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Abstract— This paper studies the field-dependent microwave 

response of an amorphous soft ferromagnetic alloy sample (ribbon 

or microwire) measured in a vector network analyzer (VNA) and 

test-fixture (TF) system. The results indicate that the apparent 

negative real part of impedance should not be interpreted as a true 

intrinsic negative resistance of the sample, but rather as a 

resonance-related effect associated with ferromagnetic resonance 

and the reference-based VNA/TF measurement procedure. To 

further clarify this phenomenon, attenuation curves reported in 

the literature were digitized, reconstructed, and used to synthesize 

the corresponding microwave S-parameter response. The 

influence of embedding and de-embedding conditions on the field 

sensitivity was analyzed. TF can modify the resonance region and 

significantly change magnetic-field sensitivity. In the analyzed 

case, the best result was obtained for a configuration with one 

cascaded TF section and grounded opposite side of the coaxial 

sample, yielding a sensitivity improvement of about 670% 

compared with the standalone synthesized response. 

Keywords—magneto-impedance, amorphous alloy sample, 

ferromagnetic resonance, vector network analyzer, de-embedding, 

apparent negative resistance, sensitivity. 

I. INTRODUCTION

Magneto-impedance (MI), and particularly giant magneto-

impedance (GMI), is a field-dependent high-frequency effect in 

which the electrical impedance Z of a soft ferromagnetic 

conductor changes due to the coupled action of skin effect and 

magnetic permeability [1]. In amorphous ribbons, wires, and thin 

films, this effect is especially attractive for sensing due to high 

permeability (low coercivity), and tunable anisotropy that exhibit 

strong impedance variation under relatively small external DC 

magnetic fields H. A commonly used definition of the MI ratio: 
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while in GMI studies one often uses the maximum-field in 

reference and percentage form if MI ratio exceeds 100%: 
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These formulations are consistent with standard treatments 

of giant magnetoimpedance in soft ferromagnetic materials and 

their sensing applications [1]-[2]. However, for sensor operation, 

the MI or GMI ratio alone is not sufficient, since it describes only 

the relative magnitude of the impedance variation, whereas the 

key practical quantity is the field sensitivity, which characterizes 

the electrical response changes with the applied magnetic field. 

The sensitivity may be introduced through the field dependence 

of the impedance magnitude as: 

( )
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where 𝑆𝑍(𝐻) represents the absolute impedance sensitivity. In

MI and GMI studies, it is often more practical to use the relative 

sensitivity derived from the normalized MI response, i.e.  
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so that, when the MI ratio is expressed in percentage form, the 

corresponding sensitivity is given in %/Oe or %/(A/m). For 

discrete experimental or digitized data, the sensitivity is 

evaluated numerically by finite differences between neighboring 

field points, for example: 
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metrics are still standard in sensor-oriented studies on 

amorphous and nanostructured magnetic materials. Accordingly, 

the sensitivity can be understood as the local slope of the MI 

curve, and in many sensor-oriented studies it is a more 

informative performance parameter than the maximum MI ratio 

alone.  

At microwave frequencies, MI interpretation becomes more 

complex because the impedance is no longer governed only by 

low-frequency domain-wall processes, but also by rotational 

permeability, eddy-current redistribution, and resonance-related 

magnetic dynamics. Recent studies on amorphous soft magnetic 

CoFeB film samples measured in the 100 MHz – 10 GHz range 

show that the microwave response is strongly shaped by dynamic 

permeability, ferromagnetic resonance (FMR), anisotropy, and 

skin-effect-related losses [3]. In particular, the imaginary 
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permeability peak changes with film thickness while the FMR 

scale remains in the GHz range. This makes the high-frequency 

regime especially relevant for understanding resonance-like 

impedance extrema and the onset of nontrivial dispersive 

behavior. 

For these measurements, a vector network analyzer (VNA) is 

particularly useful because it directly measures the complex 

scattering parameters of the sample- fixture system. In standard 

notation, 
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where 𝑎1 denotes excitation to port 1, and 𝑏1- 𝑏2 are the incident 

and reflected/transmitted traveling-wave amplitudes. For a one-

port interpretation, the input impedance can be written as: 
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where 𝑍0 is the reference impedance, usually 50 Ω. In practice, 

the measured response belongs to the entire fixture–sample–

fixture structure, so de-embedding and reference-plane 

placement become critical, especially near resonance. 

Experimental arrangement for broadband magnetic 

characterization combines a VNA, a transmission line or fixture 

containing the magnetic sample, and an external magnetic field 

source (Hex). Helmholtz coils are commonly used for external 

bias-field source because a pair of identical coils produces an 

approximately uniform magnetic field appropriate for sample 

position. In broadband FMR and VNA-based magnetic 

experiments, Helmholtz coils are routinely used to apply or 

rotate the bias field, for examination of sample behavior in 

different axis direction [4].  

