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Introduction 
The following paper lists some principles we propose for the design of reference signals used for demodulation of physical layer control and data channels in NR (DMRS). The general principles are valid for uplink, downlink, and sidelink.
DMRS design principles for NR
DMRS with single purpose and transmitted on demand
To support energy efficient network implementations (operations) and avoid always-on reference signal interference, it is key to allow the amount of resources used for transmission of reference signals to scale with the load. Avoiding mandatory always-on signals will also simplify evolution of the air interface.
Reference signals needed for demodulation of data should be sufficiently dense in both time and frequency, but they are only needed when data is transmitted. Reference signals for mobility, initial access, system information etc may need to be transmitted also when no terminal is active, but they may on the other hand be transmitted with a much longer DTX period compared to DMRS and may also be less dense in frequency. If several functions are tied to the same signal, this common signal should meet the requirements of all these functions which may lead to overly frequent transmission of a dense signal. This would lead to excessive interference, and would make energy efficient product implementation harder. 
Proposal 1: Reference signals to aid demodulation of physical control and data channels in NR are only used for demodulation purposes unless the network configures a terminal to use such reference signals for other purposes.
Proposal 2: Reference signals to aid demodulation of physical control and data channels in NR are transmitted on-demand and in conjunction with transmissions of physical control and data channels
Thus, a terminal should not expect DMRS to be present unless being configured to do so. It should be considered to make all DMRS scheduable or dynamically configured.

DMRS design supporting any foreseen array structure 
It is clear that UE specific, beamformed/precoded, DMRS are key to support efficient deployments of very large antenna arrays. This solution has several advantages: for downlink it reduces signalling load as no precoder information should be conveyed in DCI; it reduces DMRS overhead for deployments with large arrays as the number of DMRS antenna ports grows with the number of layers rather than the number of tx antennas; and it allows for beamforming gain also on DMRS. Another aspect is that interference from DMRS will not be substantially different from interference from data if they are precoded as data. For certain array structures and transmission schemes, such as “analog beamforming”, and reciprocity based precoding, beamformed UE specific DMRS is most likely a prerequisite. UE specific DMRS also allow DMRS configuration (for example density) to be adapted to the UE specific channel conditions and service requirements.
In the light of the observations above it may be concluded that UE specific, beamformed, DMRS should be supported by NR. 
To allow the transmitter to perform frequency selective precoding with abrupt precoder changes without degrading channel estimation performance, a notion of PRB bundling may need to be introduced into NR. It may be motivated to introduce additional flexibility to allow maximum channel estimation processing gains in scenarios where precoders are constant or changed without discontinuities. To not limit implementation flexibility on network and terminal side, these aspects should be carefully specified. Further details on this is given in [5]
The drawback of UE specific reference signals is that they make interpolation across DMRS on time and frequency resources outside of the data allocation more problematic. But this is mostly a concern for deployments and scenarios where the gain from beamforming the DMRS is relatively low.
It should therefore also be considered to introduce on-demand DMRS that are not UE specifically precoded, and hence may be shared between several transmissions/users. Such reference signals have the potential to allow for cross transmission interval interpolation and for the use of DMRS outside data allocation in channel estimation. This solution may be viable for scenarios with few steerable antenna elements, and for certain deployments. The solution is particularly attractive for small packet transmissions and when latency requirements are high. With this solution, a common, constant precoder should be applied to DMRS, and any UE specific precoding of data need to be combined with explicit signalling of precoding information. This framework may also be useful if transmit diversity schemes are specified for NR.
Proposal 3: Specification should allow all RS used for demodulation to be UE specifically precoded.
Proposal 4: It should be considered to optionally allow sharing of DMRS between users and across transmissions. This may require support for having different precoder on RS as compared to data.

A resource specific and TRP agnostic DMRS design 
Tying the DMRS sequence definition to a specific eNB node ID (for example cell-ID) limits the possibilities to transmit UE specific reference signals and may be problematic in certain deployment scenarios, for example in certain CoMP scenarios or in MU-MIMO scenarios.
