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Abstract

The objective of this project was to design a wideband small-signal Microwave amplifier to
operate at 2.4 GHz ISM Band, with at least 20% fractional Bandwidth and an input
impedance of 300Q. Broadband amplifier design usually involves mismatching the output
and/or input impedance of the amplifier. In this project, S parameters were obtained for
BFP420 at the frequency range of interest, that is, between 2.16GHz and 2.64GHz.
Simultaneous conjugate matching technique was applied at the early stages of the design in
order to determine if the maximum gain was large enough so that feedback topologies could
be used in the network for broadbanding purposes. This was also done to determine the initial
bandwidth. Broadbanding methods were then applied to the amplifier, and after several
software simulations, an amplifier with a flat gain spanning the required range of frequencies
was designed. The input impedance of 3002 was achieved by examining the relationship
between the transistor transconductance and the dynamic input impedance 13,,. Shunting
effect of a feedback resistor Ry at the input yielded the desired Z;,,.
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CHAPTER 1: INTRODUCTION
1.1 Objectives

The goal of this design project was to design a wideband small-signal Microwave amplifier
operated at 2.4 GHz ISM (Industrial, Scientific, and Medical) Band, and with a fractional
bandwidth of 20% and an input impedance of 300€Q2. The 300Q2 input impedance was to act as
an antenna loading seen at the base of the amplifier.

This project was chosen because of its apparent complexity and the RF design experience that

would be gained by the end of the project.

1.2 Scope

The project spans the area of wideband amplifier design with special emphasis in bandwidth-
improvement techniques and gain-flattening procedures. Generally, the design of microwave
amplifiers (large signal or small signal) revolves around fundamental concepts such as the
use of transistor S parameters and impedance matching techniques. Simultaneous conjugate
matching works well for designs where maximum transducer power gain is to be achieved
while constant power gain circles and noise figure circles aid in designing for fixed power

gains and Low Noise Amplifiers, respectively.

Several techniques are present in literature that can be used to obtain broadband amplifiers
spanning the frequency range of interest. Reactive matching or mismatch approach has the
advantage that it uses lossless elements, but the resultant network suffers extremely poor
impedance matching. Dissipative mismatch at the input or output of the amplifier is mostly
employed where the amplifier gain is large enough to be sacrificed. This technique has the
disadvantage of degrading noise figure, but it is excellent in gain-flattening and shaping. One
very clear thing about this method is that resistances never really match, but merely cover up
mismatch. Negative feedback method has several advantages including gain reduction and
stabilization, besides broadbanding. Other methods of wideband design such as balanced
amplifiers and distributed amplifiers are useful where high degree of stability, flat gain, noise

figure, or where cascade networks are required. Their major drawback is their complexity.

This project combines reactive matching and negative feedback design methods in order to

achieve its objectives. Since the transistor chosen for this project was found to be absolutely



stable as its S parameter relations proved, conjugate matching was first used to obtain the
general view of the amplifier gain response and bandwidth. Broadband design methods were
then employed. Active biasing was used to obtain the correct dc operating point.

Most microwave designs are carried out using CAD tools, and this was no exception. Both
design and simulation happened in a software environment. AWR Microwave Office was

used.

Literature review of this project is covered in Chapter 2 in a broad perspective. It covers the
basic concepts necessary in understanding the design of Microwave Amplifiers. Chapter 3
presents the design methodology and the results of the design. Analysis of simulation results

is covered in Chapter 4 while Chapter 5 carries conclusion and proposed future work.



CHAPTER 2: LITERATURE REVIEW
2.1 FUNDAMENTAL CONCEPTS IN MICROWAVE AMPLIFIER DESIGN
2.1.1 Introduction

An amplifier is a circuit designed to enlarge electrical signals. Microwave amplifiers are used
mostly in telecommunication transmitters and receivers, as shown in Fig. 1.

Amplifier applications may require minimum noise, maximum gain, and maximum output
power, best impedance matching, stability into varying loads, wide bandwidth, cascading
with other circuits, and other performance factors.

Low noise amplifiers are used at the front end of receivers. They are usually approximated as
small signal devices, and are usually tuned (i.e. they use networks at their input and output to
provide a match and gain over a relatively narrow bandwidth).

Power amplifiers are used at the output of transmitters. They provide a high output power,
and so cannot be approximated as small signal. They are designed using nonlinear active
devices while small signal amplifiers are designed with linear active components.
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Fig 2.1 Transmitter and Receiver block diagrams showing applications of RF/Microwave

LNA and Power Amplifier.

2.1.2 Scattering Parameters

Voltages and currents are difficult to measure at microwave frequencies because they are
distributed values and vary with their position in microwave structures. In fact, the widely
spread current in a waveguide is virtually impossible to measure directly since direct
measurements ustually involve magnitude (inferred from power) and phase of a wave

travelling in a specified direction, or a standing wave.



Thus, equivalent voltages and currents, and impedance and admittance matrices, become
somewhat an abstraction when dealing with high frequency networks. Waves are more easily

measured in microwave networks.

Scattering parameters give representation more in accord with direct measurement and the

ideas of incident, reflected and transmitted waves. Fig 2.2 illustrates the concept of scattering

network.
4 Y a, — -~ &
0 y ! Two port 2
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- network L
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s \_J/

Fig 2.2 Two port scattering network with source and load.

Scattering (S) parameters characterize a network in terms of incident and reflected waves.

In fig 2.2, a; and a, represent incident voltage waves, while b;and b, represent reflected
voltage waves.

These four waves are related by the equations where S;q, S1, S1p, and S,,, are the

scattering or S parameters.

bl] _ [511 S12] [al] 21
b, Sz21 S22lla;

S11 = Z—i az:oInput reflection coefficient with output properly terminated.

Sy1 = Z—j az:OForward transmission coefficient with output properly terminated.

Sy = Z—; al:oReverse transmission coefficient with input properly terminated.

Sop = Z—i al:oOutput reflection coefficient with input properly terminated.
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From fig 2.2, it is evident that:

by Vi/li—2, Z—Z,

S, =—= = 2.2
UWa W/L+Zy Z,-Z
1+ 514
Z, =27 2.3

These equations show some of the advantages of S-parameters in the design of microwave
amplifiers:

e They are simply power gains and reflection coefficients.

e They are measured under matched terminations.

power reflected from the network input

2.4

2
S =
| 11 | power incident on the network input

15, ]2 = power delivered to a Z, load 2t
Saal” = power available from a Z, source '

|S;5]? = Reverse transducer /insertion power gain with Z, source and load 2.6

15,12 power delivered from the network output 27
2217 power incident on the network input '

e S-Parameters are defined and measured relative to fixed system impedance,
Zy usually 500.

¢ In microwave transistors, S-parameters are determined at specific bias conditions
because these parameters are bias-dependent.

e S-Parameters also depend on operating temperatures and applied signal levels. They
apply to steady-state conditions only.

e Small-Signal Microwave Amplifiers are designed using S-Parameters.

2.1.3 Power Gains

For amplifiers functioning at RF and microwave frequencies, usually of interest is the input
and output power relation.

Power gain is preferred for high frequency amplifiers because the impedance encountered is
usually low due to parasitic capacitance.

For amplifiers functioning at lower frequency such as IF, it is the voltage gain that is of

interest, since the impedance encountered is high (less parasitic).
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By working with power gain RF and Microwave designers are free from the constraint of

system impedance. Fig 2.3 shows the power components in an amplifier.

Power Components in an Amplifier

Z Amplifia
L—1
Z
2 basic source-
Approximate 47 load networks

_ Linearcircuit ¢ ¥ I

) -
e

FHD v

Fig.2.3
From the power components, three types of power gain can be defined.

