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Abstract 
  

The course project for ELE 341 and ELE341L for the Fall 2017 Semester required the 

implementation of an operational amplifier without its gain stage. This was done with the objective 

of gaining exposure to designing solutions to given constraints in electronic design, with particular 

emphasis on teamwork and documentation. The focus is on the input and output stages – the 

differential amplifier and power amplifier. This design is essential to ensure the high input 

impedance, low output impedance, and operational functionality of the Op-Amp. The problem was 

attacked by first calculating the parameters and component values that meet the design 

requirements and specifications. The circuit is then simulated on the ADS platform to check for 

the successful operational results. Lastly, the circuit is implemented on a breadboarding socket in 

the electronics laboratory using the CD4007 CMOS matched pair chip, and the results are 

recorded. This laboratory report the background required for the experiment, and walks through 

the implementation process – both as software and laboratory hardware implementation. The 

report concludes with a discussion on the discrepancy between the simulation results and the 

measured results.  
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Problem Statement 

Objectives 

1. Design and implement solutions for electrical engineering problems. 

2. Apply teaming skills. 

3. Use written and oral communications to document work and present design results.  

Practical Implementation: 

Build the circuit in the lab noting the following:  

1.  Pay attention to select as much matched resistors as possible for the differential amplifiers and 

current mirrors. 

2.  Make the wiring as neat and as short as possible  

 

Measure:  

1. Total current consumption and current through Q1, Q2 and Q3 and Q4. Does that mean your 

current mirror is fully functional?  

2. Is ID1=ID2? If not, explain why? 

3. Measure and calculate the Differential mode gain Ad 

4. Measure and calculate the common mode voltage of the differential amplifier  

5. Are Diff Amps transistors biased in saturation mode? Show proof.  

6. Calculate the common mode gain ACM of the LTP differential transistors 

7. Calculate the CMRR of the built amplifier and compare to the simulated case.   
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Background  

Introduction 

 The vast majority of our journey in the domain of electronics has so far been focused on 

diodes and transistors along with their various applications. These were used in implementing the 

single stage amplifier. However, both BJT and MOSFET Amplifiers have their drawbacks as 

evident from the results recorded in the experiments pertaining to them. More specifically, the gain 

provided by these devices fluctuate within a tolerance level that is often in excess of the allowed 

parameters for most circuits. Furthermore, the operational frequency range of these devices 

showed that their bandwidth is rather narrow. Most modern applications require amplifiers with a 

precise gain that does not fluctuate, and amplifies input signals over a wide range of frequencies. 

The answer to these concerns is the “Operational Amplifier” – more commonly referred to as the 

“Op-Amp”. However, the application of the Op-Amp are not restricted to amplification. It serves 

for an arithmetic unit that can perform addition, subtraction, integration and differentiation among 

others. Other applications include oscillator, waveform generator, trigger and buffer. The immense 

versatility exhibited by the Op-Amp confers it a huge advantage and makes it one of the most 

important devices in electronics. 

 

The Operational Amplifier 

 The operational amplifier is a five terminal device – consisting of two inputs, one output, 

and two terminals for the positive and negative supply voltage. The negative supply voltage can 

also be ground. The Op-Amp is essentially a differential amplifier that amplifies the difference 

between its inputs[1]. Although the Op-Amp can be constructed from its constituent components, 
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this laboratory utilizes the Op-Amp as a black box, using the µA741 chip for the Operational 

Amplifier. 

 The five terminals of the Op-Amp along with its circuit symbol is as follows: 

V-

V+

+V Supply

-V Supply

Vo

-

+

 

Figure 1: Circuit Symbol - Op-Amp 

 

Characteristics of The Ideal Op-Amp 

The following five properties characterize the ideal op-amp: 

1. Infinite Gain (Open-Loop Gain = ∞) 

2. Infinite Input Impedance 

3. Zero Output Impedance 

4. Infinite Bandwidth of Operation 

5. Zero Common Mode Gain 

In reality, it is not possible to achieve these properties fully. However, most Op-Amps come close 

with practical gains of 200,000 V/V or more. Further, the output impedance of practical Op-Amps 

is as low as 75 Ω. 

