A P P L IC AT ION NO T E

Using Calibration to Optimize
Performance in Crucial
Measurements

Introduction
If you’re responsible for a test system, then you’re also responsible for the accuracy
and repeatability of the measurements it makes. Measurement repeatability, perhaps
more than pure accuracy, is the key to success in design, manufacturing and ongoing
operations.
In a test system, the foundation of performance is the warranted specifications of the
included instruments. This is especially true for crucial equipment such as network
analyzers, signal analyzers, power meters, oscilloscopes and signal generators. If any
specified parameter is out of tolerance, measurement results can be negatively affected.
An accurate, professional and accredited calibration is the bedrock that ensures reliable
and repeatable results.
Calibration and metrology are a specialized subset of engineering, and relatively few
engineers have been trained in these topics. Fortunately, a modest investment in a
few fundamental principles will reward you with the ability to improve measurement
performance, enhance the interpretation of results and, ultimately, reduce risk.
This application note starts with useful background and context before moving on to
a measurement example, some additional suggestions, and two brief case studies. We
have two goals: help you ensure that you get the calibration you expect (and deserve),
and help you improve effective measurement performance through innovative use of
calibration data and results.
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Meeting Measurement Requirements: An Engineering Process
A test system supports a test plan, and the development of that plan includes the selection
of hardware and software elements that provide the necessary features and functions. The
essential first step, though, is to identify the crucial specifications that characterize the
performance of the device or system under test (DUT or SUT). Each specification will have
an associated set of tests, tolerances and accuracy requirements. In addition, hardware and
software choices must address critical business goals such as cost, productivity, cycle time,
and throughput.
From there, the next step is to create the test program, debug it, and put it into service.
At its simplest, ongoing maintenance involves periodic calibration of the instrumentation,
perhaps based on the manufacturer’s recommended interval, and repairs, as needed, when
any instrument breaks down.
As engineers, our natural response is to thoroughly understand the choices and tradeoffs in
the various hardware and software alternatives. In general, less time is spent considering the
calibration and repair services needed to sustain the warranted specifications of the chosen
instruments. We may assume that any periodic calibration is all that’s needed to ensure
measurement integrity over the long term.
In reality, test equipment ages and drifts, and sometimes it breaks. What’s more, calibration
is not a generic commodity, and the process of ensuring reliable, repeatable measurements
over time is not as simple as “set it and forget it.” Taking a hands-off approach will obscure
the likely risks and the potential benefits. Taking a proactive stance can make a significant
contribution to the ongoing accuracy and repeatability of the test system—and that will go a
long way toward ensuring the performance and productivity of the DUT or SUT

Using Calibration to Improve Spurious Measurements
The goal of this example is to show how to improve your measurement process and ensure
better results, and the focus is on the pursuit of spurious signals. Please note that the
narrative doesn’t explain the ins and outs of detecting spurs.1
Unwanted spurious signals are present in all types of radio frequency (RF) and microwave
applications: communications, navigation, radar, electronic warfare (EW), and more. Many
spurs come from the increasingly crowded spectral environment, and, depending on the
situation, some may be intentional or unintentional.
Other spurious signals may occur within the DUT. This is especially problematic in devices
that contain multiple closely spaced transmitters: the smaller the distance between any two
transmitters, the greater the level of interference.
Finally, some spurs may occur inside the spectrum or signal analyzer. These may be
understood to the extent that the manufacturer can program the analyzer to reduce the
effect on measurement results.
Spurs are the source of many potential problems. A false positive may be interpreted as an
actual signal coming in over the air. In a radar system, spurs may obscure the system’s ability
to see small return signals, and this can affect the believability of what’s on the screen. For
those performing sensitive field operations, self-generated spurs may betray their presence
and location. Thus, when making a measurement, the key question is, “When I see a spur, is
it real?”
1.

