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1 Introduction
Terahertz (THz) frequency band is a region in the electro-
magnetic spectrum covering frequencies between 0.1 and
10 THz that lies between the microwave and the optical fre-
quency bands. In the literature, it is known as submillimeter
radiation, THz waves, T-rays, and T-waves. In the late eight-
ies, development of ultrashort pulse laser technology along
with the appearance of THz emitters and detectors made it
possible to explore the unique spectroscopy and imaging
characteristics of THz frequency band. THz frequency range
can provide complementary information to that obtained
with microwaves, infrared, visible, ultraviolet, or x-ray that
are located on both sides of the THz domain. Compared with
radio frequency and microwave which are lower frequencies,
THz has the advantage of superior spatial resolution due
to the shorter wavelength. On the other hand, the THz
frequencies (especially above 1 THz) are too high to be mea-
sured using electronic devices. Therefore, they are usually
measured using the properties of wavelength and energy.
Similarly, the coherent wave generation in this frequency
range ceased to be possible by the conventional electronic
devices used to generate radio waves and microwaves, re-
quiring the development of new devices and techniques.
Not a long time ago, THz frequency band was known as the
“THz gap” due to the scarce existence of sources in this fre-
quency band. With the recent advances in this field, different
THz sources are available today. Currently, the main sources
for THz radiation are electronic sources, photoconductive
antennas (PCA), gas lasers, free electron sources and syn-
chrotrons, quantum cascade laser (QCL) sources, nonlinear
crystals, and optical rectification in gases.1

• Electronic sources such as Gunn diodes, Impatt
diodes, and resonant tunneling diodes are able to emit
at frequencies up to several THz.2,3 However, they

usually generate sub-THz frequencies and for elec-
tronic THz sources, the performance degrades at
higher frequencies. Other approach in electronic
sources is harmonic generation in nonlinear elec-
tronic devices.4

• PCAs are suitable both for generation and detection
of high-frequency electromagnetic signals.5 A semi-
conductor material with a short charge carrier lifetime
acts as the source for the antenna. A DC bias voltage
is applied to the metallic antenna and a laser beam
focused on the region between the metallic stripes gen-
erates the free carriers. The semiconductor gap serves
as a photoconductive switch in which fast potential
change accelerates the free carriers and induces electric
current in the antenna, which leads to THz radiation.
The antenna length determines the preferred frequency
at the resonance condition. For higher output powers,
devices with larger areas have been constructed with
interdigitated electrodes. Usually in THz systems, a
hyperhemispheric or elliptic silicon substrate lens is
used for beam shaping.6

• Gas lasers also known as optically pumped THz lasers7

are one of the most powerful sources of continuous-
wave (CW) THz radiation. In these lasers, transitions
of certain molecules between rotational states generate
discrete frequencies in THz range. They typically have
output powers of a few mWs and a very low conversion
efficiency. The output power is difficult to improve due
to the lack of high power tunable midinfrared pumping
sources.

• Free electron lasers and synchrotron light sources in
which the lasing medium is actually very high speed
electrons moving freely through a periodic magnetic
structure. They are able to emit very high powers and
are tunable in a wide frequency range that includes
THz frequencies as well, but they are very large and
expensive. Therefore, they have limited use in funda-
mental physics experiments.8
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• Backward-wave oscillator (BWO) tubes are based on
the interaction of electron beam with a slow wave
structure. An electron gun emits an electron beam that
is focused by an external magnetic field. The focused
beam interacts with a slow-wave structure that gener-
ates a traveling wave that moves backward against the
beam. The wave is coupled to the output waveguide
near the electron gun. By changing the acceleration
voltage, the operating frequency of the device can be
electronically tuned from sub-THz to 1 THz frequency
range. BWOs offer high output power, good wave-
front quality, wavelength tunability, and a high signal-
to-noise ratio (SNR), so they have been used as THz
sources for imaging systems.9

• Nonlinear sources that are mainly based on differential
frequency mixing between wavelength components in
the broad spectrum of an ultrafast laser.10 In the case,
only a single input beam is used, the method is called
optical rectification. In general in these sources, the
intensity of THz radiation is proportional to the square
of the laser intensity because the differential frequency
mixing is a second-order nonlinear optical effects.

• Optical rectification using femtosecond optical pulses
in gases (e.g., air) can generate THz wave emission.
A plasma is generated by the superposition of an infra-
red beam with its second harmonic.11 In comparison
with optical rectification in crystals, the emission band-
width is typically higher, and higher pulse energies can
be obtained.

• QCLs are semiconductor lasers that have been origi-
nally developed for emitting in the mid- and far-
infrared spectral region. Optimization for particularly
long emission wavelength has lead to emission frequen-
cies of a few THz. They can emit relatively high-power
CW and pulsed waves with the output power reaching
up to hundreds of mWs. Such lasers are very compact,
but mostly they work at low temperature and need a
cryogenic cooling system.12

Figure 1 shows power performance of the conventional
coherent tunable sources.

Main THz detectors are thermal detectors, electro-optical
detectors, and PCAs.

• The earliest THz detectors were bolometers that are
thermal sensors that absorb electromagnetic radiation
in an active area resulting in an increase of their tem-
perature. They are incoherent sensors which mean
that they are not phase sensitive and only provide sig-
nal amplitude detection. Because thermal conversion
is generally wavelength independent, the measured
signals do not depend upon the spectral content of
the radiant power. Hence, bolometers can be very
broadband detectors. More sophisticated thermal
detectors are developed, such as microelectrome-
chanical systems with a metamaterial absorber and
a bimaterial (differential thermal expansion).14,15

These sensors are optimized for specific frequencies
at present. All thermomechanical systems are inher-
ently slow.

• Electro-optic sampling detectors16 in which a THzwave
and an optical field interact with each other inside a

nonlinear crystal material. This detection method is
frequently used in time-domain spectroscopy.

• PCAs can also be used for THz signal detection.
Essentially, a kind of pump-probe measurements is
performed. An optical probe pulse acts on a photocon-
ductive switch while the THz wave to be detected
passes it. The voltage between the two electrodes of
the switch will thereafter be proportional to the electric
field of the THz wave at the time of the arrival of the
probe pulse.

Figure 2 shows DSB noise temperature performance of
superconductor–insulator–superconductor (SIS), hot-electron
bolometer (HEB), and Schottky barrier diode (SBD) detectors.

THz systems can be divided into two categories: pulsed
wave and CW. Pulsed systems generate a broadband signal
that is suitable for THz spectroscopy. THz time-domain
spectrometry systems were developed during the late eighties
after the invention of the Auston switch, which is a semicon-
ductor device capable of generating and detecting THz radi-
ation,5 and the availability of near-infrared (NIR) ultrashort

Fig. 1 Power performance of conventional coherent tunable
sources.13

Fig. 2 DSB noise temperature performance of SIS, HEB, and SBD
mixers. (SIS, superconductor–insulator–superconductor; HEB, hot-
electron bolometer; SBD, Schottky barrier diode).17
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pulse laser sources. The detected broadband pulse can be
analyzed using fast Fourier transform to obtain the spectrum
of the signal. On the other hand, THz CW sources produce a
narrow band signal that is usually generated by using photo-
mixing techniques or cryogenically cooled QCLs.18

Each of the frequency-domain and time-domain tech-
niques has unique advantages and disadvantages. Time-
domain systems are relatively more complex and expensive,
but they are able to provide useful information that is not
accessible in a CW system. In the case, this extra information
is imprecise or too difficult to interpret, and the advantages
offered by a time-domain system quickly disappear. There
are applications where the information provided by a CW
system is simply inadequate, in which case one has no choice
but to use a time-domain system. Another key advantage of
a pulsed THz system is flexibility. All of this information is
recorded with one measurement from one detector and can
be reprocessed to precisely find the information required for
each application. The difference between the two systems is
in simplicity and adaptability. For many applications, the
additional information is unnecessary, and a pulsed system
has no advantage. In performing THz imaging, for CW sys-
tem, the intensity data are simply stored in a matrix, which
can be directly converted to a raster image. The data from the
pulsed THz system are more complex and therefore require
more advanced processing to be fully utilized.19 In pulsed
THz imaging method, depth information is encoded in the
waveform mainly in changes in pulse timing. A change in
the temporal location of the reflected peak indicates a change
in the optical path length to the substrate. Smaller pulses
that are offset from the main peak indicate the existence
of scattering centers or interfaces within the sample that are
partially reflecting the pulse. The time delay between these
secondary pulses and the main pulse can easily be converted
to depth.20,21 CW radiation is also scattered and reflected by
these features, and it is possible through the use of additional
detectors or by performing additional scans of the sample
to recover similar information. By changing the angle of
the detector relative to the beam, it is possible to measure
scattered light instead of the specular reflection from the sub-
strate. Different angles correspond to scattering and reflec-
tion at different locations within the substrate, and thus the
scattered intensity can display the features of defects within
each measured stratum of the sample.

The challenge for CW systems is to achieve sufficient
THz power for applications. PCAs work well in pulsed sys-
tems with high peak power at a moderate repetition rate.
However, they have limitations as photomixer emitters in
CW operation. Using LT-GaAs photomixers, THz power
of a few microwatts is reported. The advantages of photo-
mixer devices are the broad tunability, which typically ranges
from 0.1 to 3 THz, and the integration that is possible with
diode and fiber technologies. The frequency resolution avail-
able with photomixers (<1 GHz) is also generally higher
than pulsed methods that means that photomixers are often
favored for gas spectroscopy. On the other hand, exploitation
of telecom technologies for CW THz systems offers alterna-
tive devices for THz generation such as photodiodes with
integrated antennas. The state-of-the-art performance of con-
ventional coherent tunable THz sources is shown in Fig. 3.
Photomixing (or optical heterodyne down conversion) is
the one with widest frequency band. With great advances

in high-speed III-V optoelectronic devices and solid-state
lasers, power generation by photomixing has been improved
drastically in recent years. Many efforts of optimizing the
antenna design and the substrate material of the photomixer
have been successful in the improvement of the THz output
power. However, there is still much room for output-power
improvement. Since photomixing is based on the photo-
excitation of the substrate semiconductor, the incident
photon energy must be higher than the bandgap energy.
Photomixing has been made using the device fabricated
on the low-temperature-grown GaAs (LT-GaAs) substrate
and using the laser source of which the emitting wavelength
is around 800 nm. The technology of diode lasers and opti-
cal fiber components which are components necessary for
photomixing has progressed remarkably in the optical com-
munication band. The bandgap energy of such materials as
Ge and GaSb is lower than the photon energy of the com-
munication band. This situation requires the development of
ultrafast photoconductors having such excellent qualities as
the LT-GaAs in the communication band.

In the following sections, after a brief review of the appli-
cations of the CW THz systems, different system topologies
that are currently used in CW THz systems are reviewed.

2 Applications of Terahertz Waves and Emerging
Technologies

THz technology is applicable to various domains that pro-
vide unprecedented capabilities for many research fields.
Some of these application domains are biology, pharmaceu-
tics, security-related areas,23,24 paper production processes,25

tissue burn reflectometry,26 detection of tooth cavities,27,28

industrial nondestructive evaluation, material science and
spectrometry,29–34 environmental monitoring, security, and
astronomy, semiconductor device diagnostics,35 trace gas
analysis, moisture analysis for agriculture,36,37 quality con-
trol of packaged goods, cultural heritage inspection,38,39 and
many other disciplines of physics and chemistry. Information
and communication technologies have also a strong potential
to benefit from THz technology in wireless communication,
high speed data processing, and satellite communications.
THz imaging and spectroscopy have been applied to huge
variety of materials in numerous fields in order to determine
the potential of this emerging technology and subsequent
development of systems. Researchers are still working
on new ways to exploit the unique properties of THz

Fig. 3 State-of-the-art performance of conventional coherent tunable
sources.22 (Copyright 2005, Springer.)
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frequencies in real life applications. Figure 4 shows some
of the current and future applications of THz technology.

