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Abstract: This paper deals with designing a simple and efficient simultaneous inductive power and data transmission for transcutaneous Micro-system based on ASK 
modulation at 6,78 MHz industrial, scientific, and medical (ISM) band to avoid the tissue damage. The modified ASK modulator and inductive coupling link driven by efficient 
Class-E power amplifier with 94,5% efficiency and the coupling link of up to 78,29% of efficiency are introduced to transmit 500 Kbit/s of data with modulation index 12,5%, 
modulation rate 7,37%. The proposed design is simple, easy to implement and able to power the bio-implantable devices with DC V up to 5 V. The mathematical model is 
given and the system is designed and validated by professional OrCADPsPice 16,6 environment simulation using a standard AMS 0,35 µm MOS technology. In addition, 
for real-time simulation, the electronic workbench MULISIM 11 has been used to simulate the class-E power amplifier switching. This design is useful for cochlear implants, 
retinal implants and implantable micro-system stimulator. 
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1 INTRODUCTION  
 

Nowadays, the inductive coupling links are wildly 
used to power the bio-implantable devices such as 
implantable micro-system, cochlear implants and retinal 
implants [1]. Generally, these implants consist of two parts, 
external and internal parts which are separated by 
biological human tissue [2]. 

To avoid the human tissue damage, the operating 
frequency should be lower than 20 MHz. However, lower 
operated frequency causes inefficient power and data 
transmission and lower distance between the external and 
internal parts [3, 4]. To overcome the challenges above, the 
sub-electronic circuits of the system should be carefully 
calculated and designed. 

Usually, there are three main modulation forms used 
in power and to transmit data to the biomedical implantable 
devices inductively such as amplitude shift keying (ASK), 
frequency shift keying (FSK) and phase shift keying (PSK) 
[5]. 

The ASK forms is the safest way for transferring 
power and data between the external environment and 
battery-less implant inductively [6]. 

In addition, the ASK technology is the simplest, 
having low power consumption. The ISM standard is 
dealing with 125-135 kHz, 6,78 MHz, 13,56 MHz, 27,125 
MHz and 40,68 MHz, as well as 433,92 MHz, 869 MHz 
and 2,4 GHz in ultra-high frequency band (UHF), where  
the ASK forms on a carrier frequency lower than 20 MHz 
are mostly used to avoid the tissue damage. 

There are many studies in which researchers designed 
inductive coupling links based on ASK forms for bio-
medical applications using operated frequency lower than 
20 MHz. Gudnason 2000 [7], designed a system with 
operated frequency 10 MHz, modulation index 10% and 
modulation rate 2% to transfer data 200 Kb/s of speed. This 
design suffered from low data rate transmission.  

In 2004, Chua et al. [8] proposed a system with 
operated frequency 2 MHz, modulation index 17,24% and 
modulation rate 1% to transfer 20 Kb/s of data rate. This 
structure also suffered from low data rate transmission and 
low mutual distance.  

Jihad et al. 2009 [9], used operating frequency 125-135 
KHz to transfer 270 Kb/s of data, where the data 
information is low. The ISM 6,78 MHz is used to transfer 
200 Kb/s based on ON/OFF keying using 1,2 µm MOS 
technology for bio-medical applications where the data rate 
is low [10]. 

The same frequency is used to design efficient 
inductive coupling link based on geometry for bio-implants 
applications. However, the design did not provide the data 
rate transmission [11].  

To improve and increase the data transmission, the 
ISM 13,56 MHz is used to transfer 1 and 1,25 Mb/s of data 
rate with modulation index up to 18,25% and 13%, 
respectively [12] and [13]. 

The higher modulation index caused higher power 
consumptions. In this paper, and in order to reduce the 
power consumption, a simple and efficient proposed 
transcutaneous system with ISM operated frequency 6,78 
MHz and new ASKS modulator is used to transfer 500 
Kb/s of data with modulation index 12,5% and modulation 
rate 7,37%. 

The proposed system is simple and implementation 
easy and can be used for bio-implantable devices such as 
cochlear implants, retinal implants and transcutaneous 
implantable micro-system. 
  
