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I
n less than a decade since 
the mainstreaming of cel-
lular wireless technology,  
spectrum has become satu-
rated by data-intensive 

smart phones, driving the so-called 
spectrum crunch. As a solution, 
the wireless community is pur-
suing the use of alternatives to 
current wireless technologies, in-
cluding multiple-input/multiple-
output (MIMO) antenna arrays 
that allow increased simultaneous 
transmission capacity; the mil-
limeter-wave (mmW) spectrum  
(30–300 GHz) to alleviate the 
spectrum crunch in current fre-
quency bands; and ultradense 
networks transmitting wide-band 
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modulated signals to allow short-range, high-speed 
data transfer.

National metrology institutes (NMIs) around the 
world are charged with supporting industry through 
improved measurement science and providing a trace-
ability path to fundamental physical standards. Mobile 
wireless communications have become a ubiquitous 
worldwide resource, with new technological approach-
es expected in the near future to overcome the spec-
trum crunch. In response, the U.S. National Institute of 
Standards and Technology (NIST) has launched a new 
Communications Technology Laboratory (CTL) with 
the mission of identifying and developing new mea-
surement science related to next-generation (5G) wire-
less communications. The four-year-old NIST 5G and 
Beyond Program described here includes a host of proj-
ects intended to proactively support the development 
of measurements and standards for extending today’s 
fourth-generation cellular systems to future genera-
tions of wireless  technology.

The NIST 5G and Beyond Program encompasses 
four main research directions intended to support 
device, circuit, and system development. This is il-
lustrated in Figure 1, where we see one possible imple-
mentation of a mmW cellular network, with the NIST 
focus areas labeled. The focus area “mmW Signal 

Characterization” extends the traceability path to 
waveform measurements at mmW frequencies. This 
work includes new uncertainty analyses that track 
correlations between terms for key wireless figures of 
merit such as error-vector magnitude (EVM). In a sec-
ond focus area, the use of large-signal network analy-
sis for “Device Measurements for mmW and Cellular 
Applications” applies measurement uncertainties to 
transistor models and illustrates a prototype mmW 
large-signal network analyzer (LSNA) instrument 
being developed at NIST. Third, because new wire-
less technology will likely include highly integrated 
multiple-antenna arrays, another focus area is “Over-
the-Air (OTA) Test for Massive MIMO and Advanced 
Cellular,” where techniques for characterizing mul-
tiple-element arrays and providing traceability for 
modulated signals in free space are being developed. 
Finally, we discuss NIST work in “Channel Measure-
ment and Modeling” to support standards develop-
ment at mmW frequencies.

NIST researchers love to discuss measurement sci-
ence, and there is much new and exciting work at NIST 
that could be described. However, to avoid filling the 
pages of this entire issue, we provide a brief overview 
of each area, coupled with key references for addi-
tional information. We hope this will provide a taste of 
the exciting new world of 5G measurements.

MmW Signal Characterization
Real communication signals used in wireless sys-
tems consist of electrical voltages and currents or 
electromagnetic waves. Because these signals pass 
through real components, distortion is introduced 
at every step of signal generation, transmission, and 
reception. The only way to unambiguously charac-
terize this distortion is through measurement, which 
is why the instrumentation industry plays such a 
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Figure 1. A possible mmW mobile wireless scenario, illustrating technology from on-wafer to free space. The labels below 
each block highlight measurement challenges currently under study at NIST. 

The U.S. National Institute of 
Standards and Technology (NIST) has 
launched a new Communications 
Technology Laboratory with the 
mission of identifying and developing 
new measurement science related  
to 5G wireless communications.
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critical role in the telecommunications industry. 
Because instruments themselves are also  composed 
of real, distortion- producing components, they must 
be characterized and calibrated, especially at mmW 
frequencies and for broad modulation bandwidths.

There is no higher or more trusted level of calibra-
tion than that provided by traceability to NIST or other 
NMIs. NMI-traceable measurements, measurement 
techniques, and transfer standards have been the gold 
standard for decades in power, noise, S-parameters, and 
other single-frequency quantity measurements. Recent 
work, described in this section, has extended the NIST 
traceability path to mmW modulated-signal sources. 
Current work will further extend this traceability to 
other instruments critical to mmW wireless-system 
measurements, including instrumentation-grade vec-
tor receivers, as well as transmitters and receivers used 
in wireless  communications.

Why is signal characterization so difficult at mmW 
frequencies? It is because errors in microwave circuits 
generally scale with frequency. As a result, manufac-
turing tolerances for electronic components that give 
a few degrees of error at today’s operating frequen-
cies near 700 MHz become tens of degrees at 7 GHz 
and hundreds of degrees at 70 GHz. Because similar 
types of technology are used for both signal genera-
tion and measurement, both suffer from commen-
surate errors that scale with frequency and must be 
accurately characterized and then corrected or cali-
brated out. These errors include frequency response, 
impedance effects, and interleave errors and other 
nonlinear effects. All of these must be characterized 
to traceably measure a communications signal.

The NIST Traceability Path for 
Modulated Signals
In 5G systems, where increasingly complex waveforms 
will be required to carry greater amounts of data, accu-
rate and traceable electrical waveform measurements will 
be a tremendous asset. Accurately characterizing high-
speed electrical waveforms starting from fundamental 
principles is a major challenge. NIST has developed a 
sophisticated electro-optic sampling (EOS) system to per-
form these fundamental electrical measurements. This 
system is, in essence, a very fast sampling oscilloscope 
based on electro-optic interactions. The EOS systems 
developed at three NMIs—NIST, the National Physical 
Laboratory in the United Kingdom, and Physikalisch-
Technische Bundesanstalt in Germany—have measure-
ment bandwidths of many hundreds of gigahertz [1].

