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Introduction 

In this work, we show a differential transformer for 
the determination of the electrical and dielectric prop-
erties of a sample using a split primary coil and mag-
netic shielding through a highly permeable ferrite 
layer for improved sensitivity. Preliminary results 
show an increase in sensitivity of 12.2 % compared 
to a transformer with one primary coil and without 
shielding. 

Differential transformers are widely used in sensing 
technologies. Typically, a differential transformer con-
sist of three coils located on a ferrite core. The center 
coil is the primary coil and is excited by an ac voltage 
or an ac current. Due to the excitation, a primary mag-
netic flux is generated. The outer coils are the sec-
ondary coils and are connected differentially in series. 
In many applications, the ferrite core is movable. This 
allows a very precise displacement, force or pressure 
sensor to be realized [1–8].  

Another field of application results with a ferrite core 
fixed symmetrically to the coils. If a sample is placed 
closer to one of the two secondary coils, its electrical 
and dielectric properties can be measured. Fig. 1 a) 
shows such a differential transformer schematically. 
The primary magnetic flux induces eddy and dis-
placement currents into the sample depending on its 
permittivity and conductivity. These currents cause a 
secondary magnetic flux. Due to the lower distance to 
one of the secondary coils compared to the other, a 
higher voltage is induced into the closer coil. Thus, an 
output voltage Uo is generated that can be measured 
at the terminals of the differentially connected sec-
ondary coils. [9] shows the possibility to separate Uo 
into a real part depending on the permittivity of the 
sample and into an imaginary part depending on the 
conductivity of the sample. Because of the differential 
connection and the symmetrical setup, the primary 
magnetic flux induces a voltage in the upper and the 
lower secondary coil with the same magnitude but dif-
ferent sign, resulting in an output voltage of the con-
nected secondary coils of zero. This allows the weak 
eddy and displacement currents to be measured with 
a high resolution. Such a differential transformer with 
fixed ferrite core can be used for determining the bio-
mass in a bioreactor, the tissue properties or for con-
tinuous monitoring of blood properties – e.g. the so-
dium concentration during the dialysis treatment [9–
14]. [15] has even shown the possibility of measuring 

directly through a tubing, making it very promising for 
applications such as continuous and contactless 
monitoring of sodium in the blood during dialysis 
treatment. The sodium concentration measurement 
in blood is realized via blood conductivity measure-
ment, since sodium has the strongest impact on the 
plasma conductivity (therefore the measuring fre-
quency must be below the β-dispersion, which is at 
about 1 MHz) [16–23]. 

 

 
Fig. 1: (a) Schematic depiction of a differential trans-

former in single-primary coil configuration consisting of 
the secondary coils LS1 and LS2 connected differentially in 
series and the primary coil LP. (b) Differential transformer 
with two split primary coils LP1 and LP2. A ferrite layer is 
located between the two primary coils to shield the sec-

ondary flux from LS2. 
 

In order to achieve high sensitivity, it is an ad-
vantage to place the primary coil as close as possible 
to the sample, as this causes the sample to be pene-
trated strongly by the primary magnetic flux, and thus 
high eddy and displacement currents are induced in 
the sample. This increases the field strength of the 
secondary flux. However, due to the symmetrical de-
sign of the transformer, the secondary coil LS2 must 
also be placed closer to the sample. As a result, this 
secondary coil is also penetrated by more secondary 
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flux. Due to the differential connection of the two sec-
ondary coils, this has a negative effect on the sensi-
tivity. In [12] it was therefore shown how to set the 
optimum distance between the coils.  

To further attenuate the secondary magnetic flux at 
the position of the lower secondary coil, this paper 
presents a new approach with a primary coil split into 
two coils and a ferrite layer added between the two 
primary coils so that the secondary field is shielded 
from the secondary coil LS2. A schematic illustration 
of this setup can be seen in Fig. 1 b). This setup im-
proves the sensitivity of the differential transformer by 
12.2 % compared to the setup shown in Fig. 1 a). 

Methods and Materials 

Concept 
The differential transformer with split and shielded 

primary coils is compared to a PCB (printed circuit 
board) differential transformer from [12] using one 
single primary coil LP. This single primary coil trans-
former has nS = 542 turns for each secondary coil and 
nP = 42 turns for the primary coil. The distance be-
tween the upper and lower secondary coils is 
17.5 mm. The primary coil is exited with a voltage 
UP = 1 VPP (peak to peak) at a frequency of 155 kHz. 
Since the sensitivity of the differential transformer de-
pends on the ratio of the secondary inductance LS to 
the primary inductance LP, and only the effect of the 
shielding is to be investigated here, this ratio should 
not be changed by splitting the single primary coil LP 
into two primary coils LP1 and LP2. This condition can 
be achieved by two basic configurations.  

