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1. Introduction 

This guide summarizes various methods for calibration of pulse generators, which are 
used for calibration of EMI receivers and spectrum analyzers with quasipeak (QP) detector. 
Measurement receivers with quasipeak (QP) detector are mainly discussed in European 
CISPR documents (CISPR – Comité International Spécial des Perturbations 
Rádioélectriques) and US standards ANSI 63.2 (QP parts derived from CISPR). In the last 
years, standards are being harmonized (international and national standards committees) 
and updated to reflect the current status of technology. The calibration of pulse generators is 
discussed in the standard EN 55016-1-1 [1], which is the harmonized version of the 
international standard IEC/CISPR 16-1-1 (currently Ed. 4 [2], yet this version has not been 
harmonized in European countries and it is likely the forthcoming Ed. 5 will be harmonized by 
2020). Annex B of [1] discusses the determination of pulse generator spectrum and Annex C 
discusses accurate measurements of the output of nanosecond pulse generators. In the 
standard [1], only a very brief description of the methods is given, and technical details are 
hidden. The measurement uncertainty of the pulse generator characterization is not 
discussed.  

The terminology in various standards (and also in different versions of the same 
standard) is sometimes not unique and confusing, however, all used quantities for 
characterization of pulse generators have dimensional units [V/Hz] or its mathematical 
equivalent. Different quantities used for QP detector calibration are listed in Tab. 1. 
 

Quantity Definition Notes 

Spectrum 
amplitude 

   2S f V f  Mostly used quantity in literature, V(f) is the 
Fourier transform of the v(t) signal in the time-
domain. It is the measure of the amplitude 
spectrum at a certain frequency, expressed in 
[μV/MHz] or [dBμV/MHz]. For a rectangular 
pulse with amplitude A and duration T and low 
frequencies (f << T) we can write S(f) = 2AT. 
This definition can be found in [3], [4]. 

Impulse area 
 

0

T

impA v t dt   
Voltage-time area of a pulse defined by the 
integral. Sometimes referred to as impulse 
strength, typically expressed in [μVs] or [dBμVs]. 
Related to spectral density. T is one pulse 
period. 

Spectral intensity   2 impS f A  This definition can be found in [1] and [4]. 

Spectral density 62 10 impD A   Defined in [1]. Alternative term “impulse 

strength” can be found. The term 2 stands for 
peak to RMS conversion. D is calculated in 
[μV/MHz] for Aimp given in [μVs]. 

Tab. 1   Quantities used for characterization of pulse generators. 

2. Pulse generators 

According to [1], a pulse generator is an instrument capable of generating time-domain 
rectangular pulses, or a pulse-modulated RF signal. Rectangular pulses are typically used for 
lower frequencies (bands A/B), pulse-modulated RF signals for higher frequencies (bands 
C/D) because of the risk of receiver damage due to high peak voltages, see Tab. 2. In order 
to limit intermodulation effects in measuring receivers, the spectrum above the upper limit of 
the frequency band shall be limited [1] (10 dB down at twice the upper frequency). The base-
band pulse generators usually comprise of an energy-storage device (electrostatic, magnetic 
field) and a switch which discharges a fraction or all of the energy into a load. In the past, the 
switch was realized using a mechanical mercury relay, nowadays mercury relay is replaced 
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by other mechanical principles or a solid-state semiconductor switch is used. Very often the 
storage device is a charged coaxial line, whereas the pulse duration is given by the electrical 
length of the line and the impulse area is given by the charge voltage. Pulse shapes other 
than rectangular are usually achieved by TTL pulse shaping. The basic principle is shown in 
Fig. 1 (patent application from the year 1955). 
 

 
 

Fig. 1   Basic principle of a base-band pulse generator. 

The charged transmission line does not allow for very fast rising edges and thus other 
principles are used nowadays, such as a nonlinear transmission line, step-recovery diode or 
avalanche transistors. Example of rectangular pulse parameters is given in Tab. 2 and a 
spectrum of a rectangular pulse is shown in Fig. 2.  

Band A B C D 

Frequency 150 kHz 30 MHz 300 MHz 1 GHz 

Rect-pulse duration for 0.3 dB S(f) 
decrease at given frequency 

960 ns 4.8 ns 0.481 ns 0.144 ns 

Open-circuit amplitude for fulfilling the 
CISPR impulse area 

14.06 V 65.8 V 91.5 V 305.6 V 

Tab. 2   Example of rectangular pulse parameters. 

 

Fig. 2   Typical spectrum of a rectangular pulse. 

The pulse-modulated RF generator uses a harmonic signal with a pulse envelope. 
The spectrum is similar to a rectangular pulse (upconverted to the carrier frequency fc), 
maximum of the spectrum is at fc. The spectrum is uniform in a given bandwidth, which 
implies that pulses with longer duration can be used with lower amplitudes compared to 
base-band pulse generators (lower risk of measuring receiver damage). The time-domain 
signal and its spectrum are schematically shown in Fig. 3. 
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Fig. 3   Pulse-modulated RF pulse in the time domain (left) and in the frequency domain 
(right). 