Figure 2 illustrates the traceability chain currently 
used at NIST for waveform measurements. Photodi-
odes calibrated on NIST’s EOS system are used to cali-
brate the magnitude and phase response of scilloscopes 
[2]. The magnitude response of a 50-GHz sampling-
oscilloscope head is shown in Figure 3, where the fre-
quency bandwidth that would be occupied by a 1-GHz 

mmW modulated signal is identified with red dots. The 
significant variation in the oscilloscope’s response over 
the bandwidth of the modulated signal at 44 GHz (as 
opposed to lower frequencies) demonstrates the need 
for calibration of the oscilloscope.

Calibrated oscilloscopes are used to characterize 
pulse sources, step sources, comb generators, micro-
wave mixers, and modulated microwave sources. 
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Figure 3. The magnitude response of a 50-GHz 
equivalent-time sampling-oscilloscope head, where the 
sampling scope measured the impulse generated by the 
NIST photodiode. The red dots indicate the frequency 
bandwidth that would be occupied by a 1-GHz modulated 
signal with a center frequency of 44 GHz (from [10]).
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Figure 2. The NIST waveform traceability chain. 

Because instruments themselves are 
also  composed of real, distortion- 
producing components, they must 
be characterized and calibrated, 
especially at mmW frequencies and 
for broad modulation bandwidths.
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These can, in turn, be used to calibrate a variety of 
instruments, including other oscilloscopes, vector 
signal analyzers, microwave receivers, LSNAs, and 
peak power meters. NIST performs mismatch cor-
rections on all measurements, providing reflection 
coefficients of oscilloscopes and sources [3]. This 
makes it possible to fully mismatch-correct micro-
wave measurements performed with these calibrat-
ed oscilloscopes and also allows users to develop 
complete Thévenin-equivalent circuits for calibrated 
sources; in addition, it provides uncertainties and 
their correlations in most measurements via use 
of the NIST Microwave Uncertainty Framework [4]. 
Including correlations allows uncertainties to be ex-
pressed in either the time or frequency domain. (For 
further discussion, see “The NIST EOS System and 
Oscilloscope Calibrations.”)

S-Parameter Traceability and the NIST 
Microwave Uncertainty Framework: 
A New Paradigm
Calibrations account for systematic imperfections in 
the vector network analyzer (VNA) such as impedance 
mismatch, loss in the cables and connectors, frequency 
response of the source and receiver, and directivity 
and cross-talk due to signal leakage. A wide variety 
of calibration methods are available to VNA users; 
however, for both microwave and mmW applications, 
multiline, through-reflect-line (TRL) calibration is per-
haps the most fundamental and accurate calibration 
[5]. Multiline TRL calibrations measure the propaga-
tion constant of the line standards so that the charac-
teristic impedance can be transformed to a selected 
reference impedance and offer high bandwidth and 
accuracy through the use of multiple transmission-line 

The NIST EOS System and Oscilloscope Calibrations

Because the electro-optic sampling (EOS) system 
figures so prominently in the traceability chain for 
modulated-signal measurements, here we describe 
the system in more detail. Figure S1 illustrates NIST’s 
EOS system [S1]. The mode-locked fiber laser emits 
a series of short optical pulses, approximately 100 fs 
in duration, that are split by the beam splitter into an 
optical “excitation beam” and an optical “sampling 
beam.” The optical excitation beam excites the 
photodiode, which generates a fast electrical pulse 
measured by the system. This electrical pulse is 
coupled by the wafer probe onto a coplanar waveguide 
(CPW) fabricated on an electro-optic substrate.

The optical sampling beam is used to reconstruct 
the repetitive electrical waveform generated by the 
photodiode at the on-wafer reference plane in the CPW. 
This is done by passing the sampling beam through 
a variable optical delay, polarizing it, and then passing 
it through one of the gaps of the CPW. Because the 
substrate is electro-optic, the electric field between 

the CPW conductors changes the polarization of 
the optical sampling beam passing through it. The 
polarization analyzer detects this change, which is 
proportional to the voltage in the CPW at the instant at 
which the optical pulse arrived there. This process does 
not perturb the electrical signal on the CPW. Changing 
the delay of the sampling beam allows us to map 
out the voltage at the reference plane in the CPW as a 
function of time.

The final step in the calibration is to use vector 
network analysis to characterize the photodiode and 
resistor reflection coefficients, as well as the scattering 
parameters of the probe head. These reflection 
coefficients and scattering parameters are used to 
calculate the electrical waveform at the photodiode’s 
coaxial connector from the voltage measured in 
the CPW by the EOS system. Once a photodiode is 
calibrated with the EOS system, it may be used as a 
transfer standard to calibrate sampling oscilloscopes, 
which are well suited for precise measurements of 

5G waveforms, modulated 
signals, and nonlinear 
phenomena [S2].

References
[S1]  D. F. Williams, P. D. Hale, T. S. 

Clement, and J. M. Morgan, 
“Calibrated 200-GHz waveform 
measurement,” IEEE Trans. 
Microwave Theory Tech., vol. 53, 
no. 4, pp. 1384–1389, Apr. 2005.

[S2]  D. F. Williams, P. D. Hale, and  
K. A. Remley, “The sampling oscil-
loscope as a microwave instru-
ment,” IEEE Microwave Mag., vol. 
8, no. 4, pp. 59–68, Aug. 2007. Figure S1. An illustration of the NIST EOS system.

Variable Optical
Path Delay

Sampling Beam

Excitation
Beam

Sampling
Reference Plane

Pulsed
Laser

Photo-
Receiver

CPW

Probe
Head

Optical
Polarization-

State Analyzer

Coaxial
Reference

Plane



July/August 2017  45

standards. Additionally, this calibration is traceable to 
the système international (SI) through dimensional 
measurements of the line standards.

