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Abstract 

 

This paper introduces a high-gain, low-noise band-pass filter system for 

detection/amplification of small signals. In addition, related theory and 

methodology are described for a specific design implementation. 

Simulation and experimental results are presented and discussed. The 

purpose of the implemented design was to construct a band-pass filter 

system with 102 dB gain and with an output noise level of less than 0.8V.  

The design of the high-gain band-pass filter system was achieved 

mainly with the help of Filter Pro, LTSpice IV, and Multisim 12. 

The thesis provides important support for the project Marker Locator 

and constitutes a valuable reference for future active filter system design 

and small signal detection/amplification. 

 

 

 

 

 

 

Keywords: high gain, band pass filter system, small signal 

detection/amplification, Filter Pro, LT-Spice-IV, Multisim 12, active filter 

system design 
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1 Introduction 
1.1 Background and problem motivation 

Nowadays, buried pipes/cables are widely used to provide electrical 

power, gas/petrol, telecom and water, etc. With the development and 

construction of city and countryside, the need to move buried 

pipes/cables is becoming more and more common. However, the 

landform has changed so that the original drawing cannot correctly 

reflect the depth and position of the buried pipe/cable. This causes 

problems in terms of the management of buried pipe/cable. Firstly, the 

buried pipe/cable can be damaged in the process of city construction if 

the workers do not know the position of the buried pipe/cable. This will 

directly affect ordinary people’s lives in a negative way, as shown in 

Figure1-1. Secondly, for new ongoing projects, it can be a simple, cheap 

and fast way to find the position of the buried pipe/cable.  

 

Figure1-1 Underground pipes damaged in city construction 

Since the 1970s, technology for the detection of buried pipes/cables has 

been improved, and some progress has been made in this field. A lot of 

detection methods and instrumentations have been invented. Figure 1-2 

shows the proportion of use of different designating methods for buried 

pipes/cables. Different solutions for buried pipes/cables detection was 

developed in countries like the USA, Germany, Russia, the UK and 

France several decades back. There are thousands of companies in the 
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world working on buried pipe/cable detection technology, most of 

which are using electromagnetic methods. Two leading companies 

among them are Radiodetection from the UK and 3M from the USA. For 

example, RD400PXL and RD432PDL from Radiodetection and the 

2250M/2273M series from 3M have a simple and good human-computer 

interface and are easy to use.  

  

Figure 1-2 Proportion of use of different designating methods [1] 

The main task of the project Marker Locator is to build a system using 

an electromagnetic induction principle to detect the marker installed on 

the buried pipe/cable. 

The locator system for markers used in buried installations of different 

pipes/cables underground has a huge market. To find the pipes/cables 

buried underground, various types of markers can be attached to, 

buried with, or otherwise associated with these assets or conduits [2]. 

The system consists of two parts: transmitter and receiver. The 

transmitter sends sinusoidal signals in a specific frequency and the 

receiver receives the corresponding induction signals according to 

electromagnetic induction and analyses the amplitude of the signal to 

confirm the position and depth of the marker underground, shown in 

Figure 1-3 [3]. 
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Figure 1-3 Marker locator system 

 

There are two pattern detection modes for the receiver: 

 One is the peak value pattern below:  

 

Figure 1-4 Peak value pattern 

 

The other is the valley value pattern below:  
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Figure 1-5 Valley value pattern 

In this project, the transmitter sends out sinusoidal signals in seven 

different selectable frequencies, which can be 66k, 70k, 82k, 101k, 129k, 

143k, 169k Hz. 

For the receiving part, the induction signal is quite small; it needs to be 

amplified by ten thousand times to meet the need of the A/D converter, 

and restricted to the bandwidth to satisfy the sampling theory and also 

to attenuate the noise.  

The task of this thesis is to build a signal amplifier/filter system for the 

marker locator according to Block Diagram 1-1 [4]. 

 

Block Diagram 1-1 The role of my project in the Marker Locator project 

 

 

 

Induction coil
Amplifier/fi lter 

System
A/D Converter
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1.2 Problem statement 

The task of the thesis is to design a filter system to amplify/detect the 

incoming signal of the marker locator so that:  

-The gain is as large as possible to get a long detection range 

-The noise is as small as possible to detect a very small signal 

The thesis focuses on the analogue circuit design of the high-gain filter 

system. The work covers designing a high-gain filter system circuit, 

soldering and testing.  

 

1.3 Scope 

The study focuses on the design and construction of a high-gain filter 

system. Relevant theory, methods and results of the filter design, 

simulation, testing and analysis will be presented. 

1.4 Outline 

Chapter 1 describes background information and introduces the main 

objective of this project. A brief description of the steps taken and work 

carried out will also be discussed. 

Chapter 2 describes the corresponding theory and related work 

involved in this project. It provides the theory of instrumentation 

amplifiers, active low-pass filters, active high-pass filters, and active 

band-pass filters as well as design methods associated with the models. 

Chapter 3 describes the methodology used in the project. 

Chapter 4 describes the implementation of the system. The circuits of 

the three parts: instrumentation amplifier, high-pass filter and band-

pass filter are designed separately, also including the single power 

supply design. After that, the completed circuit, noise calculation, PCB 

design and soldering board are presented. 

Chapter 5 presents the results of the simulation and the actual testing. 

There are also corresponding Bode graphs and analysis of the results. 

Chapter 6 discusses the design, measurements, applications, and ethical 

considerations as well as impact on society. 
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Chapter 7 presents conclusions and future work. The final conclusion 

and possible directions to improve in the future are discussed. 

1.5 Contributions 

The project is part of a larger project including two students, Sondey 

Onyedika and Han Zhang. 

This thesis covers the work by Han Zhang on the analogue part, where 

the main focus is on active filter design, while Sonday worked on digital 

implementation of the modulation of the signal.  
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2 Theory 
This chapter describes the theoretical background of the project relating 

to e.g. instrumentation amplifier, active low-pass filter, active high-pass 

filter and active band-pass filter.  

2.1 Instrumentation amplifier 

An instrumentation amplifier is a device used to amplify small signals 

in a noisy environment. It is an improved differential amplifier. An 

instrumentation amplifier has high input impedance coupled with high 

common-mode rejection ratio (CMRR), which is why it is the circuit of 

choice for many instrumentation and industrial applications (Figure 2-1) 

[5]. 

 

Figure 2-1 Common internal structure of an instrumentation amplifier 

 

2.2 Filter 

The filter are circuits that process the signal from a source before they 

deliver it to a load. This is shown as a block diagram in Figure 2-2 [6]. 
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Figure 2-2 Block diagram of a filter inserted between the signal source and load 

 

2.2.1 Fundamental knowledge   

There are two kinds of filters: digital filters and analogue filters. In 

addition, there are two types of analogue filters: passive filters and 

active filters.  

Passive filter  

A passive filter consists of passive components (L, R, C) using the 

characteristics of resistance, capacitance and inductance. The advantage 

of this circuit is that it is simple, has high reliability and does not need a 

power supply. The disadvantage is that there is a significant energy loss 

in the bandwidth and load effect. It may cause resonance when using 

inductors, and it has higher weight and volume when L is high. In the 

case of low frequency it does not work well. 

 

Active filter  

An active filter consists of passive components (R, C) and active 

components (such as op-amp). The advantage of this kind of filter is that 

there is no energy loss for the signal over the bandwidth and the signal 

can be amplified easily. The load effect is significantly less. It can be 

easily constructed with a high order filter using serial connection having 

fewer stages. Compared with passive filters it has less weight and 

volume and does not need magnetic shielding. The disadvantage is that 

there is a pass bandwidth limit due to op-amps used. DC power supply 

is required and limits the voltage range of the signal.  
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There are four types of active filters, they are shown below:  

1. Low-pass filter: 

This filter permits low frequency signals to pass, while attenuating high 

frequency signals. 

