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ABSTRACT

DESIGN AND FABRICATION OF A HIGH GAIN,
BROADBAND MICROWAVE LIMITING AMPLIFIER
MODULE

Kili¢, Hasan Hiiseyin
M. Sc., Department of Electrical and Electronics Engineering

Supervisor: Assoc. Prof. Dr. Simgek Demir

September 2011, 98 pages

Microwave limiting amplifiers are the key components of Instantaneous Frequency
Measurement (IFM) systems. Limiting amplifiers provide constant output power
level in a wide input dynamic range and over a broad frequency band. Moreover,
limiting amplifiers are high gain devices that are used to bring very low input power
levels to a constant output power level. Besides, limiting amplifiers are required to
provide minimum small signal gain ripple in order not to reduce the sensitivity of the

IFM system over the operating frequency band.

In this thesis work, a high gain, medium power, 2-18 GHz limiting amplifier module
is designed, simulated, fabricated and measured. First, a 3-stage cascaded amplifier
with 27 dB small signal gain is designed and fabricated. The 3-stage amplifier is
composed of a novel cascaded combination of negative feedback and distributed

amplifiers that provides the minimum small signal gain ripple and satisfactory input

v



and output return losses inside 2-18 GHz frequency band. Then, the designed two 3-
stage amplifiers and one 4-stage amplifier are cascaded to constitute a limiting
amplifier module with minimum 80 dB small signal gain. The designed 10-stage
limiting amplifier module also includes an analog voltage controllable attenuator to
be used for compensating the gain variations resulting from temperature changes.
The fabricated 10-stage limiting amplifier module provides 20 +/- 1.2 dBm output
power level and excellent small signal gain flatness, +/- 2.2 dB, over 2-18 GHz

frequency range.

Keywords: Microwave Limiting Amplifier, Instantaneous Frequency Measurement

System, Negative Feedback Amplifier, Distributed Amplifier, Cascaded Amplifier.
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YUKSEK KAZANCLI, GENIS BANTLI MIKRODALGA
SINIRLAYICI YOKSELTEC MODULU TASARIMI VE
URETIMI

Kilig, Hasan Hiiseyin
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii

Tez Yoneticisi: Dog. Dr. Simsek Demir

Eyliil 2011, 98 sayfa

Mikrodalga sinirlayict yiikseltecler Anhik Frekans Olgiimii (AFO) sistemlerinin
onemli pargalarindandir. Sinirlayict ylikseltegler, genis giris dinamik alanda ve genis
frekans araliginda sabit ¢ikis giicii seviyesi saglarlar. Ayrica siirlayict yiikseltecler
cok disiik giris gilic seviyelerini sabit bir cikis giic seviyesine getirmek icin
kullanilan yiiksek kazancli cihazlardir. Bunun yaninda, sinirlayici yiikseltecler, AFO
sisteminin c¢aligma frekans bandindaki duyarhiligimi diisiirmemek i¢in, en az diisiik

sinyal kazang dalgalanmasini saglamalidir.

Bu tez ¢aligmasinda, yiiksek kazancli, orta giiclii, 2-18 GHz bir siurlayicr yiikselteg
modiilii tasarlanmis, benzetimleri yapilmis, iiretilmis ve ol¢iilmiistiir. Ik olarak,
diisiik sinyal kazanc1 27 dB olan 3-asamali bir yiikselte¢ tasarlanmis ve tiretilmistir.
Tasarlanan 3-asamali yiikselte¢, 2-18 GHz frekans bandinda en az diisiik sinyal

kazang dalgalanmasini ve tatmin edici giris ve ¢ikis geri donme kayiplarini

vi



saglayacak sekilde, ters geri beslemeli ve dagitik ytikselteclerin 6zgiin bir sekilde pes
pese baglanmasindan olusmaktadir. Daha sonra, tasarlanan iki adet 3-asamali
yukselte¢ ve bir adet 4-asamali yiikselteg, en az 80 dB diisiik sinyal kazangh bir
sinirlayict  yiikselteg modiiliinii  olusturacak sekilde, pes pese baglanmistir.
Tasarlanan 10-asamali sinirlayici yiikselteg, sicaklik degisimlerinden kaynaklanan
kazan¢ degisikliklerini telafi etmek i¢in kullanilacak, analog voltaj ile kontrol
edilebilen bir zayiflatictyr da icermektedir. Uretilen 10-asamal1 smirlayici yiikselteg
modiilii, 2-18 GHz frekans araliginda, 20 +/- 1.2 dBm c¢ikis gii¢ seviyesi ve ¢ok iyi
diistik sinyal kazang dalgalanmasi, +/- 2.2 dB, saglamaktadir.

Anahtar Kelimeler: Mikrodalga Sinirlayic1 Yiikselteg, Anlik Frekans Olgiim Sistemi,
Ters Geri Beslemeli Yiikselteg, Dagitik Yiikselteg, Pes Pese Baglanmis Yiikselteg.
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CHAPTER 1

INTRODUCTION

Signal amplification is one of the most interested research areas over the years. The
introduction of radar in World War II revealed the significance of the amplification
of microwave signals. Since then, amplifiers have been discussed in numerous

articles, book chapters and technical journals.

Early microwave amplifiers used klystrons, vacuum tubes and magnetrons as
amplifying devices. Today, most of the microwave amplifiers are solid state
amplifiers which use transistors. The fabrication of high performance microwave
transistors has enabled the amplifiers to operate at much higher microwave

frequencies.

There are various types of amplifiers that give priority to different microwave
characteristics. For example, low noise amplifiers (LNAs) are the essential
components in receivers to amplify low input power levels without lowering the
sensitivity of the system. On the other hand, power amplifiers (PAs) are basically
used in transmitters to bring microwave signals to be transmitted to sufficient power
levels. Instead of LNAs and PAs, there are also other types of amplifiers serving

some special functions; such as, limiting amplifiers.

Microwave amplifiers are designed by considering many characteristics; such as,

frequency range, dynamic range, input and output VSWR, power gain, noise figure



(NF), 1-dB compression point (Pi4s), power added efficiency (PAE), third-order
intermodulation product (IP3) and stability.

1.1. Microwave Limiting Amplifiers

Microwave limiting amplifiers are the key components of Instantaneous Frequency
Measurement (IFM) receivers [1]. The basic function of a limiting amplifier in an
IFM receiver is to compress wide input dynamic range to a constant output dynamic
range. In order to bring wide input power levels to a constant output power level,
small signal gain of a limiting amplifier can be as high as 90 dB [2]. A typical input-
output characteristic of a microwave amplifier is shown in Figure 1-1. Linear
amplifiers give nearly constant gain in small-signal input range up to 1 dB
compression point. However, limiting amplifiers provide constant saturated output
power beyond some input signal level. Therefore, a limiting amplifier can be

described as a saturated, high-gain microwave amplifier.

30 ‘ ‘
o e
£
%DL Linear Amplifier ‘ ‘

- Psat
I e G
2
S 10 | |
@ | . Limiting
§ 25 Pout (dBm) ‘ ‘ Amplifier
| |
-5 w |
-25 -20 -15 10 5 0 5 10

Input Power (dBm)

Figure 1-1: Output power vs. input power of a typical amplifier



High gain can be achieved by cascading a number of gain stages. Cascaded gain

stages may be of thin film transistor gain modules [2] or MMIC amplifiers [3].

Operating frequency range of a microwave limiting amplifier may be as wide as an
octave band such as 2 to 4 GHz or multi-octave band such as 2 to 18 GHz. Small
signal gain flatness and output power flatness inside the operating frequency range
are the two important parameters especially for multi-octave band limiting

amplifiers.

A high-gain microwave amplifier can serve as a limiting amplifier. Besides, limiting
amplifier can be composed of a high-gain microwave amplifier at the input and a
limiter at the output stage as shown in Figure 1-2. In this structure, amplifier
provides the sufficient gain for the weakest input signal and limiter provides constant

output power.

RFin RFout

D— >— <

Ampﬁfier Limiter

Figure 1-2: Limiting amplifier composed of high-gain amplifier and limiter

Diode limiters are the commonly used limiter types used in limiting amplifiers. The
structure of a two-diode limiter is illustrated in Figure 1-3. The two diodes separated
by a length of transmission line are connected in reverse directions. When the input
signal exceeds a certain threshold level, the positive side of the input signal is clipped
by one diode and the negative side is clipped by the other diode. Therefore, the input

signal level is limited at the output of limiter.



RFin [ RFout

Figure 1-3: Schematic diagram of a two-diode limiter [4]

Another way of designing limiting amplifier is using alternating limiter and amplifier

stages as shown in Figure 1-4.

RFin ‘ RFout
— % e % 7% e % 7>—<
Limiter Amplifier ) )

Stage

Figure 1-4: Limiting amplifier block diagram utilizing limiter/amplifier pairs [5]

The advantage of using limiters between the amplifier stages is to restrict signal
levels at the input of amplifier stages such that the amplifier stages work in linear
region inside the operating input dynamic range. Therefore, second harmonic levels
at the output are reduced significantly even the amplifier stages are driven into deep

saturation.



1.2. Instantaneous Frequency Measurement (IFM) System

The realization of an IFM receiver dates back to 1948 [6]. An IFM system measures
the frequency of incoming signal by using a known delay line [7]. Digital IFM
receiver known as Digital Frequency Discriminator (DFD) provides digital output of
RF input signal frequency [8]. A typical IFM system is an integrated
microwave/video assembly as shown in Figure 1-5. Digital I[FM system owns an

extra digital assembly to encode frequency information digitally.

ANTENNA
[+'4 SIN
| i PHASE VIDEO
| 5 DETECTOR CONVERSION [ > FREQ
% O cos
LIMITING DELAY
AMPLIFIER LINE

Figure 1-5: Block diagram of an IFM system

The functions of the five basic components illustrated in Figure 1-5 are listed below;

e Limiting Amplifier is capable of receiving a wide dynamic range of input
signals and providing a constant power level at the output. Therefore, the
capability of the IFM system to work with weak RF signals is improved by
the high gain of limiting amplifier [9]. The minimum signal level to be
detected in an IFM system is limited by the small signal gain of limiting
amplifier. Therefore, the output of limiting amplifier should saturate when the

minimum signal is applied to the input.

The basic operating principle of an IFM system is explained assuming the
input signal is a pure sinusoid. However, limiting amplifier is a nonlinear
device; therefore, the harmonics at the output of limiting amplifier should be

kept as low as possible for proper operation of the IFM system.



When simultaneous signals are available at the input of limiting amplifier,
intermodulation products are generated. Since, IFM receiver detects one
signal at a time, the performance of IFM receiver is not disturbed by the
generated intermodulation products. However, limiting amplifier cannot be

used at the input of any receiver other than IFM.

Splitter divides the output of limiting amplifier into two paths. For ultra-
broadband IFM receivers, multi-section power dividers are required. In order

to cover 10:1 frequency range, 7-section stepped power divider is sufficient

[11].

Delay line gives a phase shift to the signal in one of the two paths of splitter
output. Delay line determines the frequency resolution of IFM system.
Broadband IFM systems require more than one delay line in order to resolve
the ambiguities during frequency measurement. The phase difference
between the delayed and undelayed path is related to frequency and group

delay as given in the following formula.
0=wr (1.1)

Phase detector produces two video voltages from delayed and undelayed
signals. The two video voltages related to frequency are sin(mt) and cos(wr).

Phase detector can be designed by using hybrid couplers and mixers [9].