In conjunction with the traceable multiline TRL 
calibration method, NIST has developed the Micro-
wave Uncertainty Framework (see [4]). This software 
suite provides a drag-and-drop tool kit for managing 
the calculation of uncertainties in VNA and other mea-
surements. The framework makes it easy to construct 
models for calibration standards and automates the 
calculation of uncertainties with both a conventional 
linear error-propagation analysis and a Monte Carlo 
analysis capable of propagating uncertainties through 
nonlinear models. The framework includes a VNA 
Uncertainty Calculator for guiding the generation of 
uncertainties in scattering parameters [6]. 

Traceable calibrations have been developed for a vari-
ety of coaxial, waveguide, and on-wafer environments 
(e.g., [7], [8]). We have conducted comparisons of TRL, 
open-short-load-through (OSLT), and electronic-calibra-
tion-unit (ECU) calibrations up to 67 GHz within the 
Microwave Uncertainty Framework. Figure 4 shows a 
typical comparison, including 95% confidence intervals. 
Additionally, the framework includes a post processor 
that allows the uncertainties in measured S-parameters 
to be propagated to derived parameters, such as transis-
tor gain, power, material parameters, EVM, and mis-
match-corrected temporal signals.

Traceability and Uncertainty in EVM
The traceability provided by the EOS system has wide-
ranging impact in the communications field, especially 
for 5G communications systems with wide bandwidths. 

An important metric is the ubiquitous EVM. The EVM 
is a measure of the magnitude of the vector difference 
in the in-phase/quadrature plane of received, demodu-
lated signals from the ideal constellation points that were 
transmitted, as shown in Figure 5. EVM has found wide-
spread use for communication instrumentation because 
it provides information about the vector distortion in 
a system. However, despite its popularity and use by 
many different vendors, traceability and uncertainty 
for this metric, especially at mmW frequencies, are 
sorely needed. 

At NIST, we have developed a wide-band mmW 
calibration source that provides low-distortion, trace-
able signals for calibrating vector receivers at mmW 
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frequencies [10]. The source can provide calibrated, 
low-EVM signals by means of predistortion. The NIST 
source is not a typical field-deployable instrument but, 
rather, provides a method of using commercial instru-
ments to achieve a low-distortion reference signal. 
With a high-sampling-rate arbitrary waveform gen-
erator (AWG), we have achieved 0.5% EVM at 44 GHz. 
The constellation diagrams for raw and predistorted 
signals are shown in Figure 5.

Traceablity for the NIST mmW source comes from 
the ability to track uncertainties and associated corre-
lations through every step of the predistortion process. 
The same oscilloscope is used for each correction step, 
impedance mismatches are corrected by measure-
ments with the same VNA, and calibration kits with 

their associated systematic errors all give rise to correla-
tions in the uncertainty estimate. At NIST, we calculated 
these using the Microwave Uncertainty Framework, as 
discussed previously. The results of an analysis of the 
signal in Figure 5, accounting for correlations in the 
precision mmW source, are shown in Figure 6.

By iteratively using the oscilloscope to correct the 
signal source for predistortion, we cannot extract the 
uncertainty contribution for the AWG or the oscilloscope 
independently, because they are intertwined. The corre-
lated nature of the mmW EVM measurement gives rise to 
very interesting challenges in defining the confidence in 
a reported EVM measurement. In fact, the topic of trace-
ability in the EVM measurement is of such relevance that 
NIST researchers proposed, and is participating in, an 
IEEE standards group to address this issue, IEEE P1765: 
“Recommended Practice for Estimating the Uncertainty 
in Measurements of Modulated Signals for Wireless 
Communications with Application to Error Vector Mag-
nitude and Other System-Level  Distortion Metrics.”

Transistor and Nonlinear  
Device Measurements
Opening up the mmW spectrum to commercial mobile 
wireless communication systems requires, first and fore-
most, advances in transistor technology and highly inte-
grated hardware systems. The complexity, agility and 
efficiency needed for mobile mmW communication sys-
tems requires maintaining high levels of linearity while 
achieving high power-added efficiency at mmW frequen-
cies. This translates directly into battery life and tops the 
list of required developments.

For example, one mmW link  analysis [11], [12] shows 
that the antenna gain inherent in the phased-array tech-
nologies being developed at the U.S. Defense Advanced 
Research Projects Agency (DARPA) and elsewhere for 
mmW communication systems will dramatically decrease 
power requirements. However, these gains are eliminated 
once the lower efficiency of current silicon mmW trans-
mitters is accounted for [11]. This has spurred a global ef-
fort to develop innovative, efficient, and highly integrated 
state-of-the-art mmW hardware solutions.

Simultaneously achieving high linearity and effi-
ciency requires both a capable technology and accurate 
designs that can control and redirect harmonic energy at 
hundreds of gigahertz back to a transistor to boost effi-
ciency. To facilitate this, the NIST strategy has involved 
three key steps. First, we have extended the frequency 
range of our S-parameter measurement capability to 
1 THz. Our second step has been to propagate process 
variations and measurement uncertainties in large-sig-
nal transistor model extraction through the design pro-
cess, providing designers with methods to quickly assess 
the probability of first-pass design success. Third, we are 
also developing a new class of mmW LSNAs based on 
EOS technology. These three areas are discussed in the 
following sections.
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Figure 6. The results of both a Monte Carlo analysis and 
a sensitivity analysis of error mechanisms for an EVM 
measurement. The nominal value shown is the result of 
comparing the measured signal to a reference waveform 
that was uploaded to an AWG. The sensitivity analysis is 
the normal distribution associated with the value of each 
parameter. The Monte Carlo result simulates the actual 
distribution of each error mechanism and how the errors 
are expected to combine. Note that the EVM is minimized 
for the nominal values during the predistortion process so 
that any deviation causes an increase in EVM (from [10]).