 

Figure 2-3 Ideal low-pass filter 

2. High-pass filter 

This filter permits high frequency signals to pass, while attenuating low 

frequency signals. 

 

Figure 2-4 Ideal high-pass filter 
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3. Band-pass filter 

This filter permits signals within the required range to pass and 

attenuates those outside of the range. 

 

Figure 2-5 Ideal band-pass filter 

4. Band-stop filter 

This filter attenuates the signal within the required range while 

permitting those outside to pass. 

 

Figure 2-6 Ideal band-stop filter 

 

A filter should ideally reject all signals out of its passband. However, 

this cannot be achieved in practice, and in most of cases signals are 

attenuated further away from the cut-off frequency. The shape of the 

attenuation close to the cut-off can be described in a number of ways, 

such as: Butterworth, Chebysheve, Bessel, Gaussian, and Linear-phase. 

The three most common filter response models, Butterworth, 

Chebysheve and Bessel, are discussed below. 

(A) Butterworth (most flat) 

This filter has the flattest possible passband magnitude response. 

Attenuation is –3 dB at the design cut-off frequency. Attenuation above 
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the cut-off frequency is a moderately steep, –20 dB per decade per pole. 

The pulse response of the Butterworth filter has moderate overshoot 

and ringing. It has good all-around performance. Its pulse response is 

better than Chebysheve, and its rate of attenuation is better than that of 

Bessel. [7] 

The transfer function for Butterworth is: 

 

                                                                                                                         (2.1) 

                                                                                                                               

  

(B) Chebysheve (most roll off speed) 

This filter has steeper attenuation above the cut-off frequency than 

Butterworth. The advantage occurs when amplitude variation in the 

pass band is reached. It is defined above the 0 dB gain dc response and 

the cut-off frequency is at 0 dB. It has considerable ringing in its pulse 

response compared with the Butterworth filter. [7] 

The transfer function for Chebysheve is: 

 

  (2.2) 

 

   

(C) Bessel (most flat delay) 

This filter has excellent pulse response due to its linear phase response. 

These filter types are often used in audio crossover systems. 

Analog Bessel filters are characterized by an almost constant group 

delay across the entire passband thus preserving the wave shape of 

filtered signals in the passband. For a given number of poles, its 
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magnitude response is not as flat, nor is its attenuation beyond the –3 dB 

cut-off frequency as steep as the Butterworth [7]. 

 

As discussed above, the Butterworth bode graph shows most flat, the 

Chebysheve most fast roll speed and Bessel most flat delay. Below is a 

Bode graph of a low-pass filter, which shows the characteristics of these 

three models: 

 

Figure 2-7 Response graph for Butterworth, Chebysheve and Bessel in low-pass 

filter [7] 

2.2.2 Active low-pass filter 

A low-pass filter is a filter that passes signals below the cut-off 

frequency and attenuates signals above the cut-off frequency. 

The passband of an ideal low-pass filter is called BW, which is equal to 

the cut-off frequency FC. 

A low-pass RC filter that includes one op-amp is called active low-pass 

filter. This can be a combination as below: 
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Figure 2-8 First-order low-pass filter 

There are some important parameters in a low-pass filter. One is the cut-

off frequency Fc which meets the law Fc=1/2πRC 

This combination provides a roll off of 20 dB/decade above the cut-off 

frequency. 

And the gain meets the equation: 

𝑨𝒄𝒍(𝑵𝑰) =
𝑹𝟏

𝑹𝟐

+ 𝟏                                                              (𝟐.𝟑) 

This is called first-order low-pass filter. In order to get more roll off 

speed, another order can be added as shown below: 

 

Figure 2-9 Second-order Sallen-key low-pass filter 
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This is called a second-order Sallen-key low-pass filter. A common 

structure used here is called Sallen-key. It is a structure normally used in 

the second-order active filter. It is also known as voltage-controlled 

voltage-source (VCVS) filter topology. 

There are two RC circuits that provide the 40 dBdecade roll-off above 

the cut-off frequency. The first RC circuit includes R1 and C2, the second 

RC circuits includes R2 and C1. 

The general transfer function of a low-pass filter is: 

                                A(s)=
𝑨𝟎

∏ (𝟏+𝒂𝒊𝒔+𝒃𝒊𝒔𝟐)𝒊

                                                       (𝟐. 𝟒)                                                                                           

Ai and bi are coefficients for different kinds of filter responses (such as 

Butterworth, Bessel, Chebysheve). 

The transfer function of Figure 2-9 is: 

𝑨(𝒔) =
𝑨𝟎

𝟏 + 𝝎𝒄[𝑪𝟏(𝑹𝟏 + 𝑹𝟐) + (𝟏 − 𝑨𝟎)𝑹𝟏𝑪𝟐]𝒔 + 𝝎𝒄
𝟐𝑹𝟏𝑹𝟐𝑪𝟏𝑪𝟐𝒔𝟐

   (𝟐.𝟓) 

 

   𝑹𝟏,𝟐 =
𝒂𝟏𝑪𝟐 ∓ √𝒂𝟏

𝟐𝑪𝟐
𝟐 − 𝟒𝒃𝟏𝑪𝟏𝑪𝟐

𝟒𝝅𝒇𝒄𝑪𝟏𝑪𝟐

                                                             (𝟐. 𝟔) 

 

 

The necessary requirement to make the equation meaningful is: 

       𝑪𝟐 ≥ 𝑪𝟏

𝟒𝒃𝟏

𝒂𝟏
𝟐

                                                                                            (𝟐.𝟕) 
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Table 2-1 Second-order filter coefficients [8] 

 

2.2.3 Active high-pass filter 

A high-pass filter is a filter that passes the signal above the cut-off 

frequency and attenuates the signal below the cut-off frequency. 

 

A high-pass RC filter that includes one op-amp is called active high-pass 

filter. This combination is shown below: 

 

Figure 2-10 First-order high-pass filter 

One of the key parameters in a low-pass filter is the cut-off frequency Fc, 

which meets the law Fc=1/2πRC 

This combination provides a roll-off of 20 dB/decade below the cut-off 

frequency. 

And the gain meets the equation:  

𝑨𝒄𝒍(𝑵𝑰) =
𝑹𝟏

𝑹𝟐

+ 𝟏                                                              (𝟐.𝟖) 
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This is called first-order high-pass filter, and in order to get more roll-off 

speed, it can be added to another order as shown below: 

 

Figure 2-11 Second-order Sallen-key high-pass filter 

 

This is called a second-order Sallen-key high-pass filter, and it was 

described above in section 2.2.2. 

There are two RC circuits that provide the 40 dB/decade roll-off above 

the cut-off frequency. The first RC circuit includes R1 and C2, the second 

RC circuit includes R2 and C1. 

