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ABSTRACT

REALIZATION of ULTRAWIDEBAND
LINEAR MICROWAVE LOW NOISE AMPLIFIER

Arslan CHARIYEV

Department of Electronics and Communications Engineering
McS. Thesis

Advisor: Prof. Dr. Filiz GUNES

During the last decade, stimulated by unprecedented growth in the wireless communication
application, outstanding progress has been made in the development of low-cost solutions for
front-end RF and microwave systems. This growing demand has further forced microwave
amplifiers to widen their bandwidth. Widening bandwidth has become a pressing issue for
microwave circuit designers. Today, broadband and ultra-wideband amplifiers are one of most
researched topics of microwave engineering.

In this study, | aimed to design an ultra-wideband low noise amplifier utilizing in-hand
technology. | had to take in to consideration to what I could reach, and that, inevitably, had a
huge impact on my design and realization process. In the paper | firstly focused on theoretical
background of microwave amplifier design. Then, I had demonstrated that PSO can be
successfully employed for a design of matching circuit for ultra-wideband applications. In this
work | had extensively utilized PSO code developed by Asst. Prof. Dr. Salih DEMIREL and
Prof. Dr. Filiz GUNES.
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OZET

GENISBAND LiNER DUSUK GURULTULU KUVVETLENDIRICI
MIKRODALGA DEVRESININ GERCEKLEMESI

Arslan CHARIYEV

Elektronik ve Haberlesme Miihendisligi Anabilim Dali
Yiiksek Lisans Tezi

Tez Danigsmani: Prof. Dr. Filiz GUNES

Son on yilda kablosuz haberlesme uygulamalarinda simdiye kadar hi¢ goriilmemis sicramalar
gerceklestirilmistir. Dahasi, diisiik maliyetli devre tasariminda akil almaz ilerlemeler
kaydedilmis ve bu gelismeler ¢ercevesinde artan talep, genisbantli mikrodalga devrelerine
olan ihtiyaci ve gereksinimi daha da siddetli bir sekilde tetiklemekte ve artirmaktadir. Bundan
dolayr ki, glinlimiizde genisbatli LNA devre tasarimi en Onemli aktiiel konular arasina
girmistir

Bu calismamda ben genisbantli diisiik giiriiltiilii liner mikrodalga devresini gergeklemeyi
amagladim. Yazimda oncelikle mikrodalga kuvvetlendirici tasariminin teorik ve pratik alt
yapisin1 kisaca anlattim. Daha sonra ise ben devrenin gergekleme siirecini inceledim. Devre
tasariminda siirli optimizasyon tekniginin genigbant uygulamalarinda basarili bir sekilde
uygulanabilecegini gosterdim. Calismamda Yrd. Dog. Dr. Salih DEMIREL ve Prof. Dr. Filiz
GUNES’in gelistirdikleri PSO kodlarindan yaralandim.
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CHAPTER 1

INTRODUCTION

We are living in an age of rapid growth and technological advancement. Today we have
variety of applications which operate at microwave frequencies, and they are getting more
diverse and ubiquitous. The most famous and renowned microwave industrial product is most
probably “a microwave oven”. But in reality radars, satellites, military frequency mixers,
mobile phones, and etc. are all typical examples of microwave circuit applications, and some

are so critical that in war they may determine victory or defeat of an entire country.

A microwave application circuit may consist of several layers; where each layer (stage) has its
own functions and duties to accomplish. A Low Noise Amplifier (LNA) layer has direct
impact on gain and noise performance of the circuit. A natural consequence of this is that in
almost all cases the general expectation from a LNA circuit is high gain and low noise.
Furthermore, bandwidth and VSWR are also important performance merits of a microwave
amplifier. Microwave amplifier design, transistor characterization, oscillation, and etc. are
very complex, challenging, and yet interesting and promising topics of microwave
engineering. Because of this, LNAs present a wide research topic with sea of literature

available.

1.1 Literature Review

Microwave amplifier design is one most researched topics of the microwave engineering. In
my research | used books and articles of prominent writers who are renowned for their
pioneering research in microwave engineering field, like Filiz GUNES, Inder BAHL, George
VENDELIN, Guillermo GONZALEZ, Prakash BAHARTIA, K. Gupta, Salih DEMIREL, and



etc. GUNES on her numerous articles, like [5], [6], [7], [12], [13] and etc., have shown how to
overcome constrains of performance triples (Gr, Vi, and NF), opening new frontiers in
microwave amplifier design. DEMIREL had brilliantly shown on [2], [9], [5] how Particle
Swarm Optimization can be used to solve complex requirements of ultra and broadband
circuits. GUNES’s and DEMIREL’s works had guided me for the most part of my research.
For practical considerations I extensively employed “Microwave Solid State Circuit Design”
by BAHL and BAHARTIA, “Essentials of RF and Microwave Grounding” by Eric
HOLZMAN, “Microwave Transistor Amplifiers: Analysis and Design” by Gonzalez.

1.2 The Aim of the Thesis

In this research | had targeted to realize single-staged unconditionally stable ultra-wideband,
namely, from 4GHz to 12GHz, linear low noise microwave amplifier. Following were taken
as basis of design: targeted, or in other words required, noise figure (NFreq) is minimum
noise figure (NFmin) of the active device, namely HJ-FET NE3503M04; required transducer
gain (Grreq) is 10 dB with £3 dB variation. The realization of the circuit was constrained by
available (in hand) technology, which had an immense impact on realization and design

considerations.

1.3 Findings

It is well known that gain, nose figure, bandwidth, and standing wave ratios are inversely
relational. Thus finding the best solution is quite difficult. In the paper it was shown that
matching circuits can be designed by using particle swarm optimization approach; the technic

which opens up new frontiers at CAD solutions.

In the paper | focused on the rudimentary building blocks and concepts of a microwave
amplifier, and briefly discussed characteristics and solution technics employed during CAD.
To the end of the paper the simulation results are presented, and consequently, compared with

experiment’s figures.



CHAPTER 2

MICROWAVE INTEGRATED CIRCUTS (MICs):
Fundamental Building Blocks

GENERAL OVERVIEW

Microwave integrated circuits (MICs) were introduced at the mid of XX century. Since then
microwave circuits have evolved significantly, and so did analysis methods which were
employed to characterize them. Today there are two types of MICs in use: hybrid and

monolithic circuits.

Hybrid MICs consist of both planar transmission lines and solid-state devices, like transistors
and other passive components, like capacitors. In Figure 2.1 an S-band (2-4 GHz) hybrid MIC
is illustrated. In practice hybrid MICs are shortly referred as MICs. Advantages of hybrid

MICs are small size, light weight, easy fabrication, low cost, and high-volume production.

Figure 2. 1S-band (2-4 GHz) hybrid MIC push-pull FET amplifier [1].



Monolithic MICs are circuits which entirely consist of elements deposited on the
semiconducting substrate; passive and solid-state elements are inclusive too. There is variety
of technics employed to deposit and/or etch solid-state devices on a substrate. In the future,
most microwave circuits are expected to utilize all MMICs, in particular Ka-band and

millimeter-wave applications [1].

Figure 2. 2 Ka-band MMIC push—push FET oscillator [1].