The spectrum amplitude is calculated as follows 

 
   

 

sin 2sin
,

2

d

d

f f TfT
S f AT

fT f f T



 

    
 

  
    (1) 

where f = f - fc, A is the peak pulse amplitude and T is the pulse duration. Generally, the 
spectrum is not perfectly symmetrical around the carrier frequency (see Fig. 3 right), 
however, in a narrow band around the carrier frequency and for >15 periods of the RF carrier 
in the pulse, the spectral non-symmetry is negligible. The spectrum amplitude at the carrier 
frequency is calculable from the RF power and pulse duration. Example of RF pulse 
parameters is given in Tab. 3. 

 

Band A B C D 

Frequency 150 kHz 30 MHz 300 MHz 1 GHz 

RF pulse duration for 0.3 dB S(f) decrease at 
the boundaries of selectivity bandwidth 

1450 µs 9.5 µs 2.4 µs 2.4 µs 

Peak CW voltage (open-circuit) for fulfilling the 
CISPR impulse area 

9.31 mV 33.3 mV 18.3 mV 
18.3 
mV 

Tab. 3   Example of RF pulse parameters. 

Calibration methods in this guide are demonstrated on the calibration of the CISPR 
pulse generator Schwarzbeck IGUU2916, ser. no. IGUU2916164 (base-band pulse 
generator, characterized within the project interlaboratory comparison, activity A3.1.2). The 
generator is shown in Fig. 4. The methods are finally compared and the best method with 
regards the measurement uncertainty, feasibility and required instrumentation is chosen. 
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Fig. 4   CISPR pulse generator Schwarzbeck IGUU 2916. 

3. Calibration methods 

A pulse generator can be characterized using several methods. For the purpose of this 
guide, the Main generator Band A/B or Main generator Band C/D output of the IGUU2916 
generator was used (see sections 3.1, 3.2 and 3.3) and the Auxiliary Generator Band 
A/B/C/D was used (see section 3.4). The polarity was always (+) and the amplitude of the 
main generator was always 60 dBμV, the amplitude of the auxiliary generator was 40 dBμV 
(maximum available amplitude). The pulse repetition rate was changed according to the 
band. In the EN 55016-1-1 (CISPR 16-1-1) there are specified impulse areas of a typical 
generator for both open-circuit and 50 Ω load, see Tab. 4. The values in this guide 
correspond to the measurement of the spectrum amplitude (calculated from the impulse 
area) into 50 Ω nominal load. 
 

Band A B C D 

Frequency 
range 

{9 - 150} kHz {0.15 - 30} MHz {30 - 300} MHz {300 - 1000} MHz 

Impulse area 
(open-circuit) 

13.5 μVs 0.316 μVs 0.044 μVs 0.044 μVs 

Impulse area  
(into 50 Ω load) 

6.75 μVs 0.158 μVs 0.022 μVs 0.022 μVs 

Repetition rate 25 Hz 100 Hz 100 Hz 100 Hz 

Tab. 4   Impulse area of a generator for different bands specified in the EN 55016-1-1 
standard. 

 

3.1 Fourier transform of time-domain pulse waveform 

The spectrum amplitude is determined by direct acquisition of the pulse generator output 
voltage using an oscilloscope and conversion to the frequency domain. For this purpose, a 
digital real-time oscilloscope (DRTO) or an equivalent-time sampling oscilloscope (DSO) can 
be used. The method is useful for base-band pulse generators, it is simple and time efficient. 
Corrections for the cable (attenuator) properties and oscilloscope transfer function must be 
performed. A DRTO triggers directly the measured pulse. The traceability of DRTO is 
complicated due to the nonlinear behaviour of modern analog to digital converters and the 
transfer function correction. A DSO needs an external trigger signal, which is usually derived 
from the measured signal itself (approx. 20 ns delay line is used). The measurement is 
traceable to the electro-optic sampling system. A general diagram of the measurement setup 
using the DRTO and DSO is shown in Fig. 5. Typically, 20 to 50 acquisitions of each pulse 
are taken in order to calculate the type A uncertainty.  
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Fig. 5   Typical measurement setup with use of a DRTO (left) and DSO (right). 

The measurement equation is the following: 
 

 
  6

6

2 10
20log    [dBμV/MHz],

10

ATT osc

FFT

V f k k
S f

f
N

 
   

  
 
 

      (2) 

 
where V(f) is a Fourier transform of the voltage trace from oscilloscope in [V], NFFT is the FFT 

length, f is the frequency resolution in [Hz], kATT is the total attenuation of the signal path, 
that is, the cables and external attenuators connected between the generator and 
oscilloscope, (1), kosc is a factor taking into account the oscilloscope frequency response (1). 
A cable with attenuators on both sides should be used in order to reduce the pulse amplitude 
and improve the mismatch uncertainty. Tab. 5 gives typical settings of a digital real-time 
oscilloscope (the oscilloscope vertical resolution depends on the signal path attenuation). 
 

Band 
Vertical 

resolution 
(V/div) 

Horizontal 
resolution 

(s/div) 

Sample 
rate 

(GSa/s) 

Bandwidth 
(MHz) 

Trace 
length 

(points) 

Input 
impedance 

(Ω) 
Coupling 

A 0.8 200 μ 0.025 20 50 k 50 DC 

B 0.7 4 μ 1.25 250 50 k 50 DC 

C/D 0.6 10 n 40 3500 4 k 50 DC 

Tab. 5   Typical setting of the real-time oscilloscope 

The attenuation of the cable + attenuators and the reflection coefficient is measured 
using a vector network analyzer and the calculated frequency-dependent spectrum amplitude 
is then corrected for the measured attenuation at each frequency. The oscilloscope transfer 
function is taken into account by adding a small contribution to the measurement uncertainty. 
A full deconvolution of the oscilloscope transfer function from the measured voltage trace is 
difficult to perform, as the phase response of the oscilloscope is not easily measurable 
(modern high-speed DRTOs cannot be regarded as linear time-invariant systems).  

