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           Electrocardiography (ECG) signal transmitter is the device used to transmit the electrical 

signals of the heart to the remote machine. These electrical signals are ECG signals caused due 

to electrical activities in the heart. ECG signals have very low amplitude and frequency; hence 

amplification of the signals is needed to strengthen the signal. Conversion of the amplified signal 

into digital information and transmitting that information without losing any data is the key. This 

information is further used in monitoring the heart.   
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation and Background 

Heart diseases are one of the most dangerous diseases all over the world. The studies 

show about 600,000 people die of heart disease in the United States every year–that’s 1 in every 

4 deaths [1]. Electrocardiography is the one of the basic and natural methods incorporated in 

clinical use for monitoring the heart diseases. An electrocardiogram (ECG), also referred to as 

ECG, records the electrical activity of the heart. The electrical impulses can be detected by 

attaching the electrodes to the surface of the skin. [2]. ECG systems are wireless portable 

systems which are cost effective. Collecting the ECG data and sending the data directly to the 

physician is better for cardiovascular disease management. These personal ECG systems are easy 

to use and in case of emergency these devices are both accommodating and advantageous.  

One of the key sports events like soccer and marathon for instance are high intensity 

sports, where number of athletes’ die of sudden cardiac arrest. A real-time ECG monitoring 

system embedded in the athlete shirt will provide more safety.  It will help them improve their 

sports and at the same time, will help them track the sudden change in the ECG rate, and other 

disorders caused during the event.  A cardiac arrest is due to the malfunction of the heart’s 

electrical system, which is usually because of irregular heartbeats and this can be detected by 

ECG. These sports events can be soccer, football, cycling, running and other competitive events.  

1.2 Thesis Objectives 

One objective of this thesis is to design an ECG transmitter which deals with 

acquisition and digitization of the signals. The following are the major components of the 
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thesis: 

i) Acquiring the ECG signal using the electrode

ii) Signal amplification and noise cancellation

iii) Digitization and compression of the signal

iv) Transmitting the signal using the RF signal

1.3 Thesis Organization 

In this current chapter, the motivation and background of the thesis is discussed. In 

chapter 2, detailed information about the ECG characteristics and the latest techniques used in 

current technology in the field of ECG systems is presented. Also an overall system block 

diagram with a brief explanation is given. In Chapter 3, design of the electronic building blocks, 

consisting of ECG amplifier and a detailed explanation of that particular block is included. In 

chapter 4, the electronic building block 8-bit analog-to-digital converter, and control unit is 

described in detail. In Chapter 5, frequency shift keying (FSK) transmitter is presented with the 

design and analysis of a voltage-controlled oscillator (VCO)-based transmitter. Chapter 6 

presents the overall system results. Finally, in Chapter 7, conclusions, future work are presented. 
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CHAPTER 2 

ECG THEORY AND SYSTEM ARCHITECTURE 

An electrocardiogram (ECG) as in German, the electrocardiogram (EKG) is a device that 

measures the changes in electrical activity of the heart over time as action potentials propagate 

throughout the heart in each cardiac cycle [3]. One portion of heart is being polarized and 

another portion is depolarized, forming an electrical activity that can be measured and captured. 

When there is no electrical activity in the heart then that trace of ECG is called isoelectric line. In 

general there are ups and downs in this line which will make the whole ECG signal look like 

Figure 2.1 given below. The first upward pulse is the P wave which lasts about 60-80 milli 

seconds followed by the downward pulse which is Q wave, and rapid up swing, R wave followed 

by strong downward pulse S wave. These three waves together are called QRS complex. 

Meanwhile the signal reaches the isoelectric line following by a upward wave called T wave and 

the drop pulse U wave. The ECG characteristics are given in more detail in Table 2.1. 

2.1 ECG Characteristics 

Figure 2.1 ECG signal 
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Table 2.1 Amplitude and Duration of ECG signal [4, 5, 6] 

Sl. no. Features Amplitude (mV) Duration (ms) 
1 P wave 0.1-0.2 60-80 
2 PR-segment - 50-120 
3 PR- interval - 120-200 
4 QRS complex 1 80-120 
5 ST-segment - 100-120 
6 T –wave 0.1-0.3 120-160 
7 ST-interval - 320 
8 RR-interval - (0.4-1.2)s 

2.2 ECG Signal Offsets 

In an ECG signal there is always a possibility of different noises, usually they are due to 

the system errors. The noises can be within the frequency band of an ECG signal, which may 

change the characteristics of ECG signal. The most critical task is to differentiating the actual 

ECG signal and the noise, and extracting the useful information. One of the most prominent 

noises is the power line noise which corrupts the ECG signal majorly.  

