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Abstract 

 

THREE STAGE KU BAND LOW NOISE AMPLIFIER AT 16 GHZ 

By 

Soham S. Jagalpure 

Master of Science in Electrical Engineering 

 

 

In order to design an amplifier at a certain frequency, the gain and noise figure needs to be 

decided on the basis of the market research. After deciding these three values, a transistor 

was selected such that it helped to achieve these values. The formulas used in the design 

process determined the number of stages required to complete the design and to measure 

the performance of the amplifier. 

After reviewing more than fifty transistors, the transistor FHX13/14LG was decided for 

the design of Low Noise Amplifier in the Ku Band at 16 GHz. The design objective was 

to achieve 40 dB gain with a noise figure of less than 1dB at the specified frequency. After 

the preliminary calculations, it was concluded that there will be three stages based on the 

selected transistor. The finalization of each stage was a challenge because of the trade-off 

issues in gain and noise figure. 

In order to verify the results, National Instruments Microwave Office (student version) was 

used for simulation. It gave the simulation values which were very close to the hand 

calculations. This was also verified using MATLAB along-with an RF/MW E-Book 

Software* software developed by Dr. Matthew Radmanesh with his published book 

“Advanced RF & Microwave Circuit Design” for accuracy. 
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Chapter 1. Introduction 

Microwave Amplifiers have been useful in many applications throughout the RF 

and Microwave industry. There has been a huge demand for amplifiers with a high gain 

and a low noise figure. The technological requirement has always been influenced by 

the demand in the market. The amplifiers played a significant role to build the electronic 

circuits in such a market. The demand came to a point where companies looked for 

engineers with exceptional skills in these types of design and with time, the design of 

the circuits shifted to higher frequency ranges. Due to technological growth and high 

bandwidth requirements, companies started to demand design at higher frequency 

ranges with higher possible gain. The major market for such designs is in Aerospace 

and Defense industry. With time, most developed countries have invested more in their 

defense leading to an increase in demand for amplifier designs. [1] 

Amplification is a standout amongst all the essential applications in RF and 

Microwave circuit design. In the past, microwave tubes and microwave diodes which 

were based on the negative resistance region were used. Now, with time, the use of 

microwave transistors (BJT or FET) has become very popular. 

Definition: “An amplifier is an electronic device which is used to increase the power 

intensity of any signal. To achieve this objective, careful matching of the input signal 

needs to be implemented with better and improved amplitude by using the energy from 

the power supply.” [1]  

An amplifier is a device which gives a modulated output. This output is much 

greater than the applied input. A transistor (B.J.T or an F.E.T) can be used to acquire 

this amplification in the design and the primary objective of such a transistor is to 

magnify the input signal. ‘Forward Gain’ can be termed as the amount of magnification 

which helps to decide the transistor in the design.  

A typical Amplifier Block diagram is shown below: 
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Figure 1.1 General Block Diagram of an Amplifier [1] 

Low Noise Amplifier (LNA) is an amplifier which is used very often in the 

microwave and wireless communication. LNA helps to obtain a high gain with the least 

possible noise figure. [1] 

As the design progressed, it was concluded that there was a need of multiple 

stages (possibly three) to achieve the decided goal. The design specifications are already 

discussed in the following chapter. The number of stages were decided on the basis of 

the output of a single stage Low Noise Amplifier and Maximum Gain Amplifier which 

will be used in a cascaded system to obtain the final objective. The higher the output of 

the single stage, the less number of multi-stages will be required to achieve the final 

objective. 
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Chapter 2. Design Specification 

            The goal of this project is to design a three stage LNA with a high gain and 

lowest possible noise figure for an amplifier. 

The given parameters and specifications that have been decided are given in Table 2.1.  

Parameters Goal 

Frequency 16 GHz 

Noise Figure ≤ 1 dB 

Gain ≥ 40 dB 

Table 2.1 Parameters and Specifications 

Different methods were used to accomplish the final objective of the project. Initially, it 

was crucial to determine the LNA gain and noise figure by hand calculations. These 

calculations were verified using simulation on MATLAB. This was followed by building 

a D.C. biasing network which was then accompanied with the design of the matching 

networks for the input and output with the help of Smith Charts. These values are verified 

graphically with the help of Microwave office and ADS software. Almost all the values 

have been verified again by a fourth software designed by the professor himself and is 

provided with his published textbook “RF & Microwave Design Essentials”.  
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Chapter 3. Classes and Types of Amplifier 

3.1 Classification based on Class [2] 

Amplifiers can be classified into the following categories: 

Class A amplifier: The operation of every transistor for the amplifier in this class is in 

the active region. This happens for the entire signal cycle. Class A amplifiers are circuits 

with linear operation. The transistor is biased such that it conducts for the complete input 

signal cycle. Due to this, these amplifiers theoretically have 50% maximum efficiency. 

This category is used by most small-signal and low-noise amplifiers. [2] 

 

Figure 3.1 Class A Amplifier [2] 

Class B amplifier: The operation of every transistor in this class is in active region for 

half of the signal cycle time. The transistors in this class are biased for this time period 

only. Typically, two complementary transistors are operated in push-pull amplifier of 

this class. This helps to achieve amplification for the complete cycle. Due to this, these 

amplifiers theoretically have 78% maximum efficiency. [2] 

 

Figure 3.2 Class B Amplifier [2] 
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Class C amplifier: The operation of every transistor in this class is in its active region 

which lasts less than half of the signal cycle. Amplifier of this category functions with 

the transistor near cutoff for more than same time period. Typically, they use a circuit 

which resonant in the output. This helps to recuperate the fundamental signal. Due to 

this, these amplifiers are efficient 100%. It has a drawback as they need modulation for 

constant envelope. [2] 

 

Figure 3.3 Class C Amplifier [2] 

Class AB amplifier: The amplifiers in this category operates in both class A and class 

B for small and large signals respectively. [2] 

Classes such as D, E, F, and S, which belong to high category need a switch transistor to 

pump a highly resonant tank circuit. This helps to obtain a high efficiency. Most of the 

transmitters operating in the UHF range or above need a class A, AB, or B power 

amplifiers. This is due to the requirement of the low distortion products. [2] 

 

Figure 3.4 Block Diagram of a Single Stage Amplifier [2] 
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Figure 3.4 shows the matching networks M 1 and M 2 used to match the network with the 

transistor. The important function of matching network as the name suggests is to match 

the network with the transistor so that there is no reflection in the circuit. This is important 

because reflection which gets introduced due to mismatch causes a decrease in the gain, 

and if this reflection is removed, the circuit performs such that it gives the best possible 

gain. 

3.2 Classification based on the level of signal. [2] 

There are two categories and can be defined as: 

3.2.1 Small Signal Amplifier- Definition: “Is a method of analysis of an active 

circuit in which it is assumed that the signals deviate from (or fluctuate to either side 

of) the steady bias levels by such a small amount that only a small part of the 

operating characteristic of the device is covered and thus the operation is always 

linear.” [2] 

This is further categorized in two types based on the design 

3.2.1.A    D.C. circuit design – Linear operation is needed from a transistor to 

work in small signal condition. This lead to the operation of amplifier in the class 

A type. The Q-point of the D.C. characteristics needs to be chosen in the mid-

range of the graph IC vs VCE or ID vs VDS for BJT or FET respectively. [2] This 

ensures the transistor operation in the active region mode. 

 

Figure 3.5 Transistor FET and BJT curve characteristic [2] 
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This D.C. biasing circuit is completely isolated from the RF signals and needs 

to be connected to the RF circuit. This creates minimum interaction and 

overcomes any leakage for the RF/microwave signals that are going to the 

output from the input side. An evaluation must be performed to confirm that 

there is no inappropriate coupling of the elements with the D.C. source or 

ground. This can be done by various methods as mentioned below:  

a. Connecting an inductor in the circuit which is also known as an RF choke 

(RFC). This is connected between the RF/MW circuit and D.C. source. 

Practically, “Ferrite bead” is one of the simplest and commonly method to 

implement an RF choke. [2] 

 

b. Connecting a capacitor (as a load) of very high value at the quarter-wave 

transformer. This commendably shorts any residual RF/MW signal that might 

leak into the D.C. circuit. An open circuit is created due to the use of this high 

valued capacitor at the input end near the RF/MW circuitry. [2] 

 

c. Connecting a quarter-wave transformer between the RF/MW circuit and 

the D.C. source. Preferably, the characteristic impedance (ZO) should be very 

high (i.e., ZO>>1) for a transformer. This will help to create a high impedance 

path for any RF/MW signal flowing in the circuit. [2] 

3.2.1.B    RF/ MW circuit design – (explained in the next chapter) [2] 

3.2.2 Large Signal Amplifier: Definition: “Is a method of analysis of an active 

circuit under high amplitude signals that traverse such a large part of the operating 

characteristics of a device that nonlinear portions of the characteristic are usually 

encountered causing nonlinear operation of the device.” [2] 

3.3 Classification based on Types of Amplifier [1] 

Numerous design types of amplifiers are stated below: 

3.3.1 Narrow Band Amplifiers (NBA) Design: The amplification for this design 

occurs around 10% bandwidth from the center frequency. [1] 
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3.3.2 High-Gain Amplifier (HGA) Design: They work on specific gain. This gain 

is not essentially the same as maximum available gain. [1] 

For this design, a constant input and output gain circles are drawn on the basis of the 

required gain. ΓS and ΓL are selected such that they lie on the respective constant-gain 

circles. [1] 

