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Introduction
In our spectrum-constrained world, the idea of going to higher frequencies, where more spectrum 
is available, seems like a dream come true. For cellular non-terrestrial networks (NTN) and other 
satellite-enabled communications, millimeter-wave technology offers the preferred spectrum 
for wideband and ultra-wideband communications. Moving to millimeter-wave frequencies has 
advantages for satellite communications (SATCOM), ranging from higher data throughput to 
superfine range resolution using ultra-wide bandwidth. However, technological evolution always 
reveals new challenges.

These challenges increase pressure to drive down space and satellite application cost while 
accelerating design and manufacturing. As satellite systems add capabilities and reach new levels 
of performance, more uncertainty arises. Designers must pinpoint potential problems, verifying 
performance before launch and throughout the mission to guarantee success.

Wireless technologies increase signal bandwidth and use higher-order modulation schemes 
to achieve faster data rates. Wider bandwidth is a sought-after feature of millimeter-wave 
communications. However, wider bandwidth and higher-order modulation schemes introduce 
challenges related to link quality requirements at millimeter-wave frequencies. Wide bandwidths  
also introduce more noise as they enable high-throughput data, range resolution and accuracy, and 
low latency.

These trends create new challenges, including increased test complexity, measurement uncertainty, 
excessive path loss, and noise, which impact your device’s performance. With greater visibility into 
your device’s performance, accurate, repeatable data, and support over the satellite life cycle, you 
can feel more confident in your mission’s success and focus on your next breakthrough.

Key topics covered in this white paper:

• Verify and predict real-world performance

• Overcome challenges at high frequencies and wide bandwidths

• Ensure that components and systems meet space requirements
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Performance Assurance
For satellites, the ability to verify and predict real-world performance as accurately as possible is 
critical to ensure mission success. Yet, the challenges impacting the design of millimeter-wave 
systems also impact test capabilities. Specifically, the excessive path loss between instruments 
and devices under test (DUTs) results in a lower signal-to-noise ratio (SNR) while signal analysis 
measurements become more challenging. Examples range from error vector magnitude (EVM) to 
adjacent channel power (ACP) and spurious emissions.

Complicating this task are the compact and highly integrated components with no place to probe, 
prompting the need for radiated or over-the-air (OTA) tests (Figure 1). The signal level decreases 
dramatically and requires control and calibration of the radiated environment around the test setup.

Figure 1. OTA test chamber

Wideband noise also creates problems while millimeter-wave frequency bands provide wider 
available bandwidths. However, a transmit signal needs to compete with the noise floor within 
the channel to attain better sensitivity at a receiver. Similarly, as analysis bandwidths increase, it 
introduces more noise to a signal analyzer, which raises the noise floor.
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Wide bandwidth devices also are very hard to implement and test in a system. When an engineer 
works with wide bandwidths, the signal-to-noise ratio is lower, and there is additional nonlinear 
distortion. In addition, the system components must have much tighter margins. These aspects 
make it very difficult to get a signal with low distortion and high accuracy.

Confronting Path Loss
RF engineers working with higher frequencies and wider bandwidths encounter one major issue 
— path loss. A signal experiences loss when traveling through a medium — for example, the 
atmosphere or even through a cable in the lab.

The problem of path loss also complicates testing. At millimeter-wave frequencies, excessive path 
loss makes RF power limited and costly. In addition, measuring performance metrics using OTA  
test methods limits the engineer’s ability to achieve accurate and repeatable results. Wide 
bandwidths also introduce more noise and excessive path losses that increase test complexity and 
measurement uncertainties.

A test system’s key objective is to characterize a DUT, so it’s essential to include frequency 
responses. The system must isolate the DUT’s measured results from all other test segment effects. 
When building a test system, components between a signal analyzer and a DUT — such as mixers, 
filters, and amplifiers — contribute to frequency responses. These responses occur at different 
frequencies and include both amplitude and phase errors. The errors in the amplitude and phase of 
the modulated signal degrade modulation quality. The frequency responses decline when you test 
signals with wider bandwidths and higher frequencies. Figure 2 illustrates an orthogonal frequency 
division multiplexing (OFDM) signal with poor frequency responses (on the left) and flat frequency 
responses (on the right).