THz radiation interacts strongly with polar molecules,
such as water, which absorb THz radiation. This limits pen-
etration of the radiation in moist substances, on the other
hand, making it readily detectable even in very low concen-
trations. For this reason, THz waves can provide a better con-
trast for soft tissues than x-rays. THz radiation can penetrate
most dielectric materials and nonpolar substances such as
wood, paper, cloth, and plastic. THz radiation is totally
reflected from metallic surfaces and partially reflected from
interfaces between nonmetallic materials with different
refractive indices, enabling objects to be detected beneath
various surfaces. The interesting fact about THz frequencies
is that many molecules present strong absorption at THz
frequencies and therefore can be identified by spectroscopy.
In the following part of this section, a brief review of some of
the THz technology applications and some of the commer-
cial companies that are active in this domain are reviewed.

2.1 Process Analytical Technology and
Nondestructive Testing

Process analytical technology (PAT) is a system for design-
ing, analyzing, and managing the manufacturing process.
The United States Food and Drug Administration (FDA) has
published guidelines for introducing PAT into pharmaceuti-
cal production. Consequently, there is an increasing need for
the analysis of medicines to reassure consumers and increase
safety. Also the polymer processing industry is continuously
investigating new process control and nondestructive testing
techniques.40–43 Many plastic materials are transparent to
THz radiation and serve as a base material for passive THz
system components. In return, THz systems can reveal valu-
able information of the composition of polymers. Offline
measurements for the characterization of molecular proper-
ties, considering the following inline process monitoring
with real-time feedback, and referring finally to quality
inspection of the polymeric components are some of the
applications of the THz technology in polymer industry.44

2.2 Passive Spectroscopy and Astronomy

CW THz systems have also been used in the field of
astronomy for the past few decades for passive spectroscopy.
THz waves can penetrate in a solid and can be used to dis-
criminate intermolecular interactions between molecules or
crystals inside the solid. For THz frequencies above 1 THz,
there are many vibration modes of molecules or crystals that

occur due to intermolecular interactions. Consequently, the
spectral fingerprint, in which the vibration modes absorb
THz waves, allows us to identify the materials. The molecu-
lar interaction is stronger as the frequency increases; how-
ever, the penetration of THz waves within solids tends to
decrease because the shorter wavelengths at higher frequen-
cies are easily scattered by particles. Therefore, there is a
limited region inside the frequency range from 0.3 to 5 THz
where the two advantages of deep penetration and spectral
fingerprint are both obtained. Even within the THz spectrum
in the low frequency region of 0.1 to 0.3 THz, it is difficult
to identify molecules or crystals even though penetration is
easy, whereas in the higher frequency region of 5 to 10 THz,
extremely high loss limits the available sample thickness
within thin films or surfaces.45

2.3 Reflection and Stand-Off Imaging

CW THz imaging is advantageous for specific applications
due to its higher single-frequency dynamic range and the
nature of possessing a narrow spectral bandwidth. One
important advantage of imaging with a single-frequency
source is the ability to select the source wavelength to opti-
mize the imaging capability. This is very useful in the case
of imaging at a stand-off distance since at greater than a few
meters distance. Stand-off imaging is challenging because
of the presence of atmospheric water vapor, which signifi-
cantly attenuates the THz beam. However, at certain frequen-
cies within the THz range, the atmospheric attenuation is
minimized because there are no nearby strong water vapor
absorption lines. The ability to tune the THz source to a
water window is a considerable advantage. For example,
for a 25-m stand-off, the power throughput from trans-
mitter to receiver increases by more than a factor of 10 if
the atmospheric loss decreases by 0.5 dB:m−1.46 Real-time
imaging at a 25-m stand-off has been demonstrated using
a THz QCL and a room-temperature microbolometer
array.6,9,11,16,19,20,23,25,26,35,36,39,40,46–82 In addition, because
time-delay scan is not a compulsion requirement in a CW
system, the acquisition speed of a CW THz imaging system
can be increased relative to that of a pulsed system, in which
time-delay scanning is generally necessary.

CW imaging is first demonstrated by Siebert et al.83 and
Kleine-Ostmann et al.84 Siebert et al. employed the room
temperature optoelectronic detection scheme of photomixing
two CW lasers in a photoconductor. They used a 200-ms
lock-in time constant and measured a signal-to-noise ratios
of 100:1. However, femtosecond lasers are typically complex
and expensive. In Ref. 84, an imaging system using a two-
color external-cavity laser diode is presented. They measured
images of biological tissue, with an SNR of around 75:1.
Detection was achieved using a bolometer which is typically
not phase sensitive and severely limits the modulation band-
width. From a commercial perspective, using a Ti:Sapphire
laser and bolometric detection respectively which needs ex-
pensive laser sources and cannot perform room-temperature
phase-sensitive detection. Gregory et al.71 demonstrated a
compact CW THz imaging system that combined diode
lasers with optoelectronic detection.

Currently, there are two methods that are commonly used
for CW THz imaging: a raster scan of a focused incident
beam, or the formation of an image on a detector array.
In the former, a single detector, such as a Schottky diode,

Fig. 4 Explored and future THz technology applications.
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Golay cell, or pyroelectric detector, is used to detect the full
power of the beam. This has the advantage of a high dynamic
range, but the disadvantage is that the image must be formed
point by point using a scanning system, which is time-
consuming and not applicable to moving targets. The devel-
opment of a sensitive THz detector array is still an active
research area. Detector arrays also have the disadvantage
of being severely affected by distortions and aberrations
in the focusing system, whereas for a raster scanning system,
the beam can be focused to a diffraction-limited spot. In gen-
eral, a CW system can outperform systems based on time-
domain photoconductive sampling in frequency resolution,
spectral brightness, system size, and cost.

2.4 Medical Imaging

It has been shown in recent years that THz transmission
imaging can be used to generate three-dimensional (3-D)
visualization of objects’ internal structure, which can be
valuable for biological imaging applications. Other use case
for 3-D THz imaging could be the noninvasive analysis of
archeological findings, such as inspection of paintings,
wrapped mummies,85 or human bones.51 Many techniques
have been investigated for the acquisition of 3-D images
at THz frequencies, including diffraction tomography,62 use
of binary lenses,86 time-of-flight measurements in reflection
mode and tomosynthesis,87 and more recently computed
tomography (CT) with ultrashort THz pulses,52 or CW
sources.54 THz tomography competes against the longtime
used Xray CT, which usually provides high spatial resolution
and high contrast images. However, there are three opportu-
nities for THz frequencies in this field. First, THz waves
may provide valuable supplemental information, enabling
additional extraction of the spectroscopic object properties52

and providing different absorptive contrast as compared to
x-rays. Second, ongoing advances in silicon-integrated THz
components and photonic circuits should enable the realiza-
tion of ultra-low-cost 3-D THz-CT imaging systems,76 which
promises an increased exploitation for future industrial appli-
cations as compared to expensive x-ray machines. Third,
THz waves do not ionize the samples as they go through
them which makes them less risky and more suitable for
biological detections and medical imaging.49,88 More impor-
tantly, a better image contrast for biological soft tissues can
be obtained by the THz imaging technique80,89 thereby get-
ting more accurate and comprehensive structural views and
biological information. In a recent paper, the authors dem-
onstrated the use of a CW THz CT system to reconstruct
two-dimensional (2-D) cross-sectional images of the chicken
ulna to visualize the internal structure of it.90 Compared with
the pulsed THz CT systems,62,91 the CW THz system is more
compact and low cost. The proposed CW THz CT system is
shown in Fig. 5 which is based on BWO that can produce a
CW THz and a Golay cell detector. The testing chicken ulna
is fixed on the precision electric rotation stage and the elec-
tric 2-D translation stage, and it is rotated and translated dur-
ing the recording process of projection data and they have
looked at the effect of different projection angle intervals
on the quality of the images. In Fig. 6, the optical photo-
graphs of sections II and IV of the chicken ulna using the
optical microscope and THz imaging are shown. Since the
internal substance of the chicken ulna has different absorp-
tions for the THz wave, the internal structure distribution and

profile information of the chicken ulna can be obtained in the
2-D cross sectional images by the CW THz CT system.

Protein and DNAmolecules typically have intramolecular
vibrations in the THz range. High hydration level to ensure
homogeneous samples results in a large water background
that increases the protein THz absorbency. Lack of narrow
resonances for unoriented samples prevents use of THz for
protein or DNA identification. Using linear dichroism mea-
surements on protein crystals, distinct narrow resonances
unique to both the protein and protein binding state have
been observed.81 The ability to measure the intramolecular
vibrations is a necessary tool to resolve the ongoing argu-
ment of their role in biological function. Also, interpretation
of the resonant bands will be a challenge, as these consist
not of single vibrations, but sets of vibrations with the same
polarization dependence.60

Rapid and accurate detection is essential for early diag-
nosis and cell activity monitor. Current cell detection meth-
ods mainly depend on labeling technology, such as flow
cytometry, fluorescence molecular tomography, and multi-
photon microscopy, with high sensitivity, precision, and
selectivity. However, biological labeling can directly affect
the biological activity and function of living cells. This
fundamentally limits the ability of existing cell detection
to molecular level resolution. Although the label-free cell
detection method including electrochemical and piezoelec-
tric technologies has been applied widely, potential radiation
hazard and limited sensitivity still make them controversial.
Hence, an alternative method for a label-free and noninvasive
cell viability evolution is urgently needed for life sciences.50

THz spectroscopy is developing into an optical, noninvasive,
label-free, and reagent-free technique, which can be utilized
for detection and identification of living cells.

One of the growing applications of THz technology is
bacterial detection. Based on small size and low absorption
coefficient of the bacteria, THz radiation can propagate
through an entire object, allowing bacterial components con-
tribute to the THz signature of objects. Extensive researches
were conducted to realize qualitative and quantitative analy-
ses of bacteria. The sensitive detection of bacteria in both
ambient and aqueous environments is feasible using THz
metamaterials (Figs. 7 and 8). A THz metamaterial based
on the SRR pattern of 550-mm high resistance silicon sub-
strate was used for high-sensitivity detection of bacteria in
solid and liquid phases.50

Several THz imaging systems have been developed for
the noninvasive detection of tissues to assess the depth and

Fig. 5 The setup of CW THz CT with BWO and Golay cell detector.90
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severity of burned tissues. Because the cancerous or other
diseased tissues can contain higher water content as a result
of increased vascularity or edema, THz imaging has shown
potential in differentiating tissue types. A recent simulation
study found that InN-enhanced THz imaging enables highly
sensitive diagnosis of early-stage skin cancer based on tiny
water content changes.50,92 The water contents of blood ves-
sel and corneal tissue were also resolved using a THz imag-
ing system.93 Furthermore, the difference among various
tissues is still significant after formalin fixing, suggesting
that the difference is due to changes in water content and
structural changes. Moreover, based on higher THz reflec-
tion intensities, fresh human early gastric cancer tissues
have been distinguished from normal mucosa, (Fig. 9).94

Interestingly, it is successful that the imaging of human

Fig. 7 A schematic of specifically selective bacteria detection using
metamaterial in solution environment.50

Fig. 8 THz transmission with and without the deposition of E. coli
using the functional metamaterials in aqueous environments.50 Fig. 9 THz image of tissues from early gastric cancer.50

Fig. 6 The optical photographs and 2-D cross-sectional images of the chicken ulna at sections (a) and
(b) II and (c) and (d) IV in the schematic diagram of the chicken ulna.90
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hepatocellular carcinoma tissue has been obtained using
CW THz digital in-line holography in the absorption and
phase-shift distributions (Fig. 10).80 By rejecting Fresnel
reflections, the cross-polarized THz image of nonmelanoma
skin cancer displays the approximate location of the tumor
clearly.79

2.5 Pharmaceutical Applications

Some of the recent pharmaceutical applications of THz are
(1) discrimination and quantification of hydrates, (2) analysis
of solid form transformation dynamics, (3) quantitative char-
acterization of tablet coatings: off-line and on-line, (4) tablet
coating and dissolution, and (5) spectroscopic imaging and
chemical mapping. TeraView has applied its proprietary THz
imaging and spectroscopy technology to increase pharma-
ceutical product and process understanding as an effective
part of the quality by design initiative. Their 3-D THz im-
aging system is able to nondestructively estimate critical
quality attributes in pharmaceutical products, such as crys-
talline structure, thickness, and chemical composition. Their
THz imaging system monitors the impact of changing the
solids level of a coating suspension from 15% to 25%, which
reduces the coating process time. Figure 11 shows some
sample results in which a change in adhesion between the
substrate and coating.

