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WHITE PAPER  
Overcoming mmWave Challenges             
with Calibration  
The objective of calibration at millimeter wave frequencies is no different than at longer 

wavelengths: remove the largest contributor to measurement uncertainty. But the reality is 

while the objective is the same, the actual process for achieving the calibration is quite 

different.  

When testing mmWave devices, you need to be aware of the unique challenges of  

calibration at frequencies of 30- 300 GHz. 

 

 
Figure 1: Network analyzer with a test set controller and frequency extenders  
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Even the best hardware can’t eliminate all the potential errors generated during device 

testing. All testing hardware has some degree of innate imprecision. And at mmWave 

frequencies, wavelengths are smaller, which means greater sources of error to the 

measurement from relatively small changes to the measurement plane. In other words,              

a shift of only a few millimeters can lead to large phase shifts. This tight margin makes it  

even more critical for you to minimize these errors with proper calibration. 

 

You’re likely familiar with standard network analyzer calibration and vector-error-corrected 

measurements. This is often a routine part of maximizing the accuracy of your measurements 

(by minimizing the innate imprecision of your network analyzer). But, at mmWave 

frequencies, there are special calibration considerations to make that are essential for 

accurate, repeatable measurements in these high frequency bands. So what changes do  

you need to make for working in the mmWave frequency range? How can you ensure you’re 

getting the most reliable measurements and avoiding costly test errors? 

 

Your VNA is Only as Good as Its Calibration 

VNAs provide high measurement accuracy. But, this accuracy is really only possible when 

your VNA is calibrated using a mathematical technique called vector-error-correction. This 

type of calibration is different than the yearly calibration done in a cal lab to ensure the 

instrument is functioning properly and meeting its published specifications for things like 

output power and receiver noise floor.  

Calibrating a VNA-based test system helps to obtain the largest contributor to measurement 

uncertainty: systematic errors. Systematic errors are repeatable, non-random errors that can 

be measured and removed mathematically. They come from the network analyzer itself, plus 

all of the test cables, adapters, fixtures, and/or probes that are between the analyzer and the 

DUT. And, error correction removes the systematic errors. A vector-error-corrected VNA 

system provides the best picture of the true performance of the device under test. Which 

means a network analyzer and its measurements are really only as good as its calibration.  

Without proper calibration you risk measurement uncertainty. In some cases, this uncertainty 

may be negligible. But at mmWave frequencies, the wavelengths are short and every small 

imperfection is amplified. This uncertainty could easily lead to device failure or lack of 

compliance to strict standards. It’s more important than ever that you use proper calibration 

techniques for making measurements with your VNA. 

 

New Calibration Challenges  

Calibration is critical to minimize the expense of re-test and failed parts and increase the 

likelihood of success at these mmWave frequencies. Working with mmWave systems 

requires you to achieve a broadband calibration over a wide frequency range- often from 500 

MHz all the way up to 125 GHz or higher. But calibrating at such a broad frequency range 

comes with a new set of challenges that you likely didn’t experience at lower frequency 

ranges.  
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To effectively calibrate your VNA at mmWave frequencies, you need a load that can offer this 

broadband frequency coverage. You can get reasonable accuracy using a well-designed 

broad band load. A sliding load however, if not desirable at millimeter wave. There are other 

ways to achieve high accuracy. You might consider using a polynomial model, which is often 

used at low frequencies. This type of model describes only inductance and return loss of the 

loads. With this implementation, you need three bands- low band, high band, and a type of 

broadband sliding load. This is typically enough at frequencies below 30 GHz, and you can 

get a solid calibration using this method. But, if we try to apply this to a higher frequency 

signal, you’ll notice some issues. 

 

The Old Model: Polynomial Calibration  

Figure 2 shows a short with three different polynomial models, low band, high band, and 

broadband along with their deviations from the actual physical model. The red trace 

represents a low band model, one that is optimized for low band performance. It has a good 

load, but potentially limited shorts. For this signal, around 40 GHz, we notice that it breaks 

down and the error starts to expand out. 

