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ABSTRACT 

The in-circuit impedance of a critical electrical system provides valuable information on 

its operating status and health. There are three common in-circuit impedance measurement 

approaches, namely the voltage-current (V-I) measurement approach, the capacitive coupling 

approach, and the inductive coupling approach. Among them, the inductive coupling approach 

does not require a direct electrical contact to the energized system-under-test (SUT) and 

therefore greatly simplifies the implementation without the need to shut down the system and 

eliminates the concern of electrical safety hazards.  

The conventional measurement setup of the inductive coupling approach requires two 

inductive probes and a two-port vector network analyzer (VNA) or a signal generation and 

data acquisition system (SGAS). This well-established two-probe setup (TPS) has been refined 

and improved over the years. Despite all these recent improvements, it still cannot eliminate 

the inherent probe-to-probe coupling which compromises the measurement accuracy when the 

two probes are placed very close to each other. 

This thesis develops an in-circuit impedance measurement setup with the use of only one 

inductive probe and it is experimentally verified. By introducing a single-probe setup (SPS),  

not only reduces the hardware overhead of the measurement setup but also fundamentally 

addresses the concern of probe-to-probe coupling. In addition, the proposed SPS incorporates 

power amplification and protection devices to maintain the measurement system’s accuracy 

and improve the ruggedness for in-circuit impedance measurement of electrical systems in 

harsh electromagnetic environments with the presence of strong background noise and 

transient events. An error correction scheme has also been developed to recover measurement 
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results contaminated with errors if the available signal-to-noise ratio (SNR) of the SPS is poor 

due to correlated noise interfering with the excitation signal. 

The proposed SPS has also been designed so that it has the flexibility to extract in-circuit 

impedance using either frequency-domain (FD) or time-domain (TD) based instrumentation 

so that the application scope is broadened. The SPS TD-based instrumentation is capable of 

measuring time-varying in-circuit impedance at multiple frequencies simultaneously to 

improve its measurement efficiency.   

To demonstrate the practical value of the proposed SPS, firstly, it is applied to extract the 

in-circuit differential-mode (DM) and common-mode (CM) impedances of a variable 

frequency drive (VFD) under different operating modes using FD-based instrumentation. 

Then, the in-circuit impedance of a grid-connected induction motor is extracted based on both 

FD and TD-based instrumentations. The measured in-circuit impedance of the induction motor 

is also compared against the conventional V-I measurement approach to showcase the 

measurement accuracy of the proposed SPS.   
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Chapter 1 Introduction 

1.1 Background of In-Circuit Impedance Measurement 

The in-circuit impedance of critical electrical assets, such as power converters and 

electrical machines, provides valuable information for electromagnetic interference (EMI) 

filter design and health monitoring purposes [1]–[6]. It serves as one of the key parameters 

that reflects the characteristics of the electrical system under its actual operating conditions 

[7], [8], which finds many practical applications [9]–[11]. For example, the in-circuit 

impedance of a battery provides information on its state-of-charge (SOC) and the state-of-

health (SOH) [12], [13]; the stability criteria of a power converter can be established once its 

in-circuit impedance is known [14], and systematic EMI filter design of a switch-mode power 

supply (SMPS) becomes possible with the known in-circuit noise source equivalent model 

[15]. Given its practical value, various in-circuit impedance measurement methods have been 

reported.  In general, these met. s are based on three basic approaches. These threefold 

approaches are the voltage-current (V-I) measurement approach [16]–[18], the capacitive 

coupling approach [19], [20], and the inductive coupling approach [21]–[23]. 

As opposed to the (V-I) measurement approach and the capacitive coupling approach, the 

system-under-test (SUT) does not establish a direct electrical connection in the inductive 

coupling approach [24]. The inductive probes are of the clamp-on type and can be easily 

attached on or detached from the insulated conductors that deliver power to the SUT, which 

can be easily implemented on-site without the concern of electrical safety hazards and without 
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the need to shut down the electrical power [25]. The inductive coupling approach has been 

implemented using two-probe and multi-probe setups to measure the in-circuit impedance 

[26], [27]. The multi-probe setup (MPS) has specific applications that are for simultaneous 

impedance measurement of multiple SUTs in multi-branch cables powered by the same power 

source [28]. The two-probe setup (TPS) is targeted for general purpose applications, which 

has been widely used to obtain in-circuit impedance of critical electrical systems, such as high 

voltage power delivery path [29], induction motor [30], and power converter [31].  

The early development of the TPS has been mainly based on frequency-domain (FD) 

measurement instruments such as a vector network analyzer (VNA) [32] or a spectrum 

analyzer with a tracking generator [31]. Firstly, the two inductive probes are characterized 

offline using a calibration fixture and a two-port VNA so that two-port network parameters of 

the respective probes are obtained in terms of the transmission (ABCD) parameters [33]. Then, 

the inductive probes are attached to the power cables feeding the SUT by clamping to provide 

excitation and extract its in-circuit impedance. To identify time-variant in-circuit impedance, 

the TPS uses time-domain (TD) based instrumentation with digital signal processing (DSP) 

[34], [35]. Such TPS consists of a signal generation and data acquisition system (SGAS) to 

produce an excitation test signal at a specific frequency and to measure the response of the 

same signal [36]. Time-variant or time-invariant in-circuit impedance is extracted using a 

moving window discrete Fourier transform (MWDFT) technique [37]. The latest development 

of the TPS has incorporated signal amplification and protection (SAP) devices to improve the 

measurement system’s signal-to-noise ratio (SNR) and ruggedness for SUTs with the presence 

of strong background noise and frequent power transients [38].  

Despite the above-mentioned refinements and improvements of the TPS, its major issue is 

the undesirable probe-to-probe coupling when the two probes are physically placed very close 

to each other due to space constraints in some practical situations, which can compromise the 
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measurement accuracy [39]. Although a calibration and compensation method has been 

developed to correct the errors due to the probe-to-probe coupling, it can be a tedious process 

and havemustrepeated every time if the types of probes and spacing between probes change 

[40]. An improved characterization technique has been proposed in [41] but the extracted 

transfer impedance parameter alone is not sufficient to perform impedance measurements. 

1.2 Motivation 

Although the TPS of the inductive coupling approach has been refined and improved over 

the years, there are still several shortcomings to be addressed. As mentioned earlier, even there 

is a calibration method to compensate for the measurement errors due to probe-to-probe 

coupling when the probes are placed very close to each other, it can be cumbersome. For 

situations where there are space constraints to accommodate two probes with sufficient 

separation, the TPS becomes infeasible. Also, the cascaded representation of the SUT and the 

two probes are error-prone because the inductive probe characterization errors propagate to 

the final impedance measurement, especially at high frequencies.  

Therefore, the motivation of this thesis is to explore the possibility of using a single 

inductive probe for the measurement setup so that the above-mentioned limitations can be 

overcome.  

1.3 Objectives 

The proposed single-probe setup (SPS) presented in this thesis aims to achieve the two 

main objectives:  
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• To derive the theory behind the SPS for in-circuit measurement and to validate it 

experimentally. 

• To improve its robustness for practical applications. 

1.4 Contributions 

The major contributions are highlighted as below, 

• Successful development and experimental validation of the SPS for in-circuit 

impedance extraction with frequency-domain (FD) and time-domain (TD) based 

instrumentation. 

• Incorporating signal amplification and protection devices to enhance its measurement 

accuracy and ruggedness.  

• Detailed analysis of the impact of SNR on the accuracy of in-circuit impedance 

extraction and proposing an error correction scheme. 

• Development of a quasi-log multitone excitation signal algorithm with TD-based 

instrumentation to extract in-circuit impedance efficiently across a wide frequency 

band.  

 

1.5 Organization of Thesis 

The thesis has been organized as follows: 

Chapter 1 elaborates the significance of in-circuit impedance measurement and gives an 

overview of the existing in-circuit impedance extraction approaches with a special focus on 
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the TPS of the inductive coupling approach. Accordingly, the motivation, objectives, and 

contributions of the work presented in the thesis are articulated.  

 Chapter 2 gives a comprehensive literature review on various in-circuit impedance extraction 

approaches and compares their strengths and limitations.  

Chapter 3 describes the proposed SPS for in-circuit impedance measurement with FD-based 

instrumentation.  

Chapter 4 extends the SPS with TD-based instrumentation. A multitone excitation signal 

synthesis technique and a digital signal processing (DSP) technique are described for 

simultaneous time-variant in-circuit impedance measurement at multiple frequencies. 

Chapter 5 introduces signal amplification and protection features to tailor the SPS for high-

power applications. Also, a non-statistical error correction scheme is proposed to recover 

measurement results contaminated with errors due to correlated noise interfering with the 

excitation signals.  

Chapter 5 introduces signal amplification and protection features to the SPS to enhance its 

measurement accuracy and ruggedness in a harsh electromagnetic environment. Also, a novel 

error correction method is proposed to achieve measurement accuracy mathematically under 

situations where there is a limitation on SNR.  

Chapter 6 demonstrates the practical application value of the proposed SPS with several test 

cases. 

Finally, Chapter 7 concludes the thesis with suggestions for potential future work. 
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Chapter 2 Literature Review 

This chapter reviews various methods for in-circuit impedance measurement. Generally, 

these methods can be classified into three: the voltage-current (V-I) measurement approach, 

the capacitive coupling, and the inductive coupling approaches. The basic instrumentation and 

principles of these three approaches will be elaborated, and their merits and drawbacks will be 

discussed.  

2.1 Voltage-Current Measurement Approach 

The V-I measurement approach is a straightforward way to determine the in-circuit 

impedance of an energized SUT through direct voltage and current measurements [42]. It can 

be realized by measuring the voltage and current due to an external excitation test signal [43] 

or by measuring any existing voltage and current harmonics in the SUT [44].  

 

Fig. 2-1 shows a SUT energized by an AC or DC power supply connected by cables. The 

signal generator provides an excitation of a known frequency 𝜔 through the injection probe. 

 

Fig. 2-1 A typical in-circuit impedance measurement setup using the V-I measurement approach with externally 

injected excitation signal. 
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The resultant terminal voltage    and current    of 𝒁𝑳 due to the excitation signal are sampled 

and digitized through an analog-to-digital converter (ADC) of an oscilloscope in the time 

domain. The subsequent DSP stage converts and processes the measured voltage and current 

in the frequency domain and computes 𝒁𝑳 in the frequency of interest 𝜔 using the following 

relationship [45]. 

𝒁𝑳 𝜔 =
 𝑳 𝜔 

 𝑳 𝜔 
 (2.1) 

2.2 Capacitive Coupling Approach  

Fig. 2-2 shows a typical setup that measures the in-circuit impedance of an energized SUT 

by an AC or DC power supply. The in-circuit impedance of the SUT to be extracted is denoted 

by 𝒁𝑳. The measurement instrument (VNA or IA) injects an excitation signal through a 

coupling capacitor 𝐶1 and receives the response for the same signal through another coupling 

capacitor 𝐶2 [46]. The values of these capacitors are chosen such that they provide isolation 

to the power frequencies (50 or 60 Hz) but essentially serve as a low impedance path for the 

high-frequency excitation signal. The roles of inductors 𝐿1 and 𝐿2 are to block the high-

frequency excitation signal from coupling into the power supply so that the excitation signal 

only couples to the SUT to extract 𝒁𝑳. 

 

 

Fig. 2-2 Typical in-circuit impedance measurement setup based on capacitive coupling approach. 
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𝒁𝒎 =
1

𝑗𝜔𝐶1
 

1

𝑗𝜔𝐶2
  𝑗𝜔𝐿1  𝑗𝜔𝐿2  𝒁𝒔 //𝒁𝑳 (2.2) 

where 𝒁𝒎 is the measured impedance by a VNA or an impedance analyzer (IA) and 𝒁𝒔 is the 

impedance of the power supply. 𝜔 is the frequency at which the impedance is evaluated. Since 

 𝑗𝜔𝐿1  𝑗𝜔𝐿2  is large and  1/𝑗𝜔𝐶1  1/𝑗𝜔𝐶2  is small at high test frequencies, 𝒁𝑳 can be 

approximated by 𝒁𝒎.  

𝒁𝑳 ≈ 𝒁𝒎 (2.3) 

Alternatively, the effects of the 𝐶1 and 𝐶2 can be de-embedded by using two known 

impedances to replace 𝒁𝑳 at l-l′ for better measurement accuracy [19]. 

2.3 Inductive Coupling Approach  

The inductive coupling approach was firstly proposed for the power line impedance 

measurement [47]. Subsequently, it was improved and employed to extract the in-circuit 

impedance of the SMPS for EMI filter design [48]. It was later improved with the two-port 

network theory-based interpretation [49]. Based on the application focus, the inductive 

coupling approach can be either set up as a TPS or as a multi-probe setup (MPS). The MPS 

has been developed for specific applications such as impedance measurement of systems with 

multibranch cables [50]. As opposed to the MPS, the TPS is for more general applications. 

The TPS can be implemented with FD-based instrumentation [51] and TD-based 

instrumentation [52]. Under this section, the inductive probe and the concept ofprobe,TPS for 

in-circuit impedance measurement are explained using two-port network theory. 
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2.3.1 Inductive Probe 

Inductive probes are commonly used for current measurement and signal injection in the 

electromagnetic compatibility (EMC) testing field [41], [53], [54]. This section describes the 

basic principle and characteristics of an inductive probe.  

 

An inductive probe consists of a copper winding wound on a toroidal-shaped magnetic 

core covered by a metal frame as shown in Fig. 2-3. The core is usually split into two halves 

to allow easy installation by clamping onto a cable. The ends of the winding are interfaced to 

a radio frequency (RF) coaxial connector as an input or output. Fig. 2-4(a) and Fig. 2-4(b) 

show the actual photographs of a clamp-on type inductive probe (SOLAR 9144-1N) and its  

internals. 

 

 

(a)                                                                        (b) 

Fig. 2-3 Illustration of an inductive probe clamped on to a cable (a) external view (b) internal view. 
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(a)                                                       (b) 

Fig. 2-4 SOLAR 9144-1N inductive probe structure (a) externals (b) Internals. 
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For an inductive probe clamped onto a section of a cable labeled by c-c′ as shown in Fig. 

2-5(a), where the cable is part of a closed-loop of an electrical system, the equivalent circuit 

model of the probe is represented by Fig. 2-5(b). The inductive coupling between the probe 

and the clamped cable can be described through the magnetizing inductances  𝐿1 and 𝐿2) and 

the mutual inductance 𝑀. 𝐿𝑙𝑘 and 𝐶𝑃 represent leakage inductance and parasitic capacitance 

between the winding of the probe and its metal frame [55].  

 

The equivalent circuit of Fig. 2-5(b) can be represented as a two-port network. Therefore, 

the resultant effects of the 𝐶𝑃, 𝐿1, 𝐿2, 𝐿𝑙𝑘, and 𝑀 can be represented by the equivalent 

transmission (ABCD) parameters as shown in Fig. 2-6 where m-m′ and l-l′ boundaries 

represent the two ports (Port 1 and Port 2) of the two-port network. 

 

The ABCD parameters that relate Ports 1 and  2 can be expressed in the following format [56]. 

  

(a)       (b) 

Fig. 2-5 Inductive probe clamped on to a wire of an electrical system (a) physical illustration (b) equivalent 

circuit model. 
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Fig. 2-6 The two-port network representation of an inductive probe clamped on to a wire of an electrical system. 
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(
 𝟏

 𝟏
) = (

 𝟏  𝟏

 𝟏  𝟏
) (

 𝟐

 𝟐
) (2.4) 

Where the ABCD parameters are defined in terms of  𝟏,  𝟐,  𝟏, and  𝟐 as follows. 

 𝟏 = (
 𝟏

 𝟐
)
 𝟐=0

 (2.5) 

 𝟏 = (
 𝟏

 𝟐
)
 𝟐=0

 (2.6) 

 𝟏 = (
 𝟏
 𝟐

)
 𝟐=0

 (2.7) 

 𝟏 = (
 𝟏
 𝟐

)
 𝟐=0

 (2.8) 

By circuit analysis, the frequency-dependant ABCD parameters relate to equivalent circuit 

parameters 𝐶𝑃, 𝐿1, 𝐿2, 𝐿𝑙𝑘, and 𝑀 as follows. 

(
 𝟏  𝟏

 𝟏  𝟏
)

= (

𝐿1

𝑀
 

𝐿𝑙𝑘

𝑀
 𝑀𝑗𝜔  

𝐿1  𝐿2

𝑀
𝑗𝜔  

𝐿2  𝐿𝑙𝑘

𝑀
𝑗𝜔

 
𝑗

𝑀 𝜔
 

𝐶𝑃

𝑀
 𝐿1   𝐿𝑙𝑘 𝑗𝜔  

𝐶𝑃 𝐿1  𝐿2𝜔
2

𝑀
 𝐶𝑃  𝑀 𝜔2  

𝐿2

𝑀
 

𝐶𝑃 𝐿2  𝐿𝑙𝑘  𝜔
2

𝑀

) 

(2.9) 

where 𝜔 is the frequency at which the ABCD parameters are evaluated. It is worth noting that 

 𝟏 is proportional to the turn-ratio and  𝟏 is inversely proportional to the turns-ratio   as 

𝐿1/𝑀 ∝   and 𝐿2/𝑀 ∝ 1/ . Using a two-port VNA, the ABCD parameters of a two-port 

network can be experimentally obtained. Since the VNA measurements are usually 

represented in S-parameter format, firstly the S-parameters of the two-port network should be 

measured as 𝑺𝟏𝟏, 𝑺𝟏𝟐, 𝑺𝟐𝟏 and 𝑺𝟐𝟐 and converted into ABCD parameters using the following 

conversion formulae. 