Following text shows an example of measured and calculated results. The spectrum 
amplitude was calculated using (2) from oscilloscope voltage samples corrected for the cable 
and attenuator and oscilloscope transfer function. Following uncertainty contributions apply: 
 

 impedance mismatch correction between device 1 and 2 (e.g. between a generator 

and cable)  1 220log 1Mu       (dB), where 1 and 2 are linear reflection 

coefficients of devices 1 and 2, respectively, 

 type A uncertainty was calculated from repeated calculations of the spectrum 
amplitude for all captured time traces, its value was determined from n measurements 
in a standard way as 
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The output reflection coefficient of the IGUU 2916 Main generator is not specified in 

the datasheet. The reflection coefficient was calculated from a hypothetical generator 
composed of an ideal voltage source and an inner resistance Rin, see Fig. 6. The inner 
resistance was determined from the output voltage (peak maximum) of the generator 
measured into 50 Ω load and into 1000 Ω load. The 50 Ω load was a set of attenuators and a 
cable, the 1000 Ω load was a voltage divider used for calibration of EN 61000-4-4 generators 
[5].  
 

The inner resistance of the generator is calculated as follows  
 

50 1000

1000 50

1000 1000

20
in

U U
R

U U

  


 
   (3) 

 
and the output reflection coefficient (magnitude only) is then 

50
,

50

in

in

R

R


 


    (4) 

whereas the system characteristic impedance 50 Ω is assumed. 
The uncertainty of the reflection coefficient is dependent on the 
accuracy of the oscilloscope voltage measurement and attenuation 

of the voltage divider (1000 Ω) or cable + attenuator (50 Ω). Typical pulse shapes for 
different CISPR bands into 50 Ω load are shown in Fig. 14, typical pulse shapes for different 
CISPR bands are shown in Fig. 7. 
 

   

Fig. 7   Pulse shape into 1000 Ω load impedance, bands A/B/C/D, voltage in arbitrary units. 

The calculated generator output reflection coefficient is as follows: 
 

Band A:  gen = 0.057 ± 0.041 (1) 

Band B:  gen = 0.015 ± 0.040 (1) 

Band C/D:  gen = 0.012 ± 0.040 (1) 
 

The measured results of the Fourier transform method are summarized in Tab. 6 
together with the equivalent QP level which is compared to the actual amplitude setting. The 
equivalent QP level is calculated as  

Fig. 6   Measurement 
of the pulse generator 
output reflection 
coefficient. 
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    /

RBW
20log

1 MHz
QP QP PKS f S f R

 
   

 
,                       (5) 

where RBW is the actual filter resolution bandwidth (200 Hz for band A, 9 kHz for band B and 
120 kHz for bands C/D) and RQP/PK is the ratio of the peak/quasi-peak (dB) for the pulse 
repetition rate specified for each band (see Tab. 7 in [1]). 
 

Band 
Frequenc

y 
S(f) 

(dBμV/MHz) 

SQP(f) 
(dBμV) 

Uncertaint
y (dB) (k = 

2) 

A 

9 kHz 139.90 59.82 0.13 

10 kHz 139.83 59.75 0.13 

50 kHz 139.77 59.69 0.12 

100 kHz 139.79 59.71 0.11 

150 kHz 139.79 59.71 0.11 

B 

150 kHz 107.11 59.59 0.21 

600 kHz 106.90 59.38 0.23 

1 MHz 106.93 59.41 0.20 

10 MHz 106.94 59.42 0.22 

30 MHz 106.75 59.23 0.22 

C/D 

50 MHz 90.08 59.66 0.16 

120 MHz 90.04 59.62 0.17 

300 MHz 90.14 59.72 0.16 

500 MHz 90.12 59.70 0.18 

1 GHz 89.57 59.15 0.20 

Tab. 6   Measured results of the Fourier transform method; IGUU 2916 Main generator, 
amplitude setting 60 dBμV. 

 

Quantity Estimate 
Estimate 
uncertainty 

Probability 
distribution Divisor 

Standard 
uncertainty 

Sensitivity 
coefficient 

Uncertainty 
contribution 

Xi xi u(xi) 
  

u(xi) ci u(yi) 

kosc 0 dB 0.060 dB normal 1 0.050 dB 1 0.060 dB 

kATT 0 dB 0.020 dB normal 1 0.020 dB 1 0.020 dB 

MATT-osc 0 dB 0.008 dB U-shaped 1.41 0.008 dB 1 0.006 dB 

Mgen-ATT 0 dB 0.001 dB U-shaped 1.41 0.001 dB 1 0.001 dB 

type A 0 dB 0.038 dB rectangular 1.73 0.038 dB 1 0.022 dB 

         
total 0.067 dB 

         

expanded 
uncertainty 

(k = 2) 
0.13 dB 

Tab. 7   Example of uncertainty calculation, band A, frep = 25 Hz, frequency 9 kHz. 
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Quantity Estimate 
Estimate 
uncertainty 

