
Abstract—In this work, we present an analytical model that 
links the complex terahertz spectrum acquired with a terahertz 
time-domain spectroscopy (THz-TDS) system to the complex 
optical spectrum from a monolithic mode-locked laser diode 
(MLLD) and the transfer function of the terahertz channel. It also 
gives the relationship between the optical intensity autocorrelation 
and the terahertz spectrum. This model greatly improves the 
understanding of THz-TDS with ultra-high repetition rate lasers 
and enables the design of lasers with optimized optical spectra. 

I. INTRODUCTION  

NE major contributor in terms of size, weight, and cost 
of state of the art THz-TDS systems is the femtosecond 
fiber laser. A promising alternative as driving source are 

MLLDs [1,2]. They have the potential to enable compact and 
low-cost systems and their ultra-high repetition rate eliminates 
the need for accurate matching of the transmit and receive path 
lengths, which is especially beneficial for reflection mode 
measurements. In this work, we improve the understanding of 
THz-TDS with MLLDs by presenting an analytical model that 
relates the complex optical spectrum of the MLLD to the 
complex terahertz spectrum. 

II. MODELING 

Our model considers a conventional THz-TDS setup 
consisting of a light source whose output is distributed to a 
photodiode-based emitter and – through a variable delay line – 
to a photoconductive receiver. The starting point of the model 
is the complex optical spectrum of the MLLD [3]: ݁optሺݐሻ ൌ  ேିଵܧ

ୀ ⋅ ejሾଶగሺబାிሻ⋅௧ାఝೖሿ	, (1)

where N denotes the number of considered laser modes, f0 is the 
frequency of the first mode, F is the repetition rate of the laser, 
and Ek and φk denote the amplitude and phase of mode k, 
respectively. Now, the detected terahertz signal at the output of 
the photoconductive receiver can be calculated as [3]: ݅detሺ߬ሻ ∝ |ܪTHzሺ݉ܨሻ|ேିଵ

ୀଵ  

      ⋅ sinሾ2߬ܨ݉ߨ  ሻሿܨTHzሺ݉ܪ∠ ⋅ , (2)	ܣ

where HTHz(mF) is the transfer function of the terahertz channel, 
τ is the delay of the receiver arm, and the terms Am are amplitude 
factors that depend exclusively on the complex optical 
spectrum through the relationship [3]: 

ܣ ൌ  ܧܧିܧܧିேିଵ
ୀ

ேିଵ
ୀ ⋅ cosሾሺ߮ െ ߮ିሻ െ ሺ߮ െ ߮ିሻሿ . (3)

Similarly, the intensity autocorrelation can be expressed as [3]: ܴሺ߬ሻ ∝  cosሺ2߬ܨ݉ߨሻ ⋅ .ேିଵ	ܣ
ୀ  (4)

It can be observed that the terahertz amplitude spectrum is the 
amplitude spectrum of the intensity autocorrelation weighted 
with the transfer function of the terahertz channel. Thus, the 
intensity autocorrelation of a MLLD can predict its 
performance in a THz-TDS system. 

III. EXPERIMENTAL RESULTS  

To test the validity of the model, we use a two-section mode-
locked quantum-dot (QD) laser diode from Fraunhofer 
Heinrich-Hertz-Institute (HHI) in a THz-TDS system as 
depicted in Fig. 1. The MLLD has a repetition rate of 
50.17 GHz and is tuned to a central frequency of 192.5 THz [4]. 
The terahertz emitter is an InGaAs photodiode-based module 
and the detector is an InGaAs photoconductive antenna-based 
module, both from Fraunhofer HHI [5]. The polarization of the 
optical output signal of the MLLD is aligned to the slow axis of 
the polarization-maintaining fibers in the spectrometer with a 
polarization controller in tandem with a polarization splitter. 
We use an OZ Optics ODL-650 motorized variable delay line 
in the receiver path and a Zurich Instrument MFLI lock-in 
amplifier for measuring the photocurrent at the output of the 
terahertz detector.  

Fig. 2(a) shows the amplitude spectrum of the MLLD 
measured with an Anritsu MS9740A optical spectrum analyzer. 
We adjust the laser chirp at the input of the THz spectrometer 
by using the anomalous dispersion of a variable-length section 
of single-mode fiber between the polarization controller and the 
polarization splitter. For the nearly chirp-free case obtained 
with the single-mode fiber length LSMF = 50 m, Fig. 2(b) shows 
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Fig. 1. THz-TDS measurement setup. Red lines represent single-mode optical 
fibers. Blue lines represent polarization-maintaining optical fibers. Black lines 
represent electrical signals.



the intensity autocorrelation measured with an APE pulseCheck 
second harmonic autocorrelator in blue and the intensity 
autocorrelation calculated with the equations given above in 
red. The calculated autocorrelation matches the measured 
autocorrelation both in terms of shape and pulse width. Fig. 1(c) 
shows the corresponding measured and calculated terahertz 
spectra. The calculated spectrum is normalized to the measured 
spectrum to facilitate the comparison. The amplitudes match 
remarkably well with the measured terahertz spectrum across 
the entire detectable frequency range. This clearly validates our 
proposed analytical model.  

IV. CONCLUSION 

We have shown a model that predicts the detected terahertz 
spectrum of a THz-TDS system driven by a MLLD from the 
complex optical spectrum of the MLLD and the transfer 
function of the terahertz path. The model will help to gain a 
better understanding of THz-TDS systems, especially with 
ultra-high repetition rates. Further, it enables the systematic 
development of MLLDs for THz-TDS. 
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Fig. 2. (a) Measured optical spectrum. (b) Measured and calculated intensity
autocorrelation for the chirp-free case. (c) Measured and calculated terahertz
spectrum for the chirp-free case. 
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