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Introduction 
  

Strict electromagnetic regulations require verification of 
emissions compliance of all wireless products. In the past, you 
could usually ensure compliance by examining typical spurious 
and harmonic emissions from a limited number of prototypes. 
However, current wireless technology has pushed the limits of 
semiconductor capabilities to the point where there is little 
margin between typical emissions and regulatory limits. As a 
consequence, it is no longer prudent to assume compliance 
based on testing a few prototypes. To guarantee compliance, it 
is often essential to measure emissions on a unit-by-unit basis 
in production. 

 
This white paper provides a use case that illustrates the 
importance of harmonic measurements in modern wireless 
products, details several of the key challenges involved, and 
presents a newly available, cost-effective approach to 
harmonic measurement. 
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A Use Case for Harmonic Measurement  
Harmonic measurement has become increasingly important as modern wireless 
communication systems strive to achieve an optimal balance between spectrum 
efficiency and DC power use. The following hypothetical use case illustrates the 
significance of achieving a balance between these key performance metrics and 
the challenges of doing so.  
 
A wireless device manufacturer’s main product has fallen behind its competition 
in battery life and as a result, its sales revenue is decreasing. The product 
manager needs to restore sales revenue by updating the product design to 
extend battery life to match the competition’s products, if not to leap ahead of 
them. As a result, the company assigns an experienced RF engineer to update 
the design of their 5.8 GHz Wi-Fi device to achieve maximum DC power 
efficiency.  
 
The RF engineer reviews the current product design and determines that DC 
power consumption can be significantly reduced by biasing the transmit power 
amplifier at a less linear operating point, but this comes at the expense of signal 
distortion and higher harmonic levels. 

 
 

   The Tradeoffs 
Any signal energy falling outside of the Wi-Fi device’s allocated channel has the 
potential to cause interference with other products operating in the vicinity. 
Because of this, federal regulations govern emission levels of not only 
fundamental transmissions but also of any unintended emissions, such as 
harmonics. Harmonics are by-products of distortion, or non-linearity, which 
spawns signal components at integer multiples of the fundamental transmission 
frequency. Every device sold in the market must conform to federal regulations, 
and so, optimal harmonic performance becomes a critical design target of any 
Wi-Fi transmitter. 

 

     
 

Figure 1. Typical Spectrum with Harmonic Content 
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Ideally, all transmitted signal energy be would be within the device’s allocated 
channel mask, but as a result of the practical limitations of power amplifier 
linearity, a certain amount of signal distortion is unavoidable. Power amplifiers 
generally achieve a higher level of DC power efficiency when operated in a less 
linear fashion, but reduced operating linearity has the negative effect of 
degrading harmonic performance. It’s the design engineer’s responsibility to 
strike the optimal balance between DC power efficiency and harmonic 
emissions. 
 
The Obstacles  
In this case of the company’s Wi-Fi device, the RF engineer needs to accurately 
measure the power levels of the 2nd and 3rd harmonics (i.e. 2*5.8 GHz = 11.6 
GHz, 3*5.8 GHz= 17.4 GHz). But the company is operating within a tight capital 
budget and the engineer currently only has access to a 6 GHz signal analyzer. 
The obvious solution would be to buy a high-frequency signal analyzer to 
confirm that the harmonics remain within regulated interference limits. 
However, the cost of such an analyzer is too high. 

 
Achieving maximal power efficiency necessitated that the engineer’s optimized 
design would provide very little operating margin between the harmonic 
emissions and the regulatory limits. To compound matters further, variability 
across component populations in mass production could lead to an 
unacceptable percentage of product drop-out resulting from non-compliance 
with regulatory emissions. So, to realize competitive performance while still 
ensuring regulatory compliance, the company may choose to test harmonics 
and optimally tune the operational settings of every power amplifier during 
mass production. 
 

