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Abstract: THz time-domain spectroscopy (TDS) is a promising tool for quality control purposes in
industrial applications, but the high cost and the relatively large laser sources still make it difficult to
use the full potential of the technology for a decent price. In this work, a THz TDS system, which uses
a commercially available Fabry–Perot laser diode emitting at 1550 nm, is presented. By dispersion
compensation, pulses with a duration of 544 fs were generated, resulting in THz radiation with a
bandwidth of 1.4 THz and a peak dynamic range of 56 dB with state-of-the-art ErAs:In(Al)GaAs
photoconducting antennas. These results are compared with those of a conventional and expensive
fiber laser system with a 90 fs pulse duration.
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1. Introduction

Over the last three decades, THz time-domain spectroscopy (TDS) has matured from proof of
principle demonstrations [1] to a widely utilized tool in basic research and industrial applications [2].
Especially for industrial applications in real-world scenarios, it is mandatory to find compact and
cost-effective solutions for the required ultrafast laser source, which drives the THz TDS system. While
first experiments were performed with dye lasers, more user-friendly and reliable Ti-sapphire lasers
later enabled the first THz TDS images [3]. A big step towards user-friendly and more compact systems
was the employment of erbium-doped ultrafast fiber lasers [4]. With these systems it was possible
to demonstrate several real-world related applications including non-destructive testing [5–7], food
quality control [8–10], and applications in archeology [11–13].

However, fiber-lasers are still not the ideal solution for ultra-compact and cost-effective systems.
They must be pumped optically and still make up 50% of the total costs of a THz TDS system [14].
From a system engineer’s point of view, a semiconductor laser diode is the ideal light source. It can
be pumped electrically, has a very small footprint, and can be inexpensively mass-produced by the
semiconductor industry. Despite these advantages, no commercially available THz TDS system is
driven by a monolithic laser diode. The utter lack of ultrafast monolithic laser diodes stems from the
complex semiconductor physics, which prohibit the direct generation of ultrashort laser pulses [15–17].

One method to overcome this problem is the use of inexpensive multimode laser diodes without any
locking. The photomixer generates multiple THz frequencies by mixing the longitudinal laser modes.
This technique requires no specific phase relation of the modes. Furthermore, short-term fluctuations
caused by mode competition average out during a measurement due to temporal integration at each
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time step. Initially, this technique was called THz cross-correlation spectroscopy (CCS) [18,19] and
was later established as THz quasi time-domain spectroscopy (QTDS) [20,21]. Recent publications
demonstrate the feasibility at telecom wavelengths with a bandwidth of up to 2 THz [22,23]. However,
the performance of a mode-locked laser diode in THz TDS should be superior to CCS/QTDS since the
peak power and, hence, the generated THz power is higher, compared to a continuous wave laser.

So far only one demonstration for THz TDS using a monolithic laser diode exists [24], wherein
a research grade laser diode was used to drive a standard THz TDS system. The bandwidth was
limited to 800 GHz with a peak dynamic range of 45 dB. The poor performance, compared to recent
CCS/QTDS results, originated from rather broad pulses (~900 fs), low average optical power (5 mW)
at the photoconductive antennas (PCA), and an emitter PCA carrier lifetime of 30 ps, which is long
compared to the 25 ps period of the laser pulses.

In this paper, a commercially available laser diode was used to drive state-of-the-art
ErAs:In(Al)GaAs PCAs with carrier lifetimes around 2 ps (source: 2.1 ± 0.4 ps, receiver: 1.55 ± 0.1 ps).
The intrinsic linear chirp of the fiber-coupled laser diode can be compensated by the dispersion of
a standard single mode fiber. In the first step, its essential to find a stable operation mode and the
optimal fiber length for minimal pulse duration. Then, a classic THz TDS setup was used to evaluate
the capability to generate and detect THz radiation. The results are compared to a state-of-the-art
pulsed fiber laser.