2.6 Noncontact Imaging for Conservation of
Paintings, Manuscripts, and Artifacts

Recently artwork started to be scanned by THz systems.57

These imaging systems have been used for scanning ancient
mummified samples paintings.74,75 Frequency-domain THz
systems allow for the depth inspection of the object under
investigation due to the frequency sweep of the emitted
radiation.74 Figure 12(a) shows the THz image of the global
maximum of the signals recorded from the contemporary
painting after contrast enhancement.57 By comparing it with
the THz surface topography of the painting obtained by
illuminating the object with raking light Fig. 12(a), it can
be seen that the black lines of the THz image correspond
to the sharp edges of the thickest brushstrokes used by the
artist to model the subjects in relief. Figure 12(b) shows
the signals recorded at ðx; yÞ coordinates corresponding to
low [in correspondence of the sharp edges, green and red
curves in Fig. 12(c)], medium [yellow and orange curves
in Fig. 12(c)], and high [blue and violet curves in Fig. 12(c)]

Fig. 10 THz in-line hologram of human hepatocellular carcinoma
tissue by phase-shift distribution reconstructing.50

Fig. 11 The 2-D THz image of a tablet to investigate the effects of
film-coating process on a finished drug product.95

Fig. 12 (a) The contemporary painting front, (b) THz image of the
contemporary painting after contrast enhancement, parameter: signal
global maximum, (c) signals recorded at the ðx; yÞ coordinates re-
ported in the legend, corresponding to the colored dots of Fig. 12(b).57
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reflectivity values, which have been collected from neighbor-
ing pixels in two different areas of the painting.

2.7 Terahertz Communication

Wireless data traffic has been expanding in the past few
years. In particular, mobile data traffic is expected to increase
sevenfold between 2016 and 2021 due to increase in whereas
video traffic. Such remarkable growth of wireless traffic has
driven the urge to investigate suitable regions in the radio
spectrum to fulfill the accelerating demands. To this end,
the THz frequency band has received considerable attention
in the research fraternity.61 As a result of the exponential
growth of wireless traffic, the demand for higher bandwidth
never seems to subside before the capacity of the generation
beyond 5G technology has reached its upper limit. THz
communications are expected to enable the seamless inter-
connection between ultrahigh-speed wired networks, achiev-
ing full transparency and rate convergence between wireless
and wired links. This will facilitate the use of bandwidth-
intensive applications across static and mobile users. Some
specific applications are high-definition holographic video
conferencing (virtual reality office) or high speed wireless
data distribution in data centers. Figure 13 shows a schematic
of the application of THz back haul links in future cellular
networks.96

2.8 Commercial Terahertz Companies

The Global Terahertz Market is valued at USD 0.09 billion
in 2016 and is expected to reach a value of USD 0.67 billion
by the end of 2022 (based on Orbis Research Report97). THz
technology was initially used in very few areas such as plan-
etary science and astronomy. Recent innovations in this tech-
nology enabled its spread across many areas such as food
and agriculture, pharmaceutical manufacturing, plastics and
ceramics, and communications. Recent developments in
THz device technology such as generation of THz pulse for

spectroscopy applications user NIR laser, low loss wave-
guide circuits, submicron-scale lithography, and silicon
micromachining, which is used for compact and integrated
packing, offer a plethora of opportunities. A recent increase
in the number of manufacturing companies, and a rise in
worldwide demand for precise security systems, defense, and
medical sectors are driving the global THz technologies mar-
ket. However, the high cost is the main obstacle for market
growth. Based on the type of technology, the market is cat-
egorized as THz imaging (active and passive systems), THz
spectroscopy (time- and frequency domains), and communi-
cation systems (modulators, emitters, and antennas). Based
on end-user application, the market is segmented into medi-
cal and healthcare, nondestructive testing, defense, and agri-
culture. Currently, North America holds the major market
share and Asia-Pacific is expected to grow at a considerably
high rate. Major global market players in the THz market
are Advantest Corporation, Traycer, Terasense, Microtech
Instrument Inc., Menlo Systems GmbH, Gentec Electro-
Optics, Teraview, and Toptica Photonics AG. In the follow-
ing, a brief introduction to each of these companies (in
alphabetic order of the company name) is provided.

Advantest98 offers a series of low-cost, all-purpose THz
spectroscopic systems that enable spectroscopic measure-
ments. The tools are capable of performing nondestructive
analysis on a wide variety of sample types, making it appli-
cable to a broad range of fields from life sciences to
electronics, where precise chemical and material characteri-
zation is critical. The systems are ideal for settings ranging
from basic research to product development, as well as for
manufacturing and quality control, and employ easy-to-use
spectroscopic methods that do not require specialized
knowledge of THz-wave generation or optics. One example
is the TAS7400 product line (Fig. 14), which is capable of
performing nondestructive analysis on a wide variety of
sample types, making it applicable to a broad range of fields
from life sciences to electronics, where precise chemical
and material characterization is critical. The systems are
ideal for settings ranging from basic research to product
development, as well as for manufacturing and quality con-
trol, and employ easy-to-use spectroscopic methods that do
not require specialized knowledge of THz wave generation
or optics.

Gentec Electro-Optics produces different components for
THz power measurement. The company offers pyroelectric-
based THz measurement systems that are very easy to use
at room temperature. As an example, the T-RAD (Fig. 15)
is a microprocessor-based digital radiometer that includes
a 12-bit ADC and powered by a USB connection, which also
acts as a virtual COM port. The LabView software supplied
with the device makes it very easy to set up the radiometer,
measure a THz or broadband source and record data.63

Menlo Systems GmbH99 produces high-speed THz scan-
ning systems without out any mechanically moving parts
and a large scanning range of nanoseconds. As an example,
the compact THz spectrometer TeraSmart (Fig. 16) integrates
the latest achievements in broadband THz time-domain spec-
troscopy into an easy-to use turnkey solution. The modular
design based on our OEM laser platform ensures a flexible
configuration of the system to meet the needs for integration
in any industrial or scientific environment. Custom fiber
lengths to THz emitter and detector are available. Moreover,Fig. 13 Application of THz backhaul links in future cellular networks.96
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multibranch configurations are possible, enabling simultane-
ous measurements of several emitter/detector pairs using
only one fs fiber laser oscillator.

Microtech Instrument Inc.100 produces different THz
spectrometers, generators, detectors, and passive compo-
nents. One of their interesting products is T-Vision system
which is video rate imaging system. It is the solution for im-
aging applications that require high frame rates. The T-
Vision system is an all-in-one system based on a nonlinear
process, where the THz image is mixed with a near-IR pulse,
generating an upconverted near-IR image that is detected
with a CMOS camera (Fig. 17).

National Optics Institute (INO)78 is another company that
offers THz illumination source especially designed to build a
complete THz imaging system when paired with INO’s THz
camera. Their THz imaging system can be used for both see-
through imaging (transmission imaging) and reflection mode.
One example of their products is MICROXCAM-384i-THz
THz camera that allows you to see through materials in real
time. It is based on INO’s 384 × 288 pixel uncooled microbo-
lometric detector, optimized for the THz waveband (Fig. 18).

Terasense Group Inc. is one of the leading manufacturers
of portable THz imaging systems with products. Terasense

Fig. 14 A full product line-up of TAS7400 product line.98

Fig. 15 T-RAD is a microprocessor-based digital radiometer from
Gentec.63
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makes new type of semiconductor detectors for imaging sen-
sor arrays, which effectively cover sub-THz and THz ranges
of electromagnetic spectrum (50 to 700 GHz). The company
has developed and patented a ground-breaking technology
for making new-generation semiconductor imaging systems

for THz and sub-THz frequency ranges. As an example, one
of imaging cameras produced by this company is TeraFAST-
256 system (Fig. 19), which has image acquisition rate of
5000 fps (5 KHz) and scanning speed up to 15 m∕s
(900 m∕min) with 256 pixels (256 × 1 array of detectors).101

Fig. 16 TeraSmart, a compact industry-proven THz spectrometer from MenloSystems.99

Fig. 17 T-Vision imaging system from Microtech.100

Fig. 18 T-Vision imaging system from Ino.78 Fig. 19 TeraFAST-256: a THz imaging camera from Terasense.101
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TeraView95 is solely focused upon the application of THz
light to provide solutions to customer issues. TeraView has
developed its proprietary technology across a number of
markets such as fault analysis and quality assurance for semi-
conductor chips used in mobile computing and communica-
tions, nondestructive inspection of high value coatings used
in the automotive, pharmaceutical, food and solar industries.
As an example, the EOTPR 3000 is one of their products.
The system is configured with a manual probe station to
meet today’s tough FA environment, which requires to iso-
late fault location in minutes rather than hours or days, while
maintaining the EOTPR’s world leading sub-5 μm fault iso-
lation accuracy.

Toptica102 has been working with leading researchers in
the THz arena from day one and is now able to serve scien-
tists and engineers working with the two most important
optoelectronic approaches—pulsed and CW THz generation.
The company manufactures different frequency-domain,
time-domain, and THz screening platforms. For frequency-
domain THz spectroscopy, Toptica offers two systems—
TeraScan 1550 and TeraScan 780 (Fig. 20). Based on
precisely tunable distributed feedback (DFB) lasers, digital
control electronics, and latest GaAs and InGaAs photomixer
technology, the TeraScan systems combine ease of use with
best-in-class specifications.

Tracer103 has been one of the leaders in THz knowledge
since 2008, developing unique IP for the detection, imaging,
and creation of THz light. One of the company products is
(Fig. 21) a real-time (25-100 Hz) imager with a commercial
name “THEIA” for THz application development with a
large formal focal plane array with integrated readout elec-
tronics can be deployed with electronic or photonic sources
and application-specific optics. THEIA is designed to inte-
grate into most optical setups for the THz or submillimeter
wave researcher or application developer.

3 Continuous-Wave Terahertz Systems Based
on Photomixing

Figure 22 shows a typical CW THz measurement setup
based on photomixing. In a photomixing system, the optical
beat signal generated by a pair of slightly detuned CW lasers
is used to modulate the carrier density of the photomixer.
This results in a modulated photocurrent,32 which is coupled
out as a CW THz wave by means of an antenna. The main
advantage of the photomixing technique is that the output
frequency can accurately tuned based on the different fre-
quency of the two pump lasers. On the other hand, the main

disadvantage to overcome in this technique is its low conver-
sion efficiency. Conversion efficiency of the photomixing is
inversely proportional to the duty ratio of the pump laser
when the same averaged power is used. Therefore, the pri-
mary disadvantage of the photomixing method is that the
output power is relatively low compared with other tech-
niques of CW THz generation. Its optical-to-THz conversion
efficiency is 10−6–10−5, and the typical output power is in
the microwatt range. A typical photomixer includes an
antenna structure of metal on a silicon substrate. A silicon
lens is attached to the back side of the substrate to focus the
THz wave.

