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 The electrical modeling of the human body in the form of electrical elements 
such as resistors and capacitors has simplified the analysis of the body for 
researchers and doctors . There are various models for the body . One of the 
most famous of these models is the Cole model ,which is used for the inside 
and outside of body cells . This model is a combination of several resistors 
and capacitors that are made and modeled in different ways . In some 
researches, it is made as a real resistor and capacitor , and in others, it is 
simulated in electrical circuit analysis software . In this research, the body 
model has been implemented in FPGA, which is used to analyze body tissues, 
including bioimpedance measurement   , and its inputs and outputs have been 
recorded. Finally, the program is implemented in Zinq hardware and its 
inputs and outputs are displayed by a digital oscilloscope . In FPGA compared 
to previous works, from the perspective of hardware volume and accuracy 

has been improved  .  
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Introduction: 

 fnT ptitntnilelpeiT ehTntnclrpcetTteentm The study of the 
electrical properties of body tissues is an important area of 
research. Due to the sensitivity of tests performed on real body 
tissues, researchers are increasingly interested in using 
electrical models of the body. Research on the electrical 
properties of body tissues dates back to the 18th century. In 
1928, Cole proposed a description of zero and infinite 
frequencies[1]. He also introduced the concept of the Constant 
Phase Element (CPE) and was the first to depict the eminence 
(a term used in place of impedance and admittance) on the 
Wessel diagram, now known as the Cole diagram. Additionally, 
he developed a three-element model consisting of two 
resistors and a capacitor to represent the body[2]. 

Research in this field has primarily been conducted using three 
main platforms. The first platform involves constructing an 
electrical model using physical elements such as resistors and 
capacitors. This approach offers simplicity and availability but 
has the drawback of lower accuracy. For example, reference 
[3] discusses the use of highly precise resistors and capacitors 

with tolerances up to 0.01%. Some research has employed 
switched capacitors in RC circuits, which are in series with a 
resistance and then paralleled with another resistance [4]. The 
body model has been physically implemented, with impedance 
measurements accounting for the resistances and 
capacitances of both the electrode and the connection point to 
the tissue, all within a package known as the body simulator 
module [5]. Other researchers have designed and constructed 
the body model directly on a board [6][7]. Ahmed Al-Hashimi 
and colleagues have used Bio-Z, which features a capacitive 
resistance package for each tissue type, including a connection 
point for electrodes for current delivery or voltage 
measurement, making it highly suitable for measuring tissue 
bioimpedance [8]. Saul Rodriguez and his team introduced a 
model where the entire tissue model and electrodes are 
integrated into one package. This package uses gold-plated 
electrodes and is made from Rogers 4000 hydrocarbon 
ceramic. The body model is a grid with two openings and four 
heads, constructed from semiconductor layers with 
dimensions of 3 mm, incorporating different permittivity and 
conductivity values for various tissues. While this design offers 
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high precision and small dimensions, it is more complex and 
costly to manufacture. The lowest impedance value recorded 
is 107 ohms for blood tissue, while the highest is 2491 ohms 
for bone skeleton tissue [9].  

The second platform involves simulation programs such as 
SPICE and MATLAB, where the electrical model of the body is 
simulated. This approach increases accuracy, but it cannot be 
implemented physically. For instance, LTspiceIV from Linear 
Technology has been used in some studies to simulate the 
body model with high accuracy; for example, values such as S 
= 19.9 Ω, R P = 19.86 Ω eie C P = 99.7 can be obtained [6]. 
Bassem Ibrahim and colleagues have accurately implemented 
the body model using MATLAB software and measured its 
bioimpedance [10].The third platform involves 
implementation in systems on a chip, such as FPGA, which 
offers both high accuracy and the possibility of physical 
implementation. Research in this area is less extensive, 
presenting significant opportunities for further study and 
implementation of body models. One notable approach in this 
field involves the use of Look-Up Tables (LUTs). In this method, 
impedance and phase are measured using relationships 
between the size sections, with the phase difference achieved 
through delay and amplitude adjustments via multipliers. The 
delay and amplitude change values for each part or body tissue 
are stored and implemented in the FPGA [11]. 