2. Experimental Setup

A block diagram of the experimental setup is depicted in Figure 1. It can be divided in two parts,
the laser system (shaded in red) and the THz system (shaded in blue).
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ErAs:In(Al)GaAs emitter (Tx) and ErAs:In(Al)GaAs receiver (Rx) with the needed electrical devices 
for data acquisition and THz signal generation. 

2.2. THz System: 

The optical signal at the input of the THz system is distributed to the two PCAs by a fiber optic 
PM 50/50 beam splitter. The PCAs are ErAs:In(Al)GaAs photoconductors, optimized for 1550 nm 
excitation, similar to those presented in Reference [27]. The source consists of a superlattice of 15 nm 
InGaAs, 1.5 nm p-InAlAs, 0.8 monolayers ErAs, and 1.5 nm p-InAlAs with 90 periods. It is connected 
to an H-dipole with a central dipole length of 35 µm and a gap of 20 µm. The receiver is a superlattice 
with 90 periods of 15 nm InGaAs, 1.6 monolayers delta-p-doped ErAs, and 2 nm p-InAlAs with an 
H-dipole of length 100 µm and a gap of 10 µm. The optical signal for the detector can be delayed by 
a translation stage (M-ILS150CC Motorized Linear Stage, Newport). The THz system was operated 
under ambient air. 

The photocurrent generated at the receiving PCA is converted to a voltage with a 
transimpedance-amplifier (TIA) and detected by a lock-in amplifier (MFLI, Zürich Instruments). 
Lock-in detection is facilitated by modulating the bias voltage of the transmitting PCA with a sine 
wave. The sine wave is generated by a signal generator (HP8116A). A high-voltage amplifier (Tabor 
Electronics 9200) is used to adapt the output voltage range to the required bias voltage of the PCA 
(~120 V). The lock-in amplifier is synchronized with the signal generator. 
  

Figure 1. Schematic of the THz TDS setup. The red part shows the setup used for the analysis of
the laser characteristics of the monolithic Fabry–Perot laser diode and polarization management for
the input signal of the THz system. The laser chirp can be compensated with a SMF (single mode
fiber) of variable length. The blue part shows a classical TDS setup with a delay-line, the THz optics,
and ErAs:In(Al)GaAs emitter (Tx) and ErAs:In(Al)GaAs receiver (Rx) with the needed electrical devices
for data acquisition and THz signal generation.
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2.1. Laser System

The monolithic laser source in our setup is a fiber-coupled Fabry–Perot laser diode (FPL1009P,
Thorlabs). It offers a small footprint, can be pumped electrically, is commercially available, and is
inexpensive (<$1500) as compared to fiber lasers. Its emission wavelength is centered at 1550 nm,
which makes the laser compatible with established telecom technology. The free spectral range (FSR)
is 43.47 GHz, while the average output power exceeds 100 mW at an injection current of 500 mA.
Although this laser is sold as a longitudinal multimode laser with no hint of mode locking capabilities,
there was the conjecture from previous experiments that the broad emission spectrum with a full-width
half-maximum exceeding 10 nm is a sign of four-wave mixing mode locking in this single section
laser [25,26]. In this case, the laser emits linearly chirped pulses, which can be compressed by the
anomalous dispersion of a standard single mode fiber (SMF) [24].

The rest of the laser system setup is as follows: To suppress unwanted feedback from the rest of
the setup, a fiber optic isolator is employed. The inherent chirp of the laser can be compensated using
a SMF with variable length. A fused fiber polarization splitter (PS) is used to ensure well-defined
linear polarization at the output of the laser system. The polarization maintaining fiber (PMF) at the
slow-axis output of the PS is connected to the PMF at the input of a fiber optic 50/50 beam splitter.
The PMF at the fast-axis output of the PS is connected to a power meter. A polarization controller at
the input of the section of SMF is used to minimize the power at the fast-axis output of the PS, thus
maximizing the power at the slow-axis output. To check whether an ultrashort laser pulse exists,
a second harmonic generation (SHG) autocorrelator (pulseCheck, APE Berlin) is used to determine the
length of the pulse. The length of the SMF can then be varied to find optimal dispersion compensation
and hence the shortest pulse. The autocorrelation function (ACF) is directly measured before the PCAs
to determine the correct pulse duration. Further, an optical spectrum analyzer (MS9740A, Anritsu) is
used to obtain the optical spectrum of the laser diode.

