


[bookmark: OLE_LINK1][bookmark: OLE_LINK2]3GPP TSG-RAN WG1 #84bis                                                          	            R1-163223
11th – 15th April, 2016
Busan, South Korea

Source: 	Ericsson
[bookmark: Title]Title:	Using OFDM in NR
Agenda Item:	8.1.4.1
Document for:	Discussion and Decision
Introduction 
The fifth generation (5G) communication system, will not only support a diverse amount of use-cases, such as enhanced mobile broadband to enhanced coverage, low power, low data rate MTC applications, but also many different kind of deployment scenarios and communication links. Hence, the new RAT (NR) should not only support standard cellular communication, i.e. standard uplink (UL) and downlink (DL) communication, but also sidelinks (i.e. D2D communication) and also be able to support self-backhauling. In order to make such a broad standard it would be an advantage if the transmission scheme used for all communication links would be the same or at least very similar. 
In this paper, we discuss the advantages for using OFDM in all the links in NR from a system design perspective and we also list different methods for handling the high peak-to-average power ratio (PAPR) in OFDM, especially in scenarios (mainly coverage limited) where high PAPR may be an issue. We further indicate that the high PAPR can be mitigated with PAPR reduction techniques and hence show that from an overall perspective, OFDM is to be preffered for all communication links in NR.
Transmission scheme in LTE
In LTE, the DL uses OFDM, while UL and the D2D sidelink uses SC-FDMA (DFTS-OFDM). The reason SC-FDMA was chosen for the UL and sidelink was mainly due to lower PAPR for SC-FDMA as compared to OFDM, reducing the required power back-off of power amplifier and hence, increasing the coverage. SC-FDMA uses an FFT as a pre-coder in order to reduce the peak power. However; precoding and the subsequent design limitations introduce significant restriction in the UL scheduling flexibility and the UL design, and also leads to worse link performance, especially in high SINR regime [1]. Furthermore, SC-FDMA introduces need for FFT precoders and an extra equalizer in the receiver which increases the complexity. 
OFDM – UL transmission scheme in NR
Advantages of OFDM in NR UL
Using OFDM instead of SC-FDMA in the UL (and also in sidelinks) comes with several advantages, as listed below:
· Simplified overall system design reducing the need for specific baseband receivers for respective link if different communication links uses different transmission schemes. This will make it possible to reuse baseband receiver design developed for one side of the communication link to another side and to reuse baseband receiver designs across link types.
· Since OFDM comes with no restrictions as pre-coded OFDM, such as SC-FDMA, does on the scheduling, therefore it opens up for a more flexible UL scheduling and increases the system capacity possibilities.
· Having the same transmisison scheme in both UL and DL makes the whole system design symmetric. 
· MIMO is one of the key features in NR and it is expected that even UL MIMO will be widely adopted for mobile broadband usage. OFDM has been shown to give significant advantages over SC-FDMA with respect to link as well as system performance [1] and hence, OFDM is preferred in UL for MIMO use cases.