In the proposed method of this research, phase and amplitude 
values are calculated independently for each tissue, and the 
real model of different body tissues is implemented in FPGA. 
First, the body tissue model is examined. Then, the method of 
implementing the model in FPGA is described, and the results 
are validated using several body tissue samples.  

Materials and methods: 

Initially, the conventional electrical model of different body 
tissues is explained. This model is then implemented in FPGA. 

Model body tissues: 

If electric current passes through the body at low frequencies, 
it primarily flows through the extracellular water (ECW) or 
extracellular fluid (ECF), while the cell membrane acts as a 
capacitor. At high frequencies, both the extracellular water 
(ECW) and intracellular water (ICW) or intracellular fluid (ICF) 
conduct the current, as illustrated in Fig. 1 [12]. 

 
Fig. 1: Current Flow and ECW and ICW  

The equivalent circuit of body tissue consists of a resistance 
𝑅𝑒corresponding to the extracellular space, in parallel with a 
resistance 𝑅𝑖,, which is in series with a capacitor Cm presenting 
the cell membrane. This impedance model is known as the Cole 
model.  

𝑍(𝑗ω) =  
𝑢(𝑗ω)

𝑖(𝑗ω)
 

(1) 

  
Using Cole's model, impedance is expressed as Equation 2. 
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Real and imaginary parts are in Relation 3: 
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(3) 

           
At low and high frequencies, the impedance behaves as 
resistance. Fig. 2 shows the diagram of impedance changes 
with respect to frequency, illustrating this behavior. 

 

 

Fig. 2: Impedance Magnitude as a Function of Frequency 

Implementation in FPGA : 

In this section, the body model is implemented inside the 
FPGA. First, we introduce the inputs and outputs of this 
section. The inputs include in_data, 'clk,R1,R2 (in picofarads), 
and cycle_cont'. The outputs are out_data and z. Fig. 3 shows 
the general block diagram of this section. 
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Fig. 3: General Block Diagram of the cont_delay Section for 
Implementing the Body Model in FPGA 

To understand the function of this section, we review Figure 1 
again, with the difference that instead of 𝑅𝑒, we use 𝑅1; 
instead of 𝑅𝑖, we use 𝑅2; and instead of 𝐶𝑚, we use 𝐶. The 
value of the phase 𝜃 of the impedance is derived using 
Relations 3 in the form of Relation 4. 

𝜃

= 𝑡𝑔−1
2𝜋𝑅1𝐶𝑓

1 + 4𝜋2𝑅2𝐶2𝑓2(𝑅1 + 𝑅2)
 

(4) 

 

At first, the value of 𝜃 is obtained according to the inputs. 
Another point is that the number of clocks in a cycle is known 
from the cycle_cont' input, which itself is obtained from 
thecycle_counter` block. If we denote the number of clocks in 
one cycle as 𝑛, then the number of clocks in the phase 
difference, or in other words the input delay 𝑚, is obtained 
from Equation 5. 

m =
2Π

n
× θ                                    (5) 

We have 7 clocks with 7 different frequencies and 5 body 
tissues, including 2 muscle tissues, skin tissue, fat tissue, and 
bone tissue. The values of 𝑅1, 𝑅2, and 𝐶 are provided according 
to Table 1 for these different body tissues. 

Table  1 : Values of 𝑅1, 𝑅2, and 𝐶 for Different Body Tissues 

c R2 R1  nulxrn 

30 pF 900TkΩ 100 

kΩ 

hel 

100 nF 800TΩ 1 kΩ exmctnT1  

.2  nF 7.8 kΩ 10TkΩ nipi 

35 nF 83 Ω 100 Ω exmctnTM 

3 nF 16.5 kΩ 20TkΩ eein 

 

Each of the above tissues is calculated at 7 frequencies and 
stored in an LUT table. For each value of 𝑚, which represents 
the number of pulses by which the original sinusoidal signal 
needs to be delayed in the FIFO loop, the FIFO is implemented 
in software using the ISE program. In this setup, the input signal 
is shifted by one cycle to achieve the value of 𝑚. The shifted 
output is out_data. This output retains its amplitude but has 
been adjusted in terms of phase to the required size. 