 

Input Signals 

The Op-Amp is extremely sensitive to the minutest of input changes. It recognizes two 

input signals – the differential input and the common mode input. As mentioned above, we would 
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Equation 1: Input Signals of the Op-Amp 

like out differential gain to be infinite, and common mode gain to be zero. This is so as the common 

mode signal is required not for amplification but for biasing purposes. 

The two input signals recognized by the Op-Amp are: 

The Differential Input: 𝒗𝒊𝒅 =  𝒗𝟐 −  𝒗𝟏 

The Common Mode Input: 𝒗𝒄𝒎 =  
𝒗𝟏 + 𝒗𝟐

𝟐
 

 

Virtual Short & Virtual Ground 

 Consider the extremely large gain of the Op-Amp. It must be realized that the maximum 

output voltage possible for the Op-Amp is the supply voltage. Therefore, for a typical supply swing 

of +15 V to -15 V, with a gain of 200,000 V/V, the maximum possible differential input is a mere 

75 µV. This explains the sensitivity of the Op-Amp.  

 Furthermore, it becomes clear that the high gain of the Op-Amp forces the differential input 

to approach zero. Therefore, it is reasonable to expect that the voltage at the input terminals 

measured individually is the same. Hence, voltage at terminal 2 would be the same as voltage at 

terminal 1 – a condition termed “virtual short”. It is worth mentioning that if one of the terminals 

is grounded, the other is said to be at “virtual ground”. One must recall that the two inputs of the 

Op-Amp are termed the inverting and non-inverting input. 

 This makes it evident that we require extremely high input impedance to achieve this 

condition. These are achieved by using a Differential Amplifier as the input stage of the 

Operational Amplifier and a Power Amplifier as the output stage. 

 In this project, we implement the input and output stage of the Op-Amp. In reality, it is 

essential to have a gain stage in between these. The construction of the input and output stages of 

the Op-Amp is explained below. 
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Construction of the Operational Amplifier 

Input Stage – The Differential Amplifier 

 

The Differential Amplifier is essentially the heart of the Op-Amp. It confers the differential 

and common-mode input to the Op-Amp, which are in-fact – inputs to the differential amplifier 

part of the Op-Amp. 

 The differential amplifier can have both single-ended and common mode input and output. 

However, for the operational amplifier, we provide two inputs and one output. This output is single 

ended, and therefore, the DC component of the amplified signal is not canceled out as is the case 

with the common mode output. However, the DC component is used for the DC biasing of the 

circuits that follow the Differential Amplifier.  

In other words, the Differential Amplifier can be considered as a high voltage gain device 

that amplifies the difference of the two inputs and provides the same at the output. We use the 

MOSFET based Differential Amplifier for this project, but the topology of the Differential 

Amplifier is the same as shown below: 

 

Figure 2: The Differential Amplifier 

Q1 Q2

0

Q3 Q4

Rref

V3

12
0

Vo

0

V2
1

30k 30k

v 2 v 1

0
0

V6

12Vdc
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Equation 2: Collector Current 

The Current Mirror 

The bottom half of the circuit is essentially a mechanism to fix the drain currents for the 

two transistors in the top half. This is achieved with the help of the current mirror which fixes 

the current as required.  

 The current mirror is essentially a mechanism to ensure that the drain current of the second 

transistor is identical to that of the first transistor. The current in the first transistor can easily be 

calculated as the current across the reference resistor. Therefore, we fix the drain currents of the 

bottom two transistors in the circuit diagram above. 

 It is extremely crucial to ensure that the two transistors of the current mirror are matched. 

Matching is an extremely elaborate process that is used to ensure that all parameters of the two 

transistors are identical. Only then can the current be copied to the other branch. We will see soon 

that matching is essential not just for the current mirror pair of transistors, but also for the 

Differential Amplifier pair of transistors. To achieve this, it is unreasonable to use two transistors 

from a box. We use the CD4007 chip to achieve the matched nature of the transistors. 