 

The general transfer function of a high-pass filter is: 

 

A(s)=
𝑨∞

∏ (𝟏 +
𝒂𝒊

𝒔 +
𝒃𝒊

𝒔𝟐)
𝒊

                                                       (𝟐.𝟗) 

 

The transfer function of Figure 2-11 is:  



Design of a high gain filter system 

for Marker Locator 

Han Zhang 

2 Theory 

2015-05-20 

 

17 

𝑨(𝒔) =
𝜶

𝟏 +
𝑹𝟐(𝑪𝟏+𝑪𝟐) + 𝑹𝟏𝑪𝟐(𝟏 − 𝜶)

𝝎𝑹𝟏𝑹𝟐𝑪𝟏𝑪𝟐
∙
𝟏
𝒔

+
𝟏

𝝎𝟐𝑹𝟏𝑹𝟐𝑪𝟏𝑪𝟐
∙

𝟏
𝒔𝟐

       (𝟐.𝟏𝟎) 

𝜶 = 𝟏 +
𝑹𝟒

𝑹𝟑

                                                     (𝟐.𝟏𝟏) 

After calculation, R1 and R2 can be calculated: 

𝑹𝟏 =
𝟏

𝝅𝒇𝒄𝑪𝒂𝟏

                                                 (𝟐.𝟏𝟐) 

𝑹𝟐 =
𝒂𝟏

𝟒𝝅𝒇𝒄𝑪𝒃𝟏

                                              (𝟐.𝟏𝟑) 

 

2.2.4 Active band-pass filter 

A band-pass filter is a filter that passes a signal between the lower cut-

off frequency and higher cut-off frequency and attenuates the signal out 

of this bandwidth. 

Characteristics of a high-pass filter and band-pass filter have been 

discussed in pervious chapters. A band-pass filter consists of high-pass 

filter and low-pass filter. It consists of a second-order high-pass filter 

(see section 2.2.2) and a second-order low-pass filter (see section 2.2.3) as 

shown in Figure 2-12. 

 

Figure 2-12 Fourth-order band-pass filter [9] 

The Bode graph will be as follows: 
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Figure 2-13 Response of fourth-order band-pass filter [9] 

The general transfer function for a second-order band-pass filter is: 

𝑨(𝒔) =
𝑨𝟎 ∙ ∆𝛀 ∙ 𝒔

𝟏 + ∆𝛀 ∙ 𝒔 + 𝒔𝟐
                                (𝟐.𝟏𝟒) 

  

The following is another example model of second-order Sallen-key 

band-pass filter: 

 

Figure 2-14 Second-order Sallen-key band-pass filter [8] 

 

It has the below transfer function and characters: 

𝑨(𝒔) =
𝑮 ∙ 𝑹𝑪𝝎𝒎 ∙ 𝒔

𝟏 + 𝑹𝑪𝝎𝒎(𝟑 − 𝑮) ∙ 𝒔 + 𝑹𝟐𝑪𝟐𝝎𝟐 ∙ 𝒔𝟐
                                  (𝟐.𝟏𝟓) 
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𝒎𝒊𝒅 − 𝒇𝒓𝒆𝒒𝒖𝒆𝒏𝒄𝒚:          𝒇𝒎 =
𝟏

𝟐𝝅𝑹𝑪
                                                              (𝟐. 𝟏𝟔)  

𝒊𝒏𝒏𝒆𝒓 𝒈𝒊𝒂𝒏:                       𝑮 = 𝟏 +
𝑹𝟐

𝑹𝟏
                                                              (𝟐.𝟏𝟕)                                                                                                                                                           

𝒈𝒂𝒊𝒏 𝒂𝒕 𝒇𝒎:                     𝑨𝒎 =
𝑮

𝟑 − 𝑮
                                                              (𝟐.𝟏𝟖) 

𝒇𝒊𝒍𝒕𝒆𝒓 𝒒𝒖𝒂𝒍𝒊𝒕𝒚:               𝑸 =
𝟏

𝟑−𝑮
                                                                     (𝟐.𝟏𝟗)   

                                                                                                                          

Another important parameter describing the filter is called quality factor 

(Q). The higher the Q, the narrower and ‘sharper’ the peak for the Bode 

graph.    

For the band-pass filter, Q is defined as the ratio of middle frequency 

Fm to the bandwidth at two -3 dB points. 

𝑸 =
𝒇𝒎

(𝒇𝟐 − 𝒇𝟏)
                                                   (𝟐.𝟐𝟎) 

For high/low-pass filter, Q is the pole quality, which is defined as 

𝑸 =
√𝒃𝒊

𝒂𝒊

                                                            (𝟐.𝟐𝟏) 

 

Note: When G=3, Q will be infinite and the system will be unstable. 
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3 Methodology 
The aim of this project is to build a filter system with high gain and low 

noise level to detect/amplify a very small signal and to meet the 

requirements (anti-aliasing filtering and noise attenuating) of an A/D 

converter stage for further analysis. The smallest signal that can be 

detected is determined by the output noise level. The lower the noise 

level the smaller the signal that can be detected. So the signal 

amplification is determined by output noise level. 

To achieve the project requirement, the work is divided into the 

following three main steps: 

 

Block Diagram 3-1 The steps of the project 

The first step is the circuit design, which is achieved by using the 

information in Chapter 2 with the help of a special software (Filter Pro) 

for filter design. Next, the circuit is verified using simulation software 

(LTSpice). The second step is PCB design and soldering. The PCB board 

is designed using the special software EasyPC, and the board is soldered 

later. The third step is testing. A function generator generates a signal 

and the output cable is connected to the oscilloscope. The result will be 

shown and recorded. 

The following three sections describe the step by step working of the 

design methodology. The circuit design includes designing the structure 

of the circuit, the PCB design and soldering includes the software 

involved (Filter Pro and LTSpice IV),  and the testing includes the 

instrumentations used in the hardware testing.  

3.1 Circuit design  

The first step is to design the circuit theoretically, which was described 

in Chapter 2. This is done with the help of Filter Pro. In order to build a 

high-gain filter system, instrumentation amplifier and active filters are 

used. 

Circuit  
design

PCB design 
and 

soldering 
Testing 
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Usually, the instrumentation amplifier will be combined with a band-

pass filter. This kind of system is often used to detect/amplify small 

signals, as shown in Figure 3-1: 

 

Figure 3-1 Signal detection/amplifying system [10] 

Secondly, components have to be selected, which means to choose the 

suitable IC and gain for the instrumentation amplifier and active filters. 

After that, the design is simulated by LTSpice IV. Each stage will be 

designed and simulated separately.  

Finally, the stages discussed above are combined together to get a 

complete filter system. The block diagram below shows the different 

stages. 

 

Block Diagram 3-2 The circuit stages 

The instrumentation amplifier is used to amplify the incoming signal 

with low noise introduced. A common instrumentation amplifier uses a 

structure that consists of three op-amps (two buffers and one subtractor). 

The two buffers amplify the signal voltage and the subtractor attenuates 

common mode voltage. The design criteria to determine for this stage is 

the IC type, amplification and cut-off frequency. 

The high-pass filter is used to reject the low-frequency signal (also to 

reduce the 1/f noise and voltage noise) while at the same time 

amplifying the signal further. It is also used to separate the DC bias level 

Instrumentation  
amplifier

High-pass filter Band-pass filter 
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of the circuit that would otherwise be amplified to exceed the supply 

voltage of the system. The design criteria to determine for this stage is 

the IC type, amplification and cut-off frequency. 

The band-pass filter is used to meet the requirement of system 

frequency (center frequency, cut-off frequency and bandwidth). The 

design criteria to determine for this stage is the IC type and frequency 

parameters. 

In order to use this filter system in a portable environment, a battery is 

used for power. So, the single power supply technology is used for the 

power supply of the circuit. The design criteria to determine for this 

stage is the IC type and single power supply voltage. 

Finally, these stages have to be combined and simulated on software to 

verify the final completed circuit. 