For a detailed discussion, please see Keysight Application Note 150, Spectrum Analysis Basics,
publication 5952-0292, or refer to the help text built into your spectrum or signal analyzer.
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Searching For Spurs
In terms of the measurement process, a spur search is usually a matter of finding small
signals in the presence of much larger ones. To measure these signals with confidence,
you need all the performance you expect. This means getting the specified performance
that was the deciding factor in your instrument purchase. Beyond maximizing that
performance, it also means maintaining peak performance on a consistent basis.
When investigating spurs, the key specification is dynamic range. Because the
frequencies of spurious signals are generally not known in advance, the process starts
with a wideband spectrum measurement. The best setting for input attenuation depends
on the magnitude of the largest signal in the widest span. With this combination of wide
span and the likely presence of larger signals, many low-level signals will be missed due
limits on the analyzer’s effective noise floor and perhaps frequency resolution.

Improving Dynamic Range
Using the default settings, a spectrum measurement with a wide span and a wide
resolution bandwidth (RBW) will have a noise floor that is higher than desirable for
spurious measurements. One possible solution is to cover only the frequency ranged of
interest with a series of measurements that have a narrow span and RBW; however, this
approach adds complexity and does not, in itself, optimize speed or performance.
Several settings are especially important in determining measurement dynamic range.
Input attenuation should be minimized, but should be sufficient to prevent analyzergenerated signals such as harmonics and intermodulation from interfering with the
measurement. RBW should be just narrow enough to reduce the effective analyzer noise
floor and to resolve closely spaced spurs; narrower settings will unnecessarily impact
measurement speed. Averaging techniques such as a narrow video bandwidth or an
average detector will often be needed to reduce measurement variance to an acceptable
value; however, these, too, will reduce measurement speed.
Noise power subtraction is an alternative to the narrow RBWs often used to reduce the
effect of measurement noise. Unlike narrow RBWs, noise subtraction has no negative
impact on sweep speed. In Keysight PXA, MXA and EXA X-Series signal analyzers, noise
subtraction is available through the noise floor extension (NFE) feature, and is performed
automatically, without user intervention.

Understanding sources of amplitude error
In a spectrum analyzer, issues affecting amplitude error exist in the horizontal,
from lowest to highest measured frequency, and in the vertical, from smallest
to greatest measured amplitude. On the horizontal axis, wide frequency spans
demand exceptional flatness in amplitude accuracy.
In the vertical dimension, linearity is a challenge for input attenuators, filters (IF
and others), and analog-to-digital converters. In spurious measurements, the
crucial settings are mixer level versus spur level and effective number of bits of
resolution for full-scale versus low-level signals.
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Applying These Techniques
As an example, consider the verification of spurious-free dynamic range (SFDR) in a
radar exciter. The fundamental of the carrier signal is at approximately 10 GHz. Its SFDR
must be 80 dB below the carrier (–80 dBc), and this equates to –65 dBm relative to an
exciter with a +15 dBm output level.
These are the key specs for the DUT. To characterize those parameters, dynamic range
performance depends on a signal analyzer’s specifications related to noise and spurs. In
the MXA, displayed average noise level (DANL) is specified to be –148 dBm and typical
performance is –151 dBm. DANL is typically normalized to a 1 Hz RBW, and the actual
specification is –108 dBm when using a 10 kHz RBW.
Residual responses are specified to have a level of –100 dBm or less. Related to this,
third-order intermodulation (TOI) is specified to be –90 dBm. Understanding the tradeoff
between expected DANL (not a hard specification) and TOI is important when setting
input attenuation and mixer level for a spurious measurement (Figure 1).

DANL and distortion
relative to mixer level (dB)

Nominal Dynamic Range Bands 1-4

DANL
(1 Hz RBW)
2nd Harmonic
Distortion
3rd Order
Intermodulation

Mixer Level (dBM)
Figure 1. Knowing the nominal performance of DANL and TOI helps optimize the tradeoffs when setting up a spur search.
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Seven key specifications affect amplitude error in spurious measurements. Here are the
relevant values for the MXA at 10 GHz, adding detail to the illustration in Figure 2:
–– 1 dB gain compression: 0 dBm; +4 dBm typical
–– Absolute amplitude accuracy: ±0.33 dB
–– Frequency response (flatness): ±2.0 dB (±0.47 dB at 95th percentile)
–– Display scale fidelity: ±0.10 dB
–– RBW switching uncertainty: ±0.05 dB, 1 Hz to 1.5 MHz RBW; ±0.10 dB, 1.6 MHz to
3.0 MHz RBW
–– DANL: –148 dBm (–151 dBm typical); –108 dBm (–111 dBm) at 10 kHz RBW
–– Residual responses: –100 dBm nominal
–– Image responses: –78 dBc (–88 dBc), 3.6 to 13.6 GHz

