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Abstract: Lighting impulse measurements are made as a matter of routine in high voltage testing of high-
voltage electrical equipment. The test is often decisive for acceptance of the equipment under test, and 
consequently proper and precise calibration of the measuring system is needed. The present work centres 
on the need to quantify the errors of reference measuring systems for lightning impulse. Scale factor 
determination at low frequency (or DC) is the starting point for this determination. The extrapolation from this 
frequency domain to the domain where microsecond pulses must be faithfully captured requires application 
either of methods in the frequency domain or in the time domain. Radio frequency measurements are only 
well defined for coaxial structures and at impedances in the range of 50 Ω or thereabouts, making them 
difficult to apply to the large structures of high-voltage measuring systems. The converse method in the time 
domain is to apply a Dirac impulse to the system and calculate the response to an assumed input signal by 
convolution. A true Dirac pulse is not readily available and in practice the applied pulse is a step voltage, 
which is then derived with respect to time and convolved with the applied signal to obtain the response of the 
measuring system. 

The step generator used for this purpose should have very fast front without oscillations. The intent is to 
achieve a close approximation of an ideal step function, which when derived with respect to time, yields the 
impulse response of a tested system. A necessary prerequisite is that the step is much steeper than the 
lightning impulse, and is flat after the step on times much longer than the impulse.  

The ideal switch element in such a step generator should have infinite resistance and zero capacitance in 
the off-state, very fast switching to on-state and very low resistance in on-state. The mercury wetted reed 
switch has often been used for this purpose since it has good characteristics in all these respects. Few, if 
any, electronic components exhibit competitive advantages compared to the reed switch. The relative lack of 
parasitic effects means that it is close to being an ideal device. 

Based on earlier experiences by the authors, a new design has been developed with focus on electrical 
screening and coaxial design in order to realise a step generator that works into a high impedance 
instrument. Considerable work has been performed to characterise the new device with regard to steepness 
of step and most importantly, to voltage stability after the step. The most demanding part of this work has 
been to separate the performance of the switch from that of the oscilloscope. Findings indicate that the step 
rise-time is less than 0.5 ns, and settling to within 0.5 % within 10 ns. 

 
1 INTRODUCTION 

Reliable measurement of lightning impulse 
requires a measuring system with step response 
that has a fast rise-time followed by a stable final 
level. A suitable device to produce a high-quality 
test signal is required. Apart from a very few 
reference generators for step voltage, there exists 
the possibility to design a step generator utilising 
the good performance of a mercury wetted reed 
switch. There are two main applications for the 
step generator, to determine the performance of 
the high voltage divider, requiring a few ns rise-
time and a few 100 V, and to determine the 
performance of the oscilloscope (transient recorder) 
used to capture the signals, requiring ns rise-time 

and step magnitude up to a few 10 V. This work 
concentrates on the latter application. 

The use of mercury wetted switches to produce 
step voltage is known since a long time and a good 
overview is given in [1]. Ultimate performance of 
the mercury reed switch has been investigated in 
strict coaxial environment [2-4] to be on the order 
of 25 ps, an astounding feat in the mid-1970ies as 
it were. This means that in practice the limitation in 
performance for this switcher is related to 
necessary imperfections in coaxial layout, or lack 
of true 50 Ω impedance – the latter necessary 
when a high-impedance input is to be 
characterised. Nanosecond response without 
oscillations can be achieved either by lowering the 
input impedance of the recorder, or by increasing 



 

the output impedance of the step generator. Both 
approaches are demonstrated in this paper. 
Figure 1 shows the influence of the digitizer input 
impedance to the measured response of closing 
contact of a mercury-wetted relay. In both cases, 
the transition time is approximately 1 ns. Both 
approaches have their drawbacks, 50 Ω 
measurement shows creeping (see also 3.2) and 
1 MΩ measurement strong oscillations (see 2.2).  

  
Figure 1.Step response of a step generator measured with 50 Ω 
and 1 MΩ inputs. Only the input impedance of the oscilloscope 
is changed. Bandwidths of the 1 MΩ and 50 Ω inputs are 
500 MHz and 1 GHz, respectively. 

Use of mercury wetted switch for step response 
analysis of oscilloscopes has been reported in 
earlier works, e.g. [5]. 

It is tempting to assume that the mercury reed 
switch is indeed the perfect device, but it is soon 
seen that the details in mechanical design can 
influence the performance. Unfortunately, there 
does not exist any oscilloscope (or transient 
recorder) that is manifestly known to be better, as 
shown by the work reported in paper [6]. In the 
final analysis, a complex dance between the switch 
and the best oscilloscopes is necessary to trace 
down imperfections both in the switch and in the 
oscilloscope. 

