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Introduction
In RAN1 #88bis [1], the following agreements regarding the demodulation reference signal (DMRS) for data were made:
Conclusion:
· Consider the issue of collision between DC subcarrier and DMRS. 
· Evaluate and analyze whether it can be solved by implementation or if DMRS design needs to take DC subcarrier into account

In this contribution, we provide evaluation regarding the collision of the DC subcarrier and DMRS for the UL.
Simulation setup
In this contribution, we evaluate the impact of the collision of the DC subcarrier with a subcarrier that carries DMRS.  We make the worst-case assumption that the DMRS subcarrier colliding with the DC, along with the data REs are completely nulled out. Regarding the DMRS channel estimation, that specific RS is not used to derive the channel estimation, and regarding the decoding, the LLRs of the colliding data Res with the DC subcarrier are punctured. 
The question that we want to examine is whether the DMRS should be designed such that it must contain “gaps” in the frequency domain to handle the possible collision with DC for CP-OFDM waveform, or it can just be gracefully handled by implementation and appropriate scheduling of the DMRS resources. 
Specifically, we are going to compare the following four patterns for a rank 1 and rank 2 UL scenario with CP-OFDM waveform, for a UE with 2 Tx antennas and a receiver with 8 Rx antennas, and an allocation of 2 and 4 PRBs. Note that for larger allocation it is expected the effect of the DC to be even smaller, and this study is attempting to evaluate relatively worst case senarios in order to identify whether a special DMRS design is needed to handle the DC collision. In the figure shown below, the blue line corresponds to the DC tone.
· [image: ][image: ]2-comb+2-CS pattern: In this pattern, a UE is scheduled to transmit DMRS on one of two combs with the two ports CDMed using cyclic shift. In the worst case, the UE is scheduled the comb that collides with the DC subcarrier as shown in the figure to the right.
· Note that the eNB can always choose to schedule the other comb to the UE so that it can avoid the collision of DMRS with the DC, but for the purpose of this study, we consider the case that this is not happening to investigate the worst case scenario where one RE carrying two antenna ports is affected.
· Note that power boosting of 3 dB is happening in the OFDM symbol carrying the RS since we consider the scenario that no data are FDMed with the RS in the first symbol (TPR=3 dB).
· Note that in interference limited scenarios eNBs could schedule the other comb to another UE, to ensure that, on average, the power boosting is not “washed out” due to the DMRS-on-DMRS collision on the uplink.
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· 1-comb+2-CS pattern: In this pattern, a UE is scheduled to transmit DMRS on one comb with the two ports CDMed using cyclic shift. 
· Note that the eNB cannot avoid the collision of DMRS and data in this example. However, the eNB can just avoid using that specific RS RE in the channel estimation procedure, since it knows where the DC subcarrier is located. Power boosting is not needed in this case (TPR=0 dB).




· [image: ][image: ]2-FD-OCC 6 REs/symbol: In this pattern, a UE is scheduled to transmit DMRS on adjacent REs using 2-FD-OCC where total of 6 REs for 2 ports are utilized.
· Note that the eNB can always schedule the other set of 6 REs of the symbol to the UE so that it can avoid the collision of DMRS with the DC, but for the purpose of this study, we consider the case that this is not happening.
· Observe that in this case, due to the FD-OCC, 2 REs are nulled out and cannot be used in the channel estimation. This creates a larger gap in the frequency domain for the channel estimate which could result in some performance degradation compared to the patterns described above. 
· Note that power boosting of 3 dB is happening in the OFDM symbol carrying the RS since we consider the scenario that no data are FDMed with the RS in the first symbol (TPR=3 dB).
· Note that in interference limited scenarios eNBs could schedule the remaining 6 REs per PRB to another UE, to ensure that, on average, the power boosting is not washed out due to the DMRS-on-DMRS collision on the uplink.
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· [image: ]2-FD-OCC 8 REs/symbol: In this pattern, a UE is scheduled to transmit DMRS on adjacent REs using 2-FD-OCC where total of 8 REs for 2 ports are utilized.
· Note that the UE can choose to put the DC subcarrier in some of the four REs that are unused, in which case the collision of DC and DMRS is avoided by the design of the pattern.
· Power boosting in the first OFDM symbol is also employed in this pattern for a fair comparison against the remaining patterns. 
· Note however that by design of this pattern, the power bosting of the RS may not provide gain in the interference limited scenarios since all other UEs are required to use the same REs to transmit their DMRS also, which means that due to the DMRS-on-DMRS collision, the increased power on the uplink might not provide gains. 

As it is described above, the last pattern, which ensures by design to always avoid DC and DMRS collision has the issue that cannot avoid the DMRS-on-DMRS collision which could wash out the power boosting happening in that OFDM symbol due to the interference from other UEs. For this reason, we present two sets of results, for noise and interference limited scenarios separately. 
Interference-limited scenarios
Rank 1
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Noise-limited scenarios
Rank 1
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Based on the above results we make the following observations:
1) The 2-FD-OCC pattern with 6 REs/symbol  (green curve in the figures) provides the worst performance in all the scenarios due to the fact that the DC subcarrier nulls out a CDM group. 
2) The 2-FD-OCC pattern with 8 REs/symbol  (dark blue curve in the figures), in interference limited scenarios demonstrates inferior performance compared to the comb-based patterns (red and light blue dotted curves) even if for the latter one subcarrier is nulled out. This is due to the fact that: 
a. the comb-1 pattern has the maximum processing gain in such scenarios and is affected the minimum by the nulling of one RS (only 1 out of 24 RSs in 2 PRBs allocation, or only 1 out of 48 RSs in 4 PRBs allocation),  
b. the comb-2 pattern with one comb per UE leads to interference avoidance due to the FDMing, which allows the power boosting to provide processing gains, even if 1 of the 12 REs in 2 PRBs is nulled out. 
In noise limited scenarios for rank 2 and large geometries and a 2 PRB allocation this pattern provides marginal better performance than the comb-2 pattern, but still it is worse than the comb-1 pattern, and this is happening only when the gNB schedules the comb of the comb-2 that collides with the DC. 
3) We observe that for 4 PRBs allocation the difference between the proposals is marginal, due to the fact that the effect of DC subcarrier is amortized over the larger allocation. Similarly, for any scenario of larger than 4 PRBs.

Observation 1: Using FD-OCC over adjacent REs is less robust compared to a comb-based pattern in scenarios of DC subcarrier collision with DMRS.
Observation 2: Adopting a DMRS pattern with lower than full density per OFDM symbol in order to avoid the collision with DMRS results to worst performance compared to a comb-based design in interference limited scenarios. 
Proposal 1: NR supports comb-based DMRS patterns for the UL data channel for both the CP-OFDM and DFT-S-OFDM waveform, where cyclic shifts are used for port multiplexing inside each comb.
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