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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.



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.



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 <1dB
Gain >40dB

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”.



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]
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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]
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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]
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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]
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Figure 3.4 Block Diagram of a Single Stage Amplifier [2]



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 Ip vs Vps for BJT or FET respectively. [2] This

ensures the transistor operation in the active region mode.
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Figure 3.5 Transistor FET and BJT curve characteristic [2]



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]



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. I's and I'L 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:

I's=TIn*
I'i=Toutr*
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]

Gt — where X = S12S21 sy
G TU,max (1-X)2 (1-S11Ts)(1-S22T L)

In terms of magnitude,
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 G 1
2S S 2
(1+[X] Gry ~ (1—-[X]

which for Unilateral Case can also be written as,

1 Gr 1
1+U2SG dB < 1-10)2
( ) TU,max ( )

Where —— and ———— are maximum tolerable errors (indB) and value of U is given
(1+0U)2 (1-U)2

by



| S12l 1211 1511118 22|

U=
A= 1S1u 1A= 15219
Gt = Transducer Gain Gtu, max = Maximum Available Transducer Gain
If the value of U ( S G ) <0.06, it is a Unilateral Case. Else, we use the formulas for
TU,max

Bilateral Case which is mentioned later.
Thus, the MGA design equations is: [1]
I's= S11* and I'L = S22*

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

1
1-8111% °

1

S..]%.
IS 21l 1—[S22|?

GtumMax=GsmMax.Go.GL Max =

3.3.3.B Bilateral Design: In this case, I's needs to be selected exactly equal to I'wus.

Similar is the case for I'L to convert it to I'mc. [1]

I'ms and I'me values can be calculated by the equations mentioned below and can be used

to design the required matching networks.

JB§—4|c1P

r =B, +
JB§—4|c2P
r =B, +
B1=1+|S11]|%2-|S22|2%-|A|? B2=1+|S22|%-|S11]?-]A|?
C1=S11-AS%> C2=S22 -AS*11

The transducer has a maximum gain (G T, max) given by:



1-|Tmy |2
|1—S22 Tmrl?

1

Gt mMax=Gsmax.Go.G L MAax =
1-|Tms

|2 ' IS 21|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 I's (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 I'L 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 (I" opt) leading to the reduction of the design process to a

single design choice. [1]

[s= 1-‘opt

10



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:

S12 S21 T opt
I'L=Tout *=(S22+——25)
1-S11Topt

The matching networks for the input and output can be easily designed by I'sand I' . [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 I msand I mL values, I'sand I'L values
were calculated. After getting I's and T'L, 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 I'sand I'L 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.

11



Chapter 4. Steps to Design an Amplifier

4.1 Introduction

Select
proper device

Smith
chan
. Ma_:chi_ng plot
design
Hoisa Unilateral
= -

IS A HGA | BSA | LRA |M5+"-. |

MG MEA,

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 Si2 (| S21/ S12| > G). This is operated in the desired
frequency range. Another possibility is to check the given value of the noise figure Fo,
there is a need to make sure that the selected transistor is such that the Fo is higher than

12



the minimum noise figure, Fmin (Fo > 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 Ip - Vs for FET. FET is biased in the Ip - Vbs 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.

How

Amplifier
Characteristics

Power Supply Used

(a)

(b)

(c)

()

o~

W
g2

(e)

Apply Viz. then Vp

Apply Vs, then Vi,

Apply Vs, then Vo

Apply Vp

Apply Vi

Low noise
High gain
High power
High effidency

Low ndise
High gain
High power
High efficiency

Low noise
High gain
High power
High effidency

Low noise

High gain

High power

Low efficiency

Gain easily adjusted
by varying Rs

Low noise

High gain

High power

Low efficiency

Gain easily adjusted
by varying R

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

Bipolar,
Minimum source
inductance

Pasitive supply

Negative supply

Unipolar,
incorporating Rs
autormnat ic
transient
protection

Nega tive unipolar
incorporating R

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

13



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]

1-1S11 1% =[S 22 |2 + A2

A=S11S2»2—-S12S K=
11 S22 12 921 2((S12) (S22l

Bi=1+|Su)?-[S22)* - |AJ?
I) Method # 1: Three-Parameter Test

K>1, and 1—1S]? and 1—1S,,|?
[S11] 51 S22 51
|812 Sle |S 12 Sle

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

as the “K - A Test” and is mentioned below. [1]
I1) Method # 2: Two-Parameter Test (K - A Test)
K>1land|Al<1

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

calculations. [1]

14



I11) Method # 3: Two-Parameter Test (K - p1 Test)
K>1landB1>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 Si2= 0 making K infinite > 1. Also, | A | =] S11 S22 |

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

unconditional stability we desire | A | < 1, which requires:
a.|Su|<1
b.|S22|<1
for all passive values of Zsand Z L.
V) Method # 4: Single-Parameter Test (u-Parameter Test)

The “two-parameter test” (“K - A 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 - A
parameters” into a ‘single-parameter test’. It is known as “p - parameter test”. The

[

parameter “p” is defined as:

W= 1-1S14/2
IS22 = S11"Al+ | S 12 Sa1l

For unconditional stability, the following must be satisfied:

15



> 1

Furthermore, if “device A” has a parameter “p A” which is greater than “p g”

corresponding to “device B” [1],i.e. L A> U 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 “u” 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 T" s - plane is obtained from the equations:
IlTs—Cs|=Rs

Where,
Ds=|S1|?-|A|?

— (511-A Sy *)

Cs D,
R :|S12D*521 |
S

The output stability circle drawn in T" L - plane is obtained from the equations:
ITL-CL|=RL
Where.

DL=|S22]|2-|A|?
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— (522-4 511 *)
Dy

CL

R L= | S12];]_‘521 I

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:

[ICL|-RL|>1 for|Su|<1
||ICs| - Rs|>1 for|Sa2| <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

17



the unilateral design is used (if U < 0.06). If not, then the bilateral design is followed (if
U >0.06).

U= [S1111S2111S1211S22 ]|
(1-1S1112) (@-1S2212)

The formula to evaluate the range of error is,

1 1
— < R<—=
(14 U)? (1 -10)?

When the transistor is unilateral, then simplify into the following:
'Nn=Su
Iloutr=S22

Bilateral Case: When S,, # 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:
S12.S,1.T

P =g =S, + 22 L

S12.5,1.Tg

Four =T =S5+ 1-S,;.Ts

I'sshould be selected equal to I'vs and I'r should be selected equal to I'm.

Bli\/Bf—4|C1|2
[ys = 2C,

BziJB§—4|C2|2

FvL= 2C,
Where,
B1=1+|S11]|?-]S22|?-|A]? B2=1+|S22|2-|S11|%-|A|?
C1=S11-AS%22 C2=S22-AS"11
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LNA can be designed by calculating 'm s and I'm L using the calculated values from the

above formulas. [1]

After I'ms and I'mL calculations, the Smith Chart is used for matching networks of input

and output.

4.5.2 Gain Calculations

[S24]
[S12]

4.5.2.A Transducer Power Gain (G 7) is defined as “the ratio of power delivered to the

= 101logy, '521' = GdB

Ideal Gain Calculation is given by G ysg =

load of the system (P ) by the available power from the source under matched condition
(P avs).” [1]

_ 2
Gr=—L=Gs.Go. GL-(—'FS' R R e L

P avs I's |2 [1-S2 Ty |?

1- |Tg|? 1— |2
=) S a2 ( ———3)

[1-Sq11 Ts |2 |1-TouTy I?

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]

GrT=35=6s.Go. G L= (=) Sal?. (&)

PN 2L |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]

Gr=2AM -G G, GL-(—'FS' ) IS 2112 ( ;=7—)
out

P avs Ts |

where, * S12.521.T L
r =T =S+ —mmM

. S12.521.T
Four =T =S+ 1-5,.Ts

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

1- |Tg|? 2 1- |Ty?
Gy = (——).|S (/—
su = (s e S 21l” - ( )

[1-S2 Ty |?

The maximum gain under Unilateral Case is given by,

GTU,MAXZGS,MAX.GO.GL,MAx:(—|2) IS 21]2. ( |52|2)
Bilateral Case (Maximum) Gain:
_ _ 1 2 1=|Tmil*>  _ ISa2l _
Grmax = Gsmax - Go - GLmax = = Tys P2 S 21 T1=53 TuilE IS 12l (K
Kz2—-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.

(\2 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]

Pn=Ga.k.Te.B
where k is Boltzmann Constant
Te is Equivalent Noise Temperature B is the Bandwidth
(Po)i1=GA.P.Ni=Ga.k.B.To and (Po)wt=Pno=Pn+(Po)i

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

circles:

4R
ZON( |FS_ I‘optlz)

F=F pin +
mn ( 1_|FS |2)| 1+ l—‘opt|2
N_F_Fmin|1+l., |2_|l—‘S_Fopt|2
- ARy T T P
Zy
Ry
I'n:Z—
0

where N = Noise Figure parameter

F = required noise figure in ratio

Fmin = Optimum noise figure in ratio

Iopt = Reflection coefficient to achieve optimum noise
R ~n = Equivalent noise resistance of transistor

The center of noise figure circle is plotted in I's plane:
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Radius of the noise figure circle:

\/N2+N(1—|F0pt|2)
1+ N

RF=

The values of Fmin, Rn (Or 1 n) and [opt 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]

- 2 _ 2
Source Mismatch factor is given by M g = :'N - '(F|S'1| )F' (Fl '|F2‘)”| )
AVS —-1s IN

M S (dB) =P IN (dBm) — P AVS (dBm), M S islessthan O

Py _ (1-rwup?). (1-ITour I?)
P AvN (11=Ty Toyrl?