2 SYSTEM DESIGN AND METHODOLOGY 
 

In general, the transcutaneous inductively powering 
system consists of two parts, external and internal. The 
external part is fixed outside the human body and touches 
the skin, whereas the internal part is implanted inside the 
biological human tissue. 

Regarding the proposed system, the external part 
involves a new ASK modulator, Class-E power amplifier 
operated at 6,78 MHz and external coil driven by Class-E 
power amplifier and acts as a transmitter. 

The internal part consists of the receiver coil, which is 
used to power the others implanted remotely, and rectifier 
to convert the signal from AC to DC voltage with smooth 
signal. Fig. 1 shows the proposed system design using 
Pspice software. 
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Figure 1 The proposed system architecture 
 

2.1 Proposed ASK Modulator	
 

The proposed ASK modulator is simple and efficient; 
this structure is developed from the research [14], where 
the diode is removed. In addition, the proposed ASK 
modulator does not consist of the resistor and two 
transistors as given by [13]. Hence, removing the passive 
and active elements will contribute reducing the power 
consumption. Fig. 2 shows the suggested simple ASK 
modulator which consists of MOSFET switch M1 
(IRF533) and two different voltage sources V1 and V2, 
respectively. 

 

 
Figure 2 The suggested ASK modulator 

 
The operation principle of the proposed ASK 

modulator is as follows: The voltage source V1 is used to 
generate fixed binary states 0 or 1 of the data with Tbit = 2 
µs controlled and influenced by switch transistor (M1) 
IRF533. The voltage source V2  is used to determine the 
modulation index by determining the high level VH  and 
low level VL of the ASK amplitude signal as given in Eq. 
(1). 
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The modulation rate can be calculated as given in Eq. 

(2) 
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The proposed ASK modulator capable of generating 

the required VDC to power a Class E amplifier according to 

logic state 0 or 1, as given, is the part of the discussion of 
results. 
 
2.2 Class- E Power Amplifier Design at 6,78 MHz 
 

Class-E power amplifier operated by frequency 6,78 
MHz ISM band is more suitable to be used for the 
biomedical applications and bio-telemetry systems in the 
near field region due to its simplicity and high efficiency 
[15, 16]. 

The proposed class-E as shown in Fig. 3 is simple and 
achieves efficiency up to 94,5%. It contains inductor choke 
(L1) to provide fixed current and reduce the ripple from the 
power supply VDD, one pole MOSFET switch and one 
shunt capacitor (C1) to ensure zero-voltage switching and 
remove harmonics of the non-ideal MOSFET switch. To 
tune a certain frequency 6,78 MHz, these parts are 
connected with series load network (C2, Rload and L2) which 
behaves as a transmitting antenna and converts the digital 
input signal into a stable sinusoidal output and satisfies 
constant current from the supply source. The inductor L2 
acts as a physical coil to transmit power and data to the 
implantable device. 

To find the values of the optimum load resistance and 
other passive elements, the delivered power to the 
implanted device should be known. The mathematical 
model is presented as follows: 

Because the proposed design is for bio-implantable 
devices, and to avoid the tissue damage the transmitted 
power is limited due to the tissue absorption where the 
power should be as small as possible and measured in mW.  
Therefore, we assumed that the delivered power to the 
implanted devices (pout) is 100 mW, f0 is 6,78 MHz and VDD 
is 3,5 V and the switch with 50% of duty cycle. 

To find the optimum power delivered by class-E 
amplifier, the optimum resistances RL, opt for the amplifier 
should be introduced as a known value and can be 
calculated as given in Eq. (3), [17].   
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The inductor choke (L1) is calculated as given in Eq. 
(4), [18]. 
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The shunt capacitor (C1) and the series capacitor (C2) 

are calculated by Eqs. (5) and (6), respectively. 
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For maximum class-E efficiency and constant 
sinusoidal wave, the quality factor (Q) should be consistent 
with the bandwidth and have value more than 5, [19]. The 
quality factor for the proposed Class-E amplifier can be 
calculated as given in Eqs. (7) and (8), respectively. 

 
2πf                   (7) 

 

2

L, opt

L
Q

R


              (8) 

 
The transmitted coil L2 is calculated as given in Eq. (9) 
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Figure 3 Class-E designs at 6,78 MHz 

 
2.2 Inductive Coupling Link Design 
 

The inductive coupling link was designed to transfer 
the data and power from the external to the internal part. 
Inductive coupling link contains secondary and primary 
coils. 