Video converter extracts frequency information from the two video voltages

as follows.

f=tan"' (M] =T (1.2)
cos(6)



1.3. Properties of Microwave Limiting Amplifiers

Since, the main application area of microwave limiting amplifier is IFM receiver, the
specifications of limiting amplifier are usually dictated by the requirements of IFM

receiver. Common properties of microwave limiting amplifiers are as follows.

1.3.1.  Small Signal Gain

Small signal gain of a limiting amplifier depends on the minimum input signal level
to be limited and the output power level. The input signal level that puts limiting
amplifier into 1 dB compression point should be selected as 3 or 5 dB below the
minimum input level in order to ensure that limiting amplifier is well saturated over

the whole input dynamic range [1].

Small signal gain flatness of limiting amplifier is also an important parameter to be

considered which is defined as shown in Figure 1-6.

a
|
Max. Gain |-

Min. Gain Kl

F Low Operating F High

\ GAIN FLATNESS = = (Max. Gain - Min. Gain)
2

Figure 1-6: Definition of gain flatness

Gain flatness of a limiting amplifier is important for simultaneous signal
performance of the IFM receiver. The relative levels of simultaneous signals in
different parts of the frequency band may lead to uncertainty in frequency
measurement priorities of the signals. Even the amplitude separation of two signals
of different frequencies is sufficiently large at the input of limiting amplifier, the

weak signal may reach the same level with the strong signal at the output if the



limiting amplifier exhibits poor gain flatness. Hence, the probability that IFM
receiver to report the frequency of weak signal rather than that of strong signal

increases.

1.3.2. Output Power Flatness

Output power flatness of the limiting amplifier describes the deviation of output
power level with respect to frequency. As shown in Figure 1-5, there are both
microwave and video components at the output of limiting amplifier. In order not to
lower the sensitivity of these components over the frequency band, the output power

of limiting amplifier should be kept as flat as possible.

1.3.3.  Output Harmonics

Since limiting amplifier is a nonlinear device, harmonic components are present at
the output of the limiting amplifier. If the limiting amplifier is multi-octave, the
harmonics will fall inside the operating band that degrades the performance of IFM
receiver. The harmonic performance of a typical limiting amplifier is given in Figure

1-7.
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Figure 1-7: Harmonic performance of a typical limiting amplifier



Most of the time, harmonics other than 2" and 3™ degree are ignored. Harmonic
levels are expressed relative to the fundamental tone as “dBc”. Typical maximum
levels for the 2™ and 3™ order harmonics are -15 dBc and -9 dBc respectively. In
order to obtain much lower 2" harmonic level, amplifier/limiter pairs as shown in

Figure 1-4 may be used.

1.3.4. Small Signal Suppression

A typical limiting amplifier response can be approximated by the following formula
[9].

VO :gtan’lﬂ._Vf (13)
T (04

where a is a constant related to the limiting power level and V; and V, are the input

and output voltages, respectively.

When two simultaneous signals are present at the input of the limiting amplifier, the
weak signal is suppressed more than the strong one. In other words, the difference
between the power levels of two signals is increased at the output of limiting
amplifier. The fact that strong signal depresses the weak signal can easily be

observed by simulating a typical limiting amplifier.
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Figure 1-8: Simulated small signal suppression of a typical limiting amplifier (a)

Input signal spectrum, (b) Output signal spectrum



For example, if two signals with 3 dB separation are applied to the input of a limiting
amplifier as shown in Figure 1-8, the difference between power levels of these two
signals will be approximately 6 dB, greater than 3 dB, at the output. Then, the
amount of suppression is said to be equal to 3 dB for this case. As the separation
between input signal levels is increased, the amount of suppression at the output of
limiting amplifier will also increase. Jones, et. al, showed that maximum small signal
suppression for an ideal limiter is 6 dB for large input signal separation and 4 dB for

3 dB input signal separation [10].

1.4. Research Objectives and Outline of the Thesis

The main objective of this thesis is to develop a method of cascading different types
of single stage amplifiers to minimize small signal gain flatness over a wide
frequency range. Then, this method is applied to the design and fabrication of a

2-18 GHz limiting amplifier module with minimum 80 dB small signal gain.

The following capabilities are acquired on the way of designing the limiting

amplifier with aimed specifications.

o Small signal modeling of a die transistor: A die transistor is chosen,
measured and modeled at different biasing conditions. Hence, by using the
created model rather than the measured results of the transistor in amplifier
simulations, the fabricated amplifier response can be predicted much more
accurately. Furthermore, the comparison of small signal model parameters
according to different biasing conditions enables the optimum selection of

transistor biasing for different amplifier types.

o Analysis of different broadband amplification methods: Negative feedback
and distributed amplification methods are analyzed and evaluated for limiting
amplifier design. Then, single stage amplifiers designed by applying each

method are simulated, fabricated and measured individually.

10



o Designing a multistage amplifier by applying different broadband
amplification methods: Different types of designed single stage broadband
amplifiers are cascaded to obtain higher gains. Some characteristics of
multistage amplifier; such as gain flatness and return loss, are shown to be
improved by cascading different types of single stage amplifiers in different
orders. The optimized multistage amplifiers are also cascaded for a much

higher gain limiting amplifier.

o Fabricating a broadband hybrid amplifier: The designed amplifiers are
fabricated in hybrid form. Thin film circuits are integrated with discrete
components such as transistor dies and chip capacitors by bondwire
connections. It is shown that a broadband microwave amplifier can be
fabricated in hybrid form by modeling discrete components and interconnects

accurately.

o Tuning and improving the performance of the fabricated amplifier: The
reasons for the variations between the performance of the fabricated
amplifiers and that of the simulated amplifiers are investigated. Then,
possible countermeasures against these variations are investigated in
simulation environment. Finally, the performance of the fabricated amplifier
is improved either by the tuning elements in thin film circuits or by changing

the length of interconnects.

This thesis outlines the planning, design, simulation, fabrication and measurements

of the limiting amplifier module with aimed specifications in six chapters as follows.
In Chapter 2, various transistor types used at microwave frequencies are described

and compared. Different approaches for extracting small signal model of microwave

FETs are also explained.

11



In Chapter 3, common broadband amplification methods are investigated. Moreover,
circuit models and some design equations related to distributed and feedback

amplifiers are given.

In Chapter 4, design process of a 2-18 GHz limiting amplifier is presented. First, the
small signal modeling of the transistor to be used for limiting amplifier design is
described. Then, the design steps of negative feedback amplifier and 2-stage
distributed amplifier are explained. Finally, different cascade connections of three

stages of designed amplifiers are simulated for minimum small signal gain ripple.

In Chapter 5, fabrication of the designed single stage and 3-stage cascaded amplifiers
are presented. Then, the fabrication of a 10-stage limiting amplifier including two 3-
stage and one 4-stage amplifiers in cascade is described. Moreover, the measured

results of the realized amplifiers are compared with the results of EM simulations.

In Chapter 6, the thesis is concluded with a discussion of future works related to the

subject.

12



CHAPTER 2

MICROWAVE TRANSISTORS

2.1. Transistor Types

In early years, klystrons, vacuum tubes, tunnel and varactor diodes were used in
microwave amplifier design [12]. After the invention of silicon transistor, the use of
transistors in microwave amplifiers has been a major research area over years. The
invention of high performance semiconductors and the progress in material
production technology offer development of transistors to be used at microwave
frequencies. At microwave frequencies, most of the transistors are field-effect type
(FET). The two common microwave FET’s are metal semiconductor field effect

transistor (MESFET) and high electron mobility transistor (HEMT)

2.1.1. MESFET

The MESFET was first suggested by Mead in 1966 [13]. Hooper and Lehrer showed
the use of GaAs MESFET at microwave frequencies in 1967 [13]. The physical
structure of MESFET is illustrated in Figure 2-1.

Ohmic contact

Gate
Source Drain
7
¥ =
n*GaAs n GaAs n*GaAs

Semi-insulating GaAs substrate

Figure 2-1: Physical structure of MESFET [14]
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Gate contact of MESFET is formed by metal-semiconductor (Schottky barrier)
contact. Due to the built-in potential difference between metal and semiconductor,
depletion region is formed underneath the gate. Therefore, MESFET is a depletion
type field effect transistor and threshold voltage (V) is negative. In order to create a
conducting channel between drain and source, a negative gate-source voltage greater

than threshold voltage (Vgs>Vr) should be applied.

Drain and source contacts of MESFET are ohmic contacts. Mostly, the source
terminal of MESFET is connected to ground. A nonzero voltage applied to drain
terminal (Vp>0) enables the drain current to flow. Above a sufficient drain voltage,
drain current is saturated at Ipg: value. MESFETs are mostly operated in this
constant drain current (saturation) region. The saturation current is independent of
drain voltage and depends on applied gate voltage. As the gate voltage becomes

more negative, the saturation current Ipgat starts to decrease.

2.1.2. HEMT

High electron mobility transistor (HEMT) offers superior RF performance compared
to MESFET. HEMT’s acquire lower noise figure, higher transconductance and
higher frequency operation compared to MESFET’s. The first HEMT was realized
by Mimura et al. in 1980 [1]. The physical structure of HEMT is illustrated in Figure
2-2.

Ohmic contact

Gate
Source Drain
> A -3
n* GaAs n* AlGaAs n* GaAs
Undoped AlGaAs spacer

2-dimensional
Undoped GaAs buffer “electron gas

Semi-insulating GaAs substrate

Figure 2-2: Physical structure of HEMT [14]
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The structure of the HEMT is a layered structure with materials different from the
MESFET structure shown in Figure 2-1. There is an AlGaAs layer on top of the
GaAs layer. Due to this AlGaAs/GaAs heterojunction, HEMT is also named as
heterojunction field effect transistor (HFET). AlGaAs material has higher energy
bandgap compared to GaAs material. Due to this difference in energy band gaps,
band-bending occurs in heterojunction interface as shown in Figure 2-3. Hence, a
large population of electrons resides on heterojunction and forms two-dimensional

electron gas.

Schottky nAIGaAs: :UndopedGaAs
gate L
(| Undoped
I/AIGaAsspacer
[

E,

C

0 Er
EV
2-dimensional
electron gas

Figure 2-3: Energy band diagram of HEMT [14]

AlGaAs layer under the gate is doped; whereas, GaAs layer is undoped. Therefore,
electrons from the donor AlGaAs atoms move to undoped GaAs layer with low
energy level and current conduction occurs in the GaAs layer. Since, donors and
electrons are at different layers, the collision between the two is minimized; hence,
the velocity of electrons is increased. This is the reason why HEMT’s offer higher

frequency operation than MESFET’s.

Different variations of HEMT have been realized over years. Pseudomorphic HEMT
(pHEMT) whose physical structure is shown in Figure 2-4 is one of the variants of
HEMT. InGaAs material is used between undoped GaAs and doped AlGaAs
materials. Since the energy bandgap of InGaAs is lower than both GaAs and
AlGaAs, the electrons have much higher velocities. Therefore, the RF performance

of pHEMT is superior compared to HEMT and GaAs MESFET.
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Figure 2-4: Physical structure of pHEMT [14]

2.2. Small Signal Modeling of Microwave FET’s

Accurate modeling of transistor is important for amplifier design. Several methods
have been proposed for determining small-signal equivalent circuit of FET at
microwave frequencies [15]-[17]. The small-signal equivalent circuit elements were
first determined for MESFET. However, the same equivalent model is used for
HEMT due to structural similarities between MESFET and HEMT. A small-signal
equivalent circuit of a field-effect transistor is comprised of 15 wvariables as

illustrated in Figure 2-5.

