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Abstract— The MIL-STD-461F CS101 test is one of the essential 

conducted immunity tests for military and aerospace equipment, 

however it includes some challenges in application. The major 

challenge is the necessity for the measurement of injected CS101 

ripples under the power frequency of the EUT. The measurement 

of CS101 ripples on the power frequency is almost impossible 

without taking some extra precautions. On the other hand, taken 

precautions to measure CS101 ripples must not affect the line 

impedance between the LISN and the EUT and must show high 

impedance to the test circuit. In this paper, we propose a FFT-

based time domain solution to the CS101 power frequency issue, 

which significantly simplifies CS101 testing and make it more 

accurate under the AC power supply frequency in comparison 

with the hardware filtering solutions. 
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I.  INTRODUCTION 

The CS101 test defined in the MIL-STD461F standard [1] is 
applied to military and aerospace equipment by injecting low 
frequency sinusoidal voltage ripples to power ports of the 
Equipment Under Test (EUT) between 30 Hz - 150 kHz in 
order to determine immunity levels of the EUT. The CS101 
test firstly requires a calibration process performed on a 0.5 
ohm resistor. During the calibration, the power level seen on 
Fig.1(a) is established on the 0.5 ohm resistor by means of an 
Audio Frequency (AF) coupling transformer and an 
oscilloscope as shown in the setup in Fig.2(a). In the test, the 
signal generator levels (or power) recorded in the calibration 
are applied to the EUT by using the same AF coupling 
transformer in accordance with the test setup shown in 
Fig.2(b). During the application, the levels of CS101 ripples 
which are injected into the EUT must be continuously 
measured by an oscilloscope because the power level injected 
into the EUT or the voltage level induced at the EUT input, 
whichever reaches its limit first, must limit the test levelling. 
The induced voltage limit levels according to supply voltages 
of the EUT are given in Fig.1(b). The first challenge that 
occurs during CS101 testing is the possibility of AF amplifiers’ 
damage which may arise from a high current of the EUT due to 
the reverse operation of the transformer seen in Fig.2(b). The 
common method to avoid this damage is shown in Fig.3. Two 
coupling transformers are used and a load which draws the 
same current as the EUT is placed in the opposite phase to the 

test setup as seen in Fig.3(b). Hence, the total induced leakage 
voltage at the output of the AF amplifier is almost reduced to 
zero. If this setup with two injection transformers is used, the 
calibration setup should be in line with the use of two injection 
transformers as seen in Fig.3(a). The other challenge that arises 
during testing of Alternating Current (AC) equipment is the 
necessity for the detection of injected AC ripples due to the 
voltage limitation requirement of the standard. The 
measurement of CS101 ripples is strictly stipulated by the 
standard and vital for reproducible and reliable results with low 
uncertainty. In [2,3], we specially focused on the measurement 
methods of CS101 ripples under power frequencies and on the 
comparison of employed filters and their verifications. 

  
(a)                                                  (b) 

Fig. 1. Calibration power limit and test voltage curves defined in CS101 [1], 

(a) CS101 calibration, (b) CS101 test  

 
(a)                                               (b) 

Fig. 2. CS101, (a) calibration setup, (b) test setup 
 

 
(a)                                               (b) 

Fig. 3. CS101 calibration setup with two 0.5 ohm resistors and coupling 

transformers (a) and test setup with two coupling transformers (b) 
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We firstly proposed a method to verify filters and attenuators 
which are used for measuring CS101 ripples under the AC 
mains, thereafter applied this proposed verification method to 
two CS101 filters one of which had been designed by us. We 
also showed in [2,3] that the proposed verification method is 
not only used for CS101 filters or attenuators, but also it can 
be employed to verify an entire CS101 test system from the 
filter to the test software screen.   

In this paper, we propose a Fast Fourier Transform (FFT)-
based time domain solution in order to easily separate CS101 
ripples from the AC power frequency of the EUT by means of 
a simple oscilloscope and a piece of FFT-based software. We 
also demonstrate the advantages of the FFT-based solution 
over the hardware filtering solutions in terms of higher 
accuracy and ease of use. 