Probability 
distribution Divisor 

Standard 
uncertainty 

Sensitivity 
coefficient 

Uncertainty 
contribution 

Xi xi u(xi) 
  

u(xi) ci u(yi) 

kosc 0 dB 0.090 dB normal 1 0.090 dB 1 0.090 dB 

kATT 0 dB 0.020 dB normal 1 0.020 dB 1 0.020 dB 

MATT-osc 0 dB 0.029 dB U-shaped 1.41 0.029 dB 1 0.020 dB 

Mgen-ATT 0 dB 0.005 dB U-shaped 1.41 0.005 dB 1 0.003 dB 

type A 0 dB 0.061 dB rectangular 1.73 0.061 dB 1 0.036 dB 

         
total 0.101 dB 

 

        expanded 
uncertainty 

(k = 2) 
0.20 dB 

Tab. 8   Example of uncertainty calculation, band C/D, frep = 100 Hz, frequency 1 GHz. 

The repeatability of the Main generator pulses seen on the oscilloscope is very good. 
The typical amplitude distribution of the noise at the beginning of the pulse, at the pulse 
maximum and the noise at the end of the pulse, is shown in Fig. 8. The probability 
distribution of the calculated spectrum amplitude at particular frequencies is very similar (see 
the Type A uncertainty row in the tables above). 
 

 

 

 
 

 

 

Fig. 8   Typical amplitude distribution of oscilloscope samples, band A, calculated from 50 
traces. 
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3.2 Intermediate-frequency measurement method 

This method utilizes an EMI measuring receiver and its intermediate frequency output. It 
is referred to “video pulse technique” in MIL-STD-462 [6], and it is referred to as “video pulse 
technique”, and “area method” in [1]. The method uses a pulse signal and a reference CW 
signal (with known level) connected to a narrow-band filter, whereas the output of the filter 
(intermediate frequency) is acquired using an oscilloscope. The spectrum amplitude is then 
calculated from the response to both input signals at the frequency of the tuned filter 
(receiver) as follows 
 

  / IBW,rmsS f U       (6) 

 
where Urms (V) is the level of CW signal which causes equal oscilloscope reading as the 
pulse signal, IBW (Hz) is the impulse bandwidth of the used filter. The accuracy of the 
method is dependent on the accurate characterization of the receiver impulse bandwidth 
IBW. The spectrum amplitude is calculated as the surface under the pulse envelope (i.e. 
positive amplitudes only), see Fig. 9. The measurement setup is shown in Fig. 10. 
 

 

Fig. 9   Intermediate frequency measurement method. 

 

 

Fig. 10   Measurement setup of the intermediate frequency method. 

The practical procedure is following: in the first step, the pulse signal from the 
generator is input to the receiver and the response of the receiver’s filter is captured using an 
oscilloscope (direct connection using a high-grade cable, without attenuators). The peak-to-
peak amplitude of the trace is measured as well. In the second step, a CW sine signal is 
input to the receiver and its amplitude is changed until the oscilloscope peak-to-peak reading 
is the same as for the pulse signal. The RMS level of this sine signal is measured using a 
calibrated power meter (or voltmeter at low frequencies). The attenuation of the cable from 
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the generator to the receiver and from the receiver IF output to the oscilloscope is not 
important, as it cancels due to the ratio measurement. The measurement equation is 
following 
 

  , 6

,

2
20log 10    [dBμV/MHz],

pwm rms env

peak osc IBW

osc pp

V V
S f k k k IBW

V

 
  

 
 

     (7) 

 
where  Vpwm,rms is the voltage across a 50 Ω load of the CW sine signal calculated from the 

RMS power measured by the power meter in [μV] 
 Venv is the amplitude of the IF pulse envelope (see Fig. 11) in [V] 

Vosc,pp is the peak-to-peak amplitude of the receiver response (IF output) to a CW sine 
signal measured by the oscilloscope in [V] 
IBW is the receiver impulse bandwidth in [Hz] 
kpeak takes into account the uncertainty of the peak ratio of the response to pulse/CW 
signal (dimensionless) 
kosc takes into account the oscilloscope frequency response (dimensionless) 
kIBW takes into account the uncertainty of the determination of the impulse bandwidth 
(dimensionless). 
The receiver impulse bandwidth is calculated as  

,

1

   [Hz],
10

env

N

env k

k

V
IBW

X v
N 



 
     (8) 

 
where Venv is the amplitude of the IF pulse envelope (see Fig. 11) in [V] 
 X is the oscilloscope horizontal resolution in [s/div] 
 N is the number of samples of the envelope [-] 
 venv,k represents the k-th sample of the IF pulse envelope in [V] 

10 takes into account the number of oscilloscope horizontal screen divisions. 
 

  

Fig. 11   Response of the receiver to a pulse signal + envelope of the signal (left), unfiltered 
envelope (right). 

The determination of the IF pulse envelope can be done using different methods 
which results in slightly different calculated receiver impulse bandwidth and consequently 
spectrum amplitude. Either the envelope can be calculated as a moving average of the 
voltage IF trace (with e.g. 50 - 200 samples window), or it can be calculated as a magnitude 
of the Hilbert transform of the IF voltage trace (time domain). It is convenient to filter the 
envelope trace using a low-pass filter in order to remove the noise (which is obvious in Fig. 
11 right). The area under the envelope is then calculated as a sum of the voltage samples 
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divided by the number of envelope samples. Handling the noise at the beginning and end of 
the envelope trace also makes some difference in calculated results see Fig. 12. 
 