In conjunction with the traceable 
multiline TRL calibration method, 
NIST has developed the Microwave 
Uncertainty Framework, a software 
suite that provides a drag-and-drop 
tool kit for managing the calculation 
of uncertainties in VNA and other 
measurements.
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Small-Signal Device Measurements to 1 THz: 
Calibrations, Calibrations, Calibrations
NIST began work on extending the frequency range of 
small-signal on-wafer scattering-parameter calibrations 
nearly a decade ago with the acquisition of a 750-GHz 
measurement capability. NIST also participated in the 
DARPA THz Electronics Program, proving out this 
measurement technology, first, in rectangular wave-
guide and, then, on wafer, using both commercially 
available probes at lower frequencies and the 500–750-GHz 
probes developed at the University of Virginia under 
the program. The graph in Figure 7 shows an exam-
ple of on-wafer measurements of aggressively scaled 
heterojunction bipolar transistors (HBTs) fabricated 
at Teledyne Scientific under the program. NIST is 
currently extending its measurement capability to 
1.1 THz.

mmW Large-Signal Measurements  
and Models with Uncertainties:  
Improving the Design Flow
The goal of this work is to introduce new characteriza-
tion techniques and design flows that will provide design 
accuracy and first-pass design success. This requires two 
important measurement advances: the development of 
1) large-signal mmW measurement capability and 2) an 
error analysis capable of predicting the probability of a 
circuit functioning as predicted by simulation.

In principle, traceable measurements with uncertain-
ty could also allow simulation accuracy to be assessed 
before fabrication. That would permit designers to check 
for the impact of process variations, measurement er-
rors in the model extraction process, and other errors 
inherent in the simulations. This ideal design flow 
eliminates “cut and try” methods and can lead to first-
pass design success.

The first problem that must be addressed in pursuing 
this goal is developing tools for propagating process varia-
tions and measurement uncertainties through the mmW 
design flow. Here the ability of the Microwave Uncer-
tainty Framework to capture correlations and propagate 
them through complicated calibration steps and numeri-
cal transformations has proved essential.

Recently, NIST demonstrated the ability not only 
to extract model parameters with process variations 
and measurement uncertainties but also to propagate 
those process variations and measurement uncertain-
ties through the design process at microwave frequen-
cies. Figure 8 illustrates this error propagation in an 
amplifier design. Figure 8(a) shows a two-stage high-
power amplifier design in the Keysight ADS software 
package. The Monte Carlo controller in the upper-
right of the schematic is used to turn on and off the 
Monte Carlo simulation capability in ADS. When the 
Monte Carlo controller is enabled, as in the figure, it 
initiates a Monte Carlo simulation of the circuit that 
captures both process variations and the impact of 

measurement errors in the model extraction process 
each time a simulation is run.

The blue curve in Figure 8(b) shows the nominal 
solution for the circuit in Figure 8(a). The results of the 
Monte Carlo simulation, shown in pink, illustrate the 
estimated spread of the simulated performance due to 
process variations and measurement uncertainty. This 
gives the designer easy-to-understand visual feedback 
on the probability of first-pass success. Even more 
importantly, these process variations and measurement 
uncertainties can be propagated through very complex 
designs to estimate the range of performance of very 
complicated microwave circuits.

Proof of Concept: An Electro-Optic- 
Sampling-Based mmW LSNA
The inability of commercial measurement tools to 
capture nonlinear behavior at mmW frequencies is 
also a key problem, leading to an iterative approach to 
circuit design. Ideal design flow is based on develop-
ing measurement-based models of the transistors that 
capture their nonlinear behavior. These models should 
capture the interaction of the transistor with not only 
the signals at the frequency of operation but also the 
signals generated in the highly nonlinear operating 
states of the transistors at the harmonics of the operat-
ing frequency. This is currently not possible at mmW 
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Figure 7. 750-GHz transistor measurements with 
uncertainties, performed under the DARPA THz 
Electronics Program.

At NIST, we have developed a wide-
band mmW calibration source that 
provides low-distortion, traceable 
signals for calibrating vector 
receivers at mmW frequencies.
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frequencies, as these harmonics exist at many hun-
dreds of gigahertz.

NIST first began tackling the problem of captur-
ing nonlinear behavior at mmW frequencies approx-
imately six years ago. A mmW LSNA was designed, 
based on a DARPA-inspired integrated-circuit manu-
facturing process for controlling device harmonics 
and impedances (load–pull) at hundreds of gigahertz. 
These circuits were augmented with electro-optic 
measurement sections enabling this harmonic energy 
to be accurately captured. The layout, shown in Fig-
ure 9, illustrates the various sections of the system. 
This LSNA system promises to lead to full and direct 
large-signal circuit characterization without the need 
to extrapolate performance from measurements per-
formed at microwave frequencies.

EOS
Section

Low-Pass
Filter

Frequency Doubler

Filter
Manifold

Figure 9. The layout of the load-pull circuitry and EOS 
section of the integrated circuit developed for NIST’s 
mmW LSNA.
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OTA Test for Massive MIMO  
and Advanced Cellular Technologies
To allow multiple users simultaneously in the same 
frequency band, industry is looking toward the use 
of massive MIMO antenna technologies based on 
 adaptive/ multiple-element-array systems. This antenna 
 technology will be leveraged to create high-performance 
base stations and, ultimately, user equipment that uses 
multiple (in the range of tens to hundreds) tight beams, 
which will allow for much smaller, possibly moving, 
sectors for high data throughput and very efficient spec-
trum usage over all areas.

To increase system speed and reduce fabrication 
costs, high levels of integration will be used for mas-
sive MIMO antenna technology. Much like today’s 
cell phone antennas, which are bonded to the printed 
circuit board with other electronic subsystems, mas-
sive MIMO arrays will need to be tested with OTA 
techniques. Industry groups are putting in place stan-
dards for OTA test procedures for two-element MIMO 
arrays. However, these current techniques are not read-
ily scalable. Extending such tests to many elements and, 
possibly, to mmW frequencies is a necessary step for 
developing advanced cellular systems. NIST is develop-
ing new OTA techniques (as described in the following) 
that can provide traceability for whatever  measurement 
requirements industry adopts.