1db Compression

Abs Ampl Acc
-10 to -50 dBm
Freq Resp

Display Scale
Fidelity/Linearity

DANL@RBW

RBW Switching
Uncertainty
Analyzer Spurs

Figure 2. These specifications affect the accuracy of spurious measurements, and all are verified during instrument
calibration.

These are generic specifications or typical values the MXA signal analyzer is expected to
meet. They are dominated by the effects of temperature extremes or other worst-case
conditions. Knowing if the analyzer is performing at this level is vital to your ability to
make meaningful measurements.
It would also be helpful to know the actual performance of your individual analyzer: Is
it below spec, at spec or better than spec? If better than spec, then how much better
is it? This information is essential to enhancing your ability to interpret the actual
measurement results from your analyzer

Find us at www.keysight.com

Page 6

Setting Up The Analyzer
Because the performance of the DUT and the analyzer change with frequency, the
optimum settings will also change. The following uses a typical set of choices.
Input attenuation: Choose a level that keeps the input below the 1 dB compression
level at the mixer. For a +15 dBm exciter signal at frequencies above 500 MHz, this
means a setting of 11 to 15 dB, depending on whether the analyzer’s typical or specified
performance is used. The smaller attenuation setting will provide a lower analyzer noise
level for the measurement.
Measurement margin: To balance speed with the ability to reveal spurs, DANL should
be at least 20 dB below the spur limit, which is –65 dBm in this example. Select an RBW
value such that DANL is less than or equal to –85 dB relative to compression (Figure 3).
There are tradeoffs: a larger margin requires a narrower RBW, which will slow down the
measurement; using a wider RBW is faster but will increase the noise floor, potentially
obscuring lower-level spurs or increasing their measured power due to effects of the
added noise.

Reference level:
Keep +15 dBm
carrier below 1 dB
compression
80 dB

Spur spec: -65 dBm
DANL <-85 dBm
relative to compression

20 dB

Figure 3. Optimizing these settings will provide adequate margin for an informative spurious measurement
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Improving Effective Performance In A Signal Analyzer
Let’s go back to our fundamental question: “When I see a spur, is it real?” We put
ourselves in a better position to answer that question by adding available information
that improves the effective performance of our measurements. As an example, we can
apply calibration results and use them to improve measurement performance and speed.
The X-Series signal analyzers include a spurious signals measurement application within
the standard Power Suite set of one-button measurements. It presents results in tabular
form, showing spur number, measurement range, spur frequency, spur amplitude, and
the user-entered measurement limit (Figure 4).

Figure 4. In an X-Series signal analyzer, the spurious measurement application presents the results in tabular form.

By comparing the captured results with actual calibration data for the signal analyzer, we
can apply in-hand knowledge about the instrument to adjust the measurement settings
and ensure greater confidence in the results. For example, Figure 5 shows an actual
Measurement Report from the calibration of a PXA signal analyzer: the worst-case
result is a spur at 1.1 GHz with amplitude of –105.25 dBc. From this, we can adjust the
attenuation and RBW settings to achieve a low noise floor and have greater certainty
that any signals that appear are real spurs.

