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In this paper, a continuous wave (cw) spectrometer in the far infrared range is presented.
Electromagnetic radiation is generated via photomixing phenomena and covers frequencies
between about 50 GHz and 1.1 THz with resolution of about 10 GHz. The measured emission
characteristics of different antenna types are compared to simulation results. Transmission
measurements of Bragg structure for terahertz frequencies proved high spectral resolution of
the spectrometer.
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1. Introduction

Terahertz technology is related to a frequency range between several tens of gigahertz
up to several terahertz (wave numbers between about 2 cm–1 and 200 cm–1). This
frequency range located between those covered by optical technology and high speed
electronics is still relatively unexplored. Despite a multitude of applications [1–4],
which are discussed for this frequency window, the THz technology is still
underdeveloped and cost-effective systems are still lacking.

High speed microwave and electronics components can only cover the lower THz
range. In connection with mixers and multipliers, state-of-the-art microwave diodes
can generate frequencies up to 1 THz. High-speed microwave components are
relatively expensive and are not tuneable over broad frequency range [5]. On the other
hand, far infrared gas lasers [6] or semiconductor quantum cascade lasers (QCLs)
operate in the upper THz range [7]. Gas lasers are bulky and can emit several mW of
power only at discrete THz frequencies. QCLs are compact sources, but require
cryogenic cooling. The most powerful THz generation approach in terms of cost,
size and tuneability is represented by photoconductive antennas which are gated
by ultrashort laser pulses to generate broad-band THz pulses (THz time-domain
spectroscopy, TDS) [8, 9]. Yet, these state of the art THz spectrometers rely on
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femtosecond lasers as a core component. Alternatively, one can use two independent
diode lasers the emission of which is superimposed onto the THz antenna. In this case
the antenna emits tunable cw THz waves. This approach is called photomixing and is
somewhat less explored [10–13] than TDS. State-of-the-art photomixing systems with
laser diodes stabilized to Fabry–Pérot etalon can archive a frequency resolution on
the 1 MHz level [14]. Most of the cw spectrometers reported so far were based on very
fragile antennas with interdigitated structures in the excitation gap.

In this paper a simple continuous wave THz spectrometer is presented. The spectro-
meter is based on two DFB diodes, low temperature grown gallium arsenide (LT-GaAs)
photomixer antenna with simple excitation gap and bolometr detector.

2. Generation and detection of cw THz waves

In the following section, a process of optical heterodyne conversion, often referred to
as photomixing, is described. The mixing process of two waves with slightly different
frequencies f1 and f2 leads to a beating, as shown in Fig. 1. Such a mixing of two
acoustic waves is very well known in our daily life. Here, this phenomenon of mixing
of two optical beams with wavelengths λ1 and λ2 is utilized for generation of
electromagnetic waves with gigahertz and terahertz frequencies.

For simplicity it is assumed that the amplitudes of their electric fields E0 are equal,
beams are collinear polarized and they overlap completely.

When the two optical beams interfere with each other on a photomixer, which is
typically LT-GaAs, the resulting electric field E(t ) and incident optical power Pi (t )
are equal to:

(1)

Fig. 1. Interference of two optical waves in time domain (a) and FFT spectrum (b).
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(2)
The product of the mixing process are four waves with frequencies f1 – f2, 2 f1, 2f2

and f1 + f2. The 2f1, 2f2 and f1 + f2 components oscillate on a much faster time scale
(ca. 700 THz) than electron–hole recombination time τ  in a photomixer and therefore
can be neglected. The optical beating periodically modulates the photoconductance of
the antenna deposited on the LT-GaAs. Under the presence of external electric field
(bias) in addition to DC photocurrent, an f1 – f2 AC component will be flowing through
the antenna and thus radiate EM wave.

Power of radiated THz electromagnetical wave is proportional to the square of
incident optical power Pi and square of applied bias to the antenna VB: 

(3)

where k is a factor depending on the antenna structure, radiation efficiency and carrier
dynamics in the LT-grown layer. The most accurate models of the photomixing
mechanism for the generation of THz waves were developed by BROWN et al. [15] and
SAEEDKIA et al. [16].

