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Abstract—This paper gives an overview of measurement tech-
niques used in the THz region of the electromagnetic spectrum,
from about 100 GHz to several THz. Currently available com-
ponents necessary for THz metrology, such as sources, detectors
and passives, are briefly described. A discussion of power mea-
surements, vector network analysis and antenna measurements
as well as the limitations of these measurements at THz frequen-
cies is given. The paper concludes with a summary of available
components and instrumentation for THz metrology at the time
of writing.

Index Terms—Black body radiation, detectors, network analysis,
power, sources, THz.

I. INTRODUCTION

T HE Terahertz region of the spectrum presents a number
of difficulties from the metrology perspective due to lack

of high-stability sources at sufficient power levels, high noise
levels, and high loss of guided structures. As a result, both mi-
crowave and optical methods are used; the former are ham-
pered by high loss and difficult packaging and the latter by
relatively large wavelengths. A considerable amount of work
has been done in various applications unique to this frequency
range, and special-purpose instruments have been demonstrated
for imaging [1], [2], spectroscopy [3], [4], radioastronomy [5],
sensing [6], biology, etc. The reader is referred to other papers
in this issue for details on the various applications. In particular,
imaging cameras are beyond the scope of this overview paper.
The common sub-system for all of these applications is a

low-noise receiver, so in this paper we use a THz receiver as
a “driver” for discussing metrology. Fig. 1 shows generic re-
ceiver block diagrams, with a few variations noted. Incoming
THz frequency electromagnetic radiation is received by an an-
tenna and coupled to either a direct detector with a low-fre-
quency or DC output signal proportional to the incoming inten-
sity (Fig. 1(a)) or a heterodyne receiver (Fig. 1(b)). The incident
wave can be modulated as in the case of a radar or communi-
cation signal, or unmodulated, as in the case of a radiometer
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Fig. 1. Block diagram of a THz receiver using (a) direct detection and (b) het-
erodyne detection. It is common to use modulation at the very front end of the
receiver, in order to perform phase-sensitive detection prior to processing, either
using an external mechanical chopper or an internal Dicke switch.

or passive imager. The incident radiation can be narrowband
(practically single-frequency) or broadband, spanning over a
decade, as in e.g. [7]. We will refer to the block diagrams in
Fig. 1 throughout the paper as the metrology and instrumen-
tation needed to characterize different receiver components is
overviewed. For example, a full description of a direct detec-
tion system (Fig. 1(a)), requires well-characterized sources (e.g.
blackbodies), calibrated antennas of known coupling efficiency,
characterization of noise and sensitivity of detectors, and noise
and stability characterization of the entire receiver.
True metrology is an enormous, though highly specialized,

branch of science with its own journal [8], vocabulary [9] and
national metrology institutes (NIST in the U.S., NPL in the
U.K., etc.), to which many in the millimeter-wave and THz de-
velopment community have had little exposure. The primary
purpose of metrology since ancient times [10] has been to sup-
port fair commerce, and this underlies the basic concept of trace-
ability to primary standards. However, the existence of any com-
mercial products operating in the THz region, whether compo-
nents or full instruments, is a fairly recent development com-
pared to other regions of the electromagnetic spectrum. There-
fore, a metrological infrastructure similar to that in the optical
or microwave regions, including fully documented primary and
secondary standards, calibration services, etc., is only beginning
to develop [11], [12].
In this paper, we focus on measurement of fundamental quan-

tities (power, scattering parameters, etc.), and especially on the
characteristics of systems used to measure those quantities. The
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TABLE I
OVERVIEW OF AVAILABLE THz DETECTORS

paper is intended to present an overview and introduction to this
field, and to act as a guide to a microwave or optical researcher
whowishes to set up a THz lab. Given this intent, it is impossible
to avoid mentioning specific commercial instruments by name.
However this in no way constitutes any form of endorsement
of such instruments, nor any claim that their quoted specifica-
tions are correct. It is also the authors’ hope that this paper will
help standardize the way certain quantities are measured and re-
ported.
Nearly any THz experiment could be described as a form

of instrumentation. However, most are one-of-a-kind, custom-
built systems relevant only for their originally envisioned mea-
surements. In this paper on the other hand, the word “instru-
ment” is limited to a measurement system that has been manu-
factured in quantity, that is calibrated and has published speci-
fications, and that is likely to remain available for a significant
time in the future.
The paper is organized as follows:
• Section II describes various components necessary for THz
metrology.

