
Abstract

Millimeter-wave systems considered for next generation commercial wireless 
require test instrumentation that keeps pace with the performance requirements 
of these systems. The purchase of signal analyzers with “just enough” performance 
requires careful review of the analyzer’s performance specifications and a basic 
understanding of the challenges when making millimeter-wave measurements.

This application note discusses recent advances in millimeter-wave signal analysis 
and instrumentation that are optimized for high performance and costs that are 
more in line with traditional microwave analysis solutions.
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Introduction

X-Series Signal Analyzers

Millimeter-wave technology, operating in the frequency range between 30 and 300 
GHz, has been actively investigated since the 1960s (see articles referenced at [1] 
and [2]). The need to operate commercial wireless systems in the millimeter-wave 
spectrum has become even more relevant today, as a result of the scarcity of 
contiguous spectrum at frequency bands under 24 GHz.

Millimeter-wave spectrum and signal analyzers are typically divided into frequency 
ranges where the test instrumentation provides a single coaxial connection, 
with maximum frequency coverage ranging from 44 to 70 GHz depending on the 
analyzer, and banded solutions using external waveguide mixing to extend the 
frequency range up to 325 GHz and beyond. Once the desired frequency range 
of operation is determined, tradeoffs between performance, cost and ease of 
use are often required when selecting the appropriate analyzer for the intended 
application. For example, while R&D engineers may often look for the highest 
performance and capabilities in a signal analyzer, the production team will often 
weigh the benefits of lower instrument cost with a small sacrifice in measurement 
performance or limited/banded frequency coverage.

The purchase of signal analyzers with “just enough” performance requires careful 
review of the analyzer’s performance specifications and a basic understanding of 
the challenges when making millimeter-wave measurements including flatness/
accuracy, displayed average noise level (DANL), measurement bandwidth, and 
phase noise.

Keysight Technologies, Inc. X-Series signal analyzers cover a range of 
performance and cost benefits. They use the same multi-touch user interface 
and maintain remote programming compatibility between models.  In addition, 
the internal algorithms and applications are the same across the X-Series, 
reducing measurement uncertainty and providing a simple migration path 
moving from high-performance analyzers used in one type of test environment, 
to lower-cost analyzers used in another. Most modern signal analyzers include 
measurement applications such as phase noise, noise figure, and general-
purpose or standard-specific modulation analysis. X-Series signal analyzers 
also come standard with PowerSuite measurements, including spur searching, 
ACPR, channel power, occupied bandwidth, spectrum emissions mask, CCDF, 
and burst power.
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Understanding Instrument Specifications and 
Measurement Accuracy

Figure 1 shows the measured spectrum around a K-band 21-GHz CW signal  
and Figure 1b shows the associated 2nd harmonic falling in the millimeter band 
at 42 GHz. These two signal components can be easily measured using a 44 GHz 
signal analyzer having a single coaxial connection such as the Keysight N9010B EXA. 
Markers are used to measure the peak power levels at the fundamental and harmonic 
frequencies. 

For the measurements shown in Figure 1, it is important to understand instrument 
specifications and other factors that influence the measurement accuracy. Signal 
analyzer frequency response is often the single highest contributor to measurement 
uncertainty. When signal power levels are relatively large compared to the instrument’s 
noise floor, as shown in Figure 1, the amplitude accuracy is primarily related to the 
frequency response of the analyzer. For example, the 44 GHz EXA has an amplitude 
accuracy specification of ± 2 dB at 22 GHz and ± 3.2 dB at 44 GHz.

The primary driver to improvements in amplitude accuracy found in modern signal 
analyzers, including the Keysight X-Series, has been the all-digital IF. As a comparison, 
the legacy Keysight 8564EC spectrum analyzer, having an analog IF, has an amplitude 
accuracy of ± 4.0 dB over the range of 22 GHz to 40 GHz. 

Other factors also introduce uncertainty in amplitude measurements, especially when 
measurements occur in the millimeter-wave bands. These factors include the analyzer’s 
internal calibrator accuracy, changes in the reference level and resolution bandwidth 
(RBW) settings, mismatch errors introduced between the analyzer and the device under 
test, and the frequency response of the test cables and adapters connecting the device 
under test to the analyzer. As many of these factors are related to the test configuration, 
a detailed error analysis will not be included in this application note and additional 
information can be found in references [3], [4], [5] and [6]. A very useful spreadsheet 
calculator for estimating uncertainty in power measurements can be found at reference [7].

