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Introduction

A Measurement and Troubleshooting Sequence  
 
The design and optimization of modern digital communications systems is a complex and multi-
faceted challenge. Because of this complexity, an organized approach is beneficial. This application 
note will outline one such approach that has proven to be effective in the development of a variety of 
systems. 
When measuring and troubleshooting digitally-modulated signals, it is tempting to proceed directly to 
digital demodulation, specifically modulation quality analysis. However this approach is generally not 
the most productive one, as important clues to system problems may be missed. Modern systems and 
signals depend on many factors working together including frequency coordination and time align-
ments. 
Even when demodulation is successful—not always the case—the results may not reflect the entire 
nature of system performance and the measurement of impairments may not point to their cause. In 
addition, initial efforts at demodulation are often problematic because even simple impairments such 
as symbol rate or frame timing errors can cause demodulation failure. Without successful demodula-
tion the designer is left with little information to guide subsequent troubleshooting. 
Experience has demonstrated that an organized measurement sequence is generally the most reliable 
way to find the cause of system and signal problems and to optimize factors such as cost, compat-
ibility, development time, and manufacturing margins. A structured measurement approach encourages 
discovery of problems at the earliest stages and reduces the chances that significant problems will be 
missed or discovered at a later stage in development, resulting in delay and rework. 
This application note describes a measurement and troubleshooting sequence organized as three 
distinct stages:

Step 1 – Frequency, frequency and time measurements: 
Verify signal center frequency, bandwidth, signal-to-noise ratio, and other important time and frequen-
cy domain parameters.

Step 2 – Basic digital modulation analysis: 
Get a constellation displayed and examine the modulation quality numbers.

Step 3 – Advanced digital modulation analysis: 
Use signal specific tools to dig deeper into the signal. 

Measurement and Troubleshooting Sequence

Frequency,
Frequency and Time

Get basics right,
find major problems

Basic
Digital Demod

Signal quality numbers,
constellation, basic error
vector measurements

Advanced and
Specific Demod

Find specific problems 
and causes

Figure 1a. Overview of a measurement and 
troubleshooting sequence for digitally-modulat-
ed signals and systems. Making measurements 
in this order, beginning with spectrum and RF 
envelope analysis, can improve the productiv-
ity of the design process and avoid missing 
problems.
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Spectrum and signal analyzes are the traditional tools for frequency domain 
measurements such as center frequency, occupied bandwidth, channel power 
and in-band and out-of-band spectral content. These analyzers can also evaluate 
some aspects of signal timing in a zero-span analysis of a signal’s RF envelope.

Vector signal analyzers (VSAs) can perform all of the analysis types described 
in Figure 1a and are the most common measurement tools for systems using 
digital modulation. VSAs such as the 89600 VSA software take the form of mea-
surement application software, which can process information acquired from a 
variety of sources including signal analyzers. Thus modern signal analyzers, such 
as Keysight Technologies, Inc. signal analyzers, can perform the full range of 
analysis described in this application note.

The highly dynamic nature of the modern, crowded RF spectrum and the signals 
it contains creates additional challenges for the system designer and trouble-
shooter.  Impairments and interference can be very transient in nature and 
spectrally complex. Real-time spectrum analyzers (RTSAs), a recent evolution 
of RF signal analyzers, can be very effective tools in finding and solving these 
problems. This application note will discuss the use of RTSAs as part of the 
three-step process. Because some RTSAs, like VSAs, can be implemented as 
measurement application software, it is possible for the designer to use a single 
hardware tool such as the Keysight X-Series signal analyzer throughout the 
three-step process.

Most RF measurements of digitally-modulated signals have been made with 
dedicated VSAs and signal analyzers with VSA software. VSA software can also 
be used with modular RF analyzers, digital oscilloscopes and logic analyzers. The 
modular analyzers and oscilloscopes are especially useful for multi-channel or 
multi-signal applications and the logic analyzer plus VSA combination offers a 
powerful signal analysis solution for signals that are available in digitized form.
  
For analysis early in the design cycle, the VSA software can analyze signal files 
from mathematics software and streaming signal output from design and simula-
tion tools such as Keysight SystemVue. 

For all these tools, the VSA software provides the benefits of complete signal 
analysis, a consistent user interface, and a trusted set of measurement algo-
rithms for reliable and comparable results.

Measurement Tools For Digitally-Modulated Signals

Figure 1b. Signal analyzers such as the Keysight MXA X-Series analyzer provide complete spectrum 
analysis capability and perform complex digital sampling of RF and microwave signals. The sampled 
signals can be used with Keysight 89600 VSA software to perform the complete range of modulation 
analysis tasks. The VSA software can be hosted by the X-Series signal analyzers, making them a 
one-box solution to the full range of signal analysis methods described in this application note.
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Figure 2. The first category of measurements in the recommended sequence involves frequency do-
main and time domain measurements, including some vector measurements that combine the two.

The measurement and troubleshooting sequence recommended here begins 
with conventional power spectrum measurements and with vector measure-
ments that combine frequency and time domain analysis. Some analysis may be 
made purely in the time domain via a zero-span configuration of a signal analyzer 
or a log/linear time display in a VSA. However, most time domain measurements 
will inevitably involve some frequency selectivity, either the resolution band-
width (RBW) filter of a signal analyzer or the frequency span of a VSA.

Most analyzers will not reliably demodulate signals that have an incorrect sym-
bol rate or bandwidth (usually related), have major frequency errors, have poor 
signal-to-noise ratio, or have improper framing/timing. Even when demodulation 
is successful the measurement of modulation quality will be unreliable.