Both hybrid and monolithic MICs have planar transmission lines in common. Defining
characteristics of transmission lines is essential for design of a microwave circuit, as they play

key role in general performance of the circuit.
2.1 Transmission Lines

Any multiconducting structure that supports TEM or non-TEM modes of propagation is
commonly referred as a “transmission line”. In general transmission lines are characterized by

following four basic parameters

1. Zy: characteristic impedance

2. Vy: phase velocity
3.y : propagation constant
a. a: attenuation constant
b. PB: phase constant
4. Pmax: peak power-handling capability



Besides to these electrical parameters, there are also some physical parameters which are
helpful for characterization of transmission lines, like geometric cross section and conductor

material used.

A uniform transmission line can be expressed with lumped series resistance (Run), series
inductance (Lyn), shunt conductance (Gyn), and shunt capacitance (Cyy,), all defined in per unit

length of the line, as illustrated in Figure 2.3.

Figure 2. 3 Lumped circuit representation of a uniform transmission line

Propagation constant (y ), attenuation constant (o), phase constant (), and characteristic

impedance Z, are summarized in Table 2.1 [3].

Table 2. 1 Summary of fundamental expressions

Paramet General Expression Ideal Line Low-Loss Line
er
_ B | JR+wD+G+wC) | jwLC R ,GZ |,
S |CIS 27, 2
: I R6 & R
2 ICa—
a & Aw'LC  gw’C” 8w’L
o
o

—_— 2
WyLC = W\/EE(].— F\)Z(i_+ G_2+ R_Z
A4w'LC  8w*C™ 8wiL
w :277
v, A

Phase
constant 3

Im(y )

R Gz,
2Z, 2

Attenuation
constant o

Re(y) °




\/m Jf1+. G R
G+ jwC cl T owe out

Ol rl

Characteristic
impedance Zg

Transmission lines can be classified into two groups as conventional transmission structures,
like coaxial line and waveguides, and planar transmission lines. For the sake of keeping the
paper brief and getting down quickly to the components which were employed during the
realization of the paper’s circuit, | will not go over all transmission structures. Instead I will

focus on planar transmission lines, in particular, on the microstrip lines.

2.1.1 Planar Transmission Lines

Planar transmission lines are important and essential components of most microwave circuits.
They are used for various purposes depending on circuit’s requirements. Baluns, filters,

couplers, impedance matching circuits, and etc. can be realized by planar transmission lines.

Today lots different planar transmission lines exist; where some have been developed for
special requirements. Each transmission line has its own unique advantages and disadvantages,
depending on circuit types and targets wanted to be attained. Most common transmission lines
are shown in Figure 2.4, and on Table 2.2 some rudimentary properties of transmission lines

are summarized for a comparison [1], and [2].
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Figure 2. 4 The most common planar transmission lines. Most of planar lines have evolved
from microstrip line and coplanar waveguide [3].

Table 2. 2 Characteristics of planar transmission lines.

Type Operating Characteristic Loss Low-Cost
Frequency impedance range Production
(GHZ) (Ohm)
Microstrip line <110 10-100 High Good
Coplanar waveguide <110 40-150 High Good
Strip line <60 20-150 Low Good
Coplanar strips <110 30-250 High Good
Slot line <110 60-200 High Good
Inverted microstrip <220 25-130 Moderate Fair
line




The distinct advantages of planar lines are light weight, small size, improved performance,
relative low cost, reliability and reproducibility. As mentioned above there are great variety of
planar transmission lines in use today. But | will discuss only microstrip planar transmission

line, because the microstrip line was used during the realization of the circuit.

2.1.2 Microstrip Lines: Open Microstrip Lines

Microstrip line is the most popular and widespread planar transmission line due to its planar
nature, easy fabrication, good mechanical support, good heat sinking, easy integration with

solid-state devices, and abundance of design information.

Generally microstrip lines are obtained by placing conductor lines on upper surface of a
substrate, which has a plate of conductor that is attached from the bottom to it. In Figure 2.5

top and cross-section views of a microstrip line is illustrated.

'y y A

"

(a) (b)

Figure 2. 5 (a) Top view of microstrip line. (b) Cross section of a microstrip line.

Unlike the strip line, microstrip line is an inhomogeneous transmission line, since the field
lines between the strip and the ground plane are not entirely encompassed in the substrate.
This propagation mode is called as quasi-TEM. Thanks to image theory microstrip line can be
expressed as two parallel plates which are placed at 2H distance in opposite directions, as

shown in Figure 2.6 [2].



A
—
+ TR
2H >
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Figure 2. 6 Equivalent parallel-line circuit representation of a microstrip line [2].

During design of a MIC substrate properties, like dielectric constant, substrate thickness and
conductor thinness, play vital role. Mostly, low-loss substrates are most desired, with very
thin (negligible) metal conductor. In the Table 2.3 some common substrates with their

properties are enlisted.

Table 2. 3 Common substrates in use

Semi-conducting | gchorizontal | g, vertical sub. | Tangent loss Heat
Substrates sub. constant constant conductivity

PTFE/woven 2.84 2.45 0.001-0.002 Low

glass

PTFE/microfiber | 2.26 2.2 0.0005-0.001 Low

glass

RT/Duroid 5880 | 2.26 2.2 0.001 Low

Gallium  Arsenic | 12.9 12.9 0.0005-0.001 Medium

(GaAs)

Silicon 11.7-12.9 11.7-12.9 0.001-0.003 Medium

Aluminum 9.6-10.1 9.6-10.1 0.005-0.002 Good

Even though that microstrip lines are simple to print and illustrate, it is very hard to precisely
characterize their electrical behavior. Numerical methods prove themselves to be inconvenient

and time-consuming requiring extensive calculations. Some closed-form equations have been



developed for fast calculation. These closed-form equations are extensively used in computer

aided design (CAD) of microwave circuits. Here are closed-form equations of Zy, &, and a:

Characteristic impedance

{ o [8h ozswj f\%’ﬂ

27z\/—

where

17,=120m (Q)

Effective dielectric constant

&, =
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2 2 46 Jw/n
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W h
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ac: conductivity loss

oq: dielectric loss
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g

Tangent loss is generated due to complex nature of dielectric losses

Dielectric loss: € =& — J& (2.11)
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2.2 Lumped Elements

A lumped element is a passive element whose size across any dimension is much smaller than
the operating wavelength of the circuit or of wavelength to which upper frequency of

bandwidth corresponds. It has to be so small, relative to the wavelength, that there is no
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appreciable phase shift between the input and output terminals [4]. Today in the market there

are lots of lumped elements on offer with different sizes and characteristics.

We can divide lumped elements basically into two classes, (a) ready-fabricated lumped
elements; the ones with smallest dimensions are most commonly referred as chips-, and (b) on
board printed lumped elements. In our circuit design we had to employed chip capacitors and

indictors. Because of this | will briefly sketch over chip capacitors and inductor.

2.2.1 Chip Capacitors

Chip capacitors, as lumped elements, are extensively employed in MIC design, due to their
low cost and easy soldering. In the market today, there are variety of chip capacitors with
different sizes and dimensions. They are made by sandwiching high-dielectric-constant

materials between parallel plates, as shown in Figure 2.7.

- TI[{J PLATE

NICKEL PLATE

ELECTF{ODES—/ CONDUCTIVE
METALLIZATION

Figure 2. 7 A chip capacitor [4].