 𝟏 =
 1  𝑺𝟏𝟏  1  𝑺𝟐𝟐  𝑺𝟏𝟐𝑺𝟐𝟏

2𝑺𝟐𝟏
 (2.10) 

 𝟏 = 𝒁𝟎

 1  𝑺𝟏𝟏  1  𝑺𝟐𝟐  𝑺𝟏𝟐𝑺𝟐𝟏

2𝑺𝟐𝟏
 

(2.11) 
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 𝟏 =
1

𝒁𝟎

 1  𝑺𝟏𝟏  1  𝑺𝟐𝟐  𝑺𝟏𝟐𝑺𝟐𝟏

2𝑺𝟐𝟏
 

(2.12) 

 𝟏 =
 1  𝑺𝟏𝟏  1  𝑺𝟐𝟐  𝑺𝟏𝟐𝑺𝟐𝟏

2𝑺𝟐𝟏
 

(2.13) 

where 𝒁𝟎 is the reference impedance of the VNA S-parameter measurement. 

 

In order to measure the S-parameters of an inductive probe, a suitable calibration fixture 

should be used [57]. Fig. 2-7 shows an example of an inductive probe being measured for S-

parameters using a two-port VNA and a coaxial type calibration fixture, where the probe (FCC 

F-120-6A-3) is clamped onto the inner conductor and surrounded by the outer conductor of 

the calibration fixture (Solar 9124-1). The inductive probe terminal is connected to port 1 of 

the VNA. One end of the calibration fixture is terminated by a short termination and the other 

end is terminated by port 2 of the VNA.  

Fig. 2-8 shows an equivalent network representation of inductive probe characterization 

using a calibration fixture. With two frequency sweep excitations from the two ports 

respectively, the two-port S-parameters are measured in two steps. When the Port 1 of the 

VNA is the signal source, 𝑺𝟏𝟏 and 𝑺𝟐𝟏 are measured. When the Port 1 of the VNA is the signal 

source, 𝑺𝟐𝟐 and 𝑺𝟏𝟐 are measured. Then, the ABCD parameters are derived by using the 

conversion formulae of (2.10)-(2.13).  

  

Fig. 2-7 Inductive probe characterization using a two-port VNA and a calibration fixture. 
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As an illustration, Fig. 2-9 and Fig. 2-10 show the magnitude and phase information of the 

two-port ABCD parameters from 150 kHz to 30 MHz obtained for the inductive probe the 

probe (FCC F-120-6A-3) using the setup shown in Fig. 2-7. It is observed that  𝟏 ≈ 1 and 

 𝟏 ≈ 1 at low frequencies because the turns-ratio  = 1 according to the manufacturer. But 

they deviate from unity when the coupling to the wire becomes non-ideal due to leakage flux. 

For the same reason,  𝟏 has a non-zero value as frequency increases and  𝟏 becomes smaller 

in accordance with (2.9) as 𝐿𝑙𝑘 and 𝐶𝑃 are small parasitic elements. The measured ABCD 

parameters of inductive probes are required for impedance measurement with the TPS. 

   

Fig. 2-8 inductive probe characterization of the (a) physical connection (b) Port 1 as the (c) Port 2 as the 

excitation source. 
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2.3.2 Two-Probe In-Circuit Impedance Measurement Setup 

In this section, the TPS for in-circuit impedance measurement is explained under two 

possible implementations based on the type of instrumentation used. The first implementation 

uses a VNA which is FD-based instrumentation [58]. and the second implementation utilizes 

TD-based instrumentation [52]. 

  

Fig. 2-9 Measured two-port ABCD parameters of the inductive probe (magnitude). 

 

Fig. 2-10 Measured two-port ABCD parameters of the inductive probe (phase). 
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2.3.2.1 TPS with Frequency-Domain Based Instrumentation 

Fig. 2-11 shows a load powered by either an AC or a DC power supply  𝑺 with an internal 

impedance 𝒁𝑺. 𝒁𝑾 is the equivalent impedance of the cable connection between the power 

supply and the load. 𝒁𝑳 is the equivalent impedance of the load. The power supply and the 

load with the cable connection are regarded as the SUT. 𝒁𝑿 is the equivalent impedance of the 

SUT and is equal to the resultant series impedance of 𝒁𝑳, 𝒁𝑾, and 𝒁𝑺 [51]. The two inductive 

probes are clamped onto a section of the cable connection. A two-port VNA is terminated by 

the two inductive probes. The two-port network representation of the setup is shown in Fig. 

2-12 when the Port 1 of the VNA is the excitation signal source. The inductive probes and the 

SUT have been represented by their respective ABCD parameters. 𝑵𝟏, 𝑵𝟐, and 𝑵𝑺𝑼𝑻 are the 

two-port networks of the inductive probe 1, probe 2, and SUT respectiSUT,y. 𝑵𝑺𝒀𝑺 is the 

cascaded two port network of 𝑵𝟏, 𝑵𝟐, and 𝑵𝑺𝑼𝑻.  

 

  

 

Fig. 2-11 TPS for in-circuit impedance measurement using FD-based instrumentation. 
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Fig. 2-12 Cascaded two-port network representation of the TPS with FD-based instrumentation. 
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To measure the in-circuit impedance 𝒁𝑿 through the TPS, firstl, the ABCD parameters of 

two-port networks 𝑵𝟏 and 𝑵𝟐 can be known by inductive probe characterization, as described 

in subsection 2.3.1. Second, using Port 1 of VNA as the sweep frequency excitation source, 

𝑺𝟏𝟏 and 𝑺𝟐𝟏 of 𝑵𝑺𝒀𝑺 are measured. Third, using Port 2 of VNA as the sweep frequency 

excitation source, 𝑺𝟐𝟐 and 𝑺𝟏𝟐 of 𝑵𝑺𝒀𝑺 are measured. The measured S-parameters of the two-

port network 𝑵𝑺𝒀𝑺 are converted to the ABCD parameters.  

The ABCD parameters of the two-port network 𝑵𝑺𝑼𝑻 can be obtained by solving the 

following equation as 𝑵𝑺𝒀𝑺 is the cascaded combination of 𝑵𝟏, 𝑵𝟐, and 𝑵𝑺𝑼𝑻. 

(
1 𝒁𝑿

 1
) = (

 𝟏  𝟏

 𝟏  𝟏
)
−1

(
 𝑺𝒀𝑺  𝑺𝒀𝑺

 𝑺𝒀𝑺  𝑺𝒀𝑺
) (

 𝟐  𝟐

 𝟐  𝟐
)
−1

  (2.14) 

Finally, the unknown impedance  𝒁𝑿 can be extracted as follows. 

𝒁𝐗 =
 𝟐  𝟏 𝑺𝒀𝑺   𝟏 𝑺𝒀𝑺   𝟐  𝟏 𝑺𝒀𝑺   𝟏 𝑺𝒀𝑺 

  𝟏 𝟏   𝟏 𝟏   𝟐 𝟐   𝟐 𝟐 
 (2.15) 

In the cases where the load’s in-circuit impedance 𝒁𝑳 needs to be extracted,  𝒁𝑺  𝒁𝑾  

can be de-embedded from 𝒁𝑿 [35]. To perform the de-embedding, a known impedance 𝒁𝒌𝒏𝒐𝒘𝒏 

is used to replace the unknown 𝒁𝑳. The respectively obtained 𝒁𝑿 is denoted by 𝒁𝑿
′ . Then the 

unknown 𝒁𝑳 can be calculated with respect to 𝒁𝑿 , 𝒁𝑿
′ , and 𝒁𝒌𝒏𝒐𝒘𝒏 as follows. 

𝒁𝑳 = 𝒁𝑿  𝒁𝑿
′  𝒁𝒌𝒏𝒐𝒘𝒏 (2.16) 

2.3.2.2 TPS with Time-Domain Based Instrumentation 

Fig. 2-13 shows a load powered by either an AC or a DC power supply  𝑺 with an internal 

impedance 𝒁𝑺. 𝒁𝑾 is the equivalent impedance of the cable connection between the power 

supply and the load. 𝒁𝑳 is the equivalent impedance of the load. The power supply and the 

load with the cable connection are regarded as the SUT. 𝒁𝑿 is the equivalent impedance of the 

SUT and is equal to the resultant series impedance of 𝒁𝑳, 𝒁𝑾, and 𝒁𝑺 [34]. The two inductive 
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probes are clamped onto a section of the wire connecting to the load. A SGAS with TD-based 

instruments provides the excitation and measures the response. The arbitrary waveform 

generator (AWG) of the SGAS is connected to the inductive probe 1 and channel 1 (CH 1) of 

the analog to digital converter (ADC) of the SGAS. Inductive probe 2 is terminated by channel 

2 (CH 2) of ADC with 50 Ω resistive termination impedance. 

 

 

By computer control, AWG provides an excitation signal with a known frequency 𝜔 to the 

SUT through the inductive probe 1. The time-domain terminal voltage of the inductive probes 

1 and 2 (  𝐻1 and   𝐻2) are digitized and recorded by the two ADC channels of the SGAS. 

 

Fig. 2-13 TPS for in-circuit impedance measurement using TD-based instrumentation. 
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Fig. 2-14 Cascaded two-port network representation of the TPS for in-circuit impedance measurement using 

TD-based instrumentation. 
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By discrete Fourier transform (DFT), the frequency-domain counterparts of the   𝐻1 and   𝐻2 

are obtained at the frequency 𝜔 as    𝟏 and    𝟐 The cascaded two-port network 

representation of the setup based on    𝟏 and    𝟐 is given in Fig. 2-14. The inductive probes 

and the SUT are represented by their respective two-port ABCD parameters. 𝑵𝟏, 𝑵𝟐, and 𝑵𝑺𝑼𝑻 

are the two-port network of the inductive probe 1, probe 2, and SUT. 𝑵𝑺𝒀𝑺 is the cascaded 

two-port network 𝑵𝟏, 𝑵𝟐, and 𝑵𝑺𝑼𝑻, To measure the in-circuit impedance 𝒁𝑿 through the 

TPS, firstly, The ABCD parameters of the two-port networks 𝑵𝟏 and 𝑵𝟐 can be known by 

inductive probe characterization as described in subsection 2.3.1. Secondly, the system is 

excited by the AWG. Then    𝟏 and    𝟐 are obtained from   𝐻1 and   𝐻2 using DSP. 

Finally, the unknown impedance  𝒁𝑿 can be extracted as follows [35]. 

𝒁𝐗 =
   𝟏

   𝟐
∙

1

 𝟏 ( 𝟐  
1
5 

 𝟐)
 

 𝟐  
 𝟐

5 

( 𝟐  
1
5 

 𝟐)
 

 𝟏

 𝟏
 (2.17) 

In the cases where the in-circuit impedance 𝒁𝑳 needs to be extracted,  𝒁𝑺  𝒁𝑾  can be 

de-embedded from 𝒁𝑿 [35]. To perform the de-embedding, a known impedance 𝒁𝒌𝒏𝒐𝒘𝒏 is 

used to replace the unknown 𝒁𝑳. The respectively obtained 𝒁𝑿 is denoted by 𝒁𝑿
′ . Then the 

unknown 𝒁𝑳 can be calculated with respect to 𝒁𝑿 , 𝒁𝑿
′ , and 𝒁𝒌𝒏𝒐𝒘𝒏 as follows. 

𝒁𝑳 = 𝒁𝑿  𝒁𝑿
′  𝒁𝒌𝒏𝒐𝒘𝒏 (2.18) 

2.4 Summary and Discussion 

This chapter provides an overview of three prevalent in-circuit impedance measurement 

approaches; the voltage-current (V-I) measurement approach, the capacitive coupling 

approach, and the inductive coupling approach. Both the V-I measurement approach and the 

capacitive coupling approach require the measurement instruments to have direct electrical 
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contact to the energized SUT due to the needs of the voltage sensor and the coupling 

capacitors, respectively. Such direct electrical contact can cause electrical safety hazard to the 

service personnel who conducts the on-site implementation. In addition, SUT energized at 

high voltage and power levels can cause high dielectric and thermal stress to the voltage sensor 

and the coupling capacitors, which may require regular maintenance and replacement and 

results in unnecessary interruption of the SUT’s operation. In contrast to these two approaches, 

the inductive coupling approach does not require any direct contact to the energized SUT. The 

clamp-on type inductive probes can be quickly attached and detached from the insulated power 

cables of the SUT, which greatly simplifies the on-site setup and implementation. Even though 

the TPS based on the inductive coupling approach has been well-established and has shown 

its advantages for in-circuit impedance measurement, there are still some limitations to be 

overcome and will be discussed in the subsequent sections. 

2.4.1 Limitation Related to Probe Characterization 

As explained in the earlier section, the inductive probes must be characterized prior to the 

in-circuit impedance measurement using a TPS. This section elaborates on the errors caused 

by the calibration fixture in the measurement of the two-port ABCD parameters of the 

inductive probes.  

Fig. 2-15 shows the measured impedance obtained from the TPS. The setup consists of a 

two-port VNA (Bode 100, 1 Hz – 40 MHz, an injecting inductive probe (Solar 9144-1N, 4 

kHz - 100 MHz), and a receiving inductive probe (Solar 9134-1, 20 Hz - 100 MHz). The 

inductive probes have been characterized using the Solar 9125-1 (20 Hz to 500 MHz) 

calibration fixture. The actual TPS and a load 𝒁𝑳 are shown in Fig. 2-16. Three passive 

components are selected as the load (1 nF capacitor, 100 Ω resistor, and 10 Ω resistor). The 
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reference impedance is obtained by offline direct impedance measurement using an impedance 

analyzer (IA) (Bode 100 configured as an IA). 

 

From Fig. 2-15, it is clearly observed that the agreement between the measured and the 

reference impedances is rather poor as frequency increases, especially above 10 MHz. The 

measurement discrepancy is largely due to the non-ideal behaviors of the calibration fixture, 

which will be discussed in the following section [59].  

 

 

Fig. 2-15 Comparison of in-circuit impedance extracted from the TPS with the reference impedance (REF). 

 

(a)     (b) 

Fig. 2-16 Measurement of  𝒁𝑳 (a) with TPS (b) with impedance analyzer. 
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These non-ideal behaviors of the calibration fixture are illustrated in Fig. 2-17, where the 

presence of parasitic capacitance between the frame of the inductive probe and the calibration 

fixture is highlighted. Another no-ideal effect comes from the equivalent series inductance 

(ESL) of the calibration fixture. It is to take note that the calibration fixture cannot fully 

resemble the true TPS in a specific application due to different conductor diameters, and 

therefore it can lead to measurement discrepancy in the TPS, especially at higher frequencies.   

2.4.2 Probe-to-Probe Coupling in TPS 

As observed in Fig. 2-16, it is not always possible to maintain a large physical separation 

between the two inductive probes. Once they are placed closer to each other, undesirable 

probe-to-probe coupling can compromise the measurement accuracy. This coupling occurs 

because part of the leaked magnetic flux from one inductive probe directly couples to the 

winding of the other probe. Due to the clamp-on type design of the inductive probe, a split-

magnetic core is adopted, and it is prone to magnetic flux leakage, especially when the split 

gaps of both probes are aligned. If the probe-to-probe coupling is not well-taken care of in the 

measurement setup, significant errors in the impedance measurement can occur [39]. 

 

Fig. 2-17 Non-ideal behaviors of the calibration fixture. 
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Fig. 2-18 shows the TPS with the gap between two probes indicated as 𝑑. To illustrate how 

the probe-to-probe coupling affects the measurement accuracy, the in-circuit impedance 

measurement of a DC-powered 𝒁𝑳 is carried out. The details of the instruments and circuit 

components are listed in Table 2-1.  

 

 

Fig. 2-19 shows the comparison of the measured 𝒁𝑳 using TPS for 𝑑 =    cm and 𝑑 =

 1  cm. 𝒁𝑳 is also measured off-circuit by an IA (Bode 100 configured as an IA) as a reference. 

The comparison shows that the measured in-circuit impedance with 𝑑 =    cm deviates 

significantly due to the strong probe-to-probe coupling. When d increases to 10 cm, the 

measured in-circuit impedance resembles the reference measurement. Therefore, the probe-

to-probe coupling becomes negligible and can be ignored. A comprehensive analysis of the 

impact of the probe-to-probe coupling has been reported and will not be repeated here [39]. 

 

Fig. 2-18 Probe-to-probe coupling of TPS. 

