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Abstract— Many industry applications related to power 
electronics, including electromagnetic interference (EMI) 
filtering, control system stability analysis, and electrical 
equipment monitoring, require broadband impedance 
measurements. To this aim, inductive probes have been proposed 
as non-intrusive signal couplers clamped on wiring harness, to 
carry out in-circuit impedance measurements while the system 
under test is normally operating. Previous contributions on this 
subject include either one-port methods, unsuitable for multiport 
systems, or multiport methods developed for admittance-matrix 
measurement. Besides, those methods were assessed up to 30 MHz 
while the current CISPR-25 automotive standard extends 
conducted-EMI verifications up to 110 MHz. In this paper, an 
inductively-coupled measurement procedure is formulated for 
two-port impedance-matrix characterization. After discussing 
probe selection criteria, the proposed test setup is validated by ad-
hoc passive networks, whose impedance matrix can be 
independently and accurately evaluated. Comparison with the 
obtained measurement data proves good accuracy from 150 kHz 
to 110 MHz. Results obtained by using different pairs of probes 
and the role played by the number of cable turns are also 
discussed. As a real automotive application example, a lead-acid 
battery is characterized in terms of physical and modal impedance 
parameters. 
 
Index Terms— In-circuit impedance measurement, in-circuit 
admittance measurement, behavioral models, EMI, EMC.  

I. INTRODUCTION 

HE experimental characterization of electrical devices 
in terms of frequency responses is of great interest in 
industry applications. Given the inherent variability of 

the frequency response with functional operating conditions 
(e.g. different voltage and power levels), the measurement 
process should be carried out on operating equipment, which is 
easily achieved by in-circuit impedance measurements. This 
family of characterization techniques is of particular interest for 
electromagnetic interference (EMI) modelling, including 
design of common-mode (CM) [1] and EMI [2] filters, 
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performance analysis of single-phase [3], [4] and three-phase 
[5], [6] filters for EMI mitigation, and broadband behavioral 
modelling of electronic power converters [7], [8].  In addition 
to EMI, in-circuit (or online) impedance measurements find 
application in microgrid stability analysis [9] and electrical 
equipment monitoring, such as asynchronous motor turn-fault 
[10] and inter-fault [11] diagnosis. Batteries represent and 
additional use-case of interest, as their impedance is often used 
for parameter estimation purposes [12] or state of health 
assessing for second-life applications [13]. More interestingly, 
battery impedance can be measured online to monitor its 
internal parameters [14], temperature [15], or to recognize 
faults [16]. Additionally, EMI analysis and functional 
monitoring techniques can be combined, as variations in EMI 
can be related to specific fault conditions [17].  

In this context, inductively coupled measurement techniques, 
performed by clamping inductive probes on the cable harness 
of the equipment under test (EUT) are of particular interest 
owing to their practicality (i.e., performing in-circuit 
measurement while the system under test is operating) and 
safety [18]. Two families of inductively coupled impedance 
measurement techniques are known: two-probe setup (TPS) 
[19] and single-probe setup (SPS) [20]. The TPS [21] was 
originally developed as a non-intrusive measurement technique 
for power lines monitoring and diagnosis purposes, and it was 
later refined and applied to a broad range of applications, 
including transformers [22], PV systems [23], and general 
electrical equipment [24] monitoring. Additionally, the TPS 
was successfully used as a tool in EMI analysis [2], with recent 
contributions addressing how to tune the setup sensitivity by 
additional external windings on each probe [25] and methods to 
reduce noise effects for the characterization of active EUTs 
[26]. Regardless of its strengths, the coupling effect between 
probes is a well-known issue of the TPS, which requires 
specific mitigation techniques [27]. In order to avoid the probe 
coupling issue, the SPS was proposed, which also benefits from 
a reduction in setup complexity [5], [28]. The SPS was 
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successfully applied to the characterization of physical [5] and 
modal - differential mode (DM) [29] and CM [30] - single 
impedances of common electrical drives, and eventually 
extended to time-domain measurements of time-varying 
impedances [31]. The sensitivity of the SPS can also be 
improved by suitably winding the EUT cable the probe is 
clamped on [5]. 

