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Introduction
The physical layer of NR is expected to handle a vast number of different transmission scenarios that follow by supporting multiple transmission numerologies, variable data transmission intervals and early decoding for latency critical applications. These new scenarios impose a need for the physical layer to be even more flexible than was the case when LTE was first designed. In addition to new scenarios the physical layer should as in LTE handle different transmission characteristics in terms of large variations in SINR, Doppler, delay spreads and channel richness.
In designing reference signals to aid channel estimation and demodulation of physical channels in NR it is thus likely that the DMRS pattern within a transmission interval depends on the use case and that the number of DMRS configurations to be supported could be significantly larger than in LTE. It is however desirable to keep number of options relatively low to avoid implementation complexity and demanding inter-operability testing.
In [1], we provided views on overall principles in designing reference signals to aid channel estimation and demodulation of physical channels (applicable to uplink, downlink as well as sidelink) such that DMRS:
· Should be UE-specific and present only in conjunction with transmission of physical channels.
· Should be confined in time and frequency to corresponding physical channel transmissions.
· Should be used for demodulation purposes only unless configured for other purposes as well.
· Should have a resource mapping in time and frequency that can adapt to radio channel characteristics, specific deployment scenarios and application demands.
· Should have configurable sequence parameters and a resource specific sequence mapping.
· Could be configured to be shared between users and across transmissions.
It has been agreed to support at least 8 orthogonal DL DMRS ports for SU/MU-MIMO transmissions (RAN1#86) as well as to study configurable DMRS patterns (at least with respect to density) for demodulation of physical layer channels (RAN1#86bis). For the design of front-loaded DMRS, a working assumption was adopted in the last RAN1 (NR Ad-Hoc) in which front-loaded DMRS is mapped over 1 or 2 adjacent OFDM symbols. In relation to that working assumption companies were encouraged to propose further details on the design for supporting the maximum number of DMRS ports. In the last RAN1, the following was agreed with respect to the start position of the DMRS within a slot: At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot.
In this contribution, we address DMRS designs that accommodates front-loaded DMRS, for supporting up to 8 orthogonal ports with variable DMRS densities in time and frequency as well as the prerequisite of having UEs configured with a set of scrambling IDs to support more MU-MIMO layers in downlink than what can be supported by the 8 orthogonal DMRS ports. UL DMRS design are addressed in a companion contribution [2], which also includes a study on Cubic Metric and PAPR with respect to FDM of DMRS and DFTS data from which it was concluded that FDM will degrade these metrics significantly and should thus be avoided when low CM/PAPR is desirable.
Discussion
On designing orthogonal DMRS ports 
Orthogonal DMRS ports can be constructed via FDM or CDM or via both FDM and CDM as in DL LTE to support up to 8 orthogonal antenna ports. FDM can impose a certain mapping structure as in IFDM whereas CDM can be done in frequency or/and in time by applying orthogonal cover codes to a base sequence covering one or multiple OFDM symbols. Adding orthogonal DMRS ports via FDM to a single layer (baseline) DMRS pattern will either increase the overhead or make the DMRS density per layer sparser whereas CDM scales the DMRS power with the number of layers in the same way as the power scales per data layer as illustrated on the left hand side of Figure 1.   
Observation 1: Constructing orthogonal DMRS ports via CDM can provide a balanced power scaling per RE with respect to data
A design that provides balanced power scaling is in particular desirable when DMRS is frequency multiplexed with data of higher MCSs to avoid that power imbalance due to potential leakage degrades the demodulation performance.
[image: ]
[bookmark: _Ref471301525]Figure 1  Illustration of PDSCH EPRE to DMRS EPRE ratios

When constructing orthogonal DMRS ports via OCC it is desirable to apply the OCC over adjacent symbols and/or adjacent subcarriers to maintain the orthogonality at the receiver side. In the case of IFDM it is evidently not possible to apply OCC on a set of adjacent subcarriers implying that non-IFDM resource mapping could be more robust to highly frequency selective channels when considering OCC in frequency. On the other hand, non-IFDM basically forces channel estimation to be done entirely in the frequency domain and thus precludes channel separation via cyclic time shifts in time domain. Furthermore, a non-IFDM based DMRS resource mapping may not provide the time domain properties of a single carrier which is desirable when low CM and PAPR are required.