 

The Functioning of the Differential Amplifier  

 The Differential Amplifier essentially amplifies the difference of its inputs. Since we only 

want to amplify the input signal, and not the biasing voltages, it is clear to see why the matching 

is essential to ensure that the biasing conditions for both transistors are exactly the same. This 

ensures a fixed drain current, which in turn ensures that there is no common mode amplification. 

 However, only in the ideal case is there no common mode amplification. Every differential 

amplifier has a common mode gain in addition to the differential gain. We would like to increase 

the differential gain, and minimize the common mode gain. An important parameter that compares 
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Equation 2: CMRR 

Equation 3: Gain of the Differential Amplifier Stage 

these two values is the Common Mode Rejection Ratio (CMRR). This CMRR is a quality factor, 

and is ideally infinite. However, a CMRR of above 50 dB is considered good for practical 

purposes. The CMRR is calculated as follows: 

𝑪𝑴𝑹𝑹 = 𝟐𝟎 ∗ 𝐥𝐨𝐠 (
𝑨𝒅

𝑨𝑪𝑴
) 

 

 

Middle Stage – The Gain Stage 

 

 The gain stage is essentially what confers the gain to the Operational Amplifier. The 

differential amplifier by itself has a single ended output gain as follows: 

 

𝑨𝑫𝒊𝒇𝒇𝒆𝒓𝒆𝒏𝒕𝒊𝒂𝒍 = −
𝟏

𝟐
∗ 𝒈𝒎 ∗ 𝑹𝑫 

 

 It is evident that this gain may not be sufficient for most practical amplifications. Therefore, 

there is a need to increase the gain of the system. This is achieved through amplifiers cascaded 

together to achieve the desired gain. It is worth mentioning that the amplifiers are preferably 

implemented in their respective feedback topologies. Although this configuration reduces the gain 

relatively, it increases the input resistance, decreases the output resistance, and increases the 

bandwidth of the system. These are desirable characteristics, and the gain can always be re-

achieved through cascading the amplifiers. 

 However, the course project does not require the implementation of the gain stage, as it is 

a minorly modified implementation of previous coursework. Therefore, we focus our attention to 

the output stage – the power amplifier. 
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Equation 4: Efficiency of Output Stage 

Output Stage – The Power Amplifier 

 

Modern electronic devices like the operational amplifier can be considered to be composed 

of three main building blocks: The first is the differential amplifier stage, where the input is sensed. 

The second stage is the gain stage, which is where the gain of the operational amplifier comes 

from. It is extremely important to ensure that the output signal has the necessary power to drive 

the latter stages of the circuit. This motivates us to study the power amplifier. 

 The power amplifier is a transistor based circuit with the objective of amplifying the power 

of the input signal – as the name suggests. It is crucial to comprehend that the function of this 

amplifier is not voltage amplification as was the case in the majority of the amplification circuits 

that we have looked at. Therefore, it is very much a possibility that the voltage at the output of the 

power amplifier is less than that at the input. However, in that case, the current variation will 

account for the increase in power. 

 The power amplifier’s most critical parameter therefore, is neither the voltage gain nor the 

current gain. In fact, power amplifiers are classified based on the efficiency that they provide. This 

efficiency can be simply calculated as the ratio of the output signal’s power to the total supplied 

power, which has nothing to do with the input signal’s power.  

𝜼 (𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚) =
𝑷𝑳

𝑷𝑺
 

  

Based on this classification, we have Class A, Class B and Class AB Power Amplifiers. While 

Class A is the simplest power amplifier, its efficiency is limited to 25% at maximum. Class B, AB 
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however, have theoretical efficiencies of up to 78.5%, but this cannot be achieved due to the drops 

in the biasing circuits.  

We use a basic output stage to ensure that the power delivered at the output of the 

operational amplifier is sufficient to drive the circuit at the load. Furthermore, another important 

function of the output stage is to ensure the low output resistance that is crucial to the functioning 

of the operational amplifier. This allows the Op-Amp to source current as well as sink current 

depending on the requirement. 

Therefore, the differential amplifier and output stage can be combined to create an 

operational amplifier without the gain stage. We do not expect the gain of this system to be high 

due to the absence of the gain stage. The circuit schematic for the same is as follows. 