2.2.2 Chip Inductors

Inductors are widely used as circuit components in matching networks and biasing chokes.
Below C-band frequencies, MICs using lumped inductors are an order of magnitude smaller

than ICs using distributed matching elements such as microstrip lines or coplanar waveguides.
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The width and thickness of the conductor determines the current-carrying capacity of the
inductor. Thus, selecting a proper inductor becomes a vital issue as the inductor should allow
bias current —which on its turn determines S parameters of transistors— pass through itself. In

particular bias chokes used in power amplifier require high current capabilities.

i1

1

:ml
I

b)

e

Figure 2. 8 A chip inductor. (a) Top view (b) Profile view

One of the most important parameter that should be taken to the consideration at very high
frequencies is self-resonant frequency (SRF). The SRF (fis) of an inductor is determined
when Im[Z;,]=0; that is, the inductive reactance and the parasitic capacitive reactance become
equal and opposite in sign. In other words, at this frequency the inductor functions more like
resistor rather than an inductor. The inductor’s first resonant frequency is of the parallel
resonance type. Beyond the self-resonant frequency, the inductor is of capacitive nature. In
general, value of the frs is recommended to be three folds higher than operation frequency of
the circuit [4]. For enhanced accuracy it is further advised to use S parameters at very high
frequencies or at wavelength close to dimensions of the inductor or at relatively close

frequencies to the frs. S parameters of an inductor are generally provided by manufacturer.

2.3 Microwave Transistors

Any amplifier eventually has to contain at least one active device so that it could amplify the
input signal. With advancement of technology lots of active state devices have been
introduced to microwave industry. BJT, HBT, FET, HEMT and MESFETS enjoy an extensive
use in microwave industry. Here | will not cover transistors in detail, because there is a

colossal literature available which deals with transistors in depth, and for the sake of keeping
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the paper content. Here, | will focus on basic concepts and fundamental characteristics that

are helpful to characterize transistors in general.

2.3.1 Two-Port/N-Port Network Characterization: S parameters

Any given device or network -provided that it does not contain an independent source and
satisfies the port conditions- can be represented either as a two-port network or as an N-port

network, as illustrated in Figure 2.9.

iy I
—— —f—
Oo— —0
+ . +
Two-port
i network v2
o— —o
Port 1 Port 2

(a)

Figure 2. 9 (a) Two-port network (b) N-port network

Ports of a network must be parameterized in the way that it could represent inner-working of
the network. At low frequencies, the z, y, h, or ABCD parameters are extensively used for
representation of a network. But when it comes to very high frequencies waves start to scatter
out of circuit making it difficult to test open and short circuit ends. To measure microwave in

give range a proper termination is required.

A set of parameters that are very useful in microwave range is the scattering parameters (S
parameters). These parameters are defined in terms of travelling waves and completely
characterize the behavior of two-port networks, Figure 2.10. Definition and matrix form of S
parameters for two and N-port networks are given in (2.13), (2.14), (2.15), (2.16), and (2.17).
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Figure 2. 10 Two-port network with sinusoidal voltage source with Z; source termination, Z,
load termination, and with a; » (X) and by, (x) travelling waves [15].

i)

W g _b)

S, = _
al(ll) a, (l,)=0 al(ll)

8, (1,)=0 (2.13)

< bW o _b)

12 — 22
a2 (IZ) a, (1,)=0 aZ (IZ)

2, (I,)=0 (2.14)

S11: input reflection coefficient with output properly terminated
S, forward transmission coefficient with output properly terminated
S12: reverse transmission coefficient with input properly terminated

Sy2: output reflection coefficient with input properly terminated

b,(h) | _(Su 512] 2 (h)

b,(1,)) \Su Sxu\a(l,) (2.15)
S Sll 812
Si Sy (2.16)
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for N-port network

S11

Snl

n

nn

(2.17)

It can be easily seen from (2.13) and (2.14) that values of S parameters depend on reference

plane. When it comes to a transistor, S parameters are measured under small-signal conditions

at given biasing (Q) point, because S parameters alter at different Q points. In addition to that

S parameters vary with frequency; therefore, S parameters are measured at several frequencies

and are always included in or attached to a catalogue of the device by manufacturer. S

parameters for different biasing conditions of NE3511S02 HJ-FET are presented in Table 2.4

and Table 2.5 as an example.

Table 2. 4 S parameters of NE3511S02 at Vps = 2V and Ip=10mA

F S11 S21 S12 S22
GHz MAG ANG MAG ANG MAG ANG MAG | ANG
2 0.97 -25.50 | 5.023 150.7 0.024 73.7 0.612 | -185
2.5 0.948 | -3250 | 4.964 | 143.20 | 0.029 68.30 | 0.607 | -22.30
3 0.930 | -38.60 | 4954 | 136.20 | 0.035 65.50 | 0.598 | -27.10
35 0.912 | -4490 | 4916 | 129.10 | 0.040 61.40 | 0.583 | -31.70
18 0.496 93.50 2997 | -57.70 | 0.164 | -24.00 | 0.239 | 140.20
Table 2. 5 S parameters of NE3511S02 at Vps = 3V and [p=20mA
F S11 S21 S12 S22
GHz MAG ANG MAG ANG MAG ANG MAG ANG
2 0.961 | -26.80 | 5.997 | 149.00 | 0.022 73.10 0.586 | -17.60
25 0.935 | -34.00 | 5902 | 141.10 | 0.025 71.30 0.580 | -21.00
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3 0.913 -40.30 5.853 | 133.80 | 0.031 67.00 0.573 -25.70
3.5 0.889 -46.80 5.772 126.50 | 0.036 63.30 0.558 -29.90
18 0.472 96.20 3.279 -56.30 0.171 -18.90 0.245 | 154.20

2.3.2 Power Gain

Power gain is main goal of any LNA circuit; else it is not an amplifier. The maximum gain

which can be derived from a transistor depends on its fabrication and manufacture properties.

Anything beyond of it is unrealizable. So the selection of a proper transistor is an utmost task

which must be addressed with special care in an amplifier design. Depending on the transistor

we optimize and make decisions concerning the circuit. There are several power definitions;

the most common one is transducer gain (Gr).

Transducer power gain is defined as the ratio of power to the load (Z,) to the power available

from the source to the network.

P
&

From [7] and [9] Gt can be expressed as following :

|821|2 1—|F5|2 1_|FL|2

= 2
|1_811rs 1_SZZFL _812821FSFL|

or

G, =

where

4RR, |2,

Z,+Z

Ly + ZL — L2y

‘2
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(2.19)

(2.20)




(2.21)
Zs ay —o- - 3
AN o— o
+ | S Sz el T
) Z
v -—Tg I 1l
_ an = - zr:-m
- b, S21 Sz b, —=

Figure 2. 11 Two port representation of a transistor amplifier [3].