• The most fundamental measurements, i.e. scalar power
measurements, are described in Section III. DC substitu-
tion is overviewed as a fundamental power measurement
method and its limitations are discussed, along with power
measurement calibration at THz frequencies.

• Section IV is a brief overview of vector network analysis.
Various implementations, as well as calibration issues, are
discussed.

• Antennas are required for quasi-optical free-space mea-
surements and their characterization at THz frequencies is
described in Section V. This includes antenna coupling to
Gaussian quasi-optical beams, antenna impedance and ra-
diation pattern measurements.

II. OVERVIEW OF COMPONENTS FOR THz METROLOGY

A. Detectors

A number of detector types are available for the THz fre-
quency range and one possible classification is given in Table I.
The detectors are characterized by fundamental physical oper-
ation (diode, quantum, thermal) and by coupling type, ie. an-
tenna, surface, or waveguide. (“Diode” detection in this context
denotes the existence of macroscopic THz currents, and is unre-
lated to the IR usage of “photodiode”.) Details on each type are
given in the references provided in the table, and an example of
an antenna-coupled microbolometer is shown in Fig. 2.

Fig. 2. Optical micrograph of a Nb microbolometer coupled to a spiral antenna
on Si (left) and substrate Si lens and readout electronics (right).

For a realistic (noisy) detector, the RMS noise power is de-
scribed by the noise-equivalent power and is obtained
by referring the noise to the input:

where are noise current and voltage spectral densities (in
V Hz), and and current and voltage responsivities,
defined by the THz power incident (not absorbed) at a reference
plane and the open-circuited voltage and short-circuited
current by

Assuming the voltage noise is white around the detection fre-
quency, the minimum detectable power scales as where
is the integration time. The standard deviation of the power

measurement is given by

(1)

In other words, a one-second integration time corresponds to a
1/2 Hz equivalent noise bandwidth.
We regard as the fundamental figure of merit for

an antenna-coupled detector. Noise-equivalent temperature
difference , which is commonly used for IR detector
or camera characterization, by contrast refers to a com-
plete system, since it involves assumptions about the passive
quasi-optical parts of the systems. The two are related by noting
that antenna-coupled detectors couple (by definition) to a single
spatial mode of the electromagnetic field, meaning a single
polarization and a single diffraction-limited spot. Therefore,
the power coupled from a blackbody at temperature (in the
Rayleigh–Jeans limit, ) is simply , where is
the pre-detection bandwidth. The relation between and

is then

(2)

where is the integration time per frame. It is important to
specify this integration time (often standardized at 1/30 s, as in
the numerical example) and the location of the reference plane
in describing THz detector performance.
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TABLE II
OVERVIEW OF AVAILABLE THz SOLID-STATE SOURCES

Typical s for pyroelectrics are around 1 nW Hz, and
around 10–100 pW Hz (from 200 GHz and 1 THz) for a
zero bias diode. s of antenna-coupled room-temperature
micro-bolometers are also in the 10–100 pW Hz range.

s of cryogenic detectors for radio-astronomy have been
reported below 10 W Hz [24] far below the background
limit for 300 K backgrounds.

B. Sources

The limited existing THz sources are summarized in Table II.
Higher power tube-based sources, e.g. [25], are not extensively
overviewed in this paper since they are not often used in
metrology. Gunn and IMPATT fundamental frequency sources
are available commercially with up to 150 mW output power
at W-band and 30 mW at 120–140 GHz, but they lack suffi-
cient power to drive the highest frequency multiplier chains
(currently extending above 2 THz), and moreover require me-
chanical tuning. Instead, a lower frequency oscillator, such as a
DRO, YIG oscillator, or synthesizer, is typically followed by a
W-band power amplifier, which in turn is followed by a high
frequency multiplier chain. This provides power generation,
currently up to 2.7 THz, with standard sized, dominant mode,
waveguide outputs [26]. Planar (monolithic) transistor-based
sources have recently been pushed into the G-band [27] with
50 mW of output power obtained by on-chip combining.
Antenna-coupled photomixers, first developed in the