The first step in the measurement and troubleshooting sequence verifies the 
major frequency- and time-related parameters, setting the stage for reliable and 
useful modulation quality analysis. Some example measurements are summa-
rized in Figure 2.

Measurement and Troubleshooting Sequence

Frequency,
Frequency and Time

Get basics right,
find major problems

Wideband spectrum
Narrowband spectrum
Frequency and time
Triggering, timing

Gated spectrum
Gated power, CCDF
Time capture
Spectrogram

Basic
Digital Demod

Signal quality numbers,
constellation, basic error
vector measurements

Advanced and
Specific Demod

Find specific problems 
and causes

Step 1: 
Frequency and combined frequency/time  
measurements
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Many characteristics of digitally-modulated signals can and typically should be 
measured before modulation analysis is employed. Wideband spectrum mea-
surements can provide an understanding of the signal environment including 
power levels and the presence of spurs or interference. Measurements of nar-
rower frequency spans—slightly wider than the signal bandwidth—allow center 
frequency and occupied bandwidth to be more accurately estimated and for the 
spectral shape of the signal to be observed for indications of problems such as 
tilt or ripple.

Time domain measurements such as RF envelope are also very useful to prepare 
for digital demodulation. Time domain measurements allow pulse or burst 
characteristics to be verified, often with a specific focus on synchronization or 
training sequences. Problems with these signal elements can cause outright de-
modulation failure but may also result in compatibility problems. Synchronization 
and equalization routines differ between receivers and defective sync or training 
sequences can result in demodulation problems that are very difficult to track 
down through demodulation measurements.

RF envelope and power versus time (PVT) measurements are also useful for 
evaluating dynamic signal power characteristics. Physical layer techniques such 
as power boosting and dynamic power control can be verified in a basic way, 
though complete verification may require power measurement within demodula-
tion results. 

Measurements of power spectrum (rather than channel power) versus time can 
be useful in OFDM systems where the number of subcarriers used—and the 
total signal power—varies during a burst, frame or subframe.

Some important measurements made at this point in our sequence are statisti-
cally-based. Complementary cumulative distribution function (CCDF) and peak/
average power ratio are useful in understanding the performance and efficiency 
of power amplifiers and may be useful in evaluating the operation and tradeoffs 
of techniques designed to reduce peak/average power or to limit peak power.

Even some problems which arise in the digital modulation process itself may be 
seen more readily in a vector measurement mode, where frequency and time 
selectivity are used together. This type of vector analysis, for example, provides 
a good opportunity to set triggering and pulse search length to optimize demodu-
lation and troubleshooting.
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Figure 3. Examples of frequency domain measurements for digitally-modulated signals.

Typical frequency domain measurements

Frequency – wideband spectrum
 –  Approximate center frequency, occupied bandwidth, power level/range
 –  Other signals present, spurs and interference
 –  Real-time spectrum measurements of signal environment

Frequency – narrowband spectrum ~ 1.1 x (nominal bandwidth)
 –  More accurate center frequency, occupied bandwidth
 –  Spectral shape including sidebands, ripple, un-transmitted center or guard 

subcarriers for OFDM
 –  Real-time spectrum measurements of signal to detect undesirable  

transient behavior such as instability or amplitude and frequency  
switching effects

 –  Transition to frequency and time
 –  Spectrum alone (even with averaging) is inadequate for pulsed or  

framed signals 
– Accurate spectrum requires triggering for time-varying signal 
– Accurate spectrum requires triggering

Time domain measurements may also be useful or necessary for systems using 
multi-channel or multi-antenna techniques such as MIMO, beam-forming and 
space-time coding. Some measurements for these systems may be made using 
a single-channel analyzer along with trigger signals. Other measurements will 
require true multi-channel RF front ends such as modular analyzers, oscillo-
scopes, or multiple signal analyzers with linked references and triggers to create 
a multi-channel solution.

Some bursts or frames may be challenging to measure because they are quite 
large in terms of information content. That is, they may be both wide-bandwidth 
and long-duration. Such signals are becoming more common in high-throughput 
applications such as wireless networking. For these signals, VSAs can provide 
very effective measurements through the use of very large time records and 
corresponding FFT calculations (block sizes approaching 500,000 points). VSAs 
can also be used in a time-capture or recording mode where large buffers of 
hundreds of millions of signal samples can be recorded without gaps for later 
analysis. Post-processing operations on these recordings can be performed 
with different time record lengths as needed, and the same recordings can be 
processed to perform digital demodulation.
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Figure 4. FMT configuration (top) and analysis (bottom). Problems such as this spurious signal with 
amplitude transients can then be detected even if the amplitudes are of short duration, unexpected, 
and infrequent. Signals themselves can be used as a template to configure a frequency mask trigger.

Real-time spectrum analysis can be useful in several ways when measuring 
digitally-modulated signals. Modern wireless signals and signal environments 
can be highly dynamic, with significant errors, impairments and interference that 
are transient phenomena and may be especially difficult to detect when they 
occur very infrequently. Real-time spectrum analysis and frequency mask trigger-
ing can be extremely useful in detecting and isolating problems that are difficult 
to catch or measure with traditional spectrum measurements. A simple example 
of detecting a spurious signal with transient high power is shown in Figure 4.

Real-time spectrum measurements
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Figure 5. This representation of frequency occupancy versus time is very similar to a spectrogram 
display produced by an RTSA or VSA, and an equivalent measurement display can be produced using 
these tools. Spectrogram displays can be used to examine the behavior of one or more signals, or a 
frequency band of interest.