There are many topology connections in passive 
system part such as parallel to parallel, parallel to series, 
series to parallel and series to series. 

In most cases, the primary side is tuned in series 
resonance to provide a low impedance load for driving the 
transmitter coil, where the secondary side is almost 
invariably parallel, and uses an LC circuit for better driving 
of a nonlinear rectifier load [20]. Hence, the series to 
parallel topology is chosen in this work. 

The optimum resistance RL, opt which is calculated in 
section 2.2 is still large and it is not suitable to be used for 
subcutaneous applications as a parasitic resistance Rt. This 
parasitic resistance has low impedance depending on the 
coils dimensions such as total length, thickness, constant 
permeability and relative permeability of the conductor and 
depth of skin [21, 22]. 

In the proposed inductive link, and depending on the 
values above, the transmit coil resistance Rt is found equal 
to 4,9 Ω. Fig. 4 shows the passive component for the 
proposed series to parallel (SP) inductive link design and 
for easy explanation the transmit coil L2 is changed to be 
Lt. 
 

Figure 4 The SP inductive coupling link design 
 
The coefficient of coupling (K) must be 0 < K > 1 and 

calculated as given in Eq. (10). 
 

t r

M
K

L L
                (10) 

  

L1
72.97µH
IC=0A

L2
16.59µH
IC=0A

C1
61pF
IC=0V

Rload

70.68Ω

VDD
3.5V

U1

AND2

XFG1

XSC1

A B

Ext Trig
+

+

_

_ + _

C2

39.18pF
IC=0V

VCC
3.5V

XMM1

XMM2

XSC2

A B

Ext Trig
+

+

_

_ + _

Q1

2N7000

TP2

 V: -21.4 V
 V(p-p): 56.3 V
 V(rms): 19.6 V
 V(dc): 2.05 mV
 I: 21.4 pA
 I(p-p): 56.3 pA
 I(rms): 19.6 pA
 I(dc): 0 A
 Freq.: 6.78 MHz

TP1

 V: 162 mV
 V(p-p): 10.5 V
 V(rms): 5.21 V
 V(dc): 3.50 V
 I: 35.9 mA
 I(p-p): 163 mA
 I(rms): 29.7 mA
 I(dc): 16.4 mA
 Freq.: 6.78 MHz



Mokhalad Khaleel ALGHRAIRI et al.: Simple and Efficient Transcutaneous Inductive Micro-System Device Based on ASK Modulation at 6,78 MHz ISM Band 

Tehnički vjesnik 27, 5(2020), 1478-1485                                                                                                                                                                                                       1481 

The primary capacitance (Ct) is calculated by Eq. (6). 
The secondary capacitance (Cr) is calculated by equation 
(11). 
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where Rload presents the implanted resistance and should be 
Rload > 2ωLr [12], and Rt, Rr present the transmit and 
received coils parasitic resistance, respectively. 
The parasitic resistance Rr is calculated as given in Eq. 
(12). 
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The quality factor for the transmit and received coils 

Qt and Qr is based on resonance frequency, coil inductance 
and parasitic resistance and calculated as given in Eqs. (13) 
and (14), respectively. 
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The efficiency for the transmitted and received coil can 

be calculated as given in Eqs. (15) and (16), respectively, 
whereas the total coupling efficiency is calculated as given 
in Eqs. (17) and (18), respectively. 
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2.3 Proposed Rectifier for the Internal Power Recovery 
 

The bio-implantable devices require an efficient 
voltage rectifier to convert the RF signal to DC V. The first 
sub-circuit in the internal part is the rectifier.  There are 
many kinds of rectifiers used in the implanted devices such 
as Schottky diode rectifier and full wave rectifier.23. These 
rectifiers cause low efficiency and take large area in 
implanted devices. The voltage doubling rectifier was 
presented with two MOSFET by using self-threshold 
voltage cancelation [13]. This rectifier suffers from large 
size area and more power consumption. To overcome the 
challenges above, the voltage doubling rectifier with one 
edited NMOSFET is presented. The transistor editing is 
done using Pspice software and included the channel length 
(L = 0,35 μm) and width (W = 100 μm). The transistor 
NMOSFET acts as a diode to rectify the received ASK as 
shown in Fig. (5). This structure has low power 
consumption and smaller size in the area of implanted 
parts. 
 