However, both SPS and TPS measurement methods are 
suitable for single (one-port) impedances only, and are 
unsuitable for the measurement of the full impedance matrices 
needed to properly characterize multiport systems. 

The problem of the non-intrusive characterization of 
multiport systems was addressed by an inductively coupled 
multi-port and multi-probe measurement setup (MPS) [32], 
which allowed the identification of physical [32] and modal 
[33] admittance matrices. The admittance parameters (unlike 
the impedance ones) allow the straightforward identification of 
a behavioral circuit model of the EUT [3], [34] in form of a 
Norton equivalent circuit.  

However, an industrial solution for the non-intrusive 
identification of impedance matrices, often needed to determine 
a behavioral model of the EUT in form of a Thevenin equivalent 
circuit, is currently lacking. While, in principle, an impedance 
matrix can be obtained by inversion of the admittance one, this 
introduces an additional mathematical operation which can 
severely affect the accuracy of results. 

In this context,  this paper presents an alternative formulation 
of the in-circuit admittance measurement technique [32], 
originally introduced in [35], where the one-port SPS was 
extended to a two-port formulation, resulting in an inductively 
coupled, in-circuit measurement technique suitable to directly 
determine full impedance matrices. Specifically, the results 
presented in [35], originally limited to a frequency range 
spanning from 150 kHz to 30 MHz and hence insufficient for 
application in automotive setups [36], are here extended to a 
broader frequency range, reaching up to 110 MHz, so to cover 
the full CISPR-25 frequency range. This is possible thanks to 
the selection of specific inductive probes, based on in-depth 
theoretical analysis of the probe-to-circuit coupling mechanism 
and its dependence on probe turns ratio. Extensive experimental 
results are presented to support the proposed methods, 
highlighting their advantages and limitations. First, a 
comparison among three different measurement setups relying 
on different probes is presented to validate the considered probe 
selection criteria. Second, to highlight the method accuracy 
under controlled conditions, the proposed method is validated 
with a set of known test networks.  Lastly, to demonstrate how 
the proposed method can be practically implemented on a real-
world system, the characterization procedure of a lead-acid 
battery is presented, including a method for the de-embedding 
of setup cables and LISNs. 

The paper is structured as follows: The considered 
measurement setup, the measurement problem formulation, and 
the calibration method are detailed in Section II. Criteria for 
optimal probe selection are discussed in Section III. The 
proposed measurement technique is then applied, in the 

frequency range from 150 kHz to 110 MHz, to the 
characterization of a passive test network in Section IV, and the 
results obtained by different probes are compared. An 
application example is discussed in Section V, including a 
method for de-embedding cables and LISNs. Eventually, final 
conclusions and remarks are reported in Section VI. 

II. MATRIX IN-CIRCUIT IMPEDANCE MEASUREMENT 

A. Measurement Principle 

Consider a measurement setup consisting of a vector network 
analyzer (VNA), an EUT with two electrical ports, and a couple 
of inductive probes, generally different from each other, as 
shown in Fig. 1. This paper is aimed at the development of a 
procedure for the identification of the unknown 2×2 impedance 
matrix Zx, representing the considered EUT only, on the basis 
of the 2×2 S-parameters matrix Sm, which represents the whole 
setup and is directly obtained from the VNA measurements. 
The latter matrix is used to express reflected power waves b1, 
b2 as a linear combination of incident power waves a1, a2, 
according to: 
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and can be readily converted to the corresponding measured 
impedance matrix Zm, namely: 
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where the 2×2 identity matrix is denoted as I2, and the standard 
S-parameter reference impedance is denoted as Z0, with Z0 = 50 
. With reference to Fig. 1 for the notation of port voltages and 
currents, the following relationships hold: 
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where T1, T2 are the transmission (ABCD) matrices 
representing, respectively, probes 1 and 2. As detailed in [35], 
it is possible to express voltages vx1, vx2, as a function of 
currents ix1, ix2, in the form 

 

Fig. 1. Two-port impedance measurement setup under consideration. 
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where the entries of the impedance matrix Zx are functions of 
the entries of the measured S-parameters matrix Sm and of the 
entries of matrices T1, T2, defined as: 
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The seven coefficients h1, h2, h3, h4, h5, h5, h6, h7, appearing in 
(6)-(9), are defined as: 
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It is worth noting that the equations of impedance parameters 
(6)-(9) are formally equivalent to the ones presented in [32] for 
admittance parameters, but the seven coefficients hi (10) are 
different from the seven coefficient ki used in [32]. 