Real-time spectrum measurements can also be very useful in understanding 
spectrum sharing and interoperability issues. These real-time results, whether 
generated from a real-time analyzer or by post-processing large time capture 
memories, are often organized in a frequency versus time format called a spec-
trogram. In a single display, spectrograms can represent time intervals from mil-
liseconds to minutes as a way of summarizing the spectral behavior of individual 
signals or signal environments. 
 
Some systems use agile frequency techniques such as channel switching and 
frequency hopping, as shown in Figure 5.

Spectrograms allow a large amount of measurement information to be viewed 
at once, improving insight into signal behavior in complex spectral environ-
ments. They may be particularly valuable in verifying the activity of cognitive or 
software-defined radios.
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Most digitally modulated signals are pulsed or framed, often as a way to efficiently share 
spectral resources. In addition, these signals are usually time-varying within an individual 
burst or frame to support synchronization and equalization operations by receivers. Thus 
the power of vector analysis is most evident when frequency and time domain measure-
ments are linked. One useful time domain display is the RF envelope of the signal, with 
magnitude in linear or log-scaled form. In the VSA, it is referred to as a “main time” trace, 
with a trace data format of linear or log. 

The time length of a trace is proportional to the number of frequency points selected 
for the analysis time record. In the Keysight 89600 VSA, a range of 51 to 410,000 points 
is supported. For very long bursts, a very large number of time points (> 50,000) may be 
required to obtain time record lengths long enough to see the entire burst while maintain-
ing adequate bandwidth. The number of time points is likely to be much larger than would 
be needed for an adequate spectrum display. To display long time records combined with 
fine time resolution the 89600 VSA supports flexible X-axis scaling.

In Figure 6a, the time domain or RF envelope trace (bottom) shows three bursts or OFDM 
frames from a WLAN signal. One of these frames is shorter than the others and a portion 
of it is selected to calculate the power spectrum in the top trace. In this gated spectrum 
measurement, the gate markers are selecting only the data portion of the frame for 
analysis and excluding the preamble. A delta marker on the time trace indicates total 
frame length and another delta marker on the spectrum trace measures the outermost 
transmitted subcarriers.

These measurements can be made on a continuously-updated basis or they can be made 
in a post-processing mode on recorded data from a time capture operation. One advan-
tage of capture and post-processing is the ability to re-analyze the signal using different 
measurements including vector and demodulation, and to re-measure the captured data 
using different center frequencies and spans.

Figure 6a. A combined frequency and time domain measurement display from the 89600 VSA, with 
markers for bandwidth and burst length. The lower trace is the signal’s log-scaled magnitude or RF 
envelope, with vertical gate markers to select the portion of the time record used to calculate the 
spectrum in the upper trace. The time domain trace also shows that the frame being measured is 
shorter than the others.

Figure 6b. These steps summarize setup for 
simultaneous time and frequency measure-
ments in two traces.

Simultaneous frequency and time measurements

Configuring frequency 
and time measurements 
using a VSA

 –  Select at least two traces to  
display

 – Set data format of one trace to 
spectrum and another to main  
time

 – For the main time trace set the  
data format log magnitude (RF  
envelope)

 – Use triggering to stabilize signal  
acquisition, typically necessary  
for accuracy on time-varying  
signals

 – To trigger on the burst itself and  
see its beginning, select IF  
triggering with appropriate pre- 
trigger delay and adjust trigger  
level

 – Use trigger holdoff, if necessary,  
so that amplitude variations due  
to modulation do not cause  uninten-
tional triggers

 – Lengthen the time record if  
necessary to bring the entire  
burst or frame within the time  
domain trace

 – The time record can be set by  
increasing the number of  
frequency points

 – Leave “auto time resolution” off  
(otherwise span may be reduced  
by the analyzer to a value  
narrower than the occupied BW)
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Vector mode measurements like the one in Figure 6a are valuable for verifica-
tion of many basic signal parameters in both the frequency and time domains. 
The delta frequency and time markers provide a good initial estimate of burst 
length and subcarrier spacing. The occupied bandwidth marker can be used for 
an estimate of total signal bandwidth, after adjusting the desired percent power 
bandwidth figure. The VSA software can also calculate the signal’s frequency 
centroid from the power-weighted spectrum and will display the difference  
between the centroid and the analyzer’s center frequency. This can help with  
initial demodulation setup, though the more refined gated spectrum measure-
ments in the next section will provide more accurate signal parameters for 
verification and demodulation settings.

Band power markers can be used with many different measurement types 
including the time and frequency domain examples shown here. Band power 
markers on time or RF envelope traces allow average power to be calculated 
over a selected interval, perhaps including the data portion of a frame and 
excluding a preamble or a time interval when the transmitter is off. Band power 
markers can also be useful in evaluating the effects of power control or boost-
ing.
  
In the frequency domain, band power markers can indicate the power of a single 
signal among others, a portion of a particular signal, or the power in a particular 
frequency band.

Some signal problems which are clearly shown in these combined and coordi-
nated views are not obvious from demodulation results. Therefore using these 
measurements as an initial step can make the rest of the measurement process 
more productive and reliable.

Here is a brief summary of the 89600 VSA software features for vector mode 
measurements:

 – Linked frequency and time displays and measurements
 – Triggering (both live signals and recordings) with trigger holdoff
 – Variable overlap processing in playback
 – Variable block size (25,000 points in this measurement) and time  
 resolution

 – Offset markers in time and frequency
 – Band power markers
 – Time-gated measurements including spectrum, CCDF, and others
 – Multiple average types including exponential, time and peak hold
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The flexible and precise time gating in vector signal analyzers is particularly use-
ful for signals with preambles or training sequences, or when some sort of time 
division multiplexing is used. In some measurements, for example, it is important 
that time gates be aligned with specific symbols in the preamble or symbols in 
the data portion of a frame where power control or traffic loading changes the 
desired RF power.