Load Mismatch factor is given by M| =

M, (dB) =P (dBm) — P ,yy (dBm), M islessthanO
Ideally, the value of Ms and M. 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 I'a [1]

Mg =1— |T,|>? =>T,=,/1—- Mg IFaI=(Za_ Zy)

1+ |T,| 1+ J1- Mg

1- Tl 1- J/1— Mg

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

( VSWR )IN =

output port of matching network M2 using the input reflection coefficient I'p
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My =1—|Ty |2 =>T,/1- M|, T |_(Zb_ Zo)
Sl B 4

(VSWR e = L1 T0 ] 1+ J1— M,
T 1Tyl 1- J1- M,

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 “I” 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 /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 (¢ ), 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 1 Sz _ [0.5644148.8° 0.0584—12.8°]
S21 S22 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.

TJerm .

Term. s . . . . . -

+ P
. | Term 1 Sz < Term2
) | Num=-1 SNP‘I ] Num=2

Z=50 Ohm Z=50 Ohm

==

S-PARAMETERS I
S _Param -
sP1

Start=1.0 GHz |
Stop= =20.0 GH=z
Step=1.0 GH=
CalcNoise=yes

Figure 5.1: Simulation Circuit for S parameters

m 1
freq=16.00GHz
mag(S(1,1))=0.564

< J—— m 2
freq=16.00GHz
J SN mag(S(1,2))=0.058

| m3
freq=16.00GHz
mag(S(2,1))=2.244

m 4
freq=16.00GHz
. mag(S(2,2))=0.677

0 T T T I T T T T T T T

freq, GHz
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 = 50Q, € 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
Vi=-07V lds=10 mA

Vds=2V ldss =30 mA

First calculate Vgs using equation,

las=K(Vgs—Vi)?

lass _ 30. 1073

K= V2 (-0.7) 2

=0.06122

Substituting the value of K in the | ¢s formula above, it can be seen that,
Vgs=-0.3Vand-1.1V

Vgs = -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 VVgs from datasheet and above calculation can be concluded to -0.4V

Now, by Voltage Divider Rule,

— 24 :(L) (-7

Rg1+Rg2

Assuming value of R g2 = 1IMQ, we get the value of Rg1=1.91 MQ

Now,Rs¢= Y= —>— = 5000
S I 10. 10-3
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RF Choke and D.C. Block Calculations:

RF Choke: Z . is 10 times of Z o,

|Z=10.Z0=10.50Q=500Qand o =2t F=27nx 16 GHz=32 . 10 °® rad/sec

|Z |=wL=>500=327n.10°.L=>
D.C. Block: Z ¢ is 1/10 times of Z o

1 _i _
Z¢l = ;- Zo= ;.50=10.500

1

-1 _ N
|ZC|_wC >5Q 321 .10

L=4.976 nH

=5Qando=32x.10° rad/sec

e leading to C = 1.99 pF

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

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

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

When |Z c| =5 Q, 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 Q, it gave C = 4.97 pF leading to Gap Capacitance of S = 0.0409 mm

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

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

[S
, . - 4.97 pF 437eF sommmmm— —
et 3 _( RF Network h}_ ?:1 }_ RF Network L eut /
2 = LRFC X

C
LRFC

4976
nH

R1=191MQ R2 =

_r‘\Mr—-’VWT

4.976

j 4
e § 497 cpl'
000

mQ

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

A = 511822 - S12 521
= (0.5642148.8°)(0.677 £172.6°)
— (0.058 £ — 12.8°)(2.244 « — 50.7°)

=0.26742 — 26.5°
_1-1S1112—1S22 12+A%  1-0.564|% —10.677|% + (0.2672-26.5°)% _
K== IS12) (S201 2 ((0.058)(2.244)| = 1134
5.4 Unilateral Plot Calculations
U= |S1111S2111S1211S221
(1—-181112)(A—[S2212)
| 0.564 || 2.244 || 0.058 || 0.677 |
= = 0.1345
(1-10.564]|%2)(1— ]0.677]%)
> 0.6
1 <R« =>0.784 <R < 13349 => —-1.05dB< R < 1.25dB
(1+U)2 1-m2 ~ 7 ' B ' '

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

5.5 Bilateral Case Calculations

B+ BZ-4|c, |2 -
1 \/171_ 0.787 ++/(0.787) 2—4 (0.38) 2 =0.8322 -143.3°

e = =
MS 2C, 2(0.382 143.3°)

B1=1+|S11|2-|S22|2-|A|2=1+(0.564)2— (0.677) 2 (0.267) 2= 0.787

C, =S4y — ASy;," = (0.5642148.8°) — (0.267 £ 26.5°)(0.677 2 — 172.6°)
0.382 143.3°

B2-4lc, |2 Z
F'vi=B, i\’ 3 21 1.068 +/(1.0677)2-4 (0.53)2 — 0.8862 -169.2°

2C, 2(0.532 169.2°)

B2=1+[S22|2-|S11]2-|A|2=1+(0.677) 2— (0.564) 2— (0.267) 2 = 1.0677
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C, = Sy — ASy1" = (0.677 £172.6°) — (0.267 2 26.5°)(0.5642 — 148.8°) =
0.532 169.2°

5.6 Noise

Fmin=0.63dB=1.156, [op = 0.382 — 175, rn=0.04 (From Datasheet)

F=1dB=1.259
N=lsmlope B FoFming gy po 12 12595115614 4 39, _ 175|2 =0.247
T 1-|Ts12 4.1y, optl T 4(0.04) ' R

Fopt _ 0384—175
1+N  1+0.247

Centerisat, Cp = = 0.3052 - 175

Noise Figure circle radius is:

2 _ 2
\/N +N (1= [Topt )_ J0.2472 +0.247 (1—10.38/2)  0.411
1+N N 1 + 0.247 - 1166
=0.418

RF:

With these values, the Noise figure circle are plotted and the value of I's and T'L 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 I'ws, we try to select I's as shown in Smith Chart below. We have selected to be
I's=0.582 — 143.3.
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Figure 5.4: First iteration to calculate I's, Noise Figure

Using this value, we can calculate I'L.

312.321.Fs)*

'L =Touwe =[S
L out ( 22+ 1_511.1—15

(0.677 £172.6°)

(0.058 2 — 12.8°)(2.244 2 — 50.7°) . (0.582 — 143.3)]"
1— (0.564,148.8°).(0.582 — 143.3)

=0.7842 —170.26

iy = (S + Z27278) = 078 £143°

1-S,,.I'y,
. . F,—1 F3—1
Using, F = F; + . + GG
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F1, F2and F3 can be calculated since they are the same stages.

Fep4 2t BTl g gy BT Fa 1
o G, G.G, ~ 72231 7 (22.31). (22.31)

F1=1.247=0.960 dB

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

F—F min

1.247— 1.156
4.1q

4 .(0.04)

N = | 1+ Tope| 2 = |1+ 0.382—175|2=0.219

Fopt _ 0.384—-175

= =0.3122 - 175
1+N 1+0.219

Centerisat, Cy =

\/N 2+ N (1—[Fope|2) /02192 +0.219 (1-10.38]2)  0.485
1+N B 1+ 0.219 - 1219
= 0.398

RF=

Again, from the Smith Chart we choose I's closest to I'ms. Hence we get I's = 0.62£ —
143.3

Using this value, we can calculate I'i again.

* S 12 '821 T S "
n=To = S+ 725277
= I(0.677 2172.6°)

(0.058 £ — 12.8°)(2.244 2 — 50.7°) . (0.622 — 143.3)]"
1— (0.5642148.8°).(0.622 — 143.3)

=0.7952-170.1

iy = (S + 227200 = 0732 £142.8°

1-S22 I'L

As we can see, the values of I's and I'L 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 I'a, Noise Figure

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

again,

Fep 4 2ty Bl
- G, Gy. G,

we can calculate F1, F2and F3 since they are the same stages

Fep+ 2ty BTl g m gy 2L
-t G, G,.G, ~ 777 7 1T 1968 ' (19.68). (19.68)

Fi—1

F1=1.2458 = 0.954 dB
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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 Rr = 0.382

Using these values, the value for I's and I'L came almost equal to the values that were

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

4RN 2
Zo ¢ ITs=Toptl® 4. (0.04)( | (0.8322-143.3)~(0.382-175)| 2)

Fuca = F i + =
MGA min T (1| Tg|2).] 14 T ope| 2 ( 1—/(0.832 |2).(1+ 0.382—1752)

+1.156

=1.272 =>10logl.272 = 1.04 dB

Noise Figure of Cascaded System,

e F 4 Fom1 Fa—1_ .. 12458-1 12721
G, G, . G, 19.68 (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

_ 1Szl _ [2:244)

G = =
IS12|  10.058]

= 38.689 = 10log,, 45.534 = 15.87 dB
LNA Gain Calculation

_ _ (1=t 2 (m——) =
G = GS-GO'GL _(|1—511 Fslz)'ISZ1| '(Il—rout |2)_

1-(0.62)?
|1 —-(0.564)(0.62) |

7 (2.244)7 L =19.68 =>1010g19.68 = 12.94 dB

1 - (0.886)|2
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MGA Gain Calculation

1 , 1= [Ty l?
GT,MAX = GS,MAX'GO'GL,Msz 1 — |FMS |2 IS 21| | 1 — SZZ FMle =

1—10.886 |2
1 - ((0.677 £172.6°) (0.8862 —169.2°))|2

- 2 _ _
= sz’ (2.244)- . | =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.

ince the transistor has already been selected and measured,
| A | B | € | D |1)Since the transistor has already been selected and measured
Bilate ra' Gain Calculations ChCCl{ the stability condition as the next step:

=114
INPUT DATA j

|AF 0.27
Parameter] NMag Angle Thus the amplfier 1s unconditionally stable at this stage.