  

Fig. 12   Handling the noise at the beginning and the end of the filtered envelope, the 
calculated IBW is 126.7 kHz and spectrum amplitude is 89.01 dBμV/MHz (left) and IBW is 

127.3 kHz and spectrum amplitude is 88.96 dBμV/MHz (right). 

The spectrum amplitude was calculated using (6) from oscilloscope samples of the 
voltage at the IF output of an EMI receiver. Both the receiver’s response to pulses and to an 
equivalent sine CW signal was acquired. The oscilloscope traces are well repeatable (small 
type A uncertainty), however the determination of the impulse bandwidth from the IF pulse 
envelope may not be a unique task. The IF pulse envelope was calculated as a magnitude of 
the Hilbert transform of oscilloscope samples 

 
 2 2

 odd

sin sin
2 1 2 22 2

[ ] [ ] [ ] [ ] [ ]* ,env osc osc osc osc

i k i

k i k

v k H v k v i v i v k
k i k i k

 

  



 

   
   

   
   

 
    (9) 

 
where venv is the discrete envelope of the oscilloscope samples vosc, symbol H(.) denotes the 
Hilbert transform and operator (*) stands for convolution in the time domain. The Hilbert 
transform was implemented in MATLAB using command hilbert(x). Removing noise at the 
beginning and the end of the calculated envelope influences the calculated impulse 
bandwidth and consequently the spectrum amplitude, see Fig. 12. This process is taken into 
account as a part of the total uncertainty of the spectrum amplitude. 
 

Band Frequency 
S(f) 

(dBμV/MHz) 
SQP(f) 

(dBμV) 
Uncertainty 
(dB) (k = 2) 

A 

9 kHz 139.84 59.76 0.21 

10 kHz 139.87 59.79 0.21 

50 kHz 139.83 59.75 0.21 

100 kHz 139.84 59.76 0.21 

150 kHz 140.25 60.17 0.21 

B 

150 kHz 107.40 59.88 0.12 

600 kHz 107.20 59.68 0.12 

1 MHz 107.06 59.55 0.12 

10 MHz 107.05 59.53 0.12 

30 MHz 106.54 59.03 0.12 

C/D 

50 MHz 89.62 59.20 0.14 

120 MHz 89.20 58.79 0.14 

300 MHz 88.96 58.54 0.14 

500 MHz 88.57 58.15 0.14 

1 GHz 88.61 58.19 0.15 
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Tab. 9   Example of measured results, IGUU 2916 Main generator, amplitude setting 60 
dBμV. 

Quantity Estimate 
Estimate 
uncertainty 

Probability 
distribution Divisor 

Standard 
uncertainty 

Sensitivity 
coefficient 

Uncertainty 
contribution 

Xi xi u(xi) 
  

u(xi) ci u(yi) 

kosc 0 dB 0.050 dB normal 1 0.050 dB 1 0.050 dB 

kpeak 0 dB 0.050 dB normal 1 0.050 dB 1 0.050 dB 

kIBW 0 dB 0.080 dB normal 1 0.080 dB 1 0.080 dB 

Mcable-osc 0 dB 0.0043 dB U-shaped 1.41 0.003 dB 1 0.003 dB 

Mgen-cable 0 dB 0.0009 dB U-shaped 1.41 0.001 dB 1 0.001 dB 

Mrec-cable 0 dB 0.0001 dB U-shaped 1.41 0.0001 dB 1 0.0001 dB 

type A 0 dB 0.0080 dB rectangular 1.73 0.005 dB 1 0.005 dB 

         
total 0.107 dB 

         

expanded 
uncertainty 

(k = 2) 
0.21 dB 

Tab. 10   Example of uncertainty calculation, band A, frep = 25 Hz, frequency 9 kHz. 

Quantity Estimate 
Estimate 
uncertainty 

Probability 
distribution Divisor 

Standard 
uncertainty 

Sensitivity 
coefficient 

Uncertainty 
contribution 

Xi xi u(xi) 
  

u(xi) ci u(yi) 

kosc 0 dB 0.050 dB normal 1 0.050 dB 1 0.050 dB 

kpeak 0 dB 0.050 dB normal 1 0.050 dB 1 0.050 dB 

kIBW 0 dB 0.005 dB normal 1 0.005 dB 1 0.005 dB 

Mcable-osc 0 dB 0.0043 dB U-shaped 1.41 0.003 dB 1 0.003 dB 

Mgen-cable 0 dB 0.0083 dB U-shaped 1.41 0.006 dB 1 0.006 dB 

Mrec-cable 0 dB 0.0007 dB U-shaped 1.41 0.0005 dB 1 0.000 dB 

type A 0 dB 0.0110 dB rectangular 1.73 0.006 dB 1 0.006 dB 

         
total 0.071 dB 

         

expanded 
uncertainty 

(k = 2) 
0.14 dB 

Tab. 11   Example of uncertainty calculation, band C/D, frep = 100 Hz frequency 1 GHz. 