DC

Power Supply

l

l′

Inductive 

Probe 1

c c′
Load

Two Port VNA

Port 1 Port 2
Inductive 

Probe 2

𝒁𝑳

d

Probe-to-Probe

Coupling

Table 2-1. Details of Instruments and Loads for the TPS. 

Instrument Model Component Description 

VNA 
Bode 100  

(5Hz – 40 MHz) 
𝒁𝑳 5 kΩ Resistor (1%) 

Probe 1 
SOLAR 9144-1N 

(4kHz – 100 MHz) 

DC Power 

Supply 

3.7 V 18650  

Lithium Battery 

Probe 2 
SOLAR 9134-1  

(20 Hz – 100 MHz) 
Wires 

16 AWG  

80 cm 
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Although an error correction method has been developed to compensate for the error the 

process can be tedious and cumbersome [40].   

 

2.5 Concluding Remarks  

In this chapter, three existing in-circuit measurement approaches have been reviewed. 

Since the V-I measurement approach and the capacitive coupling approach require a direct 

electrical contact to the energized SUT, the inductive coupling approach is an attractive choice 

for in-circuit impedance measurement. TPS with FD-based instrumentation has been briefly 

described and its shortcomings have also been elaborated. To overcome these shortcomings, 

the SPS of the inductive coupling approach with both FD and TD-based instrumentations will 

be discussed in the subsequent chapters.  

 

Fig. 2-19. Impact of the probe-to-probe coupling on the measurement accuracy of the TPS. 
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Chapter 3 Single-Probe In-Circuit 

Impedance Extraction with Frequency-

Domain Based Instrumentation 

This chapter focuses on the principle and implementation of SPS with FD-based 

instrumentation for in-circuit impedance measurement. A comprehensive investigation of the 

SPS is performed to show that the systematic error that occurred in the TPS will be canceled 

in the SPS. The validity of the SPS with FD-based instrumentation will be demonstrated 

experimentally. 

3.1 Principle of the Single-Probe Setup 

Fig. 3-1 shows the proposed SPS for in-circuit impedance measurement of an energized 

SUT. The SUT has a load powered by an AC or DC power supply through connecting cables. 

The measurement plane at the load is denoted by l-l′. An inductive probe is clamped onto one 

of the power cables at a clamping location marked by c-c′. The inductive probe is connected 

to an impedance measurement instrument, where the measurement reference plane is labeled 

as m-m′.  

The objective of the proposed SPS is to extract the in-circuit SUT impedance seen at c-c′ 

or at l-l′ (if the load termination is accessible). By establishing a relationship between m-m′ 

and c-c′, the SUT impedance can be determined. Similarly, by establishing the relationship 

between m-m′ and l-l′, the load impedance can also be extracted. 
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The equivalent circuit of the SPS is given in Fig. 3-2. The power supply of the energized 

SUT is represented by its equivalent Thevenin voltage  𝒔 and impedance 𝒁𝒔. The load is 

represented by its impedance 𝒁𝑳. In the maximum frequency range of interest (30 MHz), the 

length of the power cables is much shorter than the wavelength of the highest signal frequency 

and therefore can be represented by a lumped series and shunt impedances 𝒁𝑾𝟏 and 𝒁𝑾𝟐, 

which include the non-ideal parasitic effects of the cables, especially above 10 MHz.    

 

The setup can also be expressed as two cascaded two-port networks, as shown in Fig. 3-3. 

The two-port networks in the setup are denoted by their respective ABCD parameters. The 

cable and the power supply are combined and treated as one two-port network. The impedance 

seen by the measurement instrument is denoted by 𝒁𝒎. Similarly, the impedance seen by the 

 

Fig. 3-1 Basic SPS for in-circuit impedance measurement. 
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Fig. 3-2. Equivalent circuit of the SPS. 
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inductive probe at c-c′ is denoted by 𝒁𝒄. The impedance measurement instrument can be an 

IA or a VNA, which will be discussed in the following sections. 

 

3.2 Impedance Analyzer as Measurement Instrument 

 

Fig. 3-4 shows the SPS with an IA as the impedance measurement instrument. The voltage 

and current due to the excitation provided by the IA at m-m′ are given as  𝒎 and  𝒎, 

respectively. The resultant voltage and current at c-c′ are given as  𝒄 and  𝒄, respectively. The 

resultant voltage and current at l-l′ are given as  𝑳 and  𝑳, respectively. The impedance seen 

by the IA is 𝒁𝒎. Through network analysis, m-m′ is related to c-c′ by: 

 

Fig. 3-3. Cascaded two-port network representation of the SPS. 
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Fig. 3-4. In-circuit impedance measurement using SPS with IA as the measurement instrument  
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𝒁𝒎 =
 𝒎

 𝒎
=

 𝟏 𝒄   𝟏 𝒄
 𝟏 𝒄   𝟏 𝒄

 (3.1) 

Since 𝒁𝒄 =  𝒄/ 𝒄, (3.1) can be expressed as: 

𝒁𝒎 =
 𝟏𝒁𝒄   𝟏

 𝟏𝒁𝒄   𝟏
 (3.2) 

This can be rearranged to:  

𝒁𝒄 =
𝒌𝟏𝒁𝒎  𝒌𝟐

𝒁𝒎  𝒌𝟑
 (3.3) 

where 

𝒌𝟏 =   𝟏/ 𝟏 (3.4) 

𝒌𝟐 =  𝟏/ 𝟏 (3.5) 

𝒌𝟑 =   𝟏/ 𝟏 (3.6) 

Once 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 are known, 𝒁𝒄 can be determined using (3.3) based on the measured  

𝒁𝒎. Note that 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 are dependent on the two-port ABCD parameters of the inductive 

probe. To determine 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 a pre-measurement characterization of the SPS must be 

performed by removing the energized SUT from c-c′ and replacing it with three known distinct 

impedances, 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, where 𝒁𝟏 ≠ 𝒁𝟐 ≠ 𝒁𝟑. The off-circuit pre-measurement 

characterization of the SPS is shown in Fig. 3-5. 

 

By substituting 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑 into (3.3): 

 

Fig. 3-5. Pre-measurement characterization at c-c′. 
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𝒁𝟏 =
𝒌𝟏𝒁𝒎𝟏

 𝒌𝟐

𝒁𝒎𝟏
 𝒌𝟑

 (3.7) 

𝒁𝟐 =
𝒌𝟏𝒁𝒎𝟐

 𝒌𝟐

𝒁𝒎𝟐
 𝒌𝟑

 (3.8) 

𝒁𝟑 =
𝒌𝟏𝒁𝒎𝟑

 𝒌𝟐

𝒁𝒎𝟑
 𝒌𝟑

 (3.9) 

where 𝒁𝒎𝟏
, 𝒁𝒎𝟐

, and 𝒁𝒎𝟑
 are the impedances measured by the IA at m-m′ for 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, 

respectively. Combining (3.3), (3.7), and (3.8) leads to: 

(
𝒁𝒄  𝒁𝟏

𝒁𝟏  𝒁𝟐
) =

(

 

𝒌𝟏𝒁𝒎  𝒌𝟐

𝒁𝒎  𝒌𝟑
 

𝒌𝟏𝒁𝒎𝟏
 𝒌𝟐

𝒁𝒎𝟏  𝒌𝟑

𝒌𝟏𝒁𝒎𝟏
 𝒌𝟐

𝒁𝒎𝟏 
 𝒌𝟑

 
𝒌𝟏𝒁𝒎𝟐

 𝒌𝟐

𝒁𝒎𝟐
 𝒌𝟑 )

  (3.10) 

Similarly, combining (3.3), (3.8), and (3.9) leads to: 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝒄
) =

(

 

𝒌𝟏𝒁𝒎𝟐
 𝒌𝟐

𝒁𝒎𝟐
 𝒌𝟑

 
𝒌𝟏𝒁𝒎𝟑

 𝒌𝟐

𝒁𝒎𝟑
 𝒌𝟑

𝒌𝟏𝒁𝒎𝟑
 𝒌𝟐

𝒁𝒎𝟑
 𝒌𝟑

 
𝒌𝟏𝒁𝒎  𝒌𝟐

𝒁𝒎  𝒌𝟑 )

  (3.11) 

By multiplying (3.10) and (3.11): 

𝒁𝒄 =
𝒂  𝒃𝒁𝒎

𝒄  𝒅𝒁𝒎
 (3.12) 

where 

𝒂 = 𝒁𝟏𝒁𝟐(𝒁𝒎𝟐
 𝒁𝒎𝟏

)𝒁𝒎𝟑
 𝒁𝟏𝒁𝟑(𝒁𝒎𝟏

 𝒁𝒎𝟑
)𝒁𝒎𝟐

 𝒁𝟐𝒁𝟑(𝒁𝒎𝟑
 𝒁𝒎𝟐

)𝒁𝒎𝟏
 (3.13) 

𝒃 = 𝒁𝟏𝒁𝟐(𝒁𝒎𝟏
 𝒁𝒎𝟐

)  𝒁𝟏𝒁𝟑(𝒁𝒎𝟑
 𝒁𝒎𝟏

)  𝒁𝟐𝒁𝟑(𝒁𝒎𝟐
 𝒁𝒎𝟑

) (3.14) 

𝒄 = 𝒁𝟏(𝒁𝒎𝟐
 𝒁𝒎𝟑

)𝒁𝒎𝟏
 𝒁𝟐(𝒁𝒎𝟑

 𝒁𝒎𝟏
)𝒁𝒎𝟐

 𝒁𝟑(𝒁𝒎𝟏
 𝒁𝒎𝟐)𝒁𝒎𝟑

 (3.15) 

𝒅 = 𝒁𝟏(𝒁𝒎𝟑
 𝒁𝒎𝟐

)  𝒁𝟐(𝒁𝒎𝟏
 𝒁𝒎𝟑

)  𝒁𝟑(𝒁𝒎𝟐
 𝒁𝒎𝟏

) (3.16) 

Comparing (3.3) and (3.12), 𝒌𝟏, 𝒌𝟐 and 𝒌𝟑 can be expressed as: 

𝒌𝟏 = 𝒃/𝒅 (3.17) 

𝒌𝟐 = 𝒂/𝒅 (3.18) 

𝒌𝟑 = 𝒄/𝒅 (3.19) 
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With the measured 𝒁𝒎𝟏
, 𝒁𝒎𝟐

  and 𝒁𝒎𝟑
 for the respective 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑, 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 

can be determined. Then, the relationship between 𝒁𝒄 and 𝒁𝒎 can be fully established. With 

this relationship, any unknown 𝒁𝒄 can be determined from its respective measured 𝒁𝒎 at m-

m′. Note that both 𝒌𝟏 and  𝒌𝟐 have a unit of Ω, and 𝒌𝟑 is unitless.  

Similarly, through network analysis, m-m′ of Fig. 3-4 is related to l-l′ by the following 

expression: 

𝒁𝑳 =
𝒉𝟏𝒁𝒎  𝒉𝟐

𝒁𝒎  𝒉𝟑
 (3.20) 

where 

𝒉𝟏 =    𝟐 𝟏   𝟏 𝟐 /  𝟐 𝟏   𝟐 𝟏  (3.21) 

𝒉𝟐 =   𝟏 𝟐   𝟏 𝟐 /  𝟐 𝟏   𝟐 𝟏  (3.22) 

𝒉𝟑 =    𝟏 𝟐   𝟏 𝟐 /  𝟐 𝟏   𝟐 𝟏  (3.23) 

Again, once 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 are known, 𝒁𝑳 can be extracted based on the measured 𝒁𝒎. 

Note that 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 are dependent on the two-port ABCD parameters of the inductive 

probe, the power supply, and the cables. To determine 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑, a pre-measurement 

characterization of the SPS must be performed by removing 𝒁𝑳 (only if 𝒁𝑳 is accessible) from 

l-l′ and replaced it with three known distinct impedances, 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, where 𝒁𝟏 ≠ 𝒁𝟐 ≠

𝒁𝟑. The pre-measurement characterization setup is shown in Fig. 3-6.  

 

 

Fig. 3-6. Pre-measurement characterization of SPS at l-l′. 
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By substituting 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑 into (3.20) leads to: 

𝒁𝟏 =
𝒉𝟏𝒁𝒎𝟏

 𝒉𝟐

𝒁𝒎𝟏
 𝒉𝟑

 (3.24) 

𝒁𝟐 =
𝒉𝟏𝒁𝒎𝟐

 𝒉𝟐

𝒁𝒎𝟐
 𝒉𝟑

 (3.25) 

𝒁𝟑 =
𝒉𝟏𝒁𝒎𝟑

 𝒉𝟐

𝒁𝒎𝟑
 𝒉𝟑

 (3.26) 

where 𝒁𝒎𝟏
, 𝒁𝒎𝟐

, and 𝒁𝒎𝟑
 are the measured impedances by the IA at m-m′ for 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, 

respectively. Combining (3.20), (3.24), and (3.25) leads to: 

(
𝒁𝑳  𝒁𝟏

𝒁𝟏  𝒁𝟐
) =

(

 

𝒉𝟏𝒁𝒎  𝒉𝟐

𝒁𝒎  𝒉𝟑
 

𝒉𝟏𝒁𝒎𝟏
 𝒉𝟐

𝒁𝒎𝟏
 𝒉𝟑

𝒉𝟏𝒁𝒎𝟏
 𝒉𝟐

𝒁𝒎𝟏
 𝒉𝟑

 
𝒉𝟏𝒁𝒎𝟐

 𝒉𝟐

𝒁𝒎𝟐
 𝒉𝟑 )

  (3.27) 

Similarly, combining (3.20), (3.25), and (3.26) leads to: 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝑳
) =

(

 

𝒉𝟏𝒁𝒎𝟐
 𝒉𝟐

𝒁𝒎𝟐
 𝒉𝟑

 
𝒉𝟏𝒁𝒎𝟑

 𝒉𝟐

𝒁𝒎𝟑
 𝒉𝟑

𝒉𝟏𝒁𝒎𝟑
 𝒉𝟐

𝒁𝒎𝟑
 𝒉𝟑

 
𝒉𝟏𝒁𝒎  𝒉𝟐

𝒁𝒎  𝒉𝟑 )

  (3.28) 

By multiplying (3.27) and (3.28): 

𝒁𝑳 =
𝒂  𝒃𝒁𝒎

𝒄  𝒅𝒁𝒎
 (3.29) 

where 

𝒂 = 𝒁𝟏𝒁𝟐(𝒁𝒎𝟐
 𝒁𝒎𝟏

)𝒁𝒎𝟑
 𝒁𝟏𝒁𝟑(𝒁𝒎𝟏

 𝒁𝒎𝟑
)𝒁𝒎𝟐

 𝒁𝟐𝒁𝟑(𝒁𝒎𝟑
 𝒁𝒎𝟐

)𝒁𝒎𝟏
 (3.30) 

𝒃 = 𝒁𝟏𝒁𝟐(𝒁𝒎𝟏
 𝒁𝒎𝟐

)  𝒁𝟏𝒁𝟑(𝒁𝒎𝟑
 𝒁𝒎𝟏

)  𝒁𝟐𝒁𝟑(𝒁𝒎𝟐
 𝒁𝒎𝟑

) (3.31) 

𝒄 = 𝒁𝟏(𝒁𝒎𝟐
 𝒁𝒎𝟑

)𝒁𝒎𝟏
 𝒁𝟐(𝒁𝒎𝟑

 𝒁𝒎𝟏
)𝒁𝒎𝟐

 𝒁𝟑(𝒁𝒎𝟏
 𝒁𝒎𝟐)𝒁𝒎𝟑

 (3.32) 

𝒅 = 𝒁𝟏(𝒁𝒎𝟑
 𝒁𝒎𝟐

)  𝒁𝟐(𝒁𝒎𝟏
 𝒁𝒎𝟑

)  𝒁𝟑(𝒁𝒎𝟐
 𝒁𝒎𝟏

) (3.33) 

Comparing (3.20) and (3.29), 𝒉𝟏, 𝒉𝟐 and 𝒉𝟑 can be expressed as: 

𝒉𝟏 = 𝒃/𝒅 (3.34) 

𝒉𝟐 = 𝒂/𝒅 (3.35) 
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𝒉𝟑 = 𝒄/𝒅 (3.36) 

With the measured 𝒁𝒎𝟏, 𝒁𝒎𝟐, and 𝒁𝒎𝟑 for the respective 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑, 𝒉𝟏, 𝒉𝟐 and 𝒉𝟑 

can be determined. Then, the relationship between 𝒁𝑳 and 𝒁𝒎 can be established. With this 

relationship, any unknown 𝒁𝑳 can be extracted from the respective measured 𝒁𝒎 at m-m’. 

Note that both 𝒉𝟏 and 𝒉𝟐 have units of Ω, and 𝒉𝟑 is unitless. Also, to take note that any 

changes in the cabling and the power supply will require re-characterization of 𝒉𝟏, 𝒉𝟐 and 𝒉𝟑.  

3.3 VNA Based Implementation 

Fig. 3-7 shows the SPS with a VNA as the impedance measurement instrument. The 

reflection coefficient measured by the VNA at m-m′ is 𝜞𝒎. The reflection coefficient and the 

impedance seen at c-c′ are 𝜞𝒄 and 𝒁𝒄, respectively. The reflection coefficient and the 

impedance of the load at l-l′ are 𝜞𝑳 and 𝒁𝑳, respectively. 

