
32nd URSI GASS, Montreal, 19-26 August 2017 

 

 

The laser-based vector network analyzer project at PTB 

 

Paul Struszewski and Mark Bieler 

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany 

paul.struszewski@ptb.de  

 

 

Abstract 

 

We describe recent developments towards 

a laser-based vector network analyzer, 

where a femtosecond laser is used for the 

generation and detection of ultrashort 

voltage pulses on a coplanar waveguide. 

We show that the device allows us to 

obtain scattering parameters over a broad 

frequency range and facilitates the 

development of an ultrashort voltage pulse 

standard whose shape is exactly known.  

 

1. Introduction 

 

The progress of femtosecond laser 

technology has boosted high-frequency 

applications, in which ultrashort voltage 

pulses are generated and detected using 

optoelectronic techniques. Such methods 

allow for the time-domain characterization 

of high-frequency devices such as 

oscilloscopes [1]–[3] or photodiodes [4]. 

Although the laser-based methods provide 

a large bandwidth exceeding for certain 

cases 1 THz, their further development and 

extension only proceeds very slowly. This 

is mainly due to two challenges occurring 

for time-domain measurements: (i) The 

measurement over very long time epochs, 

being necessary for small frequency 

spacings, is difficult. (ii) The separation of 

forward and backward propagating signals 

enabling vector network analysis is 

complicated. So far, this separation is only 

accomplished using time-windowing 

techniques. 

 

Here, we describe recent developments [5] 

towards a one-port laser-based 

optoelectronic vector network analyzer 

(VNA). Our device circumvents one of the 

main problems previously found for time-

domain measurements. The separation 

between forward and backward 

propagating signals, being the key task of 

VNAs, is realized by measuring voltage 

signals at different positions on the planar 

waveguide. This method even works for 

temporally overlapping forward and 

backward propagating signals. With this 

improvement laser-based techniques can 

now be used to perform vector network 

analysis considering every type of 

mismatch [5], [6]. 

 

2. Experimental setup 

 

The laser-based sampling of complex 

time-domain signals, is realized by 

employing a femtosecond laser and a so 

called pump-probe technique. Ultrashort 

voltage pulses are generated by focusing a 

laser beam (~140 fs pulse width, ~800 nm 

center wavelength) onto a biased 

photoconductive gap, which is integrated 

into a 4-mm long CPW. The CPW is 

evaporated onto low-temperature-grown 

GaAs with a carrier life time of ~1 ps 

enabling the generation of very short 

voltage pulses. A second laser beam 

(~90 fs pulse width, ~1600 nm center 

wavelength), which is synchronized to the 

first laser beam is used to measure the 

electric field of the voltage pulses by 

employing the electro-optic (EO) effect of 

the GaAs substrate and a typical EO 

detection set-up. By changing the time-

delay between the two laser pulses the 

shape of the voltage pulse is obtained. 



Calibrating the delay line used to realize 

the time-delay, traceability of the time-axis 

of the measurement to the unit time is 

obtained. A more detailed description of 

the experimental setup is given in [5]. 

The CPW is contacted on both sides using 

conventional microwave probes (MWPs) 

with 1.85 mm coaxial connectors. While 

the end close to the photoconductive gap is 

contacted with the first MWP to apply the 

bias, the other end is contacted with the 

second MWP for impedance matching and 

transfer of the voltage pulses to a coaxial 

device under test. For the results presented 

below the coaxial end of the second MWP 

was connected to a long semi-rigid cable 

with 1.85 mm connectors. The long cable 

provides an important reference since its 

electrical length is longer than 2 ns and, 

consequently, no reflections from the end 

of the coaxial cable will appear in the 

measured voltage pulses for measurement 

epochs smaller than 4 ns.  

 

In the following we comment on two main 

advances. We first discuss the 

measurement of reflection coefficients and 

describe the development of a voltage 

pulse standard thereafter. Throughout this 

paper, upper- and lower-case variables will 

be used for the expression of frequency- 

and time-domain variables, respectively, 

with the frequency and time dependence 

being implicit. 

 

3. Reflection coefficients 

 

The measurement of two voltage pulses 𝐯1 

and 𝐯2  at different positions on the CPW 

allows for the separation of forward and 

backward propagating voltage signals [5]. 