3.2 Disadvantages of OFDM in NR UL
Although using OFDM as transmission scheme for NR UL comes with several advantages as described above, yet it suffers with a problem of high PAPR which has to be catered in NR-capable modems. High PAPR in OFDM system causes power amplifier to operate in non-linear region which contributes to EVM and in-band emissions in the communication system. Therefore, to keep non-linear effects within a certain limits, power back-off is commonly used in the power amplifier which reduces the coverage. The other possibility could be to increase the linear region of the power amplifier which in turn, results in larger amplifiers and hence, higher power consumption.
Since a likely deployment scenario of NR reuses the LTE site-grid, it becomes very important especially for cell-edge UEs to overcome the performance loss caused due to high PAPR. 
Performance metric - PAPR vs CM
As described above, power back-off is commonly used in power amplifier to reduce the non-linear distortions, and to keep the EVM and in-band emissions within the specified limits. The general trend is that the higher PAPR results in higher power back-off required for the amplifier to keep the non-linear distortions at a specified level. In [2], cubic metric (CM) was proposed in 3GPP as a more accurate measurement metric for the power back-off required for conventional amplifiers. However, for linearized power amplifiers and other more elaborate power amplifiers schemes including envelope tracking, the PAPR metric is still a more representative metric. Therefore, it is important to reduce both the PAPR and CM value to meet the 3GPP requirements of EVM and in-band emissions.  
PAPR/CM mitigation
Scenarios where PAPR/CM reduction is the most important
High PAPR or CM (i.e. high power back-off required) mainly affects the highest output transmit powers for a UE and hence, PAPR reduction becomes more relevant for coverage-limted UEs. It is because the higher PAPR/CM could lead to NR UEs not being able to connect to NR base stations using the LTE site-grid. Such scenarios in NR imply a UE at the cell edge, transmitting on only a small amount of resource blocks (i.e. narrow bandwidth allocation) with low code rate and robust modulation (QPSK). Therefore, a PAPR/CM mitigation technique for reducing the highest peaks (or in turn, reducing the required power back-off of an amplifier) needs mainly to target that scenario.
For scenario with UE positioned at cell center and have wide bandwidth allocation, high PAPR/CM might not be very critical where we expect the link performance gains of OFDM over SC-FDMA (DFTS-OFDM). 
PAPR/CM mitigation techniques
In the literature, one can find several PAPR/CM mitigation techniques, see for instance [3, 4] for an overview. In short, one can divide the methods in two general categories; distortionless techniques which may include the techniques like
· Selective mapping (SLM), wherein pre-coding methods like SC-FDMA are included
· Partial transmit sequence (PTS)
· Interleaving 
· Suitable coding 
· Tone reservation (TR)
and distortion  techniques which may include the following techniques
· Amplitude clipping and filtering 
· Companding
· Peak cancellation (PC)
· Tone injection (TI)
· Active constellation extension (ACE)
There are many factors which must be considered while choosing an appropriate PAPR/CM reduction technique. Among those are PAPR/CM reduction capability, implementation complexity, transparency between transmitter and receiver sides, and link performance degradation.  Some of the above mentioned techniques require implementation of multiple FFTs and/or transmission of side information to the receiver which might not be very desirable in some of the NR use-cases. 
Nevertheless, we believe that the high PAPR/CM problem of using OFDM as transmission scheme in NR UL can be solved by implementation of a PAPR/CM mitigation technique which is not too complex from implementation point of view and still achieve the similar performance as that of SC-FDMA in LTE.    
Simulation Results
In this section, we show the performance of one the simplest PAPR/CM reduction techniques for the coverage limited scenario. The results show that we can reduce the PAPR/CM to the same level as that of SC-FDMA without compromising much on transceiver complexity.
Here, we have chosen the occupied transmission bandwidth of 5 resource blocks (RBs) with QPSK modulation. Channel bandwidth of 20 MHz is choosen with FFT size of 2048.  A simple compander is used to reduce the PAPR/CM. 
                 Table 1: PAPR/CM comparison of OFDM, SC-FDMA and OFDM with companding (Number of allocated RBs = 5)
	
	OFDM without PAPR/CM reduction
	SC-FDMA
	OFDM with companding

	99.99% PAPR
	9.17 dB
	6.49 dB
	3.08 dB

	Mean CM
	3.93 dB
	1.22 dB
	1.28 dB


Figure 1 and Figure 2 show the EVM and in-band emission while using companding as a PAPR/CM reduction technique. It can be observed that both the 3GPP EVM requirements for QPSK (i.e. 17.5%) and in-band emission are fulfilled as well [5]. The in-band emission figures show the signal-to-distortion (SDR) ratio assuming ideal transmitted information on the out-of-allocation RBs. 
[image: ]
Figure 1: EVM for allocated RBs using OFDM with companding (Number of allocated RBs = 5)
[image: ]
Figure 2: In-band emissions for non-allocated RBs using OFDM with companding (Number of allocated RBs = 5)




Furthermore, we also consider occupied transmission bandwidth of 1RB using QPSK, which also gives the similar PAPR/CM reduction (see Table 2). Also, EVM averaged over allocated RB comes out to be around 13% which is below 17.5% 3GPP requirement for QPSK. 
Table 2: PAPR/CM comparison of OFDM, SC-FDMA and OFDM with companding (Number of allocated RBs = 1)
	
	OFDM without PAPR/CM reduction
	SC-FDMA
	OFDM with companding

	99.99% PAPR
	7.89 dB
	5.88 dB
	2.53 dB

	Mean CM
	3.66 dB
	1.24 dB
	1.22 dB


Figure 3 shows that in-band emission requirements are also fulfilled for this case as well.
[image: ]
Figure 3: In-band emissions for non-allocated RBs using OFDM with companding (Number of allocated RBs = 1)
Observation 1: PAPR/CM can be reduced for OFDM by employing relatively low complexity technique such as companding.
Conclusions 
From the above discussion, we can conclude that the drawbacks with high PAPR/CM using OFDM can be handled by employing a simple PAPR/CM mitigation techique. That together with the OFDM performance advantages over SC-FDMA and the overall advantages of having the same transmission scheme for all kind of communication links in NR makes us to propose using OFDM in all communication links in NR.
Proposal 1: Select OFDM as the transmission scheme for UL, DL and even sidelinks for 5G new RAT.
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