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Introduction
In the WID on enhancements on MIMO [1], one of the objectives is to conclude on the peak-to-average power ratio (PAPR) issue related to the Rel-15 mapping of CSI-RS and DMRS for PDSCH/PUSCH in CP-OFDM. 
Perform study and make conclusion in the first RAN1 meeting after start of the WI, and if needed, specify CSI-RS and DMRS (both downlink and uplink) enhancement for PAPR reduction for one or multiple layers (no change on RE mapping specified in Rel-15)
The conclusion is to be made at the next RAN1 meeting in October 2018. 
The reason for this study is that the OFDM symbol containing DMRS and CSI-RS has several dB higher PAPR than the symbol containing PDSCH/PUSCH, due to a critical mistake in the design of CSI-RS and DMRS in NR Rel.15. 
For some RS configurations in NR Rel.15 (elaborated in [3][4]), the CSI-RS and DMRS symbols in a slot has significantly higher PAPR than the PDSCH or PUSCH symbols respectively
[bookmark: _GoBack]Hence, the OFDM symbols with CSI-RS or DMRS would dictate the perceived PAPR of the CP-OFDM waveform. 
There has been a view by at least one company in RAN1 that PAPR is not an important parameter for CP-OFDM and it was claimed that CP-OFDM is not targeting low PAPR anyway. However, neglecting PAPR for a CP-OFDM waveform has severe and very expensive impact on the dimensioning of the higher power amplifiers at the gNB as every fraction of a dB counts to operate the amplifier with high efficiency, to avoid clipping and to meet the EVM and spectrum mask requirements. 
In this contribution, we elaborate a bit more on this gNB and PAPR issue for CP-OFDM. Hence, the intention with this paper is rather to bring in the transmitter design and gNB power efficiency and thus operation cost implications into discussions.
In [3] and [4], we discuss further the shortcomings of the implementation-based solutions and also make a comparison with LTE RS design, which also in some cases have the same PAPR issue. 
Why is PAPR important for BS transmission of CP-OFDM?
The PAPR of the waveform is one of the most important parameters for any transmitter design. For the gNB, typically sophisticated baseband algorithms to reduce the PAPR are designed since there is no allowance in BS requirements to apply any form of power back-off for a BS under any circumstances beside when supporting 256QAM modulation (for FR1). This is in contrast to the UE requirements[footnoteRef:1] where additional maximum power reduction (A-MPR) is allowed for the maximum output power, see Section 6.2.3 in [5]. [1:  The requirements for BS are more demanding than for the UE since a NR UE is not required to have mandatory support for discontinuous RB allocations in the UL and for the DL reception of discontinuous RB, this is a UE capability. This offers a great potential simplification for a UE compared to a BS since “devils horn” configuration (isolated PRB towards each edge of UL) drives large back-off values or high demands on UE PA linearity.] 

Both for UTRA and E-UTRA, the DL physical layer and waveform design strived to have amplitude statistics that are Rayleigh distributed. In addition, sophisticated algorithms are commonly used to further reduce the PAPR from a range between ~9.5 and 10 dB (at probability of 10-4) to a lower and more feasible value as PAPR governs the PA peak power dimensioning of the BS transmitter, and thus impacts cost and complexity heavily. 
PAPR of the waveform governs the PA peak power dimensioning of the transmitter, and PAPR reduction techniques are implemented to allow for a lower dimensioning value
Hence, the PAPR statistics are very important not only for DFT-S-OFDM waveform for UEs, but also for CP-OFDM waveform and for BS transmitters as it dictates the dimensioning of the PA. Large PAPR requires large PA power back off. It is, however, very inefficient to run the PA with a large backoff and to maintain the same coverage, a larger PA would be needed, so the engineering task is to make a tradeoff between PA backoff and the clipping threshold while maintaining the EVM and spectrum mask requirements. Heavy clipping creates EVM and out of band emission which heavily affects the higher modulation orders.
The PAPR reduction algorithms and transmitters are thus carefully designed to ensure that the induced distortion caused by PAPR reduction algorithm/clipping is low enough to maintain required signal quality expressed as EVM (Error Vector Magnitude) and thus there are limits on capability of PAPR reduction algorithms. 