In a photomixing THz source, the optical field at the
excitation point of the antenna is

EQ-TARGET;temp:intralink-;e001;326;269Eopt ¼ E1 expð−j2πν1tÞ þ E2 expð−j2πν2tþ ϕÞ; (1)

where E1 and E2 are the electric field amplitudes of the two
lasers and ν1 and ν2 are the frequencies of the two CW lasers,
respectively. ϕ is the relative phase between the two opti-
cal waves. Thus, the optical intensity at the photomixer is
given as

EQ-TARGET;temp:intralink-;e002;326;182Iopt ¼
cnϵ0
2

jEoptðtÞj2; (2)

where n is the refractive index of the medium, c is the speed
of light in vacuum, and ϵ0 is the vacuum permittivity.
Therefore,

Fig. 20 TeraScan: frequency-domain THz platform from Toptica.102

Fig. 21 THEIA: a real-time (25 to 100 Hz) imager Tracer.103
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EQ-TARGET;temp:intralink-;e003;63;493

Iopt ¼
cnϵ0
2

½E2
1 cos

2ð2πν1tÞ þ E2
2 cos

2ð2πν2tþ ϕÞ
þ 2E1E2 cosð2πν1tÞ cosð2πν2tþ ϕÞ�

¼ cnϵ0
2

½E2
1∕2þ E2

2∕2þ E2
1∕2 cos2ð4πν1Þ

þ E2
2∕2 cos2ð4πν2 þ 2ϕÞ

þ E1E2 cos
2ð2πðν1 þ ν2Þ þ ϕÞ

þ E1E2 cos
2ð2πðν1 − ν2Þ þ ϕÞ�: (3)

There is no material or device that can respond to the instan-
taneous intensity of first and second harmonics. For the case
of a photomixer, the fast oscillating terms from the third to
fifth are ignored because of the slow response of the photo-
mixer. Therefore, for the photomixing, it suffices to consider
the averaged optical intensity (a DC term) and the optical
beat intensity with the difference frequency, ν1 − ν2. The
optical intensity of these components is

EQ-TARGET;temp:intralink-;e004;63;283Iopt ¼ I1 þ I2 þ IB; IB ¼ 2
ffiffiffiffiffiffiffiffi
I1I2

p
cos½2πðν1 − ν2Þtþ ϕ�;

(4)

where I1 and I2 are the intensity of the two lasers and IB is
the intensity of the beat frequency (ν1 − ν2). Hence, THz
radiation is obtained when the difference frequency is tuned
to the THz frequency range. We also can calculate the optical
power incident on the photomixer as105

EQ-TARGET;temp:intralink-;e005;63;179

PðtÞ ¼
Z

cnϵ0IðtÞdS

¼ P1 þ P2 þ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mP1P2

p
cos½2πðν1 − ν2Þ þ ϕ�; (5)

EQ-TARGET;temp:intralink-;e006;63;109PiðtÞ ¼
Z

cnϵ0
E2
i

2
dS ði ¼ 1;2Þ; (6)

where m is the spatial-mixing efficiency of the two beams,
Pi are averaged powers of the two beams. The integration

is carried out over the beam cross section. The spatial-
mixing efficiency m varies from 0 (no overlap) to 1 (com-
plete overlap).

In a PCA, the beating frequency generates a THz radia-
tion power as105

EQ-TARGET;temp:intralink-;e007;326;438PTHzðνÞ ¼
1

2
RA

1

1þ ω2τ2c
I2A ¼ 1

2
RA

1

1þ ω2τ2c
τ2cμ

2
eE2

DCI
2
B;

(7)

where RA is the radiation resistance, τc is the carrier lifetime
of the photoconductive material, and μe is the mobility of
electrons. The radiation power increases quadratically with
the optical power IB and the bias field EDC. IA is the ampli-
tude of the AC current flowing through the antenna

EQ-TARGET;temp:intralink-;e008;326;325IA ¼ τcμeEDCIB: (8)

The radiation resistance corresponds to the real part of the
antenna load impedance as

EQ-TARGET;temp:intralink-;e009;326;273ZRe ¼ RA∕½1þ ðωRACAÞ2�: (9)

Therefore,

EQ-TARGET;temp:intralink-;e010;326;231PTHzðνÞ ¼
1

2

1

1þ ω2τ2c

1

1þ ω2R2
AC

2
A

RAI2A: (10)

Assuming similar photomixer at the detector, the photo-
current IR in the receiver photomixer is proportional to the
amplitude of the incident THz electric field, ETHz, and the
phase difference Δϕ between the THz wave and the optical
beat106,107

EQ-TARGET;temp:intralink-;e011;326;132IRαETHz cosðΔϕÞ; Δϕ ¼ 2πνΔL∕c; (11)

where ΔL is the difference between the length of the receiver
arm and the length of the emitter arm including the THz path.

Fig. 22 CW THz measurement setup. λ1 and λ2 are the wavelengths of the lasers. Tx is the THz trans-
mitter. Rx is the THz receiver.104
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For the first time in 1998, an MIT research group dem-
onstrated THz coherent detection107,108 using photomixing.
In their transmission mode setup, they used planar log-spiral
antennas on LTG-GaAs surface as transmitter and receiver.
The size of the active area is 8 × 8 μm and antenna electrodes
were separated by 0.8 to 1.5 μm gaps at transmitter and
receiver. Silicon hyperhemisphere lenses are placed on both
antennas and the lenses are separated by 6 cm. Two tunable
CW Ti:Sapphire lasers are combined with a beam splitter.
Input power of each photomixer was ∼35 mW and the trans-
mitter was dc biased at 15 V (300 mA current). A schematic
of the system is shown in Fig. 23.

As mentioned earlier, at THz frequencies (higher than
1 THz), no detector is able to follow the signal variation in
time. Therefore, phase Δϕ information cannot be measured
directly. Hence, based on Eq. (11), extracting the amplitude
information ETHz requires a variation ofΔϕ. In the following,
a summary of different THz frequency-domain systems that
are used to measure the amplitude and phase of the THz sig-
nal, which is reflected from a sample (reflection geometry)
or transmitted through a sample (transmission geometry) are
reviewed.

3.1 Delay Line Systems

A simple way to extract the amplitude information of a THz
signal is a variation of phase using a delay stage in the THz
or optical beam path.59,65,71,72,83,107–112 Main problem of this
simple implementation is that it is slow. Because velocity of
a mechanical translation stage is limited to a few millimeters
per second. In the delay line setup, the scanning delay in the
detector or THz beam path generates an interferogram in
the time domain by varying the phase relationship between
the incoming THz beam and the beat in the optical field
at the receiver. The detected signal varies with the time delay,
t 0, between the THz and optical beams according to the
autocorrelation function:

EQ-TARGET;temp:intralink-;e012;63;108ETHz ∝
Z þ∞

−∞
cosð2πνtÞ cos½2πνðtþ t 0Þ þ ϕ�dt: (12)

Averaged over THz time scales, the delay line system gen-
erates a sinusoidal variation at the THz frequency, and both
amplitude and phase can be recovered at each pixel.

The detected THz signal power is very low (usually in μW
range). Signal averaging and lock-in detection are the two
techniques that are used to achieve a acceptable SNR. In the
signal averaging method, each measurement is done several
times and then averaged. This almost eliminates the random
noise of the detected signal and increases the SNR. But the
measurement time is increased drastically. In the lock-in
detection method, either a mechanical chopper included into
the optical or the THz path or the DC bias of THz emitter
has to be modulated. Assuming the chopper or the bias volt-
age is modulated at frequency ω [Vsig ¼ cosðωtÞ], based on
the THz path parameters, the detected signal will have an
additional phase ϕ [Vdet ¼ Vs cosðωtþ ϕÞ]. Multiplying the
reference signal with the detected signal

EQ-TARGET;temp:intralink-;e013;326;565VsigVdet ¼ Vs cosðωtÞ cosðωtþ ϕÞ
¼ Vs∕2½cosðϕÞ þ cosð2ωtþ ϕÞ�: (13)

Applying a low pass filter, the output will be proportional to
Vs cosðϕÞ which provides a phase-sensitive detection of the
signal.

The disadvantage of the first two options is that a bulky
mechanical chopper has to be used.65 The drawback of
modulating the DC bias is that either the DC current, DC
voltage, or temperature of the emitting photomixer is modu-
lated at the lock-in frequency. This creates a parasitic distor-
tion that can be picked up by the detector. This parasitic
signal can appear as an additional DC background in the
detected signal or as an additional noise which is indepen-
dent of the THz signal phase.

As one of the first attempts to implement a THz transmit-
ter/receiver system in Ref. 107, two antenna-coupled photo-
mixers were used to test a photomixer transceiver (Fig. 23).
The amplitude and phase of the THz electric-field transmis-
sion coefficient TðνÞ ¼ jTðνÞj exp½jϕðνÞ� are measured as a
function of time. The phase ϕ ¼ 2πνΔL∕c was determined
by measuring the change in path between zeroes in the fringe
pattern. Here, ΔL is the deviation from zero path difference
between the two lengths of optical fiber between the beam
splitter and the photomixers. The amplitude is determined by
changing the zero phase distance offset d and obtaining the
ratio of the fringe amplitudes with the sample in and out of
the beam.

Later, Siebert et al.83,111 performed CW THz imaging
using an all-optoelectronic system using a two color Ti:sap-
phire laser (Fig. 24). Hyperboloidal polyethylene (PE) lenses
are employed to enhance the spatial resolution of the system.
Each photomixer is illuminated at 100 mWof optical power.
The maximum SNR obtained at 1 THz without a sample in
the beam path is 100:1. At each frequency, the spatial res-
olution of a THz system is defined by the spot size of the
Gaussian beam on the sample which is directly proportional
to the f-number of the focusing element. The f-number is
given by f∕d, where f is the focal length and d is the diam-
eter of the focusing element (in case paraboloidal mirrors are
used, d is the off-axis distance). For paraboloidal mirrors,
f∕d is always larger than 1∕2 if an object has to be brought
into the focus. In contrast, hyperboloidal lenses allow for
f∕d < 1∕2.

Fig. 23 Schematic of the quasioptical implementation. Two CW Ti:
sapphire lasers were used since their tuning range exceeded that
of the available diode lasers. A pair of tunable diode lasers was used
previously with this setup.107 (Copyright 1998, American Institute of
Physics.)
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Gregory et al.71,72 introduced a CW THz imaging system
that incorporates for the first time all the elements for a
commercially viable system (Fig. 25). It is driven by two
independent diode lasers. Two external-cavity, tunable diode
lasers (TOPTICA Photonics DL100) operating at around
830 nm are combined using a 50:50 beam-splitter. The
resulting two combined beams are focused onto the emitter
and detector photomixers, with a delay stage in the detector
beam. The optical power at the emitter (detector) was 50 mW
(20 mW).

In Ref. 109, for the first time, a CW THz system with log
periodic transmitter and receiver antennas on LT-GaAs sub-
strate is reported. The system is optically driven by two laser
diodes operating at a wavelength around 830 nm. As it can
be seen in system schematic (Fig. 26), to overcome excess
transmitter noise, the pump beam is mechanically chopped
and the current is measured using a lock-in amplifier. A
scanning Fabry–Perot interferometer is used to monitor the
spectral mode purity. The autocorrelator monitors the opti-
cal modulation depth. An optical spectrum analyzer is
used to measure the difference frequency. The SNR around
1000:1 with time constant of 300 ms and chopper speed of
1.25 KHz is achieved.