 

 

 
 
 
 
 
 

 

 

 

Figure 3: Differential Amplifier with Output Stage 
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Procedure 
Part 1: Theoretical Calculations 

1.1: Differential Amplifier 

As a first step, the team performed estimations of the required values of resistances and circuit 

components and parameters so as to achieve the desired currents and voltages in the circuit. 

Assume an IREF for RREF = 50 kΩ.  

Since the turn on voltage, VT = 1.4 V, we have: 

𝐼𝑅𝐸𝐹 =
5 − 1.4

50𝑘
= 72 𝜇𝐴. 

This implies that this current is equally divided between the drain currents of both MOSFETs of 

the Differential Amplifier. 

𝐼𝐷1 = 𝐼𝐷2 =
𝐼𝑅𝐸𝐹

2
=

72 𝜇𝐴

2
= 36 𝜇𝐴. 

We require VD to be 0V at this value of DC current. We therefore, choose our drain resistance 

accordingly: 

𝑉𝐷 = 𝑉𝐷𝐷 − 𝐼𝐷 ∗ 𝑅𝐷 

0 = 2.5 − (36𝜇) ∗ 𝑅𝐷 

𝑅𝐷 =
2.5

36𝜇
= 𝟕𝟎𝒌Ω.  

1.2: Output Stage 

We are only required to choose the value of RS. 

We let RS to be as high as possible so as to increase the input impedance. 

Having estimated ideas about resistance values, we procced to simulate the circuit to see if the 

results are in accordance with the requirements. 
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Part 2: ADS Simulation 

Having estimated the resistance values, a software simulation was run to predict the 

output of the set up. For this purpose, Advanced Design System (ADS) was used to set up a 

circuit schematic and study the results. The simulation profile was constructed accordingly, and 

the results of the simulation were found to be satisfactory, and corresponded with the theoretical 

calculations. Below are snapshots with respect to the same. 

 

 

Figure 4: ADS Schematic 
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Simulation Graphs 

The following input signal was applied: 

 

Figure 5: 200 mV pk-pk Input Signal 

 

 

Figure 6: Result for Common Mode Input 
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Simulation Results  

𝑽𝑰 = 𝟐𝟎𝟎 𝒎𝑽𝒑𝒌−𝒑𝒌 = 𝟏𝟎𝟎 𝒎𝑽𝒑𝒌. 

𝑽𝒐𝒖𝒕,𝑪𝑴 = 𝟒 𝒎𝑽𝒑𝒌−𝒑𝒌 = 𝟐 𝒎𝑽𝒑𝒌. 

𝑽𝒐𝒖𝒕,𝑫 = 𝟏. 𝟓𝟔𝟏 𝑽𝒑𝒌−𝒑𝒌 = 𝟎. 𝟕𝟖𝟎𝟓 𝑽𝒑𝒌. 

We can therefore the gains as per the simulation as follows: 

𝑨𝑫 = (
𝑽𝒐𝒖𝒕,𝑫

𝑽𝑰
) =

𝟎.𝟕𝟖𝟎𝟓

𝟏𝟎𝟎𝒎
 = 7.805 V/V 

𝑨𝑪𝑴 = (
𝑽𝒐𝒖𝒕,𝑪𝑴

𝑽𝑰
) =

𝟐𝒎

𝟏𝟎𝟎𝒎
= 𝟎. 𝟎𝟐 V/V. 

Lastly, we calculate the CMRR as follows: 

𝑪𝑴𝑹𝑹 = 𝟐𝟎 ∗ 𝒍𝒐𝒈𝟏𝟎 (
𝑨𝑫

𝑨𝑪𝑴
) = 𝟐𝟎 ∗ 𝒍𝒐𝒈𝟏𝟎 (

𝟕. 𝟖𝟎𝟓

𝟎. 𝟎𝟐
) = 𝟓𝟏. 𝟖𝟑 𝒅𝑩 

This is a reasonably good value of CMRR. It meets the required specifications. 

 

Figure 7: Result for Differential Input 
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Bonus Simulation– Frequency Response: 
Gain & Phase Margins 

 

The Phase and Gain Margins are parameters that are extremely useful in determining the 

stability of the circuit. It is evident that feedback introduces potential for oscillation due to the 

possibility of feedback factor being equal to 1 and the phase being 180 degrees. 