As the Rel-15 faulty NR DMRS and NR CSI-RS pose a PHY design with different amplitude statistics compared to data, thus introducing significantly higher PAPR, either 
· the BS PA peak dimensioning is changed which would be complex and expensive leading to e.g. bulkier BS equipment (and increase in CAPEX) or,
· a power back-off is applied which would result in significant degradation of BS power efficiency (increase on OPEX) and of course degraded coverage which requires a denser site deployment (increase in CAPEX). 
Hence, it is clear that 
Every fraction of a dB (and the waveform statistics) counts when it comes to PAPR for any waveform to be transmitted, including CP-OFDM as it directly impacts the dimensioning of the hardware (e.g. peak power rating), fulfilling the RAN4 and even regulatory requirements, and for minimizing the BS power consumption. 
In the following subsection, we evaluate in more detail the statistics of PAPR, e.g. how much larger is the PAPR for DMRS symbol compared to PDSCH symbols in the slot, and what is the impact on the user throughput?  
How are PAPR, clipping and peak PA power related?
Assuming a simple BS PAPR reduction / clipping algorithm, the plot in Figure 1 shows the CCDF of the power-to- average power ratio for the faulty NR DMRS including the effects of different clipping thresholds applied (6 and 9 dB).  It can be seen that PAPR for data (in this case for PDSCH) exceeds 10 dB at probability 10-4 while PAPR for faulty DMRS exceeds 10 dB at probability around 10-2. 
Note that with a proper DMRS or CSI-RS design in Rel.16, the CCDF for RS can be the same as the CCDF for data and thus avoid the clipping of DMRS symbols. 
The faulty NR DMRS PAPR CCDF with various clipping thresholds are shown as dashed lines in the figure and it also indicates the probability for clipping, i.e. to have high distortion impact due to high PAPR. 
Hence, given a practical clip threshold, if the unclipped waveform has higher PAPR compared to the waveforms with Rayleigh distributed amplitude statistics, such as the NR Rel-15 PUSCH and PDSCH, the induced clipping distortion would be higher thus affecting the performance.
[image: ]
Figure 1: PAPR from CCDF of the power-to-average power ratio. 
To quantify the impact of higher PAPR and induced distortion due to this clipping, link evaluation was performed.  The simulated scenario is considering 20 MHz bandwidth with 15 kHz SCS but the results are applicable on any bandwidth and subcarrier spacing combination.

In Figure 2, throughput results are shown when the approved faulty DMRS mapping is applied for a rank 2 transmission using port 0 and 2 (which have PAPR issue) and for port 0 and 1 (which do not have PAPR issue) respectively.  Clearly the throughput drops significantly.  
[image: ] [image: ]
Figure 2: Throughput for rank 2 as function of SNR with MCS corresponding to 64-QAM modulation, TDL-A, 300 ns, and 15 kHz, 110 PRB. Left figure shows with PAPR issue and right figure shows without PAPR issue. 
A suitable clipping threshold can be determined from the link simulations in Figure 2. The results in the right plot in Figure 2 indicate that a clipping threshold of 7 or 8 dB is considered a typical clipping threshold and as such an acceptable throughout degradation for PDSCH and PUSCH. The peak output power of the PA depends on the clipping threshold added to the average PA output power. Remember that the cost and power consumption of the PA is governed by its peak output power. A larger clipping threshold thus directly affects both cost and power consumption. When certain ports are selected that have the PAPR issue (Figure 2 left), then a significant throughput loss is observed for the typical clipping threshold. The reason is the degraded quality of the channel estimates of the clipped DMRS symbols. 
For QPSK, the distortion in channel estimation experienced by the clipping does not significantly impact the overall link performance (not shown in the plots above) and as such the difference in DM-RS RE mapping is not critical.  However, with the higher order modulations e.g. 64 QAM significant degradation as shown in the plot above, is observed. Even noticeable degradation is seen for 16QAM modulation (not shown here).
Using the erroneous design for DMRS or CSI-RS in NR Rel.15, there is an observed significant throughput loss for at least 16 and 64 QAM for a data transmission in a slot containing these RSs. 
Conclusion 
This paper has explained:
· Why PAPR is an important factor for transmission of any waveform, i.e. also for CP-OFDM
· Why PAPR is an important factor for gNB transmission
· What would be the consequences if the problematic RS configurations are used and implementation based methods does not exists or is not effective (see [3],[4] for more details of these cases)
· It is observed that NR can only operate with QPSK and 16QAM (with degradation) in such cases
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