2) For minmum notse design we choose:
TTop= 062 £ -143°

3) Now we choose [1=[gyr™ for maximum power transfer:

592 0.677 173° S SuTy .
[ =Ton"=Spt
0 . I—S,ll"m
K=1.14 ][ =079 £ -170°
A=027 £/ -27° 4) Using the selected I and Iy we obtain:
Parameter] Mag Angle | I, 28, 3 SuSaly
Tms | 0834 | -143° 1-5,11
ML 0.875 -16%° Ty=077% £ 143°
Parameter]  Ratio dB oz LG 18, 1 -G/
Grmax | 2302 | 1362 B N S
GMsG 38.69 15.88 Gr=1988 =129 dB

Figure 5.6: Result for Gain, I'ms, 'mLand ['i N
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Quasi-TEM Transmission Line (microstrip)

INPUT DATA O
Parametey] Value Unit OUTPUT DATA
3 16 Ghz Parametef]  Value Unit |
w 0.1136 mm off 7.13
h 0227 ' cm Ao 1.875 cm
gr 10.7 ATEM 0.57 cm
A 0.702 cm
Vp 4.2E+09 cmisec
fo 3_. 37 GHz

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)T's=0.622£ — 143.3°

<0199
B e ) L.NA
Kry = 0382

S__o.sa.f_wa 2
170 ) S"
PL:O-’!“‘L.'_:, g
< ;

" \ : ,/\q'»‘r ‘&:}&‘
& o, TOWARD LOAD —» 2 T AR ——— A
%% cww m w0 o R T T T ORI vas L™ 3 $ INERATON s

Figure 6.1: Smith Chart for matching network of LNA
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This is the LNA matching network. My is at the input side of the LNA transistor.
Similarly, M is at the output side. Below is the process to design an M1 and M>
respectively.

For the design of matching network, we plot I" s followed by I' . and move towards the

center which has a load of 50 Q.

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.

Freq (GHz) 20 (Obwens) Current Schematic Smar tComponent
16 S0 [ Normaize  Cascaded system [FnalProject_lbicasc v

Define Source/Load Network Termnatons. ..

Network Response

.

Start Freq: 0 Stop 9 Reset
Network Schemat] Distance = =0.159.=d2

= value from Smith Chart of I s

Pl P2

m@

Dedete Selacted Component Set Defauts...

VSWR: 422720 1: 1.00000 | 4 156964 | Zo: [S0.0 Vole: |57.499 | Deg Loss: [] 0 dBjm
Figure 6.2: Simulation result for shunt stub of I' 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 A. By substituting the value of A, we get the final answer in either mm, cm or m
depending on the units of the A. The same process is carried out for other matching

networks and is shown ahead.
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Freq (GH2) ; 'ZD (Ohms) . Current Schematic SmartComponent
16 |{s0 |£] Normalize  cascaded system [FinaProject jbocas v

Network Resporse

7.405° 1010
-] —

SurtFres: |0 |
Netnorkschematc| Lemgth= 360° = 0,0205

Reset
.=L1

=value from Smith chart of I' s 8

P r2
R Lock Source Impedance F4 Lock Load Impadance <
Gomma: (061739 | < [14293%] 2 [0.26150 | % [0.31448 Delete Selected Component Set Defaits...
VSWR: 422720 | w [156325 | &  [1s7e9s | 20t (900 | vehe: |7.905 | Deg Los=: []

Figure 6.3: Simulation result for series stub of I' s for LNA

B)I'L=0.7952—-170.1

Freq (GHz) Z0 (Ohms) Current Schematic SmartComponent
|16 || 50 | MNormalize | cascaded system [FinalProject_libicast +

Define Source Load Network Terminations. ..

1 Metwork Response
57.459 Dag

511

) 10 511

Start Freq: IO_—| Stop Erea

am

Type
Mag -

Tracel

Trace2

Reaat

Network Schematic | Distance = =0.1925=d2

value from Smith Chart of T' "

<G> i

Fi1 |j Pz

i Source
W
Lock Source Impedance Lock Load Impedance < >
Gamma: (061738 | <  [-128.125] z: [0.28870 | 4 [-0.45315 | Delete Selected Component Set Defauilts...

VSWR: [4.22720 | v [Looooo | +  [1seses | Z0: [50.0 | value: 57489 [Deg Loss: [ 3000  dbjm

Figure 6.4: Simulation result for shunt stub of I" L for LNA
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- o @ s s P ] [

Define SourceLoad Network Terminations...

13.867 Deg

0.5 | L]

. Lo ea: 1l
10 StatFreq: |0 13.867° "¢ 2.0e9 Reset

"{T&neti = 360° =0.0385L=L1=
0.
value from Smith chart of I' L
Pl D P2
© Load
[ Lock Source Impedance [ Lock Load Impedance < >
Gomma: [0.79793 | <  [1m.667] 2 [011313 | 4  [©o0soss| | DeleteSelected Component | Set Defaults...

Figure 6.5: Simulation result for series stub of I" L for LNA
6.3 MGA - Using Bilateral Case
A)I'ms=0.8152 —143.3

= ORIS [ 14332
Lﬂm; L,/

P - 0864 L1635 “‘;“'\‘;’/‘é
me S y

S

o

©
ke

T —wa
(&L 'm;f%’bw
HE

=
&dNNe)

I

0
LT

=

.

=
e

{ARD

L

=T

g
5

Y
«‘*3«,0‘ 5
[,
oy
X

: = 4
o % o 0 L 4
| T & 4
ool sy - B
e e R R R e S I L K e et Tt R Ssa
63 | Mt
: R ey T 12 1314 18 1a 2 AN =

)
ST a 2 0w . SEEELS

Figure 6.6: Smith Chart me)r rﬁétching network of MGA
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The above Smith Chart is for matching networks M: and M 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.

Freq (Gu) 70 (Ohms) Current Schematc Smar tComponent
14 |0 |6 Normakze ™o [Mnalroject Mbimpa:schematic]: v -
Network Response
Max
[ f
=== e e R iaas =
m -
Trace }
= sit -
Trace2
i -
d2=value from Smith Chart of I ys o

startfrea: [0 | stoprrea:  [2.0e9 || neser
Network Schematc

"

7] Lock Source tmpedance [ Lotk Load Impedance < >
Gamma: 081062 | « [aeaam]| 2 [onsa2 | 4 [os1977] Oelete Selected Component Set Defauns,..
VSUR [9.56095 | n [osome | & [27667 | 200 (500 | wohei (20,120 |veg tossi 0 3000 o

Figure 6.7: Simulation result for shunt stub of I' m s for MGA

B) T'mL=0.864 £ —169.2

Freq (GHs) 20 (Ohms) Current Schematic Smar tComponent

[E .[7507 JE mga [FinaProject_lbimgatschematic): + -
Define SourceALoad Network Terminations. ..
1 Network Response
73.64) Deg Max
l —
— =
- = <
Distance = |G = 0.205 1. =d 2 | roce:
$11 -
= value from Smith Chart of I’z ...
10 S11 -
o ]
A Start Freq: |37' - ] Stop Freq: 2&4 i 7\ Reset
Network Schemate
"
<s>{ 1} <Z>
P D P2
7] Lock Source Impedance £ Lotk Load Impedance < >
Gamena: 086237 | < [w9s84] 2z [0.07933 | &  [-0.27025] Delete Selected Component Set Defaults. ..
VSWR: [13.5318 | v (100000 | 4  [3.671 | 2ot [500 | veke: [73641 |Oeg toss: [0 3000  cBm

Figure 6.8: Simulation result for shunt stub of I' v for MGA
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Freq (GHz) 20 (Ohmes) Current Schematic Semar tComponent
16 |50 £ Normakze mga [FinalProject_jlbomgaischematic): ~

Define SourceLoad Network Terminations...

1 Network Response
9.953 Deg.

.5 L

9.953°

5.553° |
Length == 0.0276 .=L1
= value from Smith chart of T" zo. _r

Tracel

Mn
0
StartFreq: [0 Stop Freq: | 2.0e9 Reset
Network Schematc
"
L3} ﬁ r2
~
1 Lock Source Impedance £4 Lock Load tmpedance < >
Gamma: |0.86237 < -169.489 | 2 0.07452 | + 0.09147 Deiete Selected Component Set Defaults...
VSWR: 13.5318 v 6.35326 | 6.57095 20: [50.0 | velue: [9.953 Oeg Loss: [] d8/m

Figure 6.9: Simulation result for series stub of I' 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 M 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.

I's=0.62 £—146.9 and 'L = 0.795 2 — 170.1 leading to

ln”=Ta=0.26 £27
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Figure 6.10: Smith Chart for matching network of M prime
Freq (GHz) 20 (Ohms) Current Schematic SmartComponent
[16 |[s0 |2 Normatze | cascaded system [FinaProject W:cast ~ | =
1 Network Response
65.750 Deg N
1
3 Mag Y
Distance = d2
\ frace
= value from Smith Chart of T' a1 F“, A
\) Trace2 .
LA | = ! it i iSs >
m—
(C—
% StartFreq: |0 Stop Freq: 2.0e9 Reset
= | | teset
Network Schematc
a
@T-l_l-@
L3 P2
O Seurce
v
FA Lock Source Impedance [ Lock Load tmpedance < >
Gomma: [0.26000 | <  [-104%0] 2z [o.77843 | & [0.4203] Delete Selected Component SetDefaults...