2.3.3 Noise Figure

Each transistor generates it is own noise which has ill-effects on performance of the circuit.
This noise is caused by random motion of electrons, and it is known as thermal or Johnson

noise and expressed

N =KkTB (2.22)

where
N: maximum available noise power
k: Boltzmann’s constant

B: noise bandwidth

As it is apparent from the (2.2) the thermal noise is not function of frequency, but bandwidth.
Thus it cannot be filtered nor eliminated. This uniform distribution of noise among bandwidth
is called as a white noise. The only thing that can be done with white noise is to accept it as it

is and try to minimize its ill-effects.
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The noise figure is defined as a ratio of signal-to-noise ratio at input to signal-to-noise ratio at

output and expressed below:

Sin/Nin _ NO
Sout/Nout GkTB

NF £
(2.23)
where

No: available noise power at output

G: available gain power of network over bandwidth B

The overall noise figure of n cascaded networked is expressed at (2.24) where Gy is individual

gain of the network and NFy is individual noise figure of the network.

Lo NE-1 NF -1 NF -1 NF, -1

NFTotaI = "'+—
G, GG, GGG,  GGG,.G,

(2.24)

As it is evident from the (2.24) the noise and gain performance of the first network is the most
important one. The noise of the first cascade has direct impact on the overall noise of a
cascade network whereas gain has inverse impact. Because of this maximum gain and
minimum noise are most desired parameters of first-stage LNA. Minimum noise figures are
provided by manufacturers and available for several basing points at catalogs of transistors as
shown in Table 2.6.

Table 2. 6 Noise parameters of NE425S01 hetero-junction FET at Vps =2 V, Ip = 10 mA
biasing condition.

F (GHz) NFmin (dB) Topt RA/50
MAG. ANG. (deg)
2.0 0.31 0.93 14 0.38
4.0 0.34 0.80 29 0.33
6.0 0.40 0.65 480 0.25
8.0 0.45 0.49 72 0.18
10.0 0.52 0.36 102 0.11
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18.0 1.00 0.47 —58 0.22

2.3.4 Biasing

Biasing a transistor at needed Q point is an important issue. As it was aforementioned,
transistors’ performance is dependent to Q points. For biasing the transistor at the Q point
biasing circuit (network) has to be carefully designed. Biasing circuit is treated in detail in the

third chapter.
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CHAPTER 3

AMPLIFIER DESIGN: Specifications and Optimization

General Overview

An engineer of any discipline has to have clear and projected objective for any design. A
microwave engineer is no exception. He has to clearly identify his target and know in detail
methods that should be used for the design; and utterly, comprehend and embrace
measurements that are used as figure of merit. In this chapter I will discuss main parameters

that should be employed for a successful design of a low noise linear microwave amplifier.

The most important design considerations in a microwave transistor amplifier are stability,
power gain, input and output VSWR —mismatch—, bandwidth, noise, and dc requirements,
though there are many others. In our study we will refer our targets as a “required” and

symbolize them as following:

NFreq OF Freq - required noise figure
NFmin OF Frin - minimum noise figure
Grreq - required transducer gain
Grmax : maximum transducer gain
Vi and V, - input and out VSWR
BWheq : required bandwidth
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3.1 Mismatch and Matching Circuit

3.1.1 Maximum Power Transfer Theorem

In most cases attaining maximum power and making most of what is possible is the most
desired feature of an electrical circuit. To understand what can be delivered to a load by

source the “maximum power transfer theorem” was introduced.

Consider a load, with Z, impedance, connected to an electrical source with internal

impedance of Zsg, as shown in Figure 3.1.

Zs
L H—o—e—0
Vg — +
O oalzlv
“—

Figure 3. 1 A Z, load connected to a Thevenin equivalent circuit.

The power delivered to the Z_is

A
P.=1_xV, (3.)

where

I_: current flowing through the load

V. voltage on two ends of the load

Vs: Source of Thevenin equivalent circuit

Hence, load’s current can be express:

(3.2)
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and from (3.2) the P, can be rewritten as [9], [11]

2
p 12 xR =112 _é{_wsl }R L MIR
L rms L L L~ L~ 2 2
2 2||Zs+2,] 2 RoHR T XX T oy
where
Re Z, =R ; Im Z;, =X, (3.4)
Re Z, =R ;Im Z, =X_ (3.5)
from (3.3)
2
P _1‘VS‘
L‘ Re=R, | =——
xs=—x.| 8 R,
(3.6)

which is the maximum power that can be delivered to the load. The (3.6) can concisely re-
expressed with complex conjugate as:

_1v[

ZSZZE = Limax o 8 R
L

P|
(3.7)
At any given Zs# (Z,)*, mismatch, power delivered to the load, P, will be equal to maximum
power, P max. SO without matching Zs and Z,_ no maximum power transfer can be attained. To

deliver maximum power from source to the load you have to match Zs to (Z.)* or vice versa.

The circuits that are used to satisfy this condition are called as “matching circuits”.

3.1.2 Matching Circuits

Mismatch a big hurdle that has to be overcome if certain performance from circuit is expected.
Impedance matching is important for maximum or required rate power transfer, improving the

sensitivity of receivers, efficiency, and etc. There are many types of matching circuits which
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meet particular requirements. Essentially, a matching circuit has to be properly
selected/designed with following in mind (a) complexity, (b) bandwidth, (c) frequency
response, and (d) ease of implementation. Figure 3.2 is a simple illustration of matching

circuit which matches Z;" to Z5 .

Zy Za
Lowless
' resiprocal
Zi network %

Figure 3. 2 Impedance transformation using matching circuit.

When it comes to a transistor you have to match both input and output ports of the amplifier

to derive optimum power from the circuit.

Figure 3. 3 An amplifier with no matching circuit.

In Figure 3.3 an amplifier with no matching circuit is illustrated. Thus the power delivered to

the load is not equal to the maximum transferable power, P # P max.
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IMC | Transistor OMC % Z;

Figure 3. 4 Matched amplifier network. Both input and output ports ought to be matched [15].

Maximum available power can be delivered from E; to Z, using input and output matching
circuits, as shown in Figure 3.4. If a circuit is an N-stage cascade amplifier, then each stage’s
amplifier should be properly matched from both ports, as shown in Figure 3.5. Matching
circuits can be easily calculated mathematically or found using Smith chart method in

narrowband applications.

In microwave applications, depending on circuit and its operation frequency, lumped elements
can be safely employed at matching circuits to some extent. But at very high frequencies
distributed elements enjoy privilege over lumped elements. Moreover, ease of fabrication
adds an extra plus to them. In general, L, T, and IT type matching circuits are employed as a
matching circuit. But depending on circuit requirements, especially when high Q quality and
wide bandwidth are of prime requirement, combination of L, T, and IT can be employed as a

single matching network.

AN T VN A AN A

AMALAD W, A, T\
V L

Zi.-i ‘ZLE ZLS

)
&

Figure 3. 5 Three-stage amplifier with T-T-T-T matching networks [2].
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3.2 DC Biasing Network

DC biasing is an important part of an amplifier design. Holding a transistor at the desired
quiescent point is achieved thanks to DC networks. The design considerations for biasing

networks are efficiency, noise, oscillation suppression, RF chocking and impedance matching.

Negative Bias

Positive Bias
Supply ? ? Supply
Gate Bias Drain Bias
Network Network

D Output Matching

= RF output
RF input (O j—foput Matching G Network [ FORE outp
Network

Figure 3. 6 Single-stage common source FET amplifier block diagram.