2.2.1 Power Line Noise 

These noises contain interferences of 50-60 Hz pickups due to the improper grounding 

[7]. Due to these frequency interferences there will be an additional spikes of 50-60 Hz and 

which is half the frequency of the fundamental frequency of the ECG signal.   

2.2.2 Miscellaneous Noise 

Other miscellaneous noises are baseline wanders noises, noises due to motion, noises 

from muscle contraction, and arrhythmias in ECG signal.   



5 

2.3 ECG Electrodes 

Figure 2.2  Human body connected with ECG electrodes 

From Figure 2.2 it can be seen that the ECG electrodes are attached to the human body to 

collect the ECG signal data. A simple electrode looks like in Figure 2.3. The human heart 

generates electrical impulses that act as a source of voltage. The generated current flows in the 

torso through the skin. This can be understood by assuming heart to be a time-varying electric 

dipole and the potential distribution forming a triangular circuit.  

In general, there are two types of electrodes; one is bipolar leads and other is unipolar 

leads.  ECG signal data is collected by placing the electrodes on the skin with a slight adhesive. 

Adhesive is mainly used to improve the conductivity and hence improving the signal quality 

while it is also used to stick to the surface of the skin. These electrodes have leads. A lead, by 
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definition, is used to test the voltage difference between two electrodes. In a standard ECG 

system which collects the data from the patient has 12 leads which includes 3 - bipolar leads, 3 - 

augmented unipolar leads and 3 - chest (precordial) leads. 

Figure 2.3 Simple electrode 

In a standard ECG measurement, a 12-lead ECG is made up of the three bipolar limb 

leads, the three augmented referenced limb leads and the six wilson terminal referenced as chest 

leads. 

2.4 Differential Inputs 

One of the major advantages in employing a differential input is that it provides the best 

defense against ground and noise problems in a system implementation. In simple meaning, the 

differential signal and its ground are both cancelled from one another to get a signal level 

without any ground potential difference errors. One of the major noises which affect the signal is 

the common-mode noise which is reduced by using differential inputs. The differential input 

cancel noise when used in twisted-pair wiring. When the noise induced in one wire, then that 

noise is also induced in another wire, this helps to cancel the difference between the two 

incoming signal wires therefore cancelling the noise. Any common-mode noise which is induced 

along the way is cancelled. The differential amplifier is designed in order to obtain an excellent 

common-mode rejection ratio (CMRR).  
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2.5 System Architecture 

In Figure 2.4, the system architecture is presented. The system architecture consists of 

various building blocks such as ECG amplifier and a 5-bit charge-redistribution analog-to-digital 

converter (ADC), and FSK transmitter. An electrocardiogram (ECG) signal is sent through, 

modified, developed and demonstrated using this ECG system, the technology used is 0.18 um 

CMOS. The ECG amplifier employed a conventional differential amplifier design to amplify the 

ECG signal. A minimum detected voltage is 0.1 mV which is amplified and the output signal is 

converted to a digital representation by analog-to-digital converter (ADC). A 5-bit resolution is 

used to convert the amplified signal, the design employs a charge distribution concept, the 

converted digital bits is then modulated with the help of FSK modulation scheme and transmitted 

at a frequency of 433 MHz. FSK transmitter is designed with an optimal voltage-control-

oscillator (VCO) which resulted in a reliable data transmission with an optimal data rate. Each 

building block is explained and demonstrated in the next chapters.  

Figure 2.4 System architecture 
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Input signal is given as follows, 

Figure 2.5 Input ECG signal from the electrode 
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CHAPTER 3 

ECG AMPLIFIER DESIGN 

In our system, the signals exhibit an amplitude range of 10µV to 2.5mV for P and R 

waves respectively. The frequency of the waves is 100 Hz bandwidth, with a resolution of 8-bit. 

The basic amplifier used to amplify signals will work for ECG signals as well since ECG signal 

is no different than a normal sine wave in terms of magnitude. The ECG amplifier type we have 

used is the Differential Single Stage amplifier with current mirror. The input wave used is 

0.820V in which 0.8V is the DC signal and 0.02V is the ECG input signal magnitude. The gain is 

3.5 and the resulted output magnitude is 2.87V and with the threshold, VTH as 0.7V.  