The entries of the two probes transmission (ABCD) matrices 
T1, T2 are commonly not included in the data provided by 
manufactures. Additionally, while it is in principle possible to 
characterize each probe in terms of ABCD parameters, this is 
not usually feasible in industrial environments, as the procedure 
would require an ad-hoc, non-standard measurement setup. 
Consequently, it is easier and less time consuming to determine 
a calibration procedure to directly obtain the seven coefficients 
(10) by a set of simple experiments, so that they can then be 
directly used in (6)-(9), not dissimilarly from the SPS [5], [20] 
and MPS [32] calibration procedure. 

B. Calibration Procedure 

Following the same approach presented in [32],  it is at first 
worth considering that equations (6)-(9) are, generally, fully 
coupled. Yet, in the case of the two EUT ports being not 
coupled (i.e. if a two-port network is realized by separate one-
port impedances), (6)-(9) are reduced to single, separate 
equations. In this case, it holds Sm12=Sm21= 0, thus Zx12=Zx21=0 
in (7), (8). By basic algebraic calculus, self-impedances 
expressions (6), (9) are simplified, resulting in: 
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It is worth considering that equations (11), (12) can be 
recognized as equivalent to the SPS [5], [20], separately, for 
each port. Consequently, as proposed in [32] for two-port 
admittance parameters, one can rely on the SPS calibration 
procedure [5], carried out, separately, for each port. The 
recalled calibration method relies on three reference loads with 
known impedances ZA, ZB, ZC. By connecting to probe 1, in turn, 
the three reference loads, the reflection S-parameters S1A, S1B, 
S1C are measured, respectively. Then, by substituting the 
measured reflection S-parameters and the corresponding known 
reference load impedances in (11), a linear system in the 
unknowns h1, h2, h6 is obtained as 
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which can be solved resulting in one unique solution for the 
coefficients h1, h2, h6. Similarly, by connecting to probe 2, in 
turn, the reference impedances ZA, ZB, ZC, their reflection S-
parameters S2A, S2B, S2C are measured, respectively. By 
substituting the measured reflection S-parameters and the 
corresponding known reference load impedances in (12), a 
linear system in the unknowns h4, h5, h7 is obtained, which 
provides, as its unique solution, the expressions of coefficients 
h4, h5, h7. 

The last coefficient h3 is determined by a single two probe test, 
connecting to the probes a single reference two-port network 
with known impedance matrix ZD and measuring the 
corresponding S-parameter matrix SD. By substituting the 
entries of the measured S-parameters matrix SD and of the 
known reference load impedance matrix ZD in the expressions 
of the mutual impedances (7), (8), h3 is determined.  Explicit 
solutions for the determination of the seven coefficients h1, h2, 
h3, h4, h5, h5, h6, h7 can be found [35]. 

III. CRITERIA FOR OPTIMAL PROBE SELECTION 

For the implementation of the proposed method, one can 
purposely choose a pair of clamp-on inductive probes among 
those largely available in EMC laboratories, which are used 
either for current monitoring or bulk-current injection (BCI) 
testing. This section addresses the optimal selection criteria. 

Data sheets declare a maximum operating frequency fmax 
which is limited by the performance of the ferrite core (that is, 
the amplitude response of magnetic permeability steeply falls 
above fmax) and by parasitic capacitive effects. Both these two 
detrimental effects are critical for repeatability and accuracy in 
the proposed application. Therefore, fmax must be greater than 
the highest frequency of interest for impedance measurement 
(in this work, 110 MHz).  