P, power delivered to load

Py, power available from input
P ower delivered to load
Gp = 2L = Power oa 2.9
Pin power input to amplifier
Py, power available to load 210

4T a " power available at input

Gr is the transducer power gain of the amplifier, Gp, the operational gain, while G, is the

available gain. G is the effective amplifier gain for simultaneously conjugate matched input

12



and output ports, which leads to maximum small-signal power gain. Gp and G, are for

maximum linear output power and low noise amplifier, respectively.

e (7 is the relevant indicator of the amplifying capability of the amplifier.

e Whenever an amplifier is designed to a specific power gain, the gain of concern is the
transducer power gain G.

e (Gp and G4 are usually used in the process of amplifier synthesis to meet a certain Gr.

e An amplifier can have a large Gp or G4 and yet small Gr.

Finding the transducer power gain requires knowledge of the S-parameters, as well as the
source and load terminations connected to the two-port. During linear circuit simulation, the
source and load terminations are either given or computed from the circuit topology
description.

The two-port’s S-parameters are either specified or computed from a linear device model.

The amplifier gains defined above are functions of S-parameters, and can be written in the

form;
Sy1I?[1 =T, |2
6, = uPlLoInF] »
|1 — S5 [2[1 = Ty 2]
S,112[1 — |Tg)?
6y = ISl -
[T = S0 [ = [Tourl?]
1—|r? 1—|r
Gr = ————— S|P ———— 2.13
N Y W e PO I E
S12521TL
where FIN = Sll +m 2.14
Alternatively,
1 — |T[? 1—r,1?
Gr= ————|5|P——————— 2.15
TR W e T P
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512521FS
where FOUT = 522 + TMFS 2.16

In the above expressions, [';y represents the true input reflection coefficients of the two-port,
with an arbitrary load termination ;. Similarly, [pyr stands for the output reflection
coefficient of the two-port, with an arbitrary source termination connected to the input (Fig.

2.4)

i £ I | I I I
: D 7 | : - 7 ' 3 :
N | & | 8] o 7| 22 |,
| 1 1 I 1 1
| ! ——— | o]
I ' o ! e !
‘Sowce Ty L, Amplifir L, I  Load
Fig.2.4
Transducer gain can be broken up into three subexpressions:
1—|T)? 1—|T)°
Gr = S511? = G1pGoG 2.17
T TP P T, T G
2
where G,p = % is the transducer gain-factor change due to the selection of I'gand ',
“lIN's

Go = |S,1]? is the intrinsic gain of the amplifier and would equal the transducer power gain

if both I'and ', were equal.

1-r,?

Gy =
2 Il_SZZFle

is the change of the transducer gain due to load selection T,

When there is no interaction between the input ports, then (|S;, = 0]), and this introduces
unilateral condition.
Under unilateral condition, I';y = S;; and Tyyr = Sy5

Unilateral transducer gain is now given by (2.18),
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1—r)? 11,02

Gry = mwmz— 2.19
S

In practical microwave amplifier design, especially at frequencies above 1GHz, S;, # 0, and

unilateral technique is not pursued.

2. 1.4 Stability Analysis

Amplifier stability analysis is necessary to determine an amplifier’s resistance to oscillations.
In a stable amplifier, no output is produced when there is no input.
An amplifier is unstable when an output signal increases without any limit. Actually,
nonlinearities do limit the maximum signal level and either set it to steady-state oscillation or
stop it completely. Virtually, all RF/MW transistors are potentially unstable at some
frequencies.
In low-frequency analog circuits, where transfer functions are commonly available, the
Nyquist criteria provide a safe indication of system stability. System design at RE/MW
frequencies is much more difficult and tedious because transfer functions are virtually never
given in closed form. Hence, a thorough stability analysis is performed through a wide range
of frequencies, input signal levels and external terminations.
Since true broadband nonlinear models are not also available for the active devices, RE/MW
circuit stability is most conveniently evaluated at individual frequencies, based on small-
signal two port parameters.
Stability analysis is carried out by assuming a small-signal amplifier, since the initial signal
that causes oscillation is always very small. Stability of an amplifier is affected by the load
and source impedance connected to its two ports.
Oscillations in an amplifier are unwanted for the reasons listed below:

e When oscillation takes place, the active device is pushed into its large-signal mode

and the performance changes very significantly.
e The small-signal S-parameters are no longer valid, and therefore, the circuit design is
incorrect.
e When a device oscillates it becomes noisier.
e Even if the oscillation is far below the passband of the amplifier, the newly created

signal mixes with any incoming signal and shows up at the output.

15



Oscillation may damage the active device.

The idea presented in the box below is intuition-based [1], though not always correct, and

explains how oscillations may build up between an active and a passive port.

Two-port circuits may start up oscillations if reflected signals, either at the input or output
port, increase their magnitudes while they are continuously reflected between an active port
and its termination. Such conditions often occur far below the passband frequency of an

amplifier, where the transistors have high gain and the terminations seen by the device are far

from 50Q.

Stability Concept

- Perspective of

Oscillation from Wave Propagation

Z. or I
‘ipnm

=

B A =
D, t Zyor Iy = a,

2-port
Metwork

Source

Port 2

_

* An incident wave V+ propa-
gating towards port 1 will suffer
multiple reflection.

« If |[,I'y|>1, then the magnitude
of the incident wave towards port 1
will increase indefinitely,

leading to oscillation.

=

b, A geometric series
bl —
> b, a1 =b, + BT +bIVT 4| Only if
b, I2 “‘—: =ar=7 Ir;t] |l_J]__.;|'f.1
: bsr52r12 —
b;l 5 23 {—E 'h] =b.vrl +h_:r1:r.v _f}.fl_i.1r.v1 Teee
;—? bsrsgr'a — h :£
bl e—m : l_rlrv
Fig 2.5
It is evident from the above analysis that for oscillations to occur,
PS> 1 %20

Since the source network is always passive,
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ITsl <1 2.21
Hence, for oscillations to occur,

IT,| > 1 2.22

And for the output network, oscillations will occur when,
T, >1 2.23
Since, T <1 2.24

Mathematically, it is, thus, deducible (from 2.14) that to prevent oscillations,

512521FL
Iyl =ITy] = Sy + 221 L1 o 2.25
5128217
And, || = | Tourl = Sz +#ﬁr§| <1 2.26

A two-port network is said to be unconditionally stable at a given frequency if, Re(Z;y) > 0
and Re(Z,yr) > 0 for all passive load and source terminations [2].

If a two-port network is not unconditionally stable, it is potentially unstable, that is, some
passive load and source terminations can produce input and output impedances having a
negative real part [2].

In terms of reflection coefficients, equations (2.21) to (2.26) give the conditions for
unconditional stability.

For any linear two-port network, there exists a stability factor (Roulette’s Stability Factor), K,
that gives a quick check on the circuit’s stability status.

K is given in terms of S-parameters, and for unconditional stability,

T4 |AP = 18117 = [Sp, 7

>1 2.27
21821115121

Where A is the determinant of the Scattering Matrix and is given by (2.28)

A = 522511 - 512521 228

17



For unconditional stability,|A| < 1

Roulette’s K factor does not indicate the relative stability of various devices. The yu —factor

does.
1—1S5,/°
= - 2.29
H 1S11 — A(S22 )| + [S12524]
For stability,u > 1, but larger values indicate greater stability.
There is also u, given by
1—15:112
" |51 230

B S22 = A(S117)| + 15125211

When p; > 1, then, pu, > 1 and vice versa.

The p-factors have very meaningful physical interpretations [1]: u is the distance between
the center of the Smith chart and the unstable region of the load stability circle, while u,
shows how far the unstable region of the source stability circle is from the center of the Smith
chart.

While the stability factor, K, is only an analytical definition the p-factors show exactly how
far the regions of unstable terminations are from the center of the Smith chart. If the
magnitudes of the p-factors are greater than unity, then any termination on the Smith chart

may be used safely. This illustration shows the definition of p;, generally referred to just as p.

Since all stability tests are based on frequency-dependent small-signal S-parameters, it is easy
to see that two-port stability changes with frequency. Generally, active devices are stable at
the very low frequencies where |S;,| is very small, and also at the very high frequencies
where |S,;| rolls off. Unfortunately (for RF/MW amplifier designers) there is a wide range of
RF/MW frequencies where the possibility of oscillation is a threat to stable operation.