Figure 6.11: Simulation result for series stub for M Prime
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Freq (GM2) 20 (Ohms) Current Schematic SmartComponent
16 50 ) Normalize | C3scaded system [FinalProject lbicax v

Define SourceLoad Network Terminations....

1 Network Response
£1.344 Deg 5
0.3 / 1
K oe
N\ L = BETHEE — 174N W= Mag
ength 60 0.17%.=L1
2%, .
\ y . Tracel
0.9 2R = value from Smith chart of T’ 0
\\/ Trace2
J Mo
-2 3 = °
\ g v StartFreq: |0 StopFreq: | 2.0e9 Reset
\
\/ SR 5 Network Schematic
° X > 9 A
\, N / > S /
Ne 7K T <> <>
N // { / P1 Pz
o O Looe
O Source
[ Lock Source Impedance [[] tock Load Impedance < >
Gamma: |0.00543 < 60,7787 Z: 1.00827 + 0.00553 Delete Selected Component Set Defaudts. ..

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

stubs.

susceptance value.
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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

In this Smith Chart, we have combined the shunt stub of matching network M of the
LNA with the shunt stub of M °.

Also, in the same Chart we have combined the shunt stub of matching network M 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
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Figure 6.13: Combing the stubs LNA-M> to M’and LNA-M> to MGA-M 1
Combining LNA-M2 and MGA-M: (All are Open stubs)
LNA-M 2+ MGA-M 1=j2.65+j2.7=j535=>047 A
For open stub, 0.47 A —0.25 A =0.22 A =0.22 (0.707 mm) = 1.56 mm

Combining LNA-M2 and M ’ (All are Open stubs)
LNA-M 2+ MGA-M 1=j2.65+j0.6=j3.23=>045A

For open stub, 0.45 A —0.25 1 =0.202 . =0.22 (0.707 mm) = 1.414 mm
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Chapter 7. Micro-strip (w by h) Calculations
7.1 For Zo = 50Q

Frequency = 16 GHz, ¢ r= 10.7 (from Rodgers Data Sheet), h =0.127 mm
Approximate Method:

' A 7= ERERARL

==
=\

500

LR

Ty

AANS

\r q

w/h

Figure 7.1: Plots of Zo vs. W/h with
€ r as a parameter (Zo =50 Q).

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

as a parameter (Zo =50 Q).
Formulas used in Micro-strip calculation - Exact Method:

W/h Formula- Assuming (¢ #) and Zo are given, then the micro-strip dimensions (W/h)
can be found as follows:

For Whg2:

w8t

A
h e =12

ForWmhz2:

W2 g c1—meB -+ & " @B -1 +039- 261
h =« 1e

. E

o

Where

- 377
__1=ﬂ E,._+1+E.,._1 .-_‘;_23.,.% amd B= T
6011 2 £, +1 £,

2 ZD*&’E
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Forw/h<?2
A_E(ar + 1)1/2+ £, — 1(023+o.11)
60 2 er + 1\ €r
50 /10.7 + 1\*? 107 — 1 0.11
:%( 2 ) T 107 71 1(0'23+W>
= 0.833 (2.418) + 0.829 (0.23 + 0.0102) = 2.2133

w 8 x eh 8 x 22133 8%9.136

h ~ eA—2 ¢2(2239)_2 83462
From Rodger’s sheet, we have considered h = 0.127 mm

= 0.897

This leads to a value of w =0.1136 mm

Effective dielectric constant —
The effective dielectric constant (g f) is given by [assuming that the dimensions of the

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

For Wh<1

For W/h>1

By using the equations provided, we can find € eff and length
1
h\\ 2z ¥ 10.7+1 . 10.7-1
(1+12(;)) +0.04(1-%) ]= 4 2 (1+

12 (L)) *+ 0.04(1 - 0.897)2] = 5.85 + 4.85[0.2634 + 4.41x1074] = 7.130

er+1
2

er—1

+

€ =

1

0.897

A Formula-
The wavelength in the micro-strip line (A) is given by:
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Speed of light,c = 3. 108 m/s = 3. 101! mm/s, and frequency f = 16 GHz

For W/h < 0.6:

1/2
l = 10 E’l' _
\E 140.6(e, = 1)(W/ h)n.o:_o 7

For W/h 2 0.6:

12
A= Ao £, _
JE, | 1+0.63(g, —1)(W /)™

c 3. 1011
)\0 = =-=

T 16 100 18.75 mm

Using w/h > 0.6 formula, we get

| 1
\ = Ao I € I
\/'S_rll 1+0.63 (e, — 1)(%)0.1255 J|
1
_ 1875 ( 10.7 >z .
= V107 |\1+0.63 (10.7 — 1)(0.897) 01255) |~ "~/ T
N o _ 1875 .
= = ——==5.73mm
B NNV
A 7.07

pu— =33 1.23,

Also, by graph, 2 —123 approx.
ATEM
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7.2 For Zo =120 Q
Frequency = 16 GHz, € r= 10.7 (from Rodgers Data Sheet), h =0.127 mm

Approximate Method:

10':“:'_ T T T 11T - 005
[
S 120Q
'I:.H.J: —
B &= T
L A
L 2 4
4 -
5] - f
10 oy, Y
= 10 S ,
F 16123
5_ -
i | | IIIIII| L1 IIIIII |
01 1.0 10

Wih
Figure 7.4: Plots of Zo vs. W/h with er
Figure 7.3: Plot of Zo vs. W/h with ¢ as a parameter (Zo = 120 Q).

r as a parameter (Zo = 120 Q).

Formulas used in Micro-strip calculation - Exact Method:

W/h Formula-
Assuming (¢ #) and Zo are given, then the micro-strip dimensions (W/h) can be found as
follows:

For W= 2:

W 8’

h et =2
For W/ = 2:
W

-—---—-I:B =1=In(2B - 1]+ {]u[B =1} +0. KQ—E}}
h T EE, E

Where

e 377
%o ‘JI + &5 1053 81 ang B = T
G0 2 E +1 E 2E 5 E,

r

Forw/h<2
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A_ZO(Er + 1)1/2+ €, — 1(023+0.11)

60\ 2 e, + 1\ £,
120 (10.7 + 1)1/2 , 107 - 1< +0.11)
~ 60 2 10.7 + 1\ 10.7

=2(2.418)+ 0.829 (0.23 4+ 0.0102) = 5.03

w _ 8xeh gx €503 8%152.9

h ~ e2A_2 ~ @2(503)_2  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 (g f) IS given by [assuming that the dimensions of the

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

For Wh<1

e, +1 e, -1 hy) 2 w

For W/h>1

_£r+1+£r—1 1+12(h) 2
BT 2 w
By using the equations provided, we can find € eff and length

(1+12(2) " + 004 (2 )] s a0r

er+1  ep—1
+_
2 2

€= > >

(1+
1

12 (L)) “ 4 0.04(1 - 0.052)2] = 5.85 + 4.85[0.066 + 0.036] = 6.34

0.052

A Formula-
The wavelength in the micro-strip line (1) is given by:

50



Speed of light, ¢ = 3. 108 m/s = 3. 101! mm/s, and frequency f = 16 GHz

For W/h < 0.6:

1/2
l —3 10 EI' _
-\‘."E 1+0.6(g, =1)(W/ h)ﬂ.oly 7

For W/h 2 0.6:

/2
l: lo EIl _
\E 1+40.63(g, —1)(W /)"

3.1011
Ao = == = 18.75mm
f 16. 10°

Using w/h < 0.6 formula, we get

[ %1
Ao | € |
A= _ |
\/E_rl 1+ 0.6 (e, — 1)()002 J
1
1875 ( 10.7 )7 s
~ V107 |\1 + 0.6 (10.7 — 1)(0.052) 00257 |~ /-*> WM
N o _ 1875
= == ——==>o./5mm
M Ve, V107
T = 1% =130

ATEM " 573

Also, by graph, 2 =129 approx.
ATEM

Calculation for Gap Capacitance and cutoff frequency

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

Q
Q1=0.04598 (0.03 + (%) * (02724007 )

0.1136
0.127

Q
=0.04598 (0.03 + (£122) ™ (0.272 +0.07(10.7)) = 0.0423
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Q5: 1.2?; — 1.23 = 1.23

w 0.9 0.1136
14+0.12 (ﬁ_ 1) 1+0.12(0_1136— 1)

Cs [pF] =500. h.exp ((-1.86) . ;) Q1.(1+4.19(1 —exp ((-0.785) W, w )))
1 1
exp ((-1.86) .~) = -~ - s w>
p(( ) h) 500.h. Q1.(1 +4.19(1 - exp ( (—0.785) vy{wi)))
1.99

0.127 0.1136
0.1136 '0.1136 )

500 (0.127).(0.0423).(1 + 4.19(1 - exp ( (—O.785)J

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

mm
Cut Off frequency fo (GH2) = (0.3). [ = (0.3). J S =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 Zo. To calculate Zo we use the formula mentioned below.

e ff = 7.130 (from above calculations), f < = 16 GHz

_ 4hf. /-1 w\1%) _ 4.00.127). (16.10°). v10.7-1
F _f{o.5+[1+210g(1+3)] }— . {0.5 +

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

Ver — &g (0) V10.7 —/7.13
T1apis T Ver 0)]% = [1+4(0.26)‘1-5

_ Eff (O) -1 Efr (O) _ 713 -1 7.13 _
Zo(0) = Zo(0). e (F) + 1 /sff € 50. (7.23 + 1) ‘/7.23 = 50430