DC biasing networks can be classified in two types; (a) passive DC networks (b) active DC
networks. Passive DC biasing circuit does not contain any active element, whereas active DC
biasing circuit contains one or several active elements, like a transistor, as illustrated in Figure
3.7.

o—] . o o— o
41T

= A ——
-

(a) (b)

Figure 3. 7 DC biasing networks. (a) Active DC network with FET (b) Passive DC network
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DC biasing circuit can be designed to have either one or two DC power supplies. An
advantage of having two DC sources is that the source of a transistor is grounded with
minimum possible source inductance, and hence, it can provide maximum gain. In Table 3.1

the most common DC circuits are illustrated with their characteristics.

Table 3. 1Most common DC bias networks [15].

Circuit How Amplifier Power supply used

characteristics

Apply Vg, | Low noise, high power, | Bipolar, minimum
then Vp high gain, high | source inductance

efficiency

Apply Vs, | Low noise, high power, | Positive supply
then Vp high gain, high

efficiency

Apply Vp | Low noise, high power, | Unipolar

high gain, lower
efficiency, gain easily
adjusted by varying Rs

Apply Vs | Low noise, high power, | Negative unipolar

high gain, lower

efficiency, gain easily

adjusted by varying Rs
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3.3 Grounding: Via Holes

Even though that grounding is very important theme in microwave circuits it is quite often
ignored. Performance of a circuit can be optimized when the active device’s ground path
impedance is minimized. Here grounding is briefly sketched focusing on via holes as it was

used during realization of the circuit.

Microstrip circuits are often mounted in housing to isolate them from other devices. Passive
circuits such as filters that require only a single layer of microstrip can be grounded by

directly attaching the microstrip substrate ground plane to the housing base.

Plated (via) holes -drilled through substrate- are extensively used to ground transmission lines
and surface-mounted components such as amplifiers in microwave circuits. In practice, via
hole’s walls are either plated or filled completely with metal. A filled via has slightly lower
DC resistance than a plated via. Primary advantage that a filled via enjoys over a plated via is
its lower thermal resistance. When active components such as amplifiers must be mounted on
top of a printed circuit, an array of filled vias under the active device provides a better thermal

path than an array of plated vias [16].

Because each metal has its own resistance of metallization, via hole cannot be considered as a
pure short circuit. Instead it can be roughly modeled as a series resistor and inductor, as
shown in figure Figure 3.8.

Via hole
\ ¥ s

Microstrip ﬁ Microstrip

Via hole

A Ground olane Ground plane

(a) (b)

Figure 3. 8 (a) Current flow down through via hole to ground. (b) Equivalent circuit of via
hole [16].
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Resistor and inductor of a via hole can be expressed with following equations:

Rvia f :RDC 1+f/f5 v

(3.8)
Lviazﬂ hin h+vr+n +§ r—r2+h?
27 r 2
(3.9)
where
RDC = h/ O"7T|:I’2 — r-—t 2:|
(3.10)
_ 2
s _]/ G (3.11)

As seen from the 3.8 and 3.9 resistance and inductance increase in value as operation
frequency increases. But resistance changes slightly relatively to inductance. Inductance
increases and becomes more dominant at high frequencies forcing via holes to resemble less
and less a short circuit. Hence, gain, noise, and other parameters of a transistor and circuit, in
general, start to deteriorate significantly. Obviously, at very high frequencies grounding

becomes more pressing issue than it is at low frequencies.

Impedance of a via hole can be decreased by two means. You can either reduce thickness of
the substrate or drill a second via nearby the first one. Reducing substrate’s thickness may not

be always an option. Second via lowers the inductance to ground by about one-third.

3.4 Stability

Any amplifier may oscillate and generate unwanted outputs if treated with no care. Stability
can be determined by the S parameters, the matching networks, and the terminations. In a

two-port network, oscillation may occur either at input or output.

Oscillation, instability, occurs when either input or output port of a two-port network presents

a negative resistance. This condition emerges when input or output reflection coefficient’s
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magnitude exceeds unit, and expressed in [I'in[>1 or [[oyt[>1. For a unilateral device it can be

also said that negative resistance occurs when |S11[>1 or [Sz2|>1.

I's I'n Tour I'L
Zs
+ ] - - -
E ) Two-port Z
S_% network L
2N ZouT

Figure 3. 9 ')\ and I'out representation for a two-port network.

Input reflection coefficient can be further expressed as a function of S parameter and
reflection coefficient of the termination load, as shown in (3.14), and similarly, output
reflection coefficient is a function of S parameter and reflection coefficient of source load,

(3.15).

For unconditional stability at a given frequency following conditions must be met:

I|<1
(3.12)
I |<1
(3.13)
Col= (S I =]s, +222al il g
1-S, T
27 L (3.14)
and
‘FOUT‘:g( S )= 8224'8128¢rs <1
1-S, I’
s (3.15)
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From (3.12), (3.13), (3.14), and (3.15) it can be easily understood that source load,

termination load, and real parts of two-port network’s input and output impedance must be

positive. Since calculation of these equations is considerably cumbersome even at given

single frequency, it becomes exhausting and time consuming, or even futile, effort at

broadband designs. Thus, more sophisticated approaches are needed. For that “stability circles”
approach has been developed [2], [13], and [12].

Since T'w=f(I'L), Tour=g(I's), their inverses I'\=f*I'n), ['s=g(Tout) are linear fractional
transformations, that they map circles in the related port and termination planes. Since

S$1,5,1=0, it follows:

r|_ = f_l( S ’FIN) Z—Sll_r”\l
A— SzzrlN (3.16)
I, = g—l( S 'FOUT) _ SZZ_FOUT
A— 811FOUT (3.17)

Using the transformations f, g, f*,and g four different stability circles can be defined; and

they are given in Table 3.2, where A=S11S2,-S12521 :

Table 3. 2 Stability circles

Stability circles in termination planes
Original Mapped circle Center point Radius
circle
-1 * *
‘FOUT‘ =11 97(S, FOUT‘:]') C — Sy~ SpA S,5,,
Source stability circle S ‘811‘2 _‘A‘Z Iy = W
1)
-1 * *
‘FIN‘ =1 | 7(S, FIN‘:]') C = Sy —SpA S;,5,
Load stability circle : S, —|Af L= S, |
2|
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Stability circles in port planes
Original Mapped circle Center point Radius
circle
‘FS‘ =1 | 9(S "FS‘ =1) :—822 —SyA r S1p9
Output stability circle out e 2 |Tour = 2
1-[Sy,| 1-[S,|
‘FL‘ =1 | f(S, FL‘ =1) C, = Sy = SpA ) SS9,
Input stability circle G IN = i~ 2
1-[S,,| 1-[S,,|

Stability circles are meticulously researched by Prof. Dr. Filiz Giines and her team in [12] and
[13]. Because the stability consideration is a wide topic with huge literature available, 1 will
not examine it in detail. After long calculations it can be found that for unconditional stability

attaining following expressions is necessary and sufficient.