2.2. THz System

The optical signal at the input of the THz system is distributed to the two PCAs by a fiber optic
PM 50/50 beam splitter. The PCAs are ErAs:In(Al)GaAs photoconductors, optimized for 1550 nm
excitation, similar to those presented in Reference [27]. The source consists of a superlattice of 15 nm
InGaAs, 1.5 nm p-InAlAs, 0.8 monolayers ErAs, and 1.5 nm p-InAlAs with 90 periods. It is connected
to an H-dipole with a central dipole length of 35 µm and a gap of 20 µm. The receiver is a superlattice
with 90 periods of 15 nm InGaAs, 1.6 monolayers delta-p-doped ErAs, and 2 nm p-InAlAs with an
H-dipole of length 100 µm and a gap of 10 µm. The optical signal for the detector can be delayed by
a translation stage (M-ILS150CC Motorized Linear Stage, Newport). The THz system was operated
under ambient air.

The photocurrent generated at the receiving PCA is converted to a voltage with a transimpedance-
amplifier (TIA) and detected by a lock-in amplifier (MFLI, Zürich Instruments). Lock-in detection is
facilitated by modulating the bias voltage of the transmitting PCA with a sine wave. The sine wave
is generated by a signal generator (HP8116A). A high-voltage amplifier (Tabor Electronics 9200) is
used to adapt the output voltage range to the required bias voltage of the PCA (~120 V). The lock-in
amplifier is synchronized with the signal generator.

2.3. Reference Laser System

To compare the performance of the monolithic laser diode with other laser sources, the measurements
have been repeated with a state-of-the-art 1550 nm fiber laser system, from Menlo Systems, with 90 fs
pulse duration. This system replaces the red part (optical setup) of Figure 1, while the blue part (THz
Setup) remains unchanged.
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3. Results

This section shows the results from the optical characterization of the laser diode FPL1009P,
the measured THz time-domain traces, and spectra. Further, a spectrum recorded with the fiber laser
from Menlo Systems is compared to the results from the monolithic laser diode.

3.1. Optical Characterization

The power spectrum of the monolithic laser diode is measured with an optical spectrum analyzer
at a laser temperature of T = 20.10 ◦C and an injection current of I = 487 mA. The trace is depicted
in Figure 2a. From the spectrum, the mode spacing was calculated to be ∆ fFSR = 43.47 GHz. If the
laser is mode-locked, the optimal dispersion for chirp compensation can be estimated from the −10 dB
bandwidth, ∆ f10dB, and ∆ fFSR [28], as follows:

|B| = (2π∆ f10dB∆ fFSR)
−1 = 2.274 ps2, (1)

with ∆ f10dB = 1.61 THz. From the group velocity dispersion, GVD = 0.023 ps2/m of an SMF at
1550 nm follows a predicted fiber length of 99 m.
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Figure 2. (a) Shows the spectrum of the FPL1009P. The total fiber length in (a,b) is 84 m. (b) Shows
the autocorrelation function after dispersion compensation with 84 m SMF (black) and 14 m (gray),
the simulated autocorrelation function (ACF) with a residual chirp (red), and with perfect chirp
compensation (green). The measured FWHM is 762 fs, which corresponds to a deconvoluted pulse
duration of 544 fs.

To check whether the laser is mode-locked, the second harmonic generation (SHG) ACF is
measured after the beam splitter. First, we measured the ACF without additional fiber. In this case,
the total fiber length is 14 m due to the fiber from the laser, the fiber-based isolator, and the polarization
controller. The ACF can be seen as a flat gray line in Figure 2b.