2 ALTERNATIVE DESIGNS 

2.1 Requirements 
Few electronic components are suitable as 
switching element. The desired characteristics are: 

• Very high off-resistance (MΩ) 
• Very low capacitance in off state (pF) 
• Very low on-resistance (mΩ) 
• Very fast switching to on-state (ns) 
• Very stable level after step (sub-%) 
• Electrostatic screen between coil and switch 
 

2.2 An early realisation by SP 

The switch used is a Clare HGRM 55211 P00 
relay. This relay is single pole, double throw with 
mercury wetting. The basic circuit is shown in 

Figure 2. A DC voltage is applied to the coaxial 
output via a current limiting resistor. The relay drive 
circuit drives the relay winding, causing the relay to 
short-circuit the coaxial output to earth. This relay 
is not equipped with electrostatic screening. The 
reed relay can be driven at switching rates on the 
order of 50 Hz. This feature was important in the 
days of analogue oscilloscopes, but plays less role 
when a transient recorder is used.  

Re1

DC

Relay  drive circuit

Coaxial output

R1

 
Figure 2. Basic step generator circuit 

The generator is built into a cast aluminium 
housing providing both shielding and low 
inductance paths for the signals. The housing is 
approximately 100 mm x 60 mm x 50 mm, see 
Figure 3. 

 
Figure 3. Step generator physical layout 

DC is supplied via two banana plug terminals as 
seen on Figure 3, exterior view. The output 
terminal is a male BNC coaxial connector. 

The interior view shows the relay Re1 with its drive 
circuit on a small circuit board. The normally open 
contact of the relay is connected via a low 
impedance strip on the circuit board to two screws 
effecting the connection to the housing. The strip is 
vaguely visible through the upper right hand corner 
of the circuit board. The common contact of the 
relay is connected with an insulated conductor to 
the central conductor of the BNC connector. The 
normally closed contact is not used. A binding post 
in the upper left corner holds a small ceramic 
capacitor and also serves as connection point for 
incoming DC and for a resistor R1 (1 kΩ) routing 
the DC to the BNC connector. The capacitor was 
used in unsuccessful attempts to ameliorate the 
generated step. 

Earth strip Relay 



 

As shown in Figure 3, considerable conductor 
length is present between relay and output 
connector. The performance also suffers from this 
and exhibits considerable oscillations. See Figure 
4. This performance is not satisfactory and efforts 
need to be made to ameliorate it.  

 
Figure 4. Early step generator exhibiting heavy ringing at 
170 MHz and with 74 % overshoot. Input impedance 1 MΩ. 

2.3 Design by VTT MIKES 

In an attempt to keep the stray inductance at a 
minimum, this design is in between the two by SP. 
A number of boxes have been built since mid 90´s, 
but they all share the same approach where the 
relay is connected as close to the BNC connector 
as possible. Different types of relays have been 
used. A typical box is shown in Figure 5. It has a 
copper foil for grounding the relay (Clare HGRM 
55211 ICO) to the BNC output connector. The 
charging voltage is fed through a 120 Ω resistor. 

 

Figure 5. One of VTT MIKES step generator designs. 

The step response measured by a fast 
oscilloscope is shown in Figure 1. When using 
50 Ω input impedance the bandwidth of the 
oscilloscope is 1 GHz. The response does not 
show significant oscillations on the response, but a 
clear droop can be seen. When measured with 
1 MΩ input, the bandwidth is 500 MHz, and the 
system shows oscillations on c. 200 MHz. This is 
caused by the input capacitance of the 
oscilloscope (c. 10 pF) and the inductance of loop 
formed by the step generator and oscilloscope 
input circuit (c. 60 nH, calculated from the 
capacitance and oscillation frequency). The more 
compact structure of the step generator has led to 
slightly lower oscillation frequency compared with 
the SP design. A series resistor of c. 100 Ω would 

lead to critical damping of this first order circuit 
oscillation. 

2.4 Design by PTB 

The relay is built in a CNC-milled aluminium 
housing, see Figure 9. The used relay is a Meder 
electronic LP12-1A88-80U. If the relay is controlled 
with a square-wave signal of a frequency 
generator, it will short-circuit the applied voltage of 
a maximum of 1000 V. To avoid excessive stress 
on the voltage source and the mercury relay, a 
10 kΩ high-load resistor is installed in series with 
the voltage source. This resistor is screwed directly 
to the aluminium housing in order to operate as a 
heat sink and an EMV shielding. Thus, a coupling 
into sensitive devices in short distances to the 
relay can be avoided. A matching resistor of 50 Ω 
is connected to the output to minimize traveling 
waves when using coaxial cables. 