Whether you are assessing transmitters, troubleshooting receivers, or analyzing OTA signals, the 
flexibility of signal analyzer hardware and software supports creating a more optimal solution. Input 
signals could be from high-power to noise-like signals, low-frequency to terahertz (THz) signals, and 
a continuous wave to complex wideband modulation signals. Signal analyzers can apply attenuation 
at higher power levels or a preamplifier at lower power levels to measure the variety of input signals. 
Also, signal analyzers provide several RF signal paths to lower noise, improve sensitivity, and reduce 
signal path loss for a better SNR. They include the default path, microwave preselector bypass, low 
noise path, and full bypass path.
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Figure 2. These screenshots show the impact of the frequency responses on the frequency domain

Figure 3 shows the typical signal path of a signal analyzer. The input uses the default path to 
travel through the RF attenuator, preamplifier, and preselector before reaching the mixer. This 
process is useful for measuring low-level signals with a bandwidth under 45 MHz, which is limited 
by the bandwidth of the preselector.

RF input
attenuator

Preamplifier 
(optional) Mixer

LO

Preselector IF gain Digitizer

Figure 3. Illustration of the RF default path of a signal analyzer
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Plan for Success
The following methods can be employed to mitigate these issues:

Analyzing wideband vector signals: The RF preselector most likely has a limited bandwidth, 
depending on the tuned frequency for image-free analysis. However, the bandwidth limits the RF 
analysis bandwidth. Bypassing the preselector enables a wideband analysis and a flat spectrum 
response over the bandwidth of the digitizer (Figure 4). This process improves amplitude accuracy 
without the amplitude drift and passband ripple of the preselector. Bypassing the microwave 
preselector enables the engineer to measure wideband signals (e.g., 5G and SATCOM).

RF input
attenuator

Preamplifier 
(optional) Mixer

LO

Preselector

Preselector 
bypass

6 dB

IF gain Digitizer

Figure 4. Microwave preselector bypass path

Strong out-of-band signals: When the input signal includes strong out-of-band signals, these signals 
can lead to imaging and in-band interference within the analysis bandwidth. Examples include 
testing a mixer with local oscillator (LO) leakage or spurs. The images may cause the measurement 
to fail. Using a bandpass filter at the input of the signal analyzer can help the engineer avoid these 
unwanted signals.

Higher power levels: When testing transmitter modulation quality at higher power levels, such as 
EVM measurements, instruments may allow you to choose a low noise path. This process bypasses 
the lossy switches in the preamplifier path and the preamplifiers (Figure 5). At higher frequencies, 
the gain of the amplifier, frequency responses, and insertion loss only worsens. This optimal path 
reduces the path loss and eliminates frequency responses and noise caused by preamplifiers and 
switches. Signal fidelity and measurement sensitivity then improve, optimizing wideband EVM 
measurement results at higher frequencies.
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RF input
attenuator

Preamplifier 
(optional) Mixer

LO

Preselector IF gain Digitizer

Low-noise path

Figure 5. The low-noise path bypasses lossy switches in the preamplifier path

Lower power levels: For lower power level testing, such as OTA tests, an internal or external 
preamplifier is still needed for achieving enough SNR for modulation analysis.

Wideband modulation analysis: The full bypass path combines the low noise path with the 
microwave preselector bypass path (Figure 6). This RF path avoids multiple switches in the low band 
switch circuitry and bypasses the microwave preselector. The full bypass path takes advantage of the 
low noise and microwave preselector bypass paths. The result offers benefits in terms of less path 
loss, signal fidelity, and measurement sensitivity. 

RF input
attenuator

Preamplifier 
(optional) Mixer

LO

Preselector IF gain Digitizer

Low-noise path

Full bypass

Preselector 
bypass 6 dB

Figure 6. The full-bypass path goes around the preamplifier and preselector
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However, it also invites a few disadvantages, including in-band imaging and low SNR for testing 
lower power levels. Adding a bandpass filter can improve 1- to 2-dB EVM results by eliminating 
images in the band-of-interest. Adding an external preamplifier can also improve SNR when testing a 
lower-power level signal.