The SMF length that provides the best chirp compensation is determined experimentally by
changing the total fiber length from 14 m to 84 m in steps of 5 m and finer steps close to the optimum
point. At a total fiber length of 84 m, the full-width at half maximum (FWHM) of the measured
ACF reaches a minimum of 762 fs. The measured ACF is depicted in black in Figure 2b and clearly
demonstrates that the laser diode is mode-locked. The mismatch of 15 m for the optimal fiber length
between the estimated and the experimentally found fiber length originates from the phenomenological
nature of Equation (1). The −10 dB bandwidth is especially highly dependent on the shape of the
optical spectrum.
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To verify the chirp compensation, the ACF can be simulated from the measured power spectrum
as follows: The electric field of the laser signal is given by the sum of those of the individual modes,

ELD(t) =
N−1∑
k=0

Ek·ej[2π·( f0+k·∆ fFSR)t+ϕk] , (2)

where Ek and ϕk denote the amplitude and phase of mode k, respectively. The corresponding
instantaneous optical power, i.e., the optical pulse envelope, is

Popt(t) =
∣∣∣ELD(t)

∣∣∣2, (3)

and the ACF, R(τ), can be calculated according to

R(τ) =
∫
∞

−∞

Popt(t + τ)·Popt(t) dt. (4)

The chirp-free case is approximated by a linear phase relationship between the modes, i.e.,

ϕk,lin = ϕ0,lin·k , (5)

with the arbitrary phase slope ϕ0,lin.
The residual chirp in our measurement is approximated by assuming a square phase profile, i.e.,

ϕk,squ = ϕ0,squ·

(
k
N

)2

. (6)

The parameter ϕ0,squ is optimized so that the FWHM of the simulated ACF matches the FWHM of the
measured ACF.

The chirp-free case is depicted as the green line in Figure 2b with an FWHM of the ACF of 656 fs.
The simulated ACF for the case of a residual chirp is depicted as the red line in Figure 2b and exhibits a
FWHM of 762 fs. Its shape closely matches the shape of the measured ACF (black).

Further, a conversion factor can be calculated for the ACF of the measured pulse with the simulated
data. The ACF is always broader than the underlying pulse. Dividing the FWHM of the simulated
ACF by the FWHM of the simulated pulse yields a factor of 1.4. The deconvoluted pulse duration is
thus 544 fs for the measured pulse. The pulse is a factor of 1.16 wider than the ideal chirp-free pulse.
This deviation can be explained by higher order dispersion, which cannot be compensated by simply
adding SM fiber length. The time-bandwidth-product (TBP) of the laser is 0.7, with a 3 dB bandwidth
of 1.3 THz.

3.2. THz Results

The above-described measurements demonstrate that the used laser diode is mode-locked.
We used the optimum parameters (injection current, fiber length) to drive the THz setup (Figure 1,
blue part) with the laser diode. The transimpedance amplifier (TIA) before the lock-in amplifier is set
to a gain of 107 V/A. The lock-in frequency is set to 17.3 kHz and the amplitude of the external sine
wave reference is set to 7 V. The HV amplifier is used to increase the reference voltage by a factor of 15
to 105 V for the emitter antenna, which results in a maximum photocurrent of 205 µA. The integration
time, tc, is set to 1 ms. At each time step, a waiting time of 10 ms is introduced as the settling time for
the lock-in amplifier. The scan window is 120 mm at a step size of 0.025 mm. The optical power is
22 mW at the THz emitter and 27 mW at the THz receiver.