First, each of the two primary coils can be the same 
as in the single primary differential transformer. That 
means both the upper primary coil LP1 and the lower 
primary coil LP2 have 42 turns each. Each coil is ex-
cited with UP = 1 VPP at 155 kHz. This corresponds to 
a parallel configuration of both coils. The mutual in-
ductance M between the primary coils is 

𝑀𝑀𝑀𝑀 = 𝑘𝑘𝑘𝑘 ⋅ �𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃1𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃2, (1) 
where k is the coupling factor (0 ≤ k ≤ 1) [24]. The 

total inductance Lpara of the coupled primary coils with 
the same winding direction that are connected in par-
allel is given by [24] as  

𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃1𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃2 − 𝑀𝑀𝑀𝑀2

𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃1,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 + 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃2,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 − 2𝑀𝑀𝑀𝑀. (2) 

If equation (1) is substituted into equation (2) and 
assuming that LP1 and LP2 are very well coupled via 
the ferrite core (k → 1) and LP1 = LP2 = LP, the total in-
ductance Lpara is given as 

𝐿𝐿𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = lim
𝑘𝑘𝑘𝑘→1

𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃2 − 𝑘𝑘𝑘𝑘2𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃2

2𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃 − 2𝑘𝑘𝑘𝑘𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃
= 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃 . (3) 

This gives the same inductance for the two primary 
coils connected in parallel and coupled via the ferrite 
core as for the single primary coil differential trans-
former. 

Second, each primary coil now has a reduced num-
ber of turns to nP = 21. Both coils LP1 und LP2 are now 
connected in series. The total excitation voltage is 
UP = 1 VPP at 155 kHz. Thus, compared to the single 
primary coil transformer the total number of turns of 
the primary coils is unchanged. Since the inductance 
of a coil depends quadratic on the number of turns, 
the inductances of the individual coils is 
LP1 = LP2 = LP / 4. For magnetically coupled coils con-
nected in series with the same winding direction, the 
total inductance Lseri results according to [24] to 

𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝𝑝𝑝𝑠𝑠𝑠𝑠 = 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃1 + 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃2 + 2𝑀𝑀𝑀𝑀 =
1
4 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃 +

1
4 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃 +

1
2 𝑘𝑘𝑘𝑘 ⋅ 𝐿𝐿𝐿𝐿𝑃𝑃𝑃𝑃. (4) 

Again, assuming that k tends to one, it follows from 
equation (4) that Lseri = LP. 

Thus, it is expected that both configurations – the 
series connection with halved number of turns per pri-
mary coil and the parallel connection of two coils, 
which are identical to the single primary coil differen-
tial transformer – provide the same results. Both con-
figurations are compared in the following using nu-
merical simulations. 

Simulations 

 
Fig. 2: CST-EM Studio simulation model for simulation 

of the differential transformer with split and shielded pri-
mary coil. The white cones indicate the winding direction. 

The ferrite layer has a thickness of 0.3 mm, a radius of 
30 mm and a relative permeability of μr = 300. 

 
The increase in sensitivity by inserting a ferrite layer 

with a high relative permeability between the split pri-
mary coil is simulated for the two configurations de-
scribed above using CST-EM Studio. The model cor-
responds to the PCB differential transformer with two 
primary coils LP1 and LP2 and is shown in Fig. 2. The 
number nS of the turns of each secondary coil is 542. 
The distance between the upper and the lower sec-
ondary coil is also the same as with the single primary 
coil transformer (17.5 mm). To simulate the parallel 
connection of LP1 and LP2, each primary coil has 42 
turns and is wound in the same direction. Both pri-
mary coils are excited with a voltage of 1 VPP at 
155 kHz. To simulate the series configuration of both 
coils, the number of turns of LP1 and LP2 is reduced to 
21 each, while exciting each coil with 0.5 VPP at 
155 kHz. Between the two primary coils LP1 and LP2 a 
0.3 mm thick ferrite layer with a radius of 30 mm and 
a relative permeability μr = 300 is located. The relative 
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permeability of the ferrite core is μr = 300 as well. In 
order to investigate the exact impact of the ferrite 
layer, each simulation is performed with and without 
the ferrite layer between LP1 and LP2. 

As mentioned before, the imaginary part of the out-
put voltage Uo depends on the conductivity of the 
sample. To determine the sensitivity, the conductivity 
of the sample is varied between 1 S/m and 2 S/m.  

Experimental Setup 
The PCB differential transformer with split and 

shielded primary coil is compared to the PCB differ-
ential transformer with the single primary coil from 
[12]. For both transformers, the secondary coils have 
542 turns and are placed with a distance of 17.5 mm 
to each other. The excitation voltage is in each case 
1 VPP at 155 kHz. 