Observation 2: IFDM enables orthogonality via cyclic time shifts and time domain channel estimation, and it enables a DMRS design with time domain properties of a single carrier with respect to CM and PAPR.
In DL, where only CP-OFDM is to be considered, a DMRS design that provides low CM and PAPR is less important but if striving for a symmetrical DL/UL design principle IFDM should be considered for downlink as well.
Proposal 1: Adopt an IFDM resource mapping structure of DMRS to facilitate a common DL/UL framework  
Applying OCC across adjacent OFDM symbols can be done irrespectively of the considered FDM mapping structure and represents a rather robust way of constructing orthogonal DMRS ports that can also provide a balanced power scaling between DMRS and data. 
To support up to at least 8 orthogonal DL DMRS ports for SU/MU-MIMO transmissions, OCC in time would need to be combined with IFDM and possibly also OCC in frequency. Figure 2 illustrates two ways of constructing 8 orthogonal DMRS ports where the design on the left hand side applies the OCC over resources both in frequency and time whereas the design on the right hand side use OCC in time only (similarly to LTE). The design with OCC in both time and frequency introduces less demodulation latency and is also less sensitive to time-variations of the radio channel. However, low demodulation latency is crucial for supporting early decoding while the time variation sensitivity aspect is here of less importance as 8 layer transmissions may anyway require that the transmission interval is significantly shorter than the coherence time of the radio channel. In this illustration an IFDM with a repetition factor of 3 is used but other repetition factors could also be considered for making the DMRS density in frequency either denser or sparser. A denser pattern would however increase the overhead but on the other hand it would make the OCC in frequency more robust to highly frequency selective channels.
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A DMRS design that relies on OCC in time would in mmW deployments where CPE may significantly affect the phase in every OFDM symbol require CPE compensation prior to the decoding of the OCC and thus to the channel estimation. Although CPE compensation prior to channel estimation could be envision, it is preferred to track the CPE on frequency equalized measurements which basically precludes OCC in time. Instead, a set of orthogonal DMRS ports can be constructed within a single OFDM symbol. Another aspect on using OCC in time is that it introduces demodulation latency which is not desirable in delay intolerant applications and self-contained slots.
Observation 3: Designing orthogonal DMRS ports within a single OFDM symbol via IFDM and/or OCC in frequency facilitates CPE tracking on equalized measurements
Figure 3 illustrates single OFDM symbol designs for constructing orthogonal DMRS ports by using IFDM with different repetition factors RPF=1,2,3,4 in conjunction with equal lengths OCCs per Comb. From Figure 3 we observe that increasing the RPF evidently reduces the density of the DMRS per port as well as the length of the OCC, and that supporting 8 orthogonal ports with RPF=3 implies that the OCC cannot be of same length on all Combs. A sparse DMRS density as with RPF=4 could be sufficient at high SINRs for transmitting many layers but would be insufficient at lower SINRs. On the other hand, using a denser DMRS pattern as with e.g. RPF=2 for supporting 8 orthogonal ports leads to larger cover codes which could make the demodulation more sensitive to highly frequency selective channels. In the case of only considering delay tolerant transmissions, it would had been possible to increase the DMRS density in time and by then it could have been sufficient to use IFDM with RPF=4 only. However, as NR is also targeting low latency applications/transmissions a DMRS design that can adapt to the number of layers and to the DMRS density in time and frequency will be needed.
Proposal 2: To support up to 8 orthogonal ports in a vast number of transmission scenarios, NR should consider IFDM in conjunction with OCC within an OFDM symbol only as well as in conjunction with OCC in both time and frequency
Proposal 3: NR should support orthogonal DMRS ports of different densities to be used in multi-layer transmissions
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Early decoding and low Doppler imposes concentration of the DMRS to the beginning of a transmission whereas in scenarios with relaxed latency requirements the DMRS could be distributed over the transmission interval for handling Doppler and enabling channel interpolation in time. It can be noticed however that early decoding precludes channel interpolation in time but not transmission of DMRS later within the transmission interval.