A typical broadband magnetic measurement setup includes 

measurement chain with VNA, and transmission fixture 

containing the sample, Fig.1. [5]. 

 

Fig. 1. Schematic of the two-port VNA based measurement setup,  
including access cables, TF and two ports with the corresponding  

scattering S-parameters [5]. 

Recent research on amorphous soft magnetic Fe72Cu1V4Si15B8 

ribbon has shown that microwave characterization in this regime 

can reveal both strong GMI and apparent negative-resistance 

regions after impedance extraction from S-parameters [6]. 

Microwave VNA measurements showed a pronounced GMI 

response with a negative magnetoresistive feature around 1.5 

GHz, as it’s depicted in Fig 2a. Similar measurement setup with 

test fixture (TF) and VNA measurement, with also negative 

apparent resistance on amorphous soft magnetic 

Co71Fe5B11Si10Cr3 microwire are shown in Fig 2b [7]. 

II. MEASUREMENT FRAMEWORK AND TEST-FIXTURE-RELATED 

ERROR REMOVAL   

Vector network analyzer measurement setups (Fig. 1) are 
usually used in the high-frequency regime, where the dimensions 
of a TF are not negligible compared with the signal wavelength. 
Accordingly, the TF must be treated as a distributed microwave 
structure rather than as a lumped interconnection. 

In particular, the distance from the SubMiniature version A 

(SMA) connectors to the sample position is no longer negligible 

in this regime. Therefore, the measured response does not 

represent the sample alone, but the combined behavior of the 

sample and the TF. 

As a result, the raw data contain systematic TF-related errors, 

mainly phase delay and parasitic contributions present in the 

measured S-parameters and attenuation characteristics. Such 

effects may be reduced by de-embedding analysis. Simplified 

de-embedding  approach  reported in  the  literature [8] is based 

 

Fig. 2. Negative apparent resistance observed with VNA and TF 
measurement for soft magnetic: a) Fe72Cu1V4Si15B8 ribbon [6] and  

b) Co71Fe5B11Si10Cr3 microwire [7]. 

132



 

Fig.3. Real part of the measured MI, after de-embedding, showing  
physically consistent positive-resistance behavior for: a) Fe72Cu1V4Si15B8 

[6] and b) Co71Fe5B11Si10Cr3 microwire [7]. 
 

only on phase removal, thereby neglecting attenuation in the 
fixture sections between the SMA connectors and the sample. 
Such method with this approximation is acceptable when fixture 
losses are sufficiently small, as in low-loss substrates. A more 
rigorous procedure involves conversion from S-parameters to T-
parameters and subsequent matrix-based extraction of the 
sample response.  

In this work, de-embedding was performed in Keysight ADS 

using its built-in S-parameter-based correction function, and the 

procedure was applied to the results shown in Fig. 3a [6]. The 

corresponding phase-removal-based result is shown in Fig. 3b 

[7]. 

III. FERROMAGNETIC RESONANCE AND APPARENT NEGATIVE 

RESISTANCE 

The negative real part of impedance observed in this type of 
measurement should not be explained only by the TF and the 
VNA reconstruction procedure. These factors are important, but 
they are not the full explanation. A more complete view is that 
this effect appears when the measured magnetic system enters 
the frequency-field region influenced by ferromagnetic 
resonance [6]. 

A key reference for this interpretation is the paper by Yelon 
et al., which showed that, for ribbon or plate geometries, the 
calculation of giant magneto-impedance and the calculation of 
ferromagnetic resonance response are rigorously equivalent [8]. 
This means that, in such samples, the high-frequency impedance 

response is closely connected with the same magnetic dynamics 
that govern resonance of complex permeability.  

This interpretation is supported by later studies, which 

showed that, in amorphous ferromagnetic materials, high-

frequency magnetoimpedance is closely connected with 

ferromagnetic resonance. Therefore, in the GHz range, the 

impedance response can be understood as a manifestation of 

resonance (FMR) behavior [9]. 

The FMR effect is illustrated in Fig. 4 through the Hex field-

dependent change of the attenuation coefficient [8]. The change 

of the attenuation coefficient Δα is defined as: 
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As shown in Fig. 4, the attenuation coefficient α\alpha of the 

coaxial line does not vary monotonically with the longitudinal 

magnetic field over the full frequency range. At lower 

frequencies, the field-dependent curves retain a certain mutual 

ordering with frequency, whereas in the resonance region these 

ordering changes in an almost mirror-like manner: curves that 

were initially above become lower, while those that were lower 

move upward. This indicates that the attenuation response is 

governed not only by the applied magnetic field, but also by its 

coupled frequency dependence, with resonance playing a 

dominant role. Therefore, the system response cannot be 

regarded as a simple monotonic function of magnetic field, since 

even a moderate field change near resonance may redistribute the 

attenuation peak and reverse the relative ordering of the curves. 