Simulation Results 

First, it is necessary to verify the impedance of each tissue and 
evaluate how closely the values stored in the LUT in the FPGA 
match the actual values for each tissue. 

Validation of the results o the body phantom part 

As can be seen from Table 1 , the values of 𝑅1, 𝑅2, and 𝐶 for 
the basic body tissues are taken from authoritative sources. 
Based on these 5 body tissues and their values at 7 different 
frequencies, an LUT is formed as shown in Table 2 for phase 
and Table 3 for amplitude. This table is used in phase 
calculations. 

Table 2: Phase LUT Table for Different Tissues and Frequencies 

crnuxnic

eT letxnT

kHz 

eepiemnT

lpmmxn 

exmctnT

lpmmxnT1  

eein exmctnT

lpmmxnT2  

mipiT

lnulxrn 

10 2.99819 11.6685

4 

6.16251 17.4772

2 

16.5342

2 

20 2.57107

8 

6.19880 11.5776

0 

22.8498

8 

9.55404 

30 1.56584

8 

3.14924 18.7749

8 

19.9376

8 

4.97629 

40 1.08785 2.10579 21.6613

4 

15.5959

1 

3.34357 

50 0.82809 1.58100 22.0174

7 

12.4780

8 

2.51460 

60 0.66709 1.26541 21.1893

6 

10.3059

4 

2.01425 

70 0.47941 0.90425 18.5052

3 

7.57739 1.44036 
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Table 3: Amplitude LUT Table for Different Tissues and Frequencies 

crnuxni

ceT letxnT

kHz 

eepiemnT

lpmmxn 

exmctnT

lpmmxnT1  

eein exmctnT

lpmmxnT2  

mipiT

lnulxrn 

10 954.264

90 

4.7102

51 

0.9844

2 

86.552

44 

103.218

06 

20 922.892

30 

4.5139

3 

0.9430

2 

69.315

31 

93.9817

8 

30 906.912

31 

4.4620

2 

0.8292

9 

53.897

82 

91.3309

6 

40 903.195

16 

4.4522

7 

0.7272

5 

48.884

27 

90.8221

9 

50 901.822

83 

4.4488

5 

0.6533

6 

46.809

94 

90.6427

4 

60 901.174

33 

4.4472

6 

0.6025

1 

45.779

30 

90.5594

4 

70 900.602

62 

4.4458

8 

0.5427

68 

44.841

19 

90.4867

7 

 
To validate the implementation of the body phantom in the 
FPGA, the model is separately implemented in the ISE program, 
and the entire table above is extracted from this model. The 
program has a general block diagram as shown in Figure 4, 
where cycle_cont represents the total number of clocks in one 
cycle, 'R1, 'R2, and 'C' (in picofarads) are the resistor and 

capacitor values of the model, respectively, and 'clk' and 
'in_data` are the clock and sinusoidal signal, respectively. 

 
Fig. 4: General Block Diagram of the Body Model Generator in FPGA 

Figure 5 shows more details of this block. As you can see, this 
section has 3 internal blocks, each of which will be explained 
later. The biofantom_LUT block is responsible for creating 
LUTs, such as Tables 2 and 3, for the phase and amplitude of 
different body tissues at various frequencies. The cont_delay 
section, as mentioned earlier, determines the number of 
delayed pulses given in one cycle and produces a delayed signal 
with a specific phase. In the z-effect section, this signal is 
multiplied by the value of the bioimpedance range. As a result, 
its output, out_data, is both phaseshifted and amplitude-
adjusted, simulating the output of the body model. 