 

3.3 Measurement of pulse amplitude and duration 

This method uses an oscilloscope, whereas the pulse is sampled with high time 
resolution. The method is most suitable for pulse-modulated RF generators. The spectrum 
amplitude is calculated from the area of the pulse [V·s]. The ideal measurement equation can 
be written as follows 
 

  ,rms corS f U T k         (10) 

 
where Urms is the un-modulated CW signal level, T is the modulation pulse duration and kcor is 
a correction factor taking into account the signal level change after switching ON the pulse. 
The pulse repetition rate should be stable and correction factor should not change with CW 
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frequency. An example of the pulse modulated CW signal acquired using a real-time 
oscilloscope is shown in Fig. 13. 

 

Fig. 13   Measurement of pulse amplitude and duration, pulse-modulated RF generator. 

The method is also applicable for base-band pulse generators. The pulse shape must 
be very close to rectangular, which is not always true for the measured IGUU2916 generator 
(especially band C/D). The pulse amplitude and duration is measured using an oscilloscope. 
The pulse shape in the time domain is generally distorted by the transfer function of the cable 
+ attenuator(s) and the oscilloscope transfer function. In order to remove this effect correctly, 
one has to perform a deconvolution of the transfer function in the frequency domain. The 
pulse shape, however, was acquired using a short oscilloscope epoch (only the pulse visible 
on the screen), which makes the frequency resolution very coarse and the correction is not 
easily applicable. 

 
  6

sin
20log 2 10    [dBμV/MHz],ATT

fT
S f A k T

fT





 
     

 
 

  (11) 

where A is the sum of voltage samples in the pulse trace in [μV], 

 T is the time resolution (sampling time) in [s], 
 T is the total duration of the pulse in [s], 
 f is the frequency in [Hz], 
 kATT is the attenuation of the cable + attenuator between the generator and 
oscilloscope. 
 

Example of the IGUU2916 pulse shape in different bands is shown in Fig. 14 for 
changing the pulse repetition rate. 
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Fig. 14   Pulse shape for bands A/B/C/D of the IGUU2916 Main generator with changing 
pulse repetition rate, detail of the pulse maximum on the right (amplitude without correction 

for the cable and attenuators). 

The measured stability of the pulse repetition frequency of the IGUU 2916 main 
generator in particular bands is shown in Fig. 15. The specified relative pulse frequency 

accuracy is better than ±210-4. The IGUU 2916 uses a 4 MHz crystal oscillator and a multi-
stage frequency divider, which results in a very good approximation of the exact division 
ratio. Deviation of pulse frequency causes deviation of amplitude via the pulse response 
curve. This deviation is very small. The manufacturer, however, recommends using only 
certain pulse repetition frequencies derived from 4 MHz to avoid harmonics seen on the 
measuring receiver at pulse frequencies higher than the receiver bandwidth [7].  
 

   

Fig. 15   Pulse repetition frequency error, IGUU2916 Main generator. 

 
It can be seen from Fig. 14 that the pulse shape in bands A and B is close to 

rectangular and the calculation results are comparable to other methods. The pulse shape in 
band C/D, however, is distorted and moreover, it contains more noise than in case of the 
pulses in bands A and B.  
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The results shown below are only informative and they do not correspond very well 
with the results of the Fourier transform method or the IF pulse measurement method. The 
pulse shape (measured in the time domain) must be corrected for the attenuation of the 
cable + attenuator(s) between the generator and the oscilloscope and also for the frequency 
response of the oscilloscope. The pulse shape trace was acquired only for a small number of 
points, thus there is not enough data for performing the correct deconvolution and the 
correction was only done approximately. From Fig. 14 also certain overshoot and undershoot 
is obvious. The measurement uncertainty mainly comprises of the cable + attenuator 
correction, impedance mismatch and type A uncertainty. It is obvious that this method is 
better suitable for pulse-modulated RF generators and not the base-band pulse generators 
like IGUU 2916. 
 
Calculated results (values in bold red deviate significantly from results of other methods): 
 

Band 
Frequenc

y 
S(f) 

(dBμV/MHz) 
SQP(f) 

(dBμV) 
Uncertainty 
(dB) (k = 2) 

A 

9 kHz 139.81 59.73 0.22 

10 kHz 139.81 59.73 0.22 

50 kHz 139.68 59.60 0.22 

100 kHz 139.24 59.16 0.22 

150 kHz 138.49 58.41 0.22 

B 

150 kHz 106.86 59.34 0.22 

600 kHz 106.86 59.34 0.22 

1 MHz 106.85 59.34 0.22 

10 MHz 105.95 58.43 0.22 

30 MHz 96.40 48.89 0.23 

C/D 

50 MHz 90.94 60.53 0.25 

120 MHz 85.85 55.44 0.25 

300 MHz 78.35 47.94 0.25 

500 MHz 73.91 43.50 0.25 

1 GHz 45.79 15.38 0.26 

Tab. 12   Example of measured results, IGUU 2916 Main generator, amplitude setting 60 
dBμV. 

