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1. Introduction

The increasing problem of limited bandwidth and congestion in currently used frequency bands (sub 6GHz) has become a significant limitation for wireless communication systems in recent years. In [1], it is agreed that the new radio access technology (RAT) will consider frequency ranges up to 100GHz. For high frequency spectrum above 6GHz, RF impairments such as phase noise, I/Q imbalance and PA non-linearity will be limiting factors for the performance of high frequency systems. In this contribution we mainly address phase noise, which is caused by imperfect oscillator, in the context of the new RAT with a focus on above-6GHz scenarios where phase noise induces much more difficult than in sub-6GHz scenarios.
2. Consideration on phase noise modeling in high frequency bands
Phase noise causes a multiplicative phase distortion during upconversion at the transmitter and downconversion at the receiver. This impairment is mainly caused by RF imperfections, e.g. imperfect oscillator. The presence of phase noise can severely reduce the effective signal-to-noise ratio (SNR) at the receiver, and consequently, limit the bit error rate and data rate. 
It is known that the performance of OFDM-based systems is very sensitive to phase noise due to the induced common phase error (CPE) and inter-carrier interference (ICI) [2]. For single carrier systems, phase noise is multiplicative and results in a rotation of the signal constellation from symbol to symbol and erroneous data detection. In conclusion, whether OFDM-based or single carrier system is adopted in future high frequency bands, it is of essential importance that phase noise is carefully considered and thoroughly investigated.
Oscillator signals, like those used for mixing at the transmitter and receiver, are typically derived from a reference oscillator. A multiplier circuit, which is usually implemented through phase-locked loop (PLL), scales this reference to the desired oscillator signal frequency, as shown in Fig. 1. When the PLL is locked, the desired oscillator signal frequency equals to the reference frequency times N. The phase noise recovered at the output of the multiplier circuit is proportional to that of the reference, where:
· Reference oscillator phase noise amounts to variability of the oscillator’s signal frequency with time.
· The proportionality can be approximated by the N divider value, provided that the offset frequency is within the loop bandwidth [2]. 
Therefore the effect of phase noise on the performance of wireless communication systems is much more pronounced at higher carrier frequencies, for the reason that the required value N is larger by orders of magnitude than that of lower carrier frequencies. For example, assuming the same reference oscillator, 60GHz signals suffer from phase noise that is 10 times greater when compared to wireless systems below 6GHz [3].
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Fig.1 Basic multiplier circuit (PLL)
It is known that phase noise can be well described and modeled by its power spectral desity (PSD) [2]. The phase noise PSD is determined by cost, carrier frequency, fabrication and power consumption etc. The phase noise PSD below 6GHz is well studied and modeled. However the phase noise model above 6GHz, especially in millimeter wave bands, needs further investigation and definition. Considering that phase noise is one of the most detrimental effect on system performance in high frequency systems, where synchronization and all kinds of estimation/detection procedures as well as the following decoding will be significantly influenced by phase noise, its accurate measuring and modeling is therefore of paramount importance. 
It is possible to include better reference oscillators, but this significantly increases the analog design cost. One important fact which needs to be clearly pointed out is that, while the base station can use high quality oscillator irrespective of cost, which means the effect of phase noise can be alleviated (but cannot be completely eliminated), for practical consideration it is necessary to maintain the cost of the UE at a reasonable low level. Therefore, low cost oscillator is a foreseeable standard configuration in the future at the UE side. In summary, (at least) the phase noise at the UE side is non-negligible and because the whole effect of phase noise on a transceiver is a combined effect of transmitter phase noise as well as receiver phase noise, the phase noise at the base station and UE side should be separately considered and modeled to represent real scenarios.
· Proposal 1: Accurate phase noise models both at the base station and UE side are essential for the following evaluation of new RAT in high frequency bands.
3. The effect of phase noise in high frequency bands
· The effect of phase noise on numerology
For possibly adopted OFDM-based systems in high frequency bands, it is suggested that much larger subcarrier spacing than that of legacy LTE (fixed15KHz or 7.5KHz) is required to combat phase noise as well as the much higher Doppler spread caused by higher carrier frequency. Larger subcarrier spacing results in shorter OFDM symbol duration, and if this duration is comparable or smaller than the reciprocal of phase noise bandwidth, then it also helps in the correction of phase noise [4]. Furthermore, in the presence of large bandwidths, using larger subcarrier spacing also helps with reducing the FFT size complexity. On the other hand, for possibly adopted single carrier systems in high frequency bands, the principle of “shorter symbol duration “also applies. 
· Proposal 2: Larger subcarrier spacing or shorter symbol duration is suggested in high frequency   bands.
It is observed that as the carrier frequency increases, the corresponding phase noise also increases [3].  Then, it is natural that the subcarrier spacing also increases accordingly, in order to combat the increased phase noise. It is therefore suggested that multiple sets of numerologies for different high frequency bands should be considered and carefully selected. 
· Proposal 3: Multiple sets of numerologies for different high frequency bands. 
· The effect of phase noise on modulation order
There are abundant available bandwidths in high frequency bands (several hundred MHz to a few GHz). Therefore, spectrum efficiency is not the first priority compared to low frequency bands (sub-6GHz) where the spectrum is already very congested. As have been mentioned early, in high frequency bands RF impairments such as phase noise and PA non-linearity cause more severe EVM loss compared to low frequency bands. On the other hand, higher modulation order (such as 256QAM and higher) requires more stringent EVM and higher SNR for correct demodulation than lower modulation order does. 
It is clear that the strict EVM requirement cannot be completely satisfied by improved analog design techniques, but instead, high frequency baseband receivers will have to put an emphasis on the complicated phase noise estimation and compensation algorithms to improve EVM, as well as using algorithm such as digital predistortion at the transmitter to improve PA non-linearity, both of which imply more cost and complexity as well as extra power consumption for higher modulation order.
Meanwhile, it is described in [5] that the target peak data rate for new RAT is as follows: 20Gbps for downlink and 10Gbps for uplink. The peak data rate 11.34Gbps can be achieved by using 64QAM with bandwidth 500MHz and 8 layers. Similarly, the peak data rate 22.68Gbps can be achieved by using the same configuration except that the bandwidth is increased to 1GHz. Both situations consider that the code rate is 0.9 and the system overhead is 30%, including guard protection, CP and control information.
In summary, considering that the peak data rate required by the New RAT can be achieved by taking advantage of the availability of large bandwidths in high frequency bands, lower modulation order is therefore suggested to maintain the cost, complexity and power consumption at a reasonable level, for both DL and UL. 
· Proposal 4: Lower modulation order for high frequency bands (both DL and UL).
· Multiple phase noises in MU-MIMO / massive MIMO
For high frequency systems, massive MIMO is adopted to perform beamforming in order to compensate for the higher path loss [5]. Hybrid RF/analog + digital beamforming instead of full digital beamforming is proposed in high frequency bands, both at the base station and UE side, as a promising and practical architecture for optimal tradeoff of cost and performance [6]. However, no matter hybrid or full digital architecture all require multiple RF channels, which maybe fed by a common oscillator or each of which is fed by a different oscillator. For the latter case, multiple phase noises occur, in which case:

i) Much more complicated estimation and compensation algorithms than single phase noise case must be provided to combat the multiple random phase noise processes; 
ii) It is much more difficult for antenna calibration due to multiple random phase rotations;

iii) The overall system design, especially the frame structure and reference signal pattern, will be significantly impacted by this situation.
Even when multiple RF channels are fed by a common oscillator, however in the uplink of MU-MIMO scenario where multiple users with independent oscillators transmit their signals to a common receiver, multiple phase noises are inevitably observed at the base station side. 
In summary, for high frequency system where multiple antennas is a standard configuration, multiple phase noises case which is induced by either each RF channel is fed by a different oscillator or in the uplink of MU-MIMO situation where even multiple RF channels are fed by a common oscillator, must be carefully evaluated and properly investigated. 
· Proposal 5: Evaluate the effect of multiple phase noises on multiple antenna systems, especially in the uplink of MU-MIMO.
· Proposal 6: Investigate possible design as well as estimation and compensation schemes for the above scenario. 

4. Conclusions
In this contribution, CMCC’s consideration of phase noise in high frequency bands is presented. The following proposals are achieved:
· Proposal 1: Accurate phase noise models both at the base station and UE side are essential for the following evaluation of new RAT in high frequency bands.
· Proposal 2: Larger subcarrier spacing or shorter symbol duration is suggested in high frequency bands.
· Proposal 3: Multiple sets of numerologies for different high frequency bands.
· Proposal 4: Lower modulation order for high frequency bands (both DL and UL).
· Proposal 5: Evaluate the effect of multiple phase noises on multiple antenna systems, especially in the uplink of MU-MIMO.
· Proposal 6: Investigate possible design as well as estimation and compensation schemes for multiple phase noises scenario.
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