The above calculations were again performed at f '= 16.8GHz which gave Zo =50.48Q

g (D = [ ++/7.13])% = 7.225

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
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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

TL4

e 2

Numa 1 e Subst='M Subt” Tedi\n=2
Subst="MSub1* SNPY w :O_‘1 136 mm S | Nums2
v-';) 84130 o File="C\Users\Sonam DowrtB I B R Mhentsiecdosac_ndalodies00nm 1 Sept2016¢nn13 2y
L=0 140 Mmm

L=1124 mm

5]

PwiGan1
PwiGan1=pwr_gan(S, PorZ1 PorZ2)

MBub1

Hi0 127 mm
Er=107
Mue=1
Cona=1.0E+50

i

n2
Subst="MSub1"
Ws0. 1136 mm
L=1.343 mm

[({‘,}l S-PARAMETERS I

8P
Stat=100H
S10p=20.0 GHz
Stepe1.0 GH2
CacNolse=yes

Hu=1:0e+033 mm

T=0 nmm
TanD#0
Rough=0 mm
Boases
Dpeakss

Figure 9.1: Circuit for Single Stage LNA
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Figure 9.2: Gain for Single Stage LNA

4E1

1E1—

nf(2)

m2
freq=16.00GHz
nf(2)=0.865

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

P A
Numat ' Sutist="MSub1"
SNPY Ve 2 36,
Tormpt File="C \Userm Soham\Oowi ESc B Pnert sec 4690C
Nurrgs1 =
Z=5d Ohm

e
Subst«"MSub 1"
W=0_1136'mm
L=1378 mm

=l

) MBub1
ParGaint H=0.127.mm
PwrGain 15 pwr_gan(S PortZ 1 PortZ2) Er=10.7

Mur=1 8 0 G
Congs1 0E+50 Cak Nown =y 08
Hus« 1 Dos 033 mm

4E1

m
7
10— _
0_
e o m1 1E1—
£-10 freq=16.00GHz
g - PwrGain1=13.584 Q)
220 ] «‘
e m
45| freq=16.00GHz| /
| nf(2)=1.017
40
al
'50 T | T | T ‘ T I T I T | T ‘ T ‘ T | T 1 ! ‘ L ‘ ! | J ‘ ! ‘I | ! ‘ J ‘ T ||
M 12 13 14 15 17 18 19 2 2 12 1 u o120 2

& 15 16 1
freq, GHz freq, GHz

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
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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.

<N

Figure 9.9: 3-D View — Scaled Dimensions for visibility (Microwave Office)

57



f

40
.égaly_{ﬁloz MGA_Mprime_combined
20
16000 MHz
39.1dB
0
-20
-40
-60
11000 13000 15000 17000 19000 210
Frequency (MHz)

Figure 9.10: Gain of the final design (Microwave Office)
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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 = [g 1 :g 12] =
21 22

[ 0.5432138.2° 0.061 2 — 17.6°]
2,217 £ — 63.6° 0.701 £163.4°

Step 2. Using this S Matrix, we get;

K=1.043

A =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.

40 Y 40 X

20— 20—

oS T

£ ©

G m1 ‘-290— m1

s freq=17.00GHz & J freq=17.00GHz

'lzo PwrGain1=39.510 S PwrGain1=39.765

40— 40—

60 T | T ‘ T ] T ‘ I ‘ T ‘ T ‘ T ‘ T ‘ T 60 T ‘ T | T ‘ T | T ‘ T | T ‘ T | T \
it 12 A3 M4 A5 d6 7 18 49 20 2 M 12 13 14 15 16 17 18 19 20 2

freq, GHz freq, GHz

Figure 9.12: Three System Gain without | Figure 9.13: Three System Gain with M’
M’ network at 17 GHz 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
I' ms 0.81 £-143.3 =-0.65-j0.487 0.83 £-143.3=-0.66 - j0.498
I'mL 0.86 £-169.2 = -0.85-30.160 | 0.87£-169.2 =-0.86-j0.163
I's 0.62 £-143.3 =-0.49 -;0.37 0.62 £ -143.3=-0.49-j0.37
I'. 0.792-170 = -0.78 -j0.14 0.794-170 = -0.70 - j0.206

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

RF/MW E-Book

Hand
Parameter ) MATLAB AWR
Calculation software*
A 0.267 £-26.5 | 0.2692 — 26.4 0.2724-27 -
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 - -
Guna(l
Stage) 12.94 dB 12.95dB 12.98 dB 12.98 dB
G mea (1
Stage) 13.48 dB 13.622 dB 13.62 dB 13.584 dB
G Total (3
Stages) 39.39dB 39.54 dB - 39.1dB
FLna 0.96 dB 0.96 dB - 0.865 dB
F mea 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 Q

*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 Q System

RF/MW E-Book

Parameter Hand Calculation MATLAB Software*
Zo 50Q 50Q -
Er 1.134 1.1377 10.7
€ 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
A 7.07 mm 7.07 mm 7.02 mm
Ao 18.75 mm 18.75 mm 18.75 mm
Microstrip gap 0.0407 mm 0.0409 mm -

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.

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

*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

%%Given values - ECE698C - 3 stage LNA by Soham S Jagalpure
=17*102(9);
Zo=50;

%% INPUT S-PARAMETER
S11=0.543%exp. (1*138.2%pi*(1/180));
S12 = 0.061*exp ((-1)*j*17.6*pi*(1/180)):
$21 =2.217*exp ((-1)*j*63.6*pi*(1/180));
$22 = 0.701*exp (j*163.4*pi*(1/180)):

Fmin=0.63;

Gamma_opt=0.38*gxp(-*175*pi/180);
m=0.06;

S11_ABS=abs(S11);
S12_ABS=abs(S12):
S21_ABS=abs(S21);
S22 ABS=abs(S22):
%% STABILITY CHECKING
display (STABILITY CHECKING")
Delta_polar = ((S11%522)-(S12*521))
Delta_mag=abs (Delta_polar)
=(angle(Delta_polar))*(180/pi);
K = (1-(S11_ABS"2)-(S22_ABS”2)+(Delta_mag"2))/(2*(S12_ABS*S21_ABS))

fabs(K) =1
ifDelta_mag < 1
display. ( UNCONDITIONALLY STABLE TRANSISTOR ")
glse
display. ( CONDITIONALLY STABLE TRANSISTOR ")
end
glse
display ( CONDITIONALLY STABLE TRANSISTOR ")

gnd

%% Unilateral figure calculation
U=(S12_ABS*S21_ABS*S11_ABS*S22_ABS)/((1-(S11_ABS"2))*(1-(S22_ABS"2)))
U_lower_limit_ratio=(1/((1+U)"2))

U_upper limit_ratio=(1/((1-U)"2))

U_lower limit_dB=10%1og10(U_lower. limit_ratio)

U limit_dB=10*10g10(L] s %

%% Gms and Gl claculation
B1=1x(S11_ABS"2)-(S22_ABS"2)-(Delta_mag”"2);
C1=511-(Delta_polar*(coni(S22))):

Gamma_ms= (B1 - sat((B1"2)-(4* abs((C1)"2))))/(2*C1);
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Gamma_ms Mag=abs(Gamma_ms);
=(angle(Gamma_ms))*(180/pi):
B2=1+(522 ABS"2)-(S11_ABS"2)-(Delta_mag”2);
C2=822-(Delta_polar*(coni(S11)));
Gamma_ml=(B2-sqrt((B2"2)-(4*(abs(C2))"2)))(2*C2);
Gamma_ml Mag=abs(Gamma_ml);
Gamma_ml Angle=(angle(Gamma_ml))*(180/pi);
Gamma_S=0.58%exp ((-1)%j*132.4*pi*(1/180)):
Gamma_S_Mag=abs(Gamma_S):
Gamma_out=0.795*exp (j*170.1*pi*(1/180));

Gamma_out _Mag=abs(Gamma_out);
Gamma_L=conj(S22+(S12*S21*Gamma_S$/(1-(S11*Gamma_$))))
Gamma_L=conj(S22+(512*$21*Gamma_S$/(1-(S11*Gamma_$)))):
Gamma L Mag=abs(Gamma_L)

Gamma L _Angle=(angle(Gamma_L))*(180/pi);

Gamma IN=(S11+(512*821*Gamma_L/(1-(S22*Gamma_1.)))):
Gamma IN_Mag=abs(Gamma_IN) .
Gamma_IN_Angle=(angle(Gamma_IN))*(180/pi):

%% maximum power transfer gain calculation

Gain_ideal dB=10*10g10(S21_ABS/S12_ABS);

%Gain_ratio MGA=(S21_ABS/S12_ABS)*((abs(K))-(sqrt(((abs(K))"2)-1)))
Gain_ratio MGA=(1/(1-(Gamma_ms_Mag"2)))*(S21_ABS"2)*((1-
(Gamma ml Mag”2))/(abs(1-(S22*Gamma_ml)))"2)

Gain MGA._dB=10*1og10(abs(Gain_ratio MGA))

Gain_ratio LNA=((1-(Gamma S Mag"2))/(abs(1-

(S11*Gamma - S))Y"2)*(S21_ABS”2)*(1/(1-(Gamma_out_Mag”2)))
Gain LNA_dB=10"log10(abs(Gain_ratio LNA))
Gain_cascaded dB=2"Gain LNA_dB+Gain MGA_dB