 
Figure 5 Voltage-doubling rectifier structures 

 
3 RESULTS AND DISCUSSIONS 
 

This paper introduces a simple and efficient 
transcutaneous system which is used to power and transmit 
data to the subcutaneous system. The proposed 
transcutaneous system involves two parts, external and 

internal part. The external part consists of pulse data 
generator, new ASK modulator and class-E, power 
amplifier operated at 6,78 MHz and transmitted coil to 
transmit the power and data to the implantable devices. 
Whereas the internal part consists of received (implanted) 
coil and rectifier to convert AC to DC voltage with smooth 
signal and resistor which presents the implanted device 
resistance as shown in Fig. 1. The data generator generates 
fixed binary sequence which is controlled and influenced 
by switch transistor (Q1). In this paper a new ASK 
modulator without passive elements as shown in Fig. 2 is 
developed to modulate the input data and power the Class-
E amplifier with 3-4 V (DC) as shown in Fig. 6 

 

 
Figure 6 The ASK generated power output to supply the Class-E amplifier 

 
The class-E switch (M1) operation is as follows:  the 

Drain- Source voltage is equal (0) when the switch is in 
active state (1) and Gate-Sours voltage is (1) when the 
switch is in the state (0), and offers stable sinusoidal wave 
signal to the transmitted coil as shown in Fig. 7 and 8, 
respectively. 

The Class-E efficiency is performed from the 
simulation where Vrms = 19,6 V, Idc = 16,4 mA. 
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The class-E efficiency can be calculated as given in Eq. 
(20). 
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The input power (Pin) is very small compared with dc 

power (Pdc) so will be neglected. Therefore, the efficiency 
for class-E with optimum resistance is 94,5%. 
 

 
Figure 7 The Class-E switching activity 

 

 
Figure 8 The stable class-E amplifier output sinusoidal waveform 

 
To design efficient inductive coupling link, several 

factors should be taken into account, these factors include: 
link efficiency, link voltage gain, communication band 
width and coils size. Because the proposed design is based 
on coupling not geometry, therefore, the "voltage in-
voltage out" link is an approach which can control the 

output gain. This approach is based on coupling, not 
geometry. Therefore, the results for the inductive link are 
based on factors link voltage gain, communication 
bandwidth and link efficiency. Referring to Fig. 4, the 
transmitted coil L1 presents the external coil for the 
inductive link and acts as an antenna to transmit the 
modulated ASK signal with VH = 27 V and VL = 21 V with 
modulation index 12,5% as shown in Fig. 9. 
 

Figure 9 The transmitted ASK signal with modulation index 12,5% 
 

The received coil L2 in the internal part presents the 
implanted coil and receives the ASK signal inductively 
with VH = 6 and VL = 4,65 V with modulation index 12,5% 
as shown in Fig. 10. Both transmit and receive coils have 
the same modulation index and this contributes to reduce 
the system power consumption. 
 

Figure 10 The received ASK signal with modulation index 12,5% 
 

Figure 11 Both coils tuned at the same resonance frequency 6,78MHz 
 

To get better link efficiency, both primary and 
secondary RLC circuits for the inductive link are tuned at 
the same resonance frequency with bandwidth 
approximately 500 KHz, which is in fact the chosen 
operated frequency 6,78 MHz as shown in Fig. 11. 
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Figure 12 Relationships between the voltage gain and frequency based on 
variable coupling coefficient 

 
A better coupling coefficient (K) for the proposed link 

is found 0,17, and to find the relationship among the 
voltage gain, bandwidth and coupling coefficient at a 
frequency of approximately 6,78 MHz, the voltage gain for 
the proposed inductive link for some chosen coupling 
coefficient (K) values such as (0,1; 0,17; 0,2; 0,3 and 0,4) 
at a fixed load of 200 Ω is plotted as shown in Fig. 12. 
 