In the single ended and differential operation, the single-ended signal is defined as one 

that is measured with respect to a fixed potential, usually the ground. A differential signal is 

defined as one that is measured between two nodes that have equal and opposite signal 

excursions around a fixed potential [8]. One of the main reasons for choosing differential 

operation is higher immunity to environmental noise [8]. The MOS load with the differential pair 

is implemented. The small-signal differential gain can be derived using  

𝐴𝐴𝑉𝑉 =  
−𝑔𝑔𝑚𝑚𝑁𝑁
−𝑔𝑔𝑚𝑚𝑃𝑃

Also in terms of device dimensions, we have 

𝐴𝐴𝑉𝑉 =  −�
µ𝑛𝑛 �

𝑊𝑊
𝐿𝐿
�
𝑁𝑁

µ𝑝𝑝 �
𝑊𝑊
𝐿𝐿
�
𝑃𝑃

Where �𝑊𝑊
𝐿𝐿
�
𝑁𝑁

is the size ratio for NMOS transistor and �𝑊𝑊
𝐿𝐿
�
𝑃𝑃

is the size ratio of PMOS transistor and µ𝑁𝑁 is

the mobility of the electrons and µ𝑃𝑃 is the mobility of holes in the MOSFETs. 
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Figure 3.1 Differential pair with current mirror 

The MOS loads consume voltage, thus creating a trade-off between the output voltage 

swings and the voltage gain. In order to achieve higher gain, W/L ratio should be low hence 

increasing |𝑉𝑉𝐺𝐺𝐺𝐺 −  𝑉𝑉𝑇𝑇𝑇𝑇|. In order to achieve the proper W/L ratios, a basic current mirror is added 

to the differential pair. From Figure 3.1, the small-signal drain current of M1 MOSFET will be 

wasted if the current mirror is not connected. When the MOSFETs are connected in proper 

polarity the current which was being wasted can be utilized at the output [9]. In order to enhance 

the gain, we consider the drain currents of M1 to M5 to be ID1 to ID5 respectively. Assuming 

the gate voltage of M1 increased by a small amount, which increases ID1 by ∆𝐼𝐼  and decreases 

ID2 by ∆𝐼𝐼 . As |ID3| and |ID4| are increased by ∆𝐼𝐼 , we can say that the output voltage increases 

through two possible mechanisms: decrease in drain current of M2 and increase in drain current 

of M4 [9]. Hence explaining how M4 assists M2 with the voltage change at output. This 

configuration is called differential pair with active current mirror [9]. When both the inputs Vin1 
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and Vin2 are different there is difference in the output voltage. When Vin2 is much higher than 

Vin1, M1 will be off and so are M3 and M4. As Vin1 approaches Vin2, M1 will be on and 

current from ID5 from M3 turns M4 on. This eventually makes voltage of the output dependent 

on the difference between ID4 and ID2. When Vin1 and Vin2 are equal then Vout will be equal 

to VDD-|VGS3| [9]  

ECG amplifier circuit is shown in Figure 3.2 and device size of the amplifier is given in 

Table 3.1.  

Figure 3.2 ECG amplifier 
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Table 3.1 Device sizes 

Device Size 
M

1
, M

2 5.6 μm / 3.2 μm 
M

3
, M

4 4.8 μm / 320 μm 
M

5 4.8 μm / 4.8 μm 
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CHAPTER 4 

ANALOG TO DIGITAL CONVERTOR 

For any application, analog-to-digital convertor (ADC) architecture is crucial for an 

overall system design. Some of the considerations are in terms of power consumption, accuracy, 

design complexity, speed etc. There are different types of ADC based on the above 

considerations; they are listed in Table 4.1[10]. 

Table 4.1 ADC architectures category 

Low-to-Medium Speed 
High Accuracy 

Medium Speed 
Medium Accuracy 

High Speed 
Low-to-Medium Accuracy 

Dual-slope Successive Approximation Flash 
Sigma-delta Cyclic Pipelined 

Based on different levels of accuracy, and speed different architectures, ADC can be 

used. Dual-slope ADC and sigma-delta ADC are chosen for higher accuracy.  Although dual-

slope and sigma-delta have long conversion times and hence have lower  speed, the architecture 

in these ADC is mainly a counter for counting the charging time of an input and an integrator 

with a reference voltage in two different operation phases [11].    