%% NOISE FIGURE
NE_MGA_num=4"m*abs((Gamma_ms-Gamma_opt)"2);
NEMGA_den=(1-(Gamma_ms_Mag)"2)*abs(1+Gamma_opt"2);
NEMGA_dB=NF_MGA_num/NE_MGA_den=Fmin
NE_MGA_ratio=100(0.1*"NE_MGA_dB)

NE_LNA_dB=0.96

NE_LNA_ratio=107(0.1*NE_LNA_dB)

NE_cascaded, ratio=NF_LNA_ratio=((NE_LNA_ratio -
1) (Gain_ratio LNA))—*((NF MGA _ratio - 1) (Gam ratio LNA"2))

Name ~ Value

1B1 0.7352

1 B2 1.1283

-+ c1 -0.2465 + 0.2697i
Hc2 -0.5305 + 0.1878i
i Delta_mag 0.2613
Delta_mag_Angle -46.8295

17l Delta_polar 0.1788 - 0.1906:
H ¢ 1.7000e+10
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Frnin
Gain_cascaded_dB
Gain_ideal_dB
Gain_LMNA_dBE
Gain_MGa_dB
Gain_ratio_LMN&
Gain_ratio_”hMG&
Gamma_IM
Gamma_IM_Angle
Gamma_IMN_Mag
Gamma_L
Gamma_L_Angle
Gamma_L_Mag
Gamma_ml
Gamma_ml_Angle
Gamma_ml_Mag
Gamma_ms
Gamma_ms_Angle
Gamma_ms_Mag
Gamma_opt
Gamma_out
Gamma_cout_Mag
Gamma_5
Gamma_5_Mag

K

MF_cascaded_dB
MF_cascaded_ratio
MF_LMA_dBE
MF_LMA_ratio
MF_MGA_dB
MF_MMGE_den
MF_MGA_num
MNF_MGA_ratio

rm

511

511_ABS

512

512_ABS

521

521 _ABS

522

522 _ABS

U
U_lower_limit_dB
U _lower_limit_ratio
U_upper_limit_dB
U_upper_limit_ratic
Zo

Value

05300

39.8037

15,6044

12,7319

14.3399

18,7581

27.1640

-0.5321 + 0.5822i
132.4254

-0. 7696 - 0.2589i
-161.4047
08120

-0.8781 - 0.3109i
-160.5014
049316

-0.6050 - 06618
-132.4300
08967

-0.3786 - 00331
-0.7832 + 0.1367i
0.7950

-0.3911 - 04283
0.5800

1.0427

1.0085

1.2614

00,9500

1.2474

11087

0.2239

01072

1.2908

00500

-0. 4048 + 0.3619i
0.5430

00581 - 0.0184i
0.0&10

09858 - 1.9858i
22170

-0.6718 + 0.2003
07010

01435

-1.1&650

0.7647

1.3458

1.36332

50
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Appendix B: MATLAB code for Microstrip w/h and Length Calculation

c=3ell;  %speed of light mm/sec  3e8 m/s

%Naw to find w'h

disp(Case 1 - Find y_by _h and Lambda *);

disp( )

e_r_casel_given=ipput('enter value of g_1- ");  %dielectric constant for quartz =5
Z_0_casel_given=igput('enter value of Z 0: );  %characteristics impedance Z 0 =
50,75

Yonmaxerh=0.2739;

A=(Z 0 casel given/60)*sqrt((e_r_casel given+1)/2)+((e_r_casel given-
1)/(e_r_casel given+1)*(0.23+0.11/e_r_casel_given)):

freq O=input(‘enter value of frequency: ");  %height in cm == lem = 10mm
lambda_0=(c/freq 0); %lamda0 in cm

lambda TEM=lambda 0/sgrt(e r casel given);

disp(lambda 0 calculated in mm : );

disp(lambda_0):

w.by. h calculated = (8*gxp(A))/ (exp(2*A)-2);
disp( y
disp(w by h calculated 1s: ");
disp(w. by h calculated):

disp( %

disp(calculation for Lambda in mm: )

geply = input (Is W/h <0.6 ? ves orno: ', 's');

if stromp(reply.yss)

lambda=(lambda_0/sqrt(e_r_casel_given))*(e_r casel given/(1+0.6*(e_r_casel give
n-1)*(w_by_h_calculated)"0.0297))"0.5

slse.

lambda=(lambda_0/sqrt(e_r_casel given))*(e_r casel given/(1+0.63*(e_r_casel giv
en-1)*(w_by_h_calculated)”0.1255))"0.5

snd:

lambda by _lambda tem=lambda/lambda TEM:

m**********************#*****‘)-
B

disp(CASE 2 - Calculation of Lambdaand Z 0:")
m‘ﬁilti‘t*i(i(**********3*******3');
e_r_case2_given=ipput(enter value of g 1= ");
w_by_h case2 given=gmput(‘enter value of w_by h- ):
disp( %
disp(calculation for g_ff: ")
reply = input ('Is W/h <=27? yes orno: ', 's');
i stremp(reply.ves)

e fi=((e_r case2 given+1)/2)+((e_r case2 given-
D2)*(1/(sqrt(1+(12*(1/w_by_h_case2_given))))))+(0.04*(1-
w_by_h_case2 given)"2)
slsg.

e_ff=((e_r case2 given+1/2)+(e_r_case2_given-
1/2)*((1+12*(1/w_by_h_case2 given))“(-0.3)))
snd:
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displ %
disp(‘Calculation for Z 0:")
reply = input ('Is Wh <=1? yes orno: ', 's');
if stromp(reply.ves)
Z0_calculated
=(60/sqrt(e_ff))*(log(8*(1/w_by_h_case2 given)+(w_by_h case2 given/4)))
slse
Z0_calculated
=(120*py/(sqrt(e_ff)*(w_by_h case2 given+1.393+0.667*(log(w_by_h_case2 given+
1.444))))
snd
displ ) 2
disp('Calculation for Lambda in mm: )
geply = input (Is W/h <0.6 ? yes orno: ', 's");
i stremp(reply.yss)
lambda=(lambda_0/sqrt(e_r case2 given))*(e_r case2 given/(1+0.6*(e_r_case2 give
n-1)*(w_by_h case2 given)"0.0297))"0.5

lambda=(lambda_0/sqrt(e_r _case2_given))*(e_r case2 given/(1+0.63*(e_r_case2 giv
en-1)*(w_by_h_case2 given)"0.1255))"0.5
snd:

Mﬂl‘tt***Ktt**#*##**#k**#**k**’);
M!*#*ﬁ**ﬂ#*ﬁ***#*ﬁt*t***ttt**‘);

disp(Calculations for Width W, Length 1. and thickness t in mm’);
height=input('enter the value of h in mm: );

Y% f=input(’enter the value of fieq: "):

disp(Frequency taken into Calculation 1s freq 0=");

disp(freq 0):

wadth yw=height*w_by_h_calculated:

length J=c(4*freq 0*(sart(c..£D)):

deno=exp((Z_0_casel given)*((sqrt(e_r_casel given+1.41))/87));
thickness t=13.4%(((5.98*height)/deng)-0.8*width w):
disp(height h in mm 1s: "); disp(height);

disp( :

disp(calculated width w in mm 1s: "); disp(width w):
disp(calculated thickness t in mm 1s: ); disp(thickness_t);
disp('calculated length | in mm 1s: ); disp(length 1):
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RESULT for Z0 =50 Q

Name ~ Value Name ~ Value
A 2.2148
C 3.0000e+11 lambda_by_lambda_tem 1.2340
deno 7.3888 lambda_TEM 5.7320

1 e ff 71281 length_l 1.7557
e_r_casel_given 10.7000 fe?')’ ‘no’
e_r_case2_given 10.7000 thickness_t 0.1592
freq_0 1.6000e+10 w_by_h_calculated 0.8948
height 0.1270 w_by_h_case2_given 0.8948

H height_calculated 0.0564 width_w 0.1136
lambda 7.0735 Z0_calculated 49,7852
lambda_0 18.7500 Z_0_casel_given 50

RESULT for Z0 =120 Q

Mame =~ Value Name ~ Value
A 3.0366 - lambda_by lambda_tem 13001
‘ 3.0000e-+11 - lambda_TEM 5.7320
deno 121.5008 - length_| 18819
e ff 6.2045 od reply ‘yes'
€_r_casel_given 10.7000 thickness_t 0.0130
€.r_caseZ_given 10.7000 w_by h_calculated 0.0520
freq 0 1.6000e+10 TH w_by_h_case2_given 0.0520
height 0.1270 -H width_w 0.0066
lambda 74520 an Z0_calculated 121.3070
lambda_0 18.7500 H Z_0_casel_given 120
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Appendix C: MATLAB code for Impedance Zo

c=3ell; %speed of light cm/sec
%Naow; to find w'h

e r _casel given=input(enter value of g_g- );
Z 0 _casel given=ipput('enter value of Z_0: ");

50,75

3e8 m/s

height mm=mput(enter value of height mm: ):
A=(Z 0_casel given/60)*sqrt((e_r_casel given+1)/2)+((e_r_casel given-
1)/(e_r_casel_given+1)*(0.23+0.11/e_r_casel_given)):

freq=input(‘enter value of frequency:

% Calculate ¢_gff(f)

MCase 1 -Find ¢_eff fat 16 GHz ");disp(’

%dielectric constant for quartz = 5
%characteristics tmpedance Z 0 =

%height in cm == lem = 10mm

&M&ﬁl@lﬁ&@d (8*sxp(A))/ (m(—a-*A) 2)