GATE Lg Ryg Cgd Rd Ld DRAIN
D— T | SL
Vgs  Cgs
Cpg ) 1d D ~Cds < Rds — Cpd
Ri

Ls

SOURCE

Figure 2-5: Small signal equivalent circuit of field effect transistor
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Accurate broadband S-parameter measurement of FET is required to extract
equivalent circuit’s element values. Equivalent circuit of FET consists of elements
independent of biasing conditions (extrinsic elements) and elements depending on
biasing conditions (intrinsic elements). Extrinsic elements are Ly, Ry, Cpg, Ld, Ra, Cpd,
Ls and Rs. Intrinsic elements are Cgs, Cgq, Ri, Cys, Rys and a voltage-controlled current

source which depends on g, and t parameters .

2.2.1. Determination of Extrinsic Elements

Dambrine [15] used S-parameter measurements at zero drain-source (V4s=0) voltage
and gate-source voltage greater than pinch-off voltage (V>V,) for determination of
parasitic inductances (Lg, L4, Ls). Moreover, package capacitances (Cpg, Cpa) are
determined for V4=0 and V<V, biasing condition and parasitic resistances are
extracted by using dc measurements in Dambrine’s paper [15]. Yanagawa showed
that parasitic resistances and inductances can be extracted from S-parameters of
pinched-off FET at zero drain-source voltage [17]. GaAs FET biased at V4=0 is

named as “cold FET” and equivalent circuit of pinched-off cold FET is illustrated in

Figure 2-6.
GATE Lg Rg Ca Ch Rd Ld DRAIN
T | T
Cc
Cpg Rs ~ Cpd
Ls
7 SOU:RCE

Figure 2-6: Equivalent circuit of pinched-off cold FET [17]
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For GaAs FETs with negligibly small pad capacitances, neglecting C,, and C,q from
equivalent circuit in Figure 2-6 does not cause too much error. Then, parasitic
resistances (Rg, Ry, Rs) and parasitic inductances (Lg, Lg, L) can be analytically

extracted from Z-parameters of pinched-off cold FET as,

R, = Re(Z,,-Z,) (2.1)
R,=Re(Z,,-7,) (2.2)
R, =Re(Z,)) (2.3)
wlm(Z,)=o*(L,+L,) L (2.4)
Cab
olm(Z,,)=w’*(L,+L,) L (2.5)
‘ Cbc
olm(Z,)=o’L, L (2.6)
Cb
c, =Cc'+c, (2.7)
¢ '=c+C (2.8)

Parasitic inductances (Lg, L4, Ls) can be obtained from the slopes of straight lines
formed by oIm(Z,,), ®Im(Z»,) and oIm(Z;,) against . Package capacitances (Cpes
Cpa) can be estimated from geometrical bond-pad capacitances. Moreover, by using
pinched-off cold model of FET, parasitic resistances and parasitic inductances have
negligible effect on imaginary part of Y-parameters at low frequencies. Then, C,,

and C,q can be calculated up to a few gigahertz as [15],

Im(Y;,) +Im(Y,,) = joC,, (2.10)

Cpg and C,q can be estimated from the slopes of (2.9) and (2.10) against w.
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2.2.2. Determination of Intrinsic Elements

The S-parameter measurement of FET at operating bias point is required for
determination of intrinsic elements. The analytically extracted extrinsic elements can
be de-embedded from two-port S-parameter measurement according to the
equivalent circuit of FET in Fig. 4. After de-embedding extrinsic elements, the
equivalent circuit becomes as in Fig. 7. Since, the FET is biased at operating point, it
is called as hot FET as in Figure 2-7. The modeling of FET at operating bias point is

also cold as “hot modeling”.

GATE Cyd DRAIN

Vgs  Cgs

- Cdc 1
N Id@) " Cds < Rds

Id = nggseiij

SOURCE

Figure 2-7: Equivalent circuit of hot FET [17]

The equivalent circuit of hot FET in Figure 2-7 includes eight elements contrary to
seven-element model in Figure 2-5. Eight-element model has an additional element,
Cq4c, Which represents the effect of drain-to-channel feedback capacitance. The
intrinsic parameters of the FET can be calculated from the following formulas by
using Y-parameters of the FET which can be obtained by the transformation of

measured S-parameters to Y-parameters.
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¥, +Y,

S o 1 N 2.11
* olmY, +Y,) 10
C. Re(Y
o = “a) (2.12)
Re(Y))
2
C.
¢, --mly) @7nts (2.13)
i ® 1+ (w1,)
o Relly) (2.14)
l wcgs Irn(Yll + le)
7, =RC, (2.15)
TZ = Ri (Cgs + Cdc) (216)

1+ w7’
&=M—mﬁ%f%% 2.17)
1

r= l{_ tan” {—Im(ylz - YZI)} +tan” {—“)(Tl . ’Z)H (2.18)
g Re(Y), - 1)) I+o'nz7,
cos wT — o7, sin wt) + o', (C, +C..
G, =Re(¥,, +1,) - 2! SNOD O CLtC) g 1)
1+ (w7,)
Cds — COTZ Re(YZZ + YZI) + Im(Yzz + YZL) — a)TZGds + gm Sin T _ Cdc (220)

(0]

After intrinsic elements are obtained by using (2.11) to (2.20), the complete 16
elements constituting small signal model of FET are extracted analytically. For
higher accuracy, analytically extracted element values are taken as starting values
and the small-signal model elements are optimized by using a suitable optimization

routine.
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2.3. Figures of Merit

2.3.1. Cut-off Frequency

Cut-off frequency (fr) is a measure of high-speed capability of FET. Cut-off
frequency is the frequency at which the FET has unity current gain. When FET

parasitics are ignored, fr can be represented by the following expression [13],

g v
- m - 221
Jr 272((C, +C,) 24 @21)

Here, v is the drift velocity and L is the gate length. Hence, (2.21) relates L/v with
cut-off frequency and FET parameters (gm, Cgs and Cgq). Since, Cge>>Cqgq for most of
the FET’s, fr is proportional to g./Cgs ratio. Drift velocity (v) is the same with
saturation velocity (vy,) for short channels. Besides, vy, is specific to the material
used for FET production. Therefore, fr can be increased by either shortening the gate

length or using a material with higher v,.

A more accurate expression for cut-off frequency including the effects of FET

parasitics is given below [13],

Jr= 2 H‘j’” (2.22)
272((C,, +ng)[1+ B “J+nggm(Rd +R)+C,,

ds

2.3.2. Maximum Frequency of Oscillation

Another figure of merit for high frequency performance of FET is the maximum
frequency of oscillation (f,,,y). The maximum available gain (MAG) of the FET can
be approximated as [14],
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MAG = (ﬁj ! (2.23)

f ) 4R/R, +47y'Tng (R+ Rg +7f,L,)
where
_ _ 8
R=R,+R +R +#f L and f; = > aC (2.24)

gs
As can be seen from (2.23), MAG is inversely proportional to /. Therefore, MAG

decreases by 6 dB/octave over frequency. Maximum frequency of oscillation (f,,) is

defined as the frequency at which MAG drops to unity as given by [14],

fmax = fT [4R / Rds + 47#‘Tcgd (R + Rg + 7g[TLs)]>l/2 (225)

Both (2.22) and (2.25) show that parasitics of FET have deteriorating effect on both
frand frgx.
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CHAPTER 3

BROADBAND AMPLIFICATION METHODS

Many systems such as electronic warfare and optical communication systems require
broadband amplifiers [18]. The three commonly used techniques to realize
broadband amplifiers are reactive/lossy matching, travelling-wave (distributed) and

parallel feedback approaches.

3.1. Reactively/Lossy Matched Amplifiers

As mentioned in Chapter-2, maximum available gain of a FET rolls of 6 dB/octave
over frequency. This 6 dB/octave gain roll-off can be compensated by input and
output matching networks. The schematic of a reactively/lossy matched amplifier is

shown in Figure 3-1.

ouTPUT
| |
| <]
Output Matching
Circuit

INPUT
— o

Input Matching

Circuit

Figure 3-1: Schematic of a reactively/lossy matched amplifier [18]
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The gain responses of matching networks should present a positive roll-of in order to
equalize the gain response of the FET. The type of matching network used for
amplifier determines whether the amplifier is reactively matched or lossy matched.

Some commonly used gain equalizing networks are illustrated in Figure 3-2.

()

(i) (i (i) i) ()

Figure 3-2: Gain equalizing networks [14]

3.2. Distributed Amplifiers

Distributed amplification is the most widely used broadband amplification method in
the literature. The concept of distributed amplification was first suggested by
William S. Percival in 1936 [19]. However, a significant improvement to Percival’s
idea was made by the paper of Edward L. Ginzton in 1948 [20]. The distributed
amplifier term was first mentioned in Ginzton’s paper by using vacuum tubes. After
transistors took the place of vacuum tubes at microwave frequencies, analysis of
distributed amplifiers using discrete FET’s became popular. A common approach for
designing distributed amplifier is to absorb FET parasitics into input and output
transmisson lines. A schematic representation of four stage distributed amplifier is

shown in Figure 3-3.
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Ld/2 Ld Ld Ld 7 Y —
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Lg/= Lg Lg Lg Lg/=

Figure 3-3: Schematic of four stage distributed amplifier [21]

Simplified schematic diagrams of input and output transmission lines of four-stage
distributed amplifier are illustrated in Figure 3-4. Input transmission line formed by
the gate parasitics of the FET and lumped inductors is referred to as gate line.
Similarly, output transmission line formed by the drain parasitics of the FET and
lumped inductors is referred to as drain line. Gate and drain lines are coupled to each

other by the transconductance, g,,, of the FET.

INPUT Lg/= Lg Lg Lg Lg/2
D—0 0 SR ALk SRR SR
Ri Ri Ri Ri
+ + + + 24
Vo Cgs Vo2 Cgs Va3 Cgs Vo Cgs
(a)

Ld Ld/2 OUTPUT

Ld/2 Ld Ld
Zd gmVg Rds Cds mVg Rds Cds gmVs Rds Cds gmVod Rds Cds
(b)

Figure 3-4: Equivalent schematics of (a) gate line, (b) drain line
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Neglecting gate and drain line losses, the overall gain of an n-stage distributed
amplifier can be written as [21];

2 2 2
G;% (3.1)

This expression shows that the gain of distributed amplifier is proportional to 77,
whereas, the gain of cascaded amplifier increases by g,". Therefore, the gain of
distributed amplifier is smaller than cascaded amplifier assuming the same number of
stages is used. Another characteristic of distributed amplifier is that due to gate and
drain line losses, gain cannot be increased indefinitely by increasing the number of
active devices, n. Above a specific number of active devices, attenuation of gate and
drain lines become dominant and gain of the amplifier begins to decrease. Therefore,
there is an optimum number of active devices that maximizes the gain at a specific

frequency as [22];

In(A,/ A
o = d, 4y (3.2)
A4, -4,
where 4, and A, are expressions for attenuations on gate and drain lines [22].
The characteristic impedances of gate and drain lines are given by
Lg
ZOg = C—gq (33)
L
7 = |Z=d 34
=y, (3.4)
Similarly the cut-off frequencies of gate and drain lines are [22]
@ = 2 (3.5)
LC,
0, =2 (3.6)
LdCds



The following conditions should apply for distributed amplifiers to operate properly
[23];
Z,,=2,, =2, (3.7)

(3.8)

These conditions require L,=Lys and Cg=Cys. Since Cgy > Cy, for GaAs FET’s, gate
and drain capacitances can be equalized by adding extra shunt capacitance (C,) to

drain terminal of the FET as in Figure 3-5 [23]. Then,

C,=C,+C, (3.9)

The disadvantage of adding shunt capacitance to drain terminal is that the cut-off
frequency of drain line is decreased. Another method of equalizing gate and drain
capacitances without lowering the cut-off frequency of drain line is to add series

capacitance to gate terminal of the FET as in Figure 3-6.

c,.C
C,=—>—"— (3.10)
C,+C,

By following this technique, the cut-off frequency of gate line is increased such that
the bandwidth of the amplifier is extended. However, the voltage swing accross the

gate terminal of the FET is reduced as in the following relation;

C,=——= 3.11
S cyc ¢ 31D

The reduction in voltage swing leads the overall gain of the amplifier to drop.
However, this also increases the power handling capacity of the transistor. Therefore,
this method is mostly used for high power amplifiers rather than high gain

amplifiers.