Tying DMRS sequence definition to a specific UE ID (for example C-RNTI) limits the possibilities to share reference signals across transmissions intended for different users, and also to flexibly assign reference signals to achieve desired orhogonality properties. 
To simplify blind detection of DMRS sequences (for interference suppression/cancellation) it is a good principle to make DMRS sequences resource specific: the DMRS symbol used on a given resource should be a function of the resource index relative to a system wide reference, rather than relative to the user specific data allocation.
Proposal 5: DMRS sequence design should be resource specific, and be configurable independent of UE specific ID and TRP ID.
Spatial multiplexing with partly overlapping resource allocations could be beneficial in MU-MIMO as it brings additional flexibility to the scheduler. To support such operations, a DMRS design that preserves orthogonality when resource allocations partly overlap would be needed in scenarios where some cross-layer interference cannot be avoided. There are several methods to achieve orthogonality between DMRS such as Combs, OCC in terms of using Walsh-Hadamard codes and cyclic time-shifts of a base sequence, or using combinations of these methods. These methods are all well known from LTE and are evidently candidates to be considered in NR for designing orthogonal DMRS. Among these methods, cyclic time-shifts as used in LTE require resource allocations to fully overlap. A block RS design is discussed in [6] where resource allocations can be partially overlapping as long as overlapping UEs are using the same block partition of the DMRS resources. 
Self-contained transmissions and well-defined quasi-co-location assumptions
Proposal 6: As a baseline, DMRS are transmitted in the same time interval, over the same bandwidth, and in the same beam as the corresponding physical channel.
This is unlike LTE downlink where cell-specific reference signals in previous subframes can be used to aid channel estimation. The proposal allows for implementation of different array structures and deployment solutions and it eases future introduction of new transmission modes. 
In certain scenarios, allowing for dependency across subframes and physical channels may provide substantial performance benefits. In those cases, assumptions on quasi-colocation should be carefully specified.
Benefits: transmitter-side beamforming (multi-antenna) schemes more transparent to the receiver allowing for greater network deployment flexibility, UEs not supporting the full system bandwidth can access the system. Self-contained transmissions also simplify coexistence of different services and long term RAT-maintenance and evolution. Furthermore, multi-connectivity use-cases should be easier to design and support when all transmissions are well confined in time and frequency. 
DMRS design should support early decoding
A key feature of NR is the support it brings for low end-to-end latency. As decoding and demodulation of data cannot commence before a channel estimate is available, reference signals sufficient for forming a channel estimate should come as early as possible in a transmission, preferably in the first OFDM symbol following the control channel.
For low Doppler spread these early DMRS may provide a sufficiently accurate channel estimate for the entire transmission. For higher Doppler there will be a need to also include DMRS later in the transmission. A study on the need for and benefit of adding such an additional DMRS symbol is presented in [6] and [7].
To allow tracking of common phase error and frequency drift, reference signals should be spread over time. The required frequency domain density of reference signals for tracking these errors is expected to be much lower as compared to reference signals for equalization weight computation. On the other hand, the required time domain density of reference signals for tracking these errors can be much higher in comparisons with reference signals for channel estimation. See also [1].
Proposal 7: In addition to already agreed support for early decoding by placing DMRS early in the transmission interval, NR should also support additional, later, DMRS symbols within the transmission interval to support higher Doppler.
Consider a DMRS design that allows for adapting RS pattern to scenario
For high SNR scenarios, when coherence time of the channel is large, and with long transmission bursts for a single receiver, RS density can be kept very low. With shorter transmission bursts, more frequent precoder changes, higher Doppler, and lower SNR, DMRS density should be high. These observation calls for configurable density of the DMRS pattern. While these observations are valid also for LTE we expect that given the variable transmission burst duration foreseen for NR, the need for early decoding, and the wide range of scenarios, including different carrier frequencies and numerologies, envisoned, the gains of a configurable DMRS pattern is higher for NR than for LTE.