3.3.3 Maximum Gain Amplifier (MGA) Design: It is also known as a special case 

of HGA. [1] The input and the output gain circles get reduced to a point as follows: 

ΓS = ΓIN * 

ΓL = ΓOUT * 

Such a modification leads further to two situations. [1] 

3.3.3.A Unilateral Design: Before understanding the Unilateral design, first there is 

a need to understand the Unilateral Figure of Merit denoted by U. The U helps us to 

understand the error present in our analysis. [1] 

In terms of magnitude,  
 G T

G TU,max
 =  

1

( 1−X)2
  where  X = 

S12 S21 Γ S Γ L 

(1− S 11 Γ S)(1− S 22 Γ L)
 

The ratio of gain G T to G TU, max, is measured in dB and needs to be inside the error range 

that is tolerable. This is as shown below: [1] 

1

( 1 + | X |)2
 ≤  

 G T
G TU

  ≤  
1

( 1 − | X |)2
 

which for Unilateral Case can also be written as, 

1

( 1 + U)2
 ≤  

 G T
G TU,max

  dB ≤  
1

( 1 − U)2
 

Where 
1

( 1 + U) 𝟐
 and 

1

( 1 − U )𝟐
 are maximum tolerable errors (in dB) and value of U is given 

by 
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U = 
| S12| |S21| |S11| |S 22| 

(1 − | S 11 |2)(1 − | S 22 |2)
 

GT = Transducer Gain         GTU, MAX = Maximum Available Transducer Gain 

If the value of U ( 
 G T

G TU,max
 ) < 0.06, it is a Unilateral Case. Else, we use the formulas for 

Bilateral Case which is mentioned later. 

Thus, the MGA design equations is: [1] 

ΓS = S11* and ΓL = S22* 

This state is used to estimate the transducer maximum gain (G TU, max). 

G TU, MAX = G S, MAX . G O . G L, MAX  =  
1

1−|𝐒𝟏𝟏|𝟐  .  | S 21|
2 .

1

1−|𝐒𝟐𝟐|𝟐
  

3.3.3.B Bilateral Design: In this case, ΓS needs to be selected exactly equal to ΓMS. 

Similar is the case for ΓL to convert it to ΓML. [1] 

ΓMS and ΓML values can be calculated by the equations mentioned below and can be used 

to design the required matching networks. 

Γ  M S = B 1 ±
√B 1

2 − 4⃒ C 1⃒2

2 C 1
  

Γ  M L = B 2 ±
√B2

2 − 4⃒ C 2⃒2

2 C 2
    

B 1 = 1 + | S 1 1 | 2
 - | S 2 2 | 2 - | ∆ | 2 B 2 = 1 + | S 2 2 | 2 - | S 1 1 | 2 - | ∆ | 2  

C 1 = S 1 1 - ∆ S*
2 2  C 2 = S 2 2   - ∆ S*1 1  

 

The transducer has a maximum gain (G T, max) given by: 
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G T, MAX = G S, MAX . G O . G L, MAX  =  
1

1− | Γ M S |𝟐 
. |S 21|

2 .
1− | Γ M L |𝟐 

| 1 − 𝐒𝟐𝟐  Γ M L|𝟐
  

3.3.4 Low-Noise Amplifier (LNA) Design: These amplifiers help to amplify by 

maintaining the noise to a defined lower limit. The primary objective is to avoid 

exceeding the noise figure limit while attaining the highest possible gain. Practically, it 

is very difficult to obtain both. Therefore, it is required to decide a goal before proceeding 

with the design. [1] 

In this type of amplifier design, the objective is not to exceed a specified noise figure 

value while achieving the highest possible gain. We trade-off between gain and noise 

figure since they cannot be achieved simultaneously. Under a given design requirement 

with a specific noise figure and an exact gain value, there is a need to carry out the 

following design procedure. [1] 

Step 1. Calculate the assigned gain values for the matching networks at input and output. 

Step 2. Plot the constant-gain circle and the constant-noise circle on the same Smith 

Chart for the source. 

Step 3. Choose a source constant-gain circle to intercept the desired constant noise-figure 

circle. 

Step 4. The input matching network can be designed using ΓS (selected such that it is 

anywhere on the constant circle for gain. This point should lie between the intercept 

points and inside the constant noise figure circle).  

Step 5. Finalize the amplifier circuit with the design of the matching network for the 

output. This is done by plotting the load constant-gain circle with the allocated gain from 

the above step, and by choosing a ΓL on this circle. 

3.3.5 Minimum Noise Amplifier is a special case of LNA. The noise figure circles 

are reduced to a single point (Γ opt) leading to the reduction of the design process to a 

single design choice. [1] 

Γ S = Γ opt 
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After completing the first five steps of the design, the design of the matching networks 

can be initialized for the input and output. 

After satisfying the above condition, in order to get the best VSWR at the output, choose: 

ΓL = ΓOUT * = (S 2 2 + 
S12 S21 Γ opt

1− S 11 Γ opt
) 

The matching networks for the input and output can be easily designed by ΓS and ΓL . [1] 

In the design, since the unilateral figure of merit U was very high, there was a need to 

modify the above method such that based on the Γ MS and Γ ML values, ΓS and ΓL values 

were calculated. After getting ΓS and ΓL, the values of the Noise Figure circle was 

calculated to make sure that the design gives noise within the design specification limit. 

This process had to be repeated i.e. with repetitive iteration to get a stable ΓS and ΓL value 

before finalizing it. This was followed by the matching network for the LNA for the input 

and output side, thus completing a single stage LNA. [1] 

The next chapter explains each step of the design in detail. 
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Chapter 4. Steps to Design an Amplifier 

4.1 Introduction 

 
 

Figure 4.1: Design Steps for any Amplifier [1] 

 

There is a need to follow the steps as mentioned below to design the microwave circuit 

as mentioned in Chapter 15 from the book “RF and Microwave Design Essentials” by 

Prof. Dr. Matthew Radmanesh. 

The design steps are mentioned in the order mentioned in the above Figure 4.1 along 

with the detailed explanation of each step for easy understanding. [1] 

This is the first step. From the specifications of the amplifier, if gain (G) is given then 

there is a need to select the transistor which has a gain higher than the result obtained by 

dividing the S-parameters S21 and S12 ( | S21 / S12 | > G). This is operated in the desired 

frequency range. Another possibility is to check the given value of the noise figure F0, 

there is a need to make sure that the selected transistor is such that the F0 is higher than 
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the minimum noise figure, Fmin (F0 >  Fmin) from the datasheet of the selected transistor. 

[1] 

4.2 D.C. Biasing 

This is the second step. The transistor needs to be biased on the basis of the curves of IC 

- VCE for BJT or ID - VDS for FET. FET is biased in the ID - VDS curves of the transistor. 

[1] 

The book “RF Microwave and Design Essentials” by Professor Dr. Matthew Radmanesh 

shows a suitable D.C. biasing method that needs to be selected from appendix K. 

 

 

Figure 4.2: D.C. Biasing Techniques [1] 

Option (e) was used from all the above techniques for D.C. biasing in the design.  
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4.3 Device Characterization 

This is the third step. The selected Q-point helps to decide the S-parameters.  These 

parameters are specified in the data sheet. [1] 

 

4.4 Stability Test 

This is the fourth step. At the desired frequency, the condition of stability is verified. In 

general, Stability can be termed as the ability of an amplifier to maintain its effectiveness 

in its nominal operating characteristics. This maintained effectiveness is present in spite 

of large changes in the environment. These changes can be physical temperature, signal 

frequency, source or load conditions, etc. [1] 

The Stability test is done by two methods as follows. 

A) Analytical Method 

Then based on these definitions, a two-Port network will be unconditionally stable if, and 

only if, either one of the following mathematically equivalent criteria are satisfied: [1] 

 = S11 S22 – S12 S21 K = 
𝟏 − |𝐒 𝟏𝟏 |𝟐 − |𝐒 𝟐𝟐 |𝟐 + 𝟐

𝟐 |(𝐒 𝟏𝟐 ) ( 𝐒 𝟐𝟏)|
 

B1 = 1 + |S11|2 - |S22|2 - ||2 

I) Method # 1: Three-Parameter Test 

K > 1, and 1 − |S11|
2

|S12 S21|
> 1 

and 1 − |S22|
2

|S 12 S21|
> 1 

The three parameter test can be modified into a two-parameter test which is also known 

as the “K -  Test” and is mentioned below. [1] 

II) Method # 2: Two-Parameter Test (K -  Test) 

K > 1 and || < 1 

This test is the most commonly used and popular because of its simplicity and ease of 

calculations. [1] 
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III) Method # 3: Two-Parameter Test (K - β1 Test) 

K > 1 and β1 > 0 

These three criteria are equivalent to each other. Therefore, if a device satisfies any one 

of these three criteria, the other two are also satisfied. 

Thus, a two - Port network will be unconditionally stable if and only if any one of the 

above three criteria are satisfied. 

For a unilateral transistor, we have S12 = 0 making K infinite > 1. Also, | ∆ | = | S11 S22 | 

Since K > 1 has already been satisfied, therefore, in order to satisfy the condition for 

unconditional stability we desire | ∆ | < 1, which requires: 

a. | S 11 | < 1  

b. | S 22 | < 1  

for all passive values of Z S and Z L. 