K — 1Sy —[Sz| +]A]

>1
218,55,

(3.18)
and

Al <1
(3.19)

3.5 Computer Aided Design: PSO optimization approach

With advancement of computer technology engineers started to develop software that helped
us quickly solve cumbersome equations, and microwave amplifier design is no exception.
Today we have lots of software programs and tools which utilize variety of mathematical
approaches, like gradient and boundary element methods. These methods are well known. The

third prominent method of analysis is the Particle Swarm Optimization.
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The particle swarm optimization method was introduced by J. Kennedy and R.C. Eberhart, in
1995. This is a method which imitates animal swarm movements and behaviors for
optimization and finding global minimum and maximum peaks. PSO is a metaheuristic as it
makes few or no assumptions about the problem being optimized and can search very large
spaces of candidate solutions. PSO does not use the gradient of the problem being optimized,
which means PSO does not require that the optimization problem be differentiable as is
required by classic optimization methods such as gradient descent and quasi-Newton. PSO
can therefore also be used on optimization problems that are partially irregular, noisy, change

over time, and in particular non-linear equations.

Since PSO works with population of individuals randomly initialized, it should calculate each
step’s fitness, then update the swarm population accordingly after each fitness value, and at
last stop its iteration when certain criteria(s) is/are met. However, there is neither crossover
nor mutation operations, in PSO to update the population, only the best particles are used. For
example, for an N-dimensional problem, the position and velocity can be specified by MxN
matrix, where M is the number of particles in the swarm. Each row of the position matrix
represents a possible solution to the optimization problem. The velocity of each particle
depends on the distance of the current position to the positions that resulted in good fitness
values. Each and every particle has to know its personal best and the global best position
vectors for updating the velocity matrix after each iteration. Thus main goal a PSO algorithm
is to update the matrix after each iteration of the algorithm. There are several types of PSOs,
like repulsive PSO, asynchronous POs, and improved POS where each has its own unique

specifications.

Asst. Prof. Dr. Salih Demirel has brilliantly shown in his [2] detailed work that PSO can be
successfully employed for design of matching circuits for ultra-wideband amplifiers. In his
work he had shown that PSO can solve complex requirements of amplifier network, like noise,
bandwidth, input and output reflection, and gain. In [2] he had covered all possible
combinations of matching circuits for single, two, and three-stage amplifiers. In my work 1

had employed PSO technic for design of matching circuits.
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3.6 Design and Performance (Freq, Vireq, Gtreq) Triplets: A geometrical approach

An amplifier’s behavior can be characterized with minimum four most essential functions:
‘Transducer Gain (Gr)’, Noise Figure (NF or F), input and output VSWR (V; and Vo,
respectively). And on its own turn, this triple function can be expressed with transistor’s [Z]

parameters, termination load, and source load.

Any engineering application may either be constrained by well-proven mathematical
formulations or physical possibilities. An amplifier design is also constrained by mainly

following basic conditions:
Frmin< Freq; 1Svlreq; 1SVOUTreq; GTminSGTreqSGTmax (320)

and Zsreq and Z req must be a passive load that meets “unconditional stability” requirement of

the circuit. Here, these characteristics are touched on in brief.

3.6.1 Required Noise Figure

Any transistor has its own internal noise. This internal noise cannot be filtered or eradicated,
because of this it is called minimum noise. There is nothing to do to lower it down, but to
content with it. Due to this fact any required noise figure for amplifier must be equal or larger
than Fmin, as expressed in (3.20), Freq (Zs, flfo) is given by:

A Sin/Nin _F R |Zs _ZOPT|2

n

= = +
" Sout / Nout " |ZOPT |2 RS

(3.21)

where Ry is equivalent noise resistor and Zyp=Roptt+jXopt IS Optimum impedance of source load.
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[2],IN] i

Figure 3. 10 Noise and Z parameter representation of a transistor

Constant noise circles can be derived from (3.21) for geometrical representation of Frq0n Zs

plane.

|Zs _ZOPT |2 = ZNRS

(3.22)
2 2
Zs| =2 Rypr +N Ry —2X X +|Zopr| =0 629
where Zcn=Rcn+jXcen 1S @ center point on Zs plane and r,, is a radius of the circle;
Ry = Ropr +N (3.24)
Xen = Xopr (3.25)
r=,N 2 +N
n \/ ROPT (3.26)
FREQ - FMIN 2
N= |ZOPT |
2R
n (3.27)

It can be easily seen from (3.24), (3.25), and (3.2), that the noise figure is represented by Zy
phaser (dot) on Zs plane if Frq is equal to Fmin , and by a circle with finite radius if Frq is

larger than Fpn, as shown Figure 3.11
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Figure 3. 11 (a) Freq = Fmin; =0 (b) Freq>Fmin; r,#0

N W _ R,:
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3.6.2 Required Input VSWR

Vi is by definition:

*

Zs _ZIN
L, +2Z,

|,0in| = ‘
(3.28)

Constant circle representation of Vi can be expressed as following by redistributing (3.28) in

accordance to Zs:

1+ |p,N |2
IN 2

1_|pIN|

z,[ -2R Ry +2X X +[Z[ =0

|2
(3.29)

where, p is a reflection coefficient, Z;y is an input impedance, Z., is center point of input

VSWR circles at Zs plane, and ry is a radius of the circles:

. 1+ ? .
Zy=Rpt+ Xy |p'N|2 R + (=X ); (3.30)
1-|p|
[ = 2|/0|N|
v 2 "MN
1_|pIN| (3.31)
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Z|N = RIN + jXIN (3.32)

From (3.30) and (3.31) it can be seen that when there is no reflection (pir=0 <> VSWR=1) the

radius of the circle becomes zero and Ryy,=Rin.

3.6.3 Required Transducer Gain

Constant circle representation of a transducer gain can be expressed as following:

2
G A POUT _ PIN POUT _ 4RS RL |221|
T - - 2
PAVS PAVS I:)IN ‘ Z,+ ZS Z,, + ZL — 212221‘ (333)
By redistributing (3.33) in accordance to Zs we will get:
2 C 2
|Zs| -2 a_ RINJRS _2XINXS +|ZIN| =0
(3.34)

where, C is a constant, Z, is center point of transducer gain circles at Zs plane, and r, is a

radius of the circles:

_ 2R |221|
- 2
|2+ 2, (3.35)
: C . _
Zcp = ch + chp = a_ RIN + J(_XIN) ) (336)
- J&[L_ZR,NJ
P G |G
TAYT (3.37)
since
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Py _ |Zs +2Zy |Z_‘Zs +ZI*N‘2 _ 4R.R,, _ —|,0- |2
Pavs |Zs +Zyy |2 |Zs + 2y |2 " (3.38)
(3.33) can be re-expressed by using (3.38) for a given input VSWR as:
2
|221| R 2
GT = 2 R = 1- |:0|N |
‘222 +Z ‘ IN
- (3.39)

From the equations mention above we can confidently say that noise figure’s and input
VSWR’s circles are enough for finding a solution, in terms of geometric approach it means
that there is a solution for given Frq and Vireq When a noise circle crosses input VSWR circle

at least at one point.

. + Noi Noise
ise Noise [ N
- TN e Ay
I/ \! .-'// \". | | _\ Input VSWR
| / | |Input VSWR

\ / ] \‘\
I NS Tnput VSWR N / ™ \E_L"\'{ _//J

\
Regi N C Region 3
| Region] R Region 2 »Re > R
DX X
A 4

Moise

Noise
PN N
| :\ ) Input VSWR \ {\ /:' .|
\\‘ \\':_‘/lupul VSWR

| Regiond _ po Region 5 > Rs

Figure 3. 12 The positions of the input VSWR circles with respect to the noise circle in the Zs
plane [7].

