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Introduction
Exponential growth in demand for faster-data-rate applications has triggered the need for modern 
technologies capable of wide signal bandwidth at higher frequencies and higher-order modulation 
schemes, such as high-throughput satellite and 5G New Radio. However, wider bandwidths introduce 
more noise into the system, and higher-order modulation schemes are more susceptible to noise.

Proper signal-to-noise ratio (SNR) is critical to maintaining communication links. You need to 
increase signal levels and reduce system noise to sustain the links. High-power amplifiers constitute 
a significant building block of radio-frequency (RF) and microwave communication systems. 
They provide high-output power but also introduce nonlinear distortion to the system. Therefore, 
characterizing nonlinearities of the wideband high-power amplifier is the key to making solid design 
choices and creating an excellent product.

This paper focuses on distortion measurements for wideband high-power amplifiers. Discover how to 
perform stimulus-response testing for wideband applications and introduce an innovative method to 
characterize RF power amplifiers.
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Distortion Measurements
Wideband communications systems use wide channel bandwidths and complex modulation schemes 
to achieve faster data throughput. However, wider bandwidths gather more noise, and complex 
modulation schemes are sensitive to system noise. System designers characterize and evaluate 
nonlinear distortion for each subsystem and component to achieve the required performance.

Stimulus-response measurements provide a straightforward method for evaluating distortion. They 
require a stimulus input test signal and acquisition of the output response for analysis. Stimulus-
response tests help you understand the performance of the RF components under various conditions 
to determine the best trade-offs in your design. Stimulus-response tests include complementary 
cumulative distribution function (CCDF), harmonics, third-order intermodulation (TOI), adjacent 
channel power (ACP), and error vector magnitude (EVM).

Follow these three steps to characterize and troubleshoot your designs:

• Characterize digitally modulated signals. You need to know the power characteristic of the 
simulated waveform so that you can apply the right amplitude level to your signal generator. You 
can measure and compare CCDF curves of input and output signals to see any compression to the 
output of the device under test (DUT).

• Make distortion measurements. Examine the distortion’s impacts on the frequency spectrum with 
harmonic distortion, TOI distortion, and ACP measurements.

• Demodulate and troubleshoot modulated signals. You can perform demodulation analysis and 
troubleshoot your designs.

To learn more about common stimulus-response measurements, download the white paper 3 Steps to 
Characterize RF Devices with Stimulus-Response Measurements.

Next, we will discuss tactics to evaluate distortion performance for wideband applications — noise 
power ratio (NPR) and modulation distortion measurements.
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NPR Measurements
The NPR measurements provide an objective and quantitative characterization of the intermodulation 
distortion of systems, subsystems, and components.

What is NPR?

NPR is a distortion measurement that helps determine a maximum spurious-free dynamic range. 
To make an NPR measurement, you need to generate conditioned noise and analyze the change 
in the noise after it passes through the DUT. Figure 1 illustrates the NPR’s input and output signals 
and measurements. The NPR input signal consists of an additive white Gaussian noise and 
removes a portion of the spectrum with a notch filter. A DUT with nonlinearity leads to distortion 
components within the spectral notch at the output of the DUT (the purple area). NPR is the sum of all 
intermodulation products across the passband ratioed with the sum of all intermodulation products in 
the notch.

Figure 1. NPR measurements for an RF power amplifier

For an accurate NPR measurement, the notch must be deep and sharp for the stimulus signal 
(input signal), and the signal analyzer must have a high dynamic range. These steps ensure that 
the measured distortion is from the DUT rather than the signal generator and the signal analyzer. 
To learn more about RF distortion measurements, refer to the application note Improved Distortion 
Measurement Methods in Broadband Devices.
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Multitone distortion method

A deep and sharp notch filter may not be easy to access. An alternative method is to create a large 
number of tones to simulate the wideband noise and disable some tones to create the notch using 
a single signal generator. However, the tones also cause intermodulation products inside the signal 
generator, which requires an advanced correction routine to suppress the distortion products both 
in band and out of band.