In many wireless signals, the frequency and amplitude behaviors of the signal 
change at different times during a burst or frame. Dynamic amplitude behavior 
(measured as peak/average power or CCDF) typically changes between the pre-
amble and data portions of the signal, and may vary between different parts of 
the data portion of the transmission. Thus time-gated measurements, including 
power and CCDF, are essential for accurate measurements of individual portions 
of the signal.

Figure 7 illustrates a time-gated measurement of the second segment of the 
preamble of a WLAN signal, the channel estimation sequence. This portion of 
the preamble follows the initial synchronizing elements of the frame and is com-
posed of every 2nd OFDM subcarrier, transmitted at equal amplitudes.

The measurements in Figure 7 reveal a great deal about the frequency and 
time characteristics of this signal without the need for demodulation. The gate 
window (lower trace) is set to 8 µs to match the length of this preamble seg-
ment. The uniform (rectangular) RBW or window shape is selected because this 
portion of the signal is designed to be self-windowing. This allows frequency 
resolution to be optimized while maintaining amplitude accuracy and thus an 
accurate estimate of the frequency response of the transmitted signal.

The clear resolution of the spectrum of the subcarriers allows the frequency of 
the outermost transmitted ones to be accurately measured, and simple division 
would yield a relatively accurate estimate of subcarrier spacing. The exis-
tence and position of the un-transmitted center subcarrier is clear, and any LO 
feedthrough, which would appear at this frequency, can be easily measured.

Figure 7. Time-gated spectrum is optimized to measure the second segment of an OFDM preamble. 
This portion of the preamble is used to train an adaptive equalizer using alternating subcarriers of 
equal amplitude.

Figure 8. Summary of typical setup steps for 
selecting signal elements for measurement.

Time-gated spectrum measurements

Time-gated measure-
ment setup using a VSA

Time–gating setup
 –  Set main time length to see  desired 

portion of burst or frame
 –  Enable time gating, set gate length 

for desired signal segment; best gate 
length is often an integral number of 
symbol times

 –  Set gate delay to correspond to  
portion of frame to be measured

Select appropriate gate  
windows (RBW Shape)

 –  Use Flat Top window for best  
amplitude accuracy and good  
dynamic range on signal segments 
which are not self-windowing

 –  Use Uniform (Rectangular)  window 
for optimum frequency resolution 
and selectivity on signal segments 
which are self-windowing
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Similar measurements can be made of the other portions of the preamble or 
the data-carrying symbols in the frame. It is simply a matter of repositioning the 
gate markers using a mouse or direct numerical entry. For example, it appears 
from the magnitude display (bottom) that later segments of the preamble have 
amplitude errors. These preamble elements are one symbol (4 µs) long and their 
power and spectral content could be easily measured using gating and band 
power markers. These power errors would probably not prevent successful 
demodulation and might not be clear in demodulation results but could have an 
impact on system performance and are best discovered at this earlier measure-
ment stage.

This measurement example uses a recording of the same signal shown in Figure 
6, with a narrower frequency span. Both the analysis span and center frequency 
can be changed in post processing, providing the flexibility to measure a range 
of signal characteristics -- and even different signals in the same band -- without 
recapturing test signals. This analysis flexibility can be especially valuable in 
digital modulation applications, where troubleshooting is more effective if mea-
surements of the same signal can be compared in frequency, time, and modula-
tion domains.

Time gating provides stability, accuracy, and specificity for a wide range of mea-
surements on digitally-modulated signals. In addition to the spectrum and timing 
examples mentioned previously, dynamic power behavior and related power sta-
tistics are important issues for many systems using digitally-modulated signals.

One example is time-gated CCDF measurements, often used to evaluate linear-
ity or gain compression effects when optimizing amplifier designs and operating 
parameters in systems using OFDM. The large number of orthogonal subcarriers 
that combine to form OFDM signals often cause the signals to have power dy-
namics similar to additive white Gaussian noise (AWGN). The power variations 
of OFDM and AWGN make it challenging to efficiently amplify these signals, and 
CCDF measurements quantify both the signal dynamics and the effects of the 
amplifiers that boost them. Because AWGN is similar to some OFDM signals, 
it is often used as a comparative reference in measuring them before and after 
amplification as shown in Figure 9.

CCDF measurements are best made in a relative fashion and do not require a 
perfect stimulus signal, though it is important that the test signal have similar 
power dynamics.

Figure 9. Comparing CCDF of an OFDM signal before (left) and after (right) amplification that slightly 
compresses the peak power excursions. The gray line near the CCDF curve is a reference curve  
corresponding to AWGN.

Figure 10. Examples of time-gated measure-
ments using a VSA.

Examples of time-gated 
VSA measurements

 –  Spectrum versus time of full signal or 
specific signal elements

 –  Power changes during bursts  
or frames

 –  CCDF measurements to evaluate 
power dynamics for preamble, data 
symbols, different modulation types  
and channel loading or number of 
subcarriers transmitted

 –  Band power measurements to  
provide totalizing and averaging 
functions to measure selected 
frequency and time segments of a 
signal 

 –  Subcarrier structure, such as missing 
or attenuated carriers,  
LO feedthrough

 –  Magnitude of subcarrier sidelobes 
(part of signal, not ACP), symmetry

 –  Frequency accuracy, subcarrier 
spacing

 –  Time-selective measurement of 
spurious or interfering signals

 –  Flatness or frequency response of 
system or channel, including tilt/
ripple, nulls

 –  Preamble length, structure,  power 
(including power dynamics), spectral 
content

 –  Confirm sampling factor, guard 
interval for OFDM signals
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Additional measurements prior to digital demodulation

Other time domain, spectrum and vector measurements can be made, depending on 
the nature of the systems involved and any performance concerns that are identified 
or anticipated.  

