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A P P L I C AT I O N  N O T E

EVM: The Heart of Everything Wireless
Learn how error vector magnitude connects to critical 
specifications you want to achieve for your wireless devices

Introduction
Want to achieve greater data capacity? Optimize signal-to-noise ratio (SNR).

Want to increase power efficiency? Improve your digital predistortion algorithm.

Want to increase your communication signal’s power? Minimize the wideband 

distortion.

How are all these connected? Error vector magnitude, or EVM.

To optimize SNR, first look in-band. By definition, EVM is the measure of in-band 

SNR. Improving your digital predistortion algorithm improves signal linearity, which 

in turn improves EVM. At the core of characterizing and minimizing wideband 

distortion is a traditionally challenging and expensive residual EVM measurement.

It’s unavoidable. EVM crosses all paths in the pursuit of more data, higher power, 

and greater efficiency. And its implications are greater today than ever before.

This application note looks at three key places where EVM intersects with radio-

frequency (RF) engineers’ design goals for transceivers and power amplifiers in 

wireless and satellite communications industries: achieving greater data capacity, 

increasing power efficiency, and increasing wideband signal power. Additionally, 

we offer recommendations for test hardware and software designed to meet the 

respective design goals.

We begin with a brief overview of EVM.
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EVM and How It Connects to Your Design Goals
EVM is the most widely used modulation quality metric in digital communications 

systems, used to quantify the performance of a digital radio transmitter or receiver. It is 

the vector difference between the ideal reference signal and the measured signal at a 

given time, as depicted in Figure 1. The error vector is a complex quantity that contains 

a magnitude and a phase component, usually normalized to either the amplitude of the 

outermost symbol or the square root of the average symbol power and displayed in 

decibels or as a percentage.

EVM measurement results are sensitive to any signal impairment affecting the magnitude 

and phase of a signal, such as IQ imbalance or device nonlinearity at baseband, 

intermediate frequency, or RF. With the increasing adoption of public and private 

wireless systems and applications, EVM has become a key figure of merit. It quantifies 

the performance of transmitters, receivers, and software-defined radios. EVM provides 

an overall indication of waveform distortion, representing characteristics of a device’s 

phase, amplitude, and noise.

Figure 1. EVM is the difference between the actual measured signal and the ideal reference 
signal

where [n] = measurement at the symbol time
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2G’s constant amplitude Gaussian minimum shift keying modulation scheme allowed a 

data rate of 270 kbps in a 200 kHz channel. To pack more bits per hertz, 5G uses the 

more advanced, spectrally efficient orthogonal frequency division multiplexing (OFDM) 

with up to 1,024 QAM. 5G’s frequency range 1 has a maximum carrier bandwidth of  

100 MHz and a minimum of 15 kHz spacing to allow for 6,666 subcarriers, enabling very 

wideband signals. One thing to note is the significantly tighter EVM requirement.

Lean on your test system’s residual EVM
We use higher symbol rates and wider channel bandwidths to increase data throughput. 

However, as bandwidths widen, the power spectral density gets closer to the thermal noise. 

As a result, SNR degrades. Because EVM is a measure of in-band SNR, EVM degrades.

5G already extends into millimeter-wave (mmWave) bands, and 6G is teasing download 

speeds of 1 TB per second and 1-microsecond latency. As we go higher in frequency, 

propagation loss increases. Signal quality is more susceptible to modulation errors, 

phase noise, distortion, and other impairments.

Figure 2. Evolution from 2G to 5G: modulation scheme above, and channel density below

Design Goal 1: Achieve Greater Data Capacity
Let’s start by gaining some perspective about the last 30 years. We have come a long 

way since the introduction of 2G digital technology for wireless transmissions in 1991. 

Figure 2 takes us quickly from 2G to 5G, looking at the change in modulation scheme 

and channel density.

2G 200 kHz channel spacing

2G GMSK 5G OFDM 1024 QAM

5G carrier bandwidth = 100 MHz
15 kHz spacing

6,666 sub-carriers
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Devices must meet more stringent linearity requirements to sustain the same system 

performance. Table 1 shows how 3GPP EVM requirements for user equipment get 

tighter as the modulation density increases.

To achieve greater data capacity, you need to improve the SNR of your wireless device 

to overcome the noise from the wider bandwidths and path loss from higher operating 

frequencies. You also need to meet the stringent EVM requirements of denser modulation 

schemes. EVM measurements become even more difficult as the EVM of the device 

under test (DUT) is close to the EVM of the system making the measurement, impacted 

largely by broadband noise generated by wideband receivers and the fact that SNR 

degrades as bandwidths increase.