 

 

Figure 6. PTB Step generator with open cover.  

The step of this relay switch was captured using a 
Tektronix DSA 602A with an analogue bandwidth 
of 400 MHz, a resolution of 8 bit and a sampling 
rate of 1 GS/s. The averaged curve of 20 single 
shots without any filtering exhibits a rise time of 
0.9 ns. The minimum rise time is effected either by 
the relay switch or by the performance of the 
oscilloscope or even both. 

 
Figure 7. Step captured with Tektronix DSA 602A with a rise 
time of 0.9 ns and an overshoot of 14 %. Input impedance 
1 MΩ. 

Trigger 
input 

DC input 

Output BNC is 
behind the relay 



 

2.5 New design by SP 

In order to keep stray capacitance and inductance 
at a minimum, a design with coaxial layout was 
chosen. The reed switch (Comus type MH4) was 
purchased as a separate device and a housing 
made of a thin-walled brass tube (OD 3.5 mm) was 
used as return path to earth. The DC voltage input 
was implemented with a surface mount resistor 
soldered directly to the stem of the reed switch, the 
latter made accessible by means of a cut-out in the 
brass tube. The resistance was chosen to 1 kΩ. 

  
 

Reed switch Resistor for DC Screening tube 

Figure 8. Stages in construction of step generator showing the 
coaxial design. 

An actuating coil was fitted on the brass tube and 
the whole assembly mounted in a small box.  

 

Figure 9. Step generator with open cover. DC voltage is fed 
from the BNC on the right. Actuating coil feed is from partially 
hidden BNC on the backside of the box. 

3 PERFORMANCE OF SP NEW DESIGN 

3.1 Static contact resistance 

Specification of static contact resistance of the 
reed switch used is 30 mΩ. The actual resistance 
was measured by applying a known DC voltage to 
the voltage input and loading the output with 50 Ω. 
The 1 kΩ resistor ensures that the current change 
between open and closed reed switch is negligible. 
The ratio of voltage between open and closed 
switch is then the same as the ratio of contact 
resistance to 50 Ω. The measured static contact 
resistance was 32 mΩ, which is slightly higher than 
specified. The calculated resistance of the brass 
tube is however 1.6 mΩ, which explains the 
difference. 

3.2 Dynamic contact resistance 

Ideally, the resistance should be time-independent 
from the moment of contact. In practice this is not 
so, and a measurement is needed. The 
measurement setup for the static contact 
resistance can however be applied also for 
dynamic contact resistance. The measurement of 
voltage after contact closure is indicative of the 
dynamic change in resistance. The measurement 
was performed with a Tektronix 3054B, which has 
been proven to have excellent step response, 
especially for 50 Ω termination. In this 
measurement internal termination was used. The 
measurements were taken as the average of at 
least 128 traces, in order to enhance resolution 
and minimise effects of noise. 

The step response is shown with a logarithmic time 
scale to enhance the understanding of the 
phenomenon.  

 
Figure 10. Contact resistance up to 900 µs after step. Input 
impedance 50 Ω 

Figure 10 shows that the contact resistance has an 
initial value of about 250 mΩ, decreasing 
logarithmically for 100 µs, whereafter it stabilises to 
the static value of 32 mΩ. 

 
Figure 11. Logarithmic part of step response with fitted trend 
line. Input impedance 50 Ω 

Analysing the trace in the time frame up to 90 µs, 
as shown in Figure 11, an excellent fit is obtained, 
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although there is an appreciable noise originating 
from the digitising noise of the transient recorder. 

The possibility that the good fit is related to the 
input characteristics of the oscilloscope has been 
investigated by changing the step generator circuit 
as shown in Figure 12 with series resistor 91 Ω to 
provide high current, and comparing in Figure 13 to 
the normally used configuration with 1 kΩ series 
resistance, as shown in Figure 14. 

1MΩ 
DC91Ω 

50Ω 

BNC

 
Figure 12. Feeding high current in the step generator. Both 
50 Ω termination and 1 MΩ input in oscilloscope are shown. 
Termination can be either internal or external 

 
Figure 13. Voltage measured with high current through the reed 
switch (left) and low current (right). Time is logarithmic from 
10 ns to 100 µs, with a vertical scale of ± 3 % of step amplitude. 
The oscilloscope had identical settings (1 MΩ) and the same 
step voltage was applied. 