For example, transient effects and drift can be a problem with pulsed signals and 
are often seen in high-frequency RF and microwave systems, where physical device 
geometries are small and consequently thermal time constants are short. In many 
cases, the information produced by the demodulation tracking algorithms will be 
useful in later stages as a diagnostic tool. Transient effects are also significant for 
systems using digital predistortion techniques, and the vector, demodulation, and 
signal recording/playback tools described here can be helpful in optimizing predis-
tortion.

Vector mode measurements, made at this stage of analysis, and later correlated with 
demodulation results and RF burst timing, can help pinpoint elusive problems. Ad-
vanced demodulation analysis, discussed later in this application note, can be used 
to associate measured RF phenomena with specific symbols, frames, subcarriers, or 
even individual users.

Always consider making, using and saving a time capture of signals, particularly if 
they pulse or change during the measurement period. Analysis of captured signals 
is gap-free for the length of the capture. This approach is especially useful when 
teamed with spectrogram and digital persistence or cumulative history displays. 
Spectrograms provide a detailed view of signal frequency dynamics and digital per-
sistence provides an easily-viewed form of signal history.



15

Spectrograms can be especially useful because they are gap-free and allow for 
adjustable overlap processing. These advantages can add a continuous time axis 
and very fine time resolution to spectrum displays to produce insight such as that 
illustrated in Figure 11.

In Figure 11, the spectrogram display reveals the combined time and spectral struc-
ture of the signal, making the temporary spectral spreading—caused by the symbol 
transitions—easy to see. Time or slice markers in the spectrogram could be used to 
estimate symbol timing and frame structure, even without demodulation.

Extremely long time captures are possible but usually unnecessary. Capturing 2 to 10 
signal bursts or frames is generally sufficient. One benefit of starting with a well-
understood set of vector measurements is the ability to choose a time capture length 
that is long enough, but not so long as to make analysis tedious or file transfers 
cumbersome due to very large file sizes.

Figure 11. Spectrogram of an LTE signal, produced from post-processing a gap-free signal capture 
with overlap. The spectral spreading at the transitions between symbols allows symbol timing and 
subcarrier changes to be seen without demodulation.
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Beginning a troubleshooting sequence with spectrum and vector measurements 
increases the chances for valid and successful modulation analysis measure-
ments. If problems are encountered with demodulation you can eliminate many 
spectrum and time problems as causes and concentrate the investigation on the 
modulation characteristics.

For some measurement tasks, especially design verification, basic modulation 
analysis will be sufficient. This analysis can be performed by VSA software and 
in many cases also by standard-specific measurement applications operating 
with signal analyzers such as the Keysight X-Series.

The error summary table in the 89600 VSA software provides a complete quanti-
tative overview of signal quality and the magnitude of major error types. A large 
amount of measurement data is available at this stage, and significant trouble-
shooting can be performed as well.

STEP 2: 
Basic digital modulation analysis

Figure 12. The second category of measurements in the recommended sequence involves basic 
digital demodulation results and typically an error summary. The settings and displays used in this 
demodulation may be guided by the results from the first category of measurements as discussed 
previously in this application note.

Measurement and Troubleshooting Sequence

Frequency,
Frequency and Time

Get basics right,
find major problems

Basic
Digital Demod

Signal quality numbers,
constellation, basic error
vector measurements

Advanced and
Specific Demod

Find specific problems 
and causes

Set up demod and displays
Constellation
Error summary
Error vector spectrum
Error vector time

Cross-domain and 
cross-measurement links
Parameter adjustment
More time capture
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Once center frequency, span and input range (or attenuation) are set, specific 
modulation parameters must be configured to enable demodulation operations. 
VSA software and signal analyzer measurement applications for commercial 
standards generally come with parameter presets to speed initial measurement 
setup. These presets usually require the user to identify signal type, bandwidth, 
uplink/downlink, and number of antennas if MIMO is involved. For simpler sig-
nals, modulation type, symbol rate, filter type and alpha need to be provided to 
ensure accurate measurements and in some cases, to allow a clear and stable 
constellation to be displayed. A solid constellation with identifiable symbol 
locations and without rotation generally indicates the demodulator is working 
correctly.

For pulsed or framed signals, demodulation must be aligned in time with the 
signal. The starting point for this alignment may require triggering and usually 
requires some sort of pulse search. Presets may configure the search automati-
cally but if they are not available a basic approach is summarized in Figure 13.

A good guide for setting pulse search length for equal-length pulses in the 89600 
VSA software is shown in Figure 13. This minimum search length will ensure 
that a complete pulse is always contained within the acquisition time record and 
available for demodulation.

Switching to a 4-trace or 6-trace display is a good idea at this stage to help 
verify proper setup and to reveal problems in either timing or modulation quality.

Figure 13. For measurements of pulsed signals requiring manual setup of modulation timing param-
eters, these steps will help the demodulator find valid signal bursts and configure the display so that 
timing parameters and modulation results can be verified.