To measure device performance under these conditions, the test system’s residual 

EVM noise floor must be low enough to measure the DUT’s true performance. The test 

system’s residual EVM performance should not be the dominant source of error, or it will 

mask the device’s true performance.

Recommendation

Use a signal analyzer with best-in-class residual EVM.

Keysight options include the following:

• N9042B UXA signal analyzer, 2 Hz to 50 GHz

 - to 110 GHz with V3050A frequency extender

• N9032B PXA signal analyzer, 2 Hz to 26.5 GHz

• combine either with the U9361F/M RCal receiver calibrator

Design Goal 2: Increase Power Efficiency
OFDM is a multicarrier modulation technique that splits a signal into several narrowband 

channels at different frequencies. It is popular in new wireless communication systems as 

it drives higher data rates with its spectral efficiency and channel robustness. However, 

it has the disadvantage of having a high peak-to-average power ratio, or PAPR, causing 

large fluctuations in the signal envelopes.

Table 1. 3GPP TS 38.101-1 EVM requirements for different 5G modulation schemes

Modulation scheme for PDSCH Required EVM (%)

QPSK 17.5

16 QAM 12.5

64 QAM 8.0

256 QAM 3.5
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The high PAPR of OFDM means that amplifiers will operate near saturation, given the 

same channel power. That causes clipping of signal peaks and results in degraded EVM. 

Even more, the inherent nonlinearity of power amplifiers generates spectral regrowth, 

leading to adjacent channel interference and violations of out-of-band emissions 

standards mandated by regulatory bodies. It can also cause in-band distortion, which 

degrades EVM.

A common method to better handle intermittent peaks is to lower the amplifier’s power 

to well below its maximum saturated output power. However, as you might expect, 

backing off the entire device for the sake of infrequent peaks results in very low 

efficiencies. Most of the DC power dissipates as excess heat.

Lean on the smart linkage between your signal generator and signal analyzer

Digital predistortion (DPD) is one of the most cost-effective and preferred linearization 

techniques to maintain linearity and combat high PAPR. DPD adds an expanding 

nonlinearity in the baseband that complements the compressing characteristic of RF 

power amplifiers. The result is an excellent linearization capability, preserving overall 

efficiency and taking full advantage of advances in digital signal processors and analog-

to-digital converters.
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Figure 3. DPD applies an inverse distortion function at the input of the power amplifier to 
increase linearity

DPD today, however, meets with greater design complexity and higher bandwidth 

requirements. For today’s devices, that means moving past conventional narrowband 

solutions where only first intermodulation products are considered for removal to 

implementations that typically require three to five times the bandwidth of the modulated 

RF signal. These new implementations also emphasize the predistortion signal’s output 

power and flatness across such wide bandwidths.

Recommendation

Use the smart linkage between your signal generator and signal analyzer for the best 

corrected bandwidth required for your application.

Keysight options include the following:

• VXG microwave signal generators for up to 4 GHz microwave signal generation

• N9042B UXA signal analyzer, 2 Hz to 50 GHz

 - to 110 GHz with V3050A frequency extender

• N9055E PA (power amplifier) test software with VXG Smart Link control and DPD 
support
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Ideally, the cascade of the predistorter and the power amplifier becomes linear, and a 

constant gain amplifies the original input. In Figure 3, the DPD appears as the inverse 

function of the power amplifier. With the predistorter, the power amplifier linearity 

extends to its saturation point, significantly increasing its efficiency.
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Design Goal 3: Increase Wideband Modulated Signal Power
High signal power is important for good link budget as well as SNR — and thus EVM. 

However, the increasing need for power across wider channels means that power 

amplifiers spend more time inside their nonlinear operating region, resulting in signal 

distortion. The first step in solving the problem — before applying DPD techniques — is 

making accurate, insightful measurements.

A traditional way of characterizing distortion in power amplifiers is to look at EVM for 

in-band distortion and adjacent channel power ratio (ACPR) for out-of-band distortion. 

Traditional EVM and ACPR measurement techniques involve applying a modulated signal 

to the input of the amplifier and then demodulating the output signal. However, this 

method has challenges. First, the hardware of the signal analyzer limits the bandwidth 

today’s broadband modulated signals need. Second, the EVM measurement will contain 

the distortion of the DUT and the distortion and errors the signal generator introduces. For 

mmWave frequencies and wide modulation bandwidths, the errors of the signal generator 

can swamp the distortions caused by the DUT.