Figure 3a,c shows the THz time-domain traces recorded with the FPL1009P. The time between
the pulses is ∆t = 23 ps for both time-traces and corresponds to the inverse repetition rate of the laser,
at 43.47 GHz. The laser´s high repetition rate causes the discrete spectrum shown in Figure 3b,d
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obtained by Fourier transformation. The measurements shown in Figure 3c,d are done with a metallic
mesh-filter inside the THz path. This filter acts as a high pass filter attenuating the low frequency
components (particularly <400 GHz) in the spectrum.
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Figure 3. THz TDS time-domain traces (a) VP2P = 14.1 mV and (c) VP2P = 8.3 mV and spectra (b,d) with
the FPL1009P laser diode. (a,b) are recorded without high pass mesh-filter. (c,d) with high pass mesh
filter. (b) has a peak dynamic range of 51 dB and 1.4 THz bandwidth and (d) with filter: 48 dB and
1.3 THz.

The peak-to-peak amplitude is 14.1 mV without the filter (Figure 3a) and 8.3 mV with the mesh
filter (Figure 3c), corresponding to a decrease to 60% in peak-to-peak amplitude. Due to an unwanted
resonance in the antenna leads, the emitter-receiver pair produces a particularly strong line around
50 GHz, which causes ringing after the main pulse. This ringing is visible in the red shaded areas in
Figure 3a, which is heavily attenuated by the filter, as shown in Figure 3c. The red shaded part of the
pulse in Figure 3a has a peak at 3.5 mV, whereas this peak is reduced to 0.98 mV with the use of the
filter. This is a reduction factor of 3.6 in amplitude of the unwanted resonance. The visibility of the
filter effect is more pronounced in the frequency domain. The first peak at 43.47 GHz in Figure 3d is
suppressed by 7.5 dB, as compared to Figure 3b, but it is still dominant considering the peak dynamic
range. Therefore, we neglected it for the determination of the peak dynamic range. The peak dynamic
range is 51 dB without and 48 dB with the filter. Using the filter decreased the bandwidth from 1.4 THz
(without filter) to 1.3 THz (with filter).

3.3. Comparison with Reference Laser System

In order to compare the results from the laser diode to a state-of-the-art fiber laser, we repeated the
measurement with a Menlo Systems 1550 nm laser with a pulse duration shorter than 90 fs. The settings
of the lock-in amplifier are kept as before, but the step size for the delay-line was reduced to 0.01 mm
to resolve the higher bandwidth. The laser power is 45 mW at the emitter and 16 mW at the receiver
side. For this measurement, the mesh filter is removed. The measured time-domain trace is depicted
in Figure 4a. The system generates a single THz pulse. The low frequency oscillation after the pulse is
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due to the above described unwanted resonance of the antenna leads. The slight ripples after the main
pulse originate from absorption due to water vapor.
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Figure 4b shows the retrieved spectrum (black). The peak dynamic range is about 70 dB, while
the bandwidth exceeds 4 THz. The water lines are clearly visible. For comparison, the spectrum from
the laser diode driven system without mesh is plotted in light red.

4. Conclusions

In this work, we have demonstrated that a low-cost Fabry–Perot laser diode works very well
to drive a THz TDS setup. We found that the commercially available laser diode is mode-locked.
With 84 m of additional single mode fiber, the linear chirped pulse can be compressed to 544 fs. Without
any further amplification, a THz pulse train is generated. The spectral bandwidth of the THz signal is
1.4 THz with a peak dynamic range of 51 dB from a single measurement.

For comparison, the measurement with the state-of-the-art fiber laser under otherwise same
conditions shows a peak dynamic range of 70 dB and a bandwidth of more than 4 THz. Keeping in
mind that the laser diode costs less than a tenth of the fiber laser, Fabry–Perot laser diodes are an
excellent alternative to fiber lasers for future low-cost terahertz systems. For applications like the
detection of water content of leaves or the detection of germinable sugar beet seeds, a bandwidth below
1 THz suffices [29,30]. These applications can be realized with this cheap and compact laser source.
Further, we see that the bandwidth is now limited by the pulse duration of the laser. If the pulse
duration can be further reduced, for example by the modulation of the laser diode as in Reference [31],
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