The stability factor is also a function of dc bias settings and the signal level. When the
applied signal level begins to compress the gain of the device, the S-parameters change and
so does the stability factor.

For potentially unstable transistors, stability analysis is carried out graphically. When a two-
port network is potentially unstable, there may be values of I's and I'; (i.e. source and load
impedances) for which the real parts of Z; and Z,,r are positive [2]. These values of [

and '} (i.e. regions in the Smith Chart) can be determined using stability circles.

18



The regions where TIs andT; produce |[;y|=1 and|Tlyyr| =1 are determined
respectively. Setting the magnitudes of 2.25 and 2.26 equal to 1, and solving for I's and ',
shows that the solutions of ['¢ and I'; lie on circles (stability circles) whose equations are

given by(2.31) and(2.32)

r, — (SZZ B ASll*),k — 521512 231
TSP 18P | T (1S = 18P |
(51— 88 | SuSu )
ST A (ST |

where A is as defined in (2.28)

(2.31) and (2.32) give the radii and centers of the circles where | I';y| = 1 and | Tpyr| =1
in the I'; and I's plane, respectively.

[, values for| ;5| = 1(Output Stability Circle):

5‘21‘5‘12
= |————| (RADIUS 2.33
=i = japl ¢ )
(Spz — ASy1)"
C; =|——— | (CENTRE 2.34
L= [Tsur—ar | ¢ )

['s values for | Toyr| = 1(Input Stability Circle):

521512

re = |[——212__| (RADIUS) 2.35
N O ERNE
(S11 — AS;7)"
= [ _""22 ~ | (CENTRE) 2.36
s 1S111% — |1A[?

Fig 2.6 illustrates the graphical construction of stability circles where |Tjy| =1
and | Tpyr| = 1. On one side of the stability circle boundary, in the I'; plane, | T';y| < 1, and
on the other side | [';y| > 1. Similarly, in the T'g plane, on one side of the stability circle
boundary | [yyr| < 1, and on the other side| Tpyr| > 1.

Fig 2.7 illustrates stable and unstable regions of the output stability circle. The shaded regions

are stable.
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ITpl=1 ITour =1

(&) (5

(a) (b}

Figure 2.6 Stability circle construction in the Smith chart: (a) I', plane; (b) T,
plane. :

(a) (b)

Figure 2-7 Smith chart illustrating stable and unstable regions in the ', plane.

Conditions for Absolute Stability: No passive source or load termination can cause an

amplifier to oscillate if a, b, ¢, and d are all satisfied [3].

20



@151 < 1,185, < 1 2.37

521812 — M|
b. >1 2.38
51117 — 1A[?
521512 — [N
N1 >1 2.39
52212 — |A]?

WheT‘e M = Sll - ASZZ*
N = 522 - ASM*

2.1.5 Noise in RF/MW Circuits

Even when a two-port network is linear, the output waveform will differ from the input,
because of the failure to transmit all spectral components with equal gain (or attenuation) and
delay. This kind of distortion can be avoided, for instance, by input bandwidth limitation.
However, noise generated in a system can still change the output waveform.

In a passive two-port noise arises only from the losses in the circuit; thermodynamic
considerations indicate that such losses result in the random changes called noise. A very
important consideration in a system is the amount of noise that it adds to the transmitted
signal.

Noise is a random phenomenon, and at RE/MW frequencies designers prefer to deal with
noise power (instead of noise voltage or noise current) that may be combined from different
sources.

In MW amplifiers, a small amount of voltage can be measured at the output even without the
input—this is referred to as noise power [2].

Three main causes of electrical noise:

e Thermal, or Johnson noise, caused by the thermal agitation of free electrons in
conductors. It exists even when there is no current flow. It is associated with resistor

white noise.

v, 2 = 4kTRAf 2.40

e Shot, or Schottky noise, caused by the random fluctuation of current flow in
semiconductors; due to current flowing across the potential barrier in PN junction.

Exists only in BJTs, not FETs. Exists only when there is current flow.

21



1,2 = 2qlpcAf 2.41
e Flicker, or 1/f noise, caused by fluctuation in the conductivity of the medium; caused

by traps associated contamination and crystal defect. It’s a low frequency noise, and

exists when there is a current in the circuit.

Ia
iy’ = K,%Af 2.42

e Burst noise: not fully understood. Low frequency noise.

in? = KZI’S—CZAf 2.43
f
1+ ( /fc>

e Avalanche noise: due to avalanche breakdown in Zener diodes. Low frequency noise.
For most electronic systems, the electrical noise usually fulfills a condition called Wide-

Sense Stationary.
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Small-Signal RF
Transistor Model with Noise Sources

+ Small-signal hybrid pi model of a transistor and its noise sources.

e P
N (PR

Thermal Noise : Ce
I
I

Ipg -

Shot Noise | " i

Thermal Moise T

Y
'\T/ Vai Thermal Noise

Fig2.8

Important assumptions of noise in RF and Microwave networks:

e Amplitude of noise signal (either voltage or current) is usually small.

e The system where noise signal exists is linear.

e The noise signal is Wide-Sense Stationary and ergodic in the mean and auto-

correlation.

e The PSD of the noise signal is white.

e The random variable resulting from sampling of the noise signal has Gaussian PDF.
From (2.40) and (2.41), it is deducible that:

e Reducing the bandwidth of the amplifier could in theory reduce the noise power at the

output.

e Low noise design entails using small values of resistances.

In general,
e FETs do not have shot noise as the charge carriers in its channel do not flow through
PN junction. Hence, they are usually used for amplifiers with very low noise

requirement.
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e Between using a discrete transistor and an integrated circuit (monolithic microwave

integrated circuit, MMIC), usually a discrete transistor amplifier contribute lower

noise to the systems (lower noise figure). This is evident as every component in the

circuit contributes noise, the more the components; the higher is the total noise output

of the circuit.

e (Certain balanced configuration can reduce the noise contribution, for instance in

double-balanced mixer design.

e Most RF small-signal amplifiers are also designed to be of low noise; the amplifiers

introduce very little noise to the output. The amplifiers are important components in

the receiver chains.

The total noise output power is composed of the amplified noise input power plus the noise

output power contributed by the amplifier.

The model of a noisy two-port microwave amplifier is shown in Fig 2.8.

The noise input power can be modeled by a noisy resistor that produces thermal or Johnson

noise. The rms value of the noise voltage, Vyy produced by the noisy resistor,Ry over a

frequency rangef, — f; is described by (2.44).

VN =4 4‘kTBRN

é R Noisy
SN two-port

Figure 2.8

2.44
RNoiuIn:
Noisy
+ two-port
VN
Vy = V4 kTBR,,

where k is the Boltzmann constant(k = 1.374e — 23 ] /°K),

T is the resistor noise temperature, and B is the noise bandwidth (B = f;, — f}).

Model of a noisy microwave amplifier.

Equation (2.44) shows that the thermal noise power depends on bandwidth and not on a given

center frequency. Such a distribution of noise is called white noise.




The maximum available noise power from Ry is given by,

Vy?
Py = — = kTB 2.45
N 4Ry,

The noise figure(F) describes quantitatively the performance of a noisy microwave amplifier.

The noise figure can be expressed in the form,

Py,

2.46
Py,Ga

Fap =

wherePy, is the total available noise power at the amplifier output, Py,

= kTB is the available noise power due to Ry the bandwidth, and G,is the available power gain.

Since G, =~ 2.47

Si
where Pg_ is the available signal power at the output and P, is the available signal power at

the input.
Substituting (2.43) into(2.42), F becomes,

_ Psi/Py;

= 2.48
¥ pg /Py,

Equation(2.44) suggests that F is also defined as the ratio of the available signal-to-noise
ratio at input to the available signal-to-noise ratio at output.

The noise figure of a two-port amplifier is described by,

n
anm+jm—nﬁ 2.49

N

. . . : . . R
wherer;, is the equivalent normalized noise resistance of the two-port (that is, r,, = Z—N)
0

and Ys = g, + jb represents the source admittance, and Y, = g, — jb, represents the output
admittance which results in minimum noise figure.

