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Microwave dielectrometer application 
to antibiotic concentration control in water solution

Subject and Purpose. Th is study focuses on the original waveguide-diff erential dielectrometer designed for complex permittivity 
measurements of high-loss liquids in the microwave range towards the determination of pharmaceutical ingredient concentrations in 
water solutions at room temperature. Th e suitability of the device and eff ectiveness of the dielectrometry method are tested on such 
pharmaceutical ingredients as lincomycin and levofl oxacin over a wide range of concentrations.  

Methods and Methodology. Th e main idea of the method consists in that the complex propagation coeffi  cients of the HE11 wave 
are obtained from the amplitude and phase shift  diff erences acquired by the wave aft er it has passed through the two measuring cells 
of the waveguide-diff erential dielectrometer. 

Results. We have shown that the proposed dielectometry method allows a real-time determination of pharmaceutical ingredient 
concentrations in water solution by measuring the wave attenuation and phase shift  diff erences. We have found that unless concentra-
tions of pharmaceutical ingredients are low, few free water molecules in water solution are bound to the pharmaceutical ingredients. 
Th e number of free water molecules in solution decreases as the concentration of pharmaceutical ingredients rises.

Conclusion. Th e current study confi rms that the dielectometry method and the device developed provide eff ective determination 
of pharmaceutical ingredient concentrations in water solutions. Fig. 9. Ref.: 18 items.

Key words: complex permittivity, high-loss liquids, waveguide-diff erential dielectrometer, dielectrometry method, complex wave 
propagation coeffi  cient.

Development of robust physical methods for the 
detection of biologically active substances such as 
antibiotics or other medications in water solutions 
is one of urgent areas of the research [1, 2]. Its im-
portance for ecological monitoring of water envi-
ronment and foodstuff  control is reasoned by the 
wide and sometimes uncontrolled usage of anti-
biotics and other drugs in the agricultural industry 
involving growing crops, raising fi sh and animals 
[3—5], which is still more dramatized by a distinct 
lack of the appropriate control of pharmaceutical 
and food industry wastewater composition. 

Various precise physical methods were deve-
loped to detect antibiotics and other organic pol-

lutants in wastewater treatment processes, namely, 
high-performance liquid chromatography (HPLC), 
tandem mass spectroscopy (MS/MS), ultra-high 
performance liquid chromatography-tandem mass 
spectroscopy (UPLC-MS/MS) [2, 6, 7]. All these 
techniques are highly sensitive but depend on very 
costly equipment and consumables. Moreover, the 
measuring devices are mainly not portable. So, 
analysis at the site of sampling is beyond the po-
wer of analysts and can be made in laboratory con-
ditions only. It takes a long period of time and re-
quires highly skilled operators [2]. 

In comparison with the control methods men-
tioned above, modern radiophysical techniques of 
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organic compound detection in solutions, particu-
larly dielectrometry, is a promising area of the re-
search and is progressing rapidly. Compared with 
the traditional control technologies, the dielec-
trometry method has the advantages of instanta-
neousness, non-invasiveness, rejection of consu-
mables, low energy consumption, safety, versatili-
ty, etc., which gives a signifi cant socio-economic 
eff ect. A series of studies [8, 9] are devoted to accu-
rate measurements of microwave dielectric proper-
ties of biologically active compound solutions.

Th e microwave dielectrometry method consists 
in measuring electromagnetic wave parameters 
during the wave propagation through a test liquid 
placed in the dielectrometer measuring cell [10—
14]. Th e determined electromagnetic wave para-
meters allow the complex permittivity (CP) of the 
studied liquid to be calculated using the characte-
ristic equation obtained from Maxwell’s equations 
for a particular microwave waveguide or resonator 
structure.

We pursue our long-term research into micro-
wave dielectrometric parameters of high-loss li-
quids including water solutions of organic com-
pounds (see, e.g., our previous papers [15—17]) 
and set ourselves a task to develop a radiophysical 
non-invasive express method and translate it into 
a portable device intended for the dynamic cont-
rol of the organic pollutant level in water samples 
and based on precision CP measurements of water 
solutions of organic substances of diff erent classes. 

In the current study, a unique microwave dielec-
trometry devise that was designed, developed and 
equipped with appropriate soft ware in O.Ya. Usy-
kov Institute of Radiophysics and Electronics of 
the National Academy of Sciences of Ukraine is 
examined. Th e subject of this study is the eff ective-
ness of the device in determining concentrations of 
such antibiotics as levofl oxacin and lincomycin in 
water solutions.