);

e ff O=((e_r_casel given+1)/2)+((e_r_casel_given-
D/2y*((1/(sqrt(1+(12*(1/w_by_h_calculated))))))+(0.04*(1-w_by_h_calculated)"2)
E.num A=4*height mm*freq*sart(e_r_casel given-1)/c
E_num B=03+{1+2*logl0(1+w_by_h_calculated))"2

F=F _num A*E num B

e_eff freq=((sqrt(e_r_casel given)-sqrt(e ff 0))/(1+4*(F"-1.5))+tsqrt(e_£ff 0))"2

%% Calculate Impedance Z 0

simzLCase 2 - Find g gff. £ at freq- ):disp(

):

Z 0 =7 0 _casel given*{(e_eff freq-1)/(e ff 0-1))*sqrt(e_ff O/e_eff freq)

RESULT

For Frequency f = 16 GHz

Name ~ Value

1 A 2.2148

1 ans 31145

1] ¢ 3.0000e+11
- deno 7.3888

1] e_eff_freq 7.2235

1 e_ff 7.1280

- e ff 0 7.1280

1] e_r_casel_given 10.7000

1] e_r_case2_given 10.7000

o F 0.2463

1 F_num_A 0.0844

1 F_num_B 29184

1 freq 1.6000e+10
1 freq 0 1.6000e+10
- height 0.1270

- height_calculated 0.0564

- height_mm 0.1270

- lambda 7.0735

-t lambda_0 18.7500

For Frequency f = 16.8 GHz

am height_calculated

- height_mm

- lambda

H lambda_0

Value

2.2148
3.1145
3.0000e+11
7.3888
7.2306
7.1280
71280
10.7000
10.7000
0.2586
0.0886
2.9184
1.6800e+10
1.6000e+10
0.1270
0.0564
0.1270
7.0735
18.7500
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For Frequency f = 16 GHz

RS lambda_by_lambda_tem 1.2340
H lambda_TEM 5.7320
H length_| 1.7557
av] reply 'no’

- thickness_t 0.1592
H w_by_h_calculated 0.3948
,,, w_by_h_case2_given 0.8948
H width_w 01136
+ 70_calculated 49,7852
- Z_0_casel_given 50
Hzof 50.4424

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 fat16 GHz
e ff 0= 7.1280
F num_ A= 0.0844
F nhum B= 29184
F= 0.2463
e eff freq= 7.2235
Case 2 - Find e_eff fat 16 GHz

Z 0 f= 50.4424

For Frequency f = 16.8 GHz

lambda_by_lambda_tem  1.2340

H lambda_TEM 5.7320
-+ length_| 1.7557
reply ‘no’

- thickness_t 0.1592
] w_by_h_calculated 0.8948
w_by_h_case2_given 0.8948
H width_w 0.1136
H 70_calculated 49.7852
H Z_0_casel_given 50
Hzof 50.4749

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 fat 16 GHz
e ff 0= 7.1280
F num_ A= 0.0886
F num B= 29184
F= 0.2586
e eff freq= 7.2306
Case 2 - Find e_eff fat 16 GHz

Z 0 f= 504749
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Appendix D: Datasheet of FHX13/14LG

FEATURES

* Low Noise Figure: 0.45

dB (Typ.)@f=12GHz (FHX13)

* High Associated Gain: 1
:13.0dB (Typ.)@f=
* Lg = 0.15pm, Wg = 200um (Typ.)@f=12GHz

* Gold Gate Metallization for High Reliability

* Cost Effective Ceramic Mi i
: icrostrip (SMT) Package
Tape and Reel Packaging Avai|a%|£e K ’

DESCRIPTION

;I'he FHX13LG, FHX14LG is a Super High Electron Mobility Transistor(SUDerHEMTTM)
ntended for general purpose, ultra-low noise and high gain amplifiers in the 2-18GHz

FHX13LG, FHX14LG

Super Low Noise HEMT

frequency range. The devices are packaged in cost effective, low parasitic, hermetically
sealed metal-ceramic package for high volume telecommunication, TVRO, VSAT or
other low noise applications. »

Eudyna stringent Quality Assurance Program assures the highest reliability and

consistent performance.

. ABSOLUTE MAXIMUM RATING (Ambient Temperature Ta=25°C)

Item Symbol Rating Unit
Drain-Source Voltage VDS 96 v
Gate-Source Voltage VGs -3.0 A
Total Power Dissipation Py 180 mw
Storage Temperature Tstg -65t0 +175 °C
Channel Temperature Teh 175 °C

*Note: Mounted on Aly03 board (30 x 30 x 0.65mm)
Eudyna recommends the following conditions for the reliable operation of GaAs FETs:
1. The drain-source operating voltage (Vpg) should not exceed 2 volts.
2. The forward and reverse gate currents should not exceed 0.2 and -0.05 mA respectively with
gate resistance of 40009Q.
3. The operating channel temperature (T¢p) should not exceed 80°C.
ELECTRICAL CHARACTERISTICS (Ambient Temperature Ta=25°C)
- Limit
Item Symbol Condition Min. | Typ. | Max. Unit
Saturated Drain Current Ipss |Vps=2V,VGgs =0V 10 30 60 mA
Transconductance gm |VDS=2V,Ips=10mA | 35 | 50 - mS
Pinch-off Voltage Vp [VDs=2V,Ipg=1mA | 01 | -07 | -15 Y
Gate Source Breakdown Voltage VGso |lgs=-10pA 80| - 5 v
P NF -
Noise Figure FHX13LG —_— 0.45 | 0.50 dB
Associated Gain Gas 'DDSS_-mn;A 1.0 180 | - dB
ise Figure NF = ' - 1055 | 0.60 dB
Noise Fig : FHX14LG f=12GHz
Associated Gain Gas 11.0130| - dB
Thermal Resistance Rth  |Channel to Case - | 300 | 400 °C/W

AVAILABLE CASE STYLES: LG

Note: RF parameters for LG d

evices are measured on a sample basis as follows:

Lot qty. Sample gty. Accept/Reject
1200 or less 125 (0,1)
4201 to 3200 200 (0,1)
appi to 10000 315 (1,2)
10001 or  over 500 (12)
R ————
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TYPICAL NOISE FIGURE CIRCLE
FHX13LG

f=12 GHz
VDS = 2V
IDs = 10MA

[opt = 0.61 £150°
Rn/50 = 0.04
NFmin = 0.45dB

Ga(max) & 1S2112 vs. FREQUENCY

20 %
R Vpg =2V
B Ipg = 10MA
‘\
15 s
o T~ \ Ga(max)
m I~
q
= N
c 10
©
(O]
1S0412
5
0
4 6 8 10 12 20

Frequency (GHz)

NOISE PARAMETERS
FHX13LG
Vps=2V, Ips=10mA

. "rv‘
Freq. I'opt NFmin Rnlth
(GH2) | (MAG) (ANG) | (dB)

2 0.96 29 | 033 | 0.22
4 0.92 57 | 0.34 | 0.20
6 0.86 83 | 035 | 0.15
8 079 | 107 | 037 | 0.11

10 0.71 129 | 040 | 0.07

12 0.61 150 | 0.45 | 0.04

14 0.50 168 0.53 0.04

16 038 | <175 | 063 | 0.06

18 024 | -161 | 0.83 | 0.10
fun:a
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FREQUENGY
(MHZ)

1000
2000
3000
4000
5000
6000
7000
8000
9000
10000
11000
12000
13000
14000
15000
16000
17000
18000
19000
20000

MAG

0.988
0.956
0.908
0.862
0.811
0.763
0.727
0.701
0.682
0.659
0.636
0.618
0.608
0.596
0.585
0.564
0.543
0.525
0.506
0.470

St

ANG

-20.0
395
-58.1
755
-01.6

4071

4211

1333

-144.1

-154.2

1644

4754
175.5

166.6
158.3
148.8
138.2
127.3
116.2
106.5

MAG

5.327
5.133
4.851
4.534
4213
3.886
3.582
3.300
3.078
2.899
2,748
2593
2.466
2.366
2,279
2.244
2.217
2.185
2,143
2.089

FHX1314LG
Vpg =2V, Ing = 10mA
S21
ANG MAG
160.1 0.015
141.0 0.028
123.0 0.039
105.9 0.048
89.7 0.053
74.4 0.056
60.0 0.057
46.4 0.058
33.8 0.055
21.4 0.055
9.3 0.054
3.4 0.054
-14.8 0.054
-26.6 0.055
-38.3 0.056
50,7 0.058
636 0.061
771 0.063
914 0.063
-105.4 0.081

S-PARAMETERS
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512

ANG

75.7
63.3
50.1
39.0
28.3
21.0
13.2
7.8
35
0.0
2.6
-5.2
-5.7
-7.8
-9.7
-12.8
-17.6
-24.7
-33.1
437

MAG

0.574
0.560
0.539
0.522
0.502
0.488
0.487
0.498
0.515
0.531
0.544
0.561
0,580
0.619
0.654
0.677
0.701
0.727
0.748
0.763

522

ANG

-16.3
-32.1
-47.3
-62.0
-75.8
-89.6
-103.0
-114.9
-125.0
-134.4
-144.0
-155.1
-164.0
-172.4
-179.7
172.6
163.4
154.1
143.6
137.2



Case Style "LG"
Metal-Ceramic Hermetic Package

4.78=0.5

1.5=0.83 , 1.78=0.15, 1.5=0.3
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il Es
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Appendix E: Microstrip Gap Capacitance and its MATLAB code

Microstrip gap

g ; 2 . Fio it Amivall stween the two ends,
A symmetrical microstrip gap can be modeled by two open ends with a capacitive series coupling between the two en
The physical layout is shown in fig. 11.6.