This behavior is important for understanding the apparent 

negative resistance observed in the present work. Since VNA 

measurements are always defined relative to a selected reference 

state, taking the lowest excitation field as the reference means 

that all other field-dependent responses are compared with that 

initial curve. Away from resonance, such comparison remains 

straightforward, whereas near resonance some higher-field 

curves may exceed the reference curve in the peak region, 

leading to a sign reversal of the relative response. In 

reconstructed impedance plots, this may appear as a negative real 

part, although the measured material itself remains passive. 

 

Fig.4. Magnetic-field-dependent change of the attenuation coefficient α of a 

coaxial line over the 100 MHz–6 GHz range, including the resonance region [8]. 
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Therefore, the observed negative resistance is not interpreted 

here as a true intrinsic property of the sample, but as an apparent 

effect produced by the combined action of reference-based VNA 

evaluation, the TF-influenced reconstruction procedure, and the 

field-dependent resonance behavior of the magnetic sample. 

Although de-embedding reduces the TF contribution and makes 

the response more regular, the anomaly itself still points to a 

resonance-affected regime, which is why the present 

interpretation connects the observed effect not only with the 

measurement chain, but also with ferromagnetic resonance. 

IV. DIGITALIZATION OF THE FMR RESPONSE AND OBSERVED 

RESONANT FEATURES IN THE EMBEDDED AND DE-EMBEDDED 

RESPONSE 

In order to further examine the FMR-related behavior and its 
possible practical use, the analysis was extended to the 
digitalization of the curve shown in Fig. 4. Since the original 
source does not provide a numerical data table, the field-
dependent 𝛥𝛼(𝑓, 𝐻𝑒𝑥)  curves were first digitized from the 
published graph by means of WebPlotDigitizer, which is 
specifically intended for extracting numerical data from plotted 
figures [10]. 

The digitized attenuation response was then converted into 
the transmission response by using the relation taken from the 
Yelon-type formulation, equation (8), from which the magnitude 
of the field-dependent transmission coefficient follows as: 

( ) ( ) 10
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In this way, the published resonance-related attenuation 
curves were transformed into reconstructed transmission data. 
Because Yelon’s paper demonstrates the rigorous equivalence 
between the GMI response and the ferromagnetic-resonance 
response for ribbons and plate-like geometries, this 
reconstruction provides a physically justified starting point for 
the synthesis of a microwave two-port model [8]. 

However, the original paper does not provide the full coaxial-
line parameters required for unique recovery of a complete two-
port network, such as the exact line length, dielectric filling, or 
conductor geometry [8]. At the same time, it explicitly states that 
the analyzed structure is a coaxial line containing a NiFeMo 
wire, which provides the physical basis for adopting a coaxial 
two-port representation in the present reconstruction. 

In order to obtain a more realistic microwave representation, 
the synthesized reciprocal coaxial model shown in Fig. 5 was 
complemented by additional S-parameter assumptions 
describing phase delay and input matching. In this way, the 
model was not limited only to the reconstructed attenuation-
related  response, 𝛥 𝛼 (𝑓, 𝐻𝑒𝑥)  from Fig. 4., but  was  extended 

 

Fig. 5. Reciprocal coaxial-line model implemented in Keysight ADS for   
S-parameter reconstruction. 

toward a physically more plausible two-port description. The 
phase terms were introduced to account for propagation delay 
along the coaxial path, while the reflection terms were chosen so 
as to represent moderate input matching.  

The key transmission parameters were imposed by 
reciprocity, 𝑆21 = 𝑆12  and reconstructed from the attenuation 
relation given in equation (9). A normalized reference value 
𝑆12(0) = 1  adopted, so that the reconstructed transmission 
coefficients represent exact relative values with respect to the 
zero-field state. This operation is justified because VNA-derived 
S-parameters are in real experiment (Fig. 1) defined after 
calibration relative to a selected reference condition. Hence, 
when the reference state is chosen at Hex=0, the corresponding 
coefficient can be normalized to unity, while the remaining field-
dependent responses are obtained relative to that baseline. 

The main performance parameter considered in the MI-
studies is sensitivity [11]. Since four field-dependent set 
parameters were available from the reconstructed Yelon-based 
response, this enabled the formation of three sensitivity curves, 
denoted as 𝑆𝑒𝑛𝑠_𝑖 , i=1, 2, 3, calculated according to the 
introductory sensitivity relation given in (5).  