Figure 1. Signal analyzer display of a CW signal at 21 GHz (left) and the 2nd harmonic at 
42 GHz (right). Normal markers are located at the signal peak amplitude and noise markers are 
positioned at the noise floor of the instrument. (Note that the input attenuation was set to 28 dB)
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External mixing

When making measurements above the frequency range of the signal analyzer’s internal 
hardware, external mixing is an economical technique for extending the frequency up to 
325 GHz and beyond. External mixing uses a harmonic of the analyzer’s local oscillator 
(LO) to perform the first downconversion external to the signal analyzer. The LO output 
of the analyzer is configured to place the downconverted signal of interest into the IF 
input and frequency range of the signal analyzer.  

There are several tradeoffs when using external mixing, including the potential for 
reduced amplitude sensitivity (no preamplifier is available, though the inherent 
sensitivity may be quite good) and increased system phase noise (harmonic of LO). In 
some cases external mixing may improve the measurement, especially when the external 
mixer can be directly attached to the device under test. In this case, the elimination 
of the test cable insertion loss operating at millimeter-wave frequencies may result in 
improved system noise figure and measurement accuracy. Measurements made using 
external mixers are traditionally not as direct and straightforward as those made entirely 
within the analyzer but with the introduction of smart harmonic mixer components, 
these millimeter-wave measurements are simple and accurate.  

Figure 2 shows a Keysight M1970 Series waveguide harmonic mixer (smart harmonic 
mixer) connected to an EXA (with Option EXM for external mixing capability) using a 
single coaxial cable for LO/IF and a plug-and-play USB connection to automatically 
configure the analyzer’s frequency settings and LO harmonic, downloading conversion 
loss data for the RF to IF path, and to automatically compensate for coaxial cable 
path loss for the LO. Smart harmonic mixers include automatic amplitude correction, 
resulting in a nominal calibration accuracy of 2.2 dB. The total measurement accuracy 
includes the mixer’s calibration accuracy, the signal analyzer’s gain accuracy at the IF 
input, and mismatch error introduced between the analyzer and the device under test. 
Keysight offers two banded waveguide harmonic mixer solutions, the V-band M1970V 
for 50 to 75/ 80 GHz and the W-band M1970W for 75 to 110 GHz. The 32 or 44 GHz 
EXA with external mixing (Option EXM) supports legacy mixers and third-party mixing 
solutions up to 325 GHz for millimeter measurements.

Figure 2. Connection diagram of a smart harmonic mixer to an EXA signal analyzer.
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Dynamic range and third-order intercept

Another important signal analyzer attribute is the dynamic range. On the upper end of 
the dynamic range, very large amplitude signals applied to the analyzer’s front-end mixer 
may create distortion products appearing on the analyzer display as measured signals. 
These distortion products, related to second- and third-order effects, are a function of 
the amplitude level applied to the analyzer’s internal or external mixer.  

A practical example of measuring third-order distortion that may be familiar to design 
and test engineers and technicians is the two-tone intermodulation distortion (IMD) 
test. When two equal amplitude signals enter a nonlinear device, such as an amplifier or 
mixer, IMD products appear at the device output. These undesired distortion products 
are internally generated by the amplifier or mixer under test and are troublesome 
because some of them fall close to the stimulus frequency. As the signal analyzer 
includes a broadband mixer at its front end, the analyzer can display its own internally-
generated distortion products which could be interpreted as coming from the device 
under test. It is therefore important to properly set the amplitude level applied to the 
analyzer’s mixer so that it will not interfere with the desired results. 

Additional information regarding distortion and the related third-order intercept (TOI) 
specification can be found in [8]. As the analyzer’s TOI is related to the analog front 
end, in the millimeter-wave bands, there is not much difference between the TOI 
specifications, usually within several dB, for analyzers within the same frequency class. 
For example, the 40 GHz 8564EC spectrum analyzer has a nominal TOI of +12.5 dBm 
while the 44 GHz EXA has a nominal TOI of +13 dBm. At RF and microwave frequencies, 
there can be larger differences in the TOI specifications depending on the analyzer 
model. For example, at 6 GHz, the Keysight PXA has a typical TOI of +23 dBm and the 
EXA is +18 dBm. 

Optimizing the upper end of the dynamic range can be accomplished by attenuating any 
large amplitude signals applied to the analyzer’s internal or external mixer. This is easily 
accomplished by adjusting the analyzer’s internal variable attenuator integrated between 
the mixer and the instrument’s front panel connector. Ideally, the size of the variable 
attenuator range and the attenuator step resolution will help to optimize the upper 
end of analyzer’s dynamic range. For example, the EXA contains a standard 0 to 60 dB 
attenuator with 10-dB step size and a higher performance option with 2-dB step size. It 
should be noted that introducing attenuation to the analyzer’s front end increases the 
instrument’s noise figure, thereby reducing the sensitivity when attempting to measure 
low level signals near the instrument’s noise floor. Additional information regarding this 
tradeoff is detailed in reference [8].
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Noise

As previously mentioned, the lower end of the analyzer’s dynamic range is limited to 
noise contributions from the signal analyzer. In addition to noise figure, the instrument’s 
noise floor is mainly quantified by two specifications, the system sensitivity, often 
referred to as displayed average noise level (DANL), and the system’s phase noise. 
DANL determines the smallest signal that can be measured for a given RBW setting, 
often normalized to 1 Hz equivalent noise bandwidth. Returning to Figure 1, markers are 
placed at the noise floor of the measurement display. With the input attenuation set to 
28 dB, the noise floor is measured using a noise marker having –116 dBm/Hz near the 
center frequency of 21 GHz. At 42 GHz, the noise level is  –112 dBm/Hz using the same 
instrument settings.