3.2 PCB design and soldering 

In this step Easy PCD is used to get a PCB design. It is a 75 mm x 25 mm 

rectangle board. This part is been done by Mohammad Hossain. Next, 

the components will be soldered on the PCB board in the soldering lab. 

3.3 Testing 

In this step, the board is tested with instrumentations, including DC 

power supply, function generator, oscilloscope and voltage/current 

meter. Each of the components are tested separately, from 

instrumentation amplifier to high-pass filter and then to band-pass filter. 

After this, a final testing should be done. In addition the input is short-

circuited to get the noise level of the system. 
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4 Implementation 
This chapter describes the design goals to be implemented. The project 

implementation is divided into sections. Using the methods discussed in 

Chapter 3, the circuit design can be divided into three parts. The first 

part is the instrumentation amplifier circuit, followed by the high-pass 

filter circuit, and finally the third part is the band-pass filter circuit. The 

single power supply design is also included. A complete circuit is 

presented and the PCB design circuit and completed board are 

presented at the end of this chapter. The noise calculation of the system 

is also included. 

4.1 Design index 

The detection voltage is small sinusoidal signals whose amplitude varies 

from several tens of uV to several hundreds of uV, and the frequency 

varies from 66k to 169k. The noise consists of circuit noise in a full 

frequency range. The smallest signal that can be detected is determined 

by the output noise level. In order to decrease the circuit noise, selecting 

a low noise instrumentation amplifier IC is important. Based on the 

calculation result in section 4.7, the noise density for AD8429 is 

7.57nV√𝐻𝑧. As the instrumentation amplifier is the main factor for the 

circuit noise, considering the later stages, the whole noise density for the 

system is ≦ 2*7.57nV√𝐻𝑧. The noise bandwidth is somewhat larger 

than the filter bandwidth and calculated to be Fn=(π/2)BW [11]. The 

requirement for the maximum system noise level is set to 0.8V, which 

would be much less than the voltage range detectable for the AD 

converter. So the system gain=
𝑉𝑛𝑜𝑖𝑠𝑒

𝑁𝑜𝑖𝑠𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 =

0.8𝑉

2∗7.57𝑛𝑉√(𝜋/2)∗103𝑘𝐻𝑧
= 102 dB, 

which means that a 20uV p-p signal can be amplified to a 3 p-pV signal. 

This is a suitable voltage for the A/D converter for further analysis.  

The amplifying step will also amplify the noise, and in order to 

attenuate the noise, a filter has to be built. For the A/D converter an anti-

aliasing filter is required. Based on the above criteria, the band-pass 

filter chosen is shown below. 
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Figure 4-1 Design index for the project 

According to relevant theory in Chapter 2 and methodology in Chapter3, 

the system block designed is shown below: 

 

Block Diagram 4-1 Design flow 

The instrumentation amplifier is used to amplify the incoming signal by 

500 and is limited by the amplifier at the frequency range of interest. 

The high-pass filter is used to reject signals below 20 kHz (and also 

reduce the 1/f noise and voltage noise) while at the same time 

amplifying the signal further by 300. It also works as DC block for the 

circuit. 

The band-pass filter is used to set center frequency to (66+169)/2 = 117 

kHz, and restricts the pass bandwidth to 103 kHz (from 66 to 169 kHz) 

to meet the maximum requirement of system frequency and noise 

restrain. 

 

Insturmentaion  amplifer

•Gain of 500 times

High-pass filter

•Gain of 300 times,

• cut off freqeucy 20 kHz

Band-pass filter

•Gain of 1 time

• Center frequency 117 
kHz,

• Passbandwidith103 kHz

Passband gain =102dB, 

Center frequency:117kHz 

Passband width:103kHz. 

Cut off frequency: 

66 kHz, 169 kHz 

Passband ripple:1 dB. 
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4.2 Instrumentation amplifier 

The first stage consists of designing an instrumentation amplifier circuit 

for the system. 

The instrumentation amplifier can amplify the incoming signal by a 

high gain with a low noise introduced. The instrumentation amplifier 

has a high CMRR (common-mode rejection-ratio) and SNR (signal to 

noise ratio), with this device, the signal can easily be amplified and the 

gain can easily be set by changing one resistor Rg. 

Having searched the products on the market, the AD8429 has been 

selected because of the following advantages: 

Low noise (45 nV/√Hz output noise), high accuracy, DC performance, 

excellent AC specifications, gain from 1 to 10,000 by setting single 

resistor Rg. The electrical specifications can be found below (Appendix 

B) [12]. 

 

Table 4-1 Electrical specifications for AD8429 

The top view is shown below: 

 

Figure 4-2 Top view of AD8429 

AD8429
Input noise 1 nV/√Hz input noise
Output noise 45 nV/√Hz output noise
DC performance 90 dB CMRR minimum (G = 1)
Input offest voltage 50 μV maximum 
AC performance 80 dB CMRR to 5 kHz (G = 1)
AC Bandwidth 1.2 MHz bandwidth (G = 100)
Slew rate 22 V/μs
THD −130 dBc (1 kHz, G = 1)
Power supply ±4 V to ±18 V dual supply
Gain 1 to 10,000
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As Figure 4-2 shows, pin 1 and pin 4 is for differential input, two pin Rg 

is for gain setting resistor, pin 8 and pin 5 is for power supply, pin  6 is 

for reference voltage and pin 7 is for output signal. 

As designed in section 4.1, the gain of the instrumentation amplifier part 

is 500 times, and the function for setting the gain is found in the 

datasheet of AD8429 seen below: 

 

                                                                                                                         (4.1) 

 

After calculation, Rg equals to 12 Ω. 

The circuit needs a bias voltage and current to make the instrumentation 

amplifier work properly. Normally, this voltage is half of the power 

voltage. As the power is 12V, 6 V is chosen as bias voltage and a resistor 

100k Ω is chosen to provide the bias current. 

To protect the amplifier from large differential voltage at high gain, an 

external resistor is used in series with each input to limit current during 

overload conditions. The limiting resistor at each input can be computed 

by using the following equation [12]: 

 

Figure 4-3 Protection circuit of AD8429 

 

                                                                                                                         (4.2) 
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After calculation, the Rprotect equals to 1.6kΩ. 

The complete circuit of the instrumentation amplifier is shown below: 

 

 
 

Figure 4-4 Instrumentation amplifier circuit design 

 

Components table: 

  Instrumentation Amplifier AD8429 

P
aram

eter 

 

Gain=500(54dB) 

C
o

m
p

o
n

en
t 

 

  R3=12 Ω ,R1=1.6kΩ, R2=1.6kΩ R4=100kΩ 

     

Table 4-2 Components table for the 1st stage circuit  

 

The simulation verifies the design requirements and purpose. 
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4.3 High-pass filter 
 

The second stage consists of designing a high-pass filter circuit for the 

system.  

The high-pass filter can reject the low frequency signal, reduce the 1/f 

noise and voltage noise and amplify the signal further. It can also block 

the DC voltage from the instrumentation amplifier. 

 

Having searched the products on the market, LMH6643 is selected 

because of the following advantages: large BW (130MHz@Acl), high 

slew rate (135 V/us), low distortion (-61 dBc). The electrical 

specifications is can be found below [13] [Appendix C]: 

 

Table 4-3 Electrical specifications of LMH6643 

The top view is shown below: 
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Figure 4-5 Top view of LMH6643 

The figure above shows that there are two op-amps in the IC. By giving 

power supply to pin 8 and pin 4 and with input signal in corresponding 

pins, these two op-amps can work properly. 