Figure 5. This measurement report shows the actual results of spurious testing on the standard IF path of a PXA
signal analyzer.
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Improving Effective Performance In A Signal Generator
Similarly, this type of information can be used to ensure accurate characterization of
receiver sensitivity in applications such as radar, EW and satellite communications. For
these tests, the key instrument is a signal generator, and it must be capable of producing
stimuli at very low levels with high accuracy. The stimulus signals may also be quite
complicated—pulsed, modulated, spread-spectrum—and exhibit power density that
resembles background noise.
Figure 6 illustrates the most relevant specifications for a signal generator: maximum
specified power, settable power (includes attenuator range), and level accuracy with
the step attenuator. Some Keysight signal generators offer an optional “low specified
power level” (Option 1EQ) that enables accurate output to levels of less than –110 dBm.
Signal generators often have a range specification for the automatic level control (ALC)
that is used at relatively high output levels. Although there is not a separate flatness
specification, flatness is verified in a full instrument calibration.

Max Specified Pwr
ALC Range,
typ -10 to +20 dBm

Settable Power Includes
Attenuator Range

Level Accuracy with
Step Attenuator

Figure 6. Although the specifications for a signal generator are somewhat simpler than those for a signal analyzer,
the need to optimize settings for a specific measurement is equal in importance.

Measurements at low output levels are challenging, especially if the stimulus signal
has to pass through extensive cabling and switching. Similarly, calibration is especially
challenging at extremely low levels. One way to achieve greater confidence is to
check the list of equipment used during testing, which should be available as part of
the calibration report. The list should include a microwave signal analyzer that has a
digital IF section. If the report lists a signal or spectrum analyzer that has an analog IF
section, then the calibration measurements are likely to be less accurate than the signal
generator they are characterizing.
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Using Actual Calibration Data To Improve Performance
It’s reasonable to expect that a full calibration of an instrument will test and verify all
warranted specifications for all possible product configurations. Table 1 shows a list of
the 36 tests performed for the MXA signal analyzer and key options. This is what it takes
to ensure that the analyzer is performing as expected.
Table 1: A full calibration of the MXA includes 36 individual tests.

1. Internal alignment
2. Frequency reference accuracy
3. Power bandwidth accuracy
4. Resolution bandwidth switching uncertainty
5. Residual responses
6. Noise density
7. Displayed average noise level
8. Effective DANL (Option NFE)
9. Frequency readout accuracy
10. Frequency span accuracy
11. Count accuracy
12. IF frequency responses
13. IF input gain accuracy (Option EXM)
14. LO output power accuracy
15. Spurious responses
16. Gain compression
17. Third-order intermodulation distortion
18. Second harmonic distortion
19. Absolute amplitude accuracy
20. Input attenuation switching uncertainty
21. Display scale fidelity
22. Phase noise <30 kHz offsets
23. Phase noise >30 kHz offsets
24. Phase noise
25. Frequency response, 300 kHz to 3.6 GHz, preamp off
26. Frequency response, 300 kHz to 3.6 GHz, AC coupled
27. Frequency response, 300 kHz to 3.6 GHz, Option EA3
28. Frequency response, 300 kHz to 3.6 GHz, preamp on
29. Frequency response above 3.6 GHz, preamp off
30. Frequency response above 3.6 GHz, preamp on
31. Frequency response below 300 kHz
32. Absolute amplitude accuracy, Option BBA
33. Frequency response below 250 kHz, Option BBA
34. Frequency response above 250 kHz, Option BBA
35. Channel match, Option BBA
36. Tracking generator power sweep accuracy
Keysight performs all these tests and provides a full measurement report along with
traceability to (and compliance with) recognized calibration standards. Verification of
testing, test results and standards compliance is essential if you want to be sure your
equipment meets its warranted performance.
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Figure 7 provides an example of calibration results that can be used to improve
measurement performance. The table shows the measured frequency response of
an X-Series signal analyzer, including measurement uncertainty and the applicable
instrument specifications.

Figure 7. You can use actual calibration data for a specific instrument to enhance your interpretation of measurement results.

