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1. Introduction
This contribution aims at providing spectral efficiency evaluations corresponding to different uplink waveform candidates in NR operating at high frequency [1]. In Section 2, we briefly introduce each waveforms evaluated in this contribution. Based on the channel model specified in [2], we then provide in Section 3 the link budget analysis for an outdoor cellular system operating at 28GHz. From the link budget analysis, we derive an upper bound on spectral efficiency for each waveform candidates in Section 4. Finally, critical waveform design requirements for high frequency NR are identified based on our evaluation results.

2. [bookmark: _Ref458765074]Evaluated Waveforms
In this section, we briefly describe the waveform candidates studied in this report. Note that all the waveform candidates we evaluated in this contribution can be described by the block diagram shown in Figure 1. Based on this unified representation, we will first describe the signal formation of CP-OFDM, which is one of the most popular multi-carrier waveform in wireless communication systems. We then give a brief introduction to DFTS-OFDM. Having a lower PAPR as compared to CP-OFDM, DFTS-OFDM is selected as the uplink waveform for LTE. Finally, for our evaluation purpose, we also describe the low PAPR Generalized Precoded OFDM (GPO) waveform design as proposed in [3]. 
[image: ]
[bookmark: _Ref450665415]Figure 1: A unified representation for evaluated waveform candidates. 


CP-OFDM
When we take out the precoder in Figure 1, we get orthogonal frequency division multiplexing (OFDM), which is one of the most popular multi-carrier waveform in wireless communication systems due to its implementation friendly structure on both transmitter and receiver side. With Cyclic Prefix (CP) added to the beginning of an OFDM symbol, it further allows simple equalization on the receiver side for multipath channels with long delay profiles. Due to these advantages, CP-OFDM is chosen to be the waveform for WiFi, WiMax and Long Term Evolution (LTE).
Despite its advantages described above, CP-OFDM also possess several major disadvantages, including high signal PAPR, slow spectral side-lobe roll-offs (or equivalently, high OOB leakage), severe ICI in high mobility environments, and spectral efficiency degradation due to insertion of CP. 
DFTS-OFDM
When the precoder in Figure 1 represents a Discrete Fourier Transform (DFT), we have DFT-Spread Orthogonal frequency division multiplexing (DFTS-OFDM). The DFT converts constellation symbols in time domain to frequency domain before they are mapped to OFDM subcarriers. This reduces the PAPR of the waveform by 2 to 3 dB compared to CP-OFDM, which directly translates to gain in SNR when PA power back-off is taken into consideration. It is because of this low PAPR (compared to CP-OFDM) property that 3GPP selected DFTS-OFDM as the uplink waveform for LTE. 
Despite its advantages described above, DFTS-OFDM also possess several major disadvantages.  For example, since it has identical PSD as CP-OFDM, DFTS-OFDM still suffers from slow spectral side-lobe roll-offs (or equivalently, high OOB leakage). Furthermore, since the PAPR of DFTS-OFDM ranges from 7 to 9.5 dB, it still requires significant power back-off when nonlinear PA model is considered.
Low PAPR Generalized Precoded OFDM
The Low PAPR Generalized Precoded OFDM (GPO) as described in [3] can be viewed as a frequency domain realization of a linearized GMSK signal with some minor modifications. A typical GPO waveform can also be represented by the block diagram shown in Figure 1, where the precoder consists of a DFT, a repetition module, and a frequency domain pulse shaping filter (FDPSF). In [3], the primary pulse of the linearized GMSK signal is selected as the FDPSF, and π/2-BPSK is used as the input constellation. The resulting waveform possess a PAPR of 1.97 dB and a maximum spectral efficiency of 1 bit/s/Hz.

3. [bookmark: _Ref458765173]Link Budget Analysis for NR Operating at High Frequency
In this section, based on the channel model specified in [2], we provide the link budget analysis for an outdoor cellular system operating at 28GHz. Some of the key parameters are given in Table 1. Based on these parameters, we calculated the receiver SNR and the corresponding maximum achievable throughput (via Shannon’s capacity formula) as a function of allocated bandwidth and distance between the UE and BS. The results are shown in Figure 2.
Table 1: Selected Parameters for Multi-Numerology Evaluation Scenario
	Carrier Frequency (GHz)
	28

	Path Loss Model (dB)
	,  is the distance between UE & BS. 

	Maximum UE output power (dBm)
	23

	No (dBm/Hz)
	-174

	Receiver Noise Figure (dB)
	7

	UE Antenna Gain (dBi)
	0

	UE Array Gain (dB)
	12

	BS Antenna Gain (dBi)
	6

	BS Array Gain (dB)
	12

	Multipath Fractional Gain (dB)
	-6











Figure 2(a) shows the SNR at the receiver corresponding to different bandwidth allocations and UE-BS distances. For example, for an UE-BS distance greater than 200 M and a bandwidth allocation greater than 10 MHz, the maximum SNR available at the receiver cannot exceed 10dB. Similarly, Figure 2(b) shows the maximum achievable throughput per layer corresponding to different bandwidth allocations and UE-BS distances. We can see that to achieve a throughput larger than 100 Mbit/s, The UE-BS distance needs to be smaller than 200 M, and the allocated bandwidth needs to be larger than 10 MHz.
Observation 1: In NR operating at high frequency (e.g., 28 GHz), supporting a nominal uplink throughput of 100 Mbit/s requires UE-BS distance to be less than 200 M and UE allocated bandwidth to be larger than 10 MHz.
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[bookmark: _Ref458777199]Figure 2: Link Budget Analysis (a) Achievable SNR (dB) (b) Achievable Throughput (Mbit/s)
	