New Robotic Methods for Antenna 
Positioning and Traceability
Antenna metrology is at the core of OTA test proce-
dures. At mmW frequencies, measurements become 
more challenging because of shorter wavelengths. 
Calibrations and performance metrics based on free-
space field quantities are fundamentally derived from 
antenna parameters such as gain, polarization, and far-
field pattern. The fidelity of near-field measurements 
used to determine these parameters relies heavily on 
antenna positioning accuracy. Furthermore, knowl-
edge of positional uncertainty is important in estab-
lishing a traceability path.

NIST has developed a state-of-the-art robotic an-
tenna range known as the Configurable Robotic mmW 
Antenna (CROMMA) facility [13]. CROMMA incorpo-
rates coordinated six-degrees-of-freedom robotics and 
optical spatial metrology to provide accurate antenna 
positioning of better than m25! n  for alignment and 
tracking within a 1.5-m radius spherical volume. The 
positioner nominally operates from 60 to 500 GHz 
(see Figure 10).

The use of robots for positioning takes antenna 
metrology to a new level. The robot allows a high level 
of automation for conducting myriad measurements, 
including spherical near-field scans, gain extrapola-
tion, and polarization. Multiple scan geometries can 
be performed with a single antenna alignment and 
electrical calibration, reducing sources of uncertainty 

associated with changing setups when conduct-
ing measurements.

Because robotic scans are so efficient, data from 
different scans can also be used to optimize measure-
ments. For instance, extrapolation from near-field mea-
surements to far-field parameters can be performed to 
determine the optimal near-field scan radius to mini-
mize ringing between the probe and test antenna while 
maximizing the signal-to-noise ratio. Optimizations 
such as these can be especially important when mea-
suring radiating sources to determine sidelobe levels or 
for looking into low-signal regions and null spaces. In 
addition, the traceability chain is strengthened because 
antenna positioning and alignment can be dynami-
cally monitored and archived for post-processing un-
certainty analyses.

Digital Beamforming Test Bed: Gateway  
to Array Characterization and Diagnostics
5G wireless communication systems are expected 
to use both spatial multiplexing (e.g., MIMO) and 
beamforming with adaptive antenna systems to pro-
vide higher data rates and throughput. Operating in 
more states than can be measured individually and 
without access to the antenna terminals, these highly 
integrated, reconfigurable systems present a host of 
characterization challenges.

Rotator

Hexapod

Robot
Arm

Test
Antenna

Probe
Antenna

Figure 10. The NIST CROMMA facility showing the 
robotic arm, parallel six-degrees-of-freedom hexapod robot, 
and precision rotary stage. The probe and test antenna 
locations are shown for reference.
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NIST has designed a high-frequency (greater than 
30 GHz) wide-band (800 MHz) digitally controlled 
antenna network test bed for investigating MIMO per-
formance metrics [14]. The test bed is based on mul-
tiple independently controlled and coherently coupled 
source/receiver elements. These elements can be re-
configured to act collaboratively as a beamforming 
system or independently to monitor individual chan-
nels of opportunity. Full access to the array elements 
allows for the emulation of OTA scenarios and the de-
velopment of metrology techniques to address specific 
measurement challenges, as illustrated in Figure 11. 
Along with CROMMA, the test bed will be used to 
investigate MIMO array performance metrics such as 
frequency-dependent beamwidth, channel isolation, 
and null-space measurements, as well as to analyze the 
dependencies between individual-element and full-
system antenna characterizations.

Calibrations for E-Field Metrology
We use electric-field (E-field) measurements to char-
acterize electromagnetic environments in which wire-
less devices, among others, are tested. The essence of 
all E-field measurements requires accurate calibrated 
probes and antennas. Existing methods for traceable 

calibrations of field probes pose something of a chick-
en-and-egg dilemma. To calibrate a probe, we must 
have a known field. But to have a known field, we must 
have a calibrated probe. Furthermore, no established 
techniques exist to perform calibrated measurements 
above 110 GHz. New technologies, including commu-
nication systems, biomedical imaging, and  atmospheric 
monitoring, operate at frequencies above 110 GHz and 
into the terahertz bands.

Measurement standards based on excitation of 
atomic transitions have been used for a number of years 
in a wide array of applications; most notable are time, 
frequency, and length. Any measurement based on the 
atom can provide a direct SI traceability path and, hence, 
enable absolute measurements of physical quantities. In 
recent work, we have demonstrated a fundamentally 
new approach for E-field measurements based on excit-
ing tunable atomic transitions [15]–[18]. This approach 
provides self-calibrated measurements with fine spatial 
resolution in both the far-field and near-field at mmW 
and sub-mmW frequencies. A photograph of the new 
probe is shown in Figure 12, and its performance data 
are provided in Figure 13, where we see that the mea-
sured probe’s response well matches that of simulations 
and calculations based on far-field theory.

Figure 12. A photo of the first fiber-coupled vapor cell for 
self-calibrated E-field measurements over a large frequency 
band including 500 MHz to 500 GHz (and possibly up to 
1 THz and down to tens of megahertz).
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Figure 13. A comparison of the measured E-field 
obtained from the atom-based approach with results 
obtained from far-field calculations and from a full-
wave numerical simulation. Comparing experimental 
atom-based data to both numerical simulations and far-
field calculations for various frequencies from 9 to 182 GHz 
helps to validate this technique. PSG is the signal-generator 
power level feeding the antennas (through either a cable 
or a waveguide).
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Figure 11. A schematic of a digitally controlled 
multielement antenna system serving multiple user 
equipment (UE) devices. NIST is designing OTA test 
methods to verify the performance of these systems in many 
possible modes of operation.
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The new approach has several potential benefits 
over existing techniques: 

 • E-field measurements are linked directly to SI units.
 • Self-calibrating measurements are based on 
atomic resonances. 