Insertion loss: In a millimeter-wave test system, cables and accessories in the paths between the 
signal analyzer and the DUT increase insertion loss. The cable loss can be up to 5 dB and will reduce 
the SNR of the test system. Adding an external mixer is a cost-effective way to extend the frequency 
range of a signal analyzer. It also makes it possible to move the mixer close to the DUT. Doing so 
shortens the millimeter-wave signal routing by reducing path loss and improving the SNR.

An analyzer can supply a microwave LO signal to the external mixer and receive an intermediate 
frequency (IF) signal from the mixer. The analyzer further processes that signal with filtering, 
digitizing, analysis, and display operations like those used for internal mixed signals. Keysight’s USB 
smart mixers simplify connection and measurement setups. The analyzer can detect the mixer, 
automatically download the conversion coefficient, and monitor drive levels. Figure 7 shows a signal 
analyzer frequency extension solution with an external mixer.

Figure 7. Easily move the first mixing stage outside the analyzer with a smart mixer
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Production needs: Millimeter-wave test system integration and test costs create higher barriers from 
research and development (R&D) to volume production. A banded solution is a common approach 
to high-volume production tests. For example, an RF vector signal analyzer (VSA) and an RF vector 
signal generator (VSG) are essential for 5G frequency range 1 (FR1) in-band RF test cases. The VSA 
and VSG can be an IF signal analyzer and signal generator, coupled with an external millimeter-wave 
transceiver for FR2 in-band tests (Figure 8). This approach reduces cost by using a high-performance 
microwave signal analyzer and signal generator.

Figure 8. The Keysight S9130A 5G performance multiband vector transceiver covers 5G FR1 and FR2

Smart Mixers Offer Advantages
External mixing provides a cost-effective solution for millimeter-wave signal analysis because it 
moves the test port close to the DUT. However, there is no preselector at the mixer’s front end. 
Strong out-of-band signals may lead to unwanted images in the band of interest and degrade 
measurement accuracy. Furthermore, when measuring frequency outside of the mixer’s frequency 
band, the test signal must be re-connected to the signal analyzer’s RF input port or another mixer 
with a different band. You must adjust the input source from the operation interface accordingly. 
These aspects increase test complexity and measurement uncertainty.

The Keysight V3050A signal analyzer external frequency extender integrates a preselector and RF 
switch into a high-dynamic-range mixer with the seamless operation interface of the signal analyzer 
(Figure 9). This solution enables unbanded and preselected swept power spectrum from 2 Hz to 
110 GHz without managing band breaks and images. For the vector mode, the IF bandwidth can 
reach 11 GHz. To get the most out of your measurement and see the real performance of your device, 
you can remove magnitude and phase errors in measurement setups to 110 GHz using the Keysight 
U9361 RCal receiver calibrator.
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Figure 9. Enhance your millimeter-wave test and measurement capabilities with the V3050A frequency extender (center) and 
U9361 RCal receiver calibrator (right)

Enhance the Signal Condition
The growing demand for faster-data-rate applications triggers the need for technologies capable 
of wide signal bandwidth at higher frequencies. However, wider bandwidths also invite more noise. 
Wideband noise and excess path loss at millimeter-wave frequencies between signal analyzers and 
DUTs result in lower SNR for the digitizer. Low SNR causes transmitter measurements to have poor 
EVM and adjacent channel power ratio performance, which does not reflect the performance of  
the DUT.

Figure 10 shows a simplified block diagram of a VSA. To achieve the best results when making EVM 
measurements, you need to set optimum levels for the signal analyzer’s input mixer, the LO phase 
configuration, and the digitizer. Each of these components has its own constraints and use cases.