This in turn enables us to calculate the 

complex reflection coefficient in 

frequency domain, 𝚪, at the position where 

𝐯2 is measured, from 

 

  𝚪 =
𝐕2 − 𝐏𝐕1

𝐏(𝐕1 − 𝐏𝐕2)
𝐑 

 (1) 

with 𝐑  being a Tikhonov regularization 

filter to account for noise and 𝐏  is the 

transfer function of the CPW between the 

two measurement positions. The latter is 

obtained from parts of 𝐯1 and 𝐯2 which do 

not contain any reflections. The 

measurement position of 𝐯2 is 2 mm away 

from the end of the CPW where the second 

MWP is attached. The measurement 

position of 𝐯1 is roughly 340 µm closer to 

the photoconductive gap. 

 

 
Figure 1. (a) Time-domain representation of 

the reflection coefficient at the CPW 

measurement plane. The signals resulting from 

different transmission line discontinuities are 

explained in the text. (b) Square root of the 

covariance matrix of the time trace plotted in 

(a). 

 

The time domain representation of 𝚪  is 

shown in Fig. 1(a). This representation 



enables an easier interpretation than the 

frequency-domain representation. The 

largest reflection occurs at ~40 ps. It 

results from the position where the second 

MWP is attached to the end of the CPW. 

Additional reflections occur within the 

MWP and from the connection between 

the coaxial end of the MWP and the long 

semi-rigid cable. After ~600 ps no 

reflections are detected any more, since the 

semi-rigid cable does not provide any 

transmission line discontinuity.  

 

The square root of the covariance matrix 

of the time-domain representation of 𝚪 is 

shown in Fig. 1(b). This matrix was 

obtained from Monte-Carlo calculations 

according to [7], [8]. We show the square 

root of the covariance matrix such that the 

diagonal elements correspond to the 

standard uncertainty.  

 

4. Voltage pulse standard 

 

In order to obtain a voltage pulse standard, 

whose shape is exactly known, we have to 

separate forward and backward 

propagating voltage pulses. Additionally, 

we have to account for EO sampling which 

slightly changes the shape of the detected 

voltage pulse. The real shape of the 

forward propagating voltage pulse on the 

CPW is given by  

 

𝐕fw,real =
𝐕meas

(1 + 𝚪)𝐕ref𝐇eos
 

 (2) 

Here, 𝚪  is the reflection coefficient 

calculated in section 3. The Fourier 

transformation of the measured EO 

sampling signal is denoted by 𝐕meas. The 

reference signal 𝐯ref  is measured by 

applying a constant external bias to the 

CPW. It is needed to convert the unit of 

𝐯meas to the unit Volt.  

 

The EO transfer function 𝐇eos results from 

light-substrate interaction and a finite 

pulse width of the probe beam which acts 

as a low-pass filter and leads to a 

broadening of the ultrashort voltage pulses 

[5]. In order to remove this influence, we 

divide the normalized voltage pulse by the 

EO transfer function in the frequency-

domain.  

 

 
Figure 2. (a) Forward traveling voltage pulse 

on the CPW 𝐯𝐟𝐰,𝐫𝐞𝐚𝐥  with influences of EO 

sampling being removed. (b) Square root of 

the covariance matrix of the time trace plotted 

in (a). 

 

In Fig. 2(a) the best estimate 𝐯fw,real is 

plotted. We obtain an ultrashort voltage 

peak at 25 ps with a pulse width of 

approximately 2 ps. The corresponding 

square root of the covariance matrix is 

shown in Fig. 2(b). As in Section 3 we 

have used Monte-Carlo calculations to 

obtain the covariance matrix and the 

square root of the matrix is plotted such 

that the diagonal elements correspond to 



the standard uncertainty. Significant 

correlation values can be observed along 

the axes at 25 ps, emphasizing the 

influence of the main peak on voltage 

values at other time instances. This 

behavior can also be observed for smaller 

voltage pulses, for example, at ~105 ps 

resulting in a certain pattern of the 

covariance matrix.  

 

5. Conclusions 

 

We have shown that laser-based EO 

sampling techniques enable vector 

network analysis on CPWs. The main 

advantage of this method is the large 

bandwidth which might span more than 

three orders of magnitude from 500 MHz 

to 500 GHz [5]. Yet, we also note that the 

need for accurate background correction of 

time-domain signals still provides one of 

the largest uncertainty contributions for 

such measurements. It will be interesting 

to see whether new developments will be 

able to further improve this situation.  
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