The R and C of the high-pass filter follows the function Fc=
1

2 𝜋𝑅𝐶
  after 

calculation C=800p and R=10k. 

The gain is set with the formula: 

𝑨𝒄𝒍(𝑵𝑰) =
𝑹𝟏

𝑹𝟐

+ 𝟏                                                              (𝟒.𝟑) 

 

After calculation R1=10k and R2=33. 

A resistor R3=13k is chosen to reduce the effect of the amplifier current 

while not changing the gain. 

The complete circuit of the high-pass filter can be seen below. 
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Figure 4-6 High-pass filter circuit design 

 

Components table: 

  High Pass filter LMH6643 

P
aram

eter 

Gain=300(49dB) 

Cut of frequency Fc=20kHz 

C
o

m
p

o
n

en
t 

 

  R1=10kΩ,R2=33Ω,R3=13kΩ, 

R4=10kΩ,C1=800pF 

     

Table 4-4 Components table for the 2nd stage circuit 

 

The simulation verifies the design requirements and purpose. 
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4.4 Band-pass filter 

The third stage consists of designing a band-pass filter circuit for the 

system. 

The band-pass filter is used to reach the frequency requirement of the 

project. As described before, the center frequency is 117k and the cut-off 

frequency is 66 kHz and 169 kHz. The gain is 1 time. 

Two circuit structures can be chosen for band-pass filter; MFB (multiply 

band-pass filter) topology and Sallen-key topology. 

The MFB topology is commonly used in filters that have high Qs and 

require a high gain. The Sallen-key topology is usually applied in filter 

design with high gain accuracy, unity gain, and low Qs (Q < 3). Both of 

the circuit modes are designed separately. 

The MFB topology is illustrated in Figure 4-7 and behaves according to 

the following equations.  

    

The transfer function is given in Equation 4.4 and formulas for Q, 

resistors and center frequency f0 are given separately as follows: 

 

 

 

Figure 4-7 MFB model for the band-pass filter design 
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The transfer function for the filter 

 

                                                                                      (4.4) 

 

 

IF 0W , 0VA （﹥0）and Q is given, due to 0 02W f ，then 

1 2
0

1 2 1 2 3

1

2

R R
f

C C R R R


                                       (4.5) 

IF 1C = 2C = C , then 

3
1

02 V

R
R

A
                                                           (4.6) 

3
2 2

02(2 )V

R
R

Q A



                                            (4.7) 

3

0

Q
R

f C
                                                         (4.8) 

IF 2R （open circuit ），then 

0

1 3

1 1

2
f

C R R
                                                (4.9) 

22VOA Q                                                            (4.10) 

According to Equation 4.9 and Equation 4.10, the parameters in Figure 

4-7 can be calculated. 

The filter is designed using Filter Pro with the following specification 

and results: 

Design Name: Bandpass, Multiple Feedback, Chebyshev 1 dB  

Part: Ideal Op-amp 
Order: 2 

Stages: 1  
Gain: 1 V/V (0 dB)  

Allowable PassBand Ripple: 1 dB  
Center Frequency: 117 kHz  

Corner Frequency Attenuation: 0 dB  

Passband Bandwidth: 103 kHz 

2

0

02

0

0

W
Q

W
S

S
Q

W

AA
VV
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Figure 4-8 MFB model circuit 

The components table: 

  Bandpass filter LMH6643 

 P
aram

eter 

Gain=1,Type: Chebyshev 

Passband width 103kHz, Q=1.136 

 C
o

m
p

o
n

en
t 

 

  R1=14.45kΩ, R2=9.78kΩ, R3=30.9kΩ, 

C1=100nF, C2=100nF    

Table 4-5 Components table for the 3rd stage circuit for MFB 
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The Bode graph is shown in Figure 4-9: 

 

Figure 4-9 Bode graph for MFB 

 

The Sallen-key/VCVS (voltage controlled band-pass filter) topology is 

illustrated in Figure 4-10 and behaves according to the following 

equations. 

 

The transfer function is given in Equation 4.12 and the formula for the 

cut-off frequency is given in Equation 4.16 and Equation 4.17. The 

formula for bandwidth is given in Equation 4.18. 

 

 

Figure 4-10 Sallen-key model for band-pass filter design 
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The scale coefficient for the transfer function is by the following formula:  

                                                         (4.11) 

 

When C1=C2=C，then transfer function for the circuit is: 

 

                                                          (4.12) 

 

Set center frequency ，then the voltage gain is: 

 

                                                          (4.13) 

 

               

When f=f0，then passband voltage gain is: 

 

                                                                                                                    (4.14) 

 

Set（4.13）denominator |√2|，that is imaginary part of denominator 

for（4.13）is 1, then the simpler formula becomes:  

 

                                                                                                                    (4.15) 

 

By solving the equation，then lower-cut-off frequency fp1 and higher 

cut-off frequency fp2 are: 

 

                                                           (4.16) 

 

 

                                                           (4.17)  

 
So, the bandwidth is: 

 

 

                                                          (4.18) 
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Equation 4.18 has shown the relationship between center frequency, 

bandwidth and Q. So Sallen-key has always been used with low Q (Q<3).  

The filter is designed using Filter Pro with the following specification 

and results: 

Design Name: Bandpass, Sallen-Key, Chebyshev 1 dB  

Part: Ideal Op-amp 
Order: 2 

Stages: 1  
Gain: 1 V/V (0 dB)  

Allowable Passband Ripple: 1 dB  
Center Frequency: 117 kHz  

Corner Frequency Attenuation: 0 dB  
Passband Bandwidth: 103 kHz 

 

 

Figure 4-11 Sallen-key model circuit 
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The components table: 

 

  Band-pass filter LMH6643 

P
aram

eter 

Gain=1, Type: Chebyshev 

Passband width 103 kHz, Q=1.136 

C
o

m
p

o
n

en
t 

 R1=4.64kΩ, R2=1.36kΩ, R3=1.93kΩ, 

C1=1nF, C2=1nF     

Table 4-6 Components table for the 3rd stage circuit for Sallen-key 

 

The Bode graph is shown in Figure 4-12: 

 

Figure 4-12 Bode graph for Sallen-key model 

Compared with Figure 4-9, the Sallen-key model has been found to have 

better performance in a unity gain and low Q (<3) environment. So, the 

Sallen-key model was chosen in the end. The complete circuit for the 

band-pass filter is shown below:  
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Figure 4-13 Sallen-key band-pass filter circuit 

 The simulation verifies the design requirements and purpose. 

 

 

 

4.5 Power supply  

 

In order to use this filter system in a portable environment, a battery is 

used for power. The single power supply technology is used for the 

circuit to provide reference voltages for the different stages of the circuit.  

Having searched the products on the market, the LM358 was selected 

because of the following advantages: wide supply ranges (3V to 32V), 

low supply-current drain (0.7mA Typ), high CMRR (65dB), low slew 

rate (0.3 V/μs), wide unity gain bandwidth (0.7MHz), low input bias and 

offset parameters. 
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The top view can be seen below: 

 

Figure 4-14 Top view of LM358 

As the figure shows, there are two op-amps in the IC that can provide 

two different power voltages without interference. 

The reference voltage circuit is shown below: 

 

Figure 4-15 Reference voltage circuit design  

 The simulation verifies the design requirements and purpose. 
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4.6 The whole system circuit 

By combining the stages above, we get the complete system circuit 

shown below:  

 

Figure 4-16 Final circuit 

 

The simulation verifies the design requirements and purpose. The 

components list can be found in Appendix D. 