mid-1990s [28], are unsurpassed as sources to cover ultra-
wide bandwidths ( 100 GHz to 2 THz) in a single sweep,
but their power levels are quite low, typically a microwatt or
less. They are commercially available from multiple vendors
and are widely used spectroscopic tools.
Another type of free-space coupled source is the multi-mode

grid multiplier which multiplies the frequency of an incident
plane wave in transmission or reflection [37]. A metal grid
loaded with diode multiplier elements allows large input power
levels since the power is distributed among the diodes.
Other active devices have been demonstrated well into the

THz range, for example in [38], a 2.5-THz Schottky diode
mixer is demonstrated which combines conventional machined
metallic waveguide with micromachined monolithic GaAs
circuitry to form a room-temperature planar diode receiver. An
InP MMIC low-noise amplifier with 16 dB gain at 340 GHz
was also demonstrated in 2007 [39], and extended to 480 GHz
[40] paving the way to integrated THz circuits, reviewed in
more detail in another paper in this issue.

Fig. 3. Corrugated (scalar) horn antennas with very similar E and H plane pat-
terns [48] and waveguide feeds can be designed and manufactured using various
techniques, e.g. micromachining or electroforming [43].

THz spectroscopy was first developed using high-resolution
frequency-domain techniques extended from the microwave re-
gion, typically on gas phase samples with narrow lines. This
is still an area of active work [41]. However, the remarkable
expansion of THz spectroscopic applications that began in the
mid 1990s was primarily due to the development of THz time-
domain sources based on photoconductive switches and ultra-
fast lasers [42]. This type of source and its applications have
been described in many reviews, see e.g. [6]. The last five years
havewitnessed a resurgence in all-electronic source approaches,
largely because of advances in high-speed (HEMT and HBT)
transistors (see [33]). The present paper’s emphasis partly re-
flects this current focus on transistor and diode-based sources
and instruments at THz frequencies.

C. Passive Components

A number of passive components are needed for THz mea-
surements, both in waveguide and quasi-optical form, and are
available from toomany sources to include all. Low-loss waveg-
uides in standard bands are available from a number of ven-
dors, e.g. [43], as well as various waveguide components such
as loads, waveguides, isolators, filters, couplers, etc. Tapers be-
tween standard waveguide sizes are common [44], and provide
access to components embedded in overmoded waveguide. In-
terestingly, it has been shown that overmoded waveguide can
have extraordinarily low loss [45].
Quasi-optical components such as scalar horns and lenses en-

able high-quality Gaussian beams for quasi-optical instruments
[46], [47]. Corrugated horns such as the one shown in Fig. 3 can
be designed to have very similar beams in the two planes with
low cross-polarization, and with very high coupling efficiency
to a Gaussian beam.
There are always new technologies which hold promise for

high-quality THz components. One such technology is the
PolyStrata from Nuvotronics, LLC [49]. Recent advances in
fabrication techniques for micro-electromechanical systems
(MEMS), including surface and bulk micromachining, pro-
vide tools that make it possible to produce miniaturized TEM
rectangular coaxial lines with heights from 50 m to 800 m.
The electrical properties of these air-filled lines that make them
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Fig. 4. Left: Recta-coax to WR-10 adapter fabricated in the PolyStrata process
by Nuvotronics [49]. Right: Two G-band slotted-waveguide scanning arrays
with horn terminations fabricated in the same process (copper with gold
coating). Photographs courtesy Nuvotronics, LLC.

attractive for millimeter-wave and broadband applications
include ultra-low dispersion with a dominant TEM mode up to
400–500 GHz, depending on the size of the coaxial line and its
characteristic impedance [50] and low loss (0.1 dB/cm mea-
sured up to 50 GHz). The loss increases due to skin effect and
surface roughness of the center conductor, with an estimated
loss of 0.22 dB/cm for 0.1 m rms roughness at W-band. In
addition, the coupling between neighboring lines is very low,
and a wide range of characteristic impedances is possible. A
large number of millimeter-wave (through V-band) narrow-
band components such as resonators, hybrids, and antennae
were demonstrated with this technology (Fig. 4). A WR10
waveguide to coaxial line transition has been demonstrated at
W-band [51], and recently waveguide frequency-scanning slot
arrays were demonstrated in G-band in the same process [52]
shown in Fig. 4, and with an estimated loss of 0.06 dB/cm for
the dominant mode.