IV) Method # 4: Single-Parameter Test (µ-Parameter Test) 

The “two-parameter test” (“K - ∆ test”) described above, provides a set of mathematical 

conditions on two parameters for unconditional stability and only indicates whether a 

device is stable or not. The “two-parameter” test cannot be used to show the degree of 

stability of a device with respect to any other similar device due to the constraints that 

are imposed on those two parameters. [1] 

To determine both, the unconditional stability of a device and the stability with respect 

to other devices, another method had been created which combines the “K - ∆ 

parameters” into a ‘single-parameter test’. It is known as “µ - parameter test”. The 

parameter “µ” is defined as: 

µ =  
1 − |S11|2

|S 22 −  S 11
∗ ∆|+ | S 12 S21| 

 

For unconditional stability, the following must be satisfied: 
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µ > 1 

Furthermore, if “device A” has a parameter “µ A” which is greater than “µ B” 

corresponding to “device B” [1], i.e. µ A > µ B 

Then “device A” is said to be more stable than “device B”. 

The above equation indicates that a device with a larger value of “µ” is more desirable 

for an amplifier design since it implies a greater degree of stability. [1] 

B) Graphical Method 

For stable systems, next step is implemented directly. If the condition does not get 

satisfied, there is a need for the circles of stability at the input and output to locate the 

stable regions. [1] 

A graphical method is used for this. The S-parameters are used in the determination of 

the input and output stability circles. 

The input stability circle drawn in the Γ S - plane is obtained from the equations: 

| Γ S – C S | = R S 

Where, 

D s = | S11 | 2 - |  | 2 

C S = 
(S11− S22 ∗) 

∗

D 𝐬
  

R S = |  
S12 ∗ S21

DS
 | 

The output stability circle drawn in Γ L - plane is obtained from the equations: 

| Γ L – C L | = R L 

Where: 

D L = | S 22 | 2 - |  | 2 
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C L = 
(S 22−  S11 ∗) 

∗

DL
  

R L = |  
S12 ∗ S21

DL 
 | 

For LNA, the focus usually is on the input stability circle. The output stability circle is 

not usually considered since a stable input is bound to give an output within the stable 

region. 

A special case of unconditional stability for the given specifications are kept into 

consideration: 

For | S11 | < 1 and | S22 | < 1, the amplifier circuit will be stable unconditionally when 

either of the following two conditions hold true: 

a) Both stability circles fall outside the Smith Chart completely, or 

b) Both stability circles enclose the Smith Chart completely. 

Therefore, the unconditional stability can be concisely stated in mathematical form for 

all passive source and load impedances as below: 

| |CL| - RL | > 1   for | S11 | < 1 

| |CS| - RS | > 1   for | S22 | < 1 

4.5 Important Design Parameters 

This is the fifth step and involves Unilateral plot, Gain and Noise and Mismatch Factor. 

4.5.1 Unilateral Figure of Merit [1] 

The crucial test at input and output of an LNA is to design the matching network such 

that they render close to zero. The LNA needs to be matched to the source and load ports.  

This leads to two scenarios:  

Unilateral Case: The unilateral design is followed if S 12 = 0.  

If S 12 ≠ 0, then there is a need to estimate the unilateral figure of merit also known as 

U. This will help to calculate the range of error. For small range i.e. around ±5dB, then 
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the unilateral design is used (if U < 0.06). If not, then the bilateral design is followed (if 

U > 0.06).  

U = 
| 𝐒 𝟏𝟏 | | 𝐒 𝟐𝟏 | | 𝐒 𝟏𝟐 | | 𝐒 𝟐𝟐 |

(1− | 𝐒 𝟏𝟏 | 𝟐 ) (1− | 𝐒 𝟐𝟐 | 𝟐 )
 

The formula to evaluate the range of error is,   

1

(1 + U)2
< R <

1

(1 − U)2
 

When the transistor is unilateral, then simplify into the following: 

Γ IN = S 11 

Γ OUT = S 22 

Bilateral Case: When S12 ≠  0 and unilateral Figure of merit causes an unjustifiably high 

error in the gain equations, we are faced with the bilateral case where S12 can no longer 

be ignored. [1] 

We know that from above equations, the maximum power transfer occurs when: 

Γ IN   =  Γ 𝐬
∗  = S 11 + 

S 12 . S 21 . Γ L
1 − S 22 . Γ L

 

Γ OUT   =  Γ 𝐋
∗  = S 22 + 

S 12 . S 21 . Γ S
1 − S 11 . Γ S

 

ΓS should be selected equal to ΓMS and ΓL should be selected equal to ΓML. 

Γ  M S =
B 1 ± √B 1

2 − 4⃒ C 1⃒2

2 C 1
  

Γ  M L =
B 2 ± √B2

2 − 4⃒ C 2⃒2

2 C 2
    

Where, 

B 1 = 1 + | S 1 1 | 2 - | S 2 2 | 2 - | ∆ | 2 B 2 = 1 + | S 2 2 | 2 - | S 1 1 | 2 - | ∆ | 2  

C 1 = S 1 1 - ∆ S*
2 2  C 2 = S 2 2 - ∆ S*

1 1  
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LNA can be designed by calculating ΓM S and ΓM L using the calculated values from the 

above formulas. [1] 

After ΓMS and ΓML calculations, the Smith Chart is used for matching networks of input 

and output. 

4.5.2 Gain Calculations 

Ideal Gain Calculation is given by G 𝐌𝐒𝐆 = 
|S21|

|S12|
   ⇒ 10 log10   

|S21|

|S12|
= G dB 

4.5.2.A Transducer Power Gain (G T) is defined as “the ratio of power delivered to the 

load of the system (P L) by the available power from the source under matched condition 

(P AVS).” [1] 

G T = 
P L

P 𝐀𝐕𝐒
 = G S . G 0 . G L = (

1 −  |Γ 𝐒 |
𝟐

| 1 − Γ 𝐈𝐍  Γ 𝐒  |𝟐
) . |S 21| 2 . (  

1 −  |Γ L|𝟐

| 1 − S 𝟐𝟐 Γ 𝐋  |𝟐
 )  

= (
1 −  |Γ 𝐒 |

𝟐

| 1 − S 𝟏𝟏  Γ 𝐒  |𝟐
) . |S 21| 2 . (  

1 −  |Γ L|𝟐

| 1 − Γ 𝐨𝐮𝐭 Γ 𝐋  |𝟐
 ) 

4.5.2.B Operating Power Gain or Power Gain (G P) is defined as “the ratio of power 

delivered to the load of the system (P L) by the power given as input to the transistor (P 

IN).” [1] 

G T = 
P L

P 𝐈𝐍
 = G S . G 0 . G L = (

1 

1 − |  Γ𝐈𝐍  |𝟐
) . |S 21| 2 . (  

1 −  |Γ L|𝟐

| 1 − S 𝟐𝟐 Γ 𝐋  |𝟐
 )  

4.5.2.C Available Power Gain (G A) is defined as “the ratio of power available from the 

source of the system (P AVN) under matched condition by power available from the 

transistor (P AVS).” [1] 

G T = 
P AVN

P 𝐀𝐕𝐒
 = G S . G 0 . G L = (

1 −  |Γ 𝐒 |
𝟐

| 1 − S 𝟏𝟏  Γ 𝐒  |𝟐
) . |S 21| 2 . (  

1 

1 −  | Γ 𝐨𝐮𝐭  |𝟐
 )   

where,  
Γ IN   =  Γ 𝐬

∗  = S 11 + 
S 12 . S 21 . Γ L
1 − S 22 . Γ L

 

Γ OUT   =  Γ 𝐋
∗  = 𝑆 22 + 

S 12 . S 21 . Γ S
1 − S 11 . Γ S

 

The Gain formula for special cases Unilateral and Bilateral is as mentioned below. 
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Unilateral Case Gain: 

G 𝐒𝐔  = (
1 −  | Γ 𝐒 |

𝟐

| 1 − S 𝟏𝟏  Γ 𝐒  |𝟐
). |S 𝟐𝟏|

2  . (  
1 −  | Γ L|𝟐

| 1 − S 𝟐𝟐 Γ 𝐋  |𝟐
 )  

The maximum gain under Unilateral Case is given by,  

G TU, MAX = G S, MAX . G 0 . G L, MAX = (
1 

 1 − | 𝑆 𝟏𝟏  |𝟐
) . |S 21| 2 . ( 

1

 1 − | 𝑆 𝟐𝟐 |𝟐
 )  

Bilateral Case (Maximum) Gain: 

 G𝐓,𝐌𝐀𝐗  =  G𝐒,𝐌𝐀𝐗 . G𝟎 . G𝐋,𝐌𝐀𝐗 = 
1

1− | Γ M S |𝟐 . |S 21|
2 .

1− | Γ M L |𝟐 

| 1 − 𝐒𝟐𝟐  Γ M L|𝟐
 =

|S 𝟐𝟏|

|S 𝟏𝟐|
(K −

√K2 − 1 )    

4.5.3 Noise 

Noise is an unwanted factor that gets added to the system due to many reason. It degrades 

the performance of the system and hence is not desirable. It gets added due to external or 

internal factors acting on the system. Ideally, it cannot be removed completely, however 

it can be reduced to the lowest possible value. 

Electrical Noise (Noise): Definition: “Any unwanted electrical disturbance or spurious 

signal. These unwanted signals are random in nature and are generated either internally 

in the electronic components or externally through impinging electromagnetic radiation.” 