More precisely, 𝑆𝑒𝑛𝑠_1, 𝑆𝑒𝑛𝑠_2 , and 𝑆𝑒𝑛𝑠_3 correspond to 
the three neighboring field intervals defined by the original four 
𝐻𝑒𝑥𝑡 - dependent responses. Thus, they are not strict first-
derivative estimates, but discrete numerical sensitivity 
characteristics of the field response in the FMR-affected region. 
In the present work, their main role is to reveal how the 
resonance-related microwave behavior changes under de-
embedded and embedded conditions when synthesized S-
parameters are used. Accordingly, the as-prepared, i.e., de-
embedded, synthesized response was analyzed first, and the 
resulting three sensitivity curves are shown in Fig. 6. A dominant 
global peak of 1.74 %/Oe is observed at 100 MHz, while a 
secondary local peak of 0.48 %/Oe appears at 5.05 GHz. This 
shows that the reconstructed standalone response already 
contains both a strong low-frequency sensitivity contribution and 
a weaker resonance-related microwave maximum, which was 
then used as the reference for evaluating the effect of subsequent 
TF embedding. 

To investigate the embedding effect, the same one half of TF 
(1/2 TF) model previously described and simulated in [6] was 
employed. The synthesized as-prepared S-parameter block of 
four curves from Fig. 4. (coaxial sample) was cascaded with the 

 

Fig. 6. Discrete sensitivity curves 𝑆𝑒𝑛𝑠_1, 𝑆𝑒𝑛𝑠_2 , and 𝑆𝑒𝑛𝑠_3  obtained 
from the synthesized as-prepared (de-embedded) response. 
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TF response in the Keysight ADS schematic editor, while the 
TF parameters were obtained by extending the previously 
developed CST Studio Suite model up to 6 GHz, rather than 
limiting the analysis to 3 GHz as in the earlier study. Several 
embedding variants were examined. The most favorable result 
was obtained for the configuration with a single SMA excitation 
port connected to one 1/2 TF section and the coaxial sample. The 
corresponding CST model of the 1/2 TF with the coaxial sample 
is shown in Fig. 7. 

Based on this embedded configuration, the sensitivity 
characteristics 𝑆𝑒𝑛𝑠_1, 𝑆𝑒𝑛𝑠_2 , and 𝑆𝑒𝑛𝑠_3 were recalculated 
from the cascaded coax sample and 1/2 TF. The obtained results 
are presented in Fig. 8. In comparison with the as-prepared (de-
embedded) case, the embedded configuration produces a strong 
redistribution of the sensitivity spectrum and a pronounced 
resonance-related enhancement in the GHz range. The highest 
peak is obtained for Sens_3 curve, corresponding to the field 
interval between 160 Oe and 320 Oe, and reaches 11.68 %/Oe at 
2.59 GHz. In addition, a weaker local peak is observed for Sens2 
at 5.15 GHz, with a value of 0.728 %/Oe. These results confirm 
that the TF should not be regarded only as a parasitic part of the 
measurement chain, but also as a resonant microwave structure 
capable of significantly changing the effective magnetic-field 
sensitivity. 

 

Fig. 7. CST Studio Suite model of the embedded configuration comprising one 
1/2 TF section and the coaxial sample, used for subsequent cascaded analysis. 

 

Fig. 8. Discrete sensitivity curves 𝑆𝑒𝑛𝑠_1, 𝑆𝑒𝑛𝑠_2 , and 𝑆𝑒𝑛𝑠_3, for the 
embedded configuration obtained by cascading the synthesized sample (coax) 

response with one 1/2 TF section. 

V. CONCLUSION 

A first conclusion of this study is that the apparent negative 
resistance is closely related to ferromagnetic resonance and to 
the VNA–test-fixture measurement setup. In such 
measurements, the response is always defined relative to a 
reference state. When the system enters the resonance region, the 
reconstructed response may change sign with respect to that 
reference, so the real part of impedance can appear negative 
although the magnetic sample itself remains passive. Therefore, 
in the present work, the observed negative resistance is 
interpreted as a resonance-related effect arising from the 
combined action of the magnetic sample, the test fixture, and the 
VNA measurement procedure. 

Based on this interpretation, the study was extended by 
digitalizing the FMR-related attenuation curves from Yelon’s 
work, reconstructing the corresponding microwave response, 
and synthesizing the transmission behavior under resonance 
conditions. This made it possible to examine not only the 
physical origin of the anomaly, but also its practical relevance. 

The results show that the resonance of the test fixture can be 
used to increase magnetic-field sensitivity. In the standalone 
synthesized response, the maximum sensitivity was about 
1.74%/Oe at 100 MHz. After embedding the coaxial sample with 
one half test-fixture section and grounding the opposite side, the 
maximum sensitivity increased to about 11.68 %/Oe at 2.59 
GHz, corresponding to a sensitivity improvement of about 670 
% compared with the standalone case.  

These results indicate that the test fixture should not be 
treated only as a source of parasitic effects. When its resonance 
is properly used, it can become a practical tool for sensitivity 
enhancement. This gives a promising direction for further 
research, where the same concept should be verified on real 
measured samples and used for improvement of existing 
magnetic sensors. 
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