	



4. [bookmark: _Ref458765294]Spectral Efficiency of Evaluated Waveforms
Based on the link budget analysis given in section 3, we now provide an upper bound on spectral efficiency for each of the evaluated waveform candidates. When nonlinear PA model is taken into consideration, power back-off is necessary to avoid signal distortion and spectral side-lobe regrowth. The amount of back-off needed depends on the PAPR of the corresponding waveform. Table 2 list some typical PAPR values of the evaluated waveforms. We note that strictly speaking, PAPR is a function of allocated bandwidth. However, simulation results have shown that the variation of PAPR due to different bandwidth allocation is within 1 dB in the range of interest, and therefore, we treat PAPR as a constant in our evaluation. The asymptotic spectral efficiency of each waveform (equal to the number of bits carried by a constellation point) is also provided in Table 2.
Table 2: PAPRs for Evaluated Waveforms
	Waveform & Constellation
	PAPR (dB)
	Asymptotic Spectral Efficiency (bit/s/Hz)

	CP-OFDM (64QAM)
	9.7
	6

	CP-OFDM (QPSK)
	9.7
	2

	DFTS-OFDM (64QAM)
	7.9
	6

	DFTS-OFDM (QPSK)
	6.9
	2

	GPO ( π/2-BPSK)
	2.0
	1








If we use PAPR as the amount of power back-off needed for the evaluated waveform, the SNR will be reduced by the same amount at the BS. Apply the Shannon capacity formula to this PAPR adjusted SNR, we immediately come up with an upper bound on spectral efficiency and throughput for the corresponding waveform. Note that the spectral efficiency is also bounded by the asymptotic spectral efficiency as given in Table 2. 
The resulting spectral efficiency of each evaluated waveform is shown in Figure 3 and Figure 4. As can be seen from these figures, for a distance of 100 M, both CP-OFDM and DFTS-OFDM suffer more than 50% of throughput loss as compared to the maximum achievable throughput due to high PAPR. The throughput degradation worsens at the UE-BS distance of 200 M (see Figure 4). In fact, at this distance, both CP-OFDM and DFTS-OFDM cannot provide throughput higher than 25 Mbit/s with allocated bandwidth less than 200 MHz.
Observation 2: In NR operating at high frequency (e.g., 28 GHz), when considering link budget and PA power back-off, CP-OFDM and DFTS-OFDM suffer huge penalty in spectral efficiency and throughput due to high PAPR.
[image: ]
[bookmark: _Ref458784161]Figure 3: Spectral efficiency & Throughput for various waveforms with UE-BS distance equal to 100 M.
From Figure 4, we can also see that GPO developed in [3] provides better spectral efficiency and throughput at the UE-BS distance of 200 M when the allocated bandwidth is larger than 20 MHz. However, it still suffers 30% throughput loss as compared to the maximum achievable throughput, and the overall throughput is less than 70 Mbit/s with allocated bandwidth less than 200 MHz. At the UE-BS distance of 100 M, the throughput loss worsens for GPO to more than 70% due to its low asymptotic bandwidth efficiency at 1bit/s/Hz (see Figure 3).
Observation 3: At relatively large UE-BS distance, GPO developed in [3] may provide better bandwidth efficiency compared to CP-OFDM and DFTS-OFDM. However, the maximum achievable spectral efficiency is limited to 1 bit/s/Hz.
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[bookmark: _Ref458784174]Figure 4: Spectral efficiency & Throughput for various waveforms with UE-BS distance equal to 200 M.

5. Conclusion
In summary, based on the above evaluation result we have the following observations and proposals:
Observation 1: In NR operating at high frequency (e.g., 28 GHz), supporting a nominal uplink throughput of 100 Mbit/s requires UE-BS distance to be less than 200 M and UE allocated bandwidth to be larger than 10 MHz.
Observation 2: In NR operating at high frequency (e.g., 28 GHz), when considering link budget and PA power back-off, CP-OFDM and DFTS-OFDM suffer huge penalty in spectral efficiency and throughput due to high PAPR.
[bookmark: _GoBack]Observation 3: At relatively large UE-BS distance, GPO developed in [3] may provide better bandwidth efficiency compared to CP-OFDM and DFTS-OFDM. However, the maximum achievable spectral efficiency is limited to 1 bit/s/Hz.
Proposal 1: For NR uplink operating at high frequency, it is necessary for the waveform candidate to possess low PAPR to avoid penalty in spectral efficiency.
Proposal 2: For NR uplink operating at high frequency, it is desirable for the waveform candidate to support higher order modulation, so that higher spectral efficiency could be achieved.
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