II. ADVERSE EFFECT OF POWER FREQUENCY,  PRECAUTIONS, 

VERIFICATIONS AND EXPERIMENTAL SETUP 

To be able to measure CS101 ripples injected into the EUT 
supplied by the AC mains, the power frequency must be 
cancelled. One of the prominent researches is presented in [4]. 
The research in [4] includes a passive filter that is suitable to be 
used with a 1 Megaohm oscilloscope and a 10:1 oscilloscope 
probe as given in Fig.4(a)-Fig.4(b). In [4], the values of R and 
C components are given for 60 Hz and 400 Hz. Since the 
power frequency is 50 Hz in our laboratory, we experimentally 
determined the values of the components as 3.9 Megaohm and 
780 pF respectively for a 50 Hz power supply. This filter aims 
to suppress the power frequency at the input of a 1 Megaohm 
oscilloscope and facilitates the measurement of CS101 ripples.  
To cover all EUT types, a laboratory should have at least three 
of these filters for the 50 Hz, 60 Hz and 400 Hz mains. These 
filters should be calibrated periodically for their insertion loss 
values and thereafter, these calibration results should be 
entered to the test software solution for the correction of 
measured voltage values [3].  

        
(a)                                               (b) 

 
(c) 

Fig. 4. CS101 passive filter [4] and designed active filter connected to passive 

filter (a) diagram of passive filter, (b) photo of passive filter, (c) active filter 

connected to passive filter [3] 

The main disadvantage of this passive filter is the necessity of 
its usage only with a 1 Megaohm oscilloscope instead of a 
frequency selective receiver. In addition, the efficiency of this 
filter may significantly deteriorate as the test frequency 
approaches the power frequency. In low frequencies close to 
the power frequency, the attenuated power supply voltage of 
the EUT and the injected CS101 ripples severely mix on the 

oscilloscope screen, which makes precise RMS measurements 
impossible. As a solution, we designed an active filter given in 
Fig.5 and connected this active filter to the output of the 
passive filter as it is shown in Fig.4(c), therefore the passive 
filter was adapted for a 50 ohm frequency selective receiver 
such as a spectrum analyzer and besides, its attenuation was 
also increased significantly [3]. 

 

Fig. 5. Circuit diagram of designed active filter [3] 

The other important point related to this new filter design is 
that frequency selective receivers must be supplied via an 
isolation transformer and software communication with test 
instruments must be established with fibre optic cables to avoid 
undesired ground connections, otherwise undesired ground 
connections formed by RS232 or GPIB cables may result in 
severe issues. The observation lack of the sinusoidal 
waveforms of the injected signals is one of the disadvantages 
of the active filter since it is used only with frequency selective 
receivers. For that reason, distortions caused by AF amplifiers 
or by other sources cannot be observed during testing. In the 
research presented in [3], we firstly performed a CS101 
calibration on a 0.5 ohm resistor by using an oscilloscope and 
using the calibration power limit seen in Fig.1(a) as stipulated 
by the standard, thereafter, recorded the signal generator levels 
to be used in the tests. In other words, the signal generator level 
recorded in the calibration per frequency was used as the power 
limit in the test stage succeeding the calibration. As a next step 
in [3], we performed a test and played back the recorded 
calibration levels but again on the 0.5 ohm like a calibration 
instead of actual EUT in order to check the performances of the 
filters on a simple resistor without the AC mains. In this 
process, while the pre-calibrated power was being injected into 
the 0.5 ohm resistor, each filter was used for monitoring 
purposes on the 0.5 ohm resistor. During the application, the 
passive filter was used with an oscilloscope as it was designed 
to be used with 1 Megaohm impedance and a 10X probe. 
Otherwise, the designed active filter connected to the passive 
filter was used with an Electromagnetic Interference (EMI) 
receiver, as it was designed to be used with a frequency-
selective 50 ohm receiver. In the test, it is expected that the 
monitored voltages obtained via the filters are supposed to 
follow the voltage curve#1 seen in Fig.1(b) because the voltage 
curve#1 totally corresponds to the power curve given in 
Fig.1(a) on a 0.5 ohm resistor and the test was performed on 
the same 0.5 ohm resistor by playing back the recorded 
calibration power per frequency. Consequently, in this test, the 
performances of the filters were based on how good the read 
ripple voltage levels followed the voltage curve#1 shown in 
Fig.1(b). Thereafter, we tested an actual Personal Computer 
(PC) (220VAC/50 Hz) by using the filters in turn. The ripple 