In general, efficiency of photomixing is lower than that of
pulsed spectrometers. Photomixers typically contain inter-
digitated electrode structures53,71,107 that are very fragile
and easily experience a voltage- or temperature-induced

breakdown. On the other hand, photomixers with a simple
gap without interdigitated structures are considerably less
efficient as a THz source. However, they are more durable
and can last for years if driven at moderate voltages and opti-
cal powers. Wilk et al.112 presented a low-cost THz spec-
trometer with coherent detection based on two simple and
robust dipole antennas driven by two laser diodes. The spec-
trometer covers frequencies up to 1 THz, with a peak SNR of
40 dB for a lock-in integration time of 30 ms. The setup in
Ref. 112 is used to measure the thickness of a PE wedge as a
test sample. On the right (thinner) side, the thickness varies
between 0.3 and 0.8 mm (Fig. 27). Figure 27 shows the mea-
sured thickness of the sample at 0.3 THz. The optical delay
line was fixed during the experiment. Since the sample
thickness exceeds the THz wavelength, the measured
signal exhibits a sine shape. In the transmission setup, after
inserting the sample, the phase of the THz signal shifts as

EQ-TARGET;temp:intralink-;e014;326;246Δϕ ¼ ϕs − ϕ0 ¼ 2πν∕cdsðns − 1Þ; (14)

where ϕ0 and ϕs are phase differences in a reference (air)
medium and after the insertion of the sample with thickness
ds and refractive index ns, respectively. The sample thick-
ness can be calculated for any pixel in the image as

EQ-TARGET;temp:intralink-;e015;326;171ds ¼ Δϕc∕2πνðns − 1Þ: (15)

To extract phase information from the detected photocurrent
(IR), the measured photocurrent is normalized to its maxi-
mum (Imax

R ) first. The value of Imax
R can be determined via

a scan with the delay line. The phases ϕs and ϕ0 can be cal-
culated as arccosðIR∕Imax

R Þ (in general, the phase has to be
unwrapped).59

Fig. 25 CW THz schematic diagram showing combining beam split-
ter, optical delay line, and imaging optics. Insets: Micrographs show-
ing: (a) resonant dipole emitter, (b) spiral detector on same scale, and
(c) close-up of interdigitated finger pattern at feed point of both emitter
and detector.72 (Copyright 2004, IEE.)

Fig. 24 Set-up of the all-optoelectronic CW THz imaging system.83

(Copyright 2002, Institute of Physics Publishing.)

Fig. 26 CW-THz schematic diagram.109 (Copyright 2005, Springer.)
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A conventional CW THz system employs two antennas
in which optical parts cause system complexity and large
system size. In Ref. 110, a homodyne detection system in
which a single PCA is used for both emitting and receiving
the THz waves (Fig. 28). The transceiver setup reduces the
system size and simplifying the alignment of optics. Since
the homodyne output is considerably weak (because of the

low generation efficiency in the PCA), the homodyne output
is strongly affected by noise in the photocurrent. Hence, the
incident laser power and bias voltage applied to the PCA
must be set carefully.

3.2 Electro-Optic Modulator Systems

In the measurement setup based on the electro optic modu-
lator (EOM), a path length change of the laser wavelength in
order to achieve a 2π phase variation is done electronically
using an optical phase shifter.64–67,113–119 Applying voltage
in the EOM changes the refractive index and thus, the opti-
cal length of the crystal which is part of the optical path.
The advantages of using optical phase modulator for phase
shifting are lower measurement time rates, possible compact
all-fiber set-up, and efficient use of the available laser power.
This is due to the fact that there is no free space part which
generates radiation loss. Figure 29 shows a setup based on
EOM. Output of each of the lasers goes through a 50–50
splitter, and one of the outputs from each splitter is combined
with an output from the other splitter in a 50–50 combiner.
The outputs of the combiners go to the transmitter (Tx) and
receiver (Rx). The phase modulator can be placed between
the splitter and combiner in the transmitter or receiver path.
As it can be seen in the figure only half of the power from
each laser reaches to transmitter or receiver. The main draw-
back of this approach is that half of the laser power is lost
in the second set of beam splitters. Additional laser ampli-
fiers may be required to provide the required optical power
on the photomixer. The main problem with this setup is the
sensitivity of the THz phase on the optical path length. Path
length jitters on the order of ∼1 μm results in a complete loss
of phase information, even though the THz amplitude is still
measured accurately.65 The other shortcomings are the sig-
nificant costs for the fiber assembly and the high-voltage
driver for the EOM.

The detected current in the setup in Fig. 29 is

EQ-TARGET;temp:intralink-;e016;326;351IDCdet ∝ cosðϕTHz − ϕmod þ ϕsystÞ; (16)

where the THz phase, ϕTHz depends on the frequency differ-
ence of the two lasers and ϕsyst is a function of both laser
frequencies. ϕsyst or the combination ϕTHz þ ϕsyst could
be set to zero by the proper balancing of the different lengths
in the system. Based on 16 optical phase shift of ϕmod is
equivalent to the phase shift of the same value in the THz
part of the system. The required optical delay length of the
phase modulator is on the order of the optical wavelength
(≈1 μm) for any frequency difference between the two
lasers. The phase delay of the phase modulator required to

Fig. 27 (a) THz amplitude image of wedge-shaped PE and (b) its 3-D
representation.112 (Copyright 2008, Optical Society of America.)

Fig. 28 Experimental setup of THz wave generator and homodyne
receiver using single PCA. The emitted THz waves are reflected by
concave mirror M and focused onto the same PCA.110 (Copyright
2010, The Japan Society of Applied Physics.)

Fig. 29 General schematic of a CW THz system using optical phase
modulator.65 (Copyright 2008, IEE.)
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achieve a given phase shift of the THz wave is independent
of the THz frequency of the system.

In an interesting system topology in Ref. 65, optical phase
modulator is used instead of the chopper. This is done by
introducing an additional phase modulation (ϕchop) to ϕmod.
ϕchop is change stepwise between 0 and π at the lock-in
frequency, which changes stepwise the sign of the detected
current IDCdet at lock-in frequency. This approach keeps the
average optical power on emitter and receiver constant,
and neither DC current, DC voltage nor temperature of the
THz emitter are modulated. Therefore, no parasitic signal
influences the detected current that reduces the noise level
in the detected current. Further, the detected signal is twice
as large as in the case of a mechanical chopper. Figure 30
shows the measured SNR for the mentioned three methods.
The configuration with the mechanical chopper has the worst
performance. The signal is 3 dB less compared to both other
chopping techniques and the noise level is the highest. The
signal obtained by optical phase chopping and bias modula-
tion is identical, but the noise level achieved with the optical
chopper is the lowest. The best SNR performance is obtained
with chopping operation of the optical phase modulator.

To measure phase in the system in Ref. 65, multiple meas-
urement points at each frequency have to be done. On the
other hand, the system introduced in Refs. 66, 67, and 117
allows determination of both THz amplitude and phase with
a single sampling point (SSP) per frequency (known as SSP
method). This direct detection increases the measurement
speed compared to the standard procedure. In the SSP
method, THz phase is controlled by shifting the optical phase
(ϕmod) of one optical beam before a beam combiner.
Therefore, the phase of the optical beat signal and the emitted
THz signal is shifted by the same phase ϕmod. The optical
phase shift for a specified shift of the THz phase is indepen-
dent of the THz frequency of the system. This allows to
operate the phase modulator with the same driving voltage
pattern at every THz frequency, which is the basis for method
introduced in Ref. 66 in which a voltage ramp is applied
to the phase modulator, which alters the THz phase by 2π
[Fig. 31(a)]. This is done periodically with the desired chop-
ping frequency. As a result, the phase of the signal detected
by the receiving photomixer is periodically modulated be-
tween 0 and 2π [Fig. 31(b)]. The lock-in amplifier is locked
to the control voltage of the phase modulator. Thus, the
phase monitor of the lock-in amplifier does directly display
the phase of the detected THz signal, enabling to detect both
the THz amplitude and phase with a single measurement

point. The measured phase shift (ϕlock-in) contains contribu-
tions due to the difference of the optical-path length in the
system (ϕopt), as well as the phase accumulated in the THz
part of system (ϕTHz). The contribution of ϕopt is also present
in any other common CW THz system, and it is eliminated
with the help of calibration measurements. Figure 32 shows
the measured SNR for both methods. The SNR values for the
direct detection are slightly larger. The received photocurrent
for both approaches is comparable, but the modulation of
the transmitter bias performed for the phase-scan detection
scheme induces parasitic distortions at the lock-in frequency,
which leads to a higher noise level.

In Ref. 117, phase modulation ramp is used as driving
signal for the lock-in detection, eliminating the need for
further mechanical or electronic chopping of the THz wave.
Modulation rates of 100 kHz have been employed which is
approximately six orders of magnitude faster than a motor-
driven translation stage. The need for a complete 2π phase
shift in the modulator is shown in Fig. 33. For voltages below
the equivalent of a 2π phase shift, the output waveforms

Fig. 30 SNR performance of three different chopping techniques.65

(Copyright 2008, IEE.)

Fig. 31 Operation mode for direct phase detection. The required
modulation of the THz phase is illustrated in (a), the corresponding
detected signal is shown in (b).66 (Copyright 2008, IEEE.)

Fig. 32 SNR performance of both detection schemes.66 (Copyright
2008, IEEE.)
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[Fig. 33(a)] are not complete sinusoids. For voltages that are
too large [Fig. 33(b)], a waveform swing larger than one
cycle is observed. The maximum scanning speed of the
system in Ref. 117 is limited by the electronic bandwidth
(around 400 kHz) of the THz receiver. In a classic THz im-
aging configuration in which the object’s position is scanned
in transmission mode, fast scanning system operating at
100 kHz will enable an averaging of 100 oscillations of the
THz waveform with roughly 1000 pixels imaged per second.
If synthetic aperture imaging methods48 were utilized, video
rate imaging would be attainable.

In Ref. 116, high speed photodiodes that are based on
waveguide integrated devices are used (Fig. 34). They
behave like side illuminated devices, and high absorption
even for thin active layers can be achieved. High speed and
high efficiency can therefore be combined. The system is
completely assembled using fiber technology. The key devi-
ces emitter, receiver, lasers are telecom-related products for
1.5 μm operation. The optical power in the fiber was 30 mW
at the emitter and 40 mW at the receiver. The photocurrent
in the PCA (preamplified 108 V∕A) was measured with the
lock-in technique at 460-Hz modulation frequency.

Implementations of electro-optical control setups in
Refs. 66, 67, and 117 are arranged in an optical interferom-
eter geometry and are extremely sensitive to environmental
changes. In the system configurations used in these papers,
the laser signals are spatially separated for wavelength selec-
tive optical phase modulation. External influences such as
thermal expansion or vibrations affect the optical phase
differently in the interferometer arms. This phase jitter is
directly transferred into the THz phase, thus preventing
high-quality measurements. The technique presented in
Ref. 119 [known as wavelength selective phase modulation
(WSPM)], is an in-fiber technique and realizes the speed
advantage of electro optic modulation while avoiding the
phase jitter normally introduced. The same phase and there-
fore amplitude stability as conventional systems is main-
tained. In WSPM, the two wavelengths remain in a single
fiber. The modulation of only one wavelength is achieved
by using crossed polarization for both wavelengths, together
with a polarization-sensitive phase modulator (Fig. 35).
Hence, if the optical phase is shifted due to environmental
influences such as temperature change or mechanical stress,
both wavelengths are affected identically. Thus, optical
phase jitter always occurs identically on both wavelengths,
and the THz phase is not affected. By applying SSP detec-
tion, high-speed measurements were demonstrated by re-
cording a 1.5-THz spectrum with a resolution of 100 MHz
in less than 24 s. This is more than 20 times faster than any
previous broadband scans.120

The system in Ref. 115 consists of the λ∕4 phase-shifted
detuned dual-mode laser (DML) and an all-fiber path for
the laser beams in order to increase the flexibility and
compactness (Fig. 36). The optical beat signal is amplified
by an erbium-doped fiber amplifier (EDFA). The amplified

Fig. 33 THz detector voltage output versus time as a function of
applied voltage to the modulator. (a) The applied voltage is 20 and
160 V (middle and bottom waveforms, respectively). The sawtooth
waveform (top) illustrates the timing of the modulator voltage.
Waveforms are vertically offset for clarity. (b) THz detector output
for a thin card inserted (solid curve) between the THz TX and RX
of Fig. 1 and removed (dashed curve).117 (Copyright 2008, Optical
Society of America.)