Another parameter provided by probe manufacturers is the 
plot of an amplitude response, which represents either the 
transfer impedance (TI) for current-monitor probes, or the 
insertion loss (IL) for BCI probes. Although these figures of 
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merit are specific of different applications, they are of interest 
in the proposed method as a mean to infer the number of turns 
Np of the inner winding (the primary winding) which is seldom 
reported in data sheets and cannot even be inspected without 
disassembling the probe itself, which is often a destructive 
operation. To this aim, one can read the maximum value of the 
TI and IL on the high-frequency plateau of the curve, and 
compare it with the theoretically maximum value produced by 
an ideal probe behaving as a perfect Np:1 transformer. 

Specifically, for current-monitor probes one can refer to the 
circuit model in Fig. 2(a) where the current Im flowing on the 
clamped wire is transformed into a current Im/Np flowing in the 
probe winding, giving rise to a measured voltage Vm across the 
standard resistance R0 = 50 f a spectrum analyzer.  
Consequently, the maximum TI can be expressed in logarithmic 
units as 

 10 10
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Similarly, the circuit model in Fig. 2(b) represents an ideal 
BCI probe clamped on the calibration jig having two terminal 
loads R0(with the injected voltage Vjig), while the probe is fed 
by a radio-frequency generator (voltage source VS in series with 
R0) [37]. According to the definition of IL expressed in dB, the 
solution of this circuit model yields 
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Table I reports three probe models available in the authors’ 
laboratory, along with their fmax, the actual TImax or ILmax 
reported in data sheets, and the Np inferred by the closest value 
computed by (14) or (15). 

The application of inductive probes as couplers of VNA ports 
benefits from winding the clamped cable with a number of 
secondary turns Ns≥1. Specifically, it is shown in [5], [25], that 
Ns ≥ Np increases measurement sensitivity (lowest and larger 
detectable impedance). However, two practical limitations must 
be considered, namely, 1) the possible cumbersomeness of the 
setup with large Ns and 2) the geometrical randomness of hand-
made cable turns, leading to uncontrolled parasitic effects 

which may be detrimental for high-frequency reproducibility. 
Therefore, the suggested trade-off criterium (without loss of 
generality though) is the choice Ns = Np which also leads to an 
equivalent 1:1 configuration regardless of the specific probe 
used, ideally making different probes comparable. In the 
experiments reported in the next sections, this criterium will be 
adopted for each probe in Table I unless differently specified. 
For instance, the general representation in Fig. 1 suggested this 
solution for Ns=Np=2. In this respect, probes with Np=1 are 
much more practical than the other ones, as they can be simply 
clamped on the cable with no need for additional turns. 

IV. EXPERIMENTAL VERIFICATION 

A. Experimental Setups 

To exemplify and validate the proposed method, the three 
probe models reported in Table I were considered, with 
different choices of the secondary winding (i.e., the number of 
turns of the clamped cable). Specifically, three setups were 
implemented by using:  

I. FCC F-120-2 and Solar 9123-1N, with a simple cable 
turn (i.e., Ns=1≠ Np, unlike the solution proposed in 
Section III).  

II. FCC F-120-2 with a two-turn cable winding, and Solar 
9123-1N with a six-turn cable winding (i.e., Ns=Np as 
proposed in Section III).  

III. two TekBox TBBCI1-800K420, with a simple cable turn 
(i.e., Ns=1=Np  as proposed in Section III).  

For each probe pair, a Keysight E5061B VNA was used, and 
the experimental setup depicted in Fig. 1 was built. Instrument 
settings were: Frequency from 150 kHz to 110 MHz, 100 Hz 
resolution bandwidth, 8 dBm forward power. 