4.7 Noise calculation  

The noise from the instrumentation amplifier, which is the main source 

of the circuit noise, is calculated. The calculation is based on the AD8429 

datasheet [12]. 

The noise from an instrumentation amplifier consists of source 

resistance noise, current noise and voltage noise.    

Noisetota=√𝑠𝑜𝑢𝑟𝑐𝑒 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑛𝑜𝑖𝑠𝑒2 + 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑛𝑜𝑖𝑠𝑒2 + 𝑐𝑢𝑟𝑟𝑒𝑛𝑡 𝑛𝑜𝑖𝑠𝑒2 

1: Source resistance noise 

This noise is proportional to the square root of the resistor value. At 

room temperature the value is approximately equal to 4 nV/√Hz × √  

(resistor value in kΩ). 
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Figure 5-17 Source resistance from sensor and protection resistors 

Here, the combined sensor and protection resistance is 1.6 kΩ on the 

positive input and 1.6 kΩ on the negative input. The total noise from the 

input resistance is 

S noise=√(4 ∗ √1.6)2 + (4 ∗ √1.6)2  =7.156nV√𝐻𝑧 

2: Voltage noise of the instrumentation amplifier 

The voltage noise of the instrumentation amplifier is calculated 

using three parameters: the device input noise, output noise,  

and the RG resistor noise. It is calculated as follows: 

V Noise=√(Output noise/G)2 + (Input noise)2 + (Noise of Rg resistor)2 

=√(45/500)2 + 12+(4 ∗ 0.012)2  =1n V√𝐻𝑧 

3: Current noise of the instrumentation amplifier 

Current noise is calculated by multiplying the source resistance 

by the current noise. 

C noise=√(1.6 ∗ 1)2 + (1.6 ∗ 1)2  =2.26n V√𝐻𝑧 

In total:  

√𝑆𝑛𝑜𝑖𝑠𝑒2 + 𝑉𝑛𝑜𝑖𝑠𝑒2 + 𝐶𝑛𝑜𝑖𝑠𝑒2==√(7.156)2 + (1)2 + (2.26)2 =7.57nV√𝐻𝑧 

For the circuit output when the filter bandwidth is 103 kHz: 

(7.57n*√(𝜋

2
) ∗ 103𝑘  )*500*300=0.4V 
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4.8 PCB design and soldering 

 

The PCB is designed in Easy-PC. The following figures show the top 

view and the bottom view of the PCB in the Easy-PC router. It is a 75 

mm x 25 mm rectangle board. 

 

Figure 4-18 Top view of PCB 

 

Figure 4-19 Bottom view of PCB 

This PCB design has been done separately and the soldered board is 

shown below: 
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Figure 4-20 Completed board 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



Design of a high gain filter system 

for Marker Locator 

Han Zhang 

5 Results 

2015-05-20 

 

44 

5 Results 
This chapter shows the simulated and actual results achieved by the 

constructed device. Section 5.1 shows the simulation results for different 

parts of the system: instrumentation amplifier, high-pass filter, band-

pass filter, system output. Section 5.2 shows the actual results for the 

same parts and also noise level. The analysis of the results is also 

discussed. 

5.1 Simulation result 

5.1.1 Instrumentation amplifier 

According to the simulation, the design works as expected and in the 

same manner as described in the previous chapters. The highest gain is 

54 dB (500 times) and the bandwidth is 1 MHz, which is shown in 

Figure 5-1. 

 

Figure 5-1 Bode graph of instrumentation amplifier 

The output signal wave is a 5Vp-p sine wave, which is shown in Figure 

5-2 (when the input is 10mV, 100k sine wave). The amplification is 
6𝑉

12𝑚𝑉
=54 dB and this is what the design aimed to achieve.  
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Figure 5-2 Output signal wave when input is 10mV, 100 kHz sine signal 

5.1.2 High-pass filter 

According to the simulation, the design works as expected and in the 

same manner as described in the previous chapters. The highest gain is 

49 dB and cut-off frequency 20 kHz, shown in Figure 5-3. The upper 

low-pass action has shown related to the upper cut-off frequency of the 

operational amplifier. 

 

Figure 5-3 Bode graph of high-pass filter 

The output signal wave is 5.8Vp-p sine wave, shown in Figure 5-4 

(when the input is 20mVp-p, 40 kHz sine wave). The amplification is 
5.8𝑉

20𝑚𝑉
=275 times or 49 dB and this is what the design aimed to achieve.  
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Figure 5-4 Output signal wave when the input is 20mV, 40 kHz sine signal 

5.1.3 Band-pass filter 

According to the simulation, the design works as expected and in the 

same manner as described in the previous chapters. The highest gain is 

0 dB and the cut-off frequency is 66 kHz and 169 kHz, bandwidth 103 

kHz, center frequency 117 kHz, Q=
𝑓0

𝐵𝑊
=

117𝑘𝐻𝑧

103𝑘𝐻𝑧
=1.136. This is shown in 

Figure 5-5: 

 

Figure 5-5 Bode graph of band-pass filter 

The output signal wave is 1Vp-p sine save, shown in Figure 5-6 (when 

the input is Vp-p, 130 kHz sine wave) and this is what the design aimed 

to achieve. 
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Figure 5-6 Output signal wave when the input is 1V, 130 kHz sine signal 

5.1.4 System output 

The above described parts are then combined into a complete system 

and simulated. According to the simulation, the design works as 

expected and in the same manner as described in the previous chapters. 

The highest gain is 102 dB and cut-off frequency is 66 kHz and 169 kHz. 

The center frequency is 117 kHz, bandwidth is 103 kHz and quality 

factor Q=
𝑓0

𝐵𝑊
=

117𝑘𝐻𝑧

103𝑘𝐻𝑧
=1.136, shown in Figure 5-7. 

 

Figure 5-7 Bode graph of system output 

The output signal is 2.7Vp-p sine wave, shown in Figure 5-8 (when 

input is 20uVp-p, 100 kHz sine wave). The amplification is 
2.7𝑉

20𝑢𝑉
=1350000 (102 dB) and this is what the design aimed to achieve. 
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Figure 5-8 Output signal wave when the input is 20uV, 100 kHz sine signal 

5.2 Testing result 

To get the actual output, the instrumentations are used to test DC power, 

function generator, oscilloscope and voltage/current meter. 

The input of the board is connected to the function generator, which will 

give sine signals, and the output is connected to the oscilloscope, which 

will show the output signal on the screen. The DC power is used to 

power the board and voltage/current meter is used to measure the DC 

voltage of the board. Figure 5-9 shows the experiment environment.  

 

Figure 5-9 Experiment environment 

Because of the function generator the smallest output voltage is 20mV, 

this signal is too big to test, so a 1/1000 voltage divider is designed to get 

a smaller signal source (smallest 20uV). The circuit is shown in Figure 5-

10.  
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Figure 5-10 Circuit for voltage divider used in the experiment 

 

5.2.1 Instrumentation amplifier  

The testing shows that the instrumentation amplifier works as expected 

with a gain of 54 dB.  

 

Figure 5-11 Output signal wave of the instrumentation amplifier 

Figure 5-11 shows that the output signal is a sine wave with 5.16V p-p 

(when the input is sine signal with 10mV p-p and frequency 100 kHz). 

The amplification is 
5 .16𝑉

10𝑚𝑉
= 54 dB. This is basically the same as the 

simulation (Figure 5-1). 