Fig. 35 Setup for in-fiber WSPM for THz phase control.119 (Copyright
2011, IET.)

Fig. 34 Scheme of the CW THz setup116 (Copyright 2009, OSA).
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spontaneous emission generated by the EDFA was filtered
out by an optical band pass filter (BPF). The output signal
from the BPF was coupled to a fiber-optic 50:50 splitter
and divided into two integrated photomixer/antennas. The
proposed system can be used to measure the thickness of
a sample without considering the modulo 2π ambiguity.

In the setups in Refs. 67 and 113 which mentioned before
phase control of THz waves in high speed, direct lock-in
detection of the resulting waveform using the phase control
signal as reference clock is performed. Thus, the magnitude
chopping of THz wave is no longer required, and a fast THz
spectroscopy system can realize millisecond-order acquisi-
tion time. However, in this scheme, the delay unbalance
of the optical path or nonlinear amplitude modulation of
optical signal as a parasitic effect of the electro-optic phase
modulation can limit the dynamic range because the detec-
tion signal. In Ref. 114, a CW THz coherent homodyne
detection system that uses push-pull electro-optic phase
modulation for wide dynamic range (Fig. 37). The factors
limiting detection signal quality, such as laser-induced phase
noise and parasitic amplitude modulation of THz waves, are
evaluated and suppressed with overall delay balance control
and the push-pull phase modulation scheme. Moreover,
by direct lock-in detection, fast spectroscopy and imaging
measurement was demonstrated from 0.2- to 2-THz fre-
quency range.

In Ref. 118, a CW THz photomixing system (Fig. 38)
which is capable of multilayer thickness measurements in
reflection geometry with micrometer precision is presented
which is based on Ref. 119. It also minimizes the uncertainty
of the phase due to its high frequency resolution. The pro-
posed system can replace THz time-domain systems in the
field of multilayer thickness measurement due to its easier
handling and much lower costs.

3.3 Fiber Stretcher Systems

The conventional mechanical delay stage in the THz path
is rather slow because the travel of the delay line has to
be comparable to or larger than the THz wavelength (i.e.,
3 mm at 100 GHz). Also it requires a collimated beam in
the THz path.70,121–123 Furthermore, modulating the THz
path strongly affects the standing waves, i.e., parasitic inter-
ference effects, which arise from multiple reflections of the
THz beam.68,124 Because of these standing waves, significant
deviations from a cosine-like behavior of photoelectric cur-
rent appears if the of the THz path is varied. On the other
hand, a conventional delay stage in the path of the optical
beat requires a free optical beam and thus prevents a compact
all-fiber-based setup.

Fiber stretchers can be used for rapid phase modulation
in the optical beam path.70 In a typical fiber stretcher phase
shifter, several tens of meters of fiber [usually polarization-
maintaining (PM) fiber] are wound around a piezoelectric
actuator. The piezoelectric actuator is driven by an AC volt-
age with an amplitude of typically 100 to 500 V. In Ref. 121,
CW THz spectrometer is realized with two fiber stretchers at
the two optical arms of the THz setup. Both the THz ampli-
tude and phase are determined from 0.06 to 1.8 THz with a
1-GHz step size in less than 10 min. In their setup (Fig. 39),
two DFB diode lasers are used (850 nm). Lasers are fre-
quency stabilized by electronic feedback from a low-finesse
quadrature interferometer.59 Absolute frequency accuracy of
∼100 MHz is achieved. The relative frequency resolution
is in the MHz range. The laser beams are amplified at both
wavelengths in a semiconductor amplifier, the output of
which is once again fiber coupled. The main advantage of
the dual stretcher configuration is that it reduces the sensi-
tivity to thermal drifts and doubles the modulation amplitude
compared to a single stretcher setup. Each fiber stretchers

Fig. 38 Schematic of the applied CW THz system, consisting of an
optical beating source (Agilent 8163B), DAO unit, and THz reflec-
tion head. The notebook is used for presentation purpose only.118

(Copyright 2014, IEEE.)

Fig. 36 Schematic diagram of a coherent homodyne CW THz system
setup.115 (Copyright 2012, OSA.)

Fig. 37 CW-coherent homodyne detection system with EO phase
modulation and direct lock-in detection; UTC-PD, unitraveling-
carrier photodiode; PCA, photoconductive antenna.114 (Copyright
2013, IEEE.)
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consists of 60 m of PM fiber wound around a cylindrical
piezo actuator which are driven with bipolar voltages of
up to �400 V. By operating the stretchers in opposite direc-
tions, the optical path length can be changed with a twofold
speed. The fiber stretchers are modulated by a continuous
sinusoidal voltage to avoid switching artifacts of, e.g., a saw
tooth waveform (modulation frequency is about 1 kHz).

Frequency resolution of the THz signal is not influenced
by the fiber stretchers. The use of fiber stretchers yields the
THz amplitude and phase for each frequency separately
(Fig. 40). The main advantage of the fiber stretcher concept,
compared to a delay stage in the THz beam path, is that the
THz path and therefore also the unavoidable standing waves
are not changed, yielding a reduced sensitivity of the ampli-
tude and phase data to standing waves (i.e., to parasitic inter-
ferences of the THz wave). The THz photocurrent as a
function of the delay length shows a “perfect” sinusoidal
dependence (Fig. 41).

In Ref. 122, two identical fiber stretchers are placed in
the transmitter and receiver arms. They are operated with
inverted voltage with respect to each other. The receiver pho-
tocurrent is analyzed by signal averaging with a gate width of
one stretcher cycle. About 240 cycles at each THz frequency

step are measured, resulting in a net data acquisition rate of
about 3 Hz for fs ¼ 800 Hz (fs denotes frequency of the
path difference modulation). The main advantage of signal
averaging compared to a standard lock-in technique is that
signal averaging does not require the receiver photocurrent
to be periodic with a known reference frequency. Thus, the
modulation of the optical path difference does not have to
be linear in time and the maximum change does not have
to be an integer multiple of the THz wavelength.

In Fig. 42, fiber stretcher voltage and the THz photocur-
rent are plotted as a function of time. Around the extrema of
voltage, the optical path difference and thus THz photocur-
rent change more slowly. A sinusoidal behavior is observed
in Fig. 43 in which THz photocurrent is plotted in terms of
fiber stretcher voltage.

The setup in Ref. 122 is used to measure the complex
refractive index of Si in transmission mode. To derive the
physical properties of a sample, such as the complex index
of refraction N ¼ nþ jk (n and k are real and imaginary
parts of refractive index), one has to compare amplitude
of the THz signal (A) and phase of the THz signal (ϕ0)
measured for the sample (As and ϕ0;s) with those of a refer-
ence measurement (Aref and ϕ0;ref ), which in a transmission
geometry simply corresponds to a measurement on an

Fig. 39 Setup of the THz spectrometer for a face-to-face configuration of the two photomixers.121

(Copyright 2011, IEEE.)

Fig. 40 THz photocurrent around ν ¼ 300 GHz measured either
using the fiber stretchers (red) or a frequency-scanning method with
constant path difference (black).106 The fiber stretcher data corre-
spond to the envelope of the oscillating pattern recorded by the
frequency scan.121 (Copyright 2011, IEEE.)

Fig. 41 Photocurrent as a function of the optical path length differ-
ence for a THz frequency of about 100 GHz.121 (Copyright 2011,
IEEE.)
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empty aperture with the sample removed. The transmittance
through the sample is TðνÞ ¼ ½AsðνÞ∕ArefðνÞ�2, and the phase
shift introduced by the sample is ϕðνÞ ¼ ϕ0;s − ϕ0;refðνÞ þ
mðνÞ:2π with integer mðνÞ. The ambiguity in m can be
resolved in a broadband measurement. If we, for instance,
neglect multiple reflections within the sample of thickness
d, one finds ϕðνÞ ≈ 2πðn − 1Þd ν

c, i.e., ϕ extrapolates to zero
for ν → 0 and is expected to increase linearly with ν in a
frequency range with constant refractive index n. Finally,
knowing T and ϕ as well as the sample thickness d, one can
calculate the complex index of refraction.124

Enhanced measurement speed and an all-fiber setup are
the main advantages of the THz setup with fiber stretcher.
A modulation of the optical path difference of 3 mm is ob-
tained for a modulation frequency of ≈1 kHz. A mechanical

delay stage with the same amplitude typically operates at a
few hertz. A data acquisition rate of a few Hertz is achieved
in Ref. 122 with averaging over about 240 cycles per fre-
quency point. If the phase is modulated by scanning the fre-
quency, a very similar data acquisition rate can be employed
but 10 or more frequency points need to be measured to
observe a phase shift of at least 2π, which yields one actual
data point.106 The fiber stretcher thus improves the measure-
ment speed by at least an order of magnitude compared to the
frequency scanning technique if the same integration times
are used. It is possible to reduce the measurement time by
increasing the frequency step size or to operate fiber stretch-
ers at rates up to a few kilohertz.

Another important parameter of a THz system is the
dynamic range. It is the ratio of the maximum signal to
the minimum detectable signal. The amplitude of the signal
depends on the optics, absorbing windows, or apertures
within the THz beam, the optical power illuminating the
photomixers, the bias voltage, and some other parameters.
However, for equal conditions, the maximum THz amplitude
is the same for the system with and without the fiber stretch-
ers and its stability is not significantly influenced by the fiber
stretchers. Other important parameters of the system are the
spectral resolution and bandwidth of the system which are
generally determined by the characteristics of the employed
lasers.106

Reliable measurements of the phase require a high stabil-
ity of the experimental electrical lengths. Ambient fluctua-
tions (mostly thermal) or alignment drifts may not exceed
a small fraction of the wavelength. Large wavelengths such
as about 1 mm at 300 GHz thus facilitate the determination
of the phase. However, fluctuations of the optical path length
cannot be fully suppressed even in an air-conditioned labo-
ratory, and phase measurements in real-world applications in
a less than ideal environment are challenging, in particular,
if they rely on a robust fiber-based system. These difficulties
can be surpassed in ellipsometry, which measures the phase
difference between different polarization states. Similar idea
can be used in CW spectroscopy in the frequency domain
and consider the phase difference of waves with different
frequencies.

In Ref. 123, waves at three THz frequencies are generated
by photomixing three different lasers (Fig. 44). The waves
travel along the same path at the same time and their phases
are measured simultaneously. The phase at the fixed fre-
quency is used to monitor length changes during the meas-
urement. The normalized phases of the two other scanning
frequencies are nearly insensitive to thermal drifts. The data
obtained at the reference frequency monitor the length drift
of the optical path-length difference with an accuracy of
about 1 to 2 μm. This can be used to self normalize the fre-
quency dependence of the phase data measured at the scan-
ning frequencies. The self-normalization is close to ideal
because the drift correction is achieved by comparison of
waves which traveled the same path at the same time, with-
out reduction in measurement speed. This method allows for
a reliable determination of the phase even in situations with
large drifts such as in nonideal environmental conditions.