III. POWER MEASUREMENTS

In the mm-wave/THz region, absolute power measurement is
a necessary adjunct to the development of sources. Power mea-
surements in the THz frequency range have been approached
from the optical/IR and the microwave sides: absolute power
measurements in free space (absolute radiometry), e.g. [53],
[54], and waveguide-based power measurements, e.g. [55].
Power measurements for high power tube sources have pri-
marily been based on custom, flowing-fluid (usually water or
alcohol) calorimeters, e.g. [56], [57].
Virtually all absolute power measurements are based on the

principle of electrical substitution radiometry (ESR), which
is often taken as synonymous with absolute radiometry. This
is a bolometric technique, in which the basic elements of a
bolometer, namely a thermometer and an absorber, are supple-
mented with an electrical heater, typically a simple resistor.
The thermometer’s response due to power deposited in the
absorber is compared to its response to DC power deposited in
the electrical heater. The latter is determined to high accuracy
by monitoring the voltage and current delivered to the heater.
The substitution can be done in a closed feedback loop for
faster measurements. A remarkable, even inspirational, set of
ESR measurements, are the IR cryogenic radiometry done in

Fig. 5. Four commercial power meters in common use in the 0.1–10 THz band.
From left: Agilent W8486A, VDI (Erickson) PM4, Thomas-Keating THzPM,
and Scientech AC2500.

the mid-1980s at NPL [58], and used in the most accurate deter-
mination of the Stefan–Boltzmann constant [59]. This spawned
an entire generation of cryogenic radiometers [60] that form
the basis for modern high-precision IR power measurement
and international standards.
For general laboratory (i.e. non-metrologic) uses, the early

default method for measuring THz power was simply to use
a commercial radiometer originally developed for IR or mi-
crowave wavelengths, applying if possible, a correction factor
to account for imperfect performance of the absorber. The Sci-
entech 362 calorimeter, originally modeled after an NBS de-
sign [61], is probably the most prominent example of such an
IR sensor pressed into THz use; the Agilent W8486A W-band
sensor [23] has likewise been pressed into use at (somewhat)
higher frequencies. However, since the mid-1990s instruments
specifically designed for THz frequencies have been available,
such as those developed by Erickson Instruments [62]–[64] and
Thomas Keating Ltd. [65] (see Table IV and Fig. 5). A critical
aspect of the former is that its input is coupled through WR-10
waveguide (inner dimensions 2.54 1.27 mm), in a standard
UG-387/UM flange.
At frequencies above 120 GHz, this waveguide is

over-moded, and at the higher frequencies where it is often
used (say, above 500 GHz), the number of propagating modes
is large. Common practice for measuring power in single-mode
waveguide is to insert a tapered, rectangular-waveguide, tran-
sition between the single-mode waveguide’s output flange
and the instrument’s WR-10 input flange. Such transitions are
commercially available, and their performance is described in a
useful Virginia Diodes application note [44]. The instrument’s
absorber is designed to provide high absorption for any mode
that may be propagating down the waveguide.
Another recently developed waveguide-based power meter,

also using a dual-load design, [66] has been measured against a
Russian power standard [67] over the 110–170 GHz range. Sep-
arately, as part of the Herschel satellite development, a power
meter was built [68], and in combination with a FIR molec-
ular gas laser, used for measurements of mirror emissivity. This
power meter, like the Scientech AC2500 and other IR sensors
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Fig. 6. Substitution power versus time for a typical ESR measurement.

TABLE III
SUMMARY OF MEASUREMENT VARIANCE FOR ESR PROTOCOLS

used for THz measurements, is based on absorption in a special,
broadband absorbing coating applied to a substrate (in this case
a 25 mm diameter aluminum disk).