[1] 

Noise gets added due to the following reasons. [1] 

i. Thermal vibrations of atoms, molecules, electrons etc. 

ii. Flow of these electrons across a wire in the system. 

iii. Emission of the charges from a cathode of a diode, electron etc. 

iv. Propagation of the waves through the atmosphere. 

Another method to characterize the noise of an amplifier is by using the concept of Noise 

Figure. 
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Noise Figure: Definition: “It is the ratio of the total available noise power at the output, 

to the output available noise power due to thermal noise coming only from the input 

resistor at the standard room temperature (TO = 290 °K).” [1] 

P N = G A . k . T e . B   

where k is Boltzmann Constant  

Te is Equivalent Noise Temperature     B is the Bandwidth  

(P O) I = G A . P . N i = G A . k . B . TO     and     (P O) tot = P NO = P N + (P O) i 

For Analysis, we need to use formula mentioned below for the calculation of noise figure 

circles: 

F = F 𝐦𝐢𝐧 + 

4 R N
Z 0

(  | Γ S − Γ opt| 
2)

 (  1 − | Γ S |2). | 1 + Γ opt| 2
 

N = 
F − F 𝐦𝐢𝐧

4 R N
Z 0

| 1 + Γ opt| 
2 = 

|  Γ S − Γ opt| 
2

 1 − | Γ S |2
 

r 𝐧 =
R N
Z 0

 

where N = Noise Figure parameter 

F = required noise figure in ratio 

Fmin = Optimum noise figure in ratio 

Γopt = Reflection coefficient to achieve optimum noise 

R N = Equivalent noise resistance of transistor 

The center of noise figure circle is plotted in Γs plane: 

C F  =
Γopt

1 +  N
 



22 
 

Radius of the noise figure circle: 

R F  =
√N 2 + N ( 1 − |Γ opt| 2 )

1 +  N
 

The values of Fmin, RN (or r n) and Γopt are given in the manufacturer’s data sheet. 

4.5.4 Mismatch Factor 

This value signifies the mismatch that is preset between the load and the matching 

network. It is important to know this value since ignoring this can lead to a drop in the 

efficiency of the system in the form of drop of gain or increase of noise. 

Mismatch factor also known as Mismatch Loss is specified in dB and determines the 

power loss due to mismatch. [1] 

Source Mismatch factor is given by  𝐌 𝐒 =
P IN

P 𝐀𝐕𝐒
= 

(  1−| Γ S |2) .  (  1−| Γ IN |2)

 (  | 1 − Γ S  Γ IN |2)
  

𝐌 𝐒 (𝐝𝐁) = P IN (𝐝𝐁𝐦) − P AVS (𝐝𝐁𝐦),     𝐌 𝐒 𝐢𝐬 𝐥𝐞𝐬𝐬 𝐭𝐡𝐚𝐧 𝟎 

Load Mismatch factor is given by  𝐌 𝐋 =
P L

P 𝐀𝐕𝐍
= 

(  1−| Γ L |2) .  (  1−| Γ OUT |2)

 (  | 1 − Γ L  Γ OUT |2)
  

𝐌 𝐋 (𝐝𝐁) = P L (𝐝𝐁𝐦) − P AVN (𝐝𝐁𝐦),     𝐌 𝐋 𝐢𝐬 𝐥𝐞𝐬𝐬 𝐭𝐡𝐚𝐧 𝟎 

Ideally, the value of MS and ML should be equal to 1, but it lies in the range of 0 to 1. 

Input and Output VSWR: Input VSWR is the input power PIN going into the input port 

of matching network M1 using the input reflection coefficient Γa  [1] 

M 𝐒  = 1 − | Γ a |
2  => Γ a = √1 − M 𝐒    | Γ a | =  

 (  Z a −  Z 0)

 (  Z a +  Z 0)
 

( VSWR )IN = 
 1 + | Γ a |

 1 − | Γ a | 
=  

 1 + √1 − M 𝐒 

 1 − √1 − M 𝐒 
 

In the same way, the output VSWR can be defined as the output power Pout leaving the 

output port of matching network M2 using the input reflection coefficient Γb  



23 
 

M 𝐋  = 1 − | Γ b |
2  => Γ b√1 − M 𝐋    | Γ b | =  

 (  Z b −  Z 0)

 (  Z b +  Z 0)
 

( VSWR )out = 
 1 + | Γ b |

 1 − | Γ b | 
=  

 1 + √1 − M 𝐋 

 1 − √1 − M 𝐋 
 

4.6 Matching Networks 

This is the sixth step. It describes the rules for Matching Networks. 

For the LNA, it is required to determine its matching network at the input and output. [1] 

4.6.1 Rules for Lumped Elements on Smith Chart [1] 

Based on the discussion presented in the previous two sections, there are certain rules 

that if followed would simplify and even speed up the matching circuit design process. 

These rules can be summarized as follows: [1] 

Rule #1 Always use a ZY Smith Chart. 

Rule #2 Start off from the load end at all times. Move “towards the Generator” in order 

to avoid any uncertainty or misunderstanding about the starting position. 

Rule #3 Always move on a constant-R or constant-G circle in such a way as to arrive 

eventually at the center of the Smith Chart. 

Rule #4 Each motion along a constant-R or constant-G circle gives the value of a reactive 

element. 

Rule #5 Moving on a constant-R circle yields series reactive elements, whereas moving 

on a constant-G circle yields shunt reactive elements. 

Rule#6 The travel (or motion) direction on a constant-R or constant-G circle determines 

the type of element to be used, i.e. a capacitor or an inductor. 

Rules 5 and 6 lead to the following additional two rules. 

Rule #7 When the motion is upward, in most cases it corresponds to a series or a shunt 

inductor. 

Rule #8 When the motion is downward, in most cases it corresponds to a series or a shunt 

capacitor. 
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 4.6.2 Rules for Distributed Elements on Smith Chart [1] 

At higher frequencies where the component or circuit size is comparable with 

wavelength, matching of the load to the transmission line is done with distributed 

components.  The most common technique in this type of design is the use a transmission 

line (called a stub). This is for a single open circuited length or short circuited length. 

From the load, this is either a parallel or in series connection with the transmission feed 

line and is at a distance. [1] 

In single stub matching networks, the two variable limitations are the distance “d” from 

load to the stub and the length “l” called as stub lengths which provides the value of stub 

susceptance or reactance. [1] 

Selection of distance “d” is crucial for both shunt and series stub as explained below: 

a. For the shunt stub, “d” should be chosen such that the input admittance YP is in the 

form of YP = YO + jB with the susceptance of the stub selected as (-jB). This results in a 

matched condition. [1] 

b. For the series stub, “d” should be chosen such that the ZS which is the impedance is of 

the form ZS = ZO+ jX with the reactance of the stub selected as –jX. This also results in 

a matched condition. [1] 

  Choice of Short- or Open-Circuited Stubs - With a λ/4 difference in length between 

the two, a short or open transmission line with proper length can provide reactance or 

susceptance of any value for the needed design. [1] 

Structural considerations behind choice of a short- versus an open stub are as follows: 

a. Open Stubs: For micro strip and strip line technology use of open stubs are preferred. 

Use of short stubs require a hole which goes to the ground plane through the substrate, 

which adds extra work and can be eliminated through the use of open circuits. 

b. Short Stubs: For coaxial line or waveguide as a transmission line media, use of short 

stubs are preferred because the open stubs may radiate causing power losses thus making 

the stub no longer a purely reactive element. 
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Stub Realization Using Micro Strip Lines - Series transmission lines and shunt stubs 

(short or open) can easily be realized using design steps for micro strip line technology. 

[1] 

Given a dielectric constant (ε r), its height (h) and a certain characteristic impedance value 

(ZO), the width of the micro strip line (W) can be calculated. The values can be verified 

using various software’s available. Two tools were used to verify the stub calculations. 

This is explained in the next chapters. 
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Chapter 5. Design Calculations for the Amplifier 

5.1 S-Parameter 

At 16 GHz, the S-matrix for the FET FHX13/14LG is 

S = [
S 11 S 12

S 21 S 22
]  =  [

 0.564∠148.8° 0.058 ∠ − 12.8° 
2.244 ∠ − 50.7°  0.677 ∠172.6°

]   

The simulation of the S parameters is as shown below for the transistor used in the design. 