 • Expanded bandwidth is provided versus cur-
rent technologies, allowing measurements 
from 500 MHz to 500 GHz and possibly up to 
1 THz.

 • The technique is independent of current approach-
es, which is critical from an intercomparison 
point of view.

 • A very small spatial resolution is possible (optical 
fiber- and chip-scale).

 • The technique possesses vastly improved sensitiv-
ity and dynamic range over current E-field methods. 

This metrology approach will have far-reaching 
applications, including transferable E-field standards, 
new biomedical metrology, traceable calibrations above 
110 GHz, and subwavelength imaging and field map-
ping in both the far and near fields. This approach is 
capable of future near-field imaging and field mapping 
across the surface of printed circuit board structures, 
supporting calibrated on-wafer measurements of high-
speed (high-frequency) integrated circuits.

Traceability for Free-Field 
Modulated Signals
Performance metrics such as bit-error-rate, EVM, and 
data throughput derived from OTA measurements are 
highly dependent on the quality of the transmitted 
signal, the transmission through the spatial channel, 
and the coupling of the fields to the receive antenna. To 
distinguish among signal impairments related to the 
source chain (transmitter, transmit antenna), the chan-
nel, and the receiver, it is useful to generate a reference 
field in which the source chain is fully characterized. 
Such reference fields can then be used to characterize 
receivers and, ultimately, to assess OTA test methods, 
eliminating ambiguities as to the origin of the vari-
ous impairments.

Creation of continuous-wave reference fields has 
been carried out for many years at NIST, and we are 
now extending this work to generate characterized 
free-field modulated signals that are traceable over 
a given spatial volume providing a “reference envi-
ronment.” To accomplish this task, we will leverage 
our existing broadband mmW precision source [19], 
expertise in generating continuous-wave reference 
fields [20], and broadband antenna calibration tech-
niques [21].

We are approaching the generation of free-field ref-
erence environments for modulated-signal OTA tests in 
three steps. The basic setup is shown in Figure 14. We 
initially start with a traceable source feeding a wide-
band calibrated antenna to generate a standard field that 
will illuminate a device under test (DUT). Knowledge of 

the transmission environment (for example, an anechoic 
chamber) allows us to determine channel impairments 
separately. Finally, we use a calibrated wide-band receiv-
er with a calibrated receive antenna to fully characterize 
the reference field, with known uncertainties.

To provide traceable measurements of this signal, the 
source, preamplifiers, and directional couplers, as well 
as the antenna itself, need to be well calibrated, and the 
associated uncertainties need to be well characterized 
over an appropriate range of frequencies. As mentioned 
in the “New Robotic Methods for Antenna Positioning 
and Traceability” section, NIST uses precision robotic 
arms with laser tracking to provide precise, traceable 
antenna locations. Then, using calibrated VNA measure-
ments and known antenna locations, we perform near-
field characterization of the antenna pattern. To estimate 
the on-axis gain, a calibrated VNA measures the complex 
pair gain between two antennas versus distance. A fit to 
measurements conducted between pair permutations of 
three antennas yields the complex gain of each antenna 
in the far field [21]. An example of such a fit is shown 
in Figure 15. The free-field aspects of the traceability 
chain are currently being incorporated within the NIST 
Microwave Uncertainty Framework, allowing us to track 
uncertainties with associated correlations [4].

Known Field

Rx refTx ref

Cal Tx Cal Rx

Figure 14. A schematic of a traceable, free-field setup for 
modulated signals. The calibrated transmitter (Cal Tx) 
consists of a precision mmW source or, in the future, a 
mmW base-station emulator. The calibrated receiver (Cal 
Rx) is used to verify the characteristics of the field. The 
DUT can be placed anywhere within the test volume. In 
this schematic, it would be placed at the dotted line referred 
to as the “known field.” Tx and Rx antennas are calibrated 
to the reference planes (ref) indicated.

Simultaneously achieving high 
linearity and efficiency requires both 
a capable technology and accurate 
designs that can control and redirect 
harmonic energy at hundreds of 
gigahertz back to a transistor to 
boost efficiency. 
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Reverberation Chamber OTA Measurements
The integrated antennas of modern devices also impact 
the role of traditional direct-power measurements, 
because the antenna terminals are no longer accessible. 
The only available solution is a transition to OTA mea-
surements. The use of reverberation chambers as mea-
surement environments in the wireless community has 
become increasingly popular for OTA tests including 
total radiated power (TRP) [22], receiver sensitivity, and 
throughput. The use of reverberation chambers for tests 
of large-form-factor machine-to-machine communica-
tion systems has led to the first standardized certification 
testing of such devices in reverberation chambers [23], 
and their use is being explored for testing body wearables 
and other Internet of Things devices.

NIST is exploring the use of wave parameters in 
conjunction with reverberation chambers for a new 
approach to radiated power measurements of both 
microwave and mmW DUTs with integrated anten-
nas [22]. Figure 16 shows the measurement setup for 
comparing new and traditional approaches for TRP 
measurements of three simulated DUTs (a wave-
guide horn antenna, an open-ended waveguide, and 
a microstrip patch antenna). Under the new approach, 
the TRP is determined by measuring power levels of 
forward and reflected waves at the receive antenna 
and by measuring the chamber loss (which would be 
the configuration used for a wireless device with an 
integrated antenna). This is compared to the tradi-
tional approach, where we have access to the antenna 
terminals and the TRP is calculated by directly mea-
suring power levels of forward and reflected waves at 
the transmit antenna.

Results obtained from the two different approaches 
show excellent agreement (Figure 17). Direct measure-
ments at the transmit antenna port are given by the 
curves labeled “D,” and the integrated antenna mea-
surements are given by the curves labeled “I.” The 
measurement uncertainty was approximately 2%. Low 
measurement uncertainty is key in the mmW frequency 
range because both the required measurement accuracy 
and phase error increase linearly with frequency.