Th e dielectrometric method. Th e proposed re-
search methodology basically reduces to the mea-
surements of the attenuation diff erence and the 
phase shift  diff erence between the two cells in the 
diff erential measuring cavity of the dielectrometer 
aft er the electromagnetic wave has passed through 
them. One cell accommodates the reference liquid 
(distilled water in our case), the other contains the 
test liquid (water solution of a biologically active 
compound under study). Of use is the dependence 

of the complex wave propagation coeffi  cient on 
the complex permittivity of the liquid in the mea-
suring cell. Th e complex permittivity is computed 
based on the characteristic equation and using the 
measured data on the wave attenuation diff erence 
and the wave phase shift  diff erence between the 
two measuring cells [17]. 

Structure of the measuring cavity of the wave-
guide-diff erential dielectrometer. Th e measuring ca-
vity of our dielectrometer is a diff erential cavi-
ty consisting of two identical cells made of cop-
per (Fig. 1) [17]. One cell is for the reference liq-

a

b
Fig. 1. Cross (a) and longitudinal (b) sections of the dielec-
trometer cavity of two cells: 1 — diff erential cavity body, 2 — 
quartz rods, 3 — liquids, 4 — covers, 5 — liquid outlets, 6 — 
drain holes, 7 — temperature sensors, 8 — rectangular wave-
guides, and 9 — Tefl on gasket
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uid. Th e other is for the test liquid. In the middle of 
each cell, there is a quartz rod of radius a  0.25 cm 
and permittivity   3.8 + i 0.0001 oriented normal 
to the cell walls. Th e cell diameter b equals the cell 
length l  2 cm. Th e test liquid with 2 2 2 ,i      
2 2/ 1,     1 2 1    fi lls the interior ( )b a  in 

between the cell walls and the quartz rod. We work 
with the HE11 wave excited in each quartz rod by 
the rectangular waveguide with the H11 fundamen-
tal wave. Th e phase and attenuation coeffi  cients of 
the wave passing through the cell correspond to 
the real h  and imaginary h  parts of the complex 
wave propagation coeffi  cient h.

Th e electromagnetic problem for the structure 
in Fig. 1 was solved [11, 12] by the separation of 
variables in cylindrical coordinates ( , , ).r z  Th e 
fi eld along the rod radius r is represented by a com-
bination of the Bessel ( )nJ   and Neumann ( )nN   
functions of order n (the azimuthal oscillation in-
dex) in a cylindrical coordinate system. Th e time 
dependence )xp(e i t  is taken.

Th e complex amplitudes of the electric and mag-
netic Hertz vectors in the dielectric rod and in the 
absorbing layer are, respectively, 

11 si( ) ( ) (n exp ),e e
nJ k r nU A ihz    

11 co( ) ( ) (s exp ),m m
nJ k r nU A ihz

2 2 2 cos ex[ ( ) ( )] ( ) ( ),pe e e
nnU B C N kJ k r n i zr h 

2 2 2 sin ex[ ( ) ( )] ( ) ( ).pm m m
nnU B C N kJ k r n i zr h   

Here ,eA  ,mA  B e , ,mB  ,eC  and mC  are the un-
known coeffi  cients. Satisfying the boundary con-
ditions on the measurement cell surface yields the 
characteristic equation for complex propagation 
coeffi  cient h as follows

2 2 2 2 2
1 2

2 1 2 1 2 4 4 4
0 1 2
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( )( ) ,e m
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Th e primes stand for the derivatives with res-
pect to the Bessel function arguments, ik  is the 
transverse wave number in the rod ( 1)i   and in 
the surrounding liquid ( 2).i   Th e electromagne-
tic energy loss in the metal walls of the measuring 
cells is negligible compared to the dielectric loss in 
the liquid. Th e complex roots of implicit characte-
ristic Eq. (2) were calculated using a special com-
puter program in Borland Builder 6.0 environment 
in the C++ language. 

Measurement errors. Measurement error estima-
tions for the reference liquid can be found in [11, 
12]. Here we suggest some remarks on the origin 
of the errors. Our dielectrometer based on the dif-
ferential method off ers diff erential sensibility of 
the order ( )   0.025  deg/cm for the phase 
shift  diff erence   measurements and of the order 
( )A   0.0005  dB/cm for the amplitude diff e-

rence A  measurements in view of the root-mean-
square random measurement errors. Th ese fi gures 
were attained through a series of measurements 
with water as the reference liquid and in stable am-
bient conditions. Taking them into our characte-
ristic equation in the designed computer program 
yields the ,h  h  and ,    errors reported in 
Table 1.