voltages obtained through the filters at the PC power input 
were compared in order to check the performances of the filters 
under the AC mains. As we used the same EUT and same 
calibration file, it was expected that the filters would yield the 
same voltage reading in all the frequencies. As with the 
previous measurement, while the passive filter was being used 
with the oscilloscope, the active filter connected to the passive 
filter was used with the EMI receiver. In the test of the PC, we 
were not able to compare the results of the filters with an 
expected voltage curve because the impedance of the computer 
was different from the 0.5 ohm resistor which had been used in 
the calibration. To solve this problem and add an expected 
voltage curve to test graphs also under the AC mains, as a final 
step in [3], we performed a CS101 calibration on a 100 ohm 
resistor instead of the 0.5 ohm resistor and also performed a 
test on this 100 ohm resistor under the AC mains, so that we 
were able to perform the test in the same setup as the 
calibration and were able to obtain an expected voltage curve 
for the test under the AC mains. In addition, in all the 
measurements, the receivers, which were the oscilloscope and 
the EMI receiver, were supplied by an isolation transformer so 
that we were able to swap the position of the tips of the filters 
on the measurement point in order to check the balance of the 
filters. We called these two cases “positive polarity” and 
“negative polarity”. This means that we firstly connected each 
filter between the P (Phase) and N (Neutral) leads, then 
between the N and P leads [3]. 

 

(a) 

 

(b) 
Fig. 6 FFT-based solution research setup (CS101 calibration & test) (a) full 

setup diagram, (b) photograph of resistor, coupling transformer, capacitor and 

oscilloscope probe 

In this paper, we specially investigated the integration of a 
FFT-based time domain measurement method into CS101 
tests without using special filters or special ripple detectors 
and developed a piece of efficient software by using Visual 
C++ in order to precisely read CS101 ripples under the AC 
power frequency by means of a simple oscilloscope and its 
100:1 probe. The software supports both the calibration and 
test phases of the standard. There is also a special checkbox on 

the software screen to activate the FFT-based time domain 
ripple measurement for AC EUT. To verify the effectiveness 
of the proposed FFT-based time domain solution, similar to 
the previous research setups installed for checking the filter 
solutions, we firstly performed a calibration on a 400 ohm 
resistor by using regular RMS readings without the FFT-based 
solution and without AC supply power on it in the setup 
shown in Fig. 6. The reason why we increased the value of the 
resistor in comparison to the previous researches is to check 
the performance of the FFT-based solution also in higher 
supply voltages such as 440 VAC which we were not able to 
check in the previous researches due to incapability of the 
frequency selective receivers and filters for such a high supply 
level. Thereafter, we applied AC power supply voltage and 
frequency pairs given in Table 1 to the setup in turn without 
making any change in the setup and performed tests by 
playing back the calibration power levels recorded in the 
calibration phase and by using the FFT-based time domain 
solution under the stated voltage/frequency power supply pairs 
of Table 1. In this test phase, it is expected that the monitored 
voltages obtained via the FFT-based time domain solution are 
supposed to follow the voltage curve#1 seen in Fig.1(b) 
because we used the curve#1 in the calibration phase and the 
test setup was the same as the calibration setup except the 
presence of the AC power supply and also we played back the 
calibration power in this test phase. As a result, in this stage of 
the research, the effectiveness and performance check of the 
method was again based on how good the monitored ripple 
voltage values obtained with the FFT-based time domain 
solution under the power frequency followed the calibration 
curve in the test stage like we did in the previous researches. 
During the CS101 test, per frequency and per levelling step, 
we acquired the scope data through the developed software 
and then processed it by using FFT-based algorithms in the 
software to obtain power spectrum estimates, known as 
periodograms.  