A. Metrics

The is the important statistical figure of merit when the
amount of time available to perform a measurement is limited,
fixed, and shorter than the timescales of low-frequency fluctua-
tions or drifts. This is the situation in video imaging for example,
where the available measurement time cannot exceed the frame
period (1/30 s for most video standards). Since the is the
power spectral density of noise, it is most meaningful when the
noise is white in a bandwidth around the frequency of interest.
In this case, averaging improves the noise, and the standard

deviation of the final power measurement is reduced by the
square root of the number of measurements [see (1)]. A common
rule of thumb for the “useful” bandwidth of a detector or instru-
ment is that between its 1/f knee and its 3 dB rolloff in respon-
sivity. However, when more time is available for a measurement
than the inverse of its 1/f knee frequency, then low-frequency
(1/f) noise and drifts in the instrumentation limit the statistical
uncertainties.

B. Substitution Error and Allan Variance

Because high accuracy radiometers are frequently slow (sec-
onds), dealing with drift and 1/f noise is critical to ensuring ac-
curate measurements. Fig. 6 shows a differential measurement,
where the radiometer output is averaged over periods with an
open shutter (on) and a closed shutter (off) and then subtracted.
Let the power recorded by the radiometer be and the

power spectral density (PSD) of its fluctuations be . A
windowing function, referred to as the “measurement protocol”
describes how long the signal is averaged in the on and off states,

how many cycles are measured, the dead time, etc. This win-
dowing function defines a filtered signal by

The result of the measurement is the value of at the end
of the measurement period. It is useful to consider three simple
measurement protocols:

The first, which we refer to as “on”, consists of simply av-
eraging the radiometer output over time . We refer to
as “on-off” and to as “on-off-off+on”. All three protocols
average for a total time of ; corrects for a constant offset
but not a linear drift, while corrects for both.
The basic signal-processing result is that the variance in a

measurement of defined above is given by

(3)

where . The statistical uncertainty
for the various measurement protocols, in the presence of white,

or other forms of noise spectrum, can be calculated
as summarized in Table III.
Most detector and instrument PSDs can be well described as

superpositions of white, 1/f, and possibly 1/f power laws. Fit-
ting a measured PSD to such a superposition yields the coef-
ficients and for each component. Since (3) is linear in

, the numerical coefficients listed in Table III can then be
used to provide a rigorous numerical value for the uncertainty
in a measurement made by protocols or .
In the 1970s and 1980s, the concept of Allan variance was

developed [69], [70] to address similar issues in high accuracy
time and frequency metrology. Its two chief advantages are the
simplicity of its definition and calculation, and the fact that, un-
like the classical variance, it converges even in the presence of
1/f fluctuations, for . It became clear however, that its
usefulness is much broader than simply in time and frequency
metrology, and it soon began to be applied to radiometry [71].
Its use is now fairly widespread in the instrumentation devel-
opment communities for astronomy [72], microwave remote
sensing [73], [74], and metrology [74], [75]. It does not seem
to have propagated to commercial THz instrumentation man-
ufacturers yet, although that is certainly a desirable and likely
outcome in the reasonably near term.
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C. Systematic Errors in THz Power Measurements

In practice, the reproducibility with which signals can be cou-
pled into instruments usually dominates the uncertainty of THz
measurements. This “reconnection uncertainty” is a well rec-
ognized problem for waveguide components, and accounts for
the considerable effort currently being made to improve the in-
terconnection technology, either through incremental improve-
ments to the standard UG387 flange [76], [77], or with more
drastic changes such as sleeve-based interconnection [78] sim-
ilar to fiber optic connectors. The corresponding uncertainty in
free space radiometric measurements arises from uncertainty in
the optical throughput or etendue (area times solid angle) pre-
sented to the instrument. In a precision measurement [59], great
care is taken to control the baffle dimensions that determine
throughput [79], and to correct for diffraction effects [80], [81],
and uncertainties at or below the 100 ppm level ( 40 dB) are
possible. This is greatly superior to the control possible even
with improved versions of standard UG-387 waveguide inter-
connects. For this reason, it seems that implementation of fun-
damental THz power standards ought to begin in free space.