As seen, the relative errors caused by the comp-
lex permittivity measurements of the test liquid are 
0.06% for the CP real part and 0.26% for the CP 
imaginary part.

Th e Bessel functions in our CP calculation algo-
rithm are another source of errors as they are fast 
oscillating functions. Let us consider the inaccura-
cies arising in the CP calculation process. We take 
the real and imaginary parts of the water complex 
permittivity from, e.g., [18] and calculate the real 
and imaginary parts of the complex propagation 
coeffi  cient, h . Th en using the so obtained h  va-
lues we can solve the inverse problem, i.e. calcu-
late once more and fi nd the diff erence. Table 2 
reports the results. 

Th e relative errors of the real (Eq. (3)) and imag-
inary (Eq. (4)) parts of the test liquid CP are found 
to be 0.15% and 0.52%, respectively.

Calculation procedure of the test liquid complex 
permittivity. In order to determine the CP of the 
test liquid in the course of the relative measure-
ments, one needs to know the complex permittivi-
ty of the reference liquid to a high accuracy. When 
it comes to pharmaceutical ingredients, distilled 

(1)
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Th e scheme of the CP measurement procedure 
is as follows: 

1) Having solved characteristic Equation (2) and 
knowing the CP of the reference liquid we fi nd the 
phase coeffi  cient rh  and the attenuation coeffi  cient 
rh  of the reference liquid.
2) Th e phase shift  diff erences   and the amp- 

litude diff erences A  are measured related to the 
two cells. One is fi lled with the reference liquid. 
Th e other contains the liquid under test. Th e wave 
phase and attenuation coeffi  cients of the test li-
quid are calculated as t rh h     , rad/cm1 and 
t rh h A    , dB/cm1.
3) Having solved characteristic Equation (2) 

and knowing ,th  th  one fi nds the test liquid CP 
.t t ti    

Discussion of the results on antibiotic CP deter-
mination in water solution. Th e results of pharma-
ceutical ingredient measurements are given to the 
following concentrations: 1) 0.18, 0.36, 0.62, 1.25, 
2.5, and 5.0 mkg/ml for levofl oxacin and 2) 234.37, 
468.75, 937.5, 1 875, 3 750, 7 500, and 15 000 mkg/ml 
for lincomycin.

In Figs. 3—5, the phase shift  and amplitude dif-
ferences,   and ,A  the wave phase and atte- 
nuation coeffi  cients, h  and ,h  and the CP real 
and imaginary parts are plotted depending on 
levofl oxacin concentrations in water solutions. 

Table 1. Absolute and relative errors 
caused by the measurements

 (), deg/cm 0.025
 (A), dB/cm 0.0005

(  / )  100% 0.027%
( A / A)  100% 0.009%

( h  / h  )  100% 0.004%
( h  / h  )  100% 0.006%

mea

mea









 
  

 100% 0.06%

mea

mea









 
  

 100% 0.26%

Table 2. Absolute and relative errors 
caused by the calculations

  20.7685978027281
  31.1264464966551

h , 1/cm 11.1694761017062
h , dB/cm 8.74931187358292

calc 20.78849125

calc 31.205587375

calc calc      0.019

calc calc      0.079

calc

calc









 
  

 100% 0.096%

calc

calc









 
  

 100% 0.25%

2 2

;mea calc

mea calc

  

  

      
         

  (3)

2 2

.mea calc

mea calc

  

  

      
         

  (4)

r r ri    

     ( , , , , , , ) 0F f a b h h    HE11

r r rh h ih  

Measurement diff erence 
for the liquid under test
compared tothe cell with
the reference liquid

h

h A

 

 





t r

t r

h h h

h h h





   

   
for the liquid under test

t t th h ih  

t t ti     for the liquid under test

for the reference liquid (water)

     ( , , , , , , ) 0F f a b h h

water is the reference liquid. Th e CP of the water 
comes from the Debye relation. Th e main idea of 
the CP determination is to employ the diff eren-
tial method and recognize the amplitude diff e-
rence A  and the phase shift  diff erence   aft er 
the HE11 wave has passed through two liquids with 
similar CP values. Th e calculation algorithm of the 
test liquid CP is shown in Fig. 2. 

Fig. 2. Algorithm of the CP calculation for the test liquid
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Th e similar dependences for lincomycin are in 
Figs. 6—8. Th e reference values (distilled water) are 
marked out by the dashed vertical line. Graphs are 
fi tted with error bars.