 
Figure 5 :Details of the Body Model Implementation Block in FPGA 

BLOCK: Z_EFFECT 

The general form of this block is shown in Figure 6. Input a is 
the same shifted sine wave without amplitude change, and 
input b is the impedance value 𝑍. The sinusoid from the 
previous step represents the current, and by multiplying it by 

the impedance value, it is converted into a voltage. Therefore, 
the output of this block, or ' p ', is a voltage and represents the 
signal returned from the body phantom model. 



Implementation of human body tissues model in FPGA 

 

 
Fig 6: General Block Diagram for Creating a Shifted Sine Wave 

The internal circuit of this block is a multiplier. The multiplier 
block is shown in Figure 7. All control inputs are active-high, 
and one of the multipliers can be considered a fixed number. 
'A and 'B' are the inputs to the multiplier, and P is the output 
of the product. clk′ is the system clock,CEis the clock enable, 
andSCLR` is used to clear the output. For this multiplier, an 
important aspect is that in the design wizards, one can 
optimize between speed and area. In this project, it has been 
optimized to minimize hardware size and, consequently, 
reduce the power consumption and the area occupied. 

 
Fig. 7: Multiplier Block Diagram 

The implementation of the body phantom validation program 
for adipose tissue is shown as an example in Figure 8. In this 
figure, 𝑅1, 𝑅2, and 𝐶 are the main input parameters of the 
system. in_data is the input signal, and cycle_cont represents 
the number of pulses in one cycle. The output result is visible 
in out_data. The phase is generated first, and then its 
amplitude value is increased by the product of the input 
amplitude. 

The phase difference value is approximately 3 degrees, which 
shows a slight difference from the theoretical value of 2.9981 
extracted from Table 2. 

 
Fig. 8: Simulation Program Result of Body Phantom Validation  

Programming the program: 

In the field of technology and the development of systems 
based on FPGA and powerful processors, using development 
boards like Z-Turn is one of the most common and effective 
methods for teaching, research, and creating innovative 
products. The Z-Turn board, a sophisticated combination of 
FPGA and ARM processors, enables engineers and scientists to 
rapidly convert theoretical ideas into practical prototypes with 
minimal cost. 

After programming the critical input and output pins of the 
board, it is connected to a digital oscilloscope with storage 
capabilities through a probe. Figure 9 illustrates the connection 
setup. 

 

Fig. 9: Connection of the Laptop to the Programmer and Digital 
Oscilloscope 

In the Test-Bench, which can be seen in the software output, a 
sinusoidal signal is converted into a square wave by passing 
through a comparator. This signal is delayed by a certain 
amount after passing through the body phantom circuit, based 
on the frequency values of R1R_1R1, R2R_2R2, and CCC. After 
passing through the body model simulator, the delayed portion 
is determined. A 1 nanofarad capacitor is placed on each of the 
input and output pins to smooth the edges of the displayed 
signals. Oscilloscopes have the capability to store waveforms, 
and Figure 10 shows both the main signal and the signal passed 
through the model. 
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Fig. 10: Connection of the Laptop to the Programmer and Digital 
Oscilloscope 

The example shown is for adipose tissue, which theoretically 
has a phase difference of 2.9981 degrees according to Table 2. 
The oscilloscope measurement shows a phase difference of 3 
degrees, demonstrating good accuracy and precision. 

Conclusions: 

As mentioned before, it is possible to implement the electrical 
model of body tissues on different platforms. Most research 
focuses on real-world implementations. Implementation on 
FPGA platforms has been explored in some studies, with the 
most comprehensive work in this field presented by Nan Li et 
al. [11]. In their research, LUTs are used to store amplitude and 
phase impedance information for body tissues, without 
performing calculations, as the numbers are directly stored. 

In the current research, both the amplitude and phase of 
bioimpedance for 5 different body tissues at 7 frequencies are 
calculated within the FPGA. Based on these calculations, the 
tissue is simulated and implemented. A square signal was then 
applied to this tissue model in the FPGA, and its output was 
observed and recorded using a digital oscilloscope. In both 
simulation and real signal application cases, the difference 
between theoretical and practical amplitude and phase values 
is minimal. 
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