Lean on your network analyzer and the new spectral correlation method

In response, consider a vector network analyzer (VNA), which enables measurements 

across the test equipment’s full RF bandwidth and provides superior error correction 

capabilities. For instance, the new spectral correlation method 1 using a VNA resolves 

the issues mentioned above. The VNA measures and calculates the spectral correlation 

between the input and output spectrum, enabling the decomposition of the output 

spectrum into two parts. One part correlates linearly with the input spectrum, and the 

remainder represents the nonlinear distortion, minimizing the error introduced by the 

nonlinear distortion of the source.

The big challenge for the spectral correlation technique is test time. As signal bandwidths 

increase, so does measurement time. For example, a 10 ms 5G New Radio radio-frame 

with a modulation bandwidth of 800 MHz and tone spacing of 100 Hz measuring a span 

equal to three times the bandwidth of the input signal would need to measure about 24 

million tones. This process could take three minutes or longer. The measurement time can 

be prohibitive or inefficient.

To address this, we compact the waveform by significantly increasing the tone spacing. 

The key reason for doing so is to have higher power spectral density, which results in 

higher SNR. Because getting an accurate measurement requires less coherent averaging, 

the measurement time is significantly shorter.

1 Verspecht, Jan, Augustine Stav, Jean-Pierre Teyssier, and Sam Kusano. Characterizing Amplif ier 
Modulation Distortion Using a Vector Network Analyzer. 2019: 93rd ARFTG Microwave Measurement 
Conference (ARFTG).
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Figure 4. Compact test signal is the most statistically representative slice of the parent 
waveform, cleaned up to remove spectral leakage

This new test technique approaches the challenge in a unique way, using only a signal 

generator and a VNA, along with the special spectral correlation method. In this way, we 

can coherently measure and compare the DUT’s input and output, isolating and removing

imperfections in the test stimulus. The key benefit is the ability to measure distortion contributed

by the DUT nonlinearity, independent of any distortion from the wideband signal source. 

The result is accurate, repeatable, and quick device characterization under modulated 

wideband signal stimulus for nonlinear parameters such as EVM and ACLR, in addition to 

traditional VNA measurements required for complete power amplifier characterization.

Recommendation

Use only a signal generator, a VNA, and a method of spectral correlation to isolate and 

measure the distortion of the DUT.

Keysight options include the following:

• VXG microwave signal generators

• PNA-X network analyzers

• S93070xB Modulation Distortion application

If we use the example above, the tone spacing would increase from 100 Hz to 100 kHz, 

now measuring only 24,000 tones. That 1,000x reduction would cut a three- or four-

minute measurement down to 0.25 s. This compacted test signal inherits the parent 

signal’s frequency signature and statistical characteristics, as shown in Figure 4. With 

this VNA modulation distortion method, we can perform accurate modulation distortion 

measurements relatively quickly.

Parent waveformt

Compact test signal:
• Most statistically representative part of parent waveform
• Brick-wall filter applied to clean up spectral leakage
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Conclusion
Want to do one thing and everything at the same time? Consider the things that 

influence your device’s EVM.

This application note addressed three angles to consider:

With an eye on EVM, we approach the need for greater data capacity by optimizing 

SNR and ensuring that the test system’s residual EVM noise floor is low enough that it 

does not overshadow the DUT’s true performance.

We approach the need for increased power efficiency — and the associated 

challenges of OFDM’s high PAPR and the inherent nonlinearities of power amplifiers — 

by implementing DPD and correcting for the in-band distortion, which degrades EVM.

Finally, we approach the need for increased wideband modulated signal power by 

leveraging a new modulation distortion test method, uncovering a device’s in-band 

(EVM) and out-of-band (ACPR) distortion characteristics faster and more accurately 

than traditional approaches.

Whatever your design goal, consider the connection to EVM, and know that Keysight 

is here to help.

Resources
• VXG microwave signal generators

• N9042B UXA X-Series signal analyzer, 2 Hz to 110 GHz

• N9032B PXA signal analyzer, 2 Hz to 26.5 GHz

• S93070xB Modulation Distortion application for PNA-X
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https://www.keysight.com/gb/en/products/signal-generators-signal-sources/vxg-microwave-signal-generators.html
https://www.keysight.com/gb/en/product/N9042B/uxa-signal-analyzer-2-hz-110-ghz.html
https://www.keysight.com/gb/en/product/N9032B/pxa-signal-analyzer-2-hz-26-5-ghz.html
https://www.keysight.com/gb/en/assets/7018-06631/technical-overviews/5992-3974.pdf