Let us consider the measurement results for an-
tibiotic water solutions. Th e HE11 wave phase shift  

and amplitude versus antibiotic concentration in 
water solution (Figs.  3 and 6) have almost linear 
character for all the antibiotic concentrations ex-
cluding small-concentration areas. It means that 
our technique off ers a simple and unambiguous 
dependence of the measured physical parameters 
on the antibiotic concentration in water solution. 
Likewise, the real and imaginary parts of the com-
plex propagation coeffi  cient h h h    demon-
strate almost linear dependences, the same as the 
real and imaginary parts of the complex permit-
tivity       of the test liquid. 

Th e real and imaginary parts of the test liquid 
CP become progressively smaller compared to the 
water CP as the antibiotic concentration in water 
increases. It means that the free water amount de-
cays as the antibiotic concentration in water solu-
tion rises. 

Th e following ideas about the molecular pro-
cesses going in the water of medication solutions 
are proposed to explain the above given experi-
mental results. Molecules of hydrophilic substan-
ces dissolved in water demonstrate propensity to 
form hydrated complexes with water molecules. 
Th ese are readily soluble compounds such as anti-
biotic salts — gentamicin sulfate, various proteins, 
etc. With the formation of hydrated complexes, the 
bounded water molecules are getting structured 
around the molecules of dissolved hydrophilic bio- 
logically active compounds, resulting in the mic- 
rowave/dielectric constant decrease with the de-
creasing proportion of free water in the solution. 
As the dissolved compound concentration increa-
ses, the CP correspondingly decreases, as also does 
the proportion of free water in the solution. 

h 
 d

B/
cm

h
, c

m
–1

Water   1000      2000     3000     4000      5000
Concentration, mkg/ml

Fig. 4. Wave phase coeffi  cient h  (1) and attenuation coeffi  -
cient h(2) of the HE11 wave versus levofl oxacin concentra-
tion in water solution 

11.200

11.192

11.184

11.176

11.168

9.15

9.00

8.85

8.70

8.55

1

2




, d
eg

/c
m

 
A,

 d
B/

cm

1.5

1.0

0.5

0

0.4

0.3

0.2

0.1

0

Water      1000       2000       3000       4000       5000
Concentration, mkg/ml

Fig. 3. Phase shift  diff erence   (1) and amplitude diff erence 
 A (2) of the HE11 wave versus levofl oxacin concentration in 
water solution at t  17.5…20 C 
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Fig. 5. CP real  and imaginary  parts versus levofl oxacin 
concentration in water solution 
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Fig. 6. Phase shift  diff erence   (1) and amplitude diff erence 
 A (2) of the HE11 wave versus lincomycin concentration in 
water solution, t  18…20 C
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In our experiments, as long as the levofl oxacin 
or lincomycin concentration in water solution is 
low, not many free water molecules are bounded to 
antibiotic molecules (Figs. 7, 8). As the levofl oxa-
cin or lincomycin concentration in water solution 
increases, more water molecules get bound to the 
newly coming antibiotic molecules in hydration 
processes. A number of free water molecules in 
water solution decays. Th e CP real and imaginary 
parts steadily decrease (Figs. 5 and 8).

It should be noted that the detection time in our 
experimental measurements of the reference (wa-
ter) and test liquids was about 30 minutes within a 
fairly small temperature interval (Fig. 9). Th e in-
fl uence of such temperature deviation on CP de-
pendences is supposed rather small. We calculate 
the diff erences for the CP real and imaginary parts 
of water given the temperature of the liquids in the 
cells changes within 3 C and the detection time is 
about 30 minutes. Th ese diff erences are   0.04 
and   0.3, and they are much smaller than the 
measured values for the CP real and imaginary 
parts of the test liquid.

Th e liquids in the measuring cells heat up as the 
electromagnetic wave of a certain microwave po-
wer passes through the cells. Th e microwave sig-
nal source used in the circuit has output power of 
about 100 mW. Th is power value is justifi ed by the 
following considerations. Th e principle of the dif-
ferential dielectrometer operation involves the out-
put power division into two — reference and mea-
suring — channels. With an E-tee junction, the in-
phase power is equally divided between the two 
channels. Th e point aft er which a change in the 
amplitude shift  required to restore the balance dis-
turbed by the replacement of the reference liquid 
with the test liquid starts with 10 dB attenuation. 
Th e reason for the starting attenuation as men-
tioned is the fact that at this point there is a mini-
mal parasitic change in signal phase when the sig-
nal amplitude is changed by the measuring atte- 
nuator. In view of the signal absorption during the 
passage through the liquid in the cell, a high out-
put power of the signal source is needed to ensure 
a good signal-to-noise ratio.