Figure 2 illustrates the multitone distortion software setups for a 100 MHz bandwidth multitone 
signal with 1,001 tones and 100 kHz tone spacing. There is a 10 MHz notch at a 10 MHz offset to the 
center frequency for NPR testing. Figure 3 shows the measured result on a spectrum analyzer. The 
noise power at the notch comes in at -43.18 dBm at a 9.8 MHz span.

Figure 2. Multitone signal generation setups for NPR testing
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Once the multitone-generation software tool enables the correction routine, the spectrum analyzer 
measures the intermodulation products in the notch area. Then the tool recalculates and downloads 
the corrected multitone waveform into the signal generator to minimize the intermodulation 
products. The correction process will repeat until the intermodulation products are lower than 
the target suppression level. Figure 4 shows a reduction of noise power to -60.29 dBm (17 dB 
improvement) after the corrections. The advanced correction improves the intermodulation products 
caused by the signal generator. You can extend the correction plane to the DUT’s input port, 
including extra active components in the test fixtures, such as external power amplifiers.

Figure 3. Making NPR measurements with the PXA signal analyzer
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With the ability to generate a precise and repeatable stimulus signal for NPR measurements, this 
digital method of determining NPR is in many ways superior to the analog method for evaluating the 
effects of intermodulation distortion in amplifiers and other communications devices. The digital 
method benefits from a calibrated flat amplitude accurate signal, predictable and repeatable sharp 
spectral shape, correction for improving notch depth, and extending the measurement plane to 
the DUT. To learn more about multitone distortion measurements, download the technical overview 
N7621B Signal Studio for Multitone Distortion.

Figure 4. Improve the notch depth for the NPR test signal
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Modulation Distortion Measurements
Today, the common industry practice for RF wideband component characterization has two 
tactics of instrumentation for stimulus-response tests — a vector network analyzer (VNA) and a 
signal generator (SG) plus a signal analyzer (SA), as shown in Figure 5. The VNA setup provides 
S-parameter, gain compression, TOI, and noise figure measurement for basic RF component 
characteristics. The SA plus SG setup offers CCDF, ACP, EVM, and NPR measurements. You need to 
move a DUT between the two test systems to cover all the test items and calibrate the systems to 
make accurate and repeatable measurements.

Figure 5. Characterize RF wideband component performance

The new modulation distortion method uses a VNA and a vector signal generator (VSG), allowing 
complete and accurate characterization of an RF amplifier with a single connection. This method 
uses the architecture of the VNA to make distortion measurements at the input and output of the 
DUT, as shown in Figure 6. The setup continually measures the input and output signals. It also 
calculates the spectral correlation that enables the decomposition of the output spectrum into the 
linearly correlated and nonlinear distortion spectrum.
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Figure 6. Modulation distortion measurement block diagram

How the modulation distortion measurement works

When the input signal increases, the amplifier starts to behave in a nonlinear way. The output 
spectrum consists of the linear correlated and nonlinear distortion part. You can model the output 
signal spectrum as below:

Y(ƒ) = H(ƒ) X(ƒ) + D(ƒ)

Y(ƒ): spectrum of the output signal

H(ƒ): spectrum of the input signal

X(ƒ): complex transfer function

D(ƒ): Distortion part

The VNA measures the amplitude of the input spectrum |X(ƒ)|, the amplitude of the output spectrum 
|Y(ƒ)|, and the phase relationship of the tones to each other, φ (Y(ƒ)) - φ (X(ƒ)). Calculation of the 
spectral correlation between the input and output spectrum can decompose the linear correlated 
and distortion spectrum that results from the DUT, as shown in Figure 7. The pink trace (the center 
diagram) is the linear part, and the green trace (the right diagram) is the distortion part.
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Figure 7. Decompose the linear correlated and the nonlinear distortion spectrum

ACP and NPR measurement with real-world signals

The nonlinear distortion spectrum includes in channel and out of channel. The ACP measurement is 
straightforward. It is the ratio between the amount of spectral regrowth in an adjacent channel (the left 
and right side in the left diagram of Figure 7) to the power in the channel (the middle in the left diagram 
of Figure 7). The in-channel spectrum of the distortion part is what we characterized as the NPR, as 
shown in the right diagram of Figure 7. The coherent measurement at the input and output makes the 
modulation distortion measurement independent of distortions from the VSG (test stimulus).