Therefore, it is essential to design the circuit to ensure that the system is stable. We 

therefore keep a margin for the gain and phase to prevent the system from oscillating – thereby 

ensuring stability. 

 The frequency response simulation was done to plot the gain and phase response. This is 

provided below: 

 

Figure 8: Gain and Phase Response w.r.t. Frequency 

 

Therefore, the gain and phase margins are large enough to ensure that the system will be stable. 
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Part 3: Laboratory Implementation 

Equipment Required 

- CD4007 MOSFET Matched Pair Chips (2) 

- Breadboarding Socket & Digital Multimeter (DMM) 

- Resistors 

- Function Generator & DC Supplies 

- Oscilloscope  

- Copper Wires 

 

3.1: Circuit Diagram 

The Following circuit diagram was used to implement the circuit on the breadboard in the 

electronics laboratory: 

 

 Figure 9: Circuit Diagram 
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3.2: Circuit Implementation 

Below is a photograph of the circuit as implemented: 

 

 

 

 

 

 

 

 

 

 

 

 

3.3: Recording Results 

Resistance Values 

Sl. No. Name of Resistor Theoretical Value Measured Value 

1 RREF 47 kΩ 47.0 kΩ 

2 RD1 68 kΩ 67.97 kΩ 

3 RD2 68 kΩ 67.893 kΩ 

4 RS 180 kΩ 179.80 kΩ 

Table 1: Resistance Values 

Figure 10: Circuit Implementation 
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The Oscilloscope Display for the common mode and differential signals – before and after 

implementation of the source follower (output stage) is as follows: 

 

Figure 11: Common Mode Signal 

 

We can use the displayed values in calculating the gain and CMRR. We must also calculate the 

currents in the drain using the resistor values that we have measured. These are provided as 

answers to the questions posed in the course project document in the results section below: 

Figure 12: Waveforms before Source Follower Figure 13: Waveforms after Source Follower 
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Measurements & Results 
 

1. Measure the total current consumption and current through Q1, Q2 and Q3 and Q4. 

Does that mean your current mirror is fully functional? 

We use Ohm’s Law to measure the currents. Consider the following: 

𝑅𝑅𝐸𝐹 = 47 𝑘Ω. 

𝑅𝐷1 = 67.970 𝑘Ω 

𝑅𝐷2 = 67.893 𝑘Ω 

𝑅𝑆 = 179.80 𝑘Ω 

Therefore, 

𝐼𝑄1 =
𝑉𝑅𝐸𝐹

𝑅𝑅𝐸𝐹
=

3.278

47𝑘
= 69.7 𝜇𝐴. 

This is close to the desired value. Furthermore, using a 9.981 kΩ 𝑡𝑒𝑠𝑡 𝑅𝑒𝑠𝑖𝑠𝑡𝑜𝑟, 

𝐼𝑄2 =
0.6912

9.981𝑘
= 69.2 𝜇𝐴. 

𝐼𝑄3 =
2.35

67.970𝑘
= 34.5 𝜇𝐴. 

𝐼𝑄4 =
2.381

67.893𝑘
= 34.2 𝜇𝐴. 

Observe that  𝐼𝑄3 ≈ 𝐼𝑄4 ≈
𝐼𝑄1

2
. This is as expected for the matched system. It means that the 

power loss in both transistors is the same. 𝑰𝑸𝟏 ≈ 𝑰𝑸𝟐  
 

⇒ The current mirror works! 
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2. Is ID1=ID2? If not, explain why? 

It is evident from the calculations above that ID1 = 34.5 µA while ID2 = 34.2 µA.  

These values are extremely close to each other with a % difference of just 0.87%. 

However, there is a very minute and negligible difference in the drain current. This is 

accounted for due to the fact that it is extremely idealistic to assume 100% matching. The 

various factors influencing the mismatch include production and environment conditions, and 

it is impossible to achieve 100% accuracy at the microscale when it comes to ensuring this. 

However, we try to minimize this percentage difference, and this seems to be more or less 

achieved in this case – given the minimal difference. 