In first and fifth regions of Figure 3.12 circles do not cross. Thus there is no maximum Gt

gain that could meet given noise and input requirements.
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CHAPTER 4

SIMULATIONS and REALIZATION

In this chapter | will treat simulation and realization of my circuit.

4.1 A Transistor Selection

As it was mentioned in second chapter the selection of a proper transistor is very important.

For that | had devoted this subheading to the selection of a transistor.

In the market today there are a lot of transistors available from variety of manufacturers, like
Renesas Technology, ROHM, Vishay, and etc. In the first place we had eliminated transistors
biasing on their operation bandwidth. The transistors which were selected are operable from C
to Ku band. I had examined lots different transistors like, ATF36077, FHX13LG,
NE3503M04, NE3511S02, NE3512S02, and etc. But for consistency of the paper and
demonstration of main points | will focus on FHX13LG and NE3503M04.

4.1.1 FHX13LG

FHX13LG Super Low Noise HEMT can be characterized for Vps=2V and Ips=10mA with
Figure 4.1and Table 4.1.
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Min Noise Figure of FHX13LG

0,9 "

0,8

0,7 4
o 0.6 -
o 0,5 «* ,
Z 04 e o —e—Fmin dB
L 0,2

0,1

0 I I I
0 5 10 15 20
F (GHz)
Figure 4. 1 Noise figure of FHX13LG at Vps=2V, Ips=10mA
Table 4. 1 S parameters of FHX13LG at Vps=2V, Ips=10mA
F S11 S21 S12 S22
GHz MAG ANG MAG ANG MAG ANG MAG | ANG

4 0.862 -75.50 | 4.534 105.9 0.048 39.0 0.522 |-62.0
5 0.811 -91.60 |4.213 89.70 0.053 29.3 0.502 |-75.6
6 0.763- | -107.1 | 3.886 74.4 0.056 21.0 0.488 | -89.6
7 0.727 -121.1 3.582 60.0 0.057 13.2 0.487 |-103.0
8 0.701 -133.3 | 3.300 46.4 0.056 7.9 0.498 | -114.9
9 0.682 -144.1 3.078 33.8 0.055 3.5 0.515 |-125.0
10 0.659 -154.2 2.899 21.4 0.055 -0.0 0.531 | -134.
11 0.636 -164.4 | 2.748 9.3 0.054 -2.6 0.544 | -144.0
12 0.618 -175.4 | 2.593 -3.3 0.054 -5.2 0.561 |-155.1
13 0.608 175.5 2.466 -14.8 0.054 -5.7 0.590 |-164.0
14 0.596 166.6 2.366 -26.6 0.055 -7.8 0.619 |-1724
15 0.585 158.3 2.279 -38.3 0.056 -9.7 0.654 | -179.7
16 0.564 148.8 2.244 -50.7 0.058 -12.8 0.677 |172.6
17 0.543 138.2 2.217 -63.6 0.061 -17.6 0.701 | 1634
18 0.525 127.3 2.185 -77.1 0.063 -24.7 0.727 | 154.1
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The transistor was scrutinized for following three conditions;

a) Fmin=Freq; G1=Gtmax; Vi =1.0;
b) Fmin=Freq; GT=Grmax; Vi=1.2;
¢) Fwmin=Freo; GT=Gtmax; Vi =1.5;

Table 4. 2 Required source and termination loads for attaining maximum transducer gain,
minimum noise figure and V=1

F (GHz) | Vireq | Freq Gmax Re(Zireq) | IM(Zireq) | Re(Zsreq) | IM(Zsreq)
| 1 0,37 [16,69836 |-36,9765 |-5,48248 ]9,009863 |36,2159
° 1 0,385 [15,82961 |-30,749 -5,71003  |9,650562 |29,21465

v 1 0,4 15,03918 [-25,8684 |-8,31286 |10,34101 |23,01229
H 1 0,425 |14,1036 -25,9542 |-11,049 11,56872 |17,57182
+ 1 0,45 |13,48091 |-26,378 -13,464 12,92693 |12,55841
o 1 0,49 |13,28346 |-28,0896 |-14,2533 |14,75868 |8,484165
H 1 0,53 |13,21649 |-30,8222 |-13,944 16,83012 |4,665573
o 1 0,58 |13,41573 |-14,2498 |3,324755 127,902 -8,52089
o 1 0,63 [13,62199 |-31,9998 |-8,49543 |22,49793 |-1,74173
H 1 0,73 |14,33993 |-29,3203 |-7,955 26,54545 | -3,78565
o 1 0,83 [66,48751 |- - - -

Table 4. 3 Required source and termination loads for attaining maximum transducer gain,
minimum noise figure and V;=1.2

F(GH2) | Vieg | Freq Grmax | Re(Zired) | IM(Zireq) | Re(Zsreq) | IM(Zsreq)
| 1,2 037 |13,84898 |-38,25 -32,4177  |9,009863 | 36,2159
° 1,2 |0,385 [11,28558 |-250627 |-34,2178 |9,650562 |29,21465
0 12 |04 |5400344 |-7,65094 |-353427 |10,34101 |23,01229
H 1,2 |0425 |2,848537 |5977057 |-39,0079 |1156872 |17,57182
e 12 |045 |6,145444 |16,26855 |-39,5901 |12,92693 |12,55841
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o 1,2 10,49 |7,126612 |26,34043 |-39,2971 14,75868 |8,484165
H 1,2 |053 |7,368635 |38,12127 |-38,754 16,83012 | 4,665573
o 1,2 10,58 120,53914 |-15,7737 |4,760752 |127,902 -8,52089
o 12 10,63 |6,179366 |81,3674 -31,9777 22,49793 |-1,74173
H 12 10,73 |3,421164 [170,0794 |12,85024 |26,54545 |-3,78565
o 12 10,83 |-7,78323 [9,550178 |136,0228 [31,17538 |-5,16963

Table 4. 4 Required source and termination loads for attaining maximum transducer gain,
minimum noise figure and V;=1.5

F (GHZ) | Vireq | Freq GTmax Re(Zireq) | IM(Zireg) | Re(Zsreq) | 1M(Zsreq)
° 15 0,37 1,881292 |-6,01895 |-60,2693 |9,009863 |36,2159
’ 15 0,385 [6,56103 15,90569 |-42,1102 |9,650562 |29,21465

0 15 (04 9,90942 24,55237 |-18,975 10,34101 | 23,01229
H 15 ]0,425 |10,87029 |25,17553 |-6,8071 11,56872 |17,57182
+ 15 1045 [10,976737 [22,10299 |-3,09663 |12,92693 |12,55841
+ 15 10,49 10,986222 |19,70414 |-2,21203 |14,75868 |8,484165
B 15 [053 [10,885556 |[18,50511 |-3,08523 |16,83012 |4,665573
o 15 [0,58 |17,800041 |-17,3265 |6,55603 127,902 -8,52089
0 15 |0,63 ]10,442461 |19,80637 |-6,10454 |22,49793 |-1,74173
Y 15 [0,73 ]9,847715 |24,17719 |-8,15583 |26,54545 |-3,78565
o 15 083 [9123336 |29,03439 |-6,88789 [31,17538 |-5,16963
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From Table 4.2, Table 4.3, and Table 4.4 Figure 4.2 and Figure 4.3 can be drawn:

200

150 /A\

100 ——Vi=1

/ \ ——Vi=1.2

50 ‘ e V=15
9 5

17,5

Figure 4. 2 Re{Z_q} variation over bandwidth at given V; values

140
A

120

100 / \

80 / \ ——Vi=1

60 =W Vi=1.2
20 / A= Vi=1.5
2 { \.VL'
. e
7,5 9:5 11I,5 13:,5 15I,5 17I,5

Figure 4. 3 Re{Zsq} variation over bandwidth at given V; values

It can be seen from Figure 4.2 that the Re{Z,.} has negative values. As it was
aforementioned, network becomes unstable at those points. Because of instability this
transistor, FH X13LG, was dropped from the research.
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Besides to FHX13LG | had examined several other transistors. But to get down directly to the

results and circuit realized | will just focus on NE3503M04.