 

 

Figure 2: Low vs high vs broadband load models across a frequency range of 0 -70 GHz 

 

 

The blue trace represents just using shorts without any low band load. In this case, with the 

multiple shorts, you limit the performance at 40 GHz and above.  

However, if you are able to combine a broadband model that takes advantage of the lower 

band load of the red trace and the high band offset short corrections of the blue trace, your 

result would be something like the green trace. 
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This demonstrates the new challenge of working at mmWave frequencies. As we get into 

these broadband frequencies, we need to eliminate the load. To do this, you need to use 

multiple shorts to cover the broad frequency range that you are now working in. A polynomial 

model is inadequate at millimeter wave frequencies. A new solution is required. 

 

The New Model: Database Calibration  

So, we now know we need to use multiple shorts to cover the broad frequency range we are 

working with. But, how do we do this? What does this look like in practice?  

What you’re looking for is a calibration kit (Figure 3) that eliminates the need for a broadband 

load and implements multiple shorts to cover the frequency range that you are working in. For 

example, Keysight has a mechanical, coaxial calibration kit that has a low band load, four 

shorts, and an open. This kit is able to cover the low frequencies up to 50 GHz with the load. 

And, it uses the offset shorts to provide states on the Smith Chart that represent different 

impedance conditions.  

 

 

 
Figure 3: Mechanical calibration kit 

 

This implementation uses a database model instead of a polynomial model. As we saw in the 

example in Figure 2, the polynomial model doesn’t work at mmWave frequencies, so we 

need a different technique.  

The database model is a good fit. It characterizes each device using a specified dataset. This 

model uses a Smith Chart with known data of various components across a certain frequency 

range. For example, for a source match type measurement, let’s take a look at a high reflect 

device. What represents a good short at this frequency? We plot that out, and we use this as 

our database calibration model. You can do that for any type of measurement you are 

working with: plot out the ideal conditions and use that as a model. This dataset then allows 

us to calibrate our system. 

This calibration can be enhanced by using a least squares fit method, applied in the 

computation of the error correction terms. Essentially, this applies a weighting to ensure the 

right standard is used in the calibration error extraction.  
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The Keysight calibration kit in Figure 3 uses these techniques and allows us to effectively 

calibrate our system for mmWave testing. It’s important to realize that calibration kits and 

methods that work at lower frequencies simply do not work at these broadband frequencies. 

You will need to consider a new set of calibration tools that will optimize the accuracy of your 

mmWave test set up. 

 

 Types  

Understanding the type of calibration that’s required at millimeter wave frequencies is critical, 

but it can be complicated by the variance of connector types. There are four main ways to 

interface with your device under test at mmWave frequencies: coaxial, on-wafer, waveguide, 

and over the air (OTA). Each of these methods requires a different approach to calibration. 

We are seeing that coaxial and on-wafer are the most prevalent methods, so for this 

discussionwe will focus on those methods.  
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Coaxial Interface 

A coaxial connection is the traditional interface option. 1.00 mm connectors are an industry 

standard and can operate broadband to 120 GHz, making them a simple choice when 

transitioning to testing in higher frequency ranges.   

1.00 mm coaxial connections are also regulated with an IEEE standard (IEEE 287-2007), 

which comes with two main benefits: 

1. Your measurements will be traceable, which is critical for tracking and measuring 

uncertainty. Figure 4 shows the uncertainty computed real-time when using a 1.00 mm 

compliant connector. 

2. You can make standards-compliant measurements. These specific measurements are 

often necessary when trying to meet an industry or regulatory specification.   

 

 

 

 

 

 

 

 

 

 

 

 

On-Wafer Interface  

While coaxial connections are commonplace in most labs, on-wafer measurements are 

quickly becoming the most commonly used interface method when doing design and device 

characterization of mmWave components. The calibration standards for on-wafer 

measurements include similar devices to coaxial interfaces (opens, shorts, and loads), but 

they are on a substrate, such as an integrated substrate standard (ISS).  