The Solution  
The RF engineer can save his company the cost of buying an expensive high-
frequency analyzer by devising a customized harmonic test set-up comprised of 
a high-frequency signal generator and a selection of microwave mixers, 
amplifiers, and filters. This custom test set-up would frequency down-convert 
the harmonics of the device under test (DUT) to a lower frequency that falls 
within the measurement range of the company’s existing 6 GHz signal analyzer. 
The following diagram illustrates how to measure the DUT harmonics using a 6 
GHz analyzer. All the items in blue are external to the existing 6 GHz analyzer 
and need to be considered part of the test set-up. 
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Figure 2. Block Diagram of Manual Harmonic Measurement Setup 
 
Provided the design engineer carefully calibrates this custom test set-up, 
and has selected the appropriate mixers, amplifiers, and filters needed to 
measure each harmonic of interest, it’s possible to get accurate and 
repeatable harmonic measurement results. In the hands of an experienced 
RF engineer, this type of arrangement can work reliably in a lab setting, but 
this kind of test setup is inherently complex and will likely require 
component changes within the test set-up to measure each harmonic. Each 
of these unique test setup configurations would need a separate calibration. 
 
The hidden costs associated with maintenance, technical expertise, long-
term support, and calibration makes this solution less than ideal for a 
production environment, which would require many identical test set-ups. 
So, while the RF engineer’s customized, low-cost test setup may be an 
appropriate solution for lab work, it is not viable for the production needs of 
the company. 

 
The above use case touched on a few of the difficulties the design engineer 
faced in trying to reach desired product performance targets set out by the 
product manager. Achieving true success boiled down to improving product 
performance, and providing a cost-effective means of measuring harmonic 
performance in both lab and production settings. 
 
Characterizing harmonics was key to the solution in this use case, as it is in 
many other modern wireless products. Let’s delve a little deeper into the 
key challenges of measuring harmonic products at microwave frequencies. 
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The Top 5 Challenges for Measuring Harmonics  
1. The prohibitive cost of high-frequency test equipment – The 
straightforward solution to measuring high-frequency emissions is to 
upgrade all test equipment to high-frequency equipment capable of testing 
the emission products of interest. But, the cost of such high-frequency 
analyzers and generators can often be prohibitive. Supplementary filtering 
and amplification external to the test equipment may still be required to 
pre-condition the signal under test to ensure test conditions result in an 
accurate measurement. In addition to the equipment used to make the 
actual measurements, a secondary set of high frequency equipment is 
required to calibrate the test setup. 

2. Accuracy of measurement – Key to the accuracy of any harmonic 
measurements is careful avoidance of the introduction of errors as a result 
of a signal analyzer’s own performance limitations. Wide differences in 
power levels of a DUT’s fundamental and harmonics mean the signal 
analyzer’s noise and distortion can become an impeding factor in harmonic 
measurement accuracy. 

Every signal analyzer utilizes amplifiers, mixers, etc., which will produce 
unwanted harmonic products as a consequence of each device’s non-linear 
characteristics. The resulting level of unwanted harmonic products relates 
to the power of the test signal that is being applied and the signal analyzer’s 
own cascaded 2nd, 3rd, 4th, etc. order input intercept points for its given 
measurement settings.   

The reality is that every signal analyzer’s input intercept points are not 
infinite, so any signal applied to the input of the analyzer will result in 
production of a certain amount of unwanted harmonics. The acceptability of 
these unwanted harmonic products is dependent on how many dB below 
the fundamental carrier the DUT’s harmonics are expected to lie.  

The linearity of many signal analyzers will prove inadequate to directly 
measure low-level harmonic products of a DUT. To ensure that signal 
analyzer harmonic products do not impair measurement of a DUT’s 
harmonics, it’s often necessary to filter out the high-power fundamental of 
the test signal with a pre-selection filter between the DUT’s output and the 
analyzer’s input. Ideally, this pre-selection filter will achieve substantial 
attenuation at the fundamental frequency and minimum attenuation at 
DUT harmonic frequencies. Some analyzers engage a tunable pre-selection 
filter to prevent high-power fundamental transmission from impacting the 
measurement result, but this functionality could add significant cost to the 
purchase price of the analyzer and the characteristics of the integrated pre-
selection filters may not be a good fit for every measurement use case. 