 

 Through network analysis, m-m′ is related to c-c′ by: 

𝜞𝒎 =

 𝟏𝒁𝐜   𝟏
 𝟏𝒁𝐜   𝟏

 𝒁𝟎

 𝟏𝒁𝐜   𝟏
 𝟏𝒁𝐜   𝟏

 𝒁𝟎

 (3.37) 

where 𝒁𝟎 is the reference impedance of the VNA (usually 50 ). (3.37) can be rewritten as: 

 

Fig. 3-7. In-circuit impedance measurement using SPS with VNA as the measurement instrument. 
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𝒁𝒄 =
𝒌𝟏𝜞𝒎  𝒌𝟐

𝜞𝒎  𝒌𝟑
 (3.38) 

where 

𝒌𝟏 =  
 𝟏   𝟏𝒁𝟎

 𝟏   𝟏𝒁𝟎
 (3.39) 

𝒌𝟐 =  
 𝟏𝒁𝟎   𝟏

 𝟏   𝟏𝒁𝟎
 (3.40) 

𝒌𝟑 =
 𝟏𝒁𝟎   𝟏

 𝟏   𝟏𝒁𝟎
 (3.41) 

Once 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 are properly determined, 𝒁𝒄 can be extorted through the measured 

𝜞𝒎. 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 are dependent on the two-port ABCD parameters of the inductive probe 

and the reference impedance of the VNA (𝒁𝟎). To determine 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 a pre-

measurement characterization must be performed by removing the SUT at c-c′ and replacing 

it with three known distinct impedances, 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, where 𝒁𝟏 ≠ 𝒁𝟐 ≠ 𝒁𝟑. The pre-

measurement characterization setup is shown in Fig. 3-8. 

 

By substituting 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑 into (3.38): 

𝒁𝟏 =
𝒌𝟏𝜞𝒎𝟏

 𝒌𝟐

𝜞𝒎𝟏
 𝒌𝟑

 (3.42) 

𝒁𝟐 =
𝒌𝟏𝜞𝒎𝟐

 𝒌𝟐

𝜞𝒎𝟐
 𝒌𝟑

 (3.43) 

 

Fig. 3-8. Pre-measurement characterization with VNA at c-c′. 
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𝒁𝟑 =
𝒌𝟏𝜞𝒎𝟑

 𝒌𝟐

𝜞𝒎𝟑
 𝒌𝟑

 (3.44) 

where 𝜞𝒎𝟏
, 𝜞𝒎𝟐

, and 𝜞𝒎𝟑
 are the reflection coefficients measured by the VNA at m-m′ for 

𝒁𝟏, 𝒁𝟐 and 𝒁𝟑 at c-c′, respectively. Combining (3.3), (3.42), and (3.43) leads to: 

(
𝒁𝒄  𝒁𝟏

𝒁𝟏  𝒁𝟐
) =

(

 

𝒌𝟏𝜞𝒎  𝒌𝟐

𝜞𝒎  𝒌𝟑
 

𝒌𝟏𝜞𝒎𝟏
 𝒌𝟐

𝜞𝒎𝟏
 𝒌𝟑

𝒌𝟏𝜞𝒎𝟏
 𝒌𝟐

𝜞𝒎𝟏
 𝒌𝟑

 
𝒌𝟏𝜞𝒎𝟐

 𝒌𝟐

𝜞𝒎𝟐
 𝒌𝟑 )

  (3.45) 

Similarly, combining (3.3), (3.43), and (3.44) leads to: 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝒄
) =

(

 

𝒌𝟏𝜞𝒎𝟐
 𝒌𝟐

𝜞𝒎𝟐
 𝒌𝟑

 
𝒌𝟏𝜞𝒎𝟑

 𝒌𝟐

𝜞𝒎𝟑
 𝒌𝟑

𝒌𝟏𝜞𝒎𝟑
 𝒌𝟐

𝜞𝒎𝟑
 𝒌𝟑

 
𝒌𝟏𝜞𝒎  𝒌𝟐

𝜞𝒎  𝒌𝟑 )

  (3.46) 

By multiplying (3.45) and (3.46): 

𝒁𝒄 =
𝒂  𝒃𝜞𝒎

𝒄  𝒅𝜞𝒎
 (3.47) 

where 

𝒂 = 𝜞𝒎𝟏
𝜞𝒎𝟑

𝒁2 𝒁3  𝒁1  𝜞𝒎𝟐
𝜞𝒎𝟑

𝒁1 𝒁2  𝒁3  𝜞𝒎𝟏
𝜞𝒎𝟐

𝒁3 𝒁1  𝒁2  (3.48) 

𝒃 = 𝜞𝒎𝟏
𝒁1 𝒁2  𝒁3  𝜞𝒎𝟐

𝒁2 𝒁3  𝒁1  𝜞𝒎𝟑
𝒁3 𝒁1  𝒁2  (3.49) 

𝒄 = 𝜞𝒎𝟏
𝒁1(𝜞𝒎𝟐

 𝜞𝒎𝟑
)  𝜞𝒎𝟐

𝒁2(𝜞𝒎𝟑
 𝜞𝒎𝟏

)  𝜞𝒎𝟑
𝒁3(𝜞𝒎𝟏

 𝜞𝒎𝟐
) (3.50) 

𝒅 = 𝒁1(𝜞𝒎𝟑
 𝜞𝒎𝟐

)  𝒁2(𝜞𝒎𝟏
 𝜞𝒎𝟑

)  𝒁3(𝜞𝒎𝟐
 𝜞𝒎𝟏

) (3.51) 

Comparing (3.3) and (3.47), 𝒌𝟏, 𝒌𝟐 and 𝒌𝟑 can be expressed as: 

𝒌𝟏 = 𝒃/𝒅 (3.52) 

𝒌𝟐 = 𝒂/𝒅 (3.53) 

𝒌𝟑 = 𝒄/𝒅 (3.54) 

With the measured 𝜞𝒎𝟏
, 𝜞𝒎𝟐

, and 𝜞𝒎𝟑
 for the respective  𝒁𝟏, 𝒁𝟐, and 𝒁𝟑, 𝒌𝟏, 𝒌𝟐 and 𝒌𝟑 

can be determined. Then the full relationship between 𝒁𝒄 and 𝜞𝒎 can be derived. With this 

relationship, any unknown 𝒁𝒄 can be extracted with ease from the respective measured 𝜞𝒎 at 

m-m′. Note that the 𝒌𝟏 are 𝒌𝟐 have units of Ω, and 𝒌𝟑 is unitless.  
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If 𝒁𝑳 is accessible, through network analysis, m-m′ of Fig. 3-7 is related to l-l′ by: 

𝒁𝑳 =
𝒉𝟏𝜞𝒎  𝒉𝟐

𝜞𝒎  𝒉𝟑
 (3.55) 

where 

𝒉𝟏 =  
𝒁𝟎  𝟐 𝟏   𝟏 𝟐   𝟏 𝟐   𝟏 𝟐

𝒁𝟎  𝟏 𝟏   𝟐 𝟏   𝟏 𝟐   𝟏 𝟐
 (3.56) 

𝒉𝟐 =  
𝒁𝟎  𝟐 𝟏   𝟏 𝟐   𝟏 𝟐   𝟏 𝟐

𝒁𝟎  𝟏 𝟏   𝟐 𝟏   𝟏 𝟐   𝟏 𝟐
 (3.57) 

𝒉𝟑 =
𝒁𝟎  𝟐 𝟏   𝟐 𝟏   𝟏 𝟐   𝟏 𝟐

𝒁𝟎  𝟏 𝟏   𝟐 𝟏   𝟏 𝟐   𝟏 𝟐
 (3.58) 

Again, with known 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑, 𝒁𝑳 can be determined based on the measured 𝒁𝒎. 𝒉𝟏, 

𝒉𝟐, and 𝒉𝟑 are specific to the two-port ABCD parameters of the inductive probe, the power 

supply, the cables, and reference impedance of the VNA  𝒁𝟎 .  To determine 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 

a pre-measurement characterization is performed, as shown in Fig. 3-9, by replacing 𝒁𝑳 at l-l′ 

(if 𝒁𝑳 is accessible) with three known distinct impedances 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, where 𝒁𝟏 ≠ 𝒁𝟐 ≠

𝒁𝟑.  

 

By substituting 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑 into (3.55): 

 

Fig. 3-9. Pre-measurement characterization of SPS with VNA at l-l′. 
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𝒁𝟏 =
𝒉𝟏𝜞𝒎𝟏

 𝒉𝟐

𝜞𝒎𝟏
 𝒉𝟑

 (3.59) 

𝒁𝟐 =
𝒉𝟏𝜞𝒎𝟐

 𝒉𝟐

𝜞𝒎𝟐
 𝒉𝟑

 (3.60) 

𝒁𝟑 =
𝒉𝟏𝜞𝒎𝟑

 𝒉𝟐

𝜞𝒎𝟑
 𝒉𝟑

 (3.61) 

where 𝜞𝒎𝟏
, 𝜞𝒎𝟐

, and 𝜞𝒎𝟑
 are the reflection coefficients measured by the VNA at m-m′ for 

𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, respectively. Combining (3.55), (3.59), and (3.60) leads to: 

(
𝒁𝑳  𝒁𝟏

𝒁𝟏  𝒁𝟐
) =

(

 

𝒉𝟏𝜞𝒎  𝒉𝟐

𝜞𝒎  𝒉𝟑
 

𝒉𝟏𝜞𝒎𝟏
 𝒉𝟐

𝜞𝒎𝟏
 𝒉𝟑

𝒉𝟏𝜞𝒎𝟏
 𝒉𝟐

𝜞𝒎𝟏
 𝒉𝟑

 
𝒉𝟏𝜞𝒎𝟐

 𝒉𝟐

𝜞𝒎𝟐
 𝒉𝟑 )

  (3.62) 

Similarly, combining (3.55), (3.60), and (3.61) leads to: 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝑳
) =

(

 

𝒉𝟏𝜞𝒎𝟐
 𝒉𝟐

𝜞𝒎𝟐
 𝒉𝟑

 
𝒉𝟏𝜞𝒎𝟑

 𝒉𝟐

𝜞𝒎𝟑
 𝒉𝟑

𝒉𝟏𝜞𝒎𝟑
 𝒉𝟐

𝜞𝒎𝟑
 𝒉𝟑

 
𝒉𝟏𝜞𝒎  𝒉𝟐

𝜞𝒎  𝒉𝟑 )

  (3.63) 

By multiplying (3.62) and (3.63): 

𝒁𝑳 =
𝒂  𝒃𝜞𝒎

𝒄  𝒅𝜞𝒎
 (3.64) 

where 

𝒂 = 𝜞𝒎𝟏
𝜞𝒎𝟑

𝒁2 𝒁3  𝒁1  𝜞𝒎𝟐
𝜞𝒎𝟑

𝒁1 𝒁2  𝒁3  𝜞𝒎𝟏
𝜞𝒎𝟐

𝒁3 𝒁1  𝒁2  (3.65) 

𝒃 = 𝜞𝒎𝟏
𝒁1 𝒁2  𝒁3  𝜞𝒎𝟐

𝒁2 𝒁3  𝒁1  𝜞𝒎𝟑
𝒁3 𝒁1  𝒁2  (3.66) 

𝒄 = 𝜞𝒎𝟏
𝒁1(𝜞𝒎𝟐

 𝜞𝒎𝟑
)  𝜞𝒎𝟐

𝒁2(𝜞𝒎𝟑
 𝜞𝒎𝟏

)  𝜞𝒎𝟑
𝒁3(𝜞𝒎𝟏

 𝜞𝒎𝟐
) (3.67) 

𝒅 = 𝒁1(𝜞𝒎𝟑
 𝜞𝒎𝟐

)  𝒁2(𝜞𝒎𝟏
 𝜞𝒎𝟑

)  𝒁3(𝜞𝒎𝟐
 𝜞𝒎𝟏

) (3.68) 

Comparing (3.55) and (3.64), 𝒉𝟏, 𝒉𝟐 and 𝒉𝟑 can be expressed as: 

𝒉𝟏 = 𝒃/𝒅 (3.69) 

𝒉𝟐 = 𝒂/𝒅 (3.70) 

𝒉𝟑 = 𝒄/𝒅 (3.71) 
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By measuring 𝜞𝒎𝟏
, 𝜞𝒎𝟐

, and 𝜞𝒎𝟑
 for the respective 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑, 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 can 

be obtained. Then the relationship between 𝒁𝑳 and 𝜞𝒎 can be fully described. With this known 

relationship, any unknown 𝒁𝑳 can be extracted from the respective measured 𝜞𝒎 at m-m′ by 

the VNA. Note that the 𝒉𝟏 and 𝒉𝟐 have units of Ω, and 𝒉𝟑 is unitless. Similarly, any changes 

in the cabling and the power supply requires re-characterization of 𝒉𝟏, 𝒉𝟐 and 𝒉𝟑.  

3.4 Systematic Error Cancellation 

With the pre-characterization of the SPS to determine 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑, or 𝒉𝟏, 𝒉𝟐 and 𝒉𝟑   

it allows cancellation of the systematic errors that exist in the measurement instrument, be it 

an IA or a VNA, which will be briefly explained in this section. 

For a linear error model, the systematic error has two terms, the proportional error and the 

offset error. Assume that 𝜞𝒎 measured by the VNA has an offset error and a proportional error 

of 𝜶 and 𝜷, respectively. Then the measured  𝜞𝒎 and the true reflection coefficients 𝜞𝑻  at m-

m′ are related by: 

𝜞𝒎 =  1  𝜷 𝜞𝑻  𝜶 (3.72) 

Therefore, the measurements during the pre-measurement characterization of SPS can be 

expressed in terms of 𝜶 and 𝜷 for the explanation of error cancellation. From (3.45) and (3.46) 

the following equations are formed: 
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(
𝒁𝒄  𝒁𝟏

𝒁𝟏  𝒁𝟐
) =

(

 

𝒌𝟏𝜞𝒎  𝒌𝟐

𝜞𝒎  𝒌𝟑
 

𝒌𝟏𝜞𝒎𝟏
 𝒌𝟐

𝜞𝒎𝟏
 𝒌𝟑

𝒌𝟏𝜞𝒎𝟏
 𝒌𝟐

𝜞𝒎𝟏
 𝒌𝟑

 
𝒌𝟏𝜞𝒎𝟐

 𝒌𝟐

𝜞𝒎𝟐
 𝒌𝟑 )

 

=

(

  
 

𝒌𝟏( 𝟏  𝜷 𝜞𝑻  𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻  𝜶 𝒌𝟑
 

𝒌𝟏 ( 𝟏  𝜷 𝜞𝑻𝟏
 𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻𝟏
 𝜶  𝒌𝟑

𝒌𝟏 ( 𝟏  𝜷 𝜞𝑻𝟏
 𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻𝟏
 𝜶 𝒌𝟑

 
𝒌𝟏 ( 𝟏  𝜷 𝜞𝑻𝟐

 𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻𝟐
 𝜶  𝒌𝟑 )

  
 

 

(3.73) 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝒄
) =

(

 

𝒌𝟏𝜞𝒎𝟐
 𝒌𝟐

𝜞𝒎𝟐
 𝒌𝟑

 
𝒌𝟏𝜞𝒎𝟑

 𝒌𝟐

𝜞𝒎𝟑
 𝒌𝟑

𝒌𝟏𝜞𝒎𝟑
 𝒌𝟐

𝜞𝒎𝟑
 𝒌𝟑

 
𝒌𝟏𝜞𝒎  𝒌𝟐

𝜞𝒎  𝒌𝟑 )

 

=

(

  
 

𝒌𝟏 ( 𝟏  𝜷 𝜞𝑻𝟐
 𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻𝟐
 𝜶 𝒌𝟑

 
𝒌𝟏 ( 𝟏  𝜷 𝜞𝑻𝟑

 𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻𝟑
 𝜶  𝒌𝟑

𝒌𝟏 ( 𝟏  𝜷 𝜞𝑻𝟑
 𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻𝟑
 𝜶  𝒌𝟑

 
𝒌𝟏( 𝟏  𝜷 𝜞𝑻  𝜶)  𝒌𝟐

 𝟏  𝜷 𝜞𝑻  𝜶  𝒌𝟑 )

  
 

 

(3.74) 

where 𝜞𝑻𝟏
, 𝜞𝑻𝟐

, and 𝜞𝑻𝟑
 are the true reflection coefficients when the 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑 are 

connected at c-c′, respectively. The expressions (3.73) and (3.74) can be simplified as: 

(
𝒁𝒄  𝒁𝟏

𝒁𝟏  𝒁𝟐
) = (

𝜞𝒎  𝜞𝒎𝟏

𝜞𝒎𝟏
 𝜞𝒎𝟐

)(
𝒌𝟑  𝜞𝒎𝟐

𝒌𝟑  𝜞𝒎
) = (

𝜞𝑻  𝜞𝑻𝟏

𝜞𝑻𝟏
 𝜞𝑻𝟐

)(
𝜶   𝟏  𝜷 𝜞𝑻𝟐

 𝒌𝟑

𝜶   𝟏  𝜷 𝜞𝑻  𝒌𝟑
) (3.75) 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝒄
) = (

𝜞𝒎𝟐
 𝜞𝒎𝟑

𝜞𝒎𝟑
 𝜞𝒎

)(
𝒌𝟑  𝜞𝒎

𝒌𝟑  𝜞𝒎𝟐

) = (
𝜞𝑻𝟐

 𝜞𝑻𝟑

𝜞𝑻𝟑
 𝜞𝑻

)(
𝜶   𝟏  𝜷 𝜞𝑻  𝒌𝟑

𝜶   𝟏  𝜷 𝜞𝑻𝟐
 𝒌𝟑

) (3.76) 

By multiplying (3.75) and (3.76) 

(
𝒁𝒄  𝒁𝟏

𝒁𝟏  𝒁𝟐
) (

𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝒄
) = (

𝜞𝒎  𝜞𝒎𝟏

𝜞𝒎𝟏
 𝜞𝒎𝟐

)(
𝜞𝒎𝟐

 𝜞𝒎𝟑

𝜞𝒎𝟑
 𝜞𝒎

)

= (
𝜞𝑻  𝜞𝑻𝟏

𝜞𝑻𝟏
 𝜞𝑻𝟐

)(
𝜞𝑻𝟐

 𝜞𝑻𝟑

𝜞𝑻𝟑
 𝜞𝑻

) 

(3.77) 

As observed in (3.77), the two error terms 𝜶 and 𝜷 have diminished, which shows that these 

error terms have been canceled during the pre-measurement characterization process at the l-

l′ reference plane. Similarly, the systematic errors in the IA-based measurement are also 

canceled out by this pre-measurement characterization procedure for the same reason.  
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3.5 Experimental Validation 

For validation purposes, Fig. 3-10 emulates a simple DC-powered passive component as 

an energized SUT, where the in-circuit impedance will be measured with the SPS. The lithium 

battery (3.7 V – 18650) serves as the DC power source to the passive component. An inductive 

probe (Solar 9144–1N) is clamped onto a wire that connects the passive component to the 

battery. The VNA (Bode 100) is connected to the inductive probe with a coaxial cable and 

interfaced with a PC for data collection and post-processing. The actual setup is shown in Fig. 