D. Calibration Standards for THz Power Measurements

Between 110 GHz and the long-wave IR (roughly
10 THz), no national standards exist, neither source-based
nor detector-based (see [82]), for power or any other electro-
magnetic quantity, although plans to develop such standards are
being made at several national metrology institutes [11], [83],
[84]. Researchers and technology developers therefore fall
back onto the physical basis for radiometric calibrations, which
in the THz region is the Planck (blackbody) radiation law:

describing the spectral radiance (power emitted per unit area,
per unit solid angle, and per unit frequency) emitted at frequency
by a surface with temperature and emissivity . (Physical

constants , , and have their usual meanings.) Blackbodies
used for the calibration of radiometers must have a tempera-
ture that is well controlled and an emissivity as close to unity
as possible, since any power viewed by the radiometer that is
not emitted, must be transmitted through or reflected off the
blackbody’s surface from its surroundings, which have an un-
controlled radiometric temperature. This largely reduces to a
question of material properties and geometry.
Low reflectivity materials are also required for constructing

anechoic chambers and radar cross-section (RCS) ranges. A
archetypal example of a highly engineered THz blackbody
calibrator is that developed for the FIRAS spectrophotometer
[85], the instrument that provided definitive measurement of
the cosmic microwave background spectrum. Its emitting sur-
face was cast from a common microwave absorbing material,
Emerson and Cuming CR-series “Eccosorb”, an iron-loaded
epoxy whose reflectivity had earlier been carefully measured
[86] across the band of interest. Such microwave absorbers are
still widely used in the terahertz band, in castable form, foam
(e.g. AN-72), and other forms.

Fig. 7. Left: “Witches hat” blackbody is injection formed by Thomas Keating
Ltd. in absorbing plastic to give at 100 GHz. Right: Aqueous
blackbody, or “THz trap”, made of Styrofoam and water kept at a monitored
temperature (NIST-Boulder).

Anechoic materials specifically designed for THz frequen-
cies have been developed at the Univ. of Massachusetts’ Sub-
millimeter Technology Lab [87] and at Thomas Keating Ltd.,
and both are available commercially. The former include both
narrowband “Dallenbach” surfaces based on metallic paints, as
well as more broadband structures based on absorber-loaded sil-
icone. Extensive comparative characterization is described in
[87], including 200–3000 GHz FTS measurements, and angle-
dependant measurements at 584 GHz.
Similar comparisons have been made at 310 GHz in [88], at

650 GHz in [89], and at spot frequencies over 200–600 GHz
in [90]. Some of these comparative studies have also included
samples of wool or synthetic carpet. Its THz anechoic perfor-
mance is quite respectable, which is important for cases where
large areas need to be covered, and cost is therefore a significant
consideration. Absorbing coatings developed for the Herschel
instruments, consisting of SiC-loaded Stycast (widely used at
microwave frequencies) are described in [91].
Geometric optics (ray-tracing) can be used to predict the po-

sition and direction of stray (THz) waves assuming that any
residual reflectance is specular. The geometry can then be op-
timized, resulting in the linearly wedged, pyramidal, or conical
geometries of many of the absorbers cited above. The simple
blackbody load described by Siegel [92], based on a SiC foam
embedded in Eccosorb resin, includes a hinge to allow for ad-
justment of the wedge angle. An early THz blackbody [93]
embodied these same geometric principles. More recent THz
blackbodies have usually been designed around specific satel-
lite or atmospheric remote sensing missions, e.g. [94], which
is used on several ESA airborne and balloon-borne instruments
with a return loss as low as 70 dB. A simple low-cost black-
body that relies on water as the absorbing medium [95] has also
been developed, based on IR standards-grade “optical traps”,
Fig. 7. It is currently under evaluation as a NIST-traceable ref-
erence, and prototype versions have already been distributed to
over 20 early adopters worldwide.

IV. NETWORK ANALYSIS

Vector measurements of -parameters using microwave
network analyzers have been progressively extended from
110 GHz into the THz frequency range by several companies
working with the major microwave network analyzer manufac-
turers (see Section VI). In the late 1980s, Goy (ABMillimetre)
demonstrated stand-alone network analyzers operating well
above W-band [96], [97]. At the time of writing of this paper,
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Fig. 8. Schematic of a transmit-receiver frequency extender for a network
analyzer. The components outlined in dashed line are not needed for the
ABMillimetre VNA.