The admittances can be expressed in terms of input and output reflection coefficients:

1T

Y. = 2.50
ST 14Ty

25



1-T,

Y, = 2.51
7 14T, >
Substituting(2.46) and (2.47) yields,
4rn|FS - F0|2

1—|Ts|?[1 + Tol?
Fnin 1s a function of device operating current and frequency, and there is one value of Iy
associated with each F,;,. The quantities Fy,;,, , ,and Iy are noise parameters, and are given
by the transistor manufacturer or are determined experimentally.

From (2.48) a noise figure parameter N; can be defined as;

_ |FS_F0|2 =Fi _Fmin
1— T2 ar,

N; 11 + T, 2.53

Equation(2.49) can be used to obtain equation(2.50) which defines a family of circles with
N; as a parameter.

Lo
1+ N,

2 N2+ N1 -0

r
$ (1+ N;)?

2.54

The family of circles defined by the above equation is known as constant noise figure circles,

and the center is located at:

Cp = —0 2.55
U1+, '
The radii,
1
Rei =17 N, \/Ni2 + N;(1 = |T|2) 2.56
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Example: Constant Noise Figure Circles

Constant Noise
Figure Circles
on the T, plane

F_+

Fig 2.10

2.1.6 The dc bias techniques

Most MW amplifier designers ignore dc biasing networks. While considerable effort is spent
in designing for a given gain, noise figure, and bandwidth, little effort is spent in dc bias
networks. The cost per decibel of MW power gain or noise figure is high, and designers
cannot sacrifice amplifier performance by having poor dc bias design.

Transistor circuits require dc bias that provides the desired quiescent point. Further, it should
hold the operation stable over a range of temperatures. Resistive circuits used at lower
frequencies can be employed in the RF/MW range as well. However, sometimes these
circuits may not work satisfactorily at higher frequencies.

For example, a resistance in parallel with a bypass capacitor is frequently used at the emitter
to provide stable operation at lower frequencies. This circuit may not work at microwave
frequencies because it can produce oscillation. Further, the resistance in an amplifier circuit
can degrade the noise figure. Active bias networks provide certain advantages over the

resistive circuits.
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It is a good practice to use some form of feedback in the bias circuit to minimize the dc
voltage and current variations of the device.

When power loss is critical or for large temperature changes, active biasing is employed.
Active biasing offers high level of dc stability.

Since a common-emitter configuration gives a 180° phase change between collector and base
at dc, any resistive connection between those terminals provides negative feedback.
Designers prefer to dc ground the RF transistor directly instead of adding a bias resistor into
the common lead, even though the emitter feedback (or source feedback for FETs) is a very
effective technique for dc bias stability. This is because at RE/MW frequencies, bypassing a
resistor in the common ground is not easy due to component parasitic and resonances,
particularly in broadband applications. At low frequencies, a bypassed emitter resistor is an
important contributor to quiescent-point stability. At MW frequencies, the bypass capacitor
can produce oscillations by making the input port unstable at some frequencies.

At MW frequencies, the transistor parameters that are affected most by temperature
are Icgo, hpg, and Vgp. The conventional reverse current, Icgo, (at low frequencies)

doubles every 10°C rise in temperature (2.57).

T, —T
Iegor, = ICBO,T12 (T 1)/10 2.57

where Icpo r,and Icgo 1 are the values of Iggo at temperatures T, and Ty respectively. Ty

(~300K is usually the temperature at which the manufacturer measures I.g,-

A microwave transistor has a more complicated reverse current flow composed of two
components: conventional /g, and the surface current ;.

I; flows across the top of the silicon lattice, and increases at a rate much higher than
conventional Iog,.

The base-emitter voltage has a negative temperature coefficient (2.58).

AVgg
AT

~ —2e3V/°C 2.58

The dc value of hgg is found to increase linearly with temperature at the rate of 0.5%/°C.
In order to compute the change in I as a function of temperature in a dc bias network, I can

be expressed as:
Ic = f(cpo, hre) Vr) 2.59
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AI—(AIC) Al +(Ac) Ah +(NC) AV, 2.60
€ Alcgo/|Ahpg=0 cBo Ahpg/10cpo=0 FE AVgg/blcpo=0 BE '
AVBg=0 AVgEg=0 Ahpg=0
Defining stability factors;
s, = (A 2.61
Ico — (AICBO) AhpE=0 '
AVBg=0
Shon = ( Ale ) 2.62
hFE - Ah’FE AICB’0=0 '
AVgE=0
Sy.. = ( Alc ) 2.63
VBE — AVgg/Alcpo=0 '
Ahpp=0
Thus, rewriting(2.60),
Alg = 81,0 Mcpo + SnpyAhsg + Sy, AVag 2.64

For a given dc bias network, stability factors can be calculated and (2.64) used to predict
variations of I, with temperature. In a design procedure, the maximum variation of I in a
temperature range can be selected and (2.64) be used to find the required stability factors. In
turn, the stability factors, together with the Q-point location will fix the values of the resistors

in the network.

Common dc bias networks that can be used at MW frequencies are given in Fig 2.1.1 Any
increase in the quiescent collector current, (I) causes a larger voltage drop across R; which

reduces Vg which in turn reduces Iz and (I).
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Fig 2.1.1 (a): Voltage Feedback Biasing

Thermal runaway is prevented when half-power principle is employed, that is,V .z = 0.5V¢.

L ani'ATAY

A

Fig 2.1.1 (b): Split Voltage Feedback Bias

The feedback resistor is split into two resistors, Ry and R,, with a capacitor C; connected
between its junction and chassis ground. The purpose of €4 is to prevent any output RF
signal from travelling back to the input circuit. R, is used to prevent short-circuiting the
collector output signal via €4, and R4 is to prevent short-circuiting the base signal through

C,.

Any increase in collector current Al results in a decrease in Vg, Vg and Iz which in turn

counteracts any further increase in I.. This circuit produces lower resistance values, and
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therefore is, more compatible with thick or thin film resistors. For good stability factors

designers usually assume that;

Igg > Iz and Vg = 0.1V,

+4e

Fig 2.1.1 (c): Voltage Feedback and Constant Current Bias

2.2 BROADBAND AMPLIFIER DESIGN

Although there are no set rules to consider, an amplifier is generally considered to be
narrowband when its bandwidth is less than 20% of the center frequency [1]. The design of
broadband amplifiers introduces difficulties which require careful considerations. Some of
these difficulties are:
e The variations of | S,;| and |S;,| with frequency. Typically, | S,;| decreases with
frequency at the rate 6dB /octave and |S;,| increases with frequency at the same rate.
The variation of |S,,5;,| with frequency is important since the stability of the circuit
depends on this quantity.
e The scattering parametersS;; and S,, are also frequency dependent and their

variations are important over a broad range of frequencies.
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There is degradation in the noise figure and VSWR in some frequency range of the

broadband amplifier.

There are several techniques used in the design of broadband amplifiers; use of compensated

matching networks, use of negative feedback, resistive matching, balanced amplifiers, and

traveling wave amplifiers (distributed amplifiers).

1.

The technique of compensated matching networks involves mismatching the input
and output networks to compensate for the variation with frequency of | S,;|. The
matching networks are designed to give the best input and output VSWR. However,
because of the broad bandwidth, the VSWR is optimum around certain frequencies,
and a balanced amplifier design may be required. The design of compensated
matching networks can be done analytically with the help of Smith Charts. However,
the use of computer is usually required for the complex analytical procedures
involved. Proper analytical procedures produce results that can be simulated by CAD
methods. The matching networks can also be designed using network synthesis
techniques. The design of compensated matching networks to obtain gain flatness
results in impedance mismatching that can significantly degrade the input and output
VSWR.

Negative feedback can be used in broadband amplifiers to provide a flat gain response
and to reduce output and input VSWR. It also controls the amplifier performance due
to variations in S-parameters from transistor to transistor. As the bandwidth
requirements of the amplifier approach a decade of frequency, gain compensation
based on matching networks only is very difficult, and negative feedback techniques
are used. A disadvantage of negative feedback is that it degrades the noise figure and
reduces the maximum power gain available from a transistor.