In principle, any set of orthogonal cover codes could be considered but Walsh-Hadamard codes and cyclic phase rotations (a.k.a. cyclic time shifts) are well known from LTE and could be seen as the main candidates for NR. Walsh-Hadamard codes are of even lengths, which may in the case of OCC across subcarriers impose coding dependency between PRBs (see Figure 3), whereas OCC related to cyclic phase rotations can in principle be of any length. It can be noticed that applying cyclic phase rotations will be the same as Walsh-Hadamard in the case of length-2 OCC. In order to not preclude time domain channel estimation, cyclic phase rotations should be used for constructing orthogonal DMRS ports via OCC in frequency. It can be noticed that for a length-2 OCC, cyclic phase rotations and Walsh-Hadamard will be the same.
Proposal 4: Use cyclic phase rotations for constructing orthogonal DMRS ports via OCC in frequency
Proposal 5: Use Walsh-Hadamard codes for constructing orthogonal DMRS ports via OCC in time
On number of orthogonal DL DMRS ports and scrambling IDs
In base station deployments with larger antenna arrays it will be possible to transmit with narrow beams and support a higher degree of MU-MIMO layer transmissions than can be supported by the number of orthogonal DMRS ports [2]. In the case of spatial isolation between users, DMRS orthogonality is not always necessary and instead of adding more orthogonal DMRS ports it would be sufficient the ensure low cross-correlations across DMRS ports. If the DMRS is based on m-sequences as in LTE it would then be crucial that such non-orthogonal DMRS ports are associated with different scrambling IDs to avoid biased channel estimates and by then measure the inter-layer interference properly. Hence, relaying on spatial isolation only and reuse DMRS ports with same scrambling ID is not desirable.
The left hand side of Figure 4 illustrates a scenario with two groups of two UEs being assigned different scrambling IDs, where the UEs within each group are sharing the orthogonal DMRS ports. In comparisons to using a single scrambling ID per TP, as illustrated on the right hand side of Figure 4, the number of MU-MIMO layers could be significantly higher than the number of orthogonal DMRS ports. If also taking into account COMP scenarios, the set of scrambling IDs should at least be 4.
Observation 4: The set of dynamically assignable scrambling IDs can be larger in deployments with narrow beams 
Proposal 6: Support a set of at least 4 configurable scrambling IDs for DL DMRS from which a scrambling ID can be dynamically assigned
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[bookmark: _Ref471375827]Figure 4. Extending the number of MU-MIMO layers via multiple scrambling IDs



Conclusion
In this contribution, we addressed DMRS designs for supporting up to 8 orthogonal ports with variable DMRS densities in time and frequency as well as the prerequisite of having UEs configured with a set of scrambling IDs to support more MU-MIMO layers in downlink than what can be supported by the 8 orthogonal ports. The following observations and proposals were made:
Observation 1: Constructing orthogonal DMRS ports via CDM can provide a balanced power scaling per RE with respect to data
Observation 2: IFDM enables orthogonality via cyclic time shifts and time domain channel estimation, and it enables a DMRS design with time domain properties of a single carrier with respect to CM and PAPR
Observation 3: Designing orthogonal DMRS ports within a single OFDM symbol via IFDM and/or OCC in frequency facilitates CPE tracking on equalized measurements
Observation 4: The set of dynamically assignable scrambling IDs can be larger in deployments with narrow beams
Proposal 1: Adopt an IFDM resource mapping structure of DMRS to facilitate a common DL/UL framework.
Proposal 2: To support up to 8 orthogonal ports in a vast number of transmission scenarios, NR should consider IFDM in conjunction with OCC within an OFDM symbol only as well as in conjunction with OCC in both time and frequency
Proposal 3: NR should support orthogonal DMRS ports of different densities to be used in multi-layer transmissions
Proposal 4: Use cyclic phase rotations for constructing orthogonal DMRS ports via OCC in frequency
Proposal 5: Use Walsh-Hadamard codes for constructing orthogonal DMRS ports via OCC in time
Proposal 6: Support a set of at least 4 configurable scrambling IDs for DL DMRS from which a scrambling ID can be dynamically assigned
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