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Summary: 
The electrical and dielectric properties of samples can be used for various sensing tasks. For specific applications, 
e.g. continuous in-line measurement of the blood conductivity as a measure of sodium concentration in the blood 
during dialysis treatment or the determination of the polarizability as a measure of biomass in disposable bioreac-
tors, a contactless measurement method is essential to avoid any contamination of the sample introduced by the 
sensor. One promising approach is a sensing concept based on a differential transformer [1–3]. In this work, we 
present a new integrated differential transformer structured on a single printed circuit board (PCB). The differential 
transformer is characterized with sodium chloride solutions and compared to a highly sensitive but larger multi-layer 
differential transformer from an earlier work [4]. 
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Introduction 
The basic setup of the differential transformer consists 
of three coils placed on a ferrite core as can be seen 
in Fig. 1. 

 
Fig. 1: Depiction of a differential transformer for the 
analysis of the electrical and dielectric properties of a 
sample (loaded) and its electrical equivalent circuit for the 
unloaded case. 

Depending on the electrical conductivity κ and the po-
larizability ε’ of the sample, the primary magnetic field 
caused by the exited primary coil LP with an AC volt-
age UP induces eddy and displacement currents 
within the sample. Since the secondary coils LS1 and 
LS2 have the same inductance and are arranged sym-
metrically to LP, but are differentially connected in se-
ries to each other, no secondary voltage US can be 
measured due to the primary field for the unloaded 
(symmetric) differential transformer. This enables pre-
cise measurement of the weak induced currents within 
the sample. A detailed description of the measuring 
principle can be found in [5], where it is also shown 
that US can be calculated according to Eq. 1 and sep-
arated into a real and an imaginary part. The imagi-
nary part is indicated by the imaginary unit j. The real 
part depends on ε’ and the imaginary part depends on 
κ as well as the primitive losses ε’’.  
𝑈𝑈S = 𝑈𝑈P 𝐾𝐾 (−𝜔𝜔2𝜀𝜀′ + j 𝜔𝜔(𝜅𝜅 − 𝜔𝜔𝜀𝜀′′))  (1) 

K describes the magnetic coupling of the coils to each 
other as well as between the coils and the sample. ω 
is the angular frequency. Based on theoretical consid-
erations, in [4] we have shown that the sensitivity of 
the differential transformer can be enhanced by opti-
mizing the distance between the primary and second-
ary coils, as the difference in magnetic coupling of the 
two secondary coils to the sample should be as high 
as possible. However, at the same time, the magnetic 
coupling between the primary coil and the medium 
should not be reduced significantly by moving the coil 
too far away from the medium resulting in an optimal 
distance between the coils. These considerations 
could be proved by theoretical calculations as well as 
measurements.  

 
Fig. 2: Photograph of the previously used differential 
transformer with flow chamber [4]. LS1 and LS2 are differ-
entially connected via electrical wires. 

To obtain a differential transformer with adjustable dis-
tance between the coils, we used each coil on a sep-
arate printed circuit board (PCB). Each PCB has a 
size of 120 mm times 70 mm. A photo of this previ-
ously used differential transformer is shown in Fig. 2. 
Spacers are used to adjust the distance between the 
PCB coils. The transformer in Fig. 2 uses 8 mm 
spacer corresponding to the optimal distance of this 
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arrangement, resulting in a total height of the differen-
tial transformer excluding the measuring chamber of 
20.5 mm. The objective of this work is to optimize the 
differential transformer regarding its size to have a 
smaller transformer improving usability, even if this is 
accompanied by an inevitable reduction of sensitivity. 
Therefore, we present a new integrated differential 
transformer, where all coils are located on a single 
PCB. 

Integrated Differential Transformer  
Structured on a Single Printed Circuit Board 
Fig. 3 shows the side view of the new differential 
transformer structured on a single PCB (a) as well as 
the top view (b). 

 
Fig 3: Photograph of the new differential transformer 
structured on a single PCB in side view (a) and top view 
(b). 

All coils were realized on one 90 mm times 30 mm 
multi-layer PCB, giving the differential transformer an 
overall height of only 1.5 mm. In total, the PCB has six 
layers. Each layer has a distance of 0.3 mm to the 
next layer. The secondary coils LS1 and LS2 are real-
ized on the two top and two bottom layers respec-
tively. The maximum outer radius of LS1 and LS2 are 
14.5 mm. Each secondary coil has a total number of 
turns of 70 and an inductance of 102 µH (without fer-
rite core). The secondary inductances are thus signif-
icantly lower compared to the previously used differ-
ential transformer with LS1 and LS2 of 23.8 mH, repre-
senting a disadvantage in terms of sensitivity [4]. How-
ever, an advantage of this lower inductance is the 
higher resonant frequency of 2 MHz compared to the 
secondary coil of the previously used differential 
transformer, operating at 155 kHz. This has a positive 
effect on sensitivity, as it increases with higher fre-
quency [4]. However, to ensure that the coil still has 
an inductive characteristic, the measuring frequency 
should be below the resonance frequency. Here, we 
choose a frequency of 1 MHz. The primary coil with an 
outer radius of 9.5 mm and 30 turns, resulting in an 
inductance of LP is 17 µH (without ferrite core) is lo-
cated on the two middle layers. The differentially con-
nected secondary coils as well as the primary coil can 
be easily connected via SMA connectors. For testing 
purposes, the differential connection of LS1 and LS2 is 
made via two jumpers, so that the connection can be 
opened to determine the inductance of each individual 
coil. A ferrite core with a diameter of 8 mm can be in-
serted through the center hole of the coils and hence 
improving the inductive coupling between the coils 
and the sample. Here we use a core with a relative 
permeability of 300. 

Experimental Investigation 
In order to test the integrated differential transformer, 
it simply replaces the previously used differential 
transformer shown in Fig. 2. Using a peristaltic pump, 
a synthetic test solution consisting of deionized water 
and different concentrations of sodium chloride (NaCl) 
flows through the flow chamber. The conductivity of 
the solution can be influenced by the NaCl concentra-
tion, affecting the imaginary part of the output voltage 
US. Fig. 4 shows the imaginary part of US versus the 
NaCl concentration. It can be seen that the imaginary 
part of US depends linearly on the NaCl concentration 
within this concentration range. This concentration 
range represents the clinical relevant pathological 
concentration range in blood serum. The sensitivity S 
of the integrated differential transformer was deter-
mined by the slope of the linear regression with a co-
efficient of determination R2 of 0.99 and is about 
11 mV/mol/L at an excitation voltage UP of 1 VPP peak 
to peak and a frequency of 1 MHz. As expected, the 
previously used differential transformer shown in 
Fig. 2 has a higher sensitivity of 192 mV/mol/L. Nev-
ertheless, the main objective was to miniaturize and 
simplify the setup robust enough for everyday clinical 
use.  

 
Fig 4: Imaginary part of the measuring voltage US vs. 
the NaCl concentration and the linear regression 
(R2 = 0.99) with a sensitivity S of about 11 mV/mol/L. 

Conclusion 
In this work, we have presented a new miniaturized 
differential transformer structured on a single PCB. 
This transformer was characterized using synthetic 
sodium chloride solutions at a concentration range 
from 100 mmol/L to 160 mmol/L. Compared to the 
previously used much larger differential transformer 
the sensitivity is reduced. Nevertheless, this very com-
pact, easy-to-use and robust design suitable for eve-
ryday clinical use has a sensitivity of 11 mV/mol/L with 
very good linearity. 
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