The resistive-matching networks are independent of frequency and hence can be used
to design broadband amplifiers. The upper limit is determined from the frequencies
when the resistances cease to work due to associated parasitic elements [4]. However,

the noise figure of such amplifiers may be unacceptable.
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CHAPTER 3: DESIGN METHODOLOGY

3.1 Introduction

A Small-Signal Amplifier maintains small-signal operation, linearity and steady state in the
design frequency range.

When operating at the design frequency, transmission line theory comes into the picture. The
high frequency and short wavelength of microwave energy make for difficulties in analysis
and design of microwave components and systems. Matching of the input and output of the
transistor must be considered and designed around. A typical block diagram of a single-stage

RF amplifier is shown below.

Transistor

Biasing
Network

Figure 3.1 General Microwave Amplifier Topology

This was the basic topology that was adhered to through the design procedure. The basic
design flow for this topology is as follows:
e Choose Microwave Transistor based on design specifications
e Design a DC Biasing circuit for desired operation.
e Design the Input and Output Matching Circuits based on the desired type of amplifier:
Low-Noise Amp, High-Gain Amp, or High-Power Amp, et cetera.
Because this design was that of a small signal device, there is a more specific design flow to

that can be summarized as in fig 3.2
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Single-Stage Small-Signal Amplifier
Design Flow

I Pt B
Gtart) N ,/
- O |
Set frequency range R | Draw G., circles |
Set VEWR,
Set NF y v
Find T, dr’ .
1 Pimax) —
T
Design DC biasing, Draw Input mismatch
Ch(}(]ﬁl.‘ {'{}m]}(][}f nts. Cir{:lE
v Draw F circle
| Get S-parameters | Design impedance
transformation network L
d ] Find T,
Check f t bili - —— -
| eck for stability | Final verification using

SCM LNA/ simulation software | Not Meet Requirement

G @
equiremen
Meet thum nkm \f]ﬂn)

Fig 3.2

3.2 Project Specifications

The overall target specifications of the amplifier design were as follows;
e Operation Frequency @2.4GHz.
e Input impedance 300Q.
e Bandwidth 0.48GHz

The transistor selected for this project was BFP420, a wideband Low Noise BJT with f; =
23GHz.

3.3 Design Environment: Microwave Office

It was obvious from the start that the amplifier would need to be designed in the software
environment if it was actually to be built. There are several software packages in the industry

that are used for the design and simulation of RF circuits. The one chosen for this design was
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Applied Wave Research’s Microwave Office. Microwave Office is one of the top three
industry standard RF design and simulation packages which made it very attractive. Learning
the use and capabilities of the software through the design process turned out to be very time
consuming but the experience gained with the software would no doubt be invaluable in an

RF career.

3.4 D.C. bias network
Active biasing was chosen for this design.
The two circuits of fig 3.3 are convenient for creating the transfer characteristics of BFP 420,
and also for finding the voltage of the base-emitter junction for a specified base current.
In fig 3.3 (d), the desired quiescent point was atV.p = 3.25and [ = 4.88 mA. The
corresponding base current (shown in mA at the right side of the plot) was slightly less
than 0.05 mA. This value of I yielded Vggof about 0.8154V as indicated in fig 3.3 (c).

The bias point selected was appropriate for low-noise and low-power microwave applications

[2].

C
GBJT
ID=GP_BFP420_1
= s
E
IVCURVEI
ID=IV1

VSWEEP_start=0 V -
VSWEEP_stop=4 V
Step VSWEEP_step=0.5V
ISTEP_start=8e-7 mA
00 ISTEP_stop=0.35 mA
ISTEP_step=0.025 mA

Swp

Fig 3.3 (a). Microwave Office Curvetracer set up for obtaining IV CURVES
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|_METER

ID=AMP1 RES

ID=R2

RES R=0.001 Ohm

ID=R1
R=0.001 Ohm

GBJT
4 |D=GP_BFP 420_1

DCVSS

ID=V2
™ VStart=0.7 V
_ VStop=0.9 V
VStep=0.01V

Fig 3.3(b). Circuit set up for determining I vs Vgg Curve

IB VS VBE % |lcomp(DCVSS.V2,0)| (mA)
1.5 VBE
1
0.5
0.8154 V
0.04975 mA
O A A
0.7 0.75 0.8 0.85 0.9
Voltage (V)

Fig 3.3(c) . Plotting Izvs Vggat V=2V helps to determine the exact Vg for [z=0.3mA
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b
pl: Istep = 8e-007 mA
IC VS VCE = |VCurve()
40 BIAS p2: Istep = 0.025 mA
A A A A A A A & || p3: Istep = 0.05 mA
A A A A A A U
30 A A A A A A B p4: Istep = 0.075 mA
A A A A A A U
i A i " 1 " plt |||pS: Istep=0.1 mA
A A A A A A A U |
2 A Z Z Z Z Z Z Z p6: Istep = 0.125 mA
A A A A A A A . -
A i : y . y y ;|| p7: Istep=0.15mA
A A A A A A A | | |p8: Istep = 0.175 mA
10 A A A n A s S5V
A A A A A A [A919mA] @ |1p9: Istep =0.2 mA
A N N N =y :
A A A A A A A b ||p10: Istep = 0.225 mA
1
0 A——A———A——a—4 p1L: Istep = 0.25 mA
pl2: Istep = 0.275 mA
-10 pl13: Istep = 0.3 mA
0 1 2 3 4 |p14: Istep = 0.325 mA
Voltage (V
ge (V) pl15: Istep = 0.35 mA

Fig 3.3(d). dc transfer characteristics of BFP420 obtained from simulation of fig. (b)

The active bias configuration is given in fig 3.4 with the bias currents and voltages annotated.
A pnp BJT was used to stabilize the operating point of the BFP420. The bypass capacitors
C;, C,,and C;were typically 0.001uF disk capacitors. The radio frequency (RFC) chokes
are typically made of two or three turns of No. 36 enameled wire on 0.1-in air core. The
network operated as follows: if the current through L, increased, the current through Rj
increased. This caused the emitter-base voltage of the pnp transistor to decrease, and result in
a decrease in its emitter current. The decrease in the pnp emitter current reduced the collector
and the base currents of the MW transistor, an act which in turn produced the desired
stability.

The silicon diode compensated for the diode temperature dependency of the base-collector

junction of B1.
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‘Tmf

cap  ——
ID=C1
C=1000 pF —1—
DIODEL
ID=D1 M
Nu=1.2 461V
T=25 DegC
lo=1e-6 mA
RES
ID=R3
R=330 Ohm IND
ID=L1
L=300 nH
RES
ID=R2 BiP 0 ()
R=4700 Oh [ 042mAD=B1
\=0.8 [}
T=0ns
F=0 MH - 5V
° cc=0 pé %*_g =
T 029mAl k- 00mmAl 6C=0S o0 SET— +
RB=1 Ohm €=1000 pF
c LB=0 nH bevs
CE=0 pF d
RES = ID=V1
ID=R1 RE=1 Ohm ’ V=5V
R=8700 Oh 4 0336 mAE=0 nH -
- ]
RES )
ID=R4
- IND [ 2semA
R=2200 Ohm oL 2
L=300 nH
1 SUBCKT
= — ID=51
[ 03%mAl 03%mAl  NET="BFP42("
E
CAP
D=c2
C=1000 pF

Fig 3.4 Active bias circuit for BFP420 showing the bias currents and voltages
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3.5 Stability Analysis

The S parameters for BFP420 were obtained for Vo = 3.5V and I, = 30mA (see Appendix
1, for the S parameter file) at the minimum upper cut off frequency of the design, that is, at

fo = 2.64GHz

Using equations 2.27 and 2.28, the stability parameters A and K and were calculated and
found to be 0.3178455.3° and 1.0783, respectively. Since, |A| < 1and the stability
factor K > 1, the transistor was unconditionally stable.

Calculations of equations (2.38) and (2.39) yielded 1.066 (>1) and 1.089 (>1), respectively,
thus, proving that the amplifier was absolutely stable for all passive source and load

terminations.