 

Figure 5.1: Simulation Circuit for S parameters 

 

Figure 5.2: Simulation results for S parameters at 16 GHz 

After simulating the circuit for the transistor, the S parameters can be seen for a wide 

frequency range. In this, we can check the values for our design as well which is at 16 

GHz. This analysis are obtained by using the .S2P file of the transistor. 
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Specifications: Frequency = 16 GHz, Zo = 50Ω, ε r = 10.7 (Rodgers Data Sheet), h = 

0.127 mm 

5.2 D.C. Biasing Calculations 

The following values are considered from the transistor datasheet   

V t = - 0.7 V                               I d s = 10 mA  

V d s = 2 V                                  I d s s = 30 mA 

First calculate Vgs using equation,  

I d s = K (V g s – V t) 2  

K = 
Id s s

V t 2
 =  

30 .  10−3

(−0.7) 2
  = 0.06122  

Substituting the value of K in the I ds formula above, it can be seen that, 

Vg s = - 0.3V and -1.1V  

Vg s = -1.1V was not acceptable as it did not match the experimental value that can be 

observed for the graph of the transistor from the datasheet of -0.4V unlike the value of -

0.3V 

The value of Vgs from datasheet and above calculation can be concluded to -0.4V  

Now, by Voltage Divider Rule,  

 − 2.4 = ( 
R G 2

R G 1+ R G 2
 ) (− 7)   

Assuming value of R G 2 = 1MΩ, we get the value of R G 1 = 1.91 MΩ 

Now, R S = 
V

I
= 

5

10 .  10−3  =  500 Ω   
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RF Choke and D.C. Block Calculations:  

RF Choke: Z L is 10 times of Z 0, 

|Z L| = 10 . Z 0 = 10 . 50 Ω = 500 Ω and ω =2 π F = 2 π x 16 GHz = 32 π . 10 9 rad/sec 

|Z L| = ω L => 500 = 32 π . 10 9 . L => L = 4.976 nH  

D.C. Block: Z C is 1/10 times of Z 0 

|Z C|  =   
1

10
 . Z 0 =  

1

10
 . 50 = 10 . 50 Ω = 5 Ω and ω = 32 π . 10 9 rad/sec 

|Z C | = 
1

ω C
 => 5 Ω = 

1

32 π  . 10 9  .  C 
 leading to C = 1.99 pF  

In the circuit, the value of |Z C| was modified to a value of 2 Ω instead of 5 Ω leading to 

value of C = 4.97 pF. This modification is due to a requirement of the gap capacitance 

which should be 1/3rd of the width w.  

When |Z C| = 5 Ω, then C = 1.99 pF leading to a Gap Capacitance of S = 0.109 mm which 

is approximately same as width w = 0.1136 mm and hence is unacceptable.  

Modifying Z C to 2 Ω, it gave C = 4.97 pF leading to Gap Capacitance of S = 0.0409 mm 

which is approximately 1/3rd of width w = 0.1136 mm. This value is acceptable. The 

important condition here is that S (gap capacitance) is equal to 1/3rd of w (width). 

 

Figure 5.3 Final D.C. Biasing Circuit 
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5.3 Stability Test 

 =  𝑆𝟏𝟏 𝑆𝟐𝟐 –  𝑆𝟏𝟐 𝑆𝟐𝟏  

=  (0.564∠148.8°)(0.677 ∠172.6°)

− (0.058 ∠ − 12.8°)(2.244 ∠ − 50.7°) 

             = 0.267∠ − 26.5° 

K = 
𝟏 − |𝐒 𝟏𝟏 |𝟐 − |𝐒 𝟐𝟐 |𝟐 + 𝟐

𝟐 |(𝐒 𝟏𝟐 ) ( 𝐒 𝟐𝟏)|
= 

𝟏 − |0.564 |𝟐 − |0.677|𝟐 + (0.267∠−26.5°)𝟐

𝟐 |(0.058)(2.244)|
   = 1.134 

5.4 Unilateral Plot Calculations 

U =
| 𝐒 𝟏𝟏 | | 𝐒 𝟐𝟏 | | 𝐒 𝟏𝟐 | | 𝐒 𝟐𝟐 |

(1 − | 𝐒 𝟏𝟏 | 
𝟐 ) (1 − | 𝐒 𝟐𝟐 | 

𝟐 )

=  
| 0.564 | | 2.244 | | 0.058 | | 0.677 |

(1 − | 0.564 | 𝟐 ) (1 − | 0.677 | 𝟐 )
 = 0.1345

> 0.6                                           

1

(1 + U)2
< R <

1

(1 − U)2
=> 0.784 < R < 1.3349 =>  −1.05 dB < R < 1.25 dB 

U > 0.6 and the error range > ± 0.5 dB, Hence it is a Bilateral Case. 

5.5 Bilateral Case Calculations 

Γ  M S =
B 1 ± √B 1

2−4⃒ C 1⃒2

2 C 1
= 

0.787 ± √(0.787) 2−4 (0.38) 2

2(0.38∠ 143.3°)
  = 0.832∠ -143.3° 

B 1 = 1 + | S 1 1 | 2 - | S 2 2 | 2 - | ∆ | 2 = 1 + (0.564) 2 – (0.677) 2 – (0.267) 2 = 0.787 

C 1  =  S 𝟏𝟏  −  ∆ S𝟐𝟐
∗  =   (0.564∠148.8°) − (0.267 ∠ 26.5°)(0.677 ∠ − 172.6°) = 

0.38∠ 143.3° 

Γ  M L = B 2 ±
√B2

2−4⃒ C 2⃒2

2 C 2
= 

1.068 ± √(1.0677)2−4 (0.53)2

2(0.53∠ 169.2°)
   = 0.886∠ -169.2° 

B 2 = 1 + | S 2 2 | 2 - | S 1 1 | 2 - | ∆ | 2 = 1 + (0.677) 2 – (0.564) 2 – (0.267) 2 = 1.0677 
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C 2  =  S 𝟐 𝟐  −  ∆ S𝟏 𝟏
∗  =  (0.677 ∠172.6°) − (0.267 ∠ 26.5°)(0.564∠ − 148.8°) = 

0.53∠ 169.2° 

5.6 Noise  

F min = 0.63 dB = 1.156,   Γ opt =  0.38∠ − 175,  r n = 0.04 (From Datasheet) 

F = 1 dB = 1.259 

N = 
| Γ s − Γ opt  |

2

1−| Γs |2
=  

F− F 𝐦𝐢𝐧

4 .  r n
| 1 + Γ opt| 

2 = 
1.259− 1.156

4 (0.04)
| 1 +  0.38∠ − 175| 2 = 0.247 

Center is at, C F  =
Γopt

1 + N
= 

0.38∠−175

1 + 0.247
= 0.305∠ − 175 

Noise Figure circle radius is: 

R F  =
√N 2 + N ( 1 − |Γ opt| 2 )

1 +  N
=  

√0.247 2 + 0.247 ( 1 − |0.38| 2 )

1 +  0.247
=

0.411

1.166
 

= 0.418 

With these values, the Noise figure circle are plotted and the value of ΓS and ΓL are 

determined. With repetitive iterations on the Smith Chart, we try to get these values as 

much stable and constant as possible. By selecting a value on the Noise figure circle 

closer to ΓMS, we try to select ΓS as shown in Smith Chart below. We have selected to be 

ΓS = 0.58∠ − 143.3. 



31 
 

 

Figure 5.4: First iteration to calculate Γa, Noise Figure 

Using this value, we can calculate ΓL. 

Γ L  =  Γ out
∗   =   ( S 22 + 

S 12 . S 21 . Γ S
1 − S 11 . Γ S

)
∗

= [(0.677 ∠172.6°)

+ 
(0.058 ∠ − 12.8°)(2.244 ∠ − 50.7°) . (0.58∠ − 143.3)

1 − (0.564∠148.8°) . (0.58∠ − 143.3)
]

∗

 

= 0.784∠ − 170.26 

Γ IN  =  ( S 11 + 
S 12 .S 21 .Γ L

1−S 22 .Γ L
) =  0.78 ∠143°  

Using, F =  F1 +  
F2−1

G1
 +  

F3−1

G1 .  G2
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F1, F2
 and F3 can be calculated since they are the same stages. 

F =  F1 +  
F2 − 1

G1
 +  

F3 − 1

G1 .  G2
=> 1.259 =  F1 +  

F1 − 1

22.31
 + 

F1 − 1

(22.31) .  (22.31)
 

F1 = 1.247 = 0.960 dB 

Repeating the noise process again using F = F1 = 1.247, 

N =  
F− F 𝐦𝐢𝐧

4 .  r n
| 1 + Γ opt| 

2 =  
1.247− 1.156

4 .(0.04)
| 1 +  0.38∠ − 175| 2 = 0.219 

Center is at, C F  =
Γopt

1 + N
= 

0.38∠−175

1 + 0.219
= 0.312∠ − 175 

R F  =
√N 2 + N ( 1 − |Γ opt| 2 )

1 +  N
=  

√0.219 2 + 0.219 ( 1 − |0.38| 2 )

1 +  0.219
=

0.485

1.219
 

= 0.398 

Again, from the Smith Chart we choose ΓS closest to ΓMS. Hence we get ΓS = 0.62∠ −

143.3 

Using this value, we can calculate ΓL again. 

Γ L  =  Γ out
∗   =   ( S 22 + 

S 12 . S 21 . Γ S
1 − S 11 . Γ S

)
∗

= [(0.677 ∠172.6°)

+ 
(0.058 ∠ − 12.8°)(2.244 ∠ − 50.7°) . (0.62∠ − 143.3)

1 − (0.564∠148.8°) . (0.62∠ − 143.3)
]

∗

 

= 0.795∠ − 170.1 

Γ IN  =  ( S 11 + 
S 12 .S 21 .Γ L

1−S 22 .Γ L
) =  0.732 ∠142.8°  

As we can see, the values of ΓS and ΓL do not vary that much. Hence we can conclude to 

proceed with the first value to calculate the gain for the LNA. 
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Figure 5.5: Second iteration to calculate Γa, Noise Figure 

Using Gain of an LNA (calculation for LNA GAIN shown later), we can calculate F1 

again, 

F =  F1 +  
F2 − 1

G1
 +  

F3 − 1

G1 .  G2
 

we can calculate F1, F2
 and F3 since they are the same stages. 

F =  F1 +  
F2 − 1

G1
 +  

F3 − 1

G1 .  G2
=> 1.259 =  F1 +  

F1 − 1

19.68
 + 

F1 − 1

(19.68) .  (19.68)
 

F1 = 1.2458 = 0.954 dB 



34 
 

By repeating a third iteration for the above process, the new values came out to be, 

Noise Parameter N = 0.199 

Center CF = 0.316 

Radius RF = 0.382 

Using these values, the value for ΓS and ΓL came almost equal to the values that were 

obtained from the above calculation which concluded the iterations as well. 