Setting up digital demodulation

Using pulse search and setting search length

Under MeasSetup, select Digital Demod
Under MeasSetup, select Digital Demod Properties and the Search tab
Set Search Length

 –  Use minimum: 2 x (on time) + 1 x (off time), set in units of time or  
symbols

 –  Use search success as an indicator of inconsistent burst length or burst problems

Select a display of four or six traces to show both vector and demodula-
tion results

 –  Begin with default settings for trace types
 –  Typical configuration includes constellation, error vector time, error  

vector spectrum, error summary/symbol table
 –  Select 6-trace display to add traces for search time and signal spectrum
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Basic demodulation results

Figure 14 is a typical display of basic demodulation results. The complexity of 
this OFDM-based LTE signal is apparent even in the basic demodulation results. 
Note in particular the color-coded constellation and error traces, reflecting mul-
tiple modulation types on different subcarriers in a single frame.

Understanding and using the relationships between these measurements and 
displays is powerful in terms of understanding signal characteristics and impair-
ments, and ultimately in optimizing the factors that lead to commercial success.

The most-used displays in basic digital demodulation are constellation diagrams 
and the error summary table. The use of OFDM and the potential for multiple 
modulation types makes the composite constellation diagram more difficult to 
interpret. Nonetheless, it remains an essential display and one that engineers 
frequently consult first. Note that the constellation display and symbol table in 
the 89600 VSA software are usually color-coded according to modulation type.

Most displays of demodulation results include a constellation diagram, a table 
summarizing modulation quality, a list of transmitted symbols, and one or more 
traces indicating modulation error, as shown in Figure 14.

Figure 14. A typical 4-trace display of basic demodulation results includes a constellation diagram, a 
table summarizing errors, and traces plotting errors versus time and/or frequency. This constellation 
diagram is a composite, layering multiple symbols, subcarriers, and modulation types.
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Figure 15. Time and frequency are fundamental 
domains for representing errors, and the asso-
ciated measurement traces provide comple-
mentary views that help isolate problems and 
their causes.

Fundamental representa-
tions of error: frequency 
and time domain

Error vector spectrum
 –  All symbols shown on Y-axis  

for each subcarrier on X-axis
 –  All-symbol average for each  

subcarrier is shown
 –  Examine for patterns/trends  

by subcarrier, differences between 
carriers and pilots

 –  Spurs or narrowband  
interference will affect  
individual carrier or few  
carriers, for all symbols

Error vector time
 –  All subcarriers shown on Y-axis for 

each symbol on X-axis
 –  All-carrier average for each symbol 

is shown
 –  Examine for patterns or changes 

according to symbol (time)
 –  Impulsive or time-dependent errors 

will affect all carriers for an indi-
vidual symbol or group of symbols

With all multi-carrier modulation types, error vector spectrum and error vector 
time measurements are valuable and complimentary. It is often useful to look at 
these two types of measurement results at the same time and couple markers 
between them to investigate possible relationships.

The error vector time trace (upper right, Figure 14) shows EVM versus symbol 
time. This signal has 300 OFDM subcarriers so there are 300 EVM values, shown 
as a column of dots, at each symbol time. Examine this trace for patterns or 
trends relating to symbol or frame timing. For example, errors in power control 
will affect all carriers for an individual symbol time or range of times.

The error vector spectrum trace (lower left, Figure 14) shows EVM versus sub-
carrier. Each subcarrier has an EVM dot for every one of the 140 symbol times 
measured for this demodulation result. Examine this trace for patterns or trends 
by carrier and also differences between the error for data versus pilot subcar-
riers. Spurious interference, for example, will affect individual subcarriers or a 
small range of them, and will impact all symbol times.

Using the 89600 VSA, it is possible to focus analysis and measurement displays 
on a specific modulation type, subcarrier or time interval as needed. This mea-
surement approach will be described in Step 3 of this application note, covering 
advanced and specific demodulation techniques.

Errors viewed in time and frequency domains
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STEP 3:  
Advanced and specific modulation analysis

Figure 16. The third category of measurements 
in the recommended sequence involves more 
complicated measurements and displays. In 
many cases, these advanced techniques are 
aimed at focusing analysis on specific portions 
of signals or aspects of them, and linking dif-
ferent measurement results to determine the 
cause of problems.

The last step in the measurement and troubleshooting sequence is the most 
powerful for finding and measuring subtle or more complex problems.

As with Step 2 of our measurement and troubleshooting sequence, the measure-
ments to be made at this stage are typically guided by the results from pervious 
stages. 
 
A variety of modulation analysis techniques are available, including analysis 
of specific portions of the signal and adjustment of demodulation parameters. 
Many of the tools that support these techniques are modulation specific. The 
examples in this section take advantage of specific characteristics of LTE and 
802.11 WLAN signals, including the built-in equalization training sequences and 
pilot carriers typical of OFDM applications.

Measurement and Troubleshooting Sequence

Frequency,
Frequency and Time

Get basics right,
find major problems

Demod by carrier, symbol, or both
Select pilot tracking types
Select carrier, timing
Preamble (equalization) analysis

Cross-domain and 
cross-measurement links
Demod parameter adjustments
More time capture

Basic
Digital Demod

Signal quality numbers,
constellation, basic error
vector measurements

Advanced and
Specific Demod

Find specific problems 
and causes

Marker coupling is a powerful feature for troubleshooting and is often over-
looked. It is helpful in relating error results displayed in different domains (such 
as error vector time versus error vector spectrum) or when using different 
display types and scaling.

A common way to use marker coupling is to identify a signal with an unusual 
amount of error, place a marker on it, and couple markers in other measurement 
traces to it. Error peaks can thus be linked to constellation points, amplitude 
values, specific subcarriers or particular symbol times. This information can be 
combined with knowledge of your system to point more clearly to error mecha-
nisms or potential causes.