Figure 11.6: symmetrical microstrip gap layout

™

The equivalent 7-network of a microstrip gap is shown in figure 11.7. The values of the components are according to 7]

and [30].
Cs [pF] =500-& 1862} @ {14410 (1 - axp 0785 o B2 e
S[P]— 'ue‘.\'p(— = B e 1 A3 1Y o9 \’”.l T (IINL93)
. R4
Cp=0Cr- oot 1 (11.194)
Qx40
Cpa=Cx- 011 (11.195)
with
1% kil JP
0, =0.04598 - | 0.05 + ¢y (0.27240.07 -£,) (11.1906)
_ ".'1 r 51373 & ;';- 1.05 . 15+0.3~".]/k
i ' \
Qs =exp (-—0.59?8- (n.l') —0.55 (11.198)
.\ 135
o (I
Qs=-exp | —0.5978 - A —-0.55 (11.199)
. 1.23
V2T 140,02 (113/117 —1)°° (12
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with C; and C- being the open end capacitances of a microstrip line (see eq. (11.192)). The numerical error of the

capacitive admittances is less than 0.1msS for

6<e.<13
02< s/kh <
0.2GHz < f < 18GHz

Ic Ic g
—L—_.Pl ; P2

s —

Figure 11.7: microstrip gap and its equivalent circuit

W,
W : 2

) i

The Y-parameters for the given equivalent small signal circuit can be written as stated in eq. (11.201) and are easy to convert
to scattering parameters.

_ [w (Cp +Cs) —juwCs ]

¥ hie e AT Y, (11.201)

MATLAB code

%% 3-Stage LNA at 16GHz by SohamS] %%

disp(Find Gap Capacitance value ');

disp( )

height mm=mput('enter value of h: "); %bheight in mm

width W1 _or W2=input('enter value of W: *);  %width in mm

e.r=mput(enter value of g_g: ); %dielectric constant

capacitance. pF=input(‘enter value of capacitance in pF: "); %capacitance

Q5 =1.23/(1+(0.12*((width_W1_or W2/width_W1_or W2)-1)"0.9))

Q1 =0.04598 *(0.03 + ((Cwidth W1 _or W2/height mm )"(Q3))*(0.272 + 0.07*e_1)
a=Q1*(1+4.19*(1-exp(-0.785*sqrt(height _mm/width W1_or W2))))

b=capacitance_pF/(500*height mm)

sz(height . mm*log(b/a))/(-1.86)
RESULT :

Name 2 | value
Hd a 0.1424
Hdb 0.0783
B4 capacitance_pF 4.9700
Hier 10.7000
HH height_mm 0.1270
BHd o 0.0423
HH as 1.2300

s 0.0409
HH width_wW1_or_w2 0.1136
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Appendix F: Circuit and Simulation Result on ADS
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PwrGain1

] m1
40— -
20—
0_— , A m1
freq=16.00GHz
s ] PwrGain1=39.094
_40 —|
‘60 I | I | I | I | I | I | I | I | I | I
0 2 4 6 8 10 12 14 16 18 20
freq, GHz
Figure Appendix F.1: Gain (ADS)
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Figure Appendix F.2: Noise (ADS)
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Appendix G: RT/duroid 6006/6010LM Datasheet for w/h calculations

ROGERS

CORPORATION

RT/duroid® 6006/6010LM

High Frequency Laminates

RT/duroid® 6006/6010LM microwave laminates are ceramic-

PTFE composites designed for electronic and microwave circuit
applications requiring a high dielectric constant. RT/duroid 4006
laminate is available with a dielectric constant value of 6.15 and
RT/duroid 6010LM laminate has a dielectric constant of 10.2.

RT/durocid 6004/6010LM microwave laminates feature ease of fabrication
anad stabiiity in use. They have tight dielectric constant and thickness

control, low moisture absorption, and good thermal mechanical stability.

RT/duroid 6004/6010LM laminates are supplied clad both sides

with 1/2 oz. to 2 oz./f’ |18 to 70 um) standard and reverse treated
electrodeposited copper foil. Thick aluminum, brass, or copper plate on
one side may be specified.

Standord tolerance dislectric thicknesses of 0.0107, 0.025", 0.050", 0.075",

and 0.100" [0.254, 0.635, 1.270, 1.905. 2.54 mm) are availoble. When
ordering RT/duroid 6006 and RT/duroid 6010UM laminates, it is important
to specify dielectric thickness and weight of copper foil required.

100 S. Rooseveit Avenue, Chandler, AZ 85226
Tel: 480-961-1382 Fax: 480-961-4533 www.rogerscorp.com
Page 1 of 2
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Features and benefits:

High dielectric constant for
cirouit size reduction

Low loss. Ideal for operating at
X-band or below

Low Z-axis expansion for RT/
duroid 6010LM. Provides reliable
plated through holes in multilayer
boards

Low moisture absorption for RT/
duroid 6010LM. Reduces effects
of moisture on electrical loss
Tight £, and thickness control for

repeatable circuit performance

Some Typical Applications:

Patch Antennas

Satellite Communications
Systems

Power Amplifiers

Aircraft Collision Avoidance
Systems

Ground Radar Warning Systems




TYPICAL VALUES

RT/duroid RT/duroid
6006 6010.2LM
E']:__":’:“M Conszanc e, 6.15¢0.15 10.220.25 7 10 GHz 23°C ‘9;:‘;5:’;;;:5
g.]g:‘“"‘ Constante, 5.45 10.7 z BGHr-40Gry | Dferential PhasaLangth
Dissipation Factor, tan § 0.0027 0.0023 1 10 GH2/A IPC-TM-650 2.5.5.5
Tharmal Coafficiant of £ -410 425 7 pp/eC -50to 170°C IPC-TM-650 2.5.5.5
Surface Resistivity i 5x104 Mohm A IPC 2.5.47.1
Volume Resistivity %10’ 5x10* Mchmecm A IPC 2.5.47.1
Youngs' Modulus
— AN
ultimata sTrass 0028 17 (2.4) X MPa (kpsl) A [o.‘.}r‘nslr\.usg:.f:ram
17 (2.5) 13 (1.9) ¥

ultimaze strain "3 : ‘;3 :g f"i : *® A

Youngs® Modulus
under comprassion | 1069 (155) 2044 (311) 7 MPa (kpsi) A ASTM DEIS

ultimata strass 54(7.9) 47 (6.9) P wPa (kpsl) A (0.05/min. strain raze)

ulzimate strain 33 25 1 *®
Flaxural Modubus tesiiaes) | 3754 isen x Mo (psi) ‘

ASTM D730

ultimata strass 38 (5.5) :g Ei:: : MPa (kpsl) A

S— A
D4B/50°C,
Moistura Absorption 0.05 0.01 * 0.050° IPC-TM-650, 2.6.2.1
{1.27mm) thick

Density 2.7 31 glem’ ASTM D792
Tharmal Conductivity 0.49 0.86 W/meK B0sC ASTM C518
rerstmio | 0 | e | & | e | e | fmuum
™ 500 500 °C TGA ASTM D3B50
Specitic Heat 0.97(0.231) | 1.00(0.239) L/g/K (BTU/BSF) Calculazed
Coppar Posl 14.3(2.5) 12.3(2.9) il (i} afar soldar fhoas IPC-TM-650 2.4.8
Fammability Rating v-a v-0 uL94
Lead-Froa Procass Yes Yos
Compatibla
L] Tt e bard 055 it ik e one cum:e slectrodeposited coppar on two sdes,
(5] The dexign D ix an sverage ~umber from several different tested oty of ~mterinl and on the most 's. f more detalled information is required, please contact

Hogers Corporation.

fiwfer = Rogers’ teachnicel paser “Dislnctric Propartes of High Frequancy Materals® svaiabls st hetpuivesw rogerscerp.comiac.
Typical vabams arw & reprasentaton of an sversge va'ue for the population of the proparty. For sped fication vaues contact iogers Corporation.

STANDARD THICKNESS

STANDARD PANEL SIZE

STANDARD COPPER CLADDING

0.005" (0.127mm)
0.010" (0.254mm)
0.025" (0.635mm)
0.050" (1.27mm)
0.075" (1.90mm)
0.200" (2.50mm)

Non-standard thicknesses avallable

10" X 10" (254 X 254mm)
10" X 20" (254 X 508mm)

*20" X 20" (508 X 508mm) - non-sTandard

18* X 12" (457 X 305 mm)

*18° X 24" (457 X 610 mm) - non-standard
(*note: the abowe 2 panel sizes are avalladla in 20,025

anly)

¥ oz. (18 pm), 1 oz. (35ym), 2 02. (70um)
electrodeposited & reverse treated EDC coppar

toll.

Heavy martal claddings are available, based on
dielactric thickness. Contact Rogers' Customear

Sarvica.

Tha information in this dets shest is intanded to sxsist you in designing with Rogers’ circuit matsrisls. It is not intended to and does not crests any warrantiss sxpress or
implied, mcluding any warranty of marchantabiity or fitness for & particular purpess or that the results 1hown on this deta shest will ba schisved by & user for & particular
purpess. The wser should detarminae the suitability of Nogers' circuit matarink for sach application.

Thase cemmodites, tachnciogy s~d softeware aow asparted from the Usted States in sccordance with the Expoart Admiscrt-ation regulstons. Diversien contrasy te U we prohibited.
¥T/durod and the kogers’ logo wre icensed trademares of Rogars Corporaton.
©2015 Mogers Corparation, Printed in LLSA All rights reserved.
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