 F MGA  = F 𝐦𝐢𝐧 + 

4 R N
Z 0

(  | Γ S− Γ opt| 
2)

 (  1−| Γ S |2).| 1+ Γ opt| 2
 = 

4 .  (0.04)(  | (0.832∠−143.3)−(0.38∠−175)| 2)

 (  1−|(0.832 |2).(1+ 0.38∠−1752)
+1.156  

=1.272 => 10log1.272 = 1.04 dB 

Noise Figure of Cascaded System,  

F =  F1 +  
F2 − 1

G1
 +  

F3 − 1

G1 .  G2
= 1.2458 +  

1.2458 − 1

19.68
 + 

1.272 − 1

(19.68) .  (19.68)

= 1.2458 +  0.0124 + 0.000702 = 1.2589 => 10log1.2598

= 0.9999 dB 

5.7 Gain Calculations 

Ideal Maximum Gain Calculation 

G =  
|S21|

|S12|
  =  

|2.244|

|0.058|
= 38.689 ⇒ 10 log10  45.534 = 15.87 dB 

LNA Gain Calculation 

G 𝐓  =  G 𝐒 . G 𝟎 . G 𝐋  = (
1 −  |Γ 𝐒 |

𝟐

| 1 − S 𝟏𝟏  Γ 𝐒  |𝟐
) . |S 𝟐𝟏 |

2 . (
1 

| 1 − Γ 𝐨𝐮𝐭  |𝟐
) =  

1− ( 0.62 )2

|1 −(0.564)(0.62) |𝟐 . (2.244)2 .
1

| 1 − (0.886)|𝟐
 = 19.68 => 10log19.68 = 12.94 dB 
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MGA Gain Calculation 

G𝐓,𝐌𝐀𝐗  =  G𝐒,𝐌𝐀𝐗 . G𝟎 . G𝐋,𝐌𝐀𝐗 = 
1

1 − | Γ M S |𝟐 
. |S 21|

2 .
1 − | Γ M L |

𝟐 

| 1 −  S𝟐𝟐  Γ M L|𝟐
 = 

=
1

1− |0.832 |𝟐 . (2.244)2 .
1− |0.886 |𝟐 

| 1 − ((0.677 ∠172.6°) (0.886∠ −169.2°))|𝟐
 = 22.31= 13.48 dB 

Gain of Cascaded System  

LNA (dB) + LNA (dB) + MGA (dB) = 12.94 + 12.94 + 13.48 = 39.39 dB 

Note: All the above results are verified on various software’s. Below are the screen 

shots from the RF/MW E-Book Software* provided by the professor himself which 

is also available with his book “Advanced RF & Microwave Circuit Design”. In 

these images, we can verify the accuracy of our hand calculations. 

  

Figure 5.6: Result for Gain, ΓM S, ΓM L and ΓI N 
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Figure 5.7: Result for transmission length 

After comparing the above results with the software, it can be seen that the results match. 

Hence, it can be concluded that our hand calculations are correct. The same has been 

verified in the MATLAB and is mentioned in Appendix’s A, B and C. 
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Chapter 6. Smith Charts (by Hand Calculation and Simulation) 

6.1 Introduction 

This chapter deals with the matching networks through Smith Chart. It also utilizes a 

software verification to check the accuracy of the Smith Charts done by hand. 

We are using distributed elements in our design due to high frequency and as described 

in chapter 4, the steps help us to understand how we proceed in order to design our 

matching network.  

After performing the design using both the open as well as short stubs for distributed 

elements, it was observed that short stubs gave a gain which was less when compared to 

the gain obtained by the open stubs primarily because of the long stub lengths. Though 

short stubs are preferred in real life as they do not allow any external interferences, it 

could not be used due to the reason mentioned above. 

6.2 LNA - Using Unilateral Case 

A) Γ S = 0.62∠ − 143.3° 

 

Figure 6.1: Smith Chart for matching network of LNA 
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This is the LNA matching network. M1 is at the input side of the LNA transistor. 

Similarly, M2 is at the output side. Below is the process to design an M1 and M2 

respectively. 

For the design of matching network, we plot Γ S followed by Γ L and move towards the 

center which has a load of 50 Ω.  

The design process for both open and short stub is same except that they both lead to 

different stub lengths since they are measured from different points on the Smith Chart.  

 

Figure 6.2: Simulation result for shunt stub of Γ S for LNA 

Here, we can see that the values from the Smith Chart and that from the simulation are 

almost equal. The calculation for the stub length on the software is mentioned in the 

image itself where the angle is divided by 360°. This division gives the length in terms 

of λ. By substituting the value of λ, we get the final answer in either mm, cm or m 

depending on the units of the λ. The same process is carried out for other matching 

networks and is shown ahead. 
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Figure 6.3: Simulation result for series stub of Γ S for LNA 

B) Γ L = 0.795 ∠ − 170.1 

 

Figure 6.4: Simulation result for shunt stub of Γ L for LNA 
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Figure 6.5: Simulation result for series stub of Γ L for LNA 

6.3 MGA - Using Bilateral Case 

A) ΓM S = 0.815 ∠ − 143.3 

 
Figure 6.6: Smith Chart for matching network of MGA 
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The above Smith Chart is for matching networks M1 and M2 for a Maximum Gain 

Amplifier (MGA). 

The figure above for the Smith Chart has both the matching networks for MGA, shown 

in it along with their stub length. 

 

Figure 6.7: Simulation result for shunt stub of Γ M S for MGA 

B) ΓM L = 0.864 ∠ − 169.2 

 

Figure 6.8: Simulation result for shunt stub of Γ M L for MGA 
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Figure 6.9: Simulation result for series stub of Γ M L for MGA 

 

The three figures above, Figure 6.7, 6.8 and 6.9 show the software verification result 

for a series and shunt stubs of matching networks M1 and M2 respectively for an MGA. 

 

6.4 M-Prime (M ’ Network) 

M prime is the matching network to overcome the mismatch between the networks in 

order to improve the efficiency of the circuit. It is used between LNA’s to overcome the 

mismatch factor. 

ΓS = 0.62 ∠ − 146.9 and ΓL = 0.795 ∠ − 170.1 leading to  

Γin ’ = Γa = 0.26 ∠27 
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Figure 6.10: Smith Chart for matching network of M prime 

 

Figure 6.11: Simulation result for series stub for M Prime 
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Figure 6.12: Simulation result for shunt stub for M Prime 

 

6.5 Combining LNA-M2 to M ’, also combining LNA-M2 to MGA-M 1 

Ideally, when there are multiple shunt stubs, it is not a good practice to keep shunt stubs 

separate. If there are consecutive shunt stubs, they can be combined to make a single 

shunt stub. The Smith Chart below shows two such combinations for two different shunt 

stubs. 

In this Smith Chart, we have combined the shunt stub of matching network M2 of the 

LNA with the shunt stub of M ’. 

Also, in the same Chart we have combined the shunt stub of matching network M2 of the 

LNA with the shunt stub of matching network M1 of the MGA. In order to combine the 

shunt stubs, we need to calculate the equivalent susceptance value of the stub from the 

Smith Chart, add them together and find the equivalent open stub length of this calculated 

susceptance value. 
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Γin = 0.776 ∠143,   ΓS = 0.62 ∠ − 146.9,   ΓL = 0.795 ∠ − 170.1 

 

Figure 6.13: Combing the stubs LNA-M2 to M’and LNA-M2 to MGA-M 1 

Combining LNA-M2 and MGA-M1 (All are Open stubs) 

LNA-M 2 + MGA-M 1 = j 2.65 + j 2.7 = j 5.35 => 0.47 λ 

For open stub, 0.47 λ – 0.25 λ = 0.22 λ = 0.22 (0.707 mm) = 1.56 mm 

Combining LNA-M2 and M ’ (All are Open stubs) 

LNA-M 2 + MGA-M 1 = j 2.65 + j 0.6 = j 3.23 => 0.45 λ 

For open stub, 0.45 λ – 0.25 λ = 0.202 λ = 0.22 (0.707 mm) = 1.414 mm 
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Chapter 7. Micro-strip (w by h) Calculations 

7.1 For Zo = 50Ω 

Frequency = 16 GHz, ε r = 10.7 (from Rodgers Data Sheet), h = 0.127 mm 

Approximate Method: 

 

Figure 7.1: Plots of Zo vs. W/h with 

ε r as a parameter (Zo = 50 Ω). 

 

Figure 7.2: Plots of Zo vs. W/h with εr 

as a parameter (Zo = 50 Ω). 