B. Setup Calibration 

In this section, the calibration procedure for setup III is 
documented (other setups are treated analogously). Firstly, the 
calibration procedure requires three one-port measurements for 
each probe. The required setup is depicted in Fig. 3(a) for port 
1, while port 2 is treated analogously. Probes secondary 
windings are then connected to a reference load ZD, as shown 
in Fig. 3(b), and the impedance matrix needed for the two-port 
calibration is measured, providing the entries ZD11 = ZD12 = ZD21 
= ZD22 = ZD. Note that consistency among successive 
measurements is granted by the marked terminal on each probe 

Fig. 3. Port 1 calibration setup for the determination of coefficients h1, h2, 
h6 (a), and two-port calibration setup (b) for the determination of coefficient h3.

 
Fig. 2.  Equivalent circuits with (a) monitor probe and (b) BCI probe
modelled as ideal transformers. 

 
TABLE I 

AVAILABLE PROBES AND THEIR PARAMETERS 

MODEL 
fmax 

[MHZ] 

TImax 

[d] 

ILmax 

[dB] 
Np 

FCC F-120-2 230 --- ̶ 7.5 2 
Solar 9123-1N  400 18.4 --- 6 

TekBox TBBCI1-800K420 500 --- ̶ 4.4 1 
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winding, which highlights probes mutual orientation. 

The reference loads are selected considering that their 
impedances must ensure that the linear systems (13) have one, 
unique solution. Existence and unicity of the solution are easily 
obtained if: (a) the test loads impedances have very different 
magnitudes, spanning the whole magnitude range of interest, 
and (b) the test load impedance magnitudes are consistently 
different in the frequency range of interest. Both requirements 
are satisfied by selecting as test loads four resistors with 
nominal values 1.1 Ω (A), 50 Ω (B), 1 kΩ (C), 220 Ω (D), whose 
impedances ZA, ZB, ZC, ZD are previously obtained by means of 
independent reflectometric measurements. The seven 
coefficients h1, h2, h3, h4, h5, h6, h7 can hence be determined, and 
their values are reported in Fig. 4, in magnitude and phase. 

C. Verification of the Proposed Method 

In this section, the proposed method is verified with the setup 
with two probes TekBox TBBCI1-800K420. The comparison 
between setups with different probes is reported in the 
subsequent subsection. 

To this end a test network is used, whose circuit is reported in 
Fig. 5, along with a principle representation of the whole  
validation setup. A picture of the corresponding real setup is 
reported in Fig. 6. The test network includes two resistors (R1 = 
0 Ω, R2 = 125 Ω) and has three electrical ports: two are used as 
measurement ports, while the third port is terminated on a 
resistor (50 Ω), an inductor (10 µH), or a capacitor (47 nF), 

effectively realizing different two port networks. 
To enable direct connection of a VNA to measure reference 

S-parameters and to have a well-controlled setup, a metallic box 
with external SMA connectors encloses each test network. The 
reference impedance parameters for validation can be 
mathematically obtained from the measured S-parameters. 

The connection between test networks and probes is obtained 
by means of two short pieces of twisted-wire pairs (TWP). 
Their contribution must be embedded in the reference 
impedance values, which is easily achieved by separately 
characterizing each twisted wire pair in terms of per-length 
inductance and capacitance. 

The comparison between the impedance matrix entries 
measured by the proposed inductively coupled technique and 
their reference values obtained by direct VNA connection is 
reported, in magnitude and angle, in Fig. 7, Fig. 8 and Fig. 9, 
respectively, for the test network with resistive, capacitive, and 
inductive termination. Note that, as the test network is 
reciprocal (i.e., Z12 = Z21) only one mutual impedance is 
reported. It can be appreciated that the proposed measurement 
technique provides very good results from 150 kHz up to 110 
MHz, with excellent accuracy from 150 kHz to 80 MHz and 

 

 
Fig. 4. Magnitude and angle of the coefficients h1 [Ω], h2 [Ω], h3 [Ω], h4 [Ω], 
h5 [Ω], h6 [unitless], h7 [unitless]. 

 
Fig. 5. Schematic of the validation setup, including: inductive probes, TWPs
and test network with resistive, inductive or capacitive termination. 

 

Fig. 6.  Validation setup with test network (VNA not shown). 
 