All wireless standards specify transmitter measurements at the maximum output power. It is possible 
to ensure that the high-power input signal does not distort the signal analyzer by attenuating the 
power level at the first mixer of a signal analyzer. In scenarios such as OTA tests and test systems 
with huge insertion loss, the input signal level can be lower than the optimum mixer level. A built-in 
preamplifier provides a better noise figure but an inferior intermodulation distortion-to-noise-floor 
dynamic range. You can enable this setting for low-input-level test scenarios.
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RF input
attenuator

Preamplifier 
(optional) Mixer Filter IF gain Digitizer

LO

Figure 10. Block diagram of a signal analyzer

The input mixer-level setting is a trade-off between distortion performance and noise sensitivity. 
You can achieve a better SNR with a higher input mixer level or better distortion performance with 
a lower input mixer level. The best mixer-level setting depends on the measurement hardware, 
characteristics of the input signal, and specification test requirements. By applying an external low 
noise amplifier (LNA) at the front end with or without the internal preamplifier, you can optimize the 
input level of the mixer.

Keysight’s signal analyzer provides a built-in LNA and preamplifier for various test scenarios (Figure 
11). The two-stage gain delivers greater flexibility to balance noise and distortion for optimizing the 
best low-input-level measurement performance.

RF input
attenuator

Preamplifier 
(optional)

LNA
(optional) Mixer Filter IF gain Digitizer

LO

Figure 11. The built-in LNA drives down noise while the two-stage gain delivers greater flexibility to balance noise  
and distortion

You may want to consider optimizing SNR for the IF digitizer. The system IF noise of a signal analyzer 
must be low enough to get the best EVM measurement results. The input signal to the digitizer also 
must be sufficiently high to prevent overloading the digitizer. This balance requires a combination 
setup of RF attenuator, preamplifier, and IF gain value based on the measured signal peak level.
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Press a single key using a modern signal analyzer to help you optimize hardware settings, improve 
SNR, and control digitizer overload. The optimization process requires measuring the signal peak 
level and setting up the analyzer. However, the measured period may not represent the complete 
power characteristics of the input signal. A user can manually tweak the settings, such as IF gain and 
RF attenuators, to achieve the best measurement results.

Move Reference Plane to DUT
The instrument’s specifications determine the accuracy of the test equipment or signal analyzer. The 
signal analyzer’s specifications are valid up to the instrument’s input or output connectors, where 
the instrument sets the reference plane. It is critical to consider the impact of the components in the 
path between the test instrument and the DUT outside the test instrument. The impact may degrade 
the system’s overall measurement accuracy.

As bandwidths grow wider and frequencies soar to millimeter wave and beyond, small margins  
for error on wideband measurements pressure RF engineers to look for new ways to reduce 
frequency response errors. The responses occur at different frequencies, affecting phase and 
amplitude responses. A signal analyzer provides an internal calibration routine to correct its 
frequency responses.

Connecting cables, connectors, switches, and fixtures in the paths between the signal analyzer and 
the DUT can degrade measurement accuracy because of frequency response errors. It is essential 
to extend the measurement accuracy from the signal analyzer’s input port (reference plane) to the 
DUT’s test port (measurement plane), as shown in Figure 12.

Figure 12. Use test network elements for channel correction
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Signal analyzers allow you to configure amplitude corrections and complex corrections (amplitude 
and phase) to remove frequency responses. Correcting for magnitude and phase errors in the test 
network enables you to get the most out of your measurement and see the real performance of your 
device. You can successfully do the following:

• Use a signal generator and power sensor for amplitude corrections.  
Signal analyzers allow you to configure amplitude corrections and complex corrections 
(amplitude and phase) to remove frequency responses. For amplitude corrections, you can 
measure the amplitude-frequency responses of the test network using a signal generator plus a 
power meter and sensor. You then input the correction values to the signal analyzer.

• Use a vector network analyzer for complex corrections.  
For complex corrections, you can make frequency response measurements of the test network 
using a vector network analyzer and save the measurement results in the .s2p format. You can 
load the .s2p file and correct amplitude and phase frequency responses using the Keysight 
X-Series signal analyzers.

• Use a comb generator for complex corrections.  
Another calibration tactic is using a comb generator. The comb generator is a universal receiver 
system calibrator injected at the desired calibration plane at the input of the test network. It 
generates continuous wave (CW) tones of known amplitude and phase (Figure 13). A signal 
analyzer measures each tone’s amplitude and phase at the output of the test network and 
compares them to the known amplitude and phase. Figure 14 shows a channel response of the 
magnitudes and phases of a test network.