 

5.2.2 High-pass filter  

The testing shows that the high-pass filter works as expected with a gain 

of 47 dB, and a deviation 2 dB less than the simulation.  
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Figure 5-12 Output signal wave of the high-pass filter 

Figure 5-12 shows that the output signal is a sine wave with 4.52V p-p 

(when input is sine wave 20mV p-p and frequency 40 kHz). The 

amplification is 
4.52𝑉

20𝑚𝑉
=47 dB. This is basically the same as the simulation 

(Figure 5-4). 

The below table shows the output voltages of the different frequencies. 

 

 

Table 5-1 Testing result of the high-pass filter when the input is 20mV 

Using the data from Table 5-1, the Bode graph can be drawn as shown 

below: 

Frequency(kHz) Voltage(V) Gain(dB)
5 1.34 36.5

10 2.56 42.1
20 3.76 45.5
30 4.36 46.8
40 4.52 47.2
50 4.52 47.2

100 4.52 47.2
200 4.18 46.4
300 3.86 45.7
400 3.36 44.5
500 3.06 43.7
600 2.61 42.3
700 2.32 41.3
800 2.14 40.6
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Figure 5-13 Bode graph for high-pass filter 

Based on Figure 5-13 it can be concluded that it is a high-pass filter with 

a cut-off frequency of about 20 kHz and highest gain at about 47 dB. 

Comparing it with the simulation (Figure 5-3), the high-pass filter meets 

the design requirement. There is a decrease trend after 200 kHz. This is 

due to the op-amp having internal RC circuits that limits the amplifier’s 

response at high frequencies. 

5.2.3 Band-pass filter 

The testing shows that the band-pass filter works as expected with a 

gain of 2 dB, and a deviation of 2 dB more than the simulation. The 

center frequency is 100 kHz with cut-off frequencies 50 and 180 kHz. 

The deviation is due to the tolerance of capacitors and resistors. 

 

Figure 5-14 Output signal wave of band-pass filter 
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Figure 5-14 shows that the output signal is a sine wave with 1.04Vp-p 

when the input is 1V, 130 kHz sine wave. The amplification is 
1.04𝑉

1𝑉
=

0 𝑑𝐵. This is in agreement with the simulation (Figure 5-6). 

The below table shows output voltages of the different frequencies: 

 

Table 5-2 Testing result of the band-pass filter when the input is 1V 

Using the data from Table 5-2, the Bode graph can be drawn as shown 

below: 

 

Figure 5-15 Bode graph for band-pass filter 

Frequency(kHz) Voltage(V) Gain(dB)
30 0.52 -5.7
40 0.84 -1.5
50 1.12 0.98
60 1.18 1.4
70 1.24 1.9
80 1.28 2.1
90 1.3 2.3

100 1.3 2.3
110 1.26 2
120 1.22 1.7
130 1.04 0.34
140 1 0
150 0.98 -0.2
160 0.94 -0.5
170 0.9 -0.9
180 0.88 -1.1
190 0.84 -1.5
200 0.82 -1.7
250 0.72 -2.8
300 0.64 -3.9
350 0.56 -5
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Based on Figure 5-15 it can be concluded that it is a band-pass filter with 

highest gain at about 2 dB and center frequency 100 kHz and a cut-off 

frequency 50 and 180 kHz. Comparing it with the simulation (Figure 5-

5), the band-pass filter has a lower low cut-off frequency because of the 

tolerance of capacitors and resistors. 

5.2.4 System output 

The testing shows that the system works as expected. It works as a 

band-pass filter with a gain of 92 dB, center frequency 100 kHz and cut-

off frequency 50 k and 180 kHz, the deviation is discussed in section 6.1. 

To test the system output, 3 groups of input voltage are used (p-p value 

100u, 150u, 200uV): 

 

Figure 5-16 Signal wave for system output 

Figure 5-16 shows that the output signal is a sine wave with 3.72Vp-p 

(when the input is 100uVp-p, 100 kHz). When the amplification is 
3.72𝑉

100𝑢𝑉
=about 372000 (92 dB), the wave is basically the same as the 

simulation (Figure 5-8), but with deviation of gain lacking about 10 dB 

and some distortion of the signal, the reasons will be discussed in later 

sections. 

The below table shows the output voltages of the different frequencies: 
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Table 5-3 Testing result for the system output when the input is 100u, 150u, 

200u V 

Using the data from Table 5-3, the Bode graph can be drawn as shown 

below: 

 

Figure 5-17 The Bode curves of the system output 

X-Frequency(kHz) Y1-Gain(dB) Y2-Gain(dB) Y3-Gain(dB)
30 83.7 83.5 82.9
40 86.7 86.1 84.9
50 89.5 87.6 86.6
60 90.9 89.2 87.7
70 91.7 89.5 88.2
80 91.8 89.5 88.3
90 91.7 89.6 88.4

100 91.4 89.4 88.2
110 90.7 89.2 88
120 90.5 89 87.7
130 89.3 88.6 87.5
140 88.7 88.3 87.2
150 88.2 87.8 87
160 87.9 87.6 86.6
170 87.7 87.1 86.4
180 87.3 86.5 86.1
190 87.2 86 85.8
200 87.1 85.8 85.5
250 85.8 84.8 84
300 85.1 84 82.7
350 83.6 83.8 82.4
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The analysis of the above three Bode graphs resulted in the table below: 

Input (p-p) Highest Gain Center Frequency Cut-off Frequency 

100uV 92dB 94kHz 55kHz,160kHz 

150uV 90dB 94kHz 50kHz,180kHz 

200uV 88dB 95kHz 45kHz,200KHz 

Table 5-4 Result of the system testing with different inputs 

The results from the graphs in Figure 5-17 shows a band-pass filter with 

highest gain at about 92 dB and center frequency at about 95 kHz, cut-

off frequency is about 50 kHz and 180 kHz. Compared with the 

simulation (Figure 5-7), it is verified with deviation as shown below. 

1. The gain is about 10 dB less than simulation result. 

2. The center frequency is about 22 kHz less than the simulation result 

and the bandwidth is about 20 kHz more than the simulation result. 

5.2.5 Noise level 

The result of short circuiting the input and testing the system output can 

be seen in Figure 5-18: 

 
Figure 5-18 Noise floor test 

Figure 5-18 shows that the noise output is 0.66V. This is basically 

verified with the previous noise level calculation. The noise output is 

0.66V, which is equivalent to input noise 0.66/(500*300)=4.4 uV. 
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According to the design index in section 4.1, the maximum voltage of 

noise is 0.8V, this actual testing fulfils the requirement. 
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6 Discussion 
 

6.1 Discussion of test results 

The test results show that the gain of the system is about 92 dB and 

center frequency is about 95 kHz with pass bandwidth about 130 kHz, 

output noise level 0.66V, which basically meets the design requirement 

in Chapter 4. But there is a deviation, as analysed in Chapter 5. Firstly, 

the gain of the system is 10 dB less than the simulation. Secondly, the 

center frequency of the system is 22 kHz lower than the simulation and 

bandwidth is 20 kHz wider than the simulation. 

 

1. The system gain is smaller than simulation:  

(1) Analysis 

Based on the testing result in Section 5.2, the highest gain of the 

instrumentation amplifier is 54 dB and the high-pass filter 47 dB, band- 

pass filter 2 dB, which is 103 dB in total.  

During the testing, it had not been recognized that the input voltage is 

higher than the saturation level of the second amplifier (high-pass filter). 