 
Fig. 7. Test network with resistive termination: comparison between measured
(solid) and reference (dashed) values of the impedance matrix entries, in
magnitude and angle. 
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minimal deviations between 80 MHz to 110 MHz. The overall 
accuracy is comparable with the analogous admittance 
formulation [36]. Furthermore, the dynamic range spans six 
order of magnitudes, and the complex frequency-dependent 
behavior of impedance angles is correctly identified in all 
configurations. 

D. Effects of Different Probes on Measurement Accuracy and 
Frequency Range  

In this section, the effect of different probes on the accuracy 
and frequency range of the proposed method is assessed by 
comparing the results obtained by the all three setups listed in 
Sec. IV.A. For brevity, a single test case (the inductive 
termination) is considered, and the relevant results obtained 
with setup III are already reported in Fig. 9. Results obtained 
with setup I and II are reported in Fig. 10 and Fig. 11, 
respectively. 

The first comparison is made between setups III and I which 
are both very practical, as the cable under test is simply clamped 

(Ns=1). However, while setup III satisfies the suggested 
criterium Ns=Np, setup I involves probes with many turns of the 
primary winding so Ns<Np. By comparing Fig. 9 and Fig. 10, it 
is possible to observe that the setup I provides an overall 
comparable performance with setup III only between 10 MHz 
and 110 MHz. Conversely, setup I exhibits significant 
inaccuracy below 10 MHz, including magnitude errors in the 
very-low frequency range, and angle errors at the 8 MHz 
resonance. Hence, it is worth comparing again the accurate and 
practical setup III (Fig. 9) with setup II (Fig. 11). The latter uses 
the same probes of setup I but uses additional turns of the 
clamped cable to guarantee, for each probe, Ns=Np. As a result, 
sensitivity is expected to improve at the expense of practicality. 
One can see that setup II solves the previous low-frequency 
issues of setup I, providing an overall good performance 
between 150 kHz and 30 MHz, definitely comparable to setup 
III. However, one can also notice that setup II exhibits relevant 

 
Fig. 8. Test network with capacitive termination: comparison between
measured (solid) and reference (dashed) values of the impedance matrix
entries, in magnitude and angle. 

 
Fig. 9. Test network with inductive termination: comparison between measured
(solid) and reference (dashed) values of the impedance matrix entries, in
magnitude and angle. 

 
Fig. 10. Test network with inductive termination: comparison between
impedance matrix entries reference values (dashed), in magnitude and angle, 
and measured  values (solid) obtained by the setup with one FCC F-120-2 
probe and one Solar 9123-1N with no external windings. 

 
Fig. 11. Test network with inductive termination: comparison between
impedance matrix entries reference values (dashed), in magnitude and angle,
and measured  values (solid) obtained by the setup with one FCC F-120-2
probe with a two-turn external winding and one Solar 9123-1N probe with a 
six-turn external winding. 
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angle errors at high frequency between 30 MHz and 110 MHz, 
especially on Z22, unlike setup III. This happens because many 
hand-made cable turns introduce random and uncontrolled 
parasitic effects at high frequency, thus affecting accuracy and 
reproducibility. Overall, these experimental results fully 
support the criteria for probe selection identified in Section III. 

V. CHARACTERIZATION OF THE IN-CIRCUIT IMPEDANCE 

PARAMETERS OF A LEAD-ACID BATTERY  

In this Section, an application example of the use of the 
proposed inductively coupled measurement method for EMI 
analysis is discussed. In particular, the impedance matrix ZBatt 
of an automotive lead-acid battery is determined. 

Generally speaking, an EUT impedance matrix ZEUT can 
effectively be used as a representation of the passive part of a 
Thevenin circuit model, which, unitedly with suitable voltage 
sources VThP and VThN, describes the EUT as a multiport EMI 
source in the frequency domain [7], [8]. In this respect, the 
proposed inductively coupled in-circuit measurement method 
offers a straightforward solution to obtain the passive part of 
such a behavioral model. When considering batteries in 
particular, the characterization in terms of impedance matrix is 
sufficient, as batteries do not include any EMI source. 
Nevertheless, the proposed method is of great relevance for the 
characterization of modern high-power batteries, which can 
exhibit a dc voltage up to several hundreds of volts, thus 
preventing their characterization by VNAs or other RF 
instruments.  