Analysing the normal circuit we find that the initial 
resistance of 0.25 Ω results in a negligible initial 
step distortion of at most 0.025 % when connected 
to the oscilloscope input which is 1 MΩ // 13 pF. 
Furthermore, the step amplitude will be 0.1 % less 
than applied DC voltage due to the 1 MΩ loading. 

DC1kΩ 
1MΩ 

 
Figure 14. Circuit of step generator in normal operation 

3.3 Step response 

The step response of the step generator observed 
with the 500 MHz oscilloscope Tektronix 3054B in 
Figure 15 exhibits a very fast front, the fall time is 
equal to the stated performance of the instrument, 
which is 0.7 ns. The amelioration compared to the 
previous design shown in Figure 4 is dramatic. 

The generator has been modelled in LT-Spice, 
using estimates of circuit parameters partly based 
on measurements and partly being fitted to the 
observed output step. With open switch, output 
capacitance is 8±1 pF and with closed switch 
output series inductance is about 800 nH at 1 kHz 
reducing to 80±20 nH at 100 kHz. The contact 
elements of the reed switch are of magnetic 
material, and it is surmised that the change in 

inductance is due to lower permeability at higher 
frequencies. 

 
Figure 15. Screen capture of generated step. Input impedance 
1 MΩ. 

The capacitance has been directly implemented in 
the equivalent circuit in Figure 16 as six capacitors 
of 2 pF, while the inductance has been modeled as 
six elements of 3 nH each The total inductance is 
less than that measured, but is plausible as 
estimate at the frequency of 300 MHz seen in 
Figure 15 and Figure 19.. In modelling of the circuit 
in LT-Spice, losses at high frequency are defined 
by a reasonable approximation of paralleling each 
inductor with a resistor of 9 Ω. 

DC

Coaxial output

1kΩ 

3nH3nH

2pC2pC

3nH3nH 3nH 3nH

2pC2pC 2pC2pC

 
Figure 16. Generator with internal parasitic elements shown, 
less inductor loss representation. 

 

 
Figure 17. Simulated step produced by the generator 

The simulation adheres quite well to the measured 
step, and it can therefore be used e.g. to 
investigate the impact of the dynamic resistance 
discussed in section 3.2. This has been done, and 



 

no difference in expected step is found, supporting 
the conclusion drawn in 3.2.  

An experiment was performed adding small 
resistance in series with the output of the step 
generator to see if the overshoot could be 
removed, see Figure 18. The expected fall time for 
the input capacitance of 13 pF together with 47 
and 100 Ω would be 1.2 and 2.9 µs. The fit to 
experiment is not perfect, but shows that the model 
of low-pass filter gives a reasonable understanding 
of the behaviour. 

 
Figure 18. Effect of inserting resistance in series with the step 
generator output 

3.4 Intrinsic step rise-time 

 The measured step rise-time of 0.7 ns is equal to 
the rated performance of the Tektronix 3054B. 

 
Figure 19 Step from new generator captured with 1 GHz 
oscilloscope RTE 1104 from Rohde & Schwarz. Input 
impedance 1 MΩ. 

Therefore a comparison has been made by 
capturing the generated step with a 1 GHz 
oscilloscope from Rohde & Schwarz (RTE 1104). 
This oscilloscope has a stated rise-time of 350 ps 
even in 1 MΩ mode. Fall time was measured to 
0.45 ns and an overshoot of 47 %, indicating that 
the oscilloscope is faster than the step generator. 
These values coincide very nicely with the 
modelling. The result also indicates that the 
Tektronix 3054B has a slightly larger overshoot 
(56 %) as compared to RTE 1104. The conclusion 

is that the step generator has an intrinsic rise-time 
that is about 0.45 ns. 

4 CONCLUSIONS 

A reliable step generator for high-impedance input 
oscilloscopes has been constructed and verified. 
Performance extends down to sub-nanoseconds 
rise-time and amplitude error thereafter less than 
0.1 %. Modelling has verified that measured 
characteristics can be reasonably explained by 
circuit theory for the mechanical layout used. The 
solution selected has the drawback that some 
initial oscillations during up to approximately 5 ns 
do occur. On the positive side is that the level after 
this period becomes very predictable and very well 
suited to the task of proving performance of 
recording devices used for verification of 
performance of digitizers for lightning impulse 
measurements, where a clean step with negligible 
creeping after the step is of paramount importance. 
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