Figure 13 The rectified ASK signal 
 

Figure 14 The smoothed rectified ASK signal 
 

According to this simulation, the inductive coupling 
link acts as a band-pass filter at the central frequency 6,78 
MHz. The analysis of this plot shows that the voltage gain 
is reduced by reducing K and vice-versa and the bandwidth 
is approximately 500 KHz.  The proposed rectifier with one 
edited device provides a rectified ASK signal with VH = 6 
and VL = 4,65 as shown in Fig. 13. This signal is soothed 
by small capacitor to provide DC V as shown in Fig. 14. 

Tab. 1 shows the values of the proposed system, and to 
calculate the total inductive coupling efficiency according 
to Eq. (16) the MATLAB is used. Because of Rload > 2ωL 

the Rload should be higher than 55,692 Ω. The implanted 
load resistor is considered 100 Ω to 400 Ω and the coupling 
coefficient is 0,17. 
 

Table 1 The values of the proposed system 
Description Symbol Value 

Primary inductance Lt 16,59 µH 
Secondary inductance Lr 0,654 µH 
Optimum resistance load RL, opt 70.68 Ω 
Primary resistance Rt 4,9 Ω 
Secondary resistance Rr 0,88 Ω 
Primary capacitance Ct 39,18 PF 
Secondary capacitance Cr 827,17 PF 
Quality factor (Class-E) Q 9,99 
Quality factor (transmitter) Qt 144,15 
Quality factor (receiver) Qr 31,64 
Resonant frequency f0 6,78 MHz 
Coupling coefficient K 0,17` 
Class-E efficiency 𝜂amplifier 94,5% 
Transmitted coil efficiency 𝜂t 96,76% 
Received coil efficiency 𝜂r 81,49% 
Total coupling efficiency 𝜂total 67,14-83,59% 
Efficiency at 200 Ω 𝜂 78,29% 
Modulation index - 12,5% 
Modulation rate - 7,37% 

 
Fig. 15 is plotted in MATLAB and shows the variation 

of power efficiency with various resistances and 
coefficient factors. The maximum efficiency when the 
coupling coefficient 0,17 is 83,59% performed when the 
implanted resistance equals 100 Ω, and the minimum 
efficiency is 67,14% is performed when the implanted 
resistance is equal to 400 Ω. For our proposed values K = 
0,17 and Rload = 200 Ω, the power transmission efficiency 
is found to be approximately 78,29%.  
 

Figure 15 The power transmission efficiency modelled in MATLAB 
 

To verify the performance of the proposed system, a 
figure of merit (FOM) and comparison with other studies 
is performed as given in Tab. 2. The proposed system 
performance is better than in other studies. 
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Table 2 The performance of the system compared with other works 
References [10] 1998 [7] 2000 [8] 2004 [24] 2011 [13] 2014 Propose 

CMOS / µ 1,2 0,5 0,35 0,35 0,35 0,35 
Car. freq. / MHz 6,78 10 2 10 13,56 6,78 
Data rate / kb/s 200 200 20 1000 1000-1250-1500 500 
Modu. index / % N/A 10 10,34-17,24 20 13 12,5 
Modu. rate / % N/A 2 1 10 7,3-9-11 7,37 
𝜂coupling link / % 20 N/A N/A N/A 53,25 78,29 
𝜂Class-E N/A N/A N/A N/A 87,2 94,5 
FOM N/A 2 0,58-0,967 0,5 0,958-1,277 0,589 

4 CONCLUSION 
 
In this paper, a simple and efficient inductive power 

for Micro-System based on ASK modulator is designed. 
The proposed system operated with ISM low-band 
frequency at 6,78 MHz to avoid the heating and damage in 
tissue of a human. A new ASK modulator is proposed to 
model the input data and provide a stable DC voltage to 
power the high efficient class-E power amplifier. The high 
efficient class-E power amplifier with efficiency 94,5% 
and efficient inductive link 78,29% of efficiency were used 
to transmit the ASK signal with data rate up to 500 Kbit/s 
to the implanted device. The total coupling efficiency is 
67,14-83,59% with modulation index 12,5% and 
modulation data 7,37%, this lead to reduce the power 
consumption of this system. The system was designed and 
simulated by OrCADpspice software 16,6 and electronic 
workbench MULTISIM 11. The proposed system may be 
useful for implantable micro-system, retinal implants and 
cochlear implants. 
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