Formulas used in Micro-strip calculation - Exact Method: 

W/h Formula- Assuming (ε ff) and Zo are given, then the micro-strip dimensions (W/h) 

can be found as follows: 
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For w / h < 2 

A =
Z0

60
(
ε r  +  1

2
)
1/2

+ 
ε r  −  1

ε r  +  1
(0.23 +

0.11

ε r
 )

=
50

60
(
10.7 +  1

2
)
1/2

+ 
10.7 −  1

10.7 +  1
(0.23 +

0.11

10.7
 )

= 0.833 ( 2.418 ) +  0.829 ( 0.23 + 0.0102 ) = 𝟐. 𝟐𝟏𝟑𝟑 

 

w

h
 =  

8 ∗  eA

e2A − 2
 =

8 ∗  e2.2133

e2 ( 2.2133) − 2
=

8 ∗ 9.136

83.46 − 2
=  𝟎. 𝟖𝟗𝟕 

From Rodger’s sheet, we have considered h = 0.127 mm 

This leads to a value of w = 0.1136 mm 

 

 

Effective dielectric constant –  

The effective dielectric constant (ε ff) is given by [assuming that the dimensions of the 

micro-strip line (W, h) are known]:  

For W/h ≤ 1 

ε ff =
ε r  +  1

2
+

ε r  −  1

2
[(1 + 12 (

h

w
))

−
1
2

+ 0.04 (1 −
W

h
)
2

] 

For W/h ≥ 1 

ε ff =
ε r  +  1

2
+

ε r  −  1

2
[(1 + 12 (

h

w
))

−
1
2

] 

By using the equations provided, we can find 𝜀 eff and length   

 ε ff =
ε r + 1

2
+

ε r − 1

2
[(1 + 12 (

h

w
))

−
1

2
+ 0.04 (1 −

W

h
)
2

] =
10.7+1

2
+

10.7−1

2
[(1 +

12 (
1

0.897
))

−
1

2
+  0.04(1 − 0.897)2] = 5.85 + 4.85[0.2634 +  4.41 x 10−4] = 7.130 

 

λ Formula- 

The wavelength in the micro-strip line (λ) is given by: 
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Speed of light, c = 3 . 108 m/s = 3 . 1011 mm/s, and frequency f = 16 GHz 

 

 

λ0 = 
c

f
= 

3 .  1011

16 .  109 =  18.75 mm 

Using w/h ≥ 0.6 formula, we get 

λ =
λ0

√ε r
[
 
 
 
 

(
ε r

1 + 0.63 (ε r − 1)(
w
h
)0.1255

)

1
2

]
 
 
 
 

=
18.75

√10.7
[(

10.7

1 + 0.63 (10.7 − 1)(0.897) 0.1255
)

1
2
] = 7.07 mm 

λTEM =
λ0

√ε r
= 

18.75

√10.7
= 5.73 mm 

λ

λTEM
= 

7.07

5.73
= 1.23 ,   

Also, by graph, 
λ

λTEM
= 1.23 approx. 
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7.2 For Zo = 120 Ω 

Frequency = 16 GHz, ε r = 10.7 (from Rodgers Data Sheet), h = 0.127 mm 

Approximate Method: 

 

Figure 7.3: Plot of Zo vs. W/h with ε 

r as a parameter (Zo = 120 Ω). 

 

Figure 7.4: Plots of Zo vs. W/h with εr 

as a parameter (Zo = 120 Ω). 

Formulas used in Micro-strip calculation - Exact Method: 

W/h Formula- 

Assuming (ε ff) and Zo are given, then the micro-strip dimensions (W/h) can be found as 

follows: 

 
For w / h < 2 
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A =
Z0

60
(
ε r  +  1

2
)
1/2

+ 
ε r  −  1

ε r  +  1
(0.23 +

0.11

ε r
 )

=
120

60
(
10.7 +  1

2
)
1/2

+ 
10.7 −  1

10.7 +  1
(0.23 +

0.11

10.7
 )

= 2 ( 2.418 ) +  0.829 ( 0.23 + 0.0102 ) = 𝟓. 𝟎𝟑 

 

w

h
 =  

8∗ eA

e2A−2
 =

8∗ e5.03

e2 ( 5.03)−2
=

8∗152.9

23388.5−2
= 0.052 

From Rodger’s sheet, we have considered h = 0.127 mm 

This leads to a value of w = 0.0066 mm 

 

 

Effective dielectric constant –  

The effective dielectric constant (ε ff) is given by [assuming that the dimensions of the 

micro-strip line (W, h) are known]:  

For W/h ≤ 1 

ε ff =
ε r  +  1

2
+

ε r  −  1

2
[(1 + 12 (

h

w
))

−
1
2

+ 0.04 (1 −
W

h
)
2

] 

For W/h ≥ 1 

ε ff =
ε r  +  1

2
+

ε r  −  1

2
[(1 + 12 (

h

w
))

−
1
2

] 

By using the equations provided, we can find 𝜀 eff and length   

 ϵ ff =
ε r + 1

2
+

ε r − 1

2
[(1 + 12 (

h

w
))

−
1

2
+ 0.04 (1 −

W

h
)
2

] =
10.7+1

2
+

10.7−1

2
[(1 +

12 (
1

0.052
))

−
1

2
+  0.04(1 − 0.052)2] = 5.85 + 4.85[0.066 +  0.036] = 6.34 

λ Formula- 

The wavelength in the micro-strip line (λ) is given by: 



51 
 

Speed of light, c = 3 . 108 m/s = 3 . 1011 mm/s, and frequency f = 16 GHz 

 

 

λ0 = 
c

f
= 

3 .  1011

16 .  109 =  18.75 mm 

Using w/h ≤ 0.6 formula, we get 

λ =
λ0

√ε r
[
 
 
 
 

(
ε r

1 + 0.6 (ε r − 1)(
w
h
)0.0297

)

1
2

]
 
 
 
 

=
18.75

√10.7
[(

10.7

1 + 0.6 (10.7 − 1)(0.052) 0.0297
)

1
2
] = 7.45 mm 

λTEM =
λ0

√ε r
= 

18.75

√10.7
= 5.73 mm 

λ

λTEM
= 

7.45

5.73
= 1.30  

Also, by graph, 
λ

λTEM
= 1.29 approx. 

 

Calculation for Gap Capacitance and cutoff frequency 

Width (W1 and W2) = 0.1136 mm, Cs = 4.97pF, h = 0.127 mm (Appendix E)  

Q1 = 0.04598 (0.03 + ( 
W 1

h
 )

𝐐 𝟓

 . (0.272 + 0.07 ε r)  

    = 0.04598 (0.03 + ( 
0.1136

0.127
 )

𝐐 𝟓

 . (0.272 + 0.07(10.7)) = 0.0423  
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Q5 = 
1.23

1+0.12 ( 
W 2

W 1
 − 1 )

0.9  =  
1.23

1+0.12 ( 
0.1136

0.1136
 − 1 )

0.9 = 1.23 

 

Cs [pF] = 500 . h . exp ((-1.86) . 
s

h
 ) Q1 . (1 + 4.19(1 – exp ( (-0.785)√

h

W 1
 .

W 2

W 1
 ) ) ) 

exp ((-1.86) . 
s

h
 ) = 

Cs [pF]

500 .h .  Q1 .(1 + 4.19(1 – exp ( (−0.785)√
h

W 1
 .
W 2
W 1

 ) ) )
   

                           = 
1.99

500 (0.127).(0.0423).(1 + 4.19(1 – exp ( (−0.785)√
0.127

0.1136
 .
0.1136

0.1136
 ) ) )

 

 

From the above equation, we get the value of Gap Capacitance S equal to, S = 0.0409 

mm 

Cut Off frequency f0 (GHz) =  (0.3).√
Z0

h .√εr−1 
= (0.3) . √

50

(0.0127) .√10.7−1 
 = 10.66 GHz 

In the above equation, height is in cm. 

Since cut off frequency is low with respect to the design frequency, now we need to check 

our impedance Z0. To calculate Z0 we use the formula mentioned below. 

ε ff = 7.130 (from above calculations), f ‘ = 16 GHz 

F =
4 .h .f .√εr−1 

c 
{0.5 + [1 + 2 log (1 +

w

h
)]

2

} =  
4 .(0.127) .  (16.109).  √10.7−1 

3 . 1011
{0.5 +

[1 + 2 log(1 + 0.8948)]2} = 0.2463  

εff (f) = [ 
 √εr − √εff (0) 

1 + 4 F−1.5
+ √εff (0) ]2 = [

 √10.7 − √7.13 

1 + 4(0.26)−1.5
+ √7.13]2 =  7.225 

Z0(f) = Z0(0).
εff (0) − 1

εff (f) + 1
√

εff (0)

εff (f)
=  50 .  (

7.13 − 1

7.23 + 1
)√

7.13

7.23
 = 50.43 Ω   

The above calculations were again performed at f ’= 16.8GHz which gave Z0 =50.48Ω   

All the above calculations are verified on various softwares and the results are 

attached in the appendix’s respectively.   
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Chapter 8. Final Circuit Diagram 

 

Figure 8.1: Final Layout by combining all the stages 
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Chapter 9. Circuit and Simulation Results for Single and Multiple Stages 

The simulation result for the single stage Low Noise Amplifier confirms that the gain is 

12.988 dB and noise figure is approximately 0.865 dB. Similarly, the gain for a single 

stage MGA is 13.584 dB and the noise figure is around 1.017 dB.  

9.1 Single stage LNA result 

 

  Figure 9.1: Circuit for Single Stage LNA 

 

Figure 9.2: Gain for Single Stage LNA 

 

Figure 9.3: Noise Figure for Single Stage 

LNA 

The simulation graphs helps us to verify the performance of our design. ADS was used 

to perform these simulations. The .S2P file of the transistor is required to load in the 

block so that it performs like the selected transistor. The calculations of the stub lengths 
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for the respective matching network was discussed previously. Using this, the circuit was 

simulated to plot the graph for the gain and noise figure. 