A number of circuit design and construction 
solutions, such as a suffi  ciently high-power signal 
generator incorporation, have been introduced to 
the developed dielectrometer structure in order to 
reduce random measurement errors.

Th e obtained results have shown that the deve-
loped microwave dielectrometry method is sen-
sitive to the presence of antibiotics in water solu-
tions and can determine antibiotic concentration 
changes. Also, the measurement results suggest po-
tential employments of both the method and the 

Fig. 9. Test liquid temperature versus the measurement time 
interval for levofl oxacin (1) and lincomycin (2) 
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concentration in water solution 
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microwave dielectrometry device developed from 
it and intended for lots of biomedical applications, 
including blood glucose monitoring, control over 
the spread of various biological contaminants in 
the environment and foodstuff s, clinical monito-
ring of gastrointestinal processes for the diagno-
sis of stomach and duodenum diseases (pH-value 
monitoring), characterization of biologically active 
substances in laboratory diagnostics in human and 
veterinary medicine.

Conclusions. Th e performed experimental study 
of water solutions of levofl oxacin and lincomycin 
antibiotics by microwave dielectrometry has shown 
that the developed dielectometry method and the 
constructed from it device can perform a quali-
tative and quantitative real-time determination 
of pharmaceutical ingredients in water solutions 
through the measurements of wave attenuation 
and phase shift  diff erences. It has been demon-
strated that unless the pharmaceutical ingredient 

concentration in water solution is low, not many 
water molecules are bound to medication mole-
cules. As concentrations of pharmaceutical ingre-
dients in water solution increases, a number of free 
water molecules decreases and, consequently, the 
CP of the solution does the same. A serious advan-
tage of the microwave dielectrometer developed by 
our scientifi c team is its ability to directly measure 
the concentration of a substance regardless of its 
structure. We emphasize that the real and imagi-
nary parts of the test liquid CP behave monotoni-
cally (almost linearly) where the ingredient con-
centration is low. It gives us unambiguous depen-
dences of the real and imaginary parts of the test 
liquid CP.  

Th e measurement results described in the p a-
per indicate that our dielectrometry method can 
contribute to microwave biosensor technology and 
give rise to more advanced techniques of pharma-
ceutical ingredient control in water solutions. 
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ЗАСТОСУВАННЯ МІКРОХВИЛЬОВОГО ДІЕЛЕКТРОМЕТРА 
ДЛЯ КОНТРОЛЮ КОНЦЕНТРАЦІЇ АНТИБІОТИКІВ У ВОДНОМУ РОЗЧИНІ

Предмет і мета роботи. Це дослідження зосереджене на оригінальному хвилевідно-диференціальному діелектрометрі, 
що призначений для вимірювання комплексної діелектричної проникності рідин із великими втратами у мікрохви-
льовому діапазоні при застосуванні для визначення концентрацій фармацевтичних інгредієнтів у водних розчинах за 
кімнатної температури. Для перевірки придатності пристрою та визначення ефективності методу діелектрометрії для 
контролю концентрації антибіотиків у водному розчині використовуються фармацевтичні інгредієнти, такі як лінкомі-
цин та левофлоксацин у широкому діапазоні концентрацій.

Методи та методологія роботи. Основна ідея методу досліджень заснована на визначенні складних коефіцієнтів 
поширення хвилі за рахунок визначення різниці фаз та амплітуд хвиль у двох вимірювальних порожнинах хвилевідно-
диференціального діелектрометра.

Результати роботи. Показано, що запропонований метод діелектрометрії дозволяє у реальному часі визначати кон-
центрацію фармацевтичних інгредієнтів у водному розчині шляхом вимірювання значень загасання хвилі та різниці 
коефіцієнтів фаз. Виявлено, що у разі низької концентрації антибіотиків у розчині мало вільних молекул води буде зв’я-
зуватися з фармацевтичними інгредієнтами. Збільшення концентрації фармацевтичних інгредієнтів у водному розчині 
спричинює зменшення кількості вільних молекул води у розчині.

Висновок. Це дослідження підтверджує, що розроблений метод та пристрій ефективні для визначення концентрації 
фармацевтичних інгредієнтів у водних розчинах. 

Ключові слова: комплексна діелектрична проникність, рідини з високими втратами, хвилевідно-диференціальний ді-
електрометр, метод діелектрометрії, комплексний коефіцієнт поширення хвилі.