Nonconventional uses of reverberation chambers in 
OTA measurements are also being explored at NIST, 
in particular for devices designed to function in direc-
tional-channel environments such as MIMO antenna 
systems. Clustering of multipath components in urban 
and indoor settings and increased directionality due 
to beamforming will likely become even more promi-
nent at mmW frequencies. The use of reverberation 
chambers to establish directional, multipath testing 

environments could provide 
a compact, repeatable, and 
robust method.

As shown in Figure 18 (from 
[24]), the instantaneous re-
ceived power as a function of 
arrival angle can vary as much 
as 10–15 dB in a reverberation 
chamber loaded with an RF ab-
sorber. The possibility of using 
highly anisotropic environ-
ments in reverberation cham-
bers for the purpose of testing 
directional-channel technol-
ogy is being investigated. This 
innovative approach could in-
crease the versatility of rever-
beration chambers in providing 
OTA precision-measurement 
techniques for wireless com-
munication technologies.
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Figure 16. A schematic layout of the measurement setup for TRP measurements based 
on a power- and phase-calibrated VNA from [22].
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on-axis antenna gain. The quality of the fit is crucial for 
accurate extrapolation to the far field. The magnitude of 
the raw data is shown by the black line. The oscillations are 
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MmW Channel Measurement and Modeling
RF channel propagation modeling is fundamental to 
the design of and planning for wireless communica-
tion systems. Since their advent, cellular networks 
have been deployed at sub-6-GHz frequencies, reaping 
the benefits of low free-space and penetration losses. 
The benefits ultimately translate to extended coverage 
and faster data rates. Channel models have evolved in 
lockstep to support these  frequencies.

As discussed previously, it is anticipated that 5G 
systems will incorporate mmW phased-array anten-
nas. For the arrays to take full advantage of the prop-
agation environment, on-the-fly channel estimation 
will allow a transmitter and receiver pair to jointly 
determine which angles of departure (AoDs) and 
angles of arrival (AoAs) correspond to viable trans-
mission paths between the two. The beams can then 
be steered along those multipath directions. Some 
fundamental questions that need to be answered include 
the following: 

 • Provided channel-state information, how many 
independent streams of data can be sent along the 
multipath directions while avoiding interference 
among the associated beams? 

 • Given a fixed number of phased-array elements, 
how does one determine how to partition the 
elements? 

 • Rather than generating multiple beams, is it more 
beneficial to allocate elements to create nulls along 
the directions of potential interferers, increasing 
the signal-to-noise ratio?

NIST mmW Channel Sounders
To help researchers answer these questions, NIST has 
designed three channel sounders at 28, 60, and 83 GHz. 
Investigating multiple bands throughout the mmW 
regime allows us to investigate the differences between 
them. Our system, described in detail in [25] and [26], 
consists of a correlation-based channel sounder that 
uses fast, direct digitization of the received signal, a 
fixed-position transmitter, and mobile receiver. The 
receive antenna arrays consist of 16 scalar-feed-horn 
antennas fed by 16 low-noise amplifiers. Electronic 
switching is used to select the output of each ampli-
fier sequentially, with a switching speed of 35 ns. The 
60-GHz system has a switchable transmit array as 
well, allowing transmission in multiple directions. A 
complete sweep of all transmit and receive positions 
for this system takes 262 ns.

Coordination between the antenna arrays and the 
digitizer is controlled by a precision timing section, which 
includes a rubidium clock for phase locking the receiv-
er’s local oscillator, the multiplexer control signals, the 
digitizer clock, and external triggers. A similar rubidium 
oscillator at the transmitter allows for untethered opera-
tion while maintaining frequency and timing stability 
between the transmitter and receiver.

Figure 19 displays our 60-GHz channel sounder, 
and Figure 20 shows the power-delay profiles (PDPs) 
measured at a single location but received from differ-
ent directions by our 83-GHz system in a large labo-
ratory environment. Through the joint processing of 
the profiles, the channel multipath components can be 
can be characterized not only by their AoD and AoA 
directions but also by their path loss and delay (path 
length). Path loss is important in determining whether 
a communication link can be established along the 
various multipath directions, and the maximum delay 
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spectrum anisotropy in a loaded reverberation chamber. Each 
trace corresponds to one of nine frequencies closely spaced 
around 5 GHz. The use of anisotropic environments in 
reverberation chambers is being investigated as a technique 
for testing directional-channel technology (from [24]).
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(that is, the last multipath component received) will 
dictate the maximum data symbol rate. Given the 
2-GHz bandwidth of our system, paths 0.5 ns apart 
can be resolved. The 18.1-dBi gain antennas at the 
transmitter and receiver, coupled with other factors 
of the link budget such as processing gain and noise 

figure, enable path-loss measurements up to 162 dB. 
The constellation of the transmit and receive arrays 
yields respective AoD and AoA estimation with an 
average error of approximately 2° each [27].

While phased-array antennas offer a clear advantage 
in terms of power consumption for point-to-point links 
(such as for fronthaul or backhaul), this advantage dis-
sipates to some degree in the presence of mobility; 
because the beams are so narrow, they can easily fall 
out of alignment. Hence, beamtracking will be a criti-
cal component of 5G systems. For this purpose, the re-
ceivers of our sounders are mounted on a mobile robot 
equipped with a laser-guided navigational system [see 
Figure 19(a)]. With our rapid acquisition time, consecu-
tive PDPs of the channel can be taken at receive positions 
as little as 1 mm apart from each other (depending on 
the speed of the mobile robot). 

These types of measurements are useful in deter-
mining how the multipath signal components move in 
the time-space dimension and, thus, feed the design 
of beamforming/beamtracking algorithms. Finally, 
the rapid sweep time enables the Doppler frequency 
shift of each multipath component to be recorded up 
to a closing speed of 35 km/h. Knowing the maximum 
Doppler spread is important for the purpose of chan-
nel equalization.