3-11(a). A few passive components are selected to emulate unknown impedances to be 

measured through the in-circuit measurement setup. Their respective impedance responses are 

measured off-circuit using an IA as references for comparison. These passive components are 

chosen to cover a wide dynamic impedance range of 𝒁𝑳. They include resistors (10 Ω – 5 kΩ), 

capacitors (330 pF – 10 nF), and inductors (1 µH – 100 µH). The pre-measurement 

characterization is performed at l-l′ so that the impedance of the passive component can be 

extracted to compare against the reference. Fig. 3-11(b) shows a sample passive 𝒁𝑳 of the SUT

 

Fig. 3-12, Fig. 3-13, and Fig. 3-14 show the extracted 𝒁𝑳 with the SPS and compare with 

the corresponding reference from 150 kHz to 30 MHz. Good agreement with the reference, 

both in magnitude and phase is demonstrated. The worst discrepancies in magnitude and phase 

 

Fig. 3-10. Experimental validation of the SPS. 
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are found to be within 5% and 2°, respectively, for a dynamic impedance range of 0.5 Ω to 10 

kΩ. 

 

 

 

(a)     (b) 

Fig. 3-11. 𝒁𝑳 (a) Measured by the SPS (b) Measured offline with an IA. 

 

Fig. 3-12. Comparison of measured and reference impedances of resistors. 
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3.6 Discussion and Summary 

The principle behind the SPS for in-circuit impedance measurement with FD-based 

instrumentation has been described. The implementations using an IA and a VNA have also 

 

Fig. 3-13. Comparison of measured and reference impedances of capacitors. 

 

Fig. 3-14. Comparison of measured and reference impedances of inductors. 
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been elaborated in detail. The full mathematical expressions have been derived for the 

extraction of the SUT impedance seen by the inductive probe (𝒁𝒄  and unknown load 

impedance (𝒁𝑳). A pre-measurement characterization procedure has been developed so that 

the systematic error inherent in the test instrument can be canceled to preserve the 

measurement accuracy of the SPS. The validity of the SPS has been demonstrated 

experimentally using a DC-powered passive component as a SUT. The experimental 

validation has demonstrated the ability of the SPS to extract in-circuit impedance with a 

dynamic range of 0.5 Ω to 10 kΩ, and the magnitude and phase discrepancies are within 5% 

and 2°, respectively. 
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Chapter 4 Single-Probe In-Circuit 

Impedance Extraction with Time-Domain 

Based Instrumentation 

This chapter describes the implementation of SPS with TD-based instrumentation for in-

circuit impedance measurement. The TD-based instrumentation is usually preferred, as it can 

be combined with various DSP algorithms to perform more complex in-circuit impedance 

analysis tasks. The TD-based instrumentation also allows in-circuit impedance measurement 

to be done at multiple frequencies simultaneously, which significantly reduces the 

measurement time for a wide band of frequency, as compared to the FD-based counterpart. 

Therefore, the synthesis of a multitone excitation signal is adopted and described for 

simultaneous in-circuit impedance measurement at multiple frequencies. A DSP algorithm is 

also explained to obtain the required FD impedance from the acquired TD data.  The validity 

of the proposed SPS with TD-based instrumentation is also experimentally verified.  

4.1 Basic Principle 

The SPS for in-circuit impedance measurement of an energized SUT with TD-based 

instrumentation is shown in Fig. 4-1. The SUT consists of a load powered by either an AC or 

a DC power supply through connecting cables. The measurement plane at the load is indicated 

as l-l′. An inductive probe is clamped onto one of the power cables at the location marked by 

c-c′. The inductive probe is connected to an arbitrary waveform generator (AWG) to provide 

excitation through an RF directional coupler. The coupled ports of the RF directional coupler 
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are terminated by a two-channel ADC whose channels are marked by CH1 and CH2, to 

measure TD signals   𝐻1 and   𝐻2, respectively.    𝟏 and    𝟐 are the FD counterparts 

derived from the TD signals measured by the ADC using a DSP algorithm. Usually, the AWG 

and the ADC are parts of a computer-controlled SGAS. The SPS is similar to that of the FD-

based approach except for both the excitation source and measurement instrument are TD-

based. 

 

 

The equivalent network of the SPS shown in Fig. 4-1 is given in Fig. 4-2. The termination 

impedance of the two ADC channels are denoted by 𝒁  𝟏 and 𝒁  𝟐. The excitation source 

 

Fig. 4-1. TD-based implementation of SPS for in-circuit  impedance measurement. 
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Fig. 4-2. Equivalent network representation of SPS with TD-based instrumentation. 
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AWG has an output impedance of 𝒁 𝑾 . The reflection coefficients of CH1, CH2 and AWG 

terminations are denoted by 𝜞  𝟏, 𝜞  𝟐, and 𝜞 𝑾 , respectively. The directional coupler is 

regarded as a four-port network. The signal flowgraph for the RF directional coupler is shown 

in Fig. 4-3 indicating the most significant couplings [60]. The directional coupler 

characteristics are denoted by four-port S-parameters. The reflection coefficients seen by the 

individual ports are denoted by their respective reflection coefficients 𝜞  𝟏, 𝜞  𝟐, 𝜞 𝑾 , and 

𝜞𝒎. 

 

The ratio of     𝟏 and    𝟐 can be established by signal flow graph analysis as 

   𝟐

   𝟏
= (

𝒑𝟏  𝒑𝟐𝜞𝒎

1  𝒑𝟑𝜞𝒎
) (4.1) 

where 

𝒑𝟏 =
𝑺𝟒𝟏

𝑺𝟑𝟏
(
1  𝜞  𝟏𝑺𝟑𝟑

1  𝜞  𝟐𝑺𝟒𝟒
) (4.2) 

𝒑𝟐 =
 𝑺𝟐𝟏𝑺𝟒𝟐  𝑺𝟒𝟏𝑺𝟐𝟐 

𝑺𝟑𝟏
(
1  𝜞  𝟏𝑺𝟑𝟑

1  𝜞  𝟐𝑺𝟒𝟒
) 

(4.3) 

𝒑𝟑 =
 𝑺𝟐𝟏𝑺𝟑𝟐  𝑺𝟑𝟏𝑺𝟐𝟐 

𝑺𝟑𝟏
 

(4.4) 

and 

 

Fig. 4-3. Signal flow graph of the RF directional coupler. 
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𝒁𝒎 = 𝒁𝟎

1  𝜞𝒎

1  𝜞𝒎
 (4.5) 

𝒁𝒄 =  
𝒁𝒎 𝟏   𝟏

𝒁𝒎 𝟏   𝟏
 

(4.6) 

By combining (4.5), (4.6) and rearranging, 

𝜞𝐦 =  
𝒁𝐜  𝟏

 𝒁𝟎
    𝟏   𝟏𝒁𝟎   𝟏

𝒁𝐜  𝟏
    𝟏

 𝒁𝟎   𝟏𝒁𝟎   𝟏
 (4.7) 

By substituting 𝜞𝐦 obtained from (4.7) to (4.1), 

   𝟐

   𝟏
=

( 𝟏 𝒑𝟏  𝒑𝟐   𝟏𝒁𝟎 𝒑𝟏  𝒑𝟐 )𝒁𝐜   𝟏 𝒑𝟏  𝒑𝟐   𝟏𝒁𝟎 𝒑𝟏  𝒑𝟐 

( 𝟏 𝒑𝟑  1   𝟏𝒁𝟎 1  𝒑𝟑 )𝒁𝐜   𝟏 𝒑𝟑  1   𝟏𝒁𝟎 1  𝒑𝟑 
 (4.8) 

The expression of (4.8) can be rearranged in the following form, 

𝒁𝒄 =
𝒌𝟏 (

   𝟐
   𝟏

)  𝒌𝟐

(
   𝟐
   𝟏

)  𝒌𝟑

 (4.9) 

where 

𝒌𝟏 =  
 𝟏 1  𝒑𝟑 𝒁𝟎   𝟏 1  𝒑𝟑 

 𝟏 1  𝒑𝟑 𝒁𝟎   𝟏 1  𝒑𝟑 
 (4.10) 

𝒌𝟐 =  
 𝟏 𝒑𝟏  𝒑𝟐 𝒁𝟎   𝟏 𝒑𝟏  𝒑𝟐 

 𝟏 1  𝒑𝟑 𝒁𝟎   𝟏 1  𝒑𝟑 
 (4.11) 

𝒌𝟑 =
 𝟏 𝒑𝟏  𝒑𝟐 𝒁𝟎   𝟏 𝒑𝟏  𝒑𝟐 

 𝟏 1  𝒑𝟑 𝒁𝟎   𝟏 1  𝒑𝟑 
 (4.12) 

Let define     𝟐/   𝟏  as the vector voltage ratio (VVR). Once 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 are known, 

the impedance seen by the inductive probe (𝒁𝒄) can be determined based on the measured 

VVR.  𝒑𝟏, 𝒑𝟐, and 𝒑𝟑 are dependent on the directional coupler characteristics such as 

directivity, insertion loss, coupling factor, and isolation. 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 are dependent on the 

directional coupler characteristics, as well as the inductive probe characteristics, and the 

selected reference impedance 𝒁𝟎. Since 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 have already included the effects of 

𝒑𝟏, 𝒑𝟐, and 𝒑𝟑, it is sufficient to determine 𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 for the in-circuit impedance 

measurement using the SPS. Similar to the FD pre-measurement characterization procedure, 

𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 can be obtained based on the measured VVR by connecting c-c′ to three distinct 
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known impedances 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑, where 𝒁𝟏 ≠ 𝒁𝟐 ≠ 𝒁𝟑. By substituting 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑 into 

(4.9): 

𝒁𝟏 =

𝒌𝟏 (
   𝟐
   𝟏

)
𝒁𝟏

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟏

 𝒌𝟑

 (4.13) 

𝒁𝟐 =

𝒌𝟏 (
   𝟐
   𝟏

)
𝒁𝟐

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟐

 𝒌𝟑

 (4.14) 

𝒁𝟑 =

𝒌𝟏 (
   𝟐
   𝟏

)
𝒁𝟑

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟑

 𝒌𝟑

 (4.15) 

where     𝟐/   𝟏 𝒁𝟏 ,     𝟐/   𝟏 𝒁𝟐, and     𝟐/   𝟏 𝒁𝟑 are the VVRs for 𝒁𝟏, 𝒁𝟐 and 

𝒁𝟑 at c-c′, respectively. Combining (4.9), (4.13), and (4.14) leads to: 

(
𝒁𝒄  𝒁𝟏

𝒁𝟏  𝒁𝟐
) =

(

 
 
 
 
 

𝒌𝟏 (
   𝟐

   𝟏
)  𝒌𝟐

(
   𝟐
   𝟏

)  𝒌𝟑

 
𝒌𝟏 (

   𝟐
   𝟏

)
𝒁𝟏

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟏

 𝒌𝟑

𝒌𝟏 (
   𝟐
   𝟏

)
𝒁𝟏

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟏

 𝒌𝟑

 
𝒌𝟏 (

   𝟐
   𝟏

)
𝒁𝟐

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟐

 𝒌𝟑 )

 
 
 
 
 

 (4.16) 

Similarly, combining (4.9), (4.14), and (4.15) leads to: 

(
𝒁𝟐  𝒁𝟑

𝒁𝟑  𝒁𝒄
) =

(

 
 
 
 
 
𝒌𝟏 (

   𝟐
   𝟏

)
𝒁𝟐

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟐

 𝒌𝟑

 
𝒌𝟏 (

   𝟐

   𝟏
)
𝒁𝟑

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟑

 𝒌𝟑

𝒌𝟏 (
   𝟐
   𝟏

)
𝒁𝟑

 𝒌𝟐

(
   𝟐
   𝟏

)
𝒁𝟑

 𝒌𝟑

 
𝒌𝟏 (

   𝟐

   𝟏
)  𝒌𝟐

(
   𝟐
   𝟏

)  𝒌𝟑 )

 
 
 
 
 

 (4.17) 

By multiplying (4.16) and (4.17): 

𝒁𝒄 =
𝒂  𝒃(

   𝟐
   𝟏

)

𝒄  𝒅 (
   𝟐
   𝟏

)
 (4.18) 

where 
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𝒂 = 𝒁2 𝒁3  𝒁1 (
   𝟐

   𝟏
)
𝒁𝟏

(
   𝟐

   𝟏
)
𝒁𝟑

 𝒁1 𝒁2  𝒁3 (
   𝟐

   𝟏
)
𝒁𝟐

(
   𝟐

   𝟏
)
𝒁𝟑

 𝒁3 𝒁1  𝒁2 (
   𝟐

   𝟏
)
𝒁𝟏

(
   𝟐

   𝟏
)
𝒁𝟐

 

(4.19) 

𝒃 = 𝒁1 𝒁2  𝒁3 (
   𝟐

   𝟏
)
𝒁𝟏

 𝒁2 𝒁3  𝒁1 (
   𝟐

   𝟏
)
𝒁𝟐

 𝒁3 𝒁1  𝒁2 (
   𝟐

   𝟏
)
𝒁𝟑

 (4.20) 

𝒄 = 𝒁1 (
   𝟐

   𝟏
)
𝒁𝟏

((
   𝟐

   𝟏
)
𝒁𝟐

 (
   𝟐

   𝟏
)
𝒁𝟑

)

 𝒁2 (
   𝟐

   𝟏
)
𝒁𝟐

((
   𝟐

   𝟏
)
𝒁𝟑

 (
   𝟐

   𝟏
)
𝒁𝟏

)

 𝒁3 (
   𝟐

   𝟏
)
𝒁𝟑

((
   𝟐

   𝟏
)
𝒁𝟏

 (
   𝟐

   𝟏
)
𝒁𝟐

) 

(4.21) 

𝒅 = 𝒁1 ((
   𝟐

   𝟏
)
𝒁𝟑

 (
   𝟐

   𝟏
)
𝒁𝟐

)  𝒁2 ((
   𝟐

   𝟏
)
𝒁𝟏

 (
   𝟐

   𝟏
)
𝒁𝟑

)

 𝒁3 ((
   𝟐

   𝟏
)
𝒁𝟐

 (
   𝟐

   𝟏
)
𝒁𝟏

) 

(4.22) 

Comparing (4.9) and (4.18), 𝒌𝟏, 𝒌𝟐 and 𝒌𝟑 can be expressed as: 

𝒌𝟏 = 𝒃/𝒅 (4.23) 

𝒌𝟐 = 𝒂/𝒅 (4.24) 

𝒌𝟑 = 𝒄/𝒅 (4.25) 