An important benefit of the 89600 VSA software is its ability to change mea-
surement, including demodulation, and display parameters and obtain updated 
displays without taking new data. This capability applies to both live measure-
ments and playback or post processing of a time capture file. This measurement 
processing flexibility improves ease of use and measurement insight by remov-
ing possible sources of measurement variation.

Using marker coupling to investigate initial demodulation results
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Figure 17. Summary of advanced demodulation techniques, including isolating demodulation to 
specific signal segments and fine-tuning of demodulation parameters.

Figure 17 summarizes some of the more advanced measurement techniques 
supported by the 89600 VSA software for OFDM signals. If the source of a prob-
lem is in doubt, it is often useful to employ each of these techniques in turn, and 
consider using them together to isolate specific error behavior.

Examples of advanced and specific digital  
demodulation

 –  Display demodulation results of specific subcarriers
 –  Display demodulation results of specific symbols or time intervals
 –  Experiment with individual pilot tracking modes including tracking amplitude, 

phase, timing
 –  Manual adjustment of symbol timing
 –  Selecting different data sources for equalizer training
 –  Separate measurements of preamble
 –  X and Y-axis scaling (display zoom) to make the nature of small errors clearer

Analysis of specific elements of a subframe or burst is a powerful troubleshoot-
ing technique. It allows clearer isolation of errors and impairments, and there-
fore a clearer view of their causes. 

For example, focusing on specific carriers, or groups of carriers, can isolate 
frequency-specific problems at the band edge (see the error vector spectrum 
trace in Figure 14) and facilitates comparison of the pilot carriers to data carri-
ers. As described later in this application note, pilot characteristics and behavior 
will guide demodulation results.

Symbol-specific analysis helps isolate possible errors with intentional changes 
in modulation types between symbols and impulsive, intermittent or periodic  
error sources, along with turn on/off, power supply, settling or thermal effects.

Subcarrier- and symbol-specific analysis
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Most OFDM systems including LTE, 802.11 WLAN and WiMAX™, perform de-
modulation relative to pilot carriers that are embedded in the signal. These pilot 
carriers replace data-carrying elements of the signal for some or all symbols in a 
burst or frame and allow certain types of impairments to be removed or “tracked 
out” as demodulation routines track the changes in the pilots, which are trans-
mitted with known values. 

Though their locations and presence at particular symbol times may vary, the 
pilot carriers are transmitted frequently throughout the data portion of OFDM 
subframes. Many signal impairments are common to all pilot carriers, and can be 
measured and displayed as “common pilot error.”

In addition, specific pilot tracking functions can be individually switched on 
and off in several types of demodulation performed by the 89600 VSA software. 
This is a powerful troubleshooting approach, because modulation errors can be 
examined with and without the benefit of particular types of pilot tracking as 
shown in Figure 18.

One type of signal impairment is non-constant RF amplitude during a subframe. 
Circuit temperature and gain may change during an RF burst, and the combina-
tion of transmitter and DSP power drain may cause amplitude droop. Because 
the droop affects the pilots in the same way as the transmitted data symbols 
and subcarriers, the error can generally be removed even if it changes on a 
symbol-by-symbol basis. However it is important to note that adjusting the sym-
bol amplitude in demodulation algorithms will not improve amplitude problems 
that impair signal/noise ratio.

The amplitude behavior of a circuit or signal may also vary by modulation type, 
for a variety of reasons. Pilot tracking will be effective in some situations and 
not in others. In the example of Figure 19, modulation formats are changed 
sequentially and only one type of modulation, other than the BPSK of the pilots, 
is used at a time.

Pilot tracking and analysis

Figure 18. Selecting individual types of pilot tracking reveals which errors are removed by the track-
ing algorithms. This signal has both phase and amplitude errors.
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The modulation type changes to 64QAM about three quarters of the way through 
the subframe. This change affects the scaling and peak power of the signal, 
causing a dramatic increase in the amplitude component of the error. This error 
can be isolated by comparing the peak error symbols with their location in the 
constellation. Note, however that pilot error (white symbols) remains low.

In the example in Figure 19, we do not expect the amplitude problems to be 
removed by pilot amplitude tracking. The BPSK pilots are transmitted at the cor-
rect amplitude but the 64QAM signal is improperly scaled so this scaling error is 
not tracked out.

Figure 19. Different modulation types are sequentially transmitted over the duration of a 42-symbol 
subframe, progressing from BPSK through QPSK, 16QAM and 64QAM. The 64QAM modulation is 
improperly scaled, leading to much higher amplitude error.

Other pilot tracking types compensate for phase and timing problems. Phase 
errors, for example, may be caused by phase noise. Close-in phase noise can 
be removed or tracked out by phase tracking. A useful rule of thumb for many 
OFDM systems is that phase noise within approximately 10% of the subcarrier 
spacing will be effectively tracked out. Thus for an OFDM signal with a subcar-
rier spacing of 312.5 kHz the phase noise power at offsets up to approximately 
31 kHz will be tracked out. Phase noise power at higher offsets, up to an offset 
approximating the channel spacing, will contribute to modulation error.

Timing errors may be caused by oscillator frequency errors or DSP errors, such 
as an improper number of samples in the guard interval. One troubleshooting 
technique for timing errors is to switch timing tracking on and off while compar-
ing common pilot error. The common pilot error trace will indicate which errors 
were common to the pilots and were therefore tracked out.