3. Measure and calculate the Differential mode gain Ad 

With reference to the oscilloscope display above (Figure 11 and 12): 

      Without Source Follower: 

𝑨𝑫 =
𝑽𝒐𝒖𝒕

𝑽𝒊𝒏
=

𝟏.𝟕𝟔𝑽

𝟑𝟎𝟒𝒎𝑽
= 𝟓. 𝟖 𝑽/V 

       With Source Follower: 

𝑨𝑫 =
(𝑽𝑶𝑼𝑻)

𝑽𝑰𝑵
=

𝟏.𝟎𝟔𝑽

𝟑𝟖𝟔𝒎𝑽
 = 2.8 V/V 

 

4. Measure and calculate the common mode voltage of the differential amplifier 

Consider Figure 10 above, which is the oscilloscope display of the common mode signal. 

Before Source Follower: 

𝑽𝑪𝑴 = 𝟐𝟑. 𝟐 𝒎𝑽 𝒇𝒐𝒓 𝒂 𝟑𝟎𝟒 𝒎𝑽 𝒊𝒏𝒑𝒖𝒕. 

After Source Follower: 
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𝑽𝑪𝑴 = 𝟐𝟎𝟎 𝒎𝑽 𝒇𝒐𝒓 𝒂 𝟒𝟎𝟖 𝒎𝑽 𝒊𝒏𝒑𝒖𝒕 

5. Are Diff Amps transistors biased in saturation mode? Show proof. 

Yes, the Differential Amplifier Transistors are indeed biased in the saturation region. This is 

verified as follows: 

We provide a differential input of 0V. So, 𝑉𝐼𝐷 = 0 𝑉. The drain currents are then measured, 

and are found to be exactly equal and half of the reference current in the current mirror. In 

other words, when the input is zero volts, it is clear to see that the currents in the drains of the 

transistors are equal. Since the currents are expected to be 
𝐼

2
±  𝛥𝐼 ∗ 𝑅𝐷, it is clear to see that 

ΔI is zero in this case.  

This allows us to conclude that the transistors are indeed biased in their saturation region. 

This is essential for the functioning of the Differential Amplifier. 

6. Calculate the common mode gain Acm of the LTP differential transistors 

The common mode gain is calculated before and after the source follower as follows: 

Before Source Follower: 

Obtaining values from Q4. above, 

𝑨𝑪𝑴 =
𝑽𝑪𝑴

𝑽𝑰𝑵
=

𝟐𝟑.𝟑𝒎

𝟑𝟎𝟒𝒎
= 𝟎. 𝟎𝟕𝟔𝟑 𝑽/V. 

After Source Follower: 

𝑨𝑪𝑴 =
𝑽𝑪𝑴

𝑽𝑰𝑵
=

𝟐𝟎𝟎𝒎

𝟒𝟎𝟎𝒎
= 𝟎. 𝟓𝟎𝟎 𝑽/V. 

7. Calculate the CMRR of the built amplifier and compare to the simulated case 

The CMRR is calculated as follows: 
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Before Source Follower 

𝑪𝑴𝑹𝑹 = 𝟐𝟎 ∗ 𝒍𝒐𝒈𝟏𝟎 (
𝑨𝑫

𝑨𝑪𝑴
) = 𝟐𝟎 ∗ 𝒍𝒐𝒈𝟏𝟎 (

𝟓. 𝟖

𝟎. 𝟎𝟕𝟔
) = 𝟑𝟕. 𝟖 𝒅𝑩. 

After Source Follower  

𝑪𝑴𝑹𝑹 = 𝟐𝟎 ∗ 𝒍𝒐𝒈𝟏𝟎 (
𝑨𝑫

𝑨𝑪𝑴
) = 𝟐𝟎 ∗ 𝒍𝒐𝒈𝟏𝟎 (

𝟐. 𝟖

𝟎. 𝟓𝟎
) = 𝟏𝟓. 𝟎 𝒅𝑩. 

It is evident that this value is different from the expected CMRR as achieved in the simulation. 