Table 1. AC power supply voltage & frequency pairs applied to test setup 

 Voltage (VAC) Frequency (Hz) 

Power Supply 1 220 50 

Power Supply 2 115 400 

Power Supply 3 440 50 

Power Supply 4 190 60 

The periodogram estimate of the power spectrum associated 
with a finite length sequence of data samples, denoted by x[n], 
where n is the sample index, is expressed mathematically as 

     
 

  

           

    

   

 

 

                                                     

where NP is the number of points, or samples, over which the 
periodogram is calculated, and ω is the normalised digital 
frequency given by 

  
   

  
                                                                                               

where fs is the sampling frequency, and f is the analogue 
frequency of interest [5]. In (1), the summation is recognised 



as the Discrete Fourier Transform (DFT) of the sampled data 
sequence. The |·| operator denotes taking the magnitude of the 
complex spectrum as produced by the DFT. The 
computationally efficient equivalent of the DFT is the FFT. It 
is necessary to square the magnitude response of the FFT in 
order to obtain a power spectrum. When measuring noise 
sources, the power spectrum measured using the periodogram 
varies with time. Bartlett [6] modified the periodogram so as 
to average the results over a number of power spectra or 
segments (M), hence reducing the variance of the 
measurements. The Bartlett periodogram is expressed 
mathematically as 

      
 

   

                

    

   

 

 
   

   

                         

The Fourier transform assumes that the signal being analysed 
is continuous in time, but as the DFT operates over a finite 
time interval, then a windowing function should be applied to 
the DFT to prevent spectral leakage. Spectral leakage is the 
result of discontinuities in the signal at the boundaries of the 
sample block due to truncation. In the Bartlett method, the 
sample blocks or segments that are used to calculate the 
periodogram are contiguous and non-overlapping. If a 
windowing function is applied to each sample block, the 
Bartlett periodogram could lead to loss of spectral 
information. Impulses that are close to the boundaries of the 
windows are attenuated more than impulses in the centre of 
the window. If the attenuated impulses have spectral content 
that is different from the non-attenuated impulses, then the 
spectral content of the attenuated impulses will be attenuated 
or lost. To reduce the attenuation or loss of spectral data on the 
boundaries of the windowed segment, the spectra can be 
averaged over several overlapping segments [5]. This leads to 
the Welch periodogram [7], which is given by 

      
 

    
                   

    

   

 

 

              

   

   

 

where L is number of samples to skip from segment to 
segment and R is the window coherent gain factor. For 
overlapping sample blocks L must be in the range 0 < L < NP. 
It is typical to use an overlap factor of approximately 50%. 
The window coherent gain factor, R, is used to compensate for 
the gain of the window function w[n] and is given [5] by  

       

    

   

                                                                                    

In our research, we used the hanning function given in (6) as a 
windowing function. 

               
   

  

                                                          

For all of the FFT-based time domain measurements 
performed in this research, the sampling frequency (fs) used 
was 400 kSamples/s. The number of points in the FFT (NP) 
was chosen to obtain approximately a 10 Hz resolution 

bandwidth whose calculation is given by (7). All the FFT-
based measurement parameters used in the research are listed 
in Table 2.  

     
  
  

                                                                                            

Where fs is the sampling frequency and NP is the number of 
samples (FFT length). 

Tablo 2. FFT-Based time domain measurement parameters 

Frequency Range 100 Hz – 150 kHz  

Sampling Frequency (fs) 400 kSamples/s 

FFT bin bandwidth (Bbin) 10 Hz 

FFT length (Np) 40000 

Number of segments per sample 
block (M) 

1 

Number of Blocks 1 

Samples between segments (L) Not applicable in our research as 
M is 1 

Overlap Factor Not applicable in our research as 
M is 1 

Finally, the CS101 ripple voltage is calculated by using the 
output (  ) of the Welch function per frequency as follows; 

                                                     (8) 

This final voltage value is compared with the related voltage 
curve given in Fig. 1(b) and used to limit the CS101 test 
levelling and limit the voltage induced across the EUT input. 
Conversely, as emphasized earlier, the test power is limited by 
the signal generator levels, which are recorded in the 
calibration. 