27



L/2 L L L L/2  ourpur

Figure 3-5: Schematic of four stage distributed amplifier with extra shunt drain

capacitance (Cp) [24]
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Figure 3-6: Schematic of four stage distributed amplifier with extra series gate

capacitance (Cs) [24]

3.3. Negative Feedback Amplifiers

Another widely used broadband amplification method is negative feedback
amplification. The negative term is due to the 180 degrees phase difference between
input and output for a FET type transistor. The schematic diagram of the basic

feedback amplifier is shown in Figure 3-7
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Figure 3-7: Schematic of negative feedback amplifier [25]

The gain of a FET has 6 dB/octave slope with frequency as in Figure 3-8. Feedback
resistor, Rp, 1s responsible from the reduction of gain to desired gain level, Gpgs, at fi
frequency. The gain at the upper frequency f, should be kept constant at Gpgs in
order to obtain a flat gain characteristic between f; and f, frequencies. This is
achieved thanks to feedback inductance, Lg, since it presents high impedance at f,
frequency, such that feedback from output to input is highly reduced at this
frequency. The effect of drain inductance, Ly, is to extend the upper frequency band
from f; to f3 frequency by compensating the parasitic drain capacitance of the FET
such that output matching of the FET is improved. Another beneficial effect of L4 is
to increase the gain at f; frequency; then, by appropriate choice of Rp, the gain

between f and f; frequencies can be drawn to a higher level.

. F 3
Gain

Gpes |-

y

fa i Freq.

Figure 3-8: Open loop gain of a FET and the effect of negative feedback [26]
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The analysis of feedback amplifier at high frequencies is difficult, because of the
complexity of transistor model. Low-frequency analysis of feedback amplifier is
much simpler and enables the selection of Ry, for optimum matching condition. The

low-frequency model of feedback amplifier is illustrated in Figure 3-9.

INPUT R b OUTPUT
> <
+ +
Vin gmVin @D Rds Vout
. - -

Figure 3-9: Low-frequency model of feedback amplifier [25]

Niclas, et. al, showed that the ideal matching condition (S;;=S;,=0) is only satisfied

when 1/R4=0. Then, the value of Ry, for ideal matching is found as;
R, :gm202 (3.12)

For this feedback resistor value, the S parameters become;

S,=S8,,=0 (3.13)
I (3.14)

? ngO +1 .
Sy =—(g,Z, -1 (3.15)

30



CHAPTER 4

BROADBAND LIMITING AMPLIFIER DESIGN

In this work, a medium power limiting amplifier working across 2-18 GHz frequency
range is aimed to be designed and fabricated. First, a 3-stage limiting amplifier with
nearly 27 dB gain is designed and optimized for minimum small signal gain flatness.
Then, a 10-stage limiting amplifier with nearly 80 dB gain is designed by cascading
3-stage designs. 10-stage limiting amplifier design includes an analog voltage
controlled attenuator for temperature compensation. Moreover, both 3-stage and 10-

stage limiting amplifiers can be biased from a single +12 V biasing voltage.

The selection of a suitable microwave transistor is the starting point of the limiting
amplifier design. Output power, gain and cut-off frequency are the three major
parameters when determining the transistor. Then, the chosen transistor is measured

and modeled at different biasing conditions.

Since the designed limiting amplifier should operate satisfactorily across the ultra-
wideband frequency range (2-18 GHz), both distributed amplification and negative
feedback amplification methods are applied during the limiting amplifier design.
First, single stage distributed and negative feedback amplifiers are designed
individually. Then, in order to obtain desired 27 dB small signal gain, three single

stage amplifiers are cascaded.

The designed single stage amplifiers are self-biased amplifiers; such that, a single

biasing voltage is enough for the operation of cascaded amplifier.
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The amplifier simulations and transistor modeling are carried out using Microwave
™ . . . . . . .
Office . Besides, the simulations of transistor interconnects are carried out using

Ansoft HFSS™ 3D simulation package.

4.1. Transistor Selection and Modeling:

4.1.1. Transistor Selection:

As explained in Chapter-2, pHEMT type transistors have superior RF performance as
compared to MESFET and HEMT. Therefore, REFMD-FPD200 pHEMT die is
chosen for limiting amplifier design. FPD200 is an AlGaAs/InGaAs pHEMT
featuring 0.25umx200um schottky barrier gate [27]. The cut-off frequency of
FPD200 can be calculated by using the formula,

v
fr_ﬁ 4.1)

where v=1x10" cm/s for InGaAs material and L=0.25 um for FPD200. Then, cut-off
frequency (fr) can be calculated as 63.66 GHz.

The features of FPD200 are summarized in Table 4-1.

Table 4-1: Features of FPD200

Output P4 19 dBm

Power Gain at 1dB (G4g) 13dB @ 12 GHz

Maximum Stable Gain (S;;/S12) | 17 dB @ 12 GHz, 12 dB @ 18 GHz
Noise Figure 1.2dB

Power Added Efficiency (PAE) | 45%

The large-signal model of FPD200 is supplied by the manufacturer. However, for

small-signal design this is not sufficient; since, large signal model does not fit small
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signal model at all bias points. Therefore, using large-signal model for small-signal
amplifier design is not the appropriate choice. Some S-parameter measurements of
FPD200 are also available. However, the supplied S-parameters are measured at
limited number of bias points. Besides, the effects of transistor interconnects are not
possible to be extracted from S-parameter measurements. Hence, the small-signal
modeling of FPD200 is very important for the aim of designing a limiting amplifier

with desirable small-signal gain flatness.

4.1.2.  Small Signal Modeling of FPD200

Accurate broadband S-parameter measurement of FPD200 is required for accurate
extraction of small-signal model elements. The calibration of network analyzer plays
an important role on accurate S-parameter measurements. Different calibration
standards are used for network analyzer calibration. Short, open, load and through
(SOLT) standards are one of the commonly used calibration standards especially for

coaxial medium. The description of SOLT standards is illustrated in Figure 4-1.

Short Open_
1 120 110
! ]
: o, B Lshon : o, copen
: 1
Reference Reference
plane plane
Load Thru
b 1
| op R ; 120 ap :
1 I 1
. 1 I
Reference . '
plane Port 1 Port 2
reference reference
plane plane

Figure 4-1: SOLT calibration standards [28]
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As can be seen from Figure 4-1, SOLT standards use nonzero length transmission
lines. Therefore, these nonzero length transmission lines lead to calibration errors

especially at high frequencies.

Due to high frequency errors of SOLT calibration method, thru, reflect and line
(TRL) standards have become popular. TRL calibration is also more suitable to
microstrip environment than SOLT calibration. Besides, the characterization of
reflect standard (open or short), which is another limitation of SOLT -calibration, is
not required in TRL calibration. Moreover, either zero-length or nonzero-length thru
standard may be used. The length of line standard is determined such that insertion
phase of line standard is between acceptable limits inside the calibration frequency
range. The recommended insertion phase interval of line standard is between 20 and
160 degrees; therefore, only 8:1 frequency range can be covered with a single line
standard [29]. In order to cover frequency span greater than 8:1, multiple lines must
be used. TRL also requires specially built split-block test fixture as shown in Figure
4-2. The fixture given in the following figure provides connection interface
repeatability; hence, the measurements of all calibration standards can be made with

the same connection interface.

Figure 4-2: Split-block fixture for TRL calibration [29]
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Another common method for measuring S-parameters of a transistor is using an on-
wafer test setup. RF probes are connected to microstrip lines via coplanar-waveguide
(CPW) interface. The effect of RF probes and interconnecting lines can be removed
by high-precision CPW-microstrip adapters and calibration kits [30]. Therefore, the
reference plane for S-parameter measurement can be transferred to the contact point
of the transistor.

The picture of FPD200 die with input and output CPW-microstrip adaptors is shown
in Figure 4-3. Ground-signal-ground (GSG) type RF probes are used for S-parameter
measurements in the probe-station. Gate and drain supply voltages of FPD200 are
applied by using broadband bias-tees at both input and output. The effects of bias-
tees are also included in the calibration. The effects of CPW-microstrip adaptors are
removed by a special calibration substrate, such that, S-parameters of FPD200 die
are measured just at the contact points of gate and drain bondwires. Therefore, the

measurements only include transistor parasitics.

Figure 4-3: Picture of FPD200 chip with CPW-microstrip adapters

Small signal S-parameters of FPD200 are measured at different gate and drain supply
voltages in 2-18 GHz frequency range. Moreover, pinched-off S-parameters are
measured in order to determine parasitic elements analytically. After S-parameter
measurements, the small signal model elements are extracted analytically as

explained in Chapter-2. The extracted element values are taken as starting values and
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optimized for higher accuracy. During optimization, higher weights are given to
phases of S-parameters. The obtained small signal model elements of FPD200 before
and after optimization for Vy=-0.45V, V=3V and I4=32mA biasing conditions are

given in Table 4-2.

Table 4-2: Small-signal model element values of FPD200 before and after

optimization
Element Before After Unit
Optimization Optimization
Rg 2.5 2.8 ohm
Rd 3.5 4 ohm
Rs 3 3 ohm
Lg 0.16 0.16 nH
Ld 0.17 0.15 nH
Ls 0.035 0.037 nH
Cpg 0.06 0.06 pF
Cpd 0.06 0.06 pF
Cgs 0.38 0.37 pF
Cgd 0.018 0.017 pF
Cds 0.045 0.042 pF
Cdc 0.01 0 pF
Ri 3.5 2 ohm
Rds 280 280 ohm
gm 104 106 mS
tau 0.4 0.6 psec

It can be seen from Table 4-2 that no significant difference exists between
analytically extracted and optimized small signal model elements. Hence, analytical
extraction method is proven to be used conveniently for small signal modeling of

pHEMT type transistors.
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The comparison of S-parameters of modeled and measured FPD200 in 2-18 GHz

frequency range is shown in Figure 4-4.

S22 MODEL vs. MEASUREMENT
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(
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4: Comparison of small-signal model and measured S-parameters, (a) Sii,

Figure 4

(C) Szl, (d) Slz

(b) S2o,

The created small signal model of FPD200 fits quite good to measurements over 2-

18 GHz frequency range as Figure 4-4 depicts.
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4.1.3. Large Signal Model of FPD200

Large signal model of a transistor is required for performing nonlinear simulations.
Since large signal modeling of a transistor is much more complicated and time
consuming task as compared to small signal modeling, the supplied large signal
model of FPD200 is used for simulating nonlinear properties of the designed

amplifiers.