4.1.2 NE3503M04

NE3503M04, super low noise N-channel HJ-FET, was examined for different quiescent
points like {Vps=2V|lps=7TmA}, {Vps=2V|lps=10mA}, {Vps=2V|lps=15mA},
{Vbs=3V|lps=10mA}, and so on. The best bandwidth and gain figures for given V; were
found for {Vps=2V|lps=15mA}, as shown in Figure 4.3, Figure 4.4, Figure 4.5, and Figure
4.6.

NF
0,8
0,7
0,6 ——2V 7TmA
0,5
00,4 ——2V
D03 : 10mA
02 v 2V
’ 15mA
0,1 3V
0 T T T 10mA
0 5 10 15 20
F(GHz)

Figure 4. 4 Noise variation at different quiescent points
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Figure 4. 5 Gain variation over bandwidth at ;=1 and different quiescent points
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Figure 4. 6 Gain variation over bandwidth at V;=1,2 and different quiescent points
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——2V 7TmA

——2V
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2V
15mA

2 7 12 17 -3V
10mA
F(GHz)

Figure 4. 7 Gain variation over bandwidth at V;=1,5 and different quiescent points

Required source and load terminations are illustrated at Figure 4.7, Figure 4.8, Figure 4.9, and
Figure 4.10 for given V; value from 2GHz to 18GHz.

Vi=1.5
60
50 ——2V 7TmA
_40 m
N30 =2V
o 10mA
20 oV
10 15mA
0 3V
10mA

F(GHz)

Figure 4. 8 Re{Z, } variation over bandwidth at V;=1,5 and different quiescent points
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Figure 4. 9 Im{Z_} variation over bandwidth at V;=1,5 and different quiescent points
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2V
15mA
-3V
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Figure 4. 10 Re{Zseq} variation over bandwidth at V;=1,5 and different quiescent points
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Figure 4. 11 Re{Zsreq} Vvariation over bandwidth at V;=1,5 and different quiescent points

Basing on these given figures we had decided to realize an ultra-wideband LNA with
NE3503M04 at {Vps=2V|lps=15mA} quiescent point.

4.2 DC Biasing

Biasing NE3503M04 at {Vps=2V|lps=15mA} was one of the most important difficulties that

had to be overcome.

As a biasing network we had selected double source passive network, applying them on gate

and drain ports of the transistor, as show in Figure 3.6 and Table 3.1. By that way we had

taken advantage of all positive features of a double source network.
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(a) (b)

Figure 4. 12 (a) Schematic of a gate biasing network employed during realization. (b)
Schematic of a drain biasing network employed during realization.

On an N-channel transistor negative voltage, relative to the ground, must be apply onto gate
port of the transistor prior to applying positive voltage to the drain. Else, the overload of drain

current may burn out the transistor.

As for RF chocking we have employed chip inductors and microstrip lines. Because an
inductor’s impedance increases with frequency, we had used Coilcraft 0402HP-2N2XJL _
with 15.1 fs for RF chocking at low frequencies of the bandwidth.
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Figure 4. 13 S parameter characterization of the Coilcraft 0402HP-2N2XJL

4.3 Matching Circuits

During design of the matching circuits several types of matching circuits were researched.
Not to add extra noise to the overall noise performance of the circuit, we had refrained from

employing multistage matching circuits.

For optimization of the matching circuits | particle swarm optimization developed in [2]. The
T type matching circuit had shown best performance and was implemented on both sides the

transistor, as shown in Figure 4.14.
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F.Vi, Gt

Transistor

Vigs

Figure 4. 14 T type matching networks on single-stage amplifier

Following figures were found:

IMC Ly W, Lo W, Ls W3
(mm) 25 0.4321 1.043 0.301 1.362 0.476
OMC L4 W,y Ls Ws Ls We
(mm) 3.577 1.125 0.9685 1.446 3.657 0.955

4.4 Realization

During simulation and realization of the circuit following components where used:

Substrate: RO4003C

Transistor: HJ-FET NE3503M04

Inductor: Coilcraft 0402HP-2N2XJL_ (2.2nF)

Capacitor: ATC 500S Series BMC 0402 (33pF)

Connectors: SMA

51




At the simulations following graphs were generated by AWR Microwave Office program.
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Figure 4. 15 S parameter variation of the NE3503M04
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Figure 4. 16 Simulated gain
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Figure 4. 18 Simulated S (1,2) and S(2,2) variations

Figure 4. 19 Schematic view of the circuit
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Figure 4. 20 Layout view of the circuit
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Figure 4. 21 Printed circuit and its relative size to a pen




Figure 4. 23 The printed circuit and a network analyzer
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CcH1 s11 dB  MAG 10 dB/ REF 0 dB ¥ -5.168 dB
cH2 s21 dB MAG 5 dB/ REF 0 dB ¥ 5.976 dB
CH3 S12 dB MAG 10 dB/ REF 0 dB Yo —-21.49 dB
CH4 S22 dB MAG 10 dB/ REF 0 dB ¥5. —-2.949 dB
>5 db 12.01 GHz]
o 11.55 dB

3.995 GHZ.
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Date: 21L.DEG1T 12205230

Figure 4.24 Measured S parameters of the circuit with reference plane at input and output
ports.

In spite of our desire, the network analyzer could only drive input signal from 1 to 16 GHz.
Because of it we were not able to measure higher frequencies. The S;; of the circuit, with
reference plane at input and output ports, had roughly stayed below -6dB over 8GHz
bandwidth. The S,;, or gain, had roughly stayed at 10dB +3dB from 3GHz to 12GHZ,
plunging at roughly 9,5GHz with less than 400 MHz bandwidth. This can be explained by
fabrication misprint and far improper soldering conditions which were available for us. The
S1» had stayed below -20dB over whole bandwidth. Thus we can confidently say that the

circuit is operational.
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CONCLUSION

In this paper | presented and focused on theoretical and practical considerations of an
amplifier design. The main aim was to keep theoretical background content as far as possible,

get down quickly to the main points of the realization.

In the paper it was shown that the complex requirements of ultra and broadband circuits can
be confidently overcome by using geometrical approach and PSO. We had successfully
realized unconditionally stable LNA with approximately 10dB transducer gain over 8 GHZ

bandwidth and S;; well below -6dB over wideband.
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