III. EXPERIMENTAL RESULTS AND DISCUSSIONS 

Firstly, the performance of the filter solutions was checked. In 
accordance with this purpose, after the CS101 calibration, with 
the obtained calibration data, we tested the filters on the 0.5 
ohm resistor without 220 VAC. The obtained results are shown 
in Fig.7. The Fig.7(a) shows that the filters follow the curve#1 
as expected and yield satisfactory results in the absence of 220 
VAC. The same measurement was repeated by swapping the 
positions of the phase and neutral tips of the filters to check 
whether we would obtain the same results. The results of the 
changed polarity are shown in Fig.7(b). The curves with the 
changed polarity give similar results for the filters. The results 
of the PC under the 220 VAC mains are shown in Fig.8(a). 
Comparing the results of the filters reveals at first glance that 
the results of the passive filter fluctuate significantly due to the 
negative effect of the AC mains, which was significantly 
observable on the oscilloscope screen on which the mains 
power frequency and the injected CS101 ripples severely 
mixed. On the other hand, the active filter connected to the 
passive filter gives more stable results. When the polarities of 
the filters are changed on the measurement point on the PC, 
both the filters again yield similar results [3]. The results on the 
100 ohm resistor are presented in Fig.9 and Fig.10. As seen in 
Fig.9, the filters show consistent results with the expected 
curve in the absence of the AC mains. However, an average 



deviation of 4.6 dB for the passive filter and an average 
deviation of 1 dB for the active filter occur as it is seen in 
Fig.10 when the AC supply power is applied to the 100 ohm 
resistor. When the polarities of the filters are changed, the 
similar deviations from the expected curve occur. The 
remarkable fluctuations up to 10 dB in the results of the passive 
filter again arise from the negative effect of the AC mains on 
the oscilloscope screen.  

      
(a)                                                        (b) 

Fig. 7. Filter results on 0.5 ohm resistor without AC mains (a) positive 

polarity, (b) negative polarity [3] 

 

    
(a)                                                      (b) 

Fig. 8. Filter results on PC under AC mains (a) positive polarity, (b) negative 

polarity [3] 

 

     
(a)                                                      (b) 

Fig. 9. Filter results on 100 ohm resistor without AC mains (a) positive 

polarity, (b) negative polarity [3] 

      
(a)                                                      (b) 

Fig. 10. Filter results on 100 ohm resistor under AC mains (a) positive 

polarity, (b) negative polarity [3] 

In [3], we offered a method in order to verify filters or 
attenuators which are used in CS101 tests to eliminate 
negative effects of the AC mains. Any problem with used 
filters or attenuators is easily detected by the verification 
method proposed. The problems with used filters/attenuators 
may range from a physical defect on filters/attenuators to 

incorrect insertion loss factors entered into test software. We 
can also state the advantages and disadvantages of the studied 
filters as follows; although the passive filter can be used with a 
1 Megaohm oscilloscope and allows users to check sinusoidal 
waveforms of CS101 ripples, it is inefficient especially at low 
frequencies (100 Hz - 200 Hz), which are close to power 
supply frequencies. The active filter connected to the passive 
filter enables test engineers/technicians to use frequency 
selective sensitive receivers so that this leads to more precise 
measurements. Besides, the active filter connected to the 
passive filter is not significantly affected by the presence of 
the power supply. On the other hand, this active filter 
connected to the passive filter has the disadvantage of the 
observation lack of CS101 ripple waveforms. In fact, this 
verification method is not only used for verifying filters and 
attenuators, but also it can be used to verify an entire 
measurement chain from the filter to the test software window 
just before starting a CS101 test as stipulated by quality 
requirements of the standard IEC17025 [8] which is applied to 
laboratories for accreditation. Any marked deviation from the 
expected curve will signal a problem with used filters, used 
instruments, correction factors entered into test software or 
with the used software itself [3]. We also employed this 
verification method in the next step of the research to verify 
the proposed FFT-based time domain solution.  