TOM?2 and TOM3 models of FPD200 are supplied by RFMD company. TOM which
stands for Triquint’s Own Model is a nonlinear MESFET model developed by
Triquint Inc. [31]. TOM3 model is superior than TOM2 model due to its advanced
charge model [32]. Moreover, most simulators include TOM3 model rather than

TOM2 model.

Extracted parasitic components of FPD200 are combined with the supplied TOM3

model for higher accuracy as illustrated in Figure 4-5.

Rd Ld BIASTEE DRAIN
SRR N
GATE vt Lg Rg 'J il
D 1N x;g L rm\ L FPD200
TOM3
~_ Cpd C Vds

Vgs C ~_ Cpg Rs
= = Ls
SOURCE

Figure 4-5: The combination of TOM3 model of FPD200 with the modeled gate,

drain and source parasitics
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The IV characteristics and output power characteristics of FPD200 are simulated as

shown in Figure 4-6 and Figure 4-7 respectively.
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Figure 4-6: Simulated IV curves of FPD200
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Figure 4-7: Simulated output power of FPD200 @10 GHz
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4.2. Feedback Amplifier Design

The equivalent schematic of the designed feedback amplifier is given in Figure 4-8.

Rfb ouUTPUT
AAN q
L |
1 Output Matching
Cfb reui
L ﬂ) Ld —_— Circuit
e s
INPUT Z
] 1 FET L2
[
InputMatching C1 Lg

Circuit

L. % Rb
L1 % 1 e

Figure 4-8: Equivalent schematic of the designed feedback amplifier

The schematic of the designed feedback amplifier is more detailed than the analyzed
feedback amplifier schematic in Chapter-3. As mentioned previously, Rg and Ly
constitute frequency dependent feedback loop. In order to eliminate feedback
current, a capacitor (Cg,) is added between drain terminal of the FET and feedback
loop. The amplifier is self-biased by shunt connected R and C; elements. When
current flows through drain terminal, a positive voltage occurs at the source terminal.
Since, L; pulls gate terminal to ground, a negative gate-to-source voltage is applied.
A constant biasing voltage (V) is applied through a biasing resistor (Ry) to drain
terminal of the FET; such that, drain voltage can be controlled by Ry,

The complete high frequency model of feedback amplifier is difficult to analyze due
to the complexity of FET small signal model. One of the methods followed for
feedback amplifier design is selecting feedback resistor according to low-frequency
equivalent model of FET as mentioned in Chapter-3. However, the selection of

feedback resistor by this method is not optimum considering the high-frequency
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performance of feedback amplifier. Therefore, a more systematic approach is

followed for feedback amplifier design.

4.2.1. Open Loop Gain Adjustment
The ideal negative feedback amplifier model is shown in Figure 4-9.

Input Output

B

Figure 4-9: Ideal negative feedback amplifier model

Ideally, there is 180 degrees of phase difference between input and output for a

microwave FET. However, in reality, insertion phase of a FET decreases with

increasing frequency as in Figure 4-10.

FET S21 Phase
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Figure 4-10: Insertion phase of a FET
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Closed loop gain of an ideal negative feedback amplifier is always smaller than open
loop gain. In broadband microwave feedback amplifiers, the frequency response of
feedback loop is adjusted; such that, the gain of FET decreases significantly at low
frequency end; whereas, the gain at high frequency end does not change. Therefore,

the gain of FET is equalized to high frequency gain in a wide frequency range.

The first step for microwave feedback amplifier design is to adjust open loop gain in

order to maximize the gain at high frequency end. The open loop amplifier of the

feedback amplifier shown in Figure 4-8 is given in Figure 4-11.

|

Cfb

Figure 4-11: Open loop amplifier of feedback amplifier

Open loop amplifier includes self-biasing elements (R, Cs). According to gate bias

(Vgs) and drain current (Ig) of FET, R; is selected as,

‘Vgs
R, = e 4.2)
d

C; should be selected to provide low impedance at 2 GHz, in order to provide RF
grounding for source terminal of FET. The impedance of a capacitor at 2 GHz can be
formulated as,

7958
© C(pF)

(4.3)

42



If Z. satisfies both Z.<0.1Rs and Z.<3 Q conditions, sufficient RF grounding at
2 GHz is provided [14].

Drain biasing inductor (L;) is chosen for resonance free operation inside 2-18 GHz
band. Besides, L, should provide high impedance at 2 GHz. Hence, a 4-turn 14 nH
air coil inductor is suitable for resonance free operation inside 2-18 GHz frequency

band.

High frequency open loop gain is mostly affected by source inductance (L) and
drain inductance (L4). Inductance at the source terminal of FET decreases the gain at
high frequencies. However, a small source inductance improves the stability of the
amplifier by creating series feedback. Actually, L is limited by the layout of FET
and bondwire connections. Drain inductance (L4) resonates with the drain
capacitance of FET; hence, output matching of FET is improved especially at high
frequencies. Therefore, the available gain at 18 GHz can be increased by a suitable
choice of L4. However, selecting Ly so large leads to positive feedback at high
frequencies. Then, feedback amplifier becomes prone to oscillations. Therefore, the
value of Ly is selected by looking at the insertion phase of the open loop amplifier in
Figure 4-11. As a rule of thumb, the value of Lq is increased up to insertion phase

becomes 90 degrees at the center frequency (10 GHz) as shown in Figure 4-12.

As demonstrated in Figure 4-12, when the insertion phase is 90 degrees at 10 GHz, it
is 179 degrees at 2 GHz and 42 degrees at 18 GHz. Therefore, a pure negative
feedback is obtained at 2 GHz. However, positive feedback may occur at 18 GHz.
Niclas, et al. [2] showed that positive feedback caused by L4 at high frequencies has
a beneficial effect of elevating insertion gain above that of the open loop amplifier.
Therefore, the closed loop gain at 2-18 GHz range will be equalized to the open loop
gain at 18 GHz which is 8 dB as can be seen from Figure 4-12.
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Figure 4-12: Open loop gain of the feedback amplifier for L4=0.4 nH

4.2.2.

Closed Loop Gain

After open loop gain is adjusted by L and L4 at 18 GHz, feedback components (R,

Lg) are inserted into feedback path as shown in Figure 4-13.

PORT
P=1
Z=50 Ohm

1

NET="Open Loop Amplifier"

2

R=230 Ohm

— NN

PORT
P=2
Z=50 Ohm

L=0.45 nH

Figure 4-13: Closed loop amplifier without matching

The open loop gain at 2 GHz is reduced by a suitable choice of Ry. Besides, L

should present sufficient high impedance at 18 GHz. When Ry, and Ly, are chosen as

230 © and 0.45 nH respectively, the response of closed loop amplifier becomes as

shown in Figure 4-14.

44



Closed Loop Gain without Matching
10 2 on 10
Z
M\A\ 10 GHz
y 9.07 dB rYem
8.63 dB

9 —A— 25
Wy )
Z
) P
g 2
c 8 -5 a
3 | g—B— c
(] }ﬂ S
o}
,/E//E///E =

7 B —-E.»/E"/W 12,5
6 \S\ N
2 6 10 14 18
Frequency (GHz)
-4-DB(IS(2,1))) (L) H-DB(IS(1.1)I) (R) ~<-DB(IS(2.2)]) (R)

Figure 4-14: Closed loop amplifier response without matching

Figure 4-14 shows that, output stage of closed loop amplifier does not need any
matching circuit. However, input return loss of the closed loop amplifier needs to be
improved especially at high frequencies. After input matching circuit is inserted, the
gain at high frequencies will be increased. Therefore, the unmatched closed loop gain
has a small negative slope that will be compensated after input matching circuit is
added. Besides, the closed loop gain is higher than the open loop gain at 18 GHz as
Figure 4-12 and Figure 4-14 show because of the beneficial positive feedback

occurring at 18 GHz.

4.2.3. Matching Circuit Design

The output return loss of the feedback amplifier is below -12.5 dB even without
output matching circuit as shown in Figure 4-14. However, input matching circuit
design is required for a satisfactory input return loss. Input matching circuit should
include gate inductance of FPD200, self-biasing inductance and input dc-block

capacitance. A simple single stub matching circuit is enough to bring input return
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loss below -10 dB over 2-18 GHz frequency range as illustrated in Figure 4-15 and

Figure 4-16.

MLIN
ID=TL5
W=360 um
L=570 um

MLIN
ID=TL3
W=360 um
L=480 um

SUBCKT
MTEEXS 1D=82
ID=MT2

NET="cap_model_20pF"

IND

MSUB
Er=9.8
H=381 um
T=3um
Rho=1
Tand=0.0002
ErNom=9.8
Name=SUB1

SR

D=L1
L=0.2nH

PORT
p=2
Z=50 Ohm

.

SUBCKT
ID=81

NET="Closed Loop Amplifier without Matching"

Figure 4-15: Closed loop amplifier with input matching circuit
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Figure 4-16: Closed loop amplifier response with matching

After inserting input matching circuit, high frequency gain of the feedback amplifier

is also increased; such that, the gain over 2-18 GHz frequency range becomes

approximately 9.5 dB with a ripple of 0.29 dB.

46



In Figure 4-17, the Rollet’s stability factors (K) of both open loop and closed loop
amplifiers are demonstrated. The closed loop amplifier presents unconditionally

stable operation even outside the operating frequency range.
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Figure 4-17: Stability factors of open loop and closed loop amplifiers

4.2.4. Feedback Amplifier Layout and EM Simulations

According to feedback amplifier schematic given in Figure 4-8, input and output
circuits are designed on 15 mil Alumina substrate. The layouts of input and output
circuits are created such that the performance of feedback amplifier can be tunable as
shown in Figure 4-18. Tunable bising resistors allow biasing of feedback amplifier at
different gate and drain supply voltages. Feedback resistor is also made changable in
order to compensate for the production tolerance on thin film resistors. Besides, a test

resistor is added to measure the resistance of feedback resistor after production.
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Figure 4-18: Input (a) and output (b) circuits of feedback amplifier

The assembly drawing which shows the integration of circuit elements with input
and output thin film circuits is given in Figure 4-19. The drawing includes other
versions of the created input and output thin film circuits with added CPW-
microstrip test points. Thanks to these test points, the performance of feedback
amplifier can be measured in a probe station. The input matching resistors can be
shorted by multiple bondwires or ribbons. Since, there are two matching resistors of
5 ohms and 10 ohms, it is possible to obtain 15 ohms series resistance in total. The

function of these series input resistors other than matching is improving the stability

of the amplifier. The disadvantage is the reduction in the gain of the amplifier.
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Figure 4-19: Assembly drawing of feedback amplifier with input and output test

points

The important point in simulating the performance of designed feedback amplifier is
modeling the bondwires connected to transistor chip. The height of thin film circuits
is 15 mils. However, the thicknesses of FPD200 chip and capacitors are 3 mils and 4
mils respectively. Therefore, FPD200 chip is elevated nearly 15 mils; such that, the

length of bondwire connections from FPD200 chip to input and output capacitors is

minimized.

Bondwire connections of FPD200 chip are modeled in HFSS™ in order to represent

the real situation accurately. The HFSS™ simulation setup created for feedback
bondwire stretching from gate pad of FPD200 to feedback resistor is illustrated in
Figure 4-20. The shape of bondwire is selected as the JEDEC 5-point standard.