The reason for the large deviation of some results from the results of other methods 
may be the presence of noise and undershoots or overshoots in the pulse trace. It can be 
shown that the contribution of these components to the total surface in [V·s] is significant. 
The signal is noisy and especially in band C/D, the error can be reduced by summing over 
only those samples, which correspond to the pulse (the choice of samples may be 
subjective). This is demonstrated in Fig. 16 and Fig. 17. A relatively long time epoch must be 
acquired to get reasonable frequency resolution and correct the time-domain trace for the 
cable and attenuator insertion loss. If the pulse area is calculated over all samples (time 
epoch of 100 thousand samples = 0.1 μs, including the noisy areas 1 and 3 from Fig. 16 with 
nonzero energy), one gets wrong results. The trace shown in Fig. 16 is an average from 20 
measurements. If the area is only calculated over samples corresponding to the main pulse 
(approx. 4000 samples, see Fig. 17), the results are more convincing, but still not fully 
comparable to other methods.  
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Fig. 16   Demonstration of the summing area for the pulse amplitude calculation. 

 

Fig. 17   Detail of the main pulse from Fig. 16. 

 

3.4 Measurement of one spectrum line amplitude 

The principle of this method is a comparison of one spectrum line of the pulse signal with 
a known CW signal spectrum (equal frequency). This method assumes the generator pulse 
repetition frequency is high enough so that only one spectral line falls within the EMI receiver 
filter bandwidth, see Fig. 18. The nominal filter bandwidths for the 6 dB amplitude drop are 
200 Hz (band A), 9 kHz (band B) and 120 kHz (band C/D), respectively. This method is 
referred to as “harmonic measurement” in [1].  
 

 

Fig. 18   Measurement of one spectrum line amplitude. 

The spectrum amplitude is then calculated using a simple formula  
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  ,
rep

A
S f

f
       (12) 

where A is the substitution CW signal level for the same reading of the receiver and frep is the 
generator pulse repetition frequency. A calibrated measuring receiver is needed in this case. 
The measurement setup is shown in Fig. 19. The receiver filter should be well symmetrical.  
 

 

Fig. 19   Measurement setup for the measurement of one spectrum line amplitude. 

The maximum pulse repetition rate of the IGUU2916 main generator is 200 Hz, thus 
only the band A could be possible to verify. In other bands, the Aux generator must be used 
(max. amplitude 40 dBμV and max. repetition rate 20 kHz). The pulse shape must not 
change significantly with the pulse repetition frequency, which is not fully true (see Fig. 20, 
Aux generator). Note the slightly different pulse shapes in particular CISPR bands of the 
IGUU2916 Main and Aux generator in Fig. 14 and Fig. 20, respectively, due to the different 
principle (charged transmission line and a mechanical switch versus an electronic generator 
with solid-state semiconductor switch).  
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Fig. 20   Pulse shape for bands A/B/C/D of the IGUU2916 Aux generator with changing pulse 
repetition rate, detail of the pulse maximum on the right (amplitude without correction for the 

cable and attenuators). 

The measured stability of the pulse repetition frequency of the IGUU 2916 auxiliary 
generator in particular bands is shown in Fig. 21. The specified pulse frequency accuracy is 

better ±210-4 for 0 Hz to 200 Hz, better than ±210-3 for 0-2 kHz, and ±1.5 % for 0 Hz to 
20 kHz.  
 

   

Fig. 21   Pulse repetition frequency error, IGUU2916 Auxiliary generator. 

 
This method was evaluated for the IGUU 2916 Aux generator only (bands A, B) and 

then compared with the results obtained using the other methods. The band A receiver 
nominal filter bandwidth is 200 Hz, the pulse repetition frequency of 500 Hz was selected for 
evaluation (pulse shape does not change significantly, see Fig. 20). The band B receiver 
nominal filter bandwidth is 9 kHz and the pulse repetition frequency of 15 kHz was chosen 
(pulse shape still not significantly changed). For band C/D, the generator repetition frequency 
must be at least 120 kHz in order to measure only 1 spectrum line within the EMI receiver 
filter bandwidth (maximum repetition frequency settings of the IGUU 2916 Aux generator is 
20 kHz). The final results are shown in Tab. 13. Note that the maximum IGUU 2916 Aux 
generator amplitude settings is 40 dBμV, whereas the maximum amplitude settings of the 
IGUU 2916 Main generator is 60 dBμV. As a verification of the method, the spectrum 
amplitude of the Aux generator with 40 dBμV was also evaluated using the Fourier transform 
method (the measurement uncertainty is higher at low frequencies than for the Main 
generator and amplitude setting 60 dBμV, see Tab. 6, due to higher type A uncertainty of the 
calculated spectra). The average spectrum amplitude evaluated from 20 measurements 
using the Fourier transform method is shown in Fig. 22. The repeatability of Aux generator 
pulses is worse than the repeatability of the Main generator pulses. 
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Band Frequency 

Measurement of one 
spectrum line amplitude 

Fourier transform of the 
time-domain pulse 

waveform 

S(f) 
(dBμV/MHz) 

Uncertainty 
(dB) (k = 2) 

S(f) 
(dBμV/MHz) 

Uncertainty 
(dB) (k = 2) 

A 

9 kHz 119.72 0.40 119.51 0.73 

10 kHz 119.72 0.40 119.39 0.61 

50 kHz 119.79 0.40 119.80 0.39 

100 kHz 119.70 0.40 119.82 0.28 

150 kHz 120.29 0.26 119.95 0.36 

B 

150 kHz 87.64 0.26 86.57 0.66 

600 kHz 87.64 0.26 86.89 0.57 

1 MHz 87.60 0.26 86.68 0.61 

10 MHz 87.21 0.26 87.03 0.44 

30 MHz 87.61 0.26 86.96 0.55 

Tab. 13   Example of measured results, IGUU 2916 Aux generator (amplitude setting 40 
dBμV). 