3.6 Impedance Matching

In microwave amplifier design, source and load stability circles are usually drawn to
determine the stable regions of the Smith Chart where impedance matching circuits could be
designed with the correct input and output reflection coefficients. This ensures proper
matching for stability, as explained in section 2.1.4. When designing broadband microwave
amplifier, constant gain circles can be used to selectively increase or decrease the basic
transducer gain between f; and f, until a good match is obtained. The source and load
terminations I's and I'; are found to lie on specified gain circles, and this offers a variety of
circuit options and a good chance at gain flattening and stability. The disadvantage of this
method of broadbanding is poor impedance matching, resulting into large VSWRs, since the
signals that are not transmitted are reflected.

In this design, since the transistor satisfied the conditions for absolute stability, conjugate
matching was used to design the first matching circuit and then broadbanding methods were
used to obtain a flat gain in the desired bandwidth.

Simultaneous conjugate matching is usually used to obtain maximum power gain from an

amplifier, and this happens when;

FIN = FS* 361
And,

FOUT = FL* 3.6.2

From (2.25) and (2.26) it is obvious that,
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521521FL

I["=S8§ —_—
x S215121s
r =Sy t——
ouT 271§ T,

Fig 3.5 explains simultaneous conjugate matching.

50
* I
nput Qutput
v, [0° matching Transistor matching
_ network ‘| r 4_! r network
Iy Tw Four T
Fig 3.5 Simultaneous Conjugate Matching
Solving (3.5.3) and (3.5.4) simultaneously gives the values ofTy

', (Ty) required for simultaneous conjugate matching.

_ By £+/B;* —4|¢|?

B, +B,” — 4|C,|?
Iyr = 2C,
Where,

By =1+ [S11|% — [S321* — |A|?
By =1+ [S5;1% — 151112 — |A?
€, =811 — ASzz*

And,
Cy = 833 — A511*
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If >1 and B; >0 in (3.6.5) then the solution with the minus sign produces

B
2c,

Bl/ZCl > 1 and

B; < 0 in (3.6.5) then the solution with the plus sign produces |I'ys| < 1 and the solution

ITys] <1 and the solution with the plus sign produces |Tyg| > 1. If

with the minus sign produces || > 1. Similar considerations apply to (3.6.7).

The condition that K > 1 is only a necessary condition for unconditional stability. Therefore,
a simultaneous conjugate match having unconditional stability is possible if K > 1 and
|A] < 1. Since |A] < 1 impliesB; > 0 and B, > 0 the minus signs must be used in (3.6.5)
and (3.5.6) when calculating simultaneous conjugate match for an unconditionally stable

two-port network.

With the BFP420 S Parameters the following values were obtained for the quantities defined
in (3.5.5) to (3.5.10).

B, = 0.9936 3.6.11
B, = 0.8044 3.6.12
C, = 0.24952 — 36.13° 3.6.13
C, = 0.4686,160.7° 3.6.14
Tys = 0.54752 — 160.7° 3.6.15
Ty, = 0.3477236.13 3.6.16

A Smith Chart was then used to find the input and output lossless matching networks using
(3.5.15) and (3.5.16).
The maximum transducer gain obtained from conjugate matching is given by,

S21

GT,MAX =I5
12

(K — JKZ - 1)) 3.6.17

= 17.06dB

The circuit obtained from the design method followed so far is presented in fig 3.6

41



IND CAP

ID=L2 ID=C4
L=8.2 nH C=1000 pF
PORT CAP CAP i
p=1 ID=C1 ID=C2 PORT
7-50 Ohm  C=1000 pF C=1.8pF SUBCKT p=2
| | 1 ID=S1 —L—cap =50 Ohm
DD P = NET="BFP420" ID=C3
| | B - C-082pF
E
IND
ID=L1
L=1.8n - -

Fig 3.6 Microwave Amplifier

After the impedance matching design, the amplifier was found to have a narrow bandwidth.
Broadband design and gain flattening techniques were then employed. Negative feedback as
a technique used in wideband amplifier design [see section 2.2] was designed and
incorporated in the network in order to achieve gain flattening in the desired frequency range.
Appropriate feedback resistorRy was determined from the transistorS,; and the desired input

impedance [3].
Rp = Zip[1+ |S54]] 3.6.18

For Z;, = 50Q, R = 3274 (The nearest standard value is 330().
To compensate for the gain roll off, an inductance in series with the feedback resistance was

necessary. This inductance is determined from the upper cut off frequency by the equation,

R

Ly = 3.6.19
F 27 f3qp

At f34p = 2.64GHz, Ly = 22nH.
The amplifier in fig 3.7 was obtained after incorporating both feedback components, Ry

and Lp.
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PORT CAP
Pl ID=C1
7osoonm  C=1000 pF

RES IND
ID=R1 ID=L3
R=470 Ohm L=22 nH

IND CAP
ID=L2 ID=C4
€=1000 pF

T

IND
ID=L1
L=1.8n

CAP c 7 <
ID=C2
PORT
C=18pF SUBCKT p=2
‘ ID=S1 CAP Z=50 Ohm
NET="BFP420" ID=C3
| €=0.82 pF

Fig 3.7 Microwave Amplifier with Feedback

Reactive matching network was also employed at the output in order to improve the gain at

high frequency, and to reduce the feedback effect to some degree. Fig 3.8 gives the amplifier

circuit with the reactive matching network.

cAP
PORT
) ID=C1

z=500hm  C=1000pF

RES IND
ID=R1 ID=L3
R=470 Ohm L=22 nH

S

IND cAp
ID=12 ID=C4
C=1000 pF
PORT

SUBCKT p=2
ID=S1 CAP =50 Ohm
NET="BFP420" chﬁF::S ID=C3

C=0.2 pF =082 pF

Fig 3.8 Microwave Amplifier with Feedback and Reactive Broadbanding elements.

In order to achieve the input impedance of 300} the relationship between transistor

transconductance g,, and the dc short circuit-current gain § was utilized.
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Finally, the lumped elements of fig 3.8 were converted to distributed elements. There are
several methods for converting lumped elements to distributed elements, as explained in ref.
6. The methods employed here involved single-stub matching using reflection coefficient at
the input and direct application of the formulas involving capacitance and inductance
susceptance [6] at the output. Conversion of the 8.2nH and the 22nH series inductances were
impossible through the direct application of the formulas due to the restrictions imposed on
series inductances [6]. In transforming series inductors the resistances in series with the
inductance is also transformed due to transmission-line effects. This is not a desirable
phenomenon. It is to be noted that this conversion was only impossible at the operation
frequency 2.4, but could have been carried out at much higher frequencies. Actually,
8.2nH is the maximum realizable inductance at 6GHz.

The equation (3.5.20) transforms a given inductance into equivalent electrical length.

Bl = —2L/% 3.6.20

/1—((4)L/Z0)2

The series 0.22nH-inductor was realizable at the frequency of operation. An
attempt to convert the output matching circuit to distributed circuit using
Richard’s Transformation and Kuroda’s identities failed because these two
concepts are based on commensurate lowpass filters.

Transforming the dc blocking capacitances to lumped parameters was
impossible analytically but could have been done in Microwave Office using
Artwork Cells. This was not done, though, due to time limit; the Software was
new to the designer, and learning it was extremely time-consuming. The dc
blocking capacitances were also too large to be replaced with Chipcaps
available in Microwave Office.

The transmission line lengths were eventually converted to microstrip lines,
lengths in mils. The microstrip substrate used was Duroid 5880 with & =
2.2,h = 31mil.