Moreover, bondwire loop was created such that it would fit best to the real situation.
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Figure 4-20: HFSS simulation setup for feedback bondwire (L)
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Figure 4-21: Simulation result of feedback bondwire

The HFSS™ simulation of feedback bondwire deviates from an ideal inductor
characteristic as shown in Figure 4-21. A shunt capacitive effect, which is consistent
to bondwire model, can be seen from the figure. The actual model of a bondwire
inductor is not only composed of a lumped inductor but also additional shunt

capacitors and series resistor as shown in Figure 4-22 [33].
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Figure 4-22: Simple lumped element circuit model for bondwire

The bondwire model includes an ideal inductor L, in series with an ideal resistor R

due to wire inductance and loss respectively. The shunt capacitor C at the input and

output represents the capacitance between bonding pad to ground. Moreover, the

series inductors at the input and output represent the end inductances.

EM simulations of input and output microstrip lines, input matching stub and thin

film feedback resistor are carried out in Microwave Office. Then, the EM simulated

input and output circuits are integrated with the HFSS simulated gate, drain and

feedback bondwires as shown in Figure 4-23.
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Figure 4-23: Feedback amplifier circuit with input and output EM structures
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Simulation results of the feedback amplifier circuit in Figure 4-23 are obtained as
given in Figure 4-24. The predicted gain of the feedback amplifier is approximately
9 dB with 0.5 dB ripple over 2-18 GHz frequency range. Besides, input and output
return losses inside 2-18 GHz frequency range are expected to be below -10 dB as

shown in Figure 4-24
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Figure 4-24: EM simulation results of feedback amplifier

4.3. Distributed Amplifier Design

Distributed amplifiers are usually multistage in order to obtain high gains. MMIC
type multistage distributed amplifiers are widespread in literature. However,
distributed amplifiers with number of stages greater than 3, are not suitable for
hybrid MIC production. Therefore, 2-stage distributed amplifier is chosen as a

cascaded gain stage in limiting amplifier design in order to ease fabrication process.
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4.3.1. Ideal 2-Stage Distributed Amplifier

A common approach for designing distributed amplifier is equalizing gate and drain
capacitances of FET by inserting an extra shunt capacitance to drain, as mentioned in
Chapter-3. Besides, gate and drain inductances are made equal (L,=Lg) for in-phase
addition of the amplified signals from each FET. Then, the design equations of

distributed amplifier are as follows.

L
Zoy=Z0 = /C—g =500 (4.4)
gs
2
a)c = a)cd = = a)c (45)
¢ Lgcgs

By using (4.4) and (4.5), gate inductance and cut-off frequency can be expressed in

terms of Cg as follows;

L,(nH)=2.5%C, (pF) (4.6)
637
f.(GHz) = ) (4.7)

In Section 4.1.2, gate-to-source capacitance, Cys, of FPD200 is extracted as 0.37 pF
and drain-to-source capacitance, Cgs, is extracted as 0.042 pF. Therefore, a 0.33 pF
shunt capacitance should be added to drain terminals of FETs in order to equalize
gate and drain capacitances. Moreover, L, is calculated as 0.925 nH and f. is found

as 17.2 GHz for these element values.

The low-frequency gain of an n-stage distributed amplifier can also be calculated by

the following formula.

=m0 (4.8)
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Hence, the low-frequency gain of a 2-stage distributed amplifier for g,,=0.106 and
Z0=50 can be calculated as 14.49 dB.

The simulated schematic of 2-stage distributed amplifier with extra drain
capacitances is shown in Figure 4-25. The model used for FPD200 transistor in the

following schematic is the ideal FET model which includes only Cgs and Cgs.

CAP cAP

D=Cc1 ID=C2
C=CppE____ C=CppE____
IND IND IND
ID=L3 1DaL4 PORT
L=Ld/2 nH L=Ld nH L=Ld/2 nH 7250 Ohm

— 0 25k <]
Cgs=0.37

SUBCKT SUBCKT

NET-"ldeal FET] NET Hideal FET) Cds=0.042

2 Cp=Cgs-Cds

. Lg=2.5*Cgs

IND
ID=L6
L=Lg/2 nH

PORT IND
p=1 ID=L5
Z=50 Ohm L=Lg/2 nH

RES
ID=R2
R=50 Ohm

Figure 4-25: Schematic of ideal 2-stage FPD200 distributed amplifier

Simulation results of the above 2-stage distributed amplifier are illustrated in Figure
4-26. The amplifier provides nearly 14.5 dB gain at low frequencies as predicted
from (4.8). Moreover, the gain of the amplifier drops nearly 1 dB at the calculated
cut-off frequency, 17.2 GHz.

When the complete small signal model of FPD200 transistor is used in the schematic

given in Figure 4-25, the response of 2-stage distributed amplifier will be as

demonstrated in Figure 4-27.
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Figure 4-26: Simulation results of 2-stage distributed amplifier with the ideal
FPD200 model

Distributed Amplifier (Real FET)
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Figure 4-27: Simulation results of 2-stage distributed amplifier with the complete

FPD200 model
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Figure 4-26 shows that ideal FET model is not sufficient for predicting the real
amplifier response. When the complete FPD200 model is inserted in the amplifier
schematic, cut-off frequency of the amplifier is lowered as can be seen from Figure
4-27. Moreover, by inserting extra shunt capacitance to drain of FPD200, the cut-off
frequency of drain line is decreased. Therefore, 2-stage amplifier designed by
equalizing gate and drain capacitances of FPD200 is not capable of covering 2-18

GHz frequency range.

4.3.2. Modified 2-Stage Distributed Amplifier

Inserting shunt capacitance to drain terminal of FET lowers the cut-off frequency of
drain line as well as the bandwidth of distributed amplifier. One method of widening
the bandwidth of distributed amplifier is inserting series capacitor to gate terminal of
FET such that the input capacitance of FET is decreased and the cut-off frequency of
gate line is increased. However, less gain can be obtained from distributed amplifier

designed by this method.

Termination resistors are used for absorbing unwanted reflections in distributed
amplifiers. Gate termination resistor (R,) terminates the propagating input signal at
the end of transistor stages. Drain termination resistor (Rq4) terminates the reflected
signals due to mismatch at the output of distributed amplifier. Moreover, the
amplified signal by the first transistor is splitted into two paths at the drain terminal
of the first transistor. Some portion of the amplified signal is absorbed in Ry4 and the
remaining portion propagates through the drain line. Therefore, it is possible to
increase the bandwidth of distributed amplifier by reducing the power lost in Ry at
high frequencies. For this purpose, the schematic of distributed amplifier is modified
as shown in Figure 4-28. A simple LC low-pass network is inserted before R4 such
that the amplified signal by the first transistor sees a high impedance from the
termination arm at high frequencies. Hence, a larger portion of the amplified signal
by the first transistor propagates through drain line and is summed up with the

amplified signal by the second transistor at high frequencies.
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Ld=0.77  Rg=30

Ld2=1.25 Rd=65
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: S 21R T —
! \
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ID=R1 ID=C1 =S1. . ID=S2

R=Rd Ohm \ C=Cd pF NET:/F"{’?OO Mode NET="FPD200 Modelf Lg=04  Cd=0.115

\E

Figure 4-28: Schematic of the modified 2-stage distributed amplifier

After optimizing the elements given in Figure 4-28, it is possible to achieve a gain
characteristic with a perfect flatness as shown in Figure 4-29. It can also be seen

from Figure 4-28 that termination resistors are different from 50 ohms.

Modified Distributed Amplifier
9.5
9.4
@ 9 3 A A A
= —a A A
® 9.2
[©)
9.1
9
0
%’ -5 (] — -
g SO ———— = = B T
a -15 —
£ 20 o o
= /@”
x -25 /6’
-30
0 2 4 6 8 10 12 14 16 18
Frequency (GHz)
-2-DB(|S(2,1)I) =-DB(IS(1.1))) —~<-DB(S(2,2)])

Figure 4-29: Simulation results of the modified 2-stage distributed amplifier
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The modified 2-stage distributed amplifier presents unconditionally stable operation

up to 40 GHz as demonstrated in Figure 4-30.

Stability Factor (K)
21

19
17

'y /
i

2 10 18 26 34 40

Frequency (GHz) -A-K()
Modified Distributed Amplifier

- W O N © -
e

Figure 4-30: Stability factor of the modified 2-stage distributed amplifier

4.3.3. 2-Stage Distributed Amplifier Layout and EM Simulations

In order to provide consistency with feedback amplifier design, input and output
circuits of 2-stage distributed amplifier are also designed on 15 mils thick alumina
ceramic as shown in Figure 4-31. Moreover, the circuits are designed in the same
dimensions with the feedback amplifier circuits such that the two amplifiers can be
cascaded interchangeably for a multistage design. Besides, the layouts of input and
output circuits are created such that the performance of distributed amplifier can be
tuned similar to feedback amplifier design. The main function of tuning is to

compensate the variations between modeled and realized bondwires.
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Figure 4-31: Input (a) and output (b) circuits of distributed amplifier

The drawing, which shows the connections of FPD200 chips and other components
to thin film circuits, is illustrated in Figure 4-32. Input and output circuits of
distributed amplifier are also designed with embedded coplanar test points such that
the performance of distributed amplifier can be measured in a probe station.
Moreover, the two FPD200 chips and source capacitors are mounted on a 15 mil
thick mechanical post such that the lengths of input, output and source bondwires is

minimized.
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PIT=P1 DlST=PeE

Figure 4-32: Assembly drawing of distributed amplifier with input and output test

points

Distributed amplifier design includes several bondwire connections as demonstrated
in Figure 4-32. Critical bondwire connections, especially FPD200 interconnects, are
simulated in HFSS™ as in the case of feedback amplifier design. Moreover,
electromagnetic simulations of microstrip lines, tuning stubs and thin film resistors

are carried out using Microwave Office.

Input and output circuits are splitted into small independent circuits during EM
simulation. Then, the created EM structures for these circuits are combined with the
simulated bondwires and other components to constitute the complete 2-stage
distributed amplifier structure as shown in Figure 4-33. The gain and return loss

performance of the created amplifier schematic is illustrated in Figure 4-34.

60



I r:ﬂ 1
R ——
ﬁ . N Ererae LrauLem =
R . e85
T Lol T e
be==3 =14
[— sasckT
- NErer g _model_zzg_g ET= s oubul_em_t*
1 2
PORT
pez
ronr ?é:%::muun . sm 20
Zemobe T NERtap_medel 2 000

TUBCKT
I

0-53 T
. NET G I_moder W ET= paER ol

E: -

0 NN

Figure 4-33: 2-Stage distributed amplifier circuit with the simulated EM structures

Distributed Amplifier EM Simulation Results
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Figure 4-34: EM simulation results of distributed amplifier
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The predicted gain level from 2-stage distributed amplifier design is nearly 10.25 dB
with +/-0.45 dB flatness inside 2-18 GHz frequency range. Besides, both input and

output return losses are below -10 dB.

4.4. 3-Stage Cascaded Amplifier Design

In order to obtain higher small signal gains, the designed amplifiers would be
cascaded. It is possible to obtain a minimum of 25 dB small signal gain by
connecting three amplifier stages in cascade. Then, a number of designed cascaded
amplifiers would be cascaded to constitute a limiting amplifier capable of providing
saturated output power for -50 dBm input signal level. Hence, the required number of
cascaded stages in the final limiting amplifier would be chosen according to

minimum input signal level and saturated output power level.

4.4.1. Selection of Single Stage Amplifiers to be Cascaded

It was aimed to design a 3-stage cascaded amplifier with minimum gain flatness and
acceptable input and output return losses. Single stage amplifier designs show that
feedback amplifier provides flatter gain response as compared to distributed
amplifier. Hence, one might think that cascading three feedback amplifiers would
result in the flattest gain response. Three cascaded feedback amplifiers result in 26.5
+/- 1.1 dB gain level as shown in Figure 4-35. The simulated gain ripple is greater
than that is expected from single stage feedback amplifier results. Moreover, the

return loss characteristics of single stage feedback amplifier are not preserved.