It should be noted that configurable RS patterns may complicate certain interference cancellation/interference suppression techniques. As we foresee that NR neworks, as compared to LTE networks, will transmit less reference signals when traffic is low, the gain of interference suppression for DMRS may be lower. These aspects should be considered as well. See also [4].
Proposal 8: Consider variable DMRS density/pattern for NR.
On symmetrical DMRS design for uplink, downlink and sidelink
Requirements on the waveform (for example cubic metric) for DMRS in uplink and downlink may be similar in some scenarios; this may be true for small cells where the output power and tranceiver design principles are similar between network nodes and terminals; it may also be true for certain array designs with many low power PAs. If OFDM is adopted for both uplink and downlink for NR, the DMRS design can in principle be more harmonized.
In certain scenarios, where output power difference between eNB and UE is small and where dynamic TDD is implemented, interference between uplink and downlink may be common and interference suppression techniques may perform well. Such solutions would benefit from a common DMRS structure for different link directions.
A symmetric link design may enable reuse of baseband resources between different link direction. Furthermore, a symmetric design may make it possible to reuse a baseband design developed for one side of the communication link to another side and to reuse baseband receiver designs across link types. 
One should also note that there are fundamental differences between uplink and downlink in typical network deployments. Downlink is one-to-many while uplink is many-to-one. The uplink receiver has a more complete knowledge of DMRS for all users it serves, and may perform interference suppression without blind detection of interfering DMRS on the other hand the uplink may rely less on spatial separation of transmission when estimating DMRS compared to the downlink receiver.

DMRS for data channel and control channel
In certain scenarios, the precoder used for the control channel transmission is different from the precoder used for the corresponding data transmission. One such scenario could be deployments with a limited number of concurrent beams (i.e. analog beamforming). Users receiving an uplink grant may be scheduled on the control channel but not on the data channel, hence a wide beam, covering many users may be used for control channel while a narrower, UE specific beam, is used for the data channel. Differences in beamforming weigths between data and control may also be motivated, e.g., when the transmission rank differs between data and control. One might also forsee cases where a control channel occupies different frequency resources than the data channel it schedules; this may be due to different bandwidth requirements or due to search-space configuration restrictions. 
The aspects described above makes shared DMRS between data channel and control channel challenging. Hence we propose separate DMRS for control and data as the baseline for NR. See also [2].
Proposal 9: Transmit data and control on separate antenna ports with separate DMRS as baseline. Also consider the possibility to allow shared DMRS between data and control. QCL assumptions between DMRS for data and DMRS for control should be carefully specified. This should not preclude introduction of certain QCL properties between physical data and control channels or even that data and control share DMRS in some cases.
Conclusions
Proposal 1: Reference signals to aid demodulation of physical control and data channels in NR are only used for demodulation purposes unless the network configure a terminal to use such reference signals for other purposes.
Proposal 2: Reference signals to aid demodulation of physical control and data channels in NR are transmitted on-demand and in conjunction with transmissions of physical control and data channels
Proposal 3: Specification should allow all RS used for demodulation to be UE specifically precoded.
Proposal 4: It should be considered to optionally allow sharing of DMRS between users and across transmissions. 
Proposal 5: DMRS sequence design should be resource specific, and be configurable independent of UE specific ID and TRP ID
Proposal 6: As a baseline, DMRS are transmitted in the same subframe, over the same bandwidth, and in the same beam as the corresponding physical channel.
Proposal 7: In addition to already agreed support for early decoding by placing DMRS early in the transmission interval, NR should also support additional, later, DMRS symbols within the transmission interval to support higher Doppler.
Proposal 8: Consider variable DMRS density/pattern for NR.
Proposal 9: Transmit data and control on separate antenna ports with separate DMRS as baseline. Also consider the possibility to allow shared DMRS between data and control. QCL assumptions between DMRS for data and DMRS for control should be carefully specified.
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