  

Fig. 22   Average spectrum amplitude (red) calculated from 20 measurements (green), IGUU 
2916, Aux. generator. The dashed horizontal lines denote the ±1.5 dB spectrum uniformity 

limit. 

 

4. Conclusion 

In this guide, various methods for calibration of pulse generators are discussed and 
results of measurement of the spectrum amplitude of a particular pulse generator 
Schwarzbeck IGUU 2916 are presented. The spectrum amplitude was evaluated using 
following methods: a) Fourier transform of the time-domain pulse waveform, b) intermediate-
frequency measurement method, c) measurement of pulse amplitude and duration and d) 
measurement of one spectrum line amplitude. The method a) can achieve the lowest 
measurement uncertainty and is simple to perform. It requires fast digital real-time or 
sampling oscilloscope and the spectrum of the measured waveform must be corrected for 
known attenuation of the signal path. The method b) uses an EMI receiver which is more 
common in calibration laboratories. The measurement uncertainty is comparable to method 
a). One has to be careful and not to overload the receiver input, as time-domain pulse 
generators use high peak amplitudes which may destroy the input mixer. Method c) is more 
suitable for pulse-modulated RF generators and the results for a base-band pulse generator 
IGUU 2916 band C/D are not reliable due to distorted pulse shape. The measurement 
uncertainty is slightly higher than that of methods a), b). Method d) is applicable only for 
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pulse generators with very high pulse repetition rates (at least 500 Hz for band A, at least 10 
kHz for band B and at least 120 kHz for band C/D). The results achieved for band A and B of 
the IGUU 2916 Aux generator are comparable to method a) for the same generator, 
however, the measurement uncertainty is rather high due to noise and low repeatability of 
the pulses. The goal uncertainty of maximum ±0.5 dB given in standards could not be 
achieved using method d). The measured results with measurement uncertainties are 
summarized in Tab. 14. 

 

  Method A Method B Method C 

Band 
Frequency  

(MHz) 
S(f)  Unc. S(f)  Unc. S(f)  Unc. 

A 

0.009 139.90 0.13 139.84 0.21 139.81 0.22 

0.01 139.83 0.13 139.87 0.21 139.81 0.22 

0.05 139.77 0.12 139.83 0.21 139.68 0.22 

0.1 139.79 0.11 139.84 0.21 139.24 0.22 

0.15 139.79 0.11 140.25 0.21 138.49 0.22 

B 

0.15 107.11 0.21 107.40 0.12 106.86 0.22 

0.6 106.90 0.23 107.20 0.12 106.86 0.22 

1 106.93 0.20 107.06 0.12 106.85 0.22 

10 106.94 0.22 107.05 0.12 105.95 0.22 

30 106.75 0.22 106.54 0.12 96.40 0.23 

C/D 

50 90.08 0.16 89.62 0.14 90.94 0.25 

120 90.04 0.17 89.20 0.14 85.85 0.25 

300 90.14 0.16 88.96 0.14 78.35 0.25 

500 90.12 0.18 88.57 0.14 73.91 0.25 

1000 89.57 0.20 88.61 0.15 45.79 0.26 

Tab. 14   Summary of measured results using different methods. IGUU 2916 Main generator, 
amplitude setting 60 dBμV. The spectrum amplitude S(f) is given in dBμV/MHz and the 

associated measurement uncertainty in dB (k=2). 
Method A = Fourier transform of the time-domain pulse waveform 

Method B = Intermediate-frequency measurement method 
Method C = Measurement of pulse amplitude and duration 

Acknowledgement 

This work was supported by the project 15RPT01 RFMicrowave. This project has received 
funding from the EMPIR programme co-financed by the Participating States and from the 
European Union’s Horizon 2020 research and innovation programme. 
 

References 

[1] Specification for radio disturbance and immunity measuring apparatus and methods – 
Part 1-1: Radio disturbance and immunity measuring apparatus – Measuring apparatus. 
EN 55016-1-1 ed. 3 standard, 2014. 

[2] CISPR 16-1-1 Ed. 4: Specification for radio disturbance and immunity measuring 
apparatus and methods – Part 1-1: Radio disturbance and immunity measuring 
apparatus – Measuring apparatus, International Electrotechnical Commission, IEC, 2015. 

[3] Andrews, J. R.; Arthur, M. G.: Spectrum Amplitude – Definition, Generation and 
Measurement; National Bureau of Standards; 1977 

[4] IEEE Standard for the Measurement of Impulse Strength and Impulse Bandwidth; IEEE 
Std. 376-1975 (inactive – withdrawn) 

[5] PVF BKIT 1, Load Resistors for EFT/Burst Verification, EM Test. [online] Available:  
http://www.emtest.com/products/product/135120100000013765.pdf 

http://www.emtest.com/products/product/135120100000013765.pdf


23 
 

[6] MIL-STD-462, Military Standard: Measurement of Electromagnetic Interference 
Characteristics, 1967. 

[7] Instruction Manual for VLF/HF/VHF/UHF Calibration Pulse and Sine Wave Generator 
IGUU 2916, Schwarzbeck Mess Elektronik, Rev. B [online]. Available:  
http://schwarzbeck.de/Datenblatt/m2916.pdf 

 

http://schwarzbeck.de/Datenblatt/m2916.pdf