In the 89600 VSA, the user has the ability to adjust the symbol timing used for 
demodulation, which positions in time the FFT used for demodulation. Different 
timing settings will affect measured modulation quality. In particular, if filter ISI 
or multipath distortion affects the guard interval, certain symbol timing settings 
will provide much better demodulation results than others.

Phase and timing errors
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A sophisticated equalization function in demodulators is essential when using 
broadband signals, both because of inevitable frequency response problems and 
when significant multi-path distortion is present.

The adaptive equalization functions in most OFDM systems are generally similar, 
but vary in important details. For channel estimation, some use only preambles, 
often composed of alternating subcarriers with known values. Some use mid-
ambles. Taking advantage of increasing processing power, some tune their 
algorithms using data subcarriers as well as dedicated training sequences. For 
some modulation types, the 89600 VSA software allows its adaptive equalizer 
to be trained on the preamble or on the entire subframe, including the preamble 
and data.

The result of the adaptive equalization process is complex filter coefficients 
to apply to the signal to implement corrections. These filter coefficients are 
provided in time domain form as correction filter impulse response and in the 
frequency domain as channel frequency response. The coefficients can be 
viewed directly and are very useful for troubleshooting.

Note that adaptive equalization can compensate only for linear frequency 
response errors such as amplitude and phase flatness. These errors may be 
caused by multipath distortion or by the performance of the systems involved, 
from baseband through RF. Noise, intermodulation, and the effects of amplifier 
compression are nonlinear forms of distortion and are not corrected by adaptive 
equalization. Some of these nonlinear distortion mechanisms can be compen-
sated for by digital predistortion techniques, a technology beyond the scope of 
this application note.

Adaptive equalization and linear distortion

A planned measurement sequence is the most reliable way to find the cause 
of signal problems and to optimize system performance. It reduces the time to 
find the root cause of signal and system problems and focuses attention on the 
improvements and tradeoffs that will be the most effective.

Figure 20 on the next page summarizes many of the measurements described in 
this presentation. These measurements are organized around the measurement 
and troubleshooting sequence presented in this application note.

“Bringing New Power and Precision to Gated Spectrum Measurements” by Tom 
Wright, Joe Gorin, Ben Zarlingo, from High Frequency Electronics magazine, 
August 2007

“Optimize OFDM Via Phase-Noise Injection” by Ben Zarlingo, from Microwaves 
& RF magazine, October 2012
http://mwrf.com/systems/optimize-ofdm-phase-noise-injection

“Measuring Agile Signals and Dynamic Signal Environments” Keysight applica-
tion note, May 2013
www.keysight.com/find/real-time4wireless

Summary

References and More Information

http://mwrf.com/systems/optimize-ofdm-phase-noise-injection
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Measurement and Troubleshooting Sequence

Frequency,
Frequency and Time

Get basics right,
find major problems

Basic
Digital Demod

Signal quality numbers,
contellation, basic error
vector measurements

Advanced and
Specific Demod

Find specific problems 
and causes

Frequency and Time 
Measurements
 - Center frequency, occupied   
 bandwidth
 - Spurious, interference (all types)
 - Amplitude – average and   
 variations during burst    
 (transients, drift)
 - Turn-on and turn-off behaviors,   
  on/off ratio
 - Burst length, duty cycle, 
 unanticipated frequency/time   
 variations
 - Band power measurements

Time-Gated Spectrum 
Measurements
 - Spectrum vs. time, any spectrum  
 artifacts
 - Power changes during burst,   
 CCDF variations
 - Carrier structure, missing or   
 extra carriers, energy at exact CF
 - Side lobes (part of signal, not   
 ACP), symmetry
 - Frequency accuracy, carrier   
 spacing
 - Spurious, interference
 - Flatness, tilt/ripple
 - Preamble length, structure
 - Confirm sampling factor, guard   
 interval

Constellation
- Successful demodulation?
- Correct modulation type(s)?
- Indications of error?

Symbols/Errors Table
- Relative constellation error (RCE)
- Pilot and common pilot errors   
 (CPE)
- I/Q errors including gain 
 imbalance, quadrature error,   
 delay mismatch

Error Vector Spectrum
- Average vs. spread, data vs.   
   pilots
- Patterns/trends by carrier
- Spurs (will affect individual   
   carrier or few carriers, for all   
   symbols)
Error Vector Time
- Average vs. spread vs. mod   
 types
- Look for impulsive errors such as  
 DSP, interference, clocks, power  
 (will affect all carriers for an   
 individual symbol or group of   
 symbols)

Marker Coupling
-  Relation of error peaks (power,   
 symbol value or location, carrier,  
 time)
- Other relations discovered

Carrier-Specific Problems
and Insights
-  Individual carriers or groups,
 band-edge problems, pilots vs. 
 data carriers

Time-Specific Problems 
and Insights
- Time interval or modulation type
 is cause of error 
-  Identify impulsive, intermittent,
 or periodic error sources
-  Turn on/off, power supply,
 settling, or thermal effects

Simultaneous Freq and Time-
Specific Demod Impairments 
Fixed by Pilot Tracking
-  Amplitude droop, variations
-  Phase noise, jitter, clock
 problems
-  Timing uncertainties

Impairments Not Fixed by Pilot 
Tracking
-  Modulation-related compression
 or clipping
-  Non-narrowband phase noise

Linear Errors and Equalization
-  IF and modulation filtering errors
 sin(x) x compensation
-  Multipath
-  Preamble (training sequence)
 problems--preamble vs. 
 data-driven EQ  

Figure 20. Summary of the recommended measurement and troubleshooting sequence.
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