Noise floor

Optimizing the noise floor is often accomplished with a combination of an attenuator, 
RBW and video bandwidth (VBW) settings, and type of averaging applied to the 
measurement, and can also be dependent on the type of signal to be measured such 
as a spurious signal from an oscillator or a low-level modulated signal received by an 
antenna. Figure 3 shows a measurement of a spurious signal near the analyzer’s noise 
floor measured at 42 GHz. The upper trace shows the measurement using a 10 kHz RBW 
and the lower trace shows the same measurement using a 1 kHz RBW. As shown in the 
figure, a lower RBW setting reduces the noise floor of the analyzer by a factor of 10 dB 
for every decade change in RBW. This is especially important when measuring low-level 
CW and narrowband signals, where smaller RBW settings improve the sensitivity of the 
analyzer, allowing the spurious signals to be easily observed.  

The downside to reducing the RBW is an increase in the sweep time, because the 
sweep time typically varies with the square of the resolution bandwidth. Sweep time 
optimization is very useful for rapid wide bandwidth “spur searching” and will be 
discussed later in this note.

Figure 3. Displayed average noise level (DANL) as a function of RBW setting for a millimeter-wave 
measurement at 42 GHz
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Noise floor specifications in terms of DANL are typically normalized to a  
1 Hz bandwidth. The theoretical lower limit of DANL at room temperature is  
–174 dBm/Hz. Factors such as analyzer noise figure and wide RBW setting increase 
the analyzer’s noise floor above the theoretical value. DANL is also a function of the 
frequency range setting of the analyzer, reflecting the lower overall conversion efficiency 
of the analyzer as higher LO harmonics are used to downconvert the input signal. For 
example, the EXA is specified at –151 dBm/Hz at 2 GHz and –135 dBm/Hz at 44 GHz 
with a preamplifier turned off. With an optional internal preamplifier turned on, the EXA’s 
DANL improves to –153 dBm/Hz at 44 GHz.  

Table 1 shows a comparison of the DANL specifications for three Keysight analyzers 
-- the legacy 8564EC spectrum analyzer, the EXA and the PXA. It should be noted 
that the EXA base configuration does not have the optional preamplifier activated, 
providing a lower cost option when the DANL requirements are not as stringent. Should 
requirements change, the preamplifier is field upgradeable with a simple license key 
activation. When using external harmonic mixing, the internal preamplifier is bypassed 
as the downconversion process uses the analyzer’s IF path. Without the preamp, the 
system’s noise figure is predominately set by the conversion loss of the harmonic mixer 
and any losses placed before the mixer. When using the M1970 Series, the conversion 
loss associated with the smart harmonic mixer is relatively low, 23 dB for the V-band 
model and 25 dB for the W-band model, resulting in a DANL of –145 dBm/Hz at 67 GHz. 
Additional details for optimizing analyzer configuration when measuring signals near the 
analyzer’s noise floor can be found in reference [9].

Table 1. Displayed average noise level (DANL)

Specification 8564EC N9010B-544 EXA N9030B-544 PXA

DANL at 40 GHz - no 
preamplifier or preamp off

–130 dBm/Hz –135 dBm/Hz –144 dBm/Hz 
(noise floor extension on)

DANL at 40 GHz - with 
preamplifier on

N/A –153 dBm/Hz –158 dBm/Hz 
(noise floor extension on)
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Phase noise

While DANL is the key sensitivity parameter when measuring signals that are far apart 
in frequency, phase noise is the key parameter when measuring signals that are close 
in frequency (< 1 MHz) from the carrier. Also called sideband noise or broadband phase 
noise, phase noise is created by the instability of LOs in the analyzer downconversion 
chain. In radar and communication systems, spectral purity of the transmitter’s local 
oscillator may be a critical factor that limits the system performance. For example, the 
presence of close-in phase noise in a radar transceiver significantly degrades the radar’s 
ability to detect moving targets against heavy ground clutter. 