The transformed Microwave amplifiers are given in figs (3.9) and (3.10).
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Fig 3.9 Distributed Network in electrical lengths.
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MSUB

Er=22
H=31 mil
T=2 mil
Rho=1
Tand=0.0009
RES IND
ame= R=1 Ohm L=1nH
MLIN
ID=TL5
W=93 mil
CAP L=166.1 mil %\:Pcs
MLIN ID=C7 1000 pF
MLIN ID=TL2
PORT  [pDTLi CAP W=93 mil
P=1 W=93 mil ID=C2 L=230 mil MLIN PORT
7130 O =707 CrlpE SUBCKT | | MLEF ID=TL7 P=2
ID=S1 W=03 mil =50 Ohm
NET="BF L=20 mil

1=348.2 mil MLEF
MLIN ID=TL6
ID=TL3 W=93 mil
W=93 mil L=16.33 mil
L~1297 mil RES
= = ID=R5
R=0.47 Ohm
——CAP " pcvs =
ID=CI jp-y| -
T C=1000 g5 y CAP
ID=C4
= C=1000 pF
—-—'Q—,—o
DIODEI
ID=DI1
Nu=1.2
T=25 DegC
To=le-6 mA
RES °
ID=R2
R=470
F=0 GHE=20) nH CA_p
. ID=C5
CC=0pF C-1000 pF
¢ GC=0S P
RES RB=1 Ohm
ID=R1 LB=0 nH L
R=8700 -
IND
ID=L2 —— cAp
L=200nH___ ID=C6
€=1000 pF

Fig 3.11 Complete amplifier schematic with dc biasing. Active biasing was used.

Capacitances C1 to C7 are high Q dc blocks while the inductances L1 and L2 are RF Chokes.
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CHAPTER 4: RESULTS AND ANALYSIS
4.1 Input impedance
The desired input impedance of 300€2 was achieved as follows;

The transistor transconductance is given by (4.1)

1+ S5
=2 4.1
With Z, = 50 and |S,;| = 5.539, g, = 0.1308S
Now, 1, = 2 = —2_ = 764.20)
gm  0.1308

From the circuit the emitter feedback resistance R = 0.47Q,
Input impedance seen at the base of the transistor before the input matching network was
added is then given by (4.2)

Zin = The + PR 4.2

Zi, =8110Q

It is clear from this result that shunting the transistor base with an impedance of 476()
(standard 470Q)) produces an input impedance of 300(2.
Transistor parasitic inductances should have been considered in the above analysis but they
could be limited practically to the bonding inductance, and this makes them have practically
no effect on input impedance until well above very high frequencies (vhf).
The feedback resistance, besides ensuring gain-flattening at the centre frequency, also acts to
limit input impedance to the desired 300().

This analysis assumes that S;. = Bgc-
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4.2 Broadband Design
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Fig 4.1 Frequency-dependent gain, matching, and noise performance of the circuit in fig 3.6

In fig 4.1, the 16.02db gain is a good approximate from the calculated Gy 45 0f 17.06dB in
3.6.17. The frequency-dependent gain |S,;|? is relatively flat and spans a wide bandwidth,
covering the Project Specification Range of 0.48GHz. The input reflection coefficient and
VSWR are about 0.6 and 4, respectively. The output reflection coefficient and VSWR are
about 0.46 and 2.7, respectively. The output matching seems good but the plots of

Zq1and Z,, fig 4.2 reveal that the output loading is capacitive since the 0.82pF capacitance

shunts the output. The input impedance of this circuit is about 3,

the desired Z;;,. Z;4 is to a good approximation of 50().

The noise figure is 0dB since there are no resistances in the circuit.
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Fig 4.2 Poor output matching of the circuit in fig 3.6
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GAIN AND MATCHING
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Fig 4.3 Frequency-dependent gain, matching and noise performance of the circuit in fig 3.7

Fig 4.3 reveals the plots of the frequency-dependent gain, matching and noise performance of
the circuit in fig 3.7. This circuit in fig 3.7 has the feedback resistance of 470() that shunts
the input 73, to 300Q. The input VSWR has improved to about 3 while the output VSWR has
worsened to approximately 0.7. From fig 4.4 the amplifier Z,, has decreased severely
possibly due to the shunting effect of Ry at the output, which results poorer matching than
before. There is gain improvement due to Ry loading at the input.

Increase in bandwidth is apparent from the frequency-dependent gain curve. This is due to
the feedback resistance R . Shunt feedback network is one of the ways of broadening the

amplifier bandwidth. The noise figure has degraded to 0.1358 due to R influence.
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Fig 4.4 Z,, of the circuit in fig 3.7 has reduced severely, possibly due to the shunting effect

of Ry at the output which results in poorer matching. It remains capacitive.
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Fig 4.5 Frequency-dependent gain, matching and noise performance of the circuit in fig 3.8

In fig 4.5 the frequency range of interest is more defined with f; and f, being equal at
approximately 19dB. This effect was achieved through the reactive matching network
containing shunt capacitance, C5 and series inductance L4. In a broadband microwave
amplifier design, if the goal is to cover the frequency range betweenf; and f, then f, should
be 1 to 2dB below Grpax [1]. This fact is well portrayed in fig 4.5.

The reactive matching network has improved the output matching and VSWR. It was also
used for gain-shaping at the upper cut off frequency. The emitter feedback resistance
degraded the noise figure further to 0.3045dB and worsened the input mismatch. It also
helped in gain-shaping at the lower cut off frequency.

Fig 4.6 shows the overall effect of the emitter resistance and the output reactive matching

network on impedance.
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Fig 4.6 Overall effects of emitter resistance and the output reactive matching network on
impedance. The 0.47€) emitter resistance increased input mismatch while the output reactive

matching network improved the output matching.

Fig 4.7 shows the frequency-dependent gain, matching and noise performance of the

distributed microwave amplifier in fig 3.9.
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Fig 4.7 Frequency-dependent gain, matching and noise performance of the circuit in fig 3.9
In fig 4.7 gain-flattening was achieved at low frequencies. The output VSWR has a low value

of about 0.11. The input VSWR is approximately 0.63. These values are tolerable at the

frequency of range interest. Noise figure has remained fairly constant.
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Fig 4.8 Output mismatch for the distributed amplifier. The difference in these impedances
and those in fig 4.6 is due to the errors of computational approximations when converting

lumped to distributed elements.

Fig 4.9 shows the frequency-dependent gain, matching and noise performance of the

microwave amplifier in fig 3.10 using microstrip transmission lines.
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Fig 4.9 Frequency-dependent gain, matching and noise performance of the circuit in fig 3.10
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Fig 4.10 Final simulation results for input and output matching. Z,;, = Z,,
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CHAPTER 5: CONCLUSION S AND FUTURE WORK

5.1 Conclusion

Designing an amplifier to operate at microwave frequencies is a tiresome and time-
consuming task because of the complexities involved in stabilization, dc biasing, and design
of impedance matching networks and final layout of the circuit. One of the difficulties
experienced lay in the transformation of lumped networks to distributed networks, especially
where a lumped network contained series inductors. Several reference materials in the field of
Microwave Engineering strongly advise on the use of Smith Chart in designing short- or
open-circuit stubs to replace lumped networks. But what about in situations where open- or
short-circuit stubs can no longer accurately represent a lumped network? Or what if a reactive
lossless network (lowpass or highpass) is incorporated into the amplifier for broadbanding

purposes as was done in this project?

Much time was spent by the designer in researching these areas that cast severe uncertainty
on the project. Even renowned authors of the ilk of D. M. Pozar, Collin R.E., Vendelin,
Besser and Gonzalez, to name a few, simply brushed away the concept of replacing series
inductances with transmission lines as complex and practically unrealizable. But Pieter [6]
attacked the subject and provided approximations to replace a series inductor with a series
transmission line. But at a specified frequency, there was a limit to the values of inductances
that could be approximated to transmission lines. For instance, at 2.4 GHz, the 8.2 nH-
inductor at the output matching of the amplifier designed in this project was too large to be

replaced with a transmission line.

Another problem was in feeding active-bias dc signal into RF Circuit when the RF Circuit
had only open-circuited stubs. Les Besser [2] finally solved this problem but only partially.

In the final microstrip layout, the schematic elements like the capacitances and inductances
are not shown. These elements are not in the layout database of Microwave Office, and
Artwork Cells could have been created for them, but the designer ran out of the time due to

complicated personal issues.