This data could be used to, for example, achieve tighter DUT specifications, wider
manufacturing margins, faster test throughput, or better yield. In R&D, this data could be
used to better optimize designs and avoid the need to reconcile inconsistent results from
different R&D teams.
Of course, this calibration data is most valuable if it is readily available, when and where
you need it. Keysight’s web-based Infoline service provides 24/7 access to all data for
all of your instruments. Infoline also includes management tools and instrument-specific
calibration reminders.
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Avoiding Calibration Pitfalls And Reducing Risk
Although you’re the one responsible for ensuring measurement performance, you’re
probably not the only person involved in obtaining calibration services. How then can you
ensure you’re getting what you need? How can you work effectively with others to avoid
situations that undermine the performance you’re depending on?
One suggestion: be explicitly clear about your expectations for calibration. For example,
specify which warranted performance parameters must be verified every time the
instrument is calibrated. Be sure others understand the limits of “performance verification”:
even with adjustments, it isn’t the same as an actual calibration. Instead, it’s better to
request that every warranted specification for every installed option be checked every
time.
In addition, it’s best to verify that the following documentation is always included:
–– Audit calibration reports
–– Full report of test results
–– A full list of all calibration equipment listed and verification that it has been tested
–– Confirmation that the calibration meets traceability requirements
As a final suggestion, it can be worthwhile to determine the economic value of this
“insurance.” For example, the ability to meet or exceed a target yield rate can reduce
the number of DUTs that are scrapped or sent back for rework. This type of information
can be an effective way to help management and procurement personnel appreciate the
value of high-quality calibration.

Examining A Pair Of Case Studies
The concepts presented here are not theoretical. Over the years, we have had countless
opportunities to help end-user customers use high-quality calibration to achieve better
results. A brief look at two recent examples will illustrate some of the potential benefits.

Reviving onsite service capability
A large customer organization had been relying on in-house staff to perform instrument
maintenance and calibration. This was a daunting task because the company had a
pool of more than 5,000 instruments. When its engineering teams began acquiring
new, highly complex instruments, the in-house team found that the performance of its
calibration standards fell short of what was required for the latest instruments.
One underlying cause: cost-reduction initiatives had reduced the amount of money
available for new cal standards. Because this affected the throughput and quality of inhouse calibration services, the team was falling far short of its goal for turnaround time
(TAT), which was three days or less. Ultimately, they began sending the most challenging
instruments to an external provider for periodic calibration, and this decision also had a
negative effect on TAT.
To address this situation, the company’s Keysight representative proposed a service plan
that included a Keysight Resident Professional (RP). With this service, the RP is equipped
with the latest standards needed to calibrate the instruments covered by the agreement.
The result: the company was able to get high-quality calibrations that met its TAT goals
while also keeping support costs within budget.
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Replacing an underperforming provider
One of our customers had contracted with a third-party maintainer (TPM) to provide
calibration services. While the TPM promised OEM-level calibration, it was not delivering.
This became apparent when geographically separated R&D teams were getting different
results when measuring the same DUTs using the same instrument models, and it was
taking up to two weeks to resolve every instance of inconsistent results. The resulting
diversion of resources increased the risk of missing targeted introduction dates for new
products.
At the customer’s request, Keysight investigated. After checking more than 1,500
instruments, we found that 37% were out of tolerance (OOT). Among that population of
550 instruments, approximately 300 (54%) needed adjustments.
This explained the discrepancies in R&D and raised concern about the equipment that
was being used on the production line: OOT equipment can cause process problems,
potentially affecting yield and cost. It can also lead to an increase in warranty failures,
and that often causes a decrease in customer satisfaction.
In this case the solution was a transition to Keysight onsite services. The main benefit:
the customer was ensured of receiving OEM-quality calibration at their facility. The
onsite Keysight team is able to perform all necessary adjustments, minimizing TAT and
maximizing instrument availability.

Conclusion
Ensuring the accuracy of your test system is an important step toward supporting your
business and technical goals. Calibration is one key to success, but it isn’t a “set it and
forget it” decision.
Opting for the most dependable calibration provider is the best way to ensure that your
test equipment continues to provide the performance that led to your purchase decision.
In a commercial setting, this often translates into better throughput, margin and yield.
In the aerospace and defense environment it increases the likelihood of mission success.
In any setting, reliable calibration ensures consistent results that make it easier to
pinpoint product or design problems and thereby minimize delays in development and
manufacturing.
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