 
 

 

Top 5 Challenges 
for Measuring 

Harmonics 

1. Prohibitive 
cost of high-
frequency test 
equipment  

2. Accuracy of 
measurement  

3. Calibration 

4. Harmonic 
products 

5. Complex test 
setup 

 



 

signalcraft.com   7  

3. Calibration – To accurately measure the absolute level of harmonics, 
calibration of the test setup, including cables, filters, and mixers is essential 
and must be implemented over a wide range of frequencies. This calibration 
procedure requires additional high-frequency equipment, beyond the 
equipment already used in the test setup, leading to yet further cost and 
complexity to achieve the desired measurements.  

4. Harmonic Products – All signal sources generate a certain amount of 
spurious and harmonic impurities. When measuring the harmonics 
produced by a DUT, the DUT’s driving signal source’s own harmonic 
products need to be carefully considered because these unwanted input 
harmonics will be at the exact same frequencies as those generated by the 
DUT itself. Unwanted source harmonics could impair measurement accuracy 
by constructively or destructively interfering with the DUT’s harmonics, 
resulting in inaccurate and inconsistent measurements.  

The level of the source harmonics must be low relative to the expected level 
of the DUT’s harmonic products to ensure that impact on the measurement 
results is negligible. Depending on measurement accuracy, source harmonic 
products should be 15-30 dB below the expected DUT harmonic levels, 
minus the gain of the DUT at the harmonic frequency of interest. It is a best 
practice to drive the DUT with a low pass filtered signal source to minimize 
the level of the source harmonics and other spurious content.  

5. Complex Test Setup – The use case illustrated that configuring a custom 
test setup with mixers, filters, switches, and cables is feasible in a lab 
setting, but doing so will require a skilled RF engineer to select the 
appropriate components, carefully calibrate, and implement the 
measurements. Buying a device that incorporates all the mixers, filters, and 
switches avoids the complexity of building the high-frequency setup. It also 
makes the calibration and test setup easier, resulting in shorter test times 
and reduced potential for errors. 
 
With regards to the control word, a hyperframe contains 256 control words, 
one for each basic frame. This distribution of control words across a 
hyperframe provide all the ongoing control, management, synchronization, 
vendor-specific, and other layer 2 information mentioned in Figure 5.  
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Three Choices – Which is the Ideal Solution? 
The engineer in the story above, after considering all five of the challenges, 
summarized the options in a brief report along with a recommendation. 
The report highlights the following three solution options: 
 

1. The most complex but least costly solution is to design and build a 
custom down-conversion test set-up yourself.  

2. The middle-of-the-road solution is to extend the capability of existing 
test equipment to enable harmonic measurements for a variety of devices 
operating in different frequency bands without the need for band-specific 
hardware. 

3. The simplest but most costly solution is to buy one or more high-
frequency analyzers, and a series of high and low pass filters. In addition, a 
secondary set of high frequency equipment will be required to calibrate 
the harmonic measurement test set-up. 

 
Solution Cost Required RF 

expertise for reliable 
results 

Use in 
Lab 

Use in 
Production 

1: Build Test Bench $ Highest Yes No 

2: Buy SC2250 $$ Medium Yes Yes 

3: Buy High Freq Analyzer $$$$ Lowest Yes Yes 

 

The report recommended the second option as the most cost effective and 
efficient solution both for their lab and production. SignalCraft Technologies 
SC2250 signal conditioning module was selected to address all five 
challenges outlined above.  