The objectives of the project, especially in the wideband amplifier design were met, and the

experience gained is worth a lifetime to the designer.
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5.2 Future Work

Even though the objectives of this project were met, it was done in a software environment,
and effort should be put in the future to build it in a lab environment. Research could also be
carried out in determining how RF Circuits with only open-circuited stubs should be actively
biased. Another area that needs attention is the transformation of series inductances to series
transmission lines. This project can also be done again using other methods of broadbanding

such as resistive matching, balanced amplifiers and distributed amplifiers.
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APPENDIX 1
BFP420 S PARAMETER DATAFILE

Infineon Technologies AG

M

71.

70.

70.

69.

68.

68.
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67.

66.

66.

65.

64.
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62.

62.

61.

61.

60.

59.

59.
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58.

1

1 BFP420 , Si-NPN RF-Transistor in SOT 343
I Vce=3.5V, 1c=30.0 mA

I Common Emitter S-Parameters:
# GHz S MA R 50

1 f S11 S21

1 GHz Mag Ang Mag Ang
2.000000 0.381879 176.610 7.314802
0.291791 -59.290

2.037500 0.377096 176.766 7.140318
0.289513 -59.517

2.075000 0.384885 175.860 7.027829
0.286455 -60.104

2.112500 0.378726 175.007 6.925057
0.282909 -60.318

2.150000 0.378102 173.200 6.789431
0.280328 -60.479

2.187500 0.382368 173.504 6.682805
0.277890 -61.082

2.225000 0.385068 172.346 6.554921
0.275580 -61.325

2.262500 0.382607 171.209 6.463558
0.273401 -61.673

2.300000 0.387280 169.843 6.331814
0.269800 -62.264

2.337500 0.380597 169.237 6.254433
0.267417 -62.420

2.375000 0.391433 169.063 6.126288
0.265024 -62.624

2.412500 0.392562 167.685 6.069014
0.262300 -63.225

2.450000 0.382384 167.533 5.961854
0.261200 -63.545

2.487500 0.390501 166.618 5.871130
0.258597 -63.768

2.525000 0.392700 166.069 5.767929
0.256246 -64.099

2.562500 0.392891 165.311 5.684379
0.254703 -64.611

2.600000 0.391605 164.635 5.619301
0.251862 -64.811

2.637500 0.396084 163.975 5.538932
0.249570 -65.339

2.675000 0.392244 162.116 5.467404
0.247213 -65.283

2.712500 0.388583 161.527 5.395897
0.245738 -65.896

2.750000 0.396166 161.200 5.312917
0.244171 -66.198

2.787500 0.391322 160.549 5.224392
0.240606 -66.491

2.825000 0.395937 160.541 5.178797
0.239769 -66.932

2.862500 0.394462 159.454 5.112419
0.238862 -67.211
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S12
ag
715
747
080
568
752
252
639
162
537
091
177
430
069
331
652
157
611
044
572
658
132
934

308

Ang
71.969 0.057116

0

0.

.058182

059163

-060317

-061103

-061986

.063143

.064177

-065169

-065879

-066803

.068235

.068831

.069876

-071023

.071863

-073084

.073822

.075265

.076518

-076968

.077691

-078963

.079965

S22
Mag Ang
60.667
59.965
60.011
60.200
60.066
59.676
59.186
59.115
58.756
58.622
58.235
58.320
58.272
57.541
57.246
57.687
57.382
57.017
56.691
56.305
56.208
55.683
55.387

55.152



2.900000
0.236559
2.937500
0.235023
2.975000
0.232612
3.012500
0.230720
3.050000
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3.200000
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3.275000
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0.197176
3.837500
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0.416303
-78.533
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.786260

.724222
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4.025000
0.191075
4.062500
0.189645
4.100000
0.189429
4_.137500
0.188874
4.175000
0.185730
4.212500
0.186200
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0.181202
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0.169590
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4.925000
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0.439428
-91.906
0.450480
-92.576
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5.150000
0.157012
5.187500
0.154789
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0.131653 -111.256
6.125000 0.464268
0.130309 -111.912
6.162500 0.472125
0.128967 -112.713
6.200000 0.467844
0.128642 -113.491
6.237500 0.471909
0.127573 -113.819

124.

124.

123.

122.

122.

121.

120.

120.

120.

119.

119.

118.

118.

117.

117.

117.

115.

115.

116.

115.

114.

113.

112.

113.

112.

112.

111.

111.

110.

109.

789

390

529

732

826

875

335

093

010

422

605

627

125

136

152

483

225

446

139

438

196

556

819

067

387

517

299

099

188

918

.845660

.834391

-817340

-798691

- 794906

.778000

.749838

-T147726

-713755

-695732

.673561

.661426

.632365

.625380

-617550

-595424

-569927

.552457

-538169

-525414

-514629

.491738

.495312

.474895

-441695

-439775

-425971

.411627

-400690

-390102
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26.

26.

25.

25.

24.

24.

23.

23.

22.

22.

22.

21.

20.

20.

20.

19.

18.

18.

18.

17.

17.

16.

16.

16.

15.

14.

14.

14.

13.

13.

798

554

795

322

975

350

957

554

613

421

125

510

807

728

239

702

974

801

588

671

149

458

419

081

499

929

414

181

773

269

.139871

.141698

-142542

-143521

.144807

.146060

.146360

-148178

-148543

-149236

.151583

.151776

.152810

-153526

-155126

.155128

.156802

.157882

-158819

-160270

-160535

.161450

-163359

-164006

-163821

-165750

-166165

.167241

.168801

.170243

36.

36.

36.

35.

35.

35.

34.

34.

34.

33.

33.

33.

33.

32.

32.

32.

31.

31.

31.

30.

30.

29.

29.

29.

29.

29.

28.

28.

27.

27.

925

953

031

849

516

349

944

827

190

982

572

348

025

719

508

007

944

391

295

859

581

872

942

471

198

034

269

198

792

504



6.275000 0.464194
0.126938 -114.392
6.312500 0.474002
0.126146 -114.753
6.350000 0.467337
0.124420 -115.552
6.387500 0.467320
0.124882 -116.459
6.425000 0.478196
0.125465 -116.579
6.462500 0.477289
0.124214 -118.434
6.500000 0.480259
0.123793 -118.893
6.537500 0.483847
0.123315 -120.280
6.575000 0.479631
0.122726 -121.388
6.612500 0.489055
0.121081 -122.594
6.650000 0.482788
0.121008 -122.800
6.687500 0.486068
0.120356 -124.112
6.725000 0.483213
0.119176 -124.658
6.762500 0.486637
0.118207 -125.376
6.800000 0.489611
0.118004 -126.837
6.837500 0.494012
0.117059 -127.226
6.875000 0.485476
0.115603 -129.201
6.912500 0.493758
0.114801 -129.613
6.950000 0.490705
0.114238 -129.966
6.987500 0.488954
0.115001 -131.576
7.025000 0.490414

0.113229 -132.408
1

1 Infineon Technologies AG, Munich

110.

109.

108.

109.

108.

107.

107.

106.

106.

106.

105.

105.

104.

103.

103.

103.

101.

102.

101.

100.

100.

185

956

831

010

930

669

461

968

746

780

589

510

039

539

312

124

665

417

476

994

632

2.

2.

.387476

.373894

-352309

-326250

.343459

-334940

.315410

-311909

-284239

.278744

.263740

.243917

.250078

-235638

.222017

.224525

.193551

.203129

-172854

178612

161848
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12.

12.

12.

11.

11.

10.

10.

842

796

071

591

307

443

470

.617

.272

.673

.434

.474

-955

-148

.324

-133

.528

-156

.627

-846

-697

.170872

.172482

-173414

-175099

.175932

.177266

.178416

-180079

-180569

-180821

.182674

.184039

.183734

-185720

.186483

-187839

.188947

.189313

-190558

-191925

-192623

27.

27.

26.

26.

26.

25.

25.

24

24

24.

23.

23.

23.

22.

22.

22.

21.

21.

21.

20.

20.

455

297

774

680

394

621

284

999

626

175

891

498

127

876

242

183

541

266

037

829

309
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