     
(a)                                            (b) 

   
(c)                                              (d) 

Fig. 11. Oscilloscope screen recorded during measurements (a) 220 VAC, 50 

Hz, (b) 115 VAC, 400 Hz, (c) 440 VAC, 50 Hz, (d) 190 VAC, 60 Hz 

Finally, for the FFT-based time domain solution, the 
oscilloscope screenshots recorded during the measurements 
and the FFT-based time domain measurement results obtained 
without using any filter or special attenuator (or any special 
ripple detector) for the AC sources given in Table1 are 
presented in Fig. 11 and Fig. 12 respectively. As shown in Fig. 
11, only the power supply signal is mainly seen on the 
oscilloscope screen and the injected ripple signals are slightly 
and visually perceived only for the lower AC supply voltages 
such as 115 VAC. Nevertheless, as presented in Fig. 12, the 
ripple voltages were precisely and perfectly detected by the 
software on the AC supply frequency by means of the FFT-
based time domain solution even if the supply voltage was 
increased to 440 VAC that in practice is the highest voltage. 
When we study Fig. 12 more carefully, we see that the 
maximum deviation from the expected curve is lower than 1 
dB for most of the frequency ranges and it is less than 3 dB in 



the rest for all the checked supply voltage and frequency pairs 
while the average deviation is 0.4 dB.  

We conclude that these results obtained with the FFT-based 
time domain solution have been the most accurate ones 
undoubtedly with an average deviation of 0.4 dB since the 
beginning of the entire research after they were compared with 
the filter results given in Fig.7-Fig.10. In addition, the FFT-
based time domain solution saves us from the burden of using 
cumbersome filters and their insertion loss factors and also 
provides excellent ease of use as it requires only the simple 
connection of an oscilloscope probe to the measurement point.  

  
        (a)                                                         (b) 

   
 (c)                                                      (d) 

Fig. 12. FFT-based time domain results (a) 220 VAC, 50 Hz, (b) 115 VAC, 
400 Hz, (c) 440 VAC, 50 Hz, (d) 190 VAC, 60 Hz 

However, filters, attenuators or special ripple detectors always 
require time-consuming specific setup arrangements and 
sensitive 50 ohm frequency selective receivers, which are 
normally not suitable to be used together with such high 
voltage levels that are very risky for sensitive instruments.  
Conversely, the FFT-based time domain solution does not 
require any expensive and sensitive frequency selective 
receivers such as a spectrum analyser and an EMI receiver. 
Any simple digital oscilloscope along with its 10:1 or 100:1 
probe can be easily employed with the developed software 
solution that computes the periodogram. Only one 
disadvantage can be mentioned for the proposed method as 
follows; as the software has to compute the periodogram for 
each levelling step per frequency while reaching the target 
level, this slightly slows down the testing in comparison to the 
direct RMS reading from the oscilloscope or a spectrum 
analyser. Finally, it should be also stressed that, in fact, the 
proposed method in this paper is not only very useful for 
testing of AC equipment but also very beneficial to tests of 
DC equipment which generates substantial noise on their 
power lines.  This research on the FFT-based time domain 
solution can be expanded in further studies by searching for 
more efficient time domain measurement parameters and by 
changing the windowing function, sampling frequency, 
number of FFT length, FFT bin bandwidth, as it has been done 

in other EMC applications [9, 10]. This research can be also 
expanded to the simultaneous measurement of the voltage, 
which drops across the 10 µF capacitor, by means of a second 
probe connected to the other channel of the oscilloscope using 
the FFT-based time domain solution. The check of the voltage 
that drops across the 10 µF capacitor is currently required by 
the latest version of the standard [11] to avoid undertesting. 

CONCLUSION 

In this paper, we introduced a FFT-based time domain solution 
to the major issue which is always encountered in CS101 tests 
of AC military or aerospace equipment. The proposed FFT-
based time domain solution is very useful to easily and 
precisely separate the CS101 ripples from the AC power 
frequency. The proposed method is significantly more precise 
and easier to use than all the other filter/attenuator solutions as 
it does not require any insertion loss measurements and 
specific setup arrangements, which contributes to the 
improvement of measurement uncertainty and accuracy. 
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