Channel Modeling
The capability of the channel-sounder systems to ex-
tract multipath components containing information on 
path loss, delay, and AoA facilitates the study of path-
loss models and propagation mechanisms at mmW 
frequencies. Most of the path-loss models that appear 
in the literature are based on received power from an 
omnidirectional antenna. Maximum-power path-loss 
models may be more valuable for phased-array an-
tenna design, where pencil beams can be steered to-
ward the AoA of the strongest-power path. In Figure 21, 
each point (asterisk) represents the multipath compo-
nent with minimum path-loss value (maximum-power 
path) measured for a specific transmit-receive position 
at 83.5 GHz in line-of-sight conditions. We can see 
excellent agreement of the free-space path-loss mod-
el (red dashed line) and maximum-power path-loss 
model (blue line). Further details of omnidirectional 
and maximum-power path-loss models, as well as a 
detailed propagation study at E-band in the indoor en-
vironment, can be found in [28].

mmW Channel Model Alliance  
and Channel Sounder Verification
The 5G mmW Channel Model Alliance, coordinated 
by NIST, was formed to take a longer view of research 
into 5G communications by addressing issues related 
to measurement and modeling that impede progress 
in standards development and hardware optimiza-
tion. The kickoff meeting was held in July 2015 at NIST 

(a) (b)

Figure 19. A 60-GHz channel sounder with (a) a receive 
array mounted on a mobile robotic positioner and (b) a 
transmit array mounted on tripod. The 16 receive array 
elements are spaced at 22.5° in azimuth (AZ), and adjacent 
elements are offset by 22.5° in elevation (EL). Diversity in 
both planes allows for extracting the AZ and EL angle of 
arrival. By virtue of design, the horn antennas have 22.5° 
beamwidths, and so the synthesized pattern of the array 
is omnidirectional in AZ (with 45° EL beamwidth). The 
transmit array to extract the angle of departure is similar 
in structure but with eight elements instead of 16. The 
resulting synthesized pattern then only sees 180° in AZ 
(still with 45° EL beamwidth).
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in Boulder, Colorado. More than 30 participants dis-
cussed a vision for cooperative engagement intended 
to fill the need for longer-term research into propaga-
tion effects specific to mobile wireless applications at 
mmW frequencies and how those effects can be trans-
lated into robust channel models. The Alliance now 
has over 120 participants from more than 63 organi-
zations. The group primarily meets through telecon-
ferences and currently has subgroups dedicated to 
measurement and channel-modeling activities.

One key Alliance strength is that participating 
groups utilize a wide range of channel sounders having 
various architectures. This allows the group to study 
representative propagation environments with several 
different channel-sounder technologies, which will 
ultimately result in more robust channel models. For 
example, VNA-based channel sounders provide a high 
dynamic range, allowing detailed insight into the fad-
ing characteristics of a specific environment involving 
slowly varying or static channels. On the other hand, 
sampler-based channel sounders are often fast, provid-
ing instantaneous channel information. As another 
example, some sounders have active antenna arrays 
capable of resolving the AoA of multipath components 
in the plane of the antenna to within a few degrees, 
while others have antenna coverage over a hemisphere 
with nominally lower  angular resolution; yet others 
use lens antenna arrays for analog multibeamforming 
and can provide spatial resolution comparable to or 
finer than existing phased arrays.

For Alliance members to combine measured data 
from sounders having different architectures, they 
must have confidence that each channel sounder is 
performing as expected. This includes verifying that 
the resulting measured data and the post-processing 
routines provide results in agreement with theory. 
Verified data can then be used to extract statistically 
representative metrics that feed into channel models, 
such as path loss and PDPs.

A common in situ method of verification compares 
measurements to theory, as in Figure 21. NIST has devel-
oped two approaches for “metrology-grade” channel-
sounder verification in static channels. Both approaches 
rely on a comparison to traceable measurements per-
formed by a calibrated VNA and are designed to verify 
various aspects of the channel-sounder performance at 
its connectorized ports.

The first approach is based on a connectorized chan-
nel-sounder verification artifact such as that shown in 
Figure 22. The artifact contains splitters and coiled cables 
housed in a temperature-controlled housing designed to 
emulate simple RF channels. The characteristics of the 
channel emulated by the artifact can be changed exter-
nally by rearranging jumper cables outside the housing 
to reroute the signals inside the housing. Traceable VNA 
measurements of the artifact’s scattering parameters 
in its various configurations can be compared to those 

measured by a channel sounder. The uncertainty analy-
sis is based on the NIST Microwave Uncertainty Frame-
work described in previous sections, which propagates 
the VNA uncertainties to parameters such as path loss, 
PDP, and root-mean-square delay spread measured by 
the channel sounder.

The second approach is based on comparing mea-
surements of actual static channels measured by a 
VNA and a channel sounder. In this approach, switches 
are used to eliminate cable movement between the two 
instruments and the antennas. The NIST Microwave 
Uncertainty Framework is used to translate the VNA 
measurements through the switches to the channel-
sounder reference planes before determining the path 
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Figure 22. A NIST-developed channel-sounder 
verification artifact consisting of various lengths of coaxial 
cable providing a well-characterized static environment.
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loss and other parameters measured by the channel 
sounder. This approach works well at mmW frequen-
cies where a coaxial artifact is not practical.

Conclusion
The NIST CTL has launched several new programs to 
support advances in 5G mmW and multiple-antenna 
technology. The high levels of electronic device inte-
gration anticipated for 5G wireless technology yield a 
radically new connectorless measurement paradigm 
in which “on-wafer to OTA” measurements will be 
the norm. This increased reliance on OTA testing rep-
resents a large focus of NIST’s work. Also, measure-
ments, calibrations, and channel characterization in 
the mmW frequency bands must be corrected for the 
increasingly nonideal hardware found at mmW fre-
quencies. Measurement science can play a significant 
role in addressing these technical challenges through 
new calibrations, models, and uncertainty analyses.
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