multiple vector network analysis instruments up to 1 THz are
commercially available (see Section VI).
The test port can be implemented either in waveguide (more

common, Fig. 8) or in free-space with antennas in a quasi-op-
tical setup [98]. As integrated circuit components, such as am-
plifiers, increase in frequency, development of micro-machined
on-wafer probes becomes important and is a topic of current re-
search [99]. For waveguide test ports, the calibration accuracy
is limited by the repeatability of the waveguide-to-waveguide
connections. Specialized waveguide flanges have been devel-
oped in order to improve the calibration accuracy, e.g. [100].
Dominant sources of measurement error in WR1.5 rect-

angular-waveguide vector-network analyzer measurements
are investigated in detail from 500 to 750 GHz in [101]. The
thru-reflect-line (TRL), thru-short-match, and thru-short-ra-
diating-open calibrations are compared and it is shown that
thru-short-match and thru-short-radiating-open calibrations
outperform TRL calibrations. A complete uncertainty analysis
takes into account differences in aperture sizes, burrs, corner
rounding, as well as E-plane, H-plane and angular displace-
ments. It is difficult to maintain the shims intact in WR1.5
waveguide, so a special rail system for the extenders was
designed to reduce instrumentation errors in [101]. This also
helped reduce phase errors due to cable movement. Multiple
measurements are helpful in reducing effects of LO phase drift.
Fig. 9 shows photographs of two existing commercial systems
for measurements to 750 GHz.
Two simpler implementations compared to the heterodyne

approach are the homodyne network analyzer and the six-port
reflectometer; both have been implemented at 100 GHz or
above. The homodyne version eliminates the need for a second
generator and phase-locking circuitry at the expense of addi-
tional hardware such as phase shifters which enable complex
scattering parameter measurements [102]. The six-port reflec-
tometer approach relies only on power measurements, Fig. 10,
and has been implemented up to optical frequencies [103]. The
linear 6-port network can be implemented with four directional
couplers, or with a sampled transmission line. The dynamic
range of a 6-port reflection coefficient measurement is limited
by the detectors and the calibration procedure is relatively
complex, but the hardware is simple and relatively inexpensive.

Fig. 9. (a) VDI WR-1.5 Frequency Extension Module (500–750 GHz) with an
Agilent PNA network analyzer (b) RPG Frequency Extenders with a Rhode and
Schwarz ZVA 40 network analyzer.

Fig. 10. Schematic of a 6-port reflectometer. The linear 6-port network can
be implemented with four directional couplers, or with a sampled transmission
line.

This approach has been demonstrated [104] up to 285 GHz and
more recently inWR-2.8 waveguide up to 337 GHz by the same
group, using a sampled line geometry with diode detectors.

V. ANTENNA MEASUREMENTS

For any antenna pattern measurement technique in the THz
range, the antenna under test (AUT) is more easily measured
in reception rather than transmission, since the few coherent
sources that exist cannot easily be coupled to the feedpoints
of the AUT. In addition, only power measurements are usually
available, and in many cases, especially for imaging applica-
tions, the power detector is integrated with the antenna.
The measurement of amplitude (power) patterns has been al-

most universal in development of THz antennas [105], as illus-
trated in Fig. 11(a). In this case, the AUT is rotated. An example
of such a measurement is shown in Fig. 12 for a microbolometer
directly integrated with a spiral antenna on Si with a Si sub-
strate lens [105]. Such an antenna when used for metrology or
in instrumentation is typically coupled to a quasi-optical system
with Gaussian beams. Assuming the beam has constant phase,
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Fig. 11. Block diagram of several antenna radiation pattern measurement
approaches. (a) Power pattern measurement obtained by rotating the AUT in
reception. (b), (c) Amplitude and phase measurement techniques using a phase
sensitive receiver. (d) Interferometric (“holographic”) amplitude and phase
measurement method. A VNA is a natural way to implement (b) and (c) [107].
The gradient of the phase is measured in (c) and (d) and subsequent integration
is needed to obtain the phase pattern.

the Gaussicity can be found from an overlap integral of the mea-
sured radiation pattern and the Gaussian beam profile :