The sigma-delta ADC architecture is also another type of ADC, which is used for high 

accuracy and has an advantage of sampling the input signal faster than the Nyquist rate. Using 

the feedback in spectrally shaping the quantization noise gives a high resolution. A decimation 

filter is needed for multi-channel sensing applications to down-sample the ADC output signal 

which emanates large silicon area and power consumption for digital filter implementation. For 

achieving the accurate designed resolution at the receiver end, a low bit error rate (BER) linked 

with the wireless transmission channel is required, though the oversampled bit-stream can be 

interfaced directly for wireless transmission. The BER of the channel is a function of a 

transmission data rate and a signal-to-noise ratio. A low BER can be achieved in a wireless 
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channel with a high signal-to-noise ratio as the data rate is typically determined by the signal 

bandwidth and the oversampling ratio of the sigma-delta ADC. To achieve a better and improve 

high signal-to-noise ratio, the transmission signal can be increased. Although it results in a high 

transmission power, increasing the total power consumption, for low power applications is 

undesirable, and for achieving an optimum wireless channel performance, the electromagnetic 

interferences and noise in the wireless channel including the adjacent crosstalk needs to be 

controlled. Hence, for telemetry applications along with a relatively fixed position and short 

distance without excessive power dissipation, ADC data is suitable.  

For N bit ADC’s realization, flash converters are used by feeding the input signal to 2N 

comparators in parallels, and each of the comparator is used for comparing the 2N equally 

spaced voltages generated by a resistive divider network with the input signal. The output 

obtained by the comparators called the thermometer code is then converted to a binary code 

using a decoder. Although flash ADCs are fast, they require a large number of comparators, 

which results in a large silicon area and high power consumption which, for bio-sensing 

microsystem applications is undesirable. On the other hand, a pipelined ADC generally consists 

of a series of operational stages with its own sample-and-hold (S/H) circuits.  The output is 

provided for the S/H circuit by performing an operation at each stage on a sample. Hence, it 

results in a higher throughput rate as all the stages are processing different samples concurrently 

at any given time. In theory, though the pipelined architectures generally requires less power 

dissipation and also lesser silicon area than the flash architectures, a high biased current is 

employed at each stage to get conversion speed requirements. The pipelined ADC is hence not 

an attractive solution for implantable bio-sensing applications, as there is a complexity in both 

the power consumption and implementation for storing and processing of signals. 
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The cyclic ADCs which are also known as algorithmic ADCs are employed widely for 

applications which require medium speed and medium accuracy. The input voltage is sampled 

first. By repeatedly doubling the error of a voltage which is sampled with respect to a reference 

voltage for each operation cycle, the conversion is performed by the ADC. Designing a high 

precision analog circuit, such as the multiply-by-two amplifier, is a challenge in realizing a 

cyclic ADC. A successive approximation ADC uses a binary searching algorithm such as a 

conversion technique, unlike the cyclic ADC. The successive approximation ADC relies on the 

passive component matching which is generally limited to a 10-bit accuracy and does not require 

high-precision amplifiers. As the analog design is complex and involves power dissipation, to 

achieve a 5-bit resolution performance within a 100 Hz bandwidth, the successive approximation 

ADC architecture is selected to digitize the ECG and core body temperature signals. 

Figure 4.1 Successive approximation converter 

4.1 Charge-Redistribution Successive Approximation ADC 

In this section, we set up the SAR convertor for a required 5-bit. The basic architecture 

consists of sample-and-hold (S/H) circuit, successive approximation register (SAR) with a 

comparator and a control-logic and digital to analog convertor (DAC). Sampling the input signal 

V
in

by S/H circuit and sampled output is then compared with the DAC output, V
DAC

.  Each bit b
1
,
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b
2 

…are set by comparing V
in

,V
DAC

. The most significant bit (MSB) b
1
, is set to “1” when V

in 
>

V
DAC

, otherwise b
1
 is set to “0”. The next bit b

2
 is set by comparing V

in
, V

DAC
, which will be

(11000) or (01000) depending on the previous bit. 

This mechanism is repeated N times for N-bit resolution. In SAR converter we employee 

a capacitor array resulting in a charge-redistribution principle [12]. In the capacitor array, all the 

capacitors have binary weighted values i.e., C, C/2, C/4… C/2𝑛𝑛−1 . The total capacitance of the 

n+1 capacitors should be 2C, so the last two capacitors always has a value of C/2𝑛𝑛−1.  The 

voltage comparator is used to compare the voltages and the switches used to implement the 

auxiliary logic circuitry. The conversion process is performed in three steps: the sample mode, 

the hold mode, and the redistribution mode [13]. 

Figure 4.2 Simplified circuit 

In the sampling mode, all the capacitors are charged to the input voltage, V
in

, while the

comparator is set to the initial voltage (V
com

+ V
sa5

) where V
sa5

 is the voltage from the switch,

sa5. When the SA is closed and SB is switched to the input voltage V
in

, due to the charging, a

total of charge Q
in

 = -2C x V
in

is stored on the lower plates of the capacitors. There is a simplified

schematic of 5-bit charge-redistribution is shown in the sample mode given below in Figure 4.3  
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Figure 4.3 Sample mode 

Hold mode is the next operation; here the comparator is disconnected to the voltage by 

releasing the SA5 switch. While the switches SA5 to SA1 are connected to ground, thereby a 

voltage of V
c
= -V

in
 is applied to the comparator input This will form a sample-and-hold element

in the circuit. 