Typically, on-wafer calibrations are made using a SOLT (Short Open Load Thru) technique. 

But, you may be familiar with one of the other supported calibration methods: SOLR (Short 

Open Load Reciprocal), LRM (Line Reflect Match), LRRM (Line Reflect Reflect Match), and 

TRL (Thru Reflect Line). 

Figure 4: Uncertainty computed real-time when using a 1.00 mm compliant connector  
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Regardless of the specific calibration method used, when testing above 50 GHz, you will 

likely use an ISS. You’ll need to thin the ISS to 10 mils thickness for testing. As you do this, 

you will produce modes that are not well controlled. Having uncontrolled modes can lead to 

ground coupling. And, since higher order modes are not stable, they can’t be characterized, 

and therefore corrected. With ground coupling present, as you do a reflection type 

measurement you will get serious distortion above 50 GHz.  

With ground coupling and distortion present, your measurements will be misleading. This 

margin of error is likely significant at the frequencies you are working in. To get a proper 

calibration, you need to use an absorber. An absorber will help minimize substrate higher 

order mode generation, giving you a cleaner, more accurate measurement.  

 

Power Calibration 

When thinking about testing your mmWave devices, you likely know you need to test your 

transceivers and convertors using a VNA. Additionally, you also need to accurately determine 

the power applied to the device. For example, if you’re looking at harmonics with an amplifier, 

this power measurement is critical to understanding how well the amplifier works. 

The Early Power Calibration Model 

Early efforts to calibrate for power measurements at mmWave frequencies involved using 

multiple sensors to cover the frequency range. Typically, the sensors were broadband 

waveguide sensors since coaxial sensors are limited to diode-based detection. This method 

uses multiple calibrations to cover such a broad frequency range (often about 50-120 GHz) 

Figure 5: On-wafer measurement test set-up 
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often were too great to yield accurate measurements. There is a lot of room for error with this 

method, and it isn’t an ideal solution. 

The New Power Calibration Model 

A more recent innovation is to use broadband power sensor technology. This thermal-based 

technology (thermocouple) makes it easier to calibrate the broadband power. Since it uses a 

single connection instead of multiple connections it eliminates a lot of potential error that can 

result from hooking up multiple sensors.  

You’ll see this new technology implemented in power sensors like the one in Figure 6. This 

sensor has a 1.0 mm connector and provides coverage from DC up to 120 GHz. When 

calibrating for power measurements, it is important to consider the potential error induced 

from the power sensors you select and if this error is negligible or not.  

Figure 6: Keysight U8489A power sensor 
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Conclusion 

You need to be able to make accurate, repeatable measurements to avoid design failures and 

missed deadlines. Tight margins at mmWave frequencies mean new, more precise calibration 

techniques are needed. So understanding the differences in calibration needed in millimeter wave 

frequency band is critical for your success. While test hardware quality is as important as ever, 

your test set up is only as good as its calibration. Proper calibration is the first step to a reliable 

test setup. 

Now that you know some of the key areas to evaluate, consider reevaluating your test set up, 

calibration tools and techniques. Learn more about Keysight’s mmWave test sets and calibration 

tools: 

• N9041B UXA Signal Analyzer 

• N5291A 900 Hz to 120 GHz PNA MM-Wave System 

• U8489A DC to 120 GHz USB Thermocouple Power Sensor 

 

https://www.keysight.com/en/pdx-2743415-pn-N9041B/uxa-signal-analyzer-multi-touch-3-hz-to-110-ghz?nid=-32508.1189667.00&cc=AN&lc=eng
https://www.keysight.com/en/pdx-2817990-pn-N5291A/900-hz-to-120-ghz-pna-mm-wave-system?nid=-32497.1212591.00&cc=AN&lc=eng
https://www.keysight.com/en/pd-2818021-pn-U8489A/dc-to-120-ghz-usb-thermocouple-power-sensor?nid=-35560.1212600.00&cc=AN&lc=eng