During testing, when the input voltage is 100uV p-p with a frequency of 

100 kHz after the instrumentation amplifier amplifying 500 times, the 

voltage will be 50mV. After the high-pass filter has amplified 300 times, 

it will theoretically become 15Vp-p. This will cause the amplifier to 

saturate. (The range for 6V single power supply is to 12Vp-p.) This will 

result in decreased system gain. The higher the saturation level, the 

faster the system gain decrease (Figure 5-17). 

Based on the above analysis, the main reason for gain decrease is 

because of the higher input that results in the saturation of the system 

under the environment of single power supply. 
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(2) Simulation verification 

Using the software LTSpice IV to simulate the different inputs signals 

when the frequency is f=100 kHz, the output results are as follows: 

 

Table 6-1 Gain vs. input voltage when the frequency is 100 kHz 

 

Figure 6-1 Gain curve showing different inputs 

Based on the curve it can be concluded that the gain decreases 

significantly when the input is increased. This is because the input 

input voltage(uV) Gain(dB)
25 104
50 102
75 99

100 96
125 94
150 93
175 92
200 90
225 89
250 88
275 87
300 86
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voltage is greater than the saturation level (50uV) for the amplifier 

LM6643. This simulation result shows that the higher the saturation 

level, the faster the decrease of system gain. Compared with the actual 

gain, the simulation gain is much closer to it than before. This 

simulation result is verified by reason analysis.  

(3) The solution 

The solution is to make the gain automatically selectable to avoid the 

large input that results in saturation. A digital voltage potentiometer 

needs to be added between the instrumentation amplifier and the high-

pass filter. 

In addition, the following are a few other reasons causing decrease of 

the system gain: 

(a) Due to the restrictions of the experiment conditions, a voltage 

divider is used, as shown in Figure 5-10, to decrease the input 

voltage of the instrumentation amplifier. The resistor’s actual 

structure consists of a capacitor, a resistor and an inductor. There is a 

voltage drop on the inductor (see Figure 6-2). When the frequency is 

high the real voltage will be lower than expected. As the voltage 

level is quite weak, the deviation is significant. 

 

Figure 6-2 Actual structure of resistor 

 

(b) The resistors that determine the gain have a tolerance of (1%), which 

will affect the gain of the system in this very high-gain filter system. 

This small tolerance can result in a significant difference. 

For example, the gain of band-pass filter and band-pass filter depend 

on the function: 
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𝑨𝒄𝒍(𝑵𝑰) =
𝑹𝟏

𝑹𝟐

+ 𝟏                                                              (𝟔.𝟏) 

The capacitor (tolerance10%to20%) will also have an effect on the 

gain in high-pass filter and band-pass filter. 

 

2. The bandwidth is wider than the simulation and the center 

frequency is lower than the simulation: 

(1) As described above, in the testing, the input voltage is 100uV, which 

makes the high-pass filter reach saturation level. The testing gain 

will decrease in the Bode graph. The gain is shifted down so that low 

cut-off frequency becomes lower and high cut-off frequency 

becomes higher. This makes the bandwidth wider than the 

simulation. (This can be seen in Figure 5-17 and Table 5-4)  

(2) Due to the deviation and tolerance of the capacitors (10%to%20) and 

resistors (1%) in the RC network, based on the formula Fc=
1

2 𝜋𝑅𝐶
 , the 

deviation of R and C can make the center frequency lower than the 

simulation. 

 

3. Noise level 

The system noise voltage is 0.66V (Figure 5-19), which fulfils the setting 

requirement (less than 0.8V). 

Based the analysis and calculation in section 4.7, the main factor of the 

noise is source resistance noise of the instrumentation amplifier. In 

order to decrease the noise level of the system, the protection resistance 

Rg (1.6k) can be changed to a smaller one to detect smaller signals. 
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6.2 Application area  

 

The high gain filter system can be applied in many different fields. For 

example, it can be used in the electrical power engineering field. It has 

become increasingly important for the detection of the position and 

depth of buried cable for the development of city construction. Its 

importance has also increased in the field of petrol and gas; confirming 

the position of underground pipelines is an important issue for 

construction and maintenance. Another common example is horizontal 

directional drilling [14]. The direction and location is quite important for 

the drilling during construction. The main detection principle of the 

above examples is using electromagnetic induction (also discussed in 

Chapter 1) as below:  

 

Figure 6-3 The principle of detecting buried pipelines/cable 

This filter system can be used in many other fields that need to amplify 

a signal about 90 dB and with a signal frequency of 66 to 169 kHz.  

With small modifications in the gain and/or bandwidth, other 

applications can be addressed as well such as: 

 Automobiles: speed changer of electric car, sensor transmitter 

and receiver. 

 Office equipment: PC, printer, monitor, fax machine, copying 

machine. 

 Medical equipment: X scanner, CAT scanner. 

 Household appliances: speakers, music/video player, TV, mixer, 

gym machines, coffee machines, and dry cleaning machines. 

 Building automation: heat system, ventilation system, air 

conditioning and automatic curtains.  
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6.3 Ethical impact on society 

Using the project results in the above areas can make life easier. The 

filter system in itself will not cause ethical problems, but used in other 

products it could be abused and become subject to ethical considerations. 

For example, the project results can be directly used in the Marker 

Locator system to detect buried pipes/cables. It will lower the cost of the 

Maker Locator system, which means it becomes easier for ordinary 

customers to find the position of buried pipes/cables. However, this may 

be abused by certain people to do damage. Another example is that 

someone/an organization could use this filter system as a part of a 

monitoring system that could become a threat to privacy.  
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7 Conclusions 
The overall aim of the thesis work was to find a solution to design a 

high gain band pass filter system (gain 102 dB and output noise level 

less than 0.8V) for a marker locator and to be used as small signal 

detector/amplifier. 

In previous studies (Figure3-1) [10], a combination of instrumentation 

amplifier and band-pass filter has often been used in these kinds of 

systems. This thesis work also proves that the combination will 

attenuate the signal that is not needed and work more effectively. 

The design and results meet the expectations. This means that the high-

gain band-pass filter system design can be used in the Marker Locator 

system. When SNR=13, the smallest signal that can be detected is 20uV. 

7.1 Future work 

The following could improve the quality of the system: 

1. Use of a digital voltage potentiometer to control the gain mak ing it 

possible to increase the level of input voltage.  

2. Improve the design so that a smaller protection resistor can be used 

for the instrumentation amplifier input. This would decrease the 

output noise and it would be possible to detect even smaller signals. 

3.  Use of smaller tolerance resistors and capacitors to improve the 

quality of the system. 
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Appendix A: Chebyscheve Design 
Table 
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Appendix B: Data Table AD8429 
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Appendix C: Data Table LMH6643 
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Appendix D: Components List 
Sr. Component 

Description 
Component Name Qty Comments 

1 Instrumentation 

amplifie r 

AD8429ARZ-ND  1 IC OPAMP INSTR 15MHZ 

8SOIC 

2 Filte r LMH6643MA  1 IC OPAMP VFB 130MHZ RRO 

8SOIC 

3 Power supply LM358AMX-ND  1 IC OPAMP GP 1MHZ 8SOIC 

4 Diode  TLV431BFTA  1 IC VREF SHUNT ADJ SOT23 

5 Diode   BAV199-ND 1 DIODE ARRAY GP 85V 140MA 

SOT23-3 

6 Capacitor 490-1493-2-ND  1 CAP CER 820PF 50V 10% X7R 

0603 

7 Capacitor 490-1494-2-ND 1 CAP CER 1000PF 50V 10% X7R 

0603n 

8 Capacitor 490-1532-2-ND  1 CAP CER 0.1UF 16V 10% X7R 

0603 
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