In redistribution mode, the actual conversion is performed. The largest capacitor, C
sa1

 is

switched to the reference voltage, V
ref

, by forming a 1:1 capacitor divider with the remaining

capacitors connected ground. 

V
c
= -V

in
+ V

ref
/2.

Figure 4.4 Hold mode 
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Figure 4.5 Simplified circuit for hold mode 

If V
in

> V
ref

/2, then V
c
<0, and the comparator output goes high, and giving out the most

significant bit MSG (bit 5) to be “1”. If the condition failed then the V
c
>0 and the most

significant bit (bit 5) will be “0”. After selecting the MSB, the bit is then saved and then the next 

conversion starts, connecting C/2 to V
ref

. The decision of the second conversion bases on the

previous bit’s data. If the previous is “1”, switch SA5 is connected to ground to discharge C 

shown below. Else the switch is connected to V
ref

, and results in a voltage

V
c
= V

in
+ bit 5 - V

ref
/2 + V

ref
/4

Figure 4.6 Conversion step 1 determining the MSB (bit 5) 
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Figure 4.7 Conversion step 1 in a simplified circuit 

Figure 4.8 Assuming Bit5 = 1, Vin is compared to ¾ Vref 

This process is repeated 5 times for 5-bit charge-redistribution. Choosing a proper C
sa

 is

more vital thing to do. There are different types of errors that can affect the performance such as 

thermal noise, parasitic capacitance of the switches, and charge-injection error due to the 

redistribution-mode in the charge-distribution mechanism. Channel charge-injection is due to the 

sampling circuit. When the MOSFET switches are on, a channel must exist at the oxide-silicon 

interface. Assuming V
in

 = V
out

, then the total charge in the inversion layer is

Q
ch

= WL C
ox

 (V
DD

- V
in

- V
TH

)

where L denotes the effective channel length. Channel charge injection occurs when the switch turns off, 

Q
ch

exists through the source and drain terminals.[14].
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Figure 4.9 Charge injection error 

This error also known as systematic offset error. When the switch SA5 connects the non-

inverting node of the comparator to the reference voltage, V
com

+ V
thre 

, the bottom plates of all

capacitors are connected to circuit ground. This will give the following voltage Vx as 

∆𝑉𝑉𝑥𝑥=(𝑄𝑄𝑐𝑐ℎ/2)/(2^𝑁𝑁.𝐶𝐶𝑠𝑠𝑠𝑠)

∆𝑉𝑉𝑥𝑥=𝑄𝑄𝑐𝑐ℎ/(2.𝐶𝐶𝑠𝑠𝑠𝑠) ( 1
16

+ 1
8

+ 1
4

+ 1
2

+ 1)

This shifts the input voltage by 1V without changing the input voltage range. One of the 

ways to reduce the charge injection errors is by using NMOS and PMOS connected in 

complementary fashion which will inherently cancel the injected charges [15]. 

4.2 Sample and Hold Circuit 

From Figure 4.10, the sampling switches are MOSFETS. When the MOS transistors are 

used as switches they act as resistors and block the signal to flow. Thus, MOSFETS have two 

states, state zero and state one. From Figure 4.9, considering NMOS as a switch, the resistance of 

the switch is given as  
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R= 1

𝜇𝜇𝑛𝑛.𝐶𝐶𝑜𝑜𝑜𝑜..
𝑊𝑊
𝐿𝐿 (𝑉𝑉𝑑𝑑𝑑𝑑−𝑉𝑉𝑖𝑖𝑛𝑛−𝑉𝑉𝑇𝑇)

From the above equation, V
T
 depends on Body function of drain, and as V

in
 increases R

increases.  As the gate voltage is fixed, V
in

 increases which inherently decreases V
dd

- V
in

 and

further decreases Resistance R. To turn on the MOSFET, M1, V
in

< V
dd

- V
T
 in otherwise M1 will

be turned off that is when V
ref

,> V
dd

- V
T
. One of the other parameters on which R depends is 𝑊𝑊

𝐿𝐿

ratio, if the ratio is high then the resistance decreases. The above condition also affects the 

bandwidth of the circuit; if the resistance is low then the bandwidth is high. In any switch, in 

order to get a proper response bandwidth plays a crucial role.If the bandwidth is high the switch 

is ON and the output of the switch follows the input of the switch without any delays. But when 

the V
in

 increases more than the minimum voltage threshold value, this will decrease the

bandwidth. If the bandwidth is much larger than input signal frequency, then gain will be 1, 

otherwise there will be a lag in the output when the input signal frequency is much smaller than 

the bandwidth. In short, in our design we have maintained the input signal voltage and the 

frequency of the signal, and the W/L ratio resulting in optimum bandwidth. The width and length 

of the circuit is 1.5 µM and 600 nM respectively with a ratio of 2.5, and the input signal voltage 

is 300mV with 40 KHz amplitude. A capacitor is used which has a value of 1pF and V
dd

is 5V.
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Figure 4.10 Sample and hold circuit 