THz photon energy of 1.24 meV at 0.3 THz is well below values acceptable for
photodiodes based detectors widely used in the visible and infrared range. Therefore,
the most commonly used detectors for the THz range are based on thermal effects and
include bolometers, Golay cells and pyrodetectors. The basic element of thermal
detectors is a low heat capacity absorber which is heated up under illumination of
incident radiation. Such thermal detectors are responsive over a very broad wavelength
range stretching from microwaves to the infrared. The bolometer is capable of
measuring very weak THz signals in the range of nW. Typically, the detection speed
of thermal detectors is limited to about 10 to 25 Hz.

3. Experimental setup
Figure 2 shows the experimental setup. Optical beams from two DFB GaAs/AlGaAs
laser diodes are combined by 50:50 beamsplitter cube. The emission wavelength of
the diodes can be tuned between 857.9 nm and 861.3 nm by changing the temperature
of the diode from 1 °C to 50 °C, respectively. Therefore, the maximal difference
frequency between the two diodes equals to 1.38 THz.

The two-colour beam with an integrated optical power of 35 mW is guided and
focused onto a photomixer. The antenna is biased with 40 V copped at 20 Hz.
The terahertz radiation emitted by the photoconductive dipole antenna is pre-collimated
with a high-resistivity Si-lens of hypersemispherical shape [17, 18]. The THz beam is
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guided via four off-axis parabolic mirrors (PM) PM1–PM4 to the bolometer working
as THz detector. Between the PM2 and PM3 mirrors an intermediate focus is formed,
where the sample under investigation can be placed. Finally, THz radiation is
guided to the bolometer detector. The transmitting antenna is chopped electrically with
a unipolar square waveform between on and off state. The signal from the bolometer
is measured with a lock-in amplifier. Laser emission wavelengths are monitored by
a low-cost near infrared (NIR) spectrometer. Its spectral resolution of about 0.5 nm
determines the 10 GHz frequency step of measurements in THz range, as given by:

(4)

where c is speed of light, λ and f  are wavelengths and corresponding frequencies of
the laser beams.

3.1. Photomixer and THz antenna structure
The typical photomixer for excitation with wavelengths shorter than 860 nm is based
on low-temperature (LT) grown GaAs. This 2 μm thick LT layer grown at 300 °C on
a semi-insulating (SI) GaAs is characterized with sub-ps carrier lifetime and thus is
capable of response in THz range. On the top of the epitaxial layer, a planar metal
structure of the THz antenna is deposited, using the standard lift-off technique.

There are several possible shapes of THz antennas. The most common ones are
narrow-band dipoles or somewhat less efficient broad-band antennas, like bow-ties or
spiral-log antennas. Because photomixing efficiency is in general low, typically,
highly efficient, but very fragile antennas with interdigitated (finger) structures in
the excitation gap are used. In this paper all presented results are based on simple and
robust dipole antennas. The antenna structure is shown in Fig. 3. The dipole structure
of a length Ldipole is located in the central part of the chip between two long striplines
for applying the bias. The striplines are terminated by four 1 mm×1 mm contact
pads. Dipole antennas used in the presented experimental setup comprise dipoles with

Fig. 2. Cw terahertz spectrometer based
on thermal detection.
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a length of Ldipole = 200 μm and Ldipole = 100 μm. A two-color laser beam is focused
in an excitation gap with a width of wgap = 5 μm which is located in the middle of each
dipole structure, as shown in Fig. 3. The incident optical power is limited to 35 mW
due to damage threshold of a photomixer. The obtained photocurrent is in a range of
300 μA for both photomixers.

3.2. Experimental results
The Si-bolometer used as a THz detector has a flat spectral characteristic and allows
direct measurement of the emission spectra of photomixer antennas.