Comb tooth 
spacing fixed

Lower power at 
higher frequencies

Figure 13. The comb generator produces CW tones of known amplitude and phase
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Figure 14. Example of measured frequency responses of a test network

Benefits of Using a Receiver Calibrator
There can be a lot of fixturing between the instrument and the devices in space and satellite 
applications. A receiver calibrator like the U9361 RCal enables you to remove the fixturing in front 
of the analyzer. You get more accuracy, efficiency, and value for the calibration of your test receiver 
system by moving the reference plane to the DUT.

Unlike the comb generator with a fixed tone spacing and lower power at higher frequencies, this 
RCal can change the center frequency, and the spacing of the comb tooth is tunable (Figure 15). It is 
beneficial when testing wider bandwidths at higher frequencies.

Center of comb:
10 MHz to 110 GHz

Tooth spacing:
100 kHz to 100 MHz

Figure 15. Generate tones with the tunable center frequency and tone spacing using the RCal receiver calibrator
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The calibrator automatically transfers data from the memory to the signal analyzer through the USB 
plug-and-play feature (Figure 16). This process keeps your test setup efficient by using the palm-
sized, USB-powered and -controlled RCal. The analyzer also autodetects the model, serial number, 
and options present on the calibrator. This setup reduces the effort and complexity required to 
calibrate your test receiver system.

Figure 16. A signal analyzer with a palm-sized RCal powered and controlled by USB

The U9361 RCal receiver calibrator helps you correct absolute power accuracy, magnitude flatness, 
and phase flatness with a single device. Also, it eliminates the need for multiple pieces of equipment 
to calibrate your signal analyzer measurement system.
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Satellite Link Testing
Moving to higher frequencies presents extraordinary opportunities and challenges for satellite 
links. New satellite systems are progressing to multi-satellite and multilink transmission. This type 
of transmission puts pressure on test solutions to perform end-to-end testing before launching the 
satellite in space or uploading and activating new software.

Channel emulation solutions elevate traditional satellite link testing to new and upcoming multilink 
high-frequency band satellite systems. You can perform multi-satellite radio constellation testing 
with real hardware in controlled laboratory conditions. Test conditions need to accurately mimic 
the environment where these radios operate — not only at the link level, but also at the multilink 
network level. You can ensure your satellites are more mature and have fewer errors before launching 
to space by identifying issues at an early stage. This approach accelerates R&D cycles while 
significantly reducing development and testing cost.

The Keysight S8825A PROPSIM satellite and aerospace channel emulation toolset can test 2 to 64 
radios. It supports single-input single-output (SISO) and multiple-input multiple-output (MIMO) with 
satellite MESH network topologies, covers configurable signal bandwidth starting from 40 MHz, and 
supports up to 1 GHz of signal bandwidth. The aerospace channel emulation engine (ACE) with open 
file interfaces enables advanced satellite test scenario creation.

With this channel emulation solution, you can easily replicate field-testing conditions in a repeatable 
way (Figure 17). It scales from single-link testing to multilink and network testing. In addition, both 
standard and waveform agnostic testing guarantees operation with all proprietary systems. You 
can perform advanced radio channel modeling for dynamic links with multipath propagation while 
having full control of Doppler, delay, amplitude, and phase. This solution also includes advanced 
tools for test scenario creation.
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Real environment Emulated environment
Figure 17. Bring real-world radio channel conditions into the lab with the S8825A Satellite and Aerospace Channel E 
mulation Toolset

Ongoing Maintenance
After satellite launch, ground stations continue to manage data, monitor satellite health, and control 
satellite operations. Satellite systems deliver an increasing amount of complex data streams to and 
from ground stations. The ground station must provide high uplink transmit power. Given the long 
distance between a satellite and an earth station, the signal received at the earth station is usually 
very weak.