4.3 DAC Switches 

From Figure 4.11, a digital DAC switch is designed which is employed with a 

complimentary MOS circuit to get a minimum charge injection error. And this switch is basically 

used in the capacitor array in the charge-redistribution process by switching on and off the each 

capacitor as shown in the sample mode in Figure 4.3. These device sizes of both the sample 

mode and the DAC switches are same and they are given in Table 4.2 

Table 4.2 Device sizes for DAC switches 

Device Size 
M 1.5 μm / 600 nm 
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Figure 4.11 DAC switch 

4.4 Capacitor Array 

The capacitor array is shown in Figure 4.11 and it is similar to the simplified capacitor 

network in the sample mode in Figure 4.3. The capacitor values of the capacitor network is given 

in Table 4.3  

Table 4.3 Capacitance of the capacitor array 

Capacitor Value 
C

1 16 pF 
C

2 8 pF 
C

3 4 pF 
C

4 2 pF 
C

5
 ,C

6 1 pF 
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Figure 4.12 Capacitor array 

4.5 ADC Circuit 

Integrating sample and hold circuit with the DAC switches along with the capacitor array 

the ADC circuit is formed as shown in Figure 4.13. The simplified version of this circuit is given 

in Figure 4.3; actual switches are replaced by the DAC switches given in Figure 4.11. The 

sample and hold circuit is replaced but the sample and hold circuit shown in Figure 4.10. 

Capacitor array is replaced by the one in Figure 4.12. A complete ADC circuit is shown by with 

the DAC switches and sample and hold circuit which are marked in the white square block for 

clear view of the blocks.   



25 

Figure 4.13 ADC circuit with all the DAC switches and sample and hold (S/H) circuit 
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CHAPTER 5 

FREQUENCY SHIFT KEYING (FSK) TRANSMITTER 

In any basic FSK transmitter, there are two different parameters that lead the performance 

and power constraints in the system. One is the Carrier Frequency and second is the data rate. In 

our system we are going to use a carrier frequency of 433MHz  for testing purposes as approved 

by the Industrial, Scientific and Medical (ISM) band and this is also the closest short range 

devices (SRD) band which is associated with the Medical Communication Service approved by 

the Federal Communication Commission (FCC). In our design we chose an oscillator based 

transmitter that is implemented in 1.5 µm CMOS process technology. FSK modulation method is 

illustrated from Figure 5.1 given below.  

Figure 5.1 FSK Modulation diagram 
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From Figure 5.1 the digital input data, a1(t) with a pattern of “010” along with the same 

digital input data but inverted, is modulated using sinusoidal wave and the summation of these 

two modulated signals is the output signal which  is FSK output, this can be expressed as follows 

FSK(t) = a
1
(t). cos(2π f

1
t) +  a’

1
(t).cos(2π f

2
t)

The output function is the Fourier transform of the input rectangle signal, a1(t) which is 

the sync function [16]. FSK modulation has the minimum frequency separation, between f1 and 

f2 which needs to be transmitted f
baud

 [17]. F
baud

 is defined as the number of distinct symbol

changes made per second, called the baud rate. For the signal a1(t) the bandwidth is defined at 

f
baud

/2, where the peak amplitude is attenuated by – 4 dB. FSK transmitter is designed to transmit

at a data rate of 100 kbps. As the frequency separation increases so does the data rate, hence 

restricting the commercial receivers to a limited baseband bandwidth of 200 kHz and 400 KHz. 

In our design, the FSK is implemented by a voltage-controlled oscillator (VCO) which is 

a LC-tank based circuit. This circuit is chosen due to its simple design and differential operation. 