3.4 Controlled Frequency Sweeping Systems

Based on Eq. (17) changing any of the parameters, path length
ΔL, or THz frequency changes the THz phase.106,125–127

Fig. 42 Voltage at the fiber stretcher and THz photocurrent at the
receiver photomixer as a function of time for a THz frequency of
600 GHz. Here, the frequency of the voltage modulation is f s ¼
800 Hz and the photocurrent is averaged over ≈240 periods (corre-
sponding to ≈300 ms).122 (Copyright 2012, Optical Society of
America.)

Fig. 43 The THz photocurrent (same data as in figure 443) now
plotted as a function of the voltage U at the fiber stretcher, which
is proportional to the change s of the optical path difference. A cosine
fit with λ ¼ c∕ν ≈ 500 μm describes the data excellently (red line).122

(Copyright 2012, Optical Society of America.)
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Therefore, THz phase can equally be varied by scanning the
frequency in small steps. The effect is similar to scanning an
interference pattern in frequency. Phase difference is a func-
tion of the path difference ΔL and frequency. The path differ-
ence is

EQ-TARGET;temp:intralink-;e017;63;520IRαETHz cosð2πνΔL∕cÞ; ΔL¼ ðLs þLTHzÞ−LD; (17)

where LD is traveled by the laser beat to the detector, Ls is the
optical path of the laser beat to the THz source, and LTHz is
the THz path from the source to the detector.

Phase variation in controlled frequency steps can perform
as a coherent homodyne spectrometer which is a powerful
tool to extract the properties of a sample in the THz region.
Using a laser with a large tunability range, accurate mea-
surements at a particular frequency can be obtained at the
expense of experiment time to solve the ambiguity of modulo
2π. One advantage of this method compared to the previous
approaches is that no further hardware is required, and the
main disadvantage is that it needs an accurate frequency
control. A frequency step has to be much smaller than the
fringe pattern spacing, which in turn should be chosen much
smaller than the signature of interest. One solution for high-
precision frequency control is using distributed Bragg reflec-
tor diode lasers.33,58,70,119,128,129 A second challenge arises
from the large density of data points, which increases the
total measurement time. A 2-THz scan with 40 MHz step
size consists of more than 50,000 data points. Completing
a scan in a few minutes needs lock-in times in the single-
ms range.

The method has been exploited for thickness and dis-
tance measurements,125 and for spectroscopy of solid-state
samples.58,106 Based on Eq. (17), in the case, THz beam prop-
agates through free space (no sample), the frequency spacing
of two subsequent maxima of the receiver photocurrent or
zero crossings is c∕ΔL (Fig. 45). By comparing the maxima
or zero crossing position in measurements with and without
the sample present in the THz path, we are able to measure
the relative phase of the THz beam. In case, we use the
maxima information, the effective frequency resolution of
the phase data is c∕4ΔL which is a factor two higher than
the resolution of the amplitude data (c∕2ΔL), because only
the extrema are used for the amplitude analysis (Fig. 46).

Mouret et al.125 described the performance of the coherent
homodyne spectrometer and the characterization of dielectric
and semiconductor samples. The presence of the sample
increases the THz path, and the period of recorded curves

is affected. Assuming the refractive index of Teflon is 1.44,
a thickness of 109.39 mm is measured with a standard
deviation of 0.35 mm from 10 measurements. A value of
109.1 � 0.1 mm has been obtained by using a standard me-
chanical micrometer. Similar information may be extracted

Fig. 44 Sketch of the setup with three lasers. The fiber array feeds 1/3 of the power of each laser into
the amplifier. A face-to-face setup of the photomixers yields a short THz path length LTHz. The optical
path-length difference is modulated by two fiber stretchers.123 (Copyright 2015, AIP Publishing.)

Fig. 45 Normalized homodyne signal recorded around 300 GHz with
a 109.1-mm thick Teflon sample (dash line) and without (black line).125

(Copyright 2007, Springer-Verlag.)

Fig. 46 Normalized homodyne signal recorded around 310 GHz with
a 16.8-mm-thick high resistive silicon sample (dotted line) showing
a Pèrot–Fabry effect inside the sample. The solid line is the calcu-
lated transmitted Fabry–Pèrot effect.125 (Copyright 2007, Springer-
Verlag.)
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from time-domain analysis but requires the motion of a
mechanical delay line and the prior knowledge of the exact
position of the zero path difference. The calculated transmis-
sion amplitude of this Fabry–Pèrot effect (neglecting the
absorption with constant refractive index of 3.4) is superim-
posed with experimental data. The analysis of the period of
the homodyne signal gave a thickness of the silicon sample
of 16.7 mm, in good agreement with a classical measure-
ment. To avoid a long frequency scan, it is preferable to per-
form such measurements with a significant initial difference
path. In this example, the period is around 0.4 GHz,
the tunability of a diode laser would be sufficient to record
several periods to extract the thickness of a sample or mea-
sure of distance.

CW technique offers the advantages of frequency selec-
tivity and a much higher frequency resolution compared to
time-domain techniques. Typical line widths in solid-state
samples are of the order of several tens of GHz or broader.
Thus, a spectral resolution of a few GHz is usually sufficient.
However, a central problem for solid-state spectroscopy is
that both the real and the imaginary parts of the complex
refractive index nþ ik have to be determined reliably using
amplitude and the phase of the THz radiation. The refractive
index measurement method in Ref. 106 is based on scanning
an interference pattern in frequency. It is based on the fact
that the period of the interference pattern can be chosen to be
much smaller than even the most narrow lines in a solid-state
sample. It is shown that this approach is very well suited for
solid-state spectroscopy, yielding precise and reliable values
of real and imaginary parts of the refractive index without
making use of any mechanically moving parts. The measure-
ment setup is shown in Fig. 47.106 The detected photocurrent
Iph depends on the amplitude of the THz electric field (ETHz),
and on the phase difference Δϕ between the THz wave and
the laser beat signal [Eq. (17)]. The phase difference is varied
by scanning the THz frequency. This method has the signifi-
cant advantages of avoiding any mechanically moving parts
and of a much higher scanning rate (up to 10 Hz, depending
on the selected lock-in time, but limited by software over-
lap). In this case, the detected photocurrent Iph oscillates
with frequency (Fig. 48), and the oscillation period is set by
the choice of ΔL. For reference measurement without a sam-
ple, the THz beam travels through air (nair ≈ 1) independent
of frequency. Thus, ΔLref is constant and the maxima are
equally spaced in frequency as

EQ-TARGET;temp:intralink-;e018;326;467νrefmax;m ¼ m
c

ΔLref
; m ¼ 1;2; 3: : : ; (18)

where ΔLref denotes the optical path difference in the case
of the reference measurement.

Inserting the sample with refractive index n and thickness
d in THz path changes the THz path LTHz by ðn − nairÞd
(neglecting multiple reflections within the sample) which
shifts the interference pattern. Figure 48 shows the detected
photocurrent in the frequency range just above one of the
absorption lines of lactose. The phase information can be
gained from both the extrema and the zero crossings of
Iph, yielding a frequency resolution of the phase data of
1/4 period of the interference pattern, i.e., c∕ð4 × ΔLÞ. Thus,
the spectral resolution of the phase can be adapted easily by
varying the optical path difference ΔL. An enhancement of
the spectral resolution, however, requires a larger density of
data points, which increases the total measurement time. An
interference maximum of order m occurs for ΔL ¼ m × ∕ν.
Comparing reference and sample data, the refractive index
can be calculated as

Fig. 47 Setup of the CW THz spectrometer.106 (Copyright 2010, IOP Institute of Physics.)

Fig. 48 An example of the detected THz photocurrent with and
without the lactose sample using setup in Fig. 47. Both amplitude
and phase information can be derived. The period Δν of the interfer-
ence pattern depends on the optical path difference ΔL. Here, Δν ≈
1.5 GHz and ΔL ≈ 0.2 m. The suppression of the signal around
557 GHz is due to a water absorption line.106 (Copyright 2010, IOP
Institute of Physics.)
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EQ-TARGET;temp:intralink-;e019;63;741ðn − nairÞd ¼
�
νrefmax;m

νsammax;m
− 1

�
ΔLref ; (19)

where νrefmax;m and νsammax;m are the frequencies of the maxima
of order m of the reference and the sample measurement,
respectively. In the reference data, the maxima are equally
spaced in frequency hence, m is easily defined. Owing to
the frequency dependence of the refractive index, the order
of the maxima may be ambiguous in the sample data if only a
narrow frequency range is explored. Determination of the
absolute value of refractive index requires knowledge of the
sample thickness d, which can be obtained independently
from the measured amplitude. The refractive index [nðνÞ]
can in principle be determined entirely independently of
possible fluctuations of the intensity if the zero crossings
of Iph are used for the determination of the phase. Precise
determination of refractive index requires the stability of the
frequency.

The sample also absorbs the THz light, according to its
extinction coefficient kðνÞ. The transmittance TðνÞ can be
determined by comparing the envelopes of the sample data
and of the reference data

EQ-TARGET;temp:intralink-;e020;63;508T ¼
�
Isamph

Irefph

− 1

�
2

; (20)

where Isamph and Irefph are the detected photocurrents of the
sample and reference data at the extrema of the respective
interference patterns (the sample data are interpolated on the
equally spaced frequency grid of the extrema of the reference
data). Using only the extrema, the effective frequency reso-
lution for the amplitude is c∕ð2 × ΔLÞ, well beyond the
typical requirements for solid-state spectroscopy.

With the knowledge of the transmittance and the refrac-
tive index, we are able to calculate the extinction coefficient
by inverting

EQ-TARGET;temp:intralink-;e021;326;719T ¼ ð1 − R2Þ expð−αd
½1 − R expð−αdÞ�2 þ 4R expð−αdÞsin2ðn2πνd∕cÞ ;

(21)

where

EQ-TARGET;temp:intralink-;e022;326;651R ¼ ðn − 1Þ2 þ k2

ðnþ 1Þ2 þ k2
; α ¼ 4kπν∕c: (22)

The dielectric function is obtained from

EQ-TARGET;temp:intralink-;e023;326;595ϵ1 ¼ n2 − k2; ϵ2 ¼ 2nk: (23)

Measured frequency dependence of real (ϵ1) and imaginary
parts (ϵ2) of the complex dielectric constant is shown in
Fig. 49. The three absorption lines are very well resolved,
whereas the additional small oscillations in ϵ1 are artifacts
of our analysis.

3.5 Multimode Laser Mixing Systems

In all the previously mentioned methods, mixing of two
independently operating lasers has been used to generate
monochromatic THz radiation. The construction of such a
spectroscopic system has the advantage of generating THz
beam with a narrow spectrum and tunable frequency.
Another approach is using two different modes of the same
laser to perform the photomixing. However, sophisticated
techniques are needed for the stabilization and spatial mode
matching of the two lasers. This concept is demonstrated
as THz electromagnetic waves are radiated into free space

Fig. 49 Real part (black, left axis) and imaginary part (blue, right axis) of the dielectric constant of
α-lactose monohydrate. The red lines depict the results of the Drude–Lorentz model based on fitting
T ðνÞ and nðνÞ.106 (Copyright 2010, IOP Institute of Physics.)
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from a PCA by exciting it with a commercially available CW
multimode laser diodes.30,130 In general, a multimode laser
holds many different modes and the light intensity fluctuates
due to optical beats brought about by the frequency differ-
ence between modes. This random fluctuation of the light
intensity can be used to produce the THz radiation.
Figure 50 shows a setup that mixes modes of a laser diode
to generate THz signal.131 A PCA is irradiated by the multi-
mode laser diode and used as an emitter. The THz radiation is
collimated by an off-axial paraboloidal mirror and focused
into the detector PCA by another paraboloidal mirror. A part
of the multimode laser light is split by a beam splitter and
introduced to the detector PCA after a time delay. The signal
is modulated in a rectangular wave of 20 kHz through an
emitter bias of 20 V and detected by a lock-in amplifier
through a current amplifier. The sample was inserted into the
THz beam path between two paraboloidal mirrors. The sam-
ple was tilted by about 10 deg to avoid the effects of standing
waves between the sample surfaces and the optical elements.