Figure 8 shows the modulation distortion measurement with a 64QAM signal for RF power amplifier 
testing. The yellow trace shows the measured input signal, and the green trace is the measured output 
signal. The pink trace is the distortion part. The ratio of the distortion power trace to the output power 
trace within the bandwidth of the signal gives an accurate NPR value. Also, the test stimulus can be a 
real-world communication signal instead of a traditional wideband noise with a notch for NPR testing.
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Figure 8. Modulation distortion measurement for NPR testing

Error vector magnitude measurement

When performing stimulus-response testing for a wideband modulated signal, imperfections of the 
stimulus (signal generation), such as frequency response, phase noise, and I/Q impairments, contribute 
to EVM measurement results. Likewise, capturing a wideband signal brings in wideband noise and 
frequency responses for signal analysis, which degrades the symbol-based EVM measurement results. 
These are critical challenges for wide bandwidth signal generation and signal analysis.

For signal generation using the modulation distortion method, the input and output signals are always 
compared, so the EVM contribution of the stimulus is removed. The modulation distortion method 
offers the most accurate residual EVM measurement.
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A VNA uses a narrowband receiver to capture the signal and sweeps local oscillator frequencies to 
stitch each frequency band (the bandwidth of the VNA’s receiver) for the entire frequency span. The 
narrowband receiver brings in less noise that provides a better dynamic range (SNR) and lower EVM 
noise floor then a wideband signal analyzer.

Figure 9. Power amplifier test using modulation distortion method

Using the modulation distortion method, the VNA does not need to demodulate the signal to obtain 
the EVM results because it measures in the frequency domain. The total amount of distortion 
measured in the frequency domain equals the total amount of distortion in the time domain, as 
measured using the common demodulation EVM method. So, you do not need a wideband signal 
analyzer and knowledge of the parameters of the test signal; you can obtain EVM measurement 
results with the distortion part spectrum.

Figure 9 shows the modulation distortion measurement results. The blue trace shows the measured 
input spectrum, and the yellow trace is the output spectrum. The calculation of ACP and EVM results 
are at the bottom of Figure 9.
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Table 1 compares symbol-based and modulation distortion EVM measurements.

Table 1. Technique comparison for measuring EVM

Symbol-based EVM measurement Modulation distortion EVM measurement

Instrument VSA + VSG VNA + VSG

Distortion 
measurement

• CCDF, ACP, EVM, and NPR
• harmonics, spurious, noise figure
• AM-AM 1, AM-PM 1, TOI

• S-parameter, AM-AM 2, AM-PM 2, 
TOI

• harmonics, spurious, noise figure
• ACP, EVM, and NPR

Benefit • standard-compliant test algorithms
• various demodulation analysis 

diagrams for troubleshooting

• removes contribution of phase 
noise and impairments of the input 
signal

• provides higher dynamic range
• delivers lower residual EVM
• delivers fast and accurate 

measurement

Other 
considerations

• is limited by the bandwidth of a 
signal analyzer

• optimizes signal analyzer’s dynamic 
range for the best measurement 
results

• requires repetitive waveform
• requires no tools for 

troubleshooting

1. Support both CW and modulated test signals.

2. Support only CW signal.
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Summary
The increasing demand for wideband communications has necessitated more efficient utilization of 
RF spectrum and higher power at higher operation frequency bands. Using higher-order modulation 
schemes can improve spectral efficiency, but it decreases the receiver’s ability to resist noise and 
increases the transmitter’s distortion at the high output level. The distortion degrades the modulation 
quality and interferes with other receivers or systems. Therefore, characterizing the modulation 
accuracy and distortion performance of satellite RF components determines the best trade-offs in 
your design.

Keysight signal generators and signal analyzers address the most demanding wideband millimeter-
wave applications for 5G and satellite communications. With PathWave Signal Generation software 
and PathWave X-Series Measurement Applications, they enable a variety of standards-compliant and 
custom wideband signal creation and analysis for accurately characterizing wideband high-power 
amplifiers. The new modulation distortion method uses the power of a VNA and a VSG to make faster, 
more complete, and more accurate wideband distortion measurements with a single connection.
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