Another example found in communications systems utilizing OFDM, phase noise found 
in the transmitter and receiver oscillators degrades the orthogonality of the subcarriers 
and creates intercarrier interference. When using a signal analyzer to measure the phase 
noise of an oscillator under test, the analyzer’s phase noise performance must be lower 
than the expected phase noise of the device under test, otherwise the signal analyzer’s 
phase noise adds in power with the signal under test. This LO phase noise contribution, 
which occurs during the analyzer’s downconversion process, becomes part of the 
displayed measurement. The signal analyzer’s phase noise can also mask measurements 
of low level signals, including known and unknown spurious signals, which close in 
frequency to a large amplitude signal. It is therefore important when balancing cost 
and performance that the analyzer’s phase noise performance is adequate for the 
application.   

Analyzer phase noise specifications are typically provided at several frequency offsets 
from a known carrier frequency. For example, the EXA has a 1 GHz carrier phase noise 
of –109 dBc/Hz at a 10 kHz offset, –118 dBc/Hz at 100 kHz offset, and –136 dBc/Hz at 1 
MHz. The same analyzer has a measured phase noise at 44 GHz of –92 dBc/Hz at 10 kHz 
offset. As every measurement application is different, it is often useful to show the phase 
noise as a function of frequency offset. 

Phase noise can be easily measured using Keysight's phase noise measurement 
application which automates the process of measuring and displaying phase noise with 
an X-Series analyzer, including external mixing. Most modern signal analyzers have 
options for a variety of other convenient measurement applications including noise figure 
and analog demodulation.
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Spurious signals and sweep time

The ability to rapidly find and measure spurious signals generated by the device under 
test over a large measurement bandwidth is another important measurement. As 
previously discussed, DANL is an important analyzer specification for low level spur 
measurements, and improvements in DANL can be made using narrow RBW settings 
at the expense of increased sweep time. A signal analyzer with a relatively low DANL 
specification can be configured with a wider RBW resulting in faster sweep times. This is 
especially true for the EXA with an optional preamplifier.  

Sweep time improvements can be found in most modern signal analyzers with all-digital 
IFs, such as the EXA, which digitally implements RBW filtering with optimized FFT 
widths. In comparison, the legacy 8564EC spectrum analyzer uses analog RBW filtering 
above 100 Hz and digital RBW only between 1 Hz to 100 Hz with a fixed FFT width, 
resulting in slower sweep rates. Also important to sweep rates is the type of preselector 
used in the analyzer. For example, the 8564EC spectrum analyzer uses preselectors with 
fixed conservative sweep rates, while the EXA uses one that can be optimized to sweep 
at different rates depending on the frequency band. 

These features, along with improved CPU processing power of modern signal analyzers, 
provide the basis for rapid spur searching over wide frequency ranges. Comparing the 
8564EC to the EXA, both instruments are configured with a 3 kHz RBW and a 1 GHz 
frequency span at a center frequency of 38 GHz, the 8564EC with an analog RBW takes 
280 seconds to complete the sweep while the EXA using a digitally-implemented RBW 
takes as little as 38 seconds. This drastic savings in sweep time is especially useful when 
measuring the wideband spurious performance of a new device under test.
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Spurious emissions measurement

If spur searching has been defined over specific frequency bands and amplitude levels, 
the spurious emissions measurement application, included in the one-button PowerSuite 
measurements on the EXA, provides a simple way of configuring settable bands with 
different RBW/VBW settings including zone sweeps, gated sweeps, results table and 
limit lines with pass/fail indicators. This flexible application provides a balance between 
measurement speed and instrument dynamic range. The spurious measurement 
application also takes advantage of local control and data processing in the analyzer 
to speed up measurements, reduce errors, compile and test results. And in ATE 
environments, it can free up system controller and data bus or network resources.

Figure 4 shows the measurement of a millimeter-wave oscillator having several spurious 
signals near the desired carrier. The figure includes a table listing the amplitude and 
frequency of these spurious signals and a limit line shows which spurs exceed the 
specification for the device under test.

Figure 4. Measured spurious emissions of a millimeter-wave oscillator using the one-button spurious emission 
measurement application on the EXA signal analyzer.
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Summary

Along with spurious emissions and phase noise, most modern signal analyzers, 
including the Keysight EXA, utilize a variety of other built-in and optional measurement 
applications such as noise figure, pulse measurements and analog demodulation. 
In addition, Keysight’s 89600 VSA software which supports over 75 standards and 
modulation formats, can operate within the EXA or remotely from a separate PC 
connected via GPIB or LAN.

These features are available on all Keysight X-Series signal analyzers. The X-Series 
analyzers share algorithms and application software and are code-compatible, creating 
a consistent measurement framework across all X-Series to ensure repeatable results 
and measurement integrity through all phases of product development. The Keysight 
X-Series analyzers also have upgradeable CPUs, removable solid-state drives for data 
security and are capable of directly controlling external signal sources such as Keysight 
MXGs and PSGs, for scalar stimulus-response testing. 

To learn more about the EXA signal analyzer visit: www.keysight.com/find/EXA
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