As already shown by the theoretical preliminary con-
siderations, and later also proven by the simulation 
results, the configurations of series connection with 
halved number of turns nP / 2 or the parallel connec-
tion with nP turns are equivalent. Hence, the experi-
mental investigations are only realized in the parallel 
configuration. A photograph of the differential trans-
former with split and shielded primary coil is shown in 
Fig. 3.  

The primary coils LP1 and LP2 have 42 turns each 
and are connected in parallel. In the single primary 
coil configuration, which is used as a reference, LP 
also has 42 turns. 

DI-water (deionized-water) solutions with different 
sodium chloride (NaCl) concentrations are used as a 
sample with varying conductivity. The concentration 
range is increased from 100 mmol/L in 10 mmol/L 
steps up to 150 mmol/L. The sensitivity is given by the 
slope of the linear regression of the imaginary part of 
the output voltage Uo. 

 
Fig. 3: Photograph of a differential transformer with 

split and shielded primary coil used for the experimental 
investigations. Each coil is realized on a separate printed 
circuit board (PCB). Here, the primary coils LP1 and LP2 

have the same number of turns nP = 42 as LP of the single 
primary coil differential transformer from [12]. LP1 and 

LP2 are connected in parallel. 

Results 

Simulations 
Initially, the simulations were conducted with two pri-

mary coils in series and in parallel configuration with-
out ferrite layer. The results of this simulation are 
shown in Fig. 4 (parallel configuration: blue line; se-
ries configuration: red dashed line).  

 
Fig. 4: Simulated variation of the imaginary part of the 
output voltage Uo depending on the conductivity of the 
sample using the simulation model from Fig. 2. For the 

parallel configuration, nP is 42 turns and the excitation of 
each coil is 1 VPP. For the series configuration nP = 21 

turns and the excitation is 0.5 VPP per primary coil. Both 
configurations were simulated with and without a 0.3 mm 
thick ferrite layer between the primary coils. The relative 

permittivity of the ferrite layer is μr = 300. 
 

As expected from the theoretical considerations, 
both configurations have almost the same sensitivity. 
For the parallel configuration, the simulated sensitivity 
is 113.2 μV/S/m and for the series connection, the 
simulated sensitivity is 113.4 μV/S/m. 

Afterwards, the 0.3 mm thick ferrite layer with a ra-
dius of 30 mm and a μr = 300 was added between LP1 
and LP2. The simulated sensitivity is now increased 
for both configurations to 136.8 μV/S/m (series con-
figuration: green dashed line; parallel configuration: 
black line). Thus, the sensitivity increases by about 
20 % adding the ferrite layer. 

Measurements 
As can be seen in Fig. 5, the differential transformer 

with split and shielded primary coil has a sensitivity of 
215.7 mV/mol/L (red), while the differential trans-
former in single coil configuration has lower sensitivity 
of 192.2 mV/mol/L (blue). Thus, in the experiment, 
the sensitivity of the differential transformer with split 

 15. Dresdner Sensor-Symposium 2021 123

 DOI 10.5162/15dss2021/P2.2



and shielded primary coils is 12.2 % higher compared 
to the single primary coil differential transformer. 

 
Fig. 5: Comparison between the differential transformer 
with a single primary coil from [12] (blue) and the differ-
ential transformer with a split and shielded primary coil 
from Fig. 3 (red). The dots are the measured variation of 
the imaginary part of the output voltage Uo depending on 
the NaCl concentration of the sample in DI-water. The 
dashed lines are the linear regressions to the measured 

values (the slopes represent the sensitivities). 

Conclusion 
In this paper, a concept for sensitivity enhancement 

of a differential transformer is presented. To achieve 
this, the primary coil of the transformer is split into two 
coils and a ferrite layer with a high relative permittivity 
is added between the two primary coils. Thus, the 
lower secondary coil being further away from the 
sample than the upper secondary coil is shielded 
more from the secondary flux. Due to the differential 
configuration of the secondary coils, this has a posi-
tive effect on the sensitivity. 

There are two basic configurations for the connec-
tion of the split primary coils, allowing the total induct-
ance of the primary coil not to be changed compared 
to a single primary coil differential transformer, so that 
an increase in sensitivity is solely attributed to the 
shielding. On the one hand, the same coil as for a 
single primary coil differential transformer can be 
used twice. These coils must then be connected in 
parallel. On the other hand, it is also possible to halve 
the number of turns of the coils and connect both coils 
in series.  

Experimental investigations have shown that the dif-
ferential transformer with split and shielded primary 
coils has a sensitivity of 215.7 mV/mol/L, exceeding 
the sensitivity of a single primary coil differential 
transformer by 12.2 %. 
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