When three 2-stage distributed amplifiers are cascaded, the predicted gain level will
be 30.65 +/- 1.25 dB as demonstrated in Figure 4-36. It was obtained 0.85 dB gain
ripple from a single distributed amplifier. Therefore, the gain ripples of each of three
distributed amplifiers are nearly summed up when connected in cascade. Moreover,

the return loss characteristics of cascaded amplifier are approximately the same with

62



that of single distributed amplifier different from cascaded feedback amplifier case.

Besides, cascaded distributed amplifier provides 4 dB larger gain than cascaded

feedback amplifier.
3-Stage (Fbk-Fbk-Fbk) Amplifier
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Figure 4-35: The response of three feedback amplifiers in cascade
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Figure 4-36: The response of three distributed amplifiers in cascade
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A significant difference between feedback and distributed amplifiers is the isolation

of the amplifiers as shown in Figure 4-37.

Isolation Comparison
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FEEDBACK AMP. ISOLATION DISTRIBUTED AMP. ISOLATION

Figure 4-37: Comparison of isolation characteristics of feedback and distributed

amplifiers

Since there is a feedback loop from output to input for a feedback amplifier, the
isolation of the feedback amplifier is poor even at low frequencies. However, low
frequency isolation of distributed amplifier is much better than feedback amplifier.
Moreover, the isolation of feedback amplifier is always worse than that of distributed
amplifier over 2-18 GHz frequency interval. Because of this difference in isolation
characteristics of feedback and distributed amplifiers, these two amplifiers present

different features when connected in cascade.

It can be seen from Figure 4-38 how the isolation of the first stage amplifier affects
the input return loss of the cascaded amplifier. In a typical scenario, the gain,
isolation and input return loss of the first stage amplifier are 10 dB, -10 dB and -10
dB respectively. The input signal of 0 dBm level is amplified to 10 dBm by the first
amplifier. Then, the amplified signal is reflected by the second amplifier. The
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reflected signal level will be 0 dBm because of the -10 dB input return loss of the
second amplifier. Finally, the reflected 0 dBm signal leaks to the input of the first
amplifier as -10 dBm due to the isolation of the first amplifier. If the first reflected -
10 dBm signal and the second reflected -10 dBm signal is added in phase, the total
reflected signal level from the input of cascaded amplifier will be -4 dBm. Therefore,
the input return loss of the cascaded amplifier becomes -4 dB; even though, the input

return loss of the first stage amplifier is -10 dB.

0 dBm 10 dBm
INPUT —> |521=10dB —> OUTPUT
O $12=-10 dB . | S11=-10dB ,

-10dBm_ |s11=-10dB «—
-4 dBm <= 0dBm

—

-10 dBm

Figure 4-38: A sample 3-stage cascaded amplifier scenario

The resulting input return losses of the cascaded amplifier shown in Figure 4-38
according to different isolation levels of the first amplifier is tabulated in Table 4-3.
The numbers in the following table refers to the worst case return loss values

assuming in phase addition of the reflected signals.

Table 4-3: Effect of isolation of 1*' stage amplifier to return loss of cascaded

amplifier

Si2 of the 1% stage | Si; of the 1% stage | Sy of the cascaded amp.
-40 dB -10 dB -9.73 dB
-25dB -10 dB -8.58 dB
-15dB -10 dB -6.12 dB
-10 dB -10 dB -4 dB
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A similar situation exists for the output return loss of the cascaded amplifier. In other
words, the output return loss of the cascaded amplifier will be nearly the same with
that of the last amplifier, if the last amplifier provides adequate isolation from output

to input.

Since distributed amplifier provides better isolation characteristics compared to
feedback amplifier, input and output stages of 3-stage cascaded amplifier were
selected as distributed type. Hence, the deviation of input and output return losses of
cascaded amplifier from that of single stage distributed amplifier design would be
minimized. Feedback amplifier stage was inserted between two distributed amplifiers
because of the flatter gain of feedback amplifier. Then, the response of the new 3-

stage cascaded amplifier was predicted as illustrated in Figure 4-39.
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Figure 4-39: Simulation results of the 3-stage amplifier in distributed-feedback-

distributed cascaded combination

The 3-stage amplifier with this new combination provides 29.3 dB +/- 0.7 dB gain

and at most -10 dB input and output return losses. Moreover, the shapes of input and
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output return losses of the cascaded amplifier are nearly the same with that of single

stage distributed amplifier.

A 4-stage amplifier can also be designed by following a similar procedure. The first
and the last stage amplifiers were selected as distributed type. Then, two cascade
connected feedback amplifiers were inserted between input and output stages. The

simulated response of the designed 4-stage amplifier is shown in Figure 4-40.
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Figure 4-40: Simulation results of the 4-stage amplifier in distributed-feedback-

feedback-distributed cascaded combination

This 4-stage amplifier is capable of providing 38.4 dB +/- 0.7 dB small signal gain.
Even though, this design gives 9 dB higher gain than the 3-stage design, the gain

ripples of these two amplifier are nearly the same.

The designed multistage amplifiers can also be cascaded in order to design a limiting
amplifier with much higher small-signal gain. For example, it is possible to design a
10-stage limiting amplifier by cascading two 3-stage amplifiers and one 4-stage

amplifier.

67



4.4.2. Output Power of 3-Stage Amplifier

The output power of designed 3-stage amplifier is simulated in harmonic balance
simulator of Microwave Office by using large signal model of FPD200 given in
Figure 4-5. Since the last amplifier stage is chosen to be distributed type, the
nonlinear simulation of distributed amplifier is sufficient to predict the output power
of 3-stage amplifier. Besides, harmonic balance simulator converges much faster

when only the last stage amplifier is simulated.

The transistors in the last stage distributed amplifier are biased at Vy=-0.45 V.
Transistors nearly draw half of the saturation current at this gate-to-source biasing
voltage; therefore, the output power is maximized. Both 1-dB and 3-dB compression
points of distributed amplifier are calculated according to frequency at two different

drain-to-source biasing cases as demonstrated in Figure 4-41 and Figure 4-42.

The saturated power of an amplifier can be approximated by 3-dB compression
power. Therefore, the predicted saturated output powers of distributed amplifier at
10 GHz for V4=3V and V4=5V are nearly 18 dBm and 21 dBm respectively as
Figure 4-41 and Figure 4-42 show. It can be seen from Figure 4-6 that Class-A
biasing conditions of FPD200 transistor are approximately Vg=-0.45 V and V=5 V.
Therefore, the maximum saturated power level of distributed amplifier is expected to

be nearly 21 dBm as shown in Figure 4-42.
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Compression Points (Vgs=0.45V & Vds=3V)
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Figure 4-41: Simulated 1-dB and 3-dB compression points of 2-stage distributed
amplifier for Vds=3V
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Figure 4-42: Simulated 1-dB and 3-dB compression points of 2-stage distributed
amplifier for Vds=5V
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CHAPTER §

LIMITING AMPLIFIER FABRICATION AND
MEASUREMENTS

The designed amplifiers are fabricated as hybrid microwave integrated circuits
(HMICs). Discrete components and thin film circuits are used together in an HMIC.
Transistor dies, single layer capacitors and air coil inductors are the three basic
discrete components used in fabricated amplifier circuits. Moreover, thin film
circuits are designed on Alumina (Al,O3) ceramic of 15 mils thickness due to its high
dielectric constant (g, ~9.8) and low loss tangent (~0.0002 @ 10 GHz). Besides, thin

film resistors are designed by 50 ohms/square TaN resistive films.

The connections of FPD200 transistor die to thin film circuits and capacitors are
carried out by gold wire of 1 mil diameter. The gold wires are bonded to FPD200 die

using ultrasonic wedge-bonding machine shown in Figure 5-1..

Figure 5-1: Westbond manual wedge-bonding machine
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Measurements of the designed single stage and multistage amplifiers are performed
by using the measurement setup given in Figure 5-2. The measurement setup is
composed of a vector network analyzer (VNA), a power supply, a power meter and a
power sensor. VNA is used to measure both small signal and large signal
performance of the designed amplifiers. The ports of VNA are calibrated by using a
3.5 mm SOLT calibration kit. Besides, power meter and power sensor are used to
calibrate the power level of the input port of VNA. During small signal gain
measurements of fabricated amplifiers, the input power of VNA is reduced
sufficiently such that the measured amplifier is not compressed. Especially for the
fabricated 80 dB gain limiting amplifier module, the input power of VNA is reduced
below -70 dBm during measurements. In general, the calibration of VNA should be
performed under the same settings as the measurement. However, the dynamic
accuracy of the used VNA is extremely good such that performing calibration at a
different power level does not result in a significant error [34]. Moreover, it is better
to calibrate the VNA at a higher power level during measurements of high gain
amplifiers in order to reduce uncertainties due to noise [34]. Besides, the saturated
output power level of a fabricated amplifier inside the operating frequency band is
measured by summing the input power level and the measured gain when the

amplifier is highly compressed.

Figure 5-2: A photograph of the measurement setup for the fabricated amplifiers
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5.1. Fabrication and Measurements of Single Stage Amplifiers

The designed single stage feedback type and distributed type amplifiers are
fabricated individually. The fabricated amplifiers are measured in a probe station
thanks to CPW-microstrip test points combined with input and output thin film

circuits.

5.1.1. Feedback Amplifier

The fabricated single stage feedback amplifier is illustrated in Figure 5-3.

Figure 5-3: A photograph of the fabricated single stage feedback amplifier with

coplanar test points

As can be seen from the above figure, FPD200 transistor die and source capacitors
are mounted on a mechanical post of 15 mils thickness such that transistor die and
input and output capacitors are nearly at the same level. Gate pad of FPD200 is
connected to ground by a 4-turn 14 nH inductor such that gate pad of FPD200 is
grounded at DC with minimal effect on RF performance of the amplifier. Tunable

drain biasing resistors shown at the right top of Figure 5-3 are used to set drain
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voltage of FPD200 from a fixed supply voltage. Then, it is able to bias the transistor
at different drain voltages without varying the main supply. Since the two source
pads of FPD200 are not shorted by an air bridge, one self biasing resistor is used for
each source pad such that half of the drain current passes through each resistor. The
matching resistors at the input are shorted by a gold ribbon in order to eliminate the

effects of these resistors.

The fabricated single stage feedback amplifier is measured in a probe station with
GSG probes. The measurement results along with the simulated responses are given
in Figure 5-4. The measured gain level is about 8.5 dB with 0.45 dB ripple. Besides,
simulated and measured gain characteristics show quite a good fit to each other.
Moreover, the worst input return loss is measured as -8.4 dB inside the operating

frequency range.
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Figure 5-4: Measured (solid) and simulated (dotted) performance of single stage

feedback amplifier
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The performance of feedback amplifier is affected from fabrication tolerances of thin
film circuits. For example, a typical tolerance value for thin film resistors is +/-10 %.
Therefore, if feedback resistor is designed to be 200 ohms, it can become any value
between 180 ohms and 220 ohms after fabrication. A 220 ohms feedback resistor is
found to be optimal for a 2-18 GHz feedback amplifier design. However, the
fabricated resistor can be measured as 240 ohms from the test resistor that is put into
the thin film circuit. In Figure 5-5, the measured gain responses of feedback
amplifier are demonstrated for two different feedback resistances; namely, 220 ohms
and 240 ohms. Feedback resistor affects mainly the low frequency gain of the
feedback amplifier as Figure 5-5 depicts. Then, feedback resistor can be designed
smaller than the optimum value in order to compensate a possible positive tolerance
of thin film resistors. Similarly, feedback resistor should be designed such that the
feedback resistance can be increased in order to compensate a possible negative
tolerance of thin film resistors. Moreover, a tunable feedback resistor is beneficial for

tuning the low frequency response of a multistage amplifier including a feedback

amplifier.
Effect of Feedback Resistance to Gain
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Figure 5-5: Measured gain of single stage feedback amplifier at two different

feedback resistor values
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5.1.2.  Distributed Amplifier

The fabricated 2-stage distributed amplifier is illustrated in Figure 5-6.