A. Experimental Setup 

 The considered experimental setup is shown in Fig. 12. The 
EUT is a lead-acid automotive battery, with earthed negative 
pole, which is fed by a Line Impedance Stabilization Network 
(LISN) through a cable with positive (P) and negative (N). The 
setup is arranged over a ground plane (G). The VNA (not 
shown) is set to span from 150 kHz to 110 MHz, with 100 Hz 
resolution bandwidth, and 8 dBm forward power.  

Probes 1 and 2 are clamped on the P and N cables close to the 
battery terminals, as shown in Fig. 12 and schematized in Fig. 
13(a). A reduced setup shown in Fig. 13(b) is used to separately 
measure the powerline (i.e., cable and LISN) impedance 

parameters. In this setup, the battery is disconnected, and its P 
and N wires are shorted to PE (while the LISN is clearly not fed 
by the power outlet). 

B. In-Circuit Impedance Measurement and De-embedding 

The proposed measurement method is performed in the two 
setups shown in Fig. 13(a) and Fig. 13(c), resulting in two 
impedance matrices in the frequency range 150 kHz – 110 
MHz. For the test setup reported in Fig. 13(a), the measured 
impedance matrix includes contributions from the whole 
circuital loop (battery, cable, LISN) and is therefore denoted as 
Zloop. For the second test setup, reported in Fig. 13(b), the 
impedance matrix includes contributions from the cable and 
LISN only, and is hereby called ZC-L. 

To retrieve the battery impedance matrix ZBatt, the cable and 
LISN contributions are de-embedded from the whole loop. 
With reference to the variables depicted in Fig. 13(a), the 
following relationships hold:  

 Batt Batt Battv Z i   (16) 

 

Fig. 12. Experimental setup for the measurement of the battery impedance
matrix.  

 
(a) 

 
(b) 

Fig. 13. Experimental setup for the measurement of the battery impedance 
matrix, (b) principle schematic, and (c) reduced setup for LISN and cable
characterization. 
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 C L C L C L  v Z i   (17) 

 
x loop xv Z i   (18) 

where iBatt = [i1Batt i2Batt]T, vBatt = [v1Batt v2Batt]T, iC-L = [i1C-L i2C-L]T, 
vC-L = [v1C-L v2C-L]T, i = [ix1 ix2]T, v = [vx1 vx2]T. Considering the 
circuit in Fig. 13(a), it is possible to appreciate that the 
following Kirchhoff laws hold: 

 x C L Batt  i i i   (19) 

 x C L Batt v v v   (20) 

Combining (16)-(20) , it is easy to prove that the battery 
impedance matrix is obtained as 

 Batt loop C L Z Z Z   (21) 

C. Lead Acid Battery Impedance Parameters  

By means of the method proposed in Section II and of the 
LISN and cables de-embedding procedure discussed in Section 
IV.B, the impedance matrix ZBatt of the lead-acid battery 
depicted in Fig. 12 is obtained. A step-by-step overview of the 
overall procedure is presented in Table II. The magnitude and 
angle of the entries of the battery impedance matrix ZBatt are 
reported in Fig. 14. The magnitude and angle of the entries of 
the battery modal impedance matrix, mathematically obtained 
by a modal transformation of voltages and currents [33], are 
reported in Fig. 15.  

Considering the physical impedance in Fig. 14, one can note 
that, as expected [39], the self-impedances are mostly inductive 

and exhibit a smooth behavior, with the exception of the lowest 
frequency portion of the frequency response of the magnitude 
of Z22 which is affected by some measurement noise. This 
measurement noise is observed due to the magnitude of Z22 
being more than one order of magnitude smaller than Z11 and 
close to the sensitivity limits of the proposed method in the 
considered setup (i.e. with the available probes). 