Similarly, the analysis for single stage MGA was performed followed by the design of 

the entire system after combining the LNA and MGA to form three stages with the 

mismatched M Prime (M ’) network and was simulated to obtain the values of gain and 

noise figure. The same analysis was performed on another simulation tool in order to 

verify the results and check the accuracy of the design on multiple platforms. Both the 

software results can be seen below and in appendix F. 

9.2 Single stage MGA result 

 

  Figure 9.4: Circuit for Single Stage MGA 

 

Figure 9.5: Gain for Single Stage MGA 

 

Figure 9.6: Noise Figure for Single 

Stage MGA 

This satisfies the goal to design a multi stage Low Noise Amplifier with low noise figure. 
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9.3 Cascaded Stages 

 

Figure 9.7: Final designed circuit (Microwave Office) 
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Figure 9.8: 2-D View – Scaled Dimensions for visibility (Microwave Office) 

Figure 9.8 is the 2-D presentation of the multistage amplifier. It gives us an understanding 

of how the system would appear.  

Similarly, below is the 3-D presentation of the same. It is not just for visual presentation, 

but for better understanding. Having an image is as good as overcoming one of the study 

barrier for better understanding. 

 

Figure 9.9: 3-D View – Scaled Dimensions for visibility (Microwave Office) 
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Figure 9.10: Gain of the final design (Microwave Office) 

 

 

Figure 9.11: Noise Figure of the final design (Microwave Office) 

From the simulation graphs, it can be seen that the designed multi stage amplifier is 

performing as per our expectation and giving results as per our calculations as well. The 

analysis has been done on multiple simulation software to verify the analysis. 
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9.4 Modifications and Future Scope 

This is a narrow band amplifier design which means there is 10% bandwidth 

corresponding to a frequency range of 15.2 GHz to 16.8 GHz. Since the operation gain 

drops almost immediately after 16 GHz, there is a need to modify the design as follows: 

Step 1. Using S-Parameters at 17 GHz from the datasheet, we obtain S = [
𝑆 11 𝑆 12

𝑆 21 𝑆 22
]  =

 [
 0.543∠138.2° 0.061 ∠ − 17.6° 
2.217 ∠ − 63.6°  0.701 ∠163.4°

]  

Step 2. Using this S Matrix, we get;  

K = 1.043  

∆ = 0.26 ∠ − 46.83° (signifying Unconditional Stability) 

Step 3. Two single-stage LNA, each with a gain of 12.73 dB and one MGA stage with a 

gain of 14.33 dB providing a total gain of 39.8 dB after combining all the three stages. 

Step 4. Two single-stage LNA, each with a noise figure of 0.96 dB, and one MGA stage 

with a noise figure of 1.10, providing a total noise figure of 1.0085 dB after combining 

all the three stages. 

Step 5. The simulated graphs for gain are shown below for comparison. 

 

Figure 9.12: Three System Gain without 

M’ network at 17 GHz 

 

Figure 9.13: Three System Gain with M’ 

network at 17 GHz 

Hence, it is easy to conclude that since the gain dropped almost immediately after 17 

GHz, this modification is an effective method for a design at 16 GHz which can provide 

a more stable and flatter gain. Therefore, we can conclude that to have a stable bandwidth 

of operation, we can use a slightly higher frequency for the S-parameters to avoid sharp 

decline in gain at the desired frequency.   
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Chapter 10. Conclusion 

10.1 Introduction 

Using the standard design procedure for an amplifier design, the amplification was 

achieved by obtaining the required gain within the specified noise figure of 1 dB at 16 

GHz. The design uses the transistor (FHX13/14LG) as an active three port device and 

characterizes it in terms of S-parameters at the operating frequency. 

The D.C. operating point was also established for the design of the D.C. biasing circuit. 

Followed by the stability check and after verifying the results on MATLAB simulation, 

the observed values were comparable. This was further verified on other simulation 

softwares such as Microwave office and ADS. A fourth software used in the verification 

was provided by the professor himself and is also available with his published textbook 

“Advanced RF & Microwave Circuit Design”. 

Each chapter in this work has had a significant role in order to complete the design. While 

the initial chapters explain the design process, the later chapters provide the procedure to 

calculate the values which would be used in the design process. Similarly, the later 

chapters utilize the Smith Chart and use software simulation to verify the results. The 

design has been challenging due to the strict adherence to the desired specifications. This 

project has helped me to learn various tools and methodologies which would prove 

invaluable in my future career in RF and Microwave engineering.  

10.2 Comparison Tables for calculated values 

A) Amplifier Design Values for Reflection Coefficient 

Parameter Hand Calculation MATLAB 

Γ MS 0.81 ∠ -143.3 = -0.65 - j0.487 0.83 ∠-143.3 = -0.66 - j0.498 

Γ ML 0.86 ∠-169.2 =  -0.85 - j0.160 0.87∠-169.2 = -0.86 - j0.163 

Γ S 0.62 ∠-143.3 = -0.49 - j0.37 0.62 ∠ -143.3 = -0.49 - j0.37 

Γ L 0.79∠-170 = -0.78 - j0.14 0.79∠-170 = -0.70 - j0.206 

Table 10.1: Comparison of Amplifier Design Values 
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B) Amplifier Design Values 

Parameter 
Hand 

Calculation 
MATLAB 

RF/MW E-Book 

software* 

AWR 

∆ 0.267 ∠-26.5 0.269∠ − 26.4 0.27∠-27 - 

K 1.134 1.1377 1.14 - 

U 0.1345 0.1345 - - 

U Range in 

dB 1.25<U<-1.09 1.25<U<-1.09 - - 

G LNA (1 

Stage) 12.94 dB 12.95 dB 12.98 dB 12.98 dB 

G MGA (1 

Stage) 13.48 dB 13.622 dB 13.62 dB 13.584 dB 

G Total (3 

Stages) 39.39 dB 39.54 dB - 39.1 dB 

F LNA 0.96 dB 0.96 dB - 0.865 dB 

F MGA 1.04 dB 0.8677 dB - 1.017 dB 

F Total (3 

stages) 1.00 dB 1.0079 dB - 1.005 dB 

Table 10.2: Comparison for w by h Values for Z = 50 Ω 

 

 

 

*RF/Microwave E-Book software from “Advanced RF & Microwave Circuit Design” written by Dr. 

Matthew Radmanesh and published by AuthorHouse in 2009. 
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C) W/h Calculations for Design Values in 50 Ω System 

Parameter Hand Calculation MATLAB 
RF/MW E-Book 

Software* 

Z0 50 Ω 50 Ω - 

ε r 1.134 1.1377 10.7 

ε ff 7.130 7.128 7.13 

w / h 0.895 0.8948 - 

Width (w) 0.1136 mm 0.1136 mm 0.1136 mm 

Height (h) 0.127 mm 0.127 mm 0.127 mm 

λ 7.07 mm 7.07 mm 7.02 mm 

λ 0 18.75 mm 18.75 mm 18.75 mm 

Microstrip gap  0.0407 mm 0.0409 mm - 

Table 10.3: Comparison for w / h values for Z = 50 Ω 

This table helps us to compare results and understand that as long as the procedure is 

correct, the answer will always be the same irrespective of the method. It is good to know 

that there are softwares available to verify the hand calculations, however, having an 

excellent command over the design methodology provides a good foundation as it 

enables us to learn from our mistakes in the design process.  

 

 

 

 

*RF/Microwave E-Book software from “Advanced RF & Microwave Circuit Design” written by Dr. 

Matthew Radmanesh and published by AuthorHouse in 2009. 
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Appendix A: MATLAB code for Amplifier Design values 
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Appendix B: MATLAB code for Microstrip w/h and Length Calculation 
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RESULT for Z0 = 50 Ω  

 

 

 

 

RESULT for Z0 = 120 Ω  
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Appendix C: MATLAB code for Impedance Z0 

 

RESULT  

For Frequency f = 16 GHz 

 

For Frequency f = 16.8 GHz 
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For Frequency f = 16 GHz 

 

Result log 

enter value of e_r:  10.7 

enter value of Z_0:  50 

enter value of height_mm:  0.127 

enter value of frequency:  16e9 

w_by_h_calculated = 

    0.8948 

Case 1 - Find e_eff_f at 16 GHz  

e_ff_0 =     7.1280 

F_num_A =     0.0844 

F_num_B =     2.9184 

F =     0.2463 

e_eff_freq =     7.2235 

Case 2 - Find e_eff_f at 16 GHz  

Z_0_f =    50.4424 

 

For Frequency f = 16.8 GHz 

 

Result log 

enter value of e_r:  10.7 

enter value of Z_0:  50 

enter value of height_mm:  0.127 

enter value of frequency:  16.8e9 

w_by_h_calculated = 

    0.8948 

Case 1 - Find e_eff_f at 16 GHz  

e_ff_0 =     7.1280 

F_num_A =     0.0886 

F_num_B =     2.9184 

F =     0.2586 

e_eff_freq =     7.2306 

Case 2 - Find e_eff_f at 16 GHz  

Z_0_f =    50.4749 
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Appendix D: Datasheet of FHX13/14LG 
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Appendix E: Microstrip Gap Capacitance and its MATLAB code 
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MATLAB code 

 
RESULT :  
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Appendix F: Circuit and Simulation Result on ADS 
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Figure Appendix F.1: Gain (ADS) 

 

 

Figure Appendix F.2: Noise (ADS) 
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Appendix G: RT/duroid 6006/6010LM Datasheet for w/h calculations 
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