.'--
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"-’b— 1“-0..

Figure 5-6: A photograph of the fabricated 2-stage distributed amplifier with

coplanar test points

Similar to the fabricated feedback amplifier shown in Figure 5-6, transistor dies and
source capacitors are brought to the same level of thin film circuits. The two source
pads of FPD200 transistor is shorted in DC by a wire bond between source
capacitors. In order to improve the high frequency gain of distributed amplifier, the
length of bond-wire between drain terminal of the first transistor and drain
termination resistor can be tuned with the help of small pads. Therefore, the length of
drain termination bond-wire can be changed without disconnecting the bond-wire at
the drain terminal of FPD200. Moreover, the shunt capacitance before the drain
termination resistor can be varied by extending the open stub with the help of thin

strips.

The measured and simulated S-parameters of 2-stage distributed amplifier are given

in Figure 5-7.
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Distributed Amplifier Results
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Figure 5-7: Measured (solid) and simulated (dotted) performance of 2-stage
distributed amplifier

The measured and simulated gain characteristics of distributed amplifier are very
similar to each other as shown in Figure 5-7. The input return loss of the measured
amplifier is a bit worse than that of the simulated amplifier. However, input return
loss can be improved by using series matching resistors inserted into the thin film
circuit at the input. The input return losses of the distributed amplifier for different
values of input series resistor are demonstrated in Figure 5-8. The best input
matching is obtained when the maximum designed series resistance, 15 ohms, is
applied to the input. However, the gain of the amplifier decreases over 1 dB as can
be seen from Figure 5-9. Moreover, noise figure of the amplifier is degraded with the
addition of input series resistor. Since, noise figure is not very important for limiting
amplifiers, resistive matching can be used at the input stage of a limiting amplifier at

the expense of nearly 1 dB reduction in gain.

76



Effect of Input Series Resistor to Matching
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Figure 5-8: Effect of series input resistor to measured input return loss of distributed

amplifier
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Effect of Input Series Resistor to Gain
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Figure 5-9: Effect of series input resistor to measured gain of distributed amplifier
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5.2. Fabrication and Measurements of 3-Stage Amplifier

The 3-stage amplifier is designed such that the input and output stages are distributed

amplifiers and the middle stage is feedback amplifier. Then, thin film circuits of each

amplifier are placed as shown in Figure 5-10.

Figure 5-10: Placement of thin film circuits and discrete components in 3-stage

amplifier layout

Transistor dies and chip capacitors are placed on mechanical posts between thin film
circuits. While measuring the performance of 3-stage amplifier, gold disks are used

to improve the performance of 3-stage amplifier as illustrated in Figure 5-11.
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Figure 5-11: Gold disks used for tuning the performance of 3-stage amplifier
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Thin film circuits and discrete components are arranged inside a mechanical housing

as shown in Figure 5-12.

Figure 5-12: A photograph of the fabricated 3-stage amplifier module

AISi material is chosen for the fabrication of the amplifier module instead of
Aluminum; because, its coefficient of thermal expansion is more closely matched to
GaAs and Alumina ceramic. The material characteristics of Alumina, GaAs,

Aluminum and AIlSi are shown in Table 5-1.

Table 5-1: Characteristics of different materials [35]

Thermal Conductivity Coef. of Thermal Expansion
Material
(W/m.K) (ppm/°C)
Alumina 20-30 6.5
GaAs 54 6.5
Aluminum 205 23.9
Al-40%Si 170 13

The 3-stage amplifier module has a single 12V supply pin for common biasing of

amplifier stages. Then, 12V supply voltage is reduced to a convenient voltage level
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by a variable voltage regulator. Moreover, drain bias voltage of each amplifier stage
is adjusted by using thin film resistors. The 3-stage amplifier module, whose
measured performance is demonstrated in Figure 5-13, draws approximately 150 mA

from 12V supply.

3-Stage Amplifier Results
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Figure 5-13: Measured (solid) and simulated (dotted) performance of 3-stage

cascaded amplifier

The small signal gain of 3-stage amplifier is measured approximately as 27dB +/-
0.6dB. Besides, the shape of the measured gain response according to frequency is
very similar to that of simulated response. The difference between the levels of
measured and simulated gain may be due to unsimulated input and output SMA
connector to microstrip transitions. Moreover, transconductance of FPD200
transistor is not exactly the same for all products. Therefore, transistors used in the
amplifier module may have lower transconductance than simulated and modeled
transistors such that the simulated gain level is greater than the measured gain level.

The shapes of simulated and measured input return loss characteristics nearly match
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to each other. However, the measured input return loss closes to -7 dB in the middle
region of operating frequency band. In order to improve the return loss in this region,
tuning gold disk shown in Figure 5-11 is used at the input of distributed amplifier in
the first stage. Then, the performance of the newer version of 3-stage amplifier with

optimized input return loss is measured as illustrated in Figure 5-14.
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Figure 5-14: Measured performance of 3-stage cascaded amplifier with improved

input return loss

The gain level of the optimized 3-stage amplifier is similar to the original one.
However, the gain ripple is increased to 2.2 dB from 1.2 dB. Moreover, both input

and output return losses are below -10 dB over 2-18 GHz range.

The output power of 3-stage amplifier is measured for two different drain voltages of
output stage amplifier at different input power levels as illustrated in Figure 5-15 and
Figure 5-16. The saturated output power is approximately 17.5 dBm for Vds=3V and
19 dBm for Vds=5V. The variation of saturated output power levels is within +/-
1dB inside the operating frequency range. Moreover, the measured ouput power

characteristics show a positive slope with increasing frequency similar to
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simulations. This positive slope of output power will be beneficial for compensating

high frequency losses of the circuits connected at the output of limiting amplifier.

3-Stage Limiting Amp. Output Power (Vds=3V)
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Figure 5-15: Measured output power of 3-stage amplifier for Vds=3V

3-Stage Limiting Amp. Output Power (Vds=5V)
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Figure 5-16: Measured output power of 3-stage amplifier for Vds=5V
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The fabricated 3-stage amplifier module can also be used as a limiting amplifier for
applications not requiring wide input dynamic range. As can be seen from Figure
5-15 and Figure 5-16, the 3-stage amplifier module provides nearly constant output
power for input power levels greater than -4 dBm. Moreover, the separate 3-stage
amplifier modules can be cascaded to realize a limiting amplifier with much wider

input dynamic range.

Since a low noise amplifier is used before limiting amplifier in a receiver system,
noise figure is not a primary concern for limiting amplifier design. However, the
noise figure of the 3-stage amplifier is measured for two different input series

resistances used for matching as depicted in Figure 5-17.

3-Stage Amplifier Noise Figure
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Figure 5-17: Measured noise figure of 3-stage amplifier

The noise figure at 10 GHz is measured as 4.5 dB for no input resistor case and
5.5 dB for input resistor of 15 ohms. Therefore, a series resistor of 15 ohms can be
used to improve input matching of the 3-stage amplifier with nearly 1 dB degradation

in both noise figure and gain.
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5.3. Fabrication and Measurements of 10-Stage Limiting Amplifier

Module

It is aimed to design a limiting amplifier capable of providing constant output power
to a minimum -50 dBm input signal. Since the maximum saturated output power of
3-stage amplifier is measured nearly as 20 dBm, the minimum input signal level is
ensured to be saturated if the small signal gain of the limiting amplifier is greater
than 75 dB. Moreover, the limiting amplifier should include a variable analog
attenuator such that the variations in gain due to temperature changes can be
compensated. The attenuation of variable attenuator at room temperature is planned
to be nearly 9 dB; therefore, the control voltage of variable attenuator should be
arranged such that the attenuation applied at cold temperatures is greater than 9 dB
and that applied at high temperatures is lower than 9 dB. Therefore, a minimum of

83 dB gain should be obtained from cascaded gain stages.

The gain of the 3-stage amplifier is measured as 27 dB. Therefore, cascade
connection of three 3-stage amplifiers is not sufficient to satisfy the minimum gain
requirement. Hence, the realized amplifier should include at least ten stages of
amplifiers. The 10-stage limiting amplifier is decided to be realized as shown in

Figure 5-18.

VARIABLE
DIST-FBK-DIST ATTENUATOR DIST-FBK-FBK-DIST DIST-FBK-DIST
D i
INPUT - - - OUTPUT
Vcomp
TEMPERATURE
L COMPENSATION
CIRCUIT

Figure 5-18: Realization of temperature compensated 10-stage limiting amplifier
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10-stage limiting amplifier is designed to include three multistage amplifiers in
cascade. The input and output stages are 3-stage amplifiers in distributed-feedback-
distributed configuration. The middle stage is a 4-stage amplifier in distributed-
feedback-feedback-distributed configuration. Simulation results of the 4-stage
amplifier in this configuration show flat gain characteristics inside 2-18 GHz
frequency range. Moreover, variable attenuator is placed between the first and
middle stages of multistage amplifiers. The control voltage of variable attenuator can

be produced by an external temperature compensation circuit.

The fabricated 10-stage limiting amplifier module is shown in Figure 5-19. The
amplifier module is designed as a channelized structure where thin film ceramics and
other components are placed. The separation of side walls is made sufficiently small
such that unwanted modes cannot propagate inside the operating frequency interval.
Moreover, high-gain multistage amplifier stages are separated by straight walls in

order to eliminate possible oscillations.

Figure 5-19: A photograph of the fabricated 10-stage limiting amplifier module
The fabricated limiting amplifier includes two external pins. One pin is for DC

regulator supply (12V) and the other pin is for the control voltage of variable

attenuator. The variable attenuator is biased externally without temperature
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compensation circuit. However, a suitable temperature compensation circuit can be

integrated externally with the limiting amplifier module.

The optimized small signal gain of 10-stage limiting amplifier module is measured as

shown in Figure 5-20.
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Figure 5-20: Measured small signal gain of 10-stage limiting amplifier module in 2-

20 GHz range

The fabricated limiting amplifier module presents 80 dB small signal gain with
excellent flatness, +/-2.2 dB, inside 2-18 GHz frequency range. Moreover, the lowest
gain measured at 18 GHz (77.9 dB) is sufficient to saturate the output of limiting

amplifier.

The fabricated limiting amplifier module is simulated by including the effects of
tuned elements. Input and output connectors are not included in the simulations. The
simulated small signal gain response closely fits to the measured response as

illustrated in Figure 5-21.
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10-Stage Limiting Amplifier Simul. vs. Meas.
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Figure 5-21: Measured (solid) and simulated (dashed) performance of 10-stage

limiting amplifier

Measured input and output return loss performances of the fabricated limiting
amplifier are shown in Figure 5-22. Both input and output return losses are below -

10 dB nearly over the whole operating frequency range.
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Figure 5-22: Measured input and output return losses of 10-stage limiting amplifier
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Output power of limiting amplifier module is measured at different input power