Regarding the modal impedances in Fig. 15, it is worth 
observing that all impedances exhibit a smooth, inductive 
behavior up to around 20 MHz. The DM self-impedance is 
steadily quite larger than all other parameters, while the CM 
self-impedance is quite smaller, suggesting that the battery is a 
relatively low-impedance path for CM currents. Additionally, 
the mutual modal impedance is significant, and even larger than 
the CM self-impedance in most of the frequency range of 
interest, which may result in non-negligible mode conversion 
phenomena. This result strongly supports the relevance of the 
proposed method, as mutual modal impedances are otherwise 
impossible to measure in active, high-power devices, and 
ignoring their impact may result in severe inaccuracy in the 
prediction of conducted emissions.   

VI. CONCLUSION 

In this work, an inductively coupled two-port in-circuit 
impedance measurement technique is discussed, which 
constitutes an extension of the traditional SPS for one-port 
impedance measurements and is obtained as an alternative 
formulation of the recently proposed MPS for two-port 
admittance measurement. The proposed method is suitable for 
the characterization of passive multiport systems as well as 
energized EUTs, and can accurately represents 2×2 impedance 
matrices, including mutual impedances, unlike previously 
available SPS techniques. 

With respect to other comparable measurement techniques, 
the proposed impedance measurement method exhibits a 
number of advantages. First, the proposed method relies on 
VNAs, which cover the full frequency range of interest (up to 
110 MHz), unlike impedance meters. Second, the VNA can be 
coupled to energized systems, as the probes provide sufficient 
attenuation of low-frequency voltages and currents related to 

TABLE II 
OVERVIEW OF THE PROPOSED MEASUREMENT PROCEDURE 

STEP 1 
Selection of suitable inductive probes according to the 
criteria discussed in Section III 

STEP 2 
Setup calibration: determination of the seven coefficients h1, 
h2, h3, h4, h5, h5, h6, h7 by the procedure discussed in Section 
II.B 

STEP 3 
S-parameters measurement of the setup in Fig. 12, in the 
presence - Fig. 13(a) - and in the absence – Fig. 13(b) - of 
the battery  

STEP 4 
Measurement post-processing: calculation of impedance 
matrices by eq. (6) - (9) and coefficients from Step 2 

STEP 5 De-embedding of LISNs and cables contribution by eq. (21) 

STEP 6 Optional - modal transformation of the obtained impedance 
matrix  

 

 
Fig. 14.  Physical impedance matrix entries, in magnitude and angle, obtained
from the characterization of the first battery sample. 

 
Fig. 15.  Modal impedance matrix entries, in magnitude and angle, obtained 
from the characterization of the first battery sample. 
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the operation of high-power EUTs. The measurement 
procedure is hence not intrusive and does not require any 
alteration of the EUT, as the probes are simply clamped across 
its cables. Lastly, the proposed method allows the direct 
measurement of full impedance matrices, including mutual 
terms and with no need for numerical matrix inversions, which 
can then be mathematically converted into modal impedance 
matrices. 

As the proposed method relies on inductive probes, its 
accuracy is strictly related to the TI and/or IL in the frequency 
range of interest, which makes correct probe selection crucial. 
To avoid issues related to the use of inefficient probes, the 
optimal probe selection criteria were discussed in detail. In 
particular, it has been shown that compensating the number of 
turns of the probe with an equal number of turns of the clamped 
cable is an appropriate action to optimize the accuracy of the 
measurement process. However, for large numbers of hand-
made turns, the consequent lack of repeatability affects the 
accuracy at high frequencies.   

The proposed measurement technique was experimentally 
validated by means of a set of tests performed on artificial 
passive networks, in the frequency range 150 kHz  110 MHz, 
providing good accuracy over a wide range of impedance 
values, with magnitudes spanning over five orders of 
magnitude. As a practical implementation on a real-world 
system, the proposed method was applied to the 
characterization of an automotive battery, both in terms of 
physical and modal impedances. The results show significant 
coupling between CM and DM, supporting the need for a full 
matrix characterization. Perspective application include the 
characterization of power converters and other multiport power 
devices in real operating conditions, with the aim of developing 
behavioral models suitable for EMI simulation. 
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