The cross-coupled topology of the MOSFETS configuration is illustrated in Figure 5.2. This 

simplified configuration allows a high-Q inductor, L
p
, with which we will obtain a less power

consumption and can also be used for smaller system integration. The Q factor of inductor is 

determined by using  

Q = 𝑊𝑊𝐿𝐿
𝑅𝑅
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Figure 5.2 Voltage controlled oscillator 

The oscillation frequency of the VCO, f
VCO

, is determined by using

fVCO= 1
2𝜋𝜋�𝐿𝐿𝑝𝑝(𝐶𝐶𝑣𝑣+𝐶𝐶𝑝𝑝)

Where C
V
 is a varactor nominal capacitance, C

p
 is the parasitic capacitance and the total

equivalent parallel resistance is R
P
. At the oscillation frequency of f

VCO
, admittance of C

V 
and C

P

cancels the admittance of L
P
. As the first oscillation starts, there is instability due to the negative-

resistance elements that places the system poles at the right-hand Laplace plane. As the 

oscillation progresses due to the negative-resistance elements, there is small signal loop due to 

which the poles migrate towards the imaginary axis of the Laplace plane. Finally steady state 

oscillation amplitude is obtained and stays unaltered if there are no changes in power-supply, 

frequency, and any other changes. In steady state, there are currents which flow through the 

complimentary cross-coupled configuration transistors, M
2
, M

3
 and which switches back to M

1
,
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M
4
 developing a potential difference across R

P
. The harmonics of the current are attenuated by

the LC tank; therefore the tail current induces differential voltage swing amplitude [18]. For a 

startup oscillation, the small-signal loop gain would be [23]. 

A
LOOP

= g
m

R
P 

= (g
mM1

+ g
mM3

) R
P
,

where g
m

, g
mM1

, and g
mM3 

are the transconductance of M
1
/M

2
 and M

3
/M

4
 and g

mM3
 has to be

greater than unity. For a stable oscillation to startup, we choose 3 as the small-signal loop gain. 

In VCO, the amount of radiated power from the LC tank inductor coil which is the 

antenna in our design is related to the transmission distance. From Figure 5.2, we can see that 

V
swing

 and AC current passing through the inductor are proportional. The amplitude of AC

current flowing through the inductor coil also determines the transmission distance range. So by 

designing V
swing

 optimally we can get minimum power dissipation along with maximum

transmission distance. V
swing

is in turn dependent on I
tail

 current, hence as V
swing

is increased the

oscillator output amplitude can be directly reduced by reducing the I
tail

 and vice-versa [19]. By

designing V
swing

 to be threshold voltage of differential pair transistor, V
T
, we can avoid and also

ensure that the differential pair transistors do not operate in the triode region [19]. By ensuring 

the differential pair not operating in triode region we obtain an optimal design trade-off between 

achievable high differential voltage swing amplitude along with the tail current. 

In transmitter, the oscillation frequency of 433 MHz with a 10% tolerance that is around 

45 MHz with an error in frequency separation of around 45 kHz. For this frequency, we can get 

the nominal capacitance and inductance to be 2 pF and 82 nH respectively. This minimum 

capacitance change in the varactors to achieve a frequency separation of 200 kHz is achieved by 

maximum inductance with a minimum change in the capacitance in the LC tank circuit. Figure 
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5.2 shows the prototype of the FSK transmitter and Table 5.1 shows the device sizes. The size of 

the differential pair transistors M
1
- M

4
, is calculated as we have the L

p
and the equivalent parallel

resistance R
p
, of 3.5 kΩ is first calculated from the parasitic resistance of the L

p
 for a Q at 433

MHz then the tail current source is calculated from the equation given below 

V
swing

= 4
𝜋𝜋
 I

tail
R

P
,

After calculating we obtain I
tail

 as 140 µA with R
P
 of 3.5 kΩ and V

swing
 of 0.6 V, the

threshold voltage of MOSFET in 1.5µm CMOS technology.  

Figure 5.3 FSK modulator 
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Table 5.1 Device sizes for FSK transmitter 

Device Size 
M

1
, M

2
( 44 μm / 1.6 μm ) x 2 

M
3
, M

4
44 μm / 1.6 μm 

M
V

4.8 μm / 1.6 μm 
L

P
82 nH 

C
MIM

884 fF 

A 433 MHz FSK Modulator is implemented with a reliable data telemetry. A MOSFET 

cross coupled configuration VCO with a high-Q inductor is designed with an optimal bias of 140 

µA of current source 
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CHAPTER 6  

SIMULATION RESULTS 

6.1 Outline 

In this chapter, an overall performance result of the system is presented. Electrical 

performance of each building block is evaluated which includes ECG amplifier, 5-bit charge-

redistribution ADC and the FSK transmitter. The design specifications are compared and the 

overall system performance by integrating the sub systems is also presented.   

