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1. Introduction

EVM is a key measure of modulation accuracy and signal quality in digital communication systems. The main RF parameters which impair the quality of the signal, and therefore increase the EVM, are linear distortion, nonlinear distortion and noise. 
A certain degree of linear distortion is inevitable, because the OFDM signal need to be filtered to achieve acceptable spectral mask.  Non-linear distortion is negligible in pre-distorted power amplifiers. However, the OFDM signal has inherently high Peak to Average Power Ratio (PAPR). It is desirable to reduce the PAPR for efficient amplification and for hardware cost saving. The PAPR reduction is achieved with clipping, and this in turn is a non-linear process which causes EVM degradation 
In this contribution, the impacts of these impairments are investigated for the BS and the scope for PAPR reduction is explored. 

2. EVM definition 
In reference [1] and reference [3] a common method for EVM measure is described for OFDM systems.  In this document, the same method was used for the EVM definition, that is: 
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Equation 1 EVM definition in OFDM systems
In equation 1, the power of the normalized ideal, reference, signal vector, {r’i}, and the average rms power of the normalized measured signal vector, {s’i}, are both equal to 1.0.  The EVM measure for a Resource Block (RB) would be obtained considering the J sub-carriers and K symbols.  

The normalization can take place on every carrier, over every RB or over the composite signal. One of the objectives of the simulation was to confirm the suitability of this method. The simulation set-up and the reference points are shown in figure 1. 
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Figure 1 Simulation setup and reference points
3. Simulation results
The simulation was based on the 5MHz channelling with 301 sub-carriers, all QPSK modulated. The measurements were averaged over 15 OFDMA symbols. 
The linear distortion in the system was represented with two types of FIR filters; a narrow band filter and a wide band filter. The narrow band filter was used to create considerable linear distortion at the channel edge.  The wideband filter was designed for best EVM whilst also providing adequate margin (~10 dB) over the 3GPP PSD mask, reference [2].  The filter characteristics are shown in table 1.
	Parameter
	Narrow filter
	Wide filter

	3dB Low-pass BW  [MHz]
	2.21
	2.38

	60dB Low-pass BW [MHz]
	2.39
	2.57

	In-band ripple      [dB]
	0.2
	0.1

	Stop-band attenuation [dB]
	60
	60


Table 1 FIR filter characteristics
It should be noted, that the occupied bandwidth is 4.5 MHz and the narrow filter attenuates the first and the last sub-carrier at +/- 2.25 MHz by 6.2 dB.
Initially, the benefit of the carrier equalisation was assessed by simulating the EVM using the narrow filter, with and without the sub-carrier equalisation.  Figure 2 shows that the equalisation improves the total EVM from 8.4% to 3.1%; this is mainly due to the equalisation at the channel edge. 
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Figure 2 EVM with narrow filter 

Next, the impact of the linear distortion of the two filters was compared. For this simulation the reference and the measured signals were equalized  for each carrier. Figure 3 shows that the wide filter still causes an overall EVM of 1.4%, even though this filter does not introduce noticeable in-band ripple.  The most likely effect for this is the loss of orthogonality arising from the side-lobe removal.  In order to meet the PSD mask, the side-lobe of the spectra must be filtered out. Consequently, the residual EVM of 1.4% is inevitable in OFDM systems if the 3GPP mask to be met with FIR filtering.
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Figure 3 EVM due to FIR filtering

The Signal to Noise versus EVM curve is shown in figure 4. In this simulation the filters were bypassed and AWGN was added to the time domain waveform. In this simulation the sub-carrier equalization was not used, only the overall magnitude and phase was matched.  
Figure 4 shows two methods for normalization; the red trace (triangle markers) shows the case when the combined, signal +noise power was normalized to unity. In this case, with infinite noise, the maximum value is 141% i.e. the red trace converges to square root 2. In the second method (blue squares) the AWGN power was not included in the normalization. Consequently, this trace goes to infinite EVM when the S/N goes to zero. 

In both cases, the curves follow the SNR= 20*log (EVM) profile at high SNR, but at poor SNR the curves diverge because of the difference in the normalization methods. This confirms that the insertion point of the AWGN as shown in figure 1 is correct.
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Figure 4 EVM versus signal to noise ratio

 3. PAPR reduction 

The effects of non-linear distortion and PAPR reduction are closely coupled.  In a typical transmitter, the power amplifier AM to AM and AM to PM is corrected with adaptive digital pre-distortion and the transfer function can be very accurately represented with a hard-limiter. The PAPR of the source signal is reduced before being applied to the pre-distorted power amplifier. The control algorithm ensures that the corrected transfer function always stays within the linear region.
The PAPR reduction was simulated with polar clipping and with/without  subsequent filtering.  The wide FIR filter of table 1 was used and the simulation environment is shown in figure 5.
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Figure 5 Setup for nonlinear effects and PAR reduction

Figure 6 shows the PAPR reduction before and after the filtering. At 0dB clipping both curves start at 10.8 dB which is the PAPR of the source signal.  The red trace (diamonds) shows the clipped signal, the PAPR re-grows after filtering as shown by the blue trace (squares). 
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Figure 6 PAPR versus clipping before and after filtering 
The EVM curves are shown in figure 7.  For this plot the sub-carrier equalization was not used to save simulation time. With 0dB clipping the un-filtered EVM is zero, but the filtered EVM starts at 1.9% due to the side-lobe removal effect.  As the clipping increases, the clipping noise starts to dominate and the two curves converge. With 6 dB clipping, the EVM is 6.3% and the PAR is 7 dB at the output of the filter.
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Figure 7 EVM versus clipping before and after filtering
Figure 8 shows the EVM with sub-carrier equalization for 3 cases; without clipping, with 4dB clipping and with 6dB clipping. In each case the wide FIR filter was used and the PSD met the current 5MHz 3GPP mask of reference [2].  Naturally, this plot gives slightly better EVM than figure 7 because of the equalization. For example, with 6 dB clipping the EVM is below 6% (and the PAPR=7dB)
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Figure 8 EVM with combined linear and non-linear effects
In this contribution there was no attempt to optimize the EVM results. It is envisaged that further PAPR reduction is possible by cascaded sections of clipping / filtering, or by other methods.  These methods should be investigated in the future to achieve more efficient and cheaper power amplification.
4. Conclusions

· The proposed method for EVM measure in OFDM system has been investigated. Simulation confirms that the sub-carrier equalisation and the proposed EVM calculation provide meaningful results. 
· The FIR filtering, which is necessary to meet the 3GPP mask, causes a residual EVM of 1.4%. This is probably the result of the loss of orthogonality as the side-lobes of the spectra are removed.
· The AWGN insertion point at the input of the FFT is a valid method as SNR=20log (EVM) relationship has been shown with the simulation for this case
· With QPSK modulation the PAPR can be reduced to 7 dB with polar clipping, the EVM is typically 6%.  With 4dB clipping PAPR=8.2dB and the EVM is less than 3%. All meet 3GPP mask

· Further PAPR reduction is possible with further optimisation  
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