With the measured     𝟐/   𝟏 𝒁𝟏 ,     𝟐/   𝟏 𝒁𝟐, and     𝟐/   𝟏 𝒁𝟑 for the 

respective respective 𝒁𝟏, 𝒁𝟐, and 𝒁𝟑,  𝒌𝟏, 𝒌𝟐, and 𝒌𝟑 can be obtained. Then the full 

relationship between 𝒁𝒄 and the measured VVR can be established. With this relationship, any 

unknown 𝒁𝒄 can be extracted with ease from the new measured VVR. Note that the 𝒌𝟏 and 

𝒌𝟐 have units of Ω, and 𝒌𝟑 is unitless. The above derivations can be repeated to establish the 

relationship between 𝒁𝑳 and the measured VVR too.  Thus, 

𝒁𝑳 =
𝒉𝟏 (

   𝟐
   𝟏

)  𝒉𝟐

(
   𝟐
   𝟏

)  𝒉𝟑

 (4.26) 

where 



 

48 

 

𝒉𝟏 = 𝒃/𝒅 (4.27) 

𝒉𝟐 = 𝒂/𝒅 (4.28) 

𝒉𝟑 = 𝒄/𝒅 (4.29) 

and 

𝒂 = 𝒁2 𝒁3  𝒁1 (
   𝟐

   𝟏
)
𝒁𝟏

(
   𝟐

   𝟏
)
𝒁𝟑

 𝒁1 𝒁2  𝒁3 (
   𝟐

   𝟏
)
𝒁𝟐

(
   𝟐

   𝟏
)
𝒁𝟑

 𝒁3 𝒁1  𝒁2 (
   𝟐

   𝟏
)
𝒁𝟏

(
   𝟐

   𝟏
)
𝒁𝟐

 

(4.30) 

𝒃 = 𝒁1 𝒁2  𝒁3 (
   𝟐

   𝟏
)
𝒁𝟏

 𝒁2 𝒁3  𝒁1 (
   𝟐

   𝟏
)
𝒁𝟐

 𝒁3 𝒁1  𝒁2 (
   𝟐

   𝟏
)
𝒁𝟑

 (4.31) 

𝒄 = 𝒁1 (
   𝟐

   𝟏
)
𝒁𝟏

((
   𝟐

   𝟏
)
𝒁𝟐

 (
   𝟐

   𝟏
)
𝒁𝟑

)

 𝒁2 (
   𝟐

   𝟏
)
𝒁𝟐

((
   𝟐

   𝟏
)
𝒁𝟑

 (
   𝟐

   𝟏
)
𝒁𝟏

)

 𝒁3 (
   𝟐

   𝟏
)
𝒁𝟑

((
   𝟐

   𝟏
)
𝒁𝟏

 𝜞𝒎𝟐
) 

(4.32) 

𝒅 = 𝒁1 ((
   𝟐

   𝟏
)
𝒁𝟑

 (
   𝟐

   𝟏
)
𝒁𝟐

)  𝒁2 ((
   𝟐

   𝟏
)
𝒁𝟏

 (
   𝟐

   𝟏
)
𝒁𝟑

)

 𝒁3 ((
   𝟐

   𝟏
)
𝒁𝟐

 (
   𝟐

   𝟏
)
𝒁𝟏

) 

(4.33) 

where     𝟐/   𝟏 𝒁𝟏 ,     𝟐/   𝟏 𝒁𝟐, and     𝟐/   𝟏 𝒁𝟑 are measured VVRs for 𝒁𝟏, 𝒁𝟐 

and 𝒁𝟑 at l-l′, respectively. Note that the 𝒉𝟏 and 𝒉𝟐 have units of Ω, and 𝒉𝟑 is unitless. Similar 

to the FD error analysis, the systematic errors in the measured VVR are also canceled out 

during the pre-measurement characterization process.  

4.2 Multitone Excitation Signal Synthesis 

The excitation signal can be either a single-tone sinusoid or sweeping sinusoid within the 

frequency range of interest. However, the true potential of the TD-based instrumentation is its 
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flexibility to excite the SUT with a multitone signal. The multitone signal excitation can 

drastically improve the measurement speed in comparison to other types of excitation signals 

due to reduced dead time and settling time [61]–[63]. A multitone signal can be synthesized 

with an arbitrary frequency and power spectra according to the required measurement 

specifications, such as the SNR. If no prior knowledge of the SUT is available, it is common 

to choose a linearly (equidistant) or logarithmically placed frequency spectrum with equal 

power distribution across the tones [64], [65]. A logarithmic distribution allows the excitation 

signal to cover several decades of frequency range with a limited number of spectral 

components [66]. If a linear placement of the excitation signal frequency components across 

the considered frequency range is desired, the synthesis methods explained in [67], [68] can 

be used with the drawback of losing resolution for a wider frequency range or else it needs a 

large number of excitation frequencies resulting in a poor SNR due to the limited power per 

excitation frequency component [69].  

 

Fig. 4-4 shows two signals in the TD and FD with linear and logarithmic spectral 

distributions with 31 spectral components ranging from 150 kHz to 30 MHz, respectively. The 

 

Fig. 4-4. Comparison of excitation signals with a linear and a log frequency distribution in TD and FD. 
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logarithmic distribution suffers from spectral leakage in a DSP stage and hence the noise floor 

is higher in contrast to the linear spectral distribution. Therefore, logarithmic multitone signal 

synthesis with minimum spectral leakage is proposed and discussed in this section.  

A logarithmic multitone signal with 𝑁 frequency components has the following relationship, 

𝑓𝑛 = 𝛼𝑓𝑛−1 (4.34) 

where  = 1 2   …  𝑁 and 𝛼 > 1 and 𝑓𝑛 denotes the  𝑡ℎ frequency component. Once 𝑁, 𝑓1 

and 𝑓𝑁 are defined, 𝛼 can be determined by: 

𝛼 = 1 
log(

𝑓𝑁
𝑓1 

)

𝑁−1  (4.35) 

Once 𝛼 is obtained, 𝑓𝑛 can be generated for  = 1 2   …  𝑁 using (4.34). However, these 

frequencies are not guaranteed to fit into an inverse DFT bin in a synthesis stage or into a DFT 

bin in the DSP stage, and thereby deteriorates the SNR due to spectral leakage. If the above-

generated frequencies are aligned with the nearest DFT bin of a DSP stage, the excitation 

signal is called to have a quasi-logarithmic spectral distribution. Hence (4.34) is approximately 

valid [70] where: 

𝑓𝑛 ≈ 𝛼𝑓𝑛−1 (4.36) 

under the constraint: 

𝑓𝑛  = 𝐻
𝐹𝑠
𝐾

 (4.37) 

where 𝐹𝑠 is the sampling rate, 𝐾 is the number of samples, and 𝐻 ∈ ℕ [71]. 

Multitone signal synthesis requires another consideration, which is the phase relationship 

among the sinusoidal frequency components. The phase relationship should be selected to 

minimize the crest factor of the excitation signal. The crest factor describes the required 

maximum amplitude of the excitation signal for a given power distribution among the 
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frequency components. This allows maximizing the excitation signal power with limited 

amplitude [63]. It is advantageous both in the signal synthesis stage as well as the signal 

analysis stage for the actual impedance measurement. Such a signal can outperform other types 

of excitation signals at low SNR conditions for a given number of effective bits of the analog 

to digital converters used for time-domain data acquisition [63]–[65]. 

Consider the discrete multitone signal 𝑥𝑛 with 𝐾 number of frequency components where 

𝑎𝑘, 𝑓𝑘 and 𝜙𝑘 are the magnitude, frequency, and phase of the kth frequency component, 

respectively.  𝑥𝑛 can be expressed in the following form [62]. 

𝑥𝑛 = ∑𝑎𝑘 cos (2𝜋𝑓𝑘
 

𝑁
  𝜙𝑘)

𝐾

𝑘=1

 (4.38) 

where 𝑁 is the total number of samples in 𝑥𝑛 and  =   1 2 …   𝑁  1 . The discrete-

time crest factor 𝐶𝐹 of 𝑥𝑛 is defined as [62], 

𝐶𝐹 =
max|𝑥𝑛|

√1
𝑁

∑ 𝑥𝑛
2𝑁−1

𝑛=0

=
max|𝑥𝑛|

√∑
𝑎𝑘
2

2
𝐾
𝑘=1

=
max|𝑥𝑛|

√∑ 𝑝𝑘
𝐾
𝑘=1

 
(4.39) 

where 𝑎𝑘 and 𝑝𝑘 are the amplitude and the power of the kth sinusoidal component, respectively. 

For 𝑥𝑛with unity power to obtain normalized power spectrum: 

∑ 𝑝𝑘

𝐾

𝑘=1
= 1 (4.40) 

Once an equal power distribution among the frequency components is considered as no prior 

knowledge of the SUT is assumed [64]: 

𝑝𝑘 = 1/𝐾 (4.41) 

To this end, 𝑎𝑘 can be determined by: 

𝑎𝑘 = √2𝑝𝑘 (4.42) 
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𝜙𝑘 is determined firstly by the Schroeder method and iteratively optimized such that a 

lower CF is achieved [62]. Fig. 4-5 shows the quasi-logarithmic excitation signal synthesized 

by the explained approach with 31 spectral components ranging from 150 kHz to 30 MHz. 

This signal can be generated by the AWG and injected into the SUT through the inductive 

probe.

 

4.3 Short-Time Discrete Fourier Transform 

The short-time Fourier transform (STDFT) can be adopted for the time-frequency analysis 

of discrete signals. Therefore, it is chosen to convert the TD signals   𝐻1 and   𝐻2 to FD 

spectral components    𝟏 and    𝟐. This allows time-variant in-circuit impedance 

measurement to be discussed later. Under STDFT, a suitable trade-off between frequency and 

time localizations must be selected according to the application specifications. By borrowing 

the notation given in [71], and (4.9), STDFT can be defined for real and time-limited   𝐻1 and 

  𝐻2 as follows: 

 

Fig. 4-5. Quasi-log multitone test signal in TD and FD. 
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   𝟏[𝜔 𝑞] = ∑ 𝑤[ ]  𝐻1[  𝐻𝑞]𝑒−𝑗2𝜋
𝜔𝑛
𝐾  

𝐾

𝑛=1

 (4.43) 

   𝟐[𝜔 𝑞] = ∑ 𝑤[ ]  𝐻2[  𝐻𝑞]𝑒−𝑗2𝜋
𝜔𝑛
𝐾  

𝐾

𝑛=1

 

(4.44) 

where   𝐻1 and   𝐻2 are the TD signals measured at CH1 and CH2, and then discretized and 

digitized by the ADC. The local time index relative to the analysis window is  ∈ {1 2   …  𝐾} 

and the window length 𝐾 ∈ ℕ. The analysis frame index is  𝑞 ∈ ℕ. 𝐻 ∈ ℕ is the time 

advancement from the current analysis frame to the next analysis frame given as the number 

of samples which can be alternatively expressed as the number of overlapping samples. ℕ is 

the total number of samples in the acquired discrete signals   𝐻1 and   𝐻2. A time-limited 

window function 𝑤[ ] is used to minimize spectral leakage. 𝜔 ∈ {1 2   …  𝐾} and 𝜔 denotes 

the frequency localization of    𝟏 and    𝟐 in the discrete FD where the linear frequency 

𝑓 = 𝜔𝑓𝑠/𝐾. The time localization of    𝟏 and    𝟐 is represented in terms of the analysis 

frame index 𝑞. Let 𝐹𝑠 be sample rate of the data acquisition and the continuous-time 𝑡 =

𝑞𝐻/𝐹𝑠. The time resolution of the analysis is 𝐻/𝐹𝑠 and the frequency resolution is 𝐹𝑠/𝐾.    𝟏 

and    𝟐 are complex-valued sequences as   𝐻1 and   𝐻2 are real-valued sequences. From 

(4.43) and (4.44), time-frequency localized VVR     𝟐[𝜔 𝑞]/   𝟏[𝜔 𝑞]   is computed to 

calculate time-variant impedance using (4.45).  

𝒁𝒄[𝜔 𝑞] =
𝒌𝟏[𝜔] (

   𝟐[𝜔 𝑞]
   𝟏[𝜔 𝑞]

)  𝒌𝟐[𝜔]

(
   𝟐[𝜔 𝑞]
   𝟏[𝜔 𝑞]

)  𝒌𝟑[𝜔]
 (4.45) 

The signal synthesis that provides excitation, TD signal acquisition, signal processing, pre-

measurement characterization, and time-variant impedance measurement are illustrated in the 

flowchart shown in Fig. 4-6. 
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4.4 Experimental Validation 

Fig. 4-7 shows the SPS for experimental validation with the intention to measure the time-

invariant unknown in-circuit impedance 𝒁𝑳. The TD-based instrumentation comprises an 

SGAS with a two-channel oscilloscope module (National Instruments PXI-5142) and a direct 

digital synthesis AWG (National Instruments PXI-5412). The oscilloscope terminates the 

directional coupler outputs with 50 Ω. The selected sampling rate is 100 MHz. A multitone 

signal with 31 spectral components from 150 kHz – 30 MHz produced by the AWG is injected 

into the SUT through the directional coupler. 

 

Fig. 4-6. Flowchart for signal synthesis that provides excitation, TD signal acquisition, signal processing, pre-

measurement characterization and time-variant impedance measurement. 
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To perform the pre-measurement characterization, the open, short, and 50 Ω load (OSL) 

conditions are chosen as distinct impedances at l-l′ and the respective VVRs are shown in Fig. 

4-8 from 150 kHz – 30 MHz. Since the open and short conditions are adopted,  (4.45) can be 

simplified further. Let 𝒁𝟏, 𝒁𝟐 and 𝒁𝟑 be open, short, and 50 Ω load. Then 𝒁𝟐 =   Ω and 𝒁𝟑 =

5  Ω and the limiting value of (4.45) when 𝒁𝟏 approaches infinite impedance becomes the 

measured impedance. 

 

The relationship given in (4.45) can be rewritten by substituting 𝒁𝟐 = 0 and 𝒁𝟑 = 5  W  into 

(4.45): 

 

Fig. 4-7. SPS with TD-based instrumentation. 
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Fig. 4-8. VVRs of the SPS during the pre-measurement characterization. 
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𝒁𝒄[𝜔] = lim
𝒁𝟏→∞

5 
𝑼   

𝑾  
1
𝒁𝟏

𝑿
 

(4.46) 

where  

𝐔 = (
   𝟐[𝜔]

   𝟏[𝜔]
)((

   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟏

 (
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟑

) (4.47) 

 = (
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟐

((
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟏

 (
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟑

) (4.48) 

𝑾 = ((
   𝟐[𝜔]

   𝟏[𝜔]
)  (

   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟏

)((
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟐

 (
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟑

) (4.49) 

𝑿 = ((
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟏

 (
   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟐

)((
   𝟐[𝜔]

   𝟏[𝜔]
)  (

   𝟐[𝜔]

   𝟏[𝜔]
)
𝒁𝟑

) (4.50) 

When 𝒁𝟏 → ∞, (4.46) becomes: 

𝒁𝒄[𝜔] = 5 
𝑼   

𝑾
 (4.51) 

The results obtained from the above-described method are shown in Fig. 4-9, Fig. 4-10, 

and Fig. 4-11 for three types of passive loads: resistors (2 Ω, 100  and 3 kΩ), inductors  (1 

µH, 10 µH, 100 µH, and 1 mH) and capacitors (1 nF, 10 nF, 100 nF, and 1 µF), respectively. 

The reference impedances are obtained by off-circuit impedance measurement using an IA. 

The measured impedance responses agree well with the reference impedance responses.  
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Fig. 4-9. Impedance responses of resistors measured with TD-based instrumentation after signal processing in 

comparison to reference impedance responses. 

 

Fig. 4-10. Impedance responses of inductors measured with TD-based instrumentation after signal processing in 

comparison to reference impedance responses 

 

Fig. 4-11. Impedance responses of capacitors measured with TD-based instrumentation after signal processing in 

comparison to reference impedance responses. 
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Fig. 4-12 shows the SPS with the details of the TD-based instrumentation for experimental 

validation with the objective to measure a time-variant unknown impedance 𝒁𝑳[𝜔 𝑞]. The 

time-variant load is emulated by switching it to 𝒁𝑳𝟏, 𝒁𝑳𝟐, and 𝒁𝑳𝟑  through a timed relay 

mechanism at 𝑡 = 1  ms, 𝑡 =    ms and 𝑡 = 5  ms, respectively. 𝒁𝑳𝟏, 𝒁𝑳𝟐, and 𝒁𝑳𝟑 are a 

combination of various RLC components in series. 𝒁𝑳𝟏 is a 50 Ω resistor, a 3 nH inductor, and 

a 0.1 µF capacitor. 𝒁𝑳𝟐 is a 25 Ω resistor, a 3 nH inductor, and a 0.1 µF capacitor. 𝒁𝑳𝟑 is a 50 

Ω resistor and a 0.1 µF capacitor. The selected sampling rate is 100 MHz, the DSP STDFT 

analysis window size is 100k samples and the time advancement is 100k samples. Therefore, 

the time resolution of the analysis is 1 ms and the frequency resolution is 1 kHz. A multitone 

signal with 51 spectral components from 150 kHz – 30 MHz produced by the AWG is injected 

into the SUT through the directional coupler. The pre-measurement characterization is 

performed at l-l′ with OSL termination conditions. Fig. 4-13 shows the comparison of the 

measured time-variant impedance using the SPS with the reference measurements obtained 

offline with an IA. Table 4-1 gives a statistical overview of the measurement results. 