For the measured pattern of a spiral antenna on a Si substrate,
integrated with a microbolometer as shown in Fig. 12, the cou-
pling to the Gaussian beam optics is found to be at
650 GHz and 82% at 238 GHz [106]
Two techniques for measurement of phase patterns on mi-

crowave antennas are illustrated in Fig. 10(b) and (c). These in-
volve the use of a phase-sensitive receiver to monitor the phase
difference between the illuminating source (radiated through the
AUT) and a probe antenna which is rotated about the AUT (b),
or between the AUT and a fixed probe antenna while both are
illuminated with a plane wave and the AUT is rotated (c). The
difficulty with extending either technique to higher frequency
is the need to pass the high frequency signal through movable
cables or a rotary joint without introducing spurious angle-de-
pendent phase delays.
In the setup illustrated in Fig. 11(d), the rotatable AUT is op-

erated in reception and two phase-coherent interfering beams
are incident at its aperture. This technique is based on [108]. By
measuring the received power for each incident wave alone (
and ) and then for the coherent sum of the two beams ,
the phase difference between the waves, , generated in the
AUT can be easily derived and is the gradient of the antenna

Fig. 12. Measured antenna and microbolometer power-only pattern at
650 GHz. This antenna is coupled to a Gaussian beam and has a Gaussicity of
86% [106].

Fig. 13. Representative phase pattern measured at W band using the method
from Fig. 11(d) [109]. The power density at W-band at the AUT plane is ap-
proximately 1 W/mm .

phase pattern measured in reception. For an interferometer, the
combined detected power is given by

and the phase is obtained from purely power measurements as

Such a setup has been implemented in a compact automated
antenna range, and validated on a previously reported planar
slot-ring antenna at 95 GHz [109]. A set of Gunn oscillators
optimized for broad tuning range provides the incident power.
An example radiation pattern obtained using this setup is shown
in Fig. 13.

VI. DISCUSSION AND CONCLUSIONS

As mentioned above, no national standards for THz power or
radiometric temperature exist between 110 GHz and 10 THz at
present. There is however an enormous heritage of such stan-
dards in the thermal IR region, much of it based on (filtered)
blackbodies. It is therefore natural to imagine an infrastructure
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TABLE IV
OVERVIEW OF AVAILABLE THz INSTRUMENTS

Note: Inclusion in this table in no way constitutes any form of endorsement of the instruments by the authors, by NIST, or by the Univ. of Colorado
nor any claim that the instruments’ quoted specifications are correct.
Quoted operating range, not range of calibration, except Agilent W8486A
Typical specification, quoted verbatim from datasheet or website.
Listed are manufacturers of the extender modules. In some cases these are distributed through manufacturers of the base VNA instrument.

for THz radiometry and power measurements that is based on
blackbodies, and this has in fact been proposed at some national
standard laboratories [11], [84], [110].
Table IV gives an overview of a number of commercially

available instruments at the time of writing of this paper. This
list is not intended to be complete, but is meant only to show
some examples of the capabilities that are available. The com-
ments in the table do not provide a complete description of the
instruments, but are meant to provide examples of performance
parameters. Very few of the instruments shown in Table IV can
be directly compared. Though it is possible to use harmonic
mixers for spectrum analysis, at this time no packaged spec-
trum analysis and noise measurement instruments are commer-
cially available. On the other hand, FTIR spectrometers are not
included here since they are a mature technology and we feel be-
yond the scope of this paper. The last several rows in Table IV
refer to photonic-based commercial instruments. It should be
pointed out that in the last five years, THz electronics has un-

dergone rapid development and growth, and this is reflected in
Table IV, though historically photonics research has been quite
active.
In the past, the limitations of THz metrology resulted from

the available source power levels. Sources, amplifiers, multi-
pliers, mixers, and detectors have improved to a point that their
performance is not the main limiting factor in most basic mea-
surements. Currently, measurement accuracy in state-of-the-art
instruments is limited by interconnect quality, repeatability, and
the lack of accepted standards.
As a final comment, much of the THz literature does not use

SI units and standardized nomenclature. It is the hope of the au-
thors that a new archival IEEE journal will contribute to propa-
gating this important metrology aspect in the THz community.
Appendix C in [54] (“AnAntiquarian’s Garden of Sane andOut-
rageous Terminology”) provides a useful and entertaining in-
sight into how results from different sources can be reconciled
by agreeing on units and nomenclature.
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