The SC2250 is an easy-to-use instrument for making accurate, high-
frequency harmonic measurements. Utilizing the internal harmonic 
rejection filters at the input to the DUT and down-converting harmonics to 
within the frequency range of lower-cost spectrum/signal analyzers 
simplifies the test setup and lowers the overall cost of test systems. 
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Figure 3.  Block Diagram of Harmonic Measurement Setup Using an SC2250 
 
 
Figure 3 above presents a typical test setup for measuring the harmonics of 
a DUT using a signal source and analyzer. The diagram is identical to the 
one in the use case above but now all the items in blue are built into the 
SC2250. Here’s how it works technically: 
 
To ensure the harmonics measured by the analyzer are in fact harmonics 
originating from the DUT, and not from the excitation source in the test 
system (Point A), the SC2250 includes a harmonic rejection filter bank. This 
filter bank significantly reduces the level of source harmonics at the input to 
the DUT (Point B). Figure 4 provides an example of the signal source 
harmonics, which can be present within the measurement system.  

 
Figure 4.  Spectrum at Output of Source (A) 
 
After passing through the harmonic rejection filter, the signal at the input 
to the DUT (Point A) has significantly lower harmonic levels as shown in 
Figure 5. Typical filter rejection of 30 to 40 dB is achievable.  
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Figure 5. Input Signal to DUT after Passing through SC2250 Harmonic 
Rejection Filter (Point B) 
 
 
Figure 6 illustrates what the DUT’s output spectrum may look like at the 
SC2250 measurement input (Point C).  
 

 
 
Figure 6. Harmonic Content at the output of the DUT (Point C) 
 
Prior to conversion, a rejection filter will minimize the level of the 
fundamental in order to maximize the dynamic range available in the 
analyzer. Typical filter rejection of 30 to 40 dB is achievable. The SC2250 
subsequently down-converts each harmonic to a lower frequency, as shown 
in Figure 7. This resultant signal falls within the bandwidth of the external 
analyzer.  
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Figure 7. Spectrum at the Input to the Analyzer (Point D) 
 
 
The level of the harmonic can now be measured even though it was 
originally outside of the frequency range of the analyzer. 
 
The SC2250 is a cost-effective, off-the-shelf alternative that incorporates 
the right blend of components and also simplifies calibration with sacrificing 
automation capability. Both design and production engineers can easily use 
this device in a reliable, accurate, and repeatable manner. 

 

The SC2250 – A Purpose-Built Device to Measure 
Harmonics 
The SC2250 is tailor-made to facilitate accurate measurements of high 
frequency, low-level harmonics. It frequency down-converts each high-
frequency harmonic to a frequency low enough to be measured by a 6 GHz 
analyzer, such as National Instruments’ Vector Signal Transceiver (VST).   
 
To mitigate signal analyzer distortion, the SC2250 employs several internal 
filter banks to ensure that maximal DUT harmonics are presented to the 
analyzer while keeping fundamental signal power to a minimum. When 
measuring numerous harmonics across a wide range of frequencies, the 
SC2250 automatically selects the appropriate pre-conditioning filter for 
each harmonic under test, greatly simplifying the test setup and execution. 

The SC2250 has the ability to frequency up-convert a test signal from a sub-
6 GHz signal source, which can be used to drive a DUT at a frequency up to 
18 GHz. For harmonic measurements, the sub-6 GHz test can be pre-
conditioned by the SC2250’s internal bank of low pass filters, thus 
significantly reducing signal source harmonics and spurious products from 
the test signal prior to driving the DUT. 
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Calibration complexity, inherent in these types of test benches, is simplified 
when incorporating the SC2250 into a harmonic measurement setup. The 
device includes internal calibration tables for all signal path combinations. 
These paths are characterized in the factory and accessible to the user. 
 
For more information on this product, visit the SignalCraft product page. To 
purchase this product, visit the National Instruments shop page.  
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About SignalCraft Technologies 
We build brilliantly designed, high frequency digital and RF 
products, 100% in-house from the ground up to your specs and 
schedule. From leading global test brands to industrial 
communications startups, technical leaders trust SignalCraft as 
their wireless product development partner. 
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Learn More about SC2250 
signalcraft.com/products/ products/test-
measurement/modular-instruments/sc2250 