Since the fluctuation of the multimode laser diode light
intensity is very rapid, the current meter detects the time
averaged value of the photocurrent, or the cross correlation
of the electric field and the fluctuating light intensity. The
reference signal JRðtÞ, the photocurrent signal when a sam-
ple is not inserted, is expressed as

EQ-TARGET;temp:intralink-;e024;63;218JRðtÞ ¼ α

Z þ∞

−∞
ERðt0ÞIðt0 − tÞdt0; (24)

where

EQ-TARGET;temp:intralink-;e025;63;163ERðt0Þ ¼
Z þ∞

−∞
Fðt1ÞIðt0 − t1Þdt1; (25)

where ERðtÞ is the electric field of the radiation, α is the
proportion coefficient, IðtÞ is the light intensity, FðtÞ is the
amplitude of the impulse response function of the emitter
device when the incident light and the amplitude of the
THz radiation are the input and output signal, respectively.

Using Fourier transformation

EQ-TARGET;temp:intralink-;e026;326;482JRðωÞ ¼
ffiffiffiffiffi
2π

p
αERðωÞI�ðωÞ ¼ 2παFðωÞjIðωÞj2: (26)

Since IðtÞ is a real quantity, I�ðωÞ ¼ Ið−ωÞ. In case, a sam-
ple is inserted in the THz beam path, the transmitted electric
field ETðωÞ is

EQ-TARGET;temp:intralink-;e027;326;414ETðωÞ ¼ TðωÞERðωÞ; (27)

where

EQ-TARGET;temp:intralink-;e028;326;371TðωÞ ¼ jTðωÞj exp½−jΦðωÞ�: (28)

Hence, the Fourier transformation of the photocurrent signal
when the sample is inserted becomes

EQ-TARGET;temp:intralink-;e029;326;317JTðωÞ ¼
ffiffiffiffiffi
2π

p
αETðωÞIð−ωÞ ¼ 2παTðωÞFðωÞjIðωÞj2: (29)

We assume that the time average of the distribution of the
laser modes causing the fluctuation of the light intensity is
stationary. Therefore, it can be assumed that the power spec-
trum of the fluctuation is also stationary:

EQ-TARGET;temp:intralink-;e030;326;240TðωÞ ¼ JTðωÞ∕JRðωÞ: (30)

Transmittance T and phase delay Φ of the radiation with a
wavelength λ and p polarization for a solid sample with com-
plex refractive indices n − jk and thickness d can be numeri-
cally calculated as55

EQ-TARGET;temp:intralink-;e031;326;166TðωÞ ¼
���� ð1 − r2pÞ

ffiffiffiffi
E

p
expð−jNÞ

1 − r2PE expð−2jNÞ
����
2

; (31)

EQ-TARGET;temp:intralink-;e032;326;105ϕðωÞ ¼ argðTÞ − arg½expð−j2πd∕λ0Þ cos θi�; (32)

where

Fig. 50 Experimental configuration, which is equivalent to the TDS system except for the light source.131

(Copyright 2000, American Institute of Physics.)
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EQ-TARGET;temp:intralink-;e033;63;752rp ¼ ðn − jkÞ cos θi − cos θr
ðn − jkÞ cos θi þ cos θr

; (33)

EQ-TARGET;temp:intralink-;e034;63;706N ¼ 2πnd cos θr∕λ0; (34)

EQ-TARGET;temp:intralink-;e035;63;685 cos θr ¼
ðn − jkÞ2 − sin2 θiffiffiffiffiffiffiffiffiffiffiffiffiffi

n − jk
p ; (35)

where θi is the incident angle.
The complex refractive index at each frequency can be

numerically calculated from the TðωÞ and ΦðωÞ obtained
experimentally. One of the most popular spectroscopic sys-
tems at THz frequencies is the Fourier spectrometer which
gives optical constants of both real and imaginary parts with-
out resorting to the Kramers–Kronig analysis.132 However,
they require expensive detectors such as a bolometer cooled
with liquid Helium. Time-domain THz systems are very
effective but they require an expensive ultrashort-pulsed
laser. On the contrary, the quasitime-domain systems are
very compact and cheap and also give the equivalent data
as that of Fourier spectrometer and the time-domain system.
But, the SNR of this system is low compared with that of the
time-domain system, which can be improved by changing
the structure of the PCA.

Based on the standard photomixing theory53 emitted THz
power (PTHz), using a multimode laser excitation is69

EQ-TARGET;temp:intralink-;e036;63;463

PTHz ¼ 2

�
ημeτ
A

�
2

:
X
i≠j

�
V2
BRA

Pi

hλi

Pj

hλj

�

× ð½1þ ð2πνijτÞ2�f1þ ½1þ ð2πνijRACÞ2�gÞ−1; (36)

where RA is the antenna radiation resistance, VB is the
applied bias to the emitter, A is the photomixer active area
(assumed equal to the area of the focused laser spot), C is the
photomixer capacitance, η is the external quantum efficiency,
μ is the electron mobility, τ is the carrier lifetime. λi are
the laser wavelengths, with corresponding laser powers Pi.
νij refers to the set of generated difference frequencies, given
by 2πðνi − νjÞ.

In the detector, the averaged demodulated current flow
ITHz is given as69

EQ-TARGET;temp:intralink-;e037;63;287ITHz ∝
X
i≠j

αijEij cosð2πνijt 0 þ δijÞ; (37)

with
EQ-TARGET;temp:intralink-;e038;63;233

αij ¼
�
V2
BRA

Pi

hλi

Pj

hλj

�
1∕2

× ð½1þ ð2πνijτÞ2�f1þ ½1þ ð2πνijRACÞ2�gÞ−1∕2; (38)

where Eij is the amplitude of the incident THz wave. The
parameter t 0 is the time delay between the THz wave and
the laser excitation at the detector. δij are relative phase
between modes i and j. The detected signal is only nonzero
when νTHz ¼ νij, hence the cross terms in the mixer expan-
sion have been neglected in Eq. (38) (assuming a coherent
homodyne mixer with a dc output). Furthermore, in the
absence of dispersion between emitter and detector, the
condition t 0 ¼ 0 coincides for each THz frequency, so that
the relative phases of the emitted THz components (δij) can

be ignored. Varying t 0 with a time delay stage, inserted in
the laser path to the receiver, allows an interferogram to
be collected, in which all frequency components are in phase
at t 0 ¼ 0. A Fourier transform can be used to recover the
multichannel THz power spectrum. In multimode systems,
practical power limit is set by the photomixer emitters, which
are commonly operated near to their breakdown point.
Therefore, multiple frequencies entail an associated reduc-
tion in power for each frequency.

In Ref. 105, two laser modes are emitted from a single
or combined laser cavity. The frequency fluctuation in the
difference frequency is reduced by the common-mode-noise
rejection effect. The frequency fluctuations common to the
two modes originating from electrical, thermal, mechanical,
or other sources of fluctuation are subtracted from the differ-
ence frequency even though the absolute frequencies of
the two modes are drifting. One advantage of using DML is
easier optical alignment. Because we do not need to align
two laser beams, which is critical for photomixing efficiency.

Siebert et al.83,111 used a dual-wavelength CW Ti:sapphire
laser as the photomixing pump source. Two optical waves,
with independently tunable wavelengths centered around
800 nm, were generated in the dual-wavelength laser con-
sisting of two unidirectional, single longitudinal-mode ring
cavities sharing a single Ti:sapphire gain medium which was
pumped by two beams from a 5-W all-solid-state green laser
(∼532 nm). The two laser beams were spatially combined
by using a beam-splitter and the beat frequency of the com-
bined beam was tuned from near dc to 10 THz. Since the two
beams of this dual-wavelength laser do not share the same
cavity, we cannot expect a strong common-mode-rejection
effect as in the case of DMLs with a single cavity. However,
the dual-cavity laser with single gain media has the obvious
advantage in the system simplicity and a wide difference-
frequency tunability which is free from the instability due
to the mode interaction in close vicinity.

In Ref. 77, a microchip laser with two longitudinal modes
is used to pump a PCA to generate an ultranarrowband THz
radiation. The microchip laser consisted of a Nd:YVO4 chip
(operating wavelength ∼1064 nm) with 0.5 mm length.

The laser mode frequency fluctuates due to the tempera-
ture change, power fluctuations of the pump laser, and mech-
anical vibration. When the two laser modes oscillate in the
same cavity, the direction and amplitude of the frequency
shift are similar for the two modes. Therefore, the difference
beat frequency does not change as much as the original laser
modes do. The common-mode rejection ratio (CMRR) as the
ratio of frequency shift of the laser mode to the shift in the
difference frequency:

EQ-TARGET;temp:intralink-;e039;326;214CMRR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0.5ðΔ2f1 þ Δ2f2Þ

p
jf1 − f2j

: (39)

When there is no effect of material dispersion and mode
interaction, Eq. (39) gives us the ratio of the optical fre-
quency and the beat frequency due to the linear relationship
between f1 and f2. In Ref. 77, the linewidth of the beat fre-
quency of the two modes is narrower than that of individual
laser modes because of the common-mode rejection effect
for the two modes oscillating in the same cavity.

External cavity dual-mode semiconductor lasers have
been realized in a variety of methods, such as those with
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a double grating,56,133 grating-lens,134 grating-double-slit,134

grating-double-stripe-mirror73,135 configurations, etc.
The DML excitation for photomixing is preferable to that

by two independent lasers since the system can be more com-
pact and the difference frequency stability is improved by the
common-mode rejection effect. Although the difference fre-
quency stability of dual-mode semiconductor lasers reported
was not good enough (mainly due to the nonoptimized con-
ditions), there is a great potential in THz photomixing systems
with dual-mode semiconductor lasers with the external cavity
because of the wide-tunability and compactness of the system.

4 Conclusions
Each of the CWand pulsed THz systems have unique advan-
tages and shortcomings that must be carefully considered
when they are being used for different applications. In gen-
eral, time-domain systems are relatively more complex and
expensive but they provide information that is not accessible
in a CW system. In the case, this information is imprecise
or too difficult to interpret, the advantages offered by a
time-domain system quickly disappear. The main contrast
between the two modalities is between simplicity and adapt-
ability. In many applications, the additional information is
unnecessary, and a pulsed system has no advantage and in
others such information may become useful.

Among many THz wave sources such as free electron
lasers, BWO tubes, electronic sources, and THz lasers; a
THz photomixer is the cheap, simple, and quite prospective
option. Present-day photomixers have undergone a consider-
able development over the past two decades and have come a
long way from the initial laboratory setups to compact and
portable spectrometers that are already employed in indus-
trial implementations.

Due to research and developments during the last two
decades in THz domain, devices such as lasers, THz trans-
mitters, and detectors and also detection techniques have
sufficiently matured to take the step out of the lab and into
“real-world” applications. Here, we reviewed different sys-
tem architectures which have been developed based on the
photomixing sources and detectors. Each system has its
advantages, and shortcomings which have to be carefully
considered for each specific application.

The biggest technological challenge that photoconductive
emitters face these days is their cost-effective large-scale
production viability. Low-temperature GaAs is still the most
widely used material for photoconductive devices; however,
its fabrication has two major disadvantages. First, the semi-
conductor properties are difficult to reproduce, even when
grown under the same nominal conditions. Second, its
growth requires being performed in molecular-beam-epitaxy
machines, which is an expensive method. The development
of compact and on-chip THz imaging and spectroscopy sys-
tems will be a driver for the further development of photo-
conductive THz devices.
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