In the first experiment, emission spectra of antennas with 200 μm and 100 μm
dipoles were investigated. The emission of the first laser diode was set to 857.8 nm.
The wavelength f0 of the second diode was swept between 857.9 nm and 860.5 nm.
Therefore, a spectrum between about 50 GHz and 1100 GHz was covered. Figures 4b
and 4c show the measured antennas emission characteristics together with simulation
results. Theoretical spectra were calculated in a commercially available software [19].
The simulated antennae correspond to the real-life structures, as shown in Fig. 3.
For simplicity, it was assumed that the antenna structure deposited on the GaAs is
made of perfect conductor. The attached Si-lens was assumed to be half-space.
The calculated S12 parameters normalized to the measured spectra are shown in Fig. 4.
Both, the calculated and measured spectra agree reasonably well. The spectrum of
200 μm dipole exhibits two broad resonances around 200 GHz and 700 GHz
corresponding to the fundamental resonance and its third harmonics, respectively.
One can easily observe that the measured and simulated spectra are of rippled shape
and comprise several narrow-band sub-resonances, especially at frequencies below
400 GHz. This fact is contributed to the finite chip size which is comparable with
the emission wavelength at the lower frequency range. Therefore, the antenna cannot
be considered as a perfect dipole. The third harmonic resonance is already ripple-free.
One can observe small dips in the measured spectrum at 550 GHz and 750 GHz, which
originate from water-vapor absorption lines [20]. The second investigated antenna with
100 μm dipole has one broad resonance around 400 GHz. Again, the spectrum
showed in Fig. 4c exhibits several ripples at low frequencies, whereas the high
frequency part of the spectrum is more uniform. SNR of both measurements is in
the range of 35–40 dB.

Fig. 3. THz photomixer.
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In addition to the investigated antennas, Figs. 4a and 4d show the simulated emission
spectrum of antennas with 300 μm and 60 μm dipole, respectively. The 300 μm dipole
has a low frequency resonance around 100 GHz and higher order harmonics around
0.35 THz, 0.65 THz and 0.9 THz. The simulation of 60 μm shows very broad
resonance around 700 GHz. In general, with an increase in frequency high order
resonances get smaller in amplitude. This is contributed to the nature of the antenna
and to the lower mixing efficiency at higher frequencies [15]. With a decrease in
the dipole length, the antenna’s natural resonance shifts towards higher frequencies.
Moreover, high frequency resonances are considerably broader than resonances at
lower frequency range.

To demonstrate the spectroscopic capability of the system, a measurement of
the Bragg structure for THz frequencies was performed. The test sample is a manually
stapled multilayer structure composed of polypropylene (PP) foils and silicon (Si)
slices. Four 63 μm thick layers of high resistivity silicon with a refractive index of
3.418 are sandwiched between five 150 μm thick layers of polypropylene foil with
a refractive index of 1.530. The simulated transmission spectrum of the Bragg

Fig. 4. The simulated and measured spectrum of 300 μm (a), 200 μm (b), 100 μm (c) and 60 μm (d) dipole
antennas.
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structure is shown in Fig. 5b. Calculations were based on a commonly used transfer
matrix method [21]. The Bragg structure is designed to exhibit a broad stop-band
(reflection band) between 240 GHz and 370 GHz. Moreover, the structure has
a couple of very sharp figures and therefore acts as a perfect test sample for system
evaluation. More details about the tested Bragg structure and measurements performed
in the time-domain spectrometer can be found in [22]. Figure 5a shows the measured
reference signal and the one transmitted through the mirror. The measured signals
contain number of irregular features and may look noisy. However, the excellent
reproducibility between the two measurements showed in Fig. 5b proves that
the irregularities originate not from noise, but from the antenna’s emission character-
istics. The measurements disagree somewhat at lower frequencies due to the limited
resolution of the low-cost near infrared spectrometer used in the setup. At low
frequencies, both laser lines partially overlap and determination of THz frequencies
is difficult. For frequencies above 150 GHz, the experimentally measured and
simulated transmission spectra agree very well with each other.

4. Conclusions
In this paper, a continuous wave far infrared spectrometer covering electromagnetic
spectrum between about 50 GHz and 1.1 THz is presented. THz radiation is generated
via photomixing phenomena of two beams from DFB laser diodes. Emission spectra
of 100 μm and 200 μm LT-GaAs dipole antennas used in the spectrometer were
measured using a bolometer detector. Transmission measurements of the test Bragg
structure for THz frequencies proved very good resolution of the spectrometer.
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