The signal’s condition may worsen with weather conditions such as cloud cover, humidity, and 
extreme temperature ranges that cause high atmospheric attenuation. Antenna misalignment can 
result in signal power degradation, which compounds these challenges. Compensating for these link 
variations demands regular maintenance and service for the ground stations.
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Satellite ground stations contain many sophisticated and delicate RF and microwave components 
and subsystems including the following: antenna subsystems, waveguides, coaxial cables, filters, 
low-noise amplifiers, low-noise blocks, block upconverters, high-power amplifiers, and traveling 
wave tube amplifiers (TWTAs). It is important to verify these components during installation or 
operation, including monitoring the spectrum performance of the whole system. You can use a 
handheld analyzer to perform maintenance when the ground station is in a remote area.

With its high performance, broad capabilities, and lightweight portability, a single Keysight FieldFox 
handheld analyzer is an ideal solution for satellite ground stations (Figure 18). It eliminates the 
need to transport multiple benchtop instruments to ground station sites. With a FieldFox handheld 
analyzer, you can quickly assure system performance with internal amplitude alignment for 
measurement confidence.

Figure 18. The FieldFox handheld analyzer eliminates the need to transport multiple benchtop instruments to ground  
station sites

Each FieldFox is CalReady at both RF ports to obtain greater efficiency and measurement 
consistency. Having multiple instruments in one, you can quickly diagnose ground station faults 
and rapidly pinpoint performance issues by recording any spectrum of interest to locate the signal 
interferers. FieldFox gives you the flexibility of remote monitoring, programmability, and control. The 
real-time spectrum analysis (RTSA) enables you to capture every interfering signal in real time so you 
can detect, locate, and mitigate interference issues.
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The Path Ahead
As bandwidths grow wider and frequencies soar to millimeter wave and beyond, small margins for 
error on wideband measurements compel RF engineers to look for new ways to reduce frequency 
response errors. The responses occur at different frequencies, affecting both phase and amplitude 
responses. A signal analyzer provides an internal calibration routine to correct its frequency 
responses. Connecting components such as cables, connectors, switches, and fixtures in the paths 
between the signal analyzer and the DUT can degrade measurement accuracy because of frequency 
response errors.

One way to address this is by extending the measurement accuracy from the signal analyzer’s input 
port (reference plane) to the DUT’s test port (measurement plane). Signal analyzers are configurable 
to process amplitude corrections and complex corrections (amplitude and phase) to remove 
unwanted frequency responses. Correcting for magnitude and phase errors in the test network helps 
you get the most out of your measurement and see the real performance of your device. As more 
systems move to millimeter-wave frequencies, eventually transitioning from 5G to 6G, communication 
and mission success will depend on accurate insight into device and system performance.

The nature of satellites creates additional challenges for RF designers to ensure the complete 
system performs as planned through all stages of the satellite life cycle. Once a satellite launches, 
the engineers cannot call it back to service. This situation adds a level of required assurance for 
both geostationary earth orbit (GEO) HTS satellite systems and LEO constellations because of the 
higher frequency and wider bandwidths in satellites. More complex testing and characterization are 
necessary to ensure that both components and systems meet demanding space requirements.

Keysight can help you be certain of your device’s performance with test solutions that provide greater 
visibility, accuracy, and repeatability so you can focus on your next breakthrough.

For more information, check out the following resources:

• Satellite Mission Assurance with Keysight Technologies, Brochure

• Full Bypass Path for X-Series Signal Analyzers, Application Note

• S8825A Satellite and Aerospace Channel Emulation Toolset, Brochure

For more information on Keysight Technologies’ products, applications, or services, please 
visit: www.keysight.com

This information is subject to change without notice. © Keysight Technologies, 2021 - 2022, 
Published in USA, August 26, 2022, 7121-1093.EN

https://www.keysight.com/us/en/assets/7120-1036/brochures/Satellite-Mission-Assurance-with-Keysight-Technologies.pdf
https://www.keysight.com/us/en/assets/3120-1504/application-notes/Full-Bypass-Path-for-X-Series-Signal-Analyzers.pdf
https://www.keysight.com/us/en/assets/7018-05279/brochures/5992-1606.pdf
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