 

 

Fig. 4-12. SPS with TD-based instrumentation for in-circuit time-variant impedance measurement. 
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(a)      (b) 

Fig. 4-13. Time-varying impedance measurement results (a) magnitude (b) phase. 

Table 4-1. Statistical Comparison of time-variant impedance measurement. 

𝒁𝑳 Frequency (Hz) REF Mean Standard 

Deviation 
Error 

|𝒁𝑳𝟏| (Ω) 

150k 49.4 49.35 0.045 0.1 % 

1M 60.5 68.3 7.70 -12.9 % 

10M 461.6 522.9 115.1 -13.3 % 

30M 741.2 518.9 73.0 30.0 % 

∠𝒁𝑳𝟏(°) 

150k -5.9 -6.0 1.9 0.1 ° 

1M 34.2 41.0 6.9 -6.8 ° 

10M 75.7 79.1 1.8 -3.4 ° 

30M -64.5 -74.8 7.4 10.3 ° 

|𝒁𝑳𝟐|(Ω) 

150k 25.9 25.4 0.02 1.9 % 

1M 29.8 29.7 0.01 0.3 % 

10M 205.2 197.4 0.84 3.8 % 

30M 730.1 651.9 57.9 10.7 % 

∠𝒁𝑳𝟐 (°) 

150k -17.4 -6.5 0.02 -10.9 ° 

1M 33.1 39.5 0.03 -6.4 ° 

10M 78.3 79.2 0.5 -0.9 ° 

30M -54.6 -77.7 4.6 23.1 ° 

|𝒁𝑳𝟑|(Ω) 

150k 49.37 49.4 0.06 -0.1 % 

1M 75.3 66.4 7.33 11.8 % 

10M 708.4 495.3 111.95 30.1 % 

30M 413.6 513.0 53.63 -24.0 % 

∠𝒁𝑳𝟑 (°) 

150k -5.9 -20.4 1.9 14.5 ° 

1M 33.9 34.3 6.5 -0.4 ° 

10M 73.7 79.2 2.0 -5.5 ° 

30M -62.2 -79.3 7.9 17.1 ° 
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From Table 4-1 it is evident that above 10 MHz the measurement uncertainty is 

significantly higher. It is expected as the resonance frequency of the SUTs occurs in the 10 

MHz – 30 MHz frequency range where the impedance of the SUT is very large and exceeds 

the dynamic range of the measurement setup. Below 10 MHz, about 10 % magnitude error 

can be maintained and the measurement uncertainty is very small as the SUT impedance is 

well within the dynamic range of the setup. 

4.5 Discussion and Summary 

The basic principle behind the SPS with TD-based instrumentation has been described. By 

adopting a quasi-log crest-factor optimized multitone excitation signal synthesis with a DSP 

technique, conversion of the measured TD signals to its FD counterparts has been elaborated 

and explained. Through a pre-measurement characterization, the relationship between the 

measured impedance and the setup can be established so that any unknown impedance can be 

measured with ease. The validity of the SPS with TD-based instrumentation is verified 

experimentally and its ability to measure time-variant impedance is also demonstrated.   
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Chapter 5 Practical Considerations for the 

Single-Probe Setup 

Transient events and high excitation levels in an energized SUT can cause damage to the 

sensitive instrumentation. Therefore, protection devices must be incorporated in the SPS for 

practical applications [72]. This chapter describes the incorporation of protection devices to 

safeguard the instrumentation against transients and surges in a high voltage and high power 

energized SUT. In addition, it also elaborates the incorporation of power amplification in the 

SPS to maintain good SNR for robust and accurate in-circuit impedance measurement for SUT 

with the presence of strong background noise. To quantify the necessary SNR for good 

measurement accuracy, a comprehensive analysis is carried out to determine the desired SNR. 

In the event where high SNR cannot be achieved, an error correction method is developed to 

enhance the measurement accuracy.  

5.1 Signal to Noise Ratio and Measurement Accuracy 

Fig. 5-1 shows the setup to evaluate the impact of signal-to-noise ratio (SNR) on the in-

circuit impedance measurement accuracy using the proposed SPS. The basic SPS consists of 

an inductive probe (Solar 9144-1N), a VNA (Bode 100), a pair of wires, and a 100  resistor. 

The power supply is not included in the SPS to ensure the SNR analysis is not influenced by 

the noise generated by the power supply.  

To emulate the noise signal, a signal generator (National Instruments PXI-5412) and an 

inductive probe (Tektronix CT1) injects a signal into the setup with known magnitude and 
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frequency. Another inductive probe (Tektronix CT1) with a spectrum analyzer (R&S FSH4) 

measures the excitation signal from the VNA and the noise signal from the signal generator. 

The signal generator is set at three different frequencies, 1 MHz, 5 MHz, and 10 MHz with 

adjustable signal levels. By measuring the excitation and noise signals separately with the 

inductive probe and the spectrum analyzer, the SNR can be computed. 

 

The errors of the measured in-circuit impedance with the presence of the emulated noise 

at 1 MHz, 5 MHz, and 10 MHz are shown in Fig. 5-2 for three different SNRs. It is clearly 

observed that the higher the SNR, the better is the measurement accuracy. By closely 

examining Fig. 5-2, it reveals that if SNR is 30 dB or higher, it yields a measurement accuracy 

with less than 5% magnitude error and less than 2o phase error.  

 

Fig. 5-1. Setup to evaluate the impact of the background noise on SPS measurement accuracy.  
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In some situations, where strong background noise is present and the VNA’s built-in signal 

source may not be able to generate a high enough excitation signal to achieve sufficient SNR, 

an external power amplifier must be added to the SPS to improve its SNR. In addition, 

protection devices are also added to improve the SPS ruggedness, which will be discussed in 

the following section.  

5.2 Improving SNR and Introducing Protection   

To mitigate the concern of insufficient excitation signal level provided by the VNA, Fig. 

5-3 shows a VNA-based SPS incorporated with power amplification. To protect the 

instrumentation from damage, surge protection devices and attenuators are also included in 

the setup. The excitation signal produced by the VNA is amplified by a power amplifier with 

a gain  . The excitation level can be determined by measuring the noise levels in the energized 

SUT prior to the actual SPS measurement. The VNA output level should be decided such that 

the amplifier output can maintain an SNR > 30 dB according to the previous evaluation study. 

The inductive probe is connected to the directional coupler through a surge protector. Surge 

 

Fig. 5-2. Relationship between the measurement error and the SNR of SPS. 
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protector guards against any high voltages induced in the inductive probe windings due to 

surge and transient events in the energized SUT. Two attenuators are used between the 

directional coupler outputs and the receivers (RX1, RX2) of the VNA to ensure the measured 

signals are within the permissible range of the VNA receiver input. The VNA and the 

directional coupler are configured in the reflectometer configuration so that the reflection 

coefficient at m-m′ (𝜞𝒎) can be measured. With this improved setup, the in-circuit impedance 

measurement using the SPS can be deployed in practical electrical systems, where surges and 

transients are present.   

 

The equivalent network representation of the VNA-based SPS incorporated with power 

amplification and protection devices is shown in Fig. 5-4.  I. omprises an RF directional 

coupler, two attenuators, and a surge protector, which can be considered as a four-port network 

whose ports are denoted by numbers from 1 to 4. The output reflection coefficient of the power 

amplifier is 𝜞  at port 1. The reflection coefficients of the VNA receiver terminations are 

denoted by 𝜞𝑹𝑿𝟏 and 𝜞𝑹𝑿𝟐 at port 3 and 4, respectively. Since the VNA can measure 𝜞𝒎, the 

extraction of 𝒁𝒄 or 𝒁𝑳 stays the same as the VNA-based SPS without the power amplification 

and protection devices. For further validation in a more realistic condition, the aforementioned 

 

Fig. 5-3. VNA based SPS incorporated with power amplification and protection devices.  
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setup is adopted to extract the in-circuit impedance of a 230-V AC induction motor under its 

operating condition, as described in Section 6.2. 

 

5.3 Experimental Validation 

Fig. 5-5 shows the SPS with signal amplification and surge protection devices 

incorporated. It consists of a VNA (Bode 100), an inductive probe (F-120-6A), a power 

amplifier (ZHL-32A-S+), a directional coupler (DC-3010A), two attenuators (DWZ P78), and 

a surge protector (LCSP 1049). Fig. 5-6 shows the measured in-circuit impedance responses 

of resistors (10  and 5 k) and capacitors (1 nF and 10 nF) powered by a DC power supply. 

The impedance responses of the same passive components are measured offline using an IA 

as references for comparison. The measured impedance responses from 150 kHz to 30 MHz 

are in good agreement with those of the references.  

 

Fig. 5-4. Network representation of VNA based SPS incorporated with power amplification and protection 

devices. 
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5.4 Error Correction Scheme 

Statistical error correction methods are widely adopted for measurement systems with the 

presence of random noise. However, they are not suitable if the sources of the measurement 

errors have a strong correlation with the noise signals present in the measurement setup. This 

section proposes a non-statistical-based error correction approach for eliminating the errors 

contributed by the presence of noise signals that are correlated to the excitation signals that 

exist in the energized SUT. The errors resulted are studied and visualized analytically based 

 

Fig. 5-5. Setup for experimental validation incorporating power amplification and protection devices. 
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on an equivalent circuit of the SPS. The proposed error correction method is verified 

experimentally. 

 

Fig. 5-7 shows an equivalent circuit of the SPS shown in Fig. 3-2 including a deterministic 

noise source. The excitation signal source and the inductive probe can be modeled by and 

Thevenin voltage  𝑻 and impedance 𝒁𝑻 and at c-c′. The noise in the energized SUT is denoted 

by  𝒏.  𝒏 and  𝑻 are both vector quantities. The equivalent impedance of the SUT including 

𝒁𝑳, 𝒁𝑾𝟏, 𝒁𝑾𝟐 and 𝒁𝑺. For simplicity, they are lumped together and represented by 𝒁𝑿. 

Through circuit analysis: 

𝒁𝒄 = 𝒁𝑿  
𝒁𝑿

𝑺𝑵𝑹  1
 

𝒁𝑻

𝑺𝑵𝑹  1
 (5.1) 

where 𝑺𝑵𝑹 =  𝑻/ 𝒏, |𝑺𝑵𝑹| ∈ ℝ+, |𝑺𝑵𝑹| ≠ 1, and  < ∠𝑺𝑵𝑹 ≤ 2𝜋.  

Equation (5.1) describes the expected measurement result with the presence of a noise 

signal. Besides 𝒁𝑿, it comprises of a proportional error  𝒁𝑿/ 𝑺𝑵𝑹  1  and an offset error 

𝒁𝑻/ 𝑺𝑵𝑹  1 . The proportional error is related to the equivalent impedance of the SUT (𝒁𝑿), 

whereas the offset error is independent of 𝒁𝑿 but is influenced by the Thevenin equivalent 

impedance of the measurement setup (𝒁𝑻).  B. bserving (5.1), both proportional and offset 

errors diminish when  |𝑺𝑵𝑹| → ∞. Under the situation when the measured in-circuit 

impedance is small for a given |𝑺𝑵𝑹|, the offset error dominates. On the other hand, when the 

 

Fig. 5-7. Thevenin equivalent circuit of the SPS with the presence of noise. 
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measured in-circuit impedance is large for a given |𝑺𝑵𝑹|, the proportional error dominates. 

Also, a good excitation source with high  𝑻 and small 𝒁𝑻, a better measurement accuracy is 

expected. From (5.1), for a given |𝑺𝑵𝑹| the trajectory of 𝒁𝒄 with respect to ∠𝑺𝑵𝑹 can be 

approximated by a circle. 

 

Fig. 5-8 illustrates the simulated 𝒁𝒄 using (5.1) in the complex impedance plane for four 

different  𝒁𝑿 (1 Ω, 50 Ω, 30 + 15j Ω, and 30-15j Ω) at |𝑺𝑵𝑹|= 20 dB and 𝑺𝑵𝑹| = 30 dB, 

where ∠𝑺𝑵𝑹 ranges from 0° to 360°. 𝒁𝑿 is indicated as a blue cross. For  |𝑺𝑵𝑹| = 20 dB, the 

simulated 𝒁𝒄 exhibits larger deviation as compared to that of |𝑺𝑵𝑹|= 30 dB. The deviation is 

circularly distributed around 𝒁𝑿. It is clearly observed that the circle radius is inversely 

proportional to the |𝑺𝑵𝑹|.  

This behavior can be further analyzed by using the simulated  𝒁𝒄 for 𝒁𝑿 = 30+60j Ω with  

|𝑺𝑵𝑹| = 6 dB, 10 dB and 15 dB, as shown in Fig. 5-9. 𝒁𝑿 is indicated as a blue cross and the 

simulated   𝒁𝒄 is distributed as circles around 𝒁𝑿. The centers of the three circles C1, C2, and 

C3 correspond to |𝑺𝑵𝑹| = 6 dB, 10 dB, and 15 dB, respectively. Note that these centers deviate 

 

Fig. 5-8 Simulated 𝒁𝒄 at different |𝑺𝑵𝑹| with varying ∠𝑺𝑵𝑹  (refer to vertical color bar) with reference 𝒁𝑿 

(blue crosses). 
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from the reference 𝒁𝑿. It can be seen that the higher the |𝑺𝑵𝑹|, the closer the center converges 

towards  𝒁𝑿 and the error radius becomes smaller. It is also observed that three centers and 𝒁𝑿 

lie on a straight line indicated by a black straight line. 

 

To verify the validity of the error analysis, the measurement setup shown in Fig. 5-1 is 

adopted with a passive load of 100 Ω resistor. The noise signals at three frequencies, 1 MHz, 

3 MHz, and 5 MHz are emulated. By adjusting the VNA signal source output, |𝑺𝑵𝑹| = 6 dB, 

10 dB and 15 dB are established. With a large sample of repeated measurements at each 

|𝑺𝑵𝑹|, Fig. 5-10 is plotted. The measured in-circuit impedance without the noise present is 

shown as a cross for reference. The error circles can be seen clearly and higher |𝑺𝑵𝑹| leads 

to the error circle converges towards the reference, indicating a higher measurement accuracy.  

Instead of taking a large sample of repeated measurement data, it is possible to construct 

such an error circle for a given |𝑺𝑵𝑹| using three uniquely taken measurement data by 

mathematically fitting them into a circle.   

 

Fig. 5-9. Simulated 𝒁𝒄 for  𝒁𝑿=30+100j Ω at |𝑺𝑵𝑹| = 6 dB, 10 dB and 15 dB with varying ∠𝑺𝑵𝑹 
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The coordinates of the center 𝐶 ≡  𝑥𝑐 𝑦𝑐  and radius 𝑟 of the circle that passes through 

the three non-colinear points 𝑃1 ≡  𝑥1 𝑦1 , 𝑃2 ≡  𝑥2 𝑦2 , and 𝑃3 ≡  𝑥3 𝑦3  can be defined 

as: 

𝑥𝑐 =  
𝐵

2𝐴
 (5.2) 

𝑦𝑐 =  
𝐶

2𝐴
 (5.3) 

𝑟 = √
𝐵2  𝐶2  4𝐴𝐷

4𝐴2
 (5.4) 

where, 

𝐴 = 𝑥1 𝑦2  𝑦3  𝑦1 𝑥2  𝑥3  𝑥2𝑦3  𝑥3𝑦2 (5.5) 

𝐵 =  𝑥1
2  𝑦1

2  𝑦3  𝑦2   𝑥2
2  𝑦2

2  𝑦1  𝑦3   𝑥3
2  𝑦3

2  𝑦2  𝑦1  (5.6) 

𝐶 =  𝑥1
2  𝑦1

2  𝑥2  𝑥3   𝑥2
2  𝑦2

2  𝑥3  𝑥1   𝑥3
2  𝑦3

2  𝑥1  𝑥2  (5.7) 

𝐷 =  𝑥1
2  𝑦1

2  𝑥3𝑦2  𝑥2𝑦3   𝑥2
2  𝑦2

2  𝑥1𝑦3  𝑥3𝑦1 

  𝑥3
2  𝑦3

2  𝑥2𝑦1  𝑥1𝑦2  

(5.8) 

 

 

Fig. 5-10. Measurement result distribution in complex plane for a 100 Ω resistor at |𝑺𝑵𝑹|= 10 dB, 15 dB and 20 

dB at three emulated noise signal frequencies (1 MHz, 3 MHz, and 5 MHz). 
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Fig. 5-11 shows two circles constructed by fitting the three data points based on the above-

mentioned approach under two |𝑺𝑵𝑹| conditions at 1 MHz excitation frequency. The purpose 

of doing so is to estimate the reference impedance (the impedance without noise presence) by 

extrapolating the centers of the circles based on the two |𝑺𝑵𝑹| conditions. Different 𝑺𝑵𝑹 

conditions can be emulated by adjusting the excitation signal level. The centers with the 

extrapolation are visualized in Fig. 5-12. Since the coordinates 𝐶1 ≡  𝑥 1 𝑦 1 , 𝐶2 ≡

 𝑥 2 𝑦 2  and REF lie on the same line, the line 𝑙1can be determined using coordinates 𝐶1 and 

𝐶2. 