6.2 Electrical Characterization 

6.2.1 ECG Amplifier 

The amplifier circuit is shown in Figure 3.2 and the DC and AC response of the 

differential-input amplifier is shown in Figure 6.1 and Figure 6.2. The threshold voltage for the 

differential amplifier is 0.7 V and the input signal voltage is 0.820V with a frequency of 100 Hz. 

Input voltages has both DC component and the ECG signal, 20 mV is the ECG signal and 0.80V 

is the DC voltage. The output of the ECG amplifier is 2.01V, which results in the small-signal 

amplification gain of 2.49. The output of the ECG signal is shown in Figure 6.3           
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Figure 6.1 DC Response of the ECG amplifier 

Figure 6.2 AC response of the ECG amplifier 
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Figure 6.3 Output and input voltage of the ECG system 

Output of the ECG amplifier is show in Figures 6.1 to 6.3. DC response and AC response 

is shown, and the amplified ECG signal is showed in Figure 6.3.  

6.2.2 Charge-Redistribution ADC 

The output of the 5-bit ADC is presented, the output of the sample and hold circuit is 

shown in Figure 6.4, and control signal input signal voltage is 5V and the output of the DAC 

switch is shown in Figure 6.5. Considering Vinput changes from 10mV to 300mV with a 

frequency of 50 kHz and reference voltage of 300mV the output of the 5-bit charge-

redistribution ADC is shown from Figure 6.7 to Figure 6.13.  
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Figure 6.4 Sample and Hold circuit output 

 

 

Figure 6.5 DAC switch output 
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Figure 6.6 Output of the ADC 

Figure 6.7 ADC output at Vinput = 10mV               Figure 6.8 ADC output at Vinput = 50mV 
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Figure 6.9 ADC output at Vinput = 100mV             Figure 6.10 ADC output at Vinput = 150mV 

Figure 6.11 ADC output at Vinput = 200mV         Figure 6.12 ADC output at Vinput = 250mV 

Figure 6.13 ADC output at Vinput = 300mV 
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Figures from 6.4 to 6.13 depict the sampling, and analog-to-digital convertors signals. 

Figure 6.4, shows the sample and hold circuit output, how the signal is sampled and plotted 

across the time. ADC output is shown in Figure 6.6, there 9 signals shown, in which the first one 

is output signal refereeing to ADC output, and input voltage to be the input signal and sampled 

input to be the sampled input signal. Reference voltage is the reference voltage used to compare 

the values to the sampled input. Control signals is used to control the switch capacitor to turn on 

or off at a specific interval.     

6.2.3 FSK Transmitter 

A voltage control oscillator is implemented with an oscillation frequency of 433 MHz. 

Inductance and capacitance parameters are 82 nH and 2pF respectively. The response of the 

oscillator is shown in Figure 6.14 and Figure 6.15 

Figure 6.14 Transient response of the voltage control oscillator 
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Figure 6.15 Frequency response of the FSK transmitter with a proper frequency separation 
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CHAPTER 7  

CONCLUSION 

In this research, a design of ECG transmitter is developed and demonstrated. The 

microsystem is employed with various components which include the FSK transmitting coil. 

This FSK transmitting coil is used as an antenna for data transmission and filtering capacitor is 

also used which has resulted in miniature system architecture. But the penalty by employing 

those components is the system power dissipation and increase in silicon area.  

A low power ECG amplifier, 5-bit charge-redistribution analog-to-digital converter 

(ADC), control circuitry and a 433 MHz frequency shift keying (FSK) transmitter is designed 

and optimized in a 1.5 µm CMOS technology. The amplifier is designed and achieved a 

minimum signal level of 2 mV at a frequency of 100 Hz bandwidth which is obtained using a 

pair of stainless steel electrodes. This signal is acceptable to detect the peak of the ECG signal 

that is R wave of 2.5 mV. A 5-bit resolution is sufficient to accommodate a voltage up to a range 

of 500 mV input voltage. A conventional single-ended design with a 5-bit charge-redistribution 

ADC with a capacitor array resulted in a simple design with no complexity, smaller silicon area 

and low system power dissipation. A reliable data transmission is obtained with the FSK 

modulation scheme. A 433 MHz FSK transmitter is implemented using MOSFETS cross 

coupled configuration to form a complimentary circuit which in turn reduces the complexity in 

design. VCO architecture is employed with a high-Q inductor which is the inductor in the LC 

tank circuit and which acts as the transmitting antenna.  

The main purpose of this research is to design a wireless microsystem which will be 

useful for human-based ECG and health monitoring system. With the above specifications of the 
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system, this design can be considered as one of the low-cost, low power, and simple tool 

designed with a technology that can be fabricated and implemented in a biomedical systems.  
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