Although the CMRR before the source follower is comparable to the simulation result, the CMRR 

has dropped rather drastically after it. There percentage error is calculated to be 65% after the 

source follower. 

This is attributed to the non-ideality in reality as opposed to the ideal devices assumed in the 

simulation. The source follower of the simulation is theoretically not expected to make any 

contribution to the CMRR value of the system. However, in reality, it is clear to see that the 

presence and absence of the same can make a significant difference. 
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Discussion 
Comparison 

Sl. No. Name Theoretical Value Measured Value % Error 

1 RREF 47 kΩ 47.0 kΩ 0% 

2 RD1 68 kΩ 67.97 kΩ 0.044 % 

3 RD2 68 kΩ 67.893 kΩ 0.161% 

4 RS 180 kΩ 179.80 kΩ 0.11% 

5 

AD (Before Source 

Follower) 

7.805 V/V 5.8 V/V 25.6% 

6 

AD (After Source 

Follower) 

7.805 V/V 2.8 V/V 178.5% 

7 

ACM (Before Source 

Follower) 

0.02 V/V 0.0763 V/V 281.5% 

8 

ACM (After Source 

Follower) 

0.02 V/V 0.50 V/V 2400% 

9 

CMRR (Before Source 

Follower) 

51.83 dB 37.8 dB 27.06% 

10 

CMRR (After Source 

Follower) 

51.83 dB 15.0 dB 71.05%  

Table 2: Comparison of Parameters 
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Comment 

The circuit is implemented in the laboratory on a breadboarding socket with the help of 

conventional instruments and components. The DC Biasing circuit works perfectly as expected, 

ensuring that the current mirror copies the reference current and distributes it in equal halves to 

the two drains of the transistors of the differential amplifier. 

The resistor values were picked after careful calculation and simulation that yielded our  

expected theoretical results. As seen from Table 2, the resistor values were accurate and exhibited 

minimal tolerance percentage levels. The matching of these resistors is essential to ensure that the 

drain currents are equal. In turn, this ensures that the saturation region of operation is where the 

transistors function. 

The gain is calculated as the ratio of the output voltage to the input voltage. This is done 

separately in two cases: Before the source follower is implemented and after. Theoretically, we do 

not expect the gain to change either differentially or in common mode terms. However, it is clear 

to observe that there is a difference in both results. 

 We then calculate the CMRR as a scaled logarithm of the ratio of the differential and 

common mode gains. There is a relatively large difference between the theoretical and measured 

values. This is attributed to the fact that the simulation which provided us with the theoretical 

values is a rather utopian and extremely idealistic case. This is impossible to achieve in reality. 

For example, the theoretical calculations do not consider the potential for mismatch, or tolerance 

issues of the resistors and components. The MOSFETs are also assumed to be ideal, with an infinite 

early voltage. While all these are desirable characteristics, they cannot be achieved in reality. 

Furthermore, even the slightest of mismatches can generate the large errors that we have 

calculated. Therefore, the importance of matching is realized. 
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Conclusion 

The course project aimed to develop the design aspect of electronics, through presenting a 

task with constraints and specifications. The report outlines the entire project, detailing the 

theoretical concepts associated with the operational amplifier, in addition to providing a theoretical 

calculation of the design parameters which are verified through ADS simulation. The circuit is 

then implemented in the laboratory and analyzed for errors. However, the entire operational 

amplifier was not built. Rather, the focus was on the input and output stages – i.e. the differential 

amplifier input and the power amplifier output. The power amplifier implemented was a simple 

source follower. The intermediate gain stage was not implemented, and therefore we expect gain 

of lesser magnitude than normal operational amplifiers. However, the system is expected to behave 

like the operational amplifier nevertheless. The report explains the necessary background required 

for this implementation, and outlines the steps followed. The circuit is analyzed and the different 

parameters and results pertaining to it are listed. Lastly, the discrepancy between the theoretically 

expected values and the measured values is addressed. The report also answers the questions that 

are posed in the course project description document. The operational amplifier works as we expect 

it to, and the objectives of the course project are successfully achieved. 
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Appendix 

Datasheet of the CD4007 Chip 

 

 

Figure 14: CD4007 

 

 

 

 

 