 

 

 

Fig. 5-11. Circles constructed by three consecutive measurements with the presence of noise at |𝑺𝑵𝑹| = 10 dB 

and 15 dB with respect to the reference value. 

 

Fig. 5-12. Extrapolation of the coordinates of C1 and C2 to estimate the reference value. 
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The line 𝑙1 is determined by: 

𝑦 = (
𝑦 2  𝑦 1

𝑥 2  𝑥 1
)𝑥  𝑦 2  𝑥 2 (

𝑦 2  𝑦 1

𝑥 2  𝑥 1
) (5.9) 

Now 𝑑2 can be obtained by: 

𝑑2 =
 𝑑

|𝑺𝑵𝑹𝟏|
|𝑺𝑵𝑹𝟐|

 1
 

(5.10) 

where  𝑑 = √ 𝑦 2  𝑦 1 2   𝑥 2  𝑥 1 2.  

Since 𝐶2 and 𝑑2 are known, the circle  1 can be constructed. By finding the intersection point 

of the circle  1 and the line 𝑙1, the value of REF can be estimated.  

Fig. 5-13 shows the measured in-circuit impedance without and with applying the error 

correction method described earlier based on the same setup shown in Fig. 5-1. As observed 

the error correction method can correct the measurement error due to the presence of noise, 

which is useful for measurement system with SNR constraints.  

 

5.5 Discussion and Summary 

 

Fig. 5-13. Comparison of corrected and uncorrected measured impedance with respect to the reference. 
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Considering the practical application of the SPS, power amplification and protection 

devices have been incorporated in the basic SPS. The modified SPS has been experimentally 

validated for in-circuit impedance measurement. A non-statistical error correction method has 

been proposed to correct measurement error due to the presence of a noise signal that is 

correlated to the excitation signal, which is also validated experimentally.  
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Chapter 6 Practical Applications 

With the incorporation of power amplification and protection devices in the SPS, this 

chapter illustrates how to apply it for practical applications. The in-circuit impedance 

measurement based on the SPS can be used for EMI filter design, condition monitoring, and 

fault detection purposes.  

6.1 Differential-Mode and Common-Mode Impedances of 

Variable Frequency Drive  

The practical test case in this section is to apply the SPS to measure the differential-mode 

(DM) and common-mode (CM) impedances of a grid-connected variable frequency drive 

(VFD) system. The VFD system used in this experiment is modified by removing its built-in 

EMI filter at its AC input. The objective is to extract its CM and DM noise source impedance 

models. The VFD operates based on voltage-frequency (V/F) and sensor-less vector (SLV) 

controls. In this practical test case, we investigate the impact of various mode settings on the 

DM and CM noise source impedances. The VFD speed setting is set to 10 Hz, 30 Hz, and 50 

Hz and Table 6-1 lists the details of the VFD and instruments used for the experimental setup. 
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6.1.1 Differential-Mode Impedance Extraction 

The SPS shown in Fig. 6-1 depicts a VFD connected to an AC power grid through a line 

impedance stabilization network (LISN). The earth connection has been removed to isolate 

the CM current path so that its influence on the DM impedance measurement is eliminated. 

The LISN decouples the power grid impedance variation and blocks unwanted conducted 

emissions from the power grid.  T. VFD output is connected to a 3-phase induction motor. An 

inductive probe is clamped onto one of the power cables at the location c-c′. The resultant DM 

current is denoted as   𝑴. The SPS adopts a FD-based instrumentation with a power amplifier 

and an RF directional coupler. The power amplifier is needed to ensure good SNR due to the 

presence of noise generated by the VFD. Two attenuators (ATT) and a surge protector are 

added to safeguard the VNA should transients happen. 𝑟 1, and 𝑟 2 denote the AC input 

reference plane of the VFD at which the DM impedance is measured.  

Table 6-1. Details of the SUT and test instruments. 

SUT/ Instrument Model  Specifications 

VFD TECO L510s 230 VAC 50Hz 

Induction Motor RMS8024/B3 4 pole, 3 Phase, 0.75 
kW, 50 Hz 

Cables  VFD to Motor: 60 cm 

LISN to VFD: 100 cm 

LISN Electro-Metrics MIL 5 – 25/2 100 kHz – 65 MHz 

Inductive Probe SOLAR 9144 – 1N 4 kHz – 100 MHz 

VNA Omicron Bode 100 1 Hz – 40 MHz 

Power Amplifier Mini circuits LZY–22+ 100 kHz – 200 MHz 

Directional Coupler DC3010A 10 kHz – 1 GHz 

Surge Protector SSC – N230/01 – 

Attenuator 1 AIM-Cambridge 27-9300-6 6 dB 

Attenuator 2 AIM-Cambridge 27-9300-3 3 dB 
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The DM equivalent circuit of the setup is shown in Fig. 6-2. The DM impedances of the LISN, 

the cables, and the VFD are denoted by 𝒁 𝑴 𝑳 𝑺𝑵,  𝒁 𝑴    𝑳𝑬, and  𝒁 𝑴  𝑭 , respectively. 

The equivalent DM noise source voltage is denoted by   𝑴  𝑭 . The pre-measurement 

characterization is performed by terminating rL1-rL2 under OSL conditions without the AC 

 

Fig. 6-1. DM impedance measurement of a VFD under operating conditions.  
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Fig. 6-2. DM Equivalent circuit of a VFD under operating conditions.  
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power supply and the VFD. The frequency-dependent 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 of the SPS are 

determined and shown in Fig. 6-3. Once the pre-characterization is completed, the AC power 

is turned on with the VFD energized. Then, the in-circuit DM impedance of the VFD is 

measured. 
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Fig. 6-3. Frequency-dependent 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 for the SPS in DM impedance measurement. 

 

 

Fig. 6-4. DM impedance of the VFD at three speed settings (10 Hz, 30 Hz, 50 Hz) and two control modes (V/F 

and SLV). 
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The measured DM impedances with different modes and speed settings are shown in Fig. 

6-4. It shows that the control modes and speed settings have a negligible impact on the in-

circuit DM impedance. Therefore, a DM EMI filter can be designed based on the measured 

DM noise source impedance of the VFD. 

6.1.2 SPS for Common-Mode Impedance Extraction 

Fig. 6-5 depicts a VFD connected to an AC power grid through a LISN. An inductive 

probe is clamped onto the earth cable between the VFD and the LISN at the location c-c′. The 

resultant CM current is shown as   𝑴. 𝑟 1, 𝑟 2, and 𝑟𝐸 denote the AC input measurement 

reference plane of the VFD at which the CM impedance will be measured.  

 

The CM equivalent circuit of the setup is given in Fig. 6-6. The CM impedances of the 

LISN, cables, and the VFD are denoted by 𝒁 𝑴 𝑳 𝑺𝑵,  𝒁 𝑴    𝑳𝑬, and  𝒁 𝑴  𝑭 . The equivalent 

CM noise source voltage is represented by   𝑴  𝑭 . Again, the pre-measurement 

characterization is performed with the OSL conditions without the AC power supply switched 

  

Fig. 6-5. CM impedance measurement of a VFD under operating conditions. 
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off and the VFD disconnected. Note that during the pre-measurement characterization, rL1 and 

rL2 are shorted and treated as one terminal with rE as another terminal. T. frequency-dependent 

𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 of the SPS are determined and shown in Fig. 6-7. 

 

 

  

Fig. 6-6. CM Equivalent circuit of a VFD under operating conditions. 
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Fig. 6-7. Frequency-dependent 𝒉𝟏, 𝒉𝟐, and 𝒉𝟑 parameters for the SPS in CM impedance measurement. 
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Once the pre-characterization is completed, the AC power is turned on and the VFD is 

energized. Then, the in-circuit CM impedance of the VFD is measured. The obtained CM 

impedances are shown in Fig. 6-8. Again, the CM impedance of the VFD is unaffected by the 

operating modes and speed settings. Hence, the CM noise source impedance of the VFD can 

be used for CM EMI filter design purposes.   

 

6.2 Impedance Measurement of a Grid-Connected 

Induction Motor 

This section illustrates another practical application to extract the in-circuit impedance of 

grid-connected induction motor. The in-circuit impedance of the induction motor is measured 

using three different measurement setups. The first one is SPS with FD-based instrumentation, 

the next one is SPS with TD-based instrumentation and the last one is based on the V-I 

measurement approach. The V-I measurement approach is served as a reference for validation 

 

Fig. 6-8. CM impedance of a VFD at three speed settings (10 Hz, 30 Hz, 50 Hz) and two control modes (V/F 

and SLV). 
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purposes. The individual measurement setups will be elaborated in detail in the following sub-

sections followed by a comparison of the measured results obtained from the three different 

setups. 

6.2.1 SPS with Frequency-Domain Based Instrumentation  

Fig. 6-9 shows the SPS with FD-based instrumentation for in-circuit impedance 

measurement of an induction motor. The motor is connected to the power grid through a LISN 

(Electro-Metrics MIL 5-25/2). An inductive probe (FCC F-120-6A-3) is clamped onto one of the 

power cables at c-c′. The probe is connected to a VNA (Bode 100) through a power amplifier 

(Mini circuits LZY–22+) and an RF directional coupler (DC3010A). The power amplifier is 

necessary to ensure sufficient SNR. The two attenuators (AIM-Cambridge 27-9300-6 and AIM-

Cambridge 27-9300-3) and a surge protector (SSC-N230/01) are incorporated in the SPS to 

protect the VNA input. 

 

𝑟 1, and 𝑟 2 denote the reference plane of the SUT at which the impedance is measured. The 

pre-measurement characterization is performed with OSL conditions at rL1-rL2 with the AC 

 

Fig. 6-9. SPS with FD-based instrumentation for in-circuit DM impedance measurement of an induction motor. 
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power supply switched off and the induction motor disconnected. After the pre-measurement 

characterization, the AC power is reconnected back to the induction motor and the in-circuit 

DM impedance of the induction motor is measured. A photograph of the actual measurement 

setup is shown in Fig. 6-10. 

 

6.2.2 Time-Domain Based SPS 

Fig. 6-11 shows the SPS with TD-based instrumentation for in-circuit impedance 

measurement of an induction motor. The TD-based instrumentation comprises an SGAS with 

a two-channel ADC module (National Instruments PXI-5142) and a direct digital synthesis 

AWG (National Instruments PXI-5412). The motor is connected to the power grid through a 

LISN (Electro-Metrics MIL 5-25/2). An inductive probe (FCC F-120-6A-3) is mounted onto one 

of the power cables at c-c′. The probe is connected to the TD-based instrumentation through a 

power amplifier (Mini circuits LZY–22+) and an RF directional coupler (DC3010A). The power 

amplifier is to amplify the AWG signal output and provide sufficient SNR. Two attenuators 

(AIM-Cambridge 27-9300-6 and AIM-Cambridge 27-9300-3) and a surge protector (SSC-N230/01) 

are added to safeguard the SGAS from transients and surges. 𝑟 1, and 𝑟 2 denote the reference 

 

Fig. 6-10. In-circuit impedance measurement of an induction motor using the FD-based SPS. 
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plane of the SUT at which the impedance is measured. The pre-measurement characterization 

is performed by OSL at rL1-rL2 without the AC power supply and the induction motor. Once 

the pre-measurement characterization is done, the AC power is connected to the induction 

motor for in-circuit impedance measurement. A photograph of the actual measurement setup 

is shown in Fig. 6-13. 

 

 

 

Fig. 6-11. SPS for in-circuit DM impedance measurement of an induction motor. 
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Fig. 6-12. In-circuit impedance measurement of an induction motor using TD-based SPS. 
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6.2.3 V-I Measurement approach 

Fig. 6-13 shows a setup based on the well-established V-I measurement approach [43] to 

measue the in-circuit impedance of the induction motor. The excitation is provided by a signal 

generator (National Instruments PXI-5412) and it is injected into the SUT through an RF 

current injection probe (Solar 9144-1N). 𝑟 1, and 𝑟 2 denote the reference plane of the SUT at 

which the impedance is measured. The terminal voltage   𝑴 at rL1-rL2 is measured using a 

differential voltage probe (GDP-025, 0-25 MHz). As mentioned earlier, the V-I measurement 

setup requires a direct electrical contact to the energized induction motor, as shown in Fig. 

6-13.  

 

The current   𝑴 through the SUT is sensed by a current transformer (Tektronix CT1, 25 

kHz-1 GHz). It is to take note that the differential voltage probe has an effective bandwidth 

up to 25 MHz and therefore the maximum measurement frequency of the V-I approach stops 

at 25 MHz.  The voltage and current measurements are obtained using a digital oscilloscope 

(R&S RTB2004). Then a fast Fourier transform (FFT) algorithm is applied to obtain the 

voltage and current in FD so that the in-circuit impedance of the induction motor can be 

computed. A photograph of the actual measurement setup is shown in Fig. 6-14.  

 

Fig. 6-13. V-I measurement approach setup for in-circuit impedance measurement of the induction motor. 
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6.2.4 Measurement Results 

As described in Section 5.1 of Chapter 5, an SNR above 30 dB yields good measurement 

accuracy. Therefore, the excitation level is adjusted to be higher than the noise of the energized 

SUT by 30 dB. The measured noise floor, excitation level, and the SNR using a current 

transformer (R&S EZ-17) and a spectrum analyzer (R&S FSH4) are shown in Fig. 6-15. 

 

 

Fig. 6-14. Actual implementation of V-I measurement setup. 

 

Fig. 6-15. Measured excitation signal, background noise, and SNR for the energized induction motor. 



 

86 

 

The measured in-circuit impedance response using the FD-based SPS, TD-based SPS, and 

the V-I measurement approach are compared in Fig. 6-16. In general, all three setups show 

relatively good agreement in the considered frequency range. 

 

6.3 Discussion and Summary 

The proposed SPS has been applied for two practical test cases. The first case has shown 

the use of FD-based SPS to extract the DM and CM noise source impedances of an energized 

VFD system under various operating modes and speed settings. The extracted DM and CM 

noise source impedances facilitate the systematic designs of DM and CM EMI filters so that 

the respective conducted DM and CM emissions can be suppressed below the required limits. 

The second case has demonstrated the ability to extract the in-circuit impedance measurement 

of an induction motor for condition monitoring purposes. The two SPSs with both FD-based 

and TD-based instrumentations are compared with the conventional V-I approach. The 

comparison has shown that the measurement results obtained from the SPS agree well with 

 

Fig. 6-16. In-circuit impedance of the induction motor measured by TD-based SPS, FD-based SPS and V-I 

measurement approach. 
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that from the V-I measurement approach. However, it is to take note that the SPS requires no 

direct electrical contact to the energized SUT and only needs a single inductive probe. 
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Chapter 7 Conclusion and Future Works 

7.1  Conclusions 

The basic theory behind the SPS for in-circuit impedance measurement has been described 

and validated experimentally. The SPS not only reduces the hardware overhead by reducing 

two probes to only one probe but also overcomes the limitations of the TPS, such as probe-to-

probe coupling and the pre-characterization errors of the inductive probes with standard 

calibration fixture.  

In conclusion, the work presented in this thesis has resulted in the following key 

achievements:   

• Derivation of the theory behind SPS for in-circuit impedance measurement with both 

FD and TD-based instrumentations and validate them experimentally.  

• Development of a pre-measurement characterization of the SPS through three distinct 

impedance terminations to cancel all potential measurement errors contributed by the 

setup and the instrumentation. 

• Successful incorporation of the signal amplification and the protection modules in the 

SPS to preserve its measurement accuracy and ruggedness.  

• Detailed analysis of the impact of SNR on the measurement accuracy of the SPS. 

• Proposal of an error correction method to recover the measurement accuracy of the 

SPS under the situation of poor SNR.  
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• Incorporation of a quasi-log multitone excitation signal synthesis technique with TD-

based instrumentation to extract in-circuit impedance efficiently across a wide 

frequency band. 

• Demonstration of the SPS for in-circuit impedance measurement under practical test 

cases for EMI filter design and condition monitoring purposes.  

7.2 Recommended Future Works 

A robust and rugged in-circuit impedance measurement based on SPS has been developed 

and validated. Further works on the post-processing of the in-circuit measurement data should 

be developed so that its scope of applications can be expanded further. The following future 

works are worth exploring:  

• Long-term in-circuit impedance monitoring and statistical analysis to predict the 

renewal timeline for critical assets, such as induction motors and transformers.  

• Wavelet-based analysis techniques to further improve the efficiency of time-variant 

impedance measurement. 

• Analysis of the factors affecting the dynamic range of the proposed technique such as 

the inductive probe selection and a comparison with two-probe counterpart. 

• Analysis of measurement uncertainty under extreme physical conditions. 

• Selection of a suitable time-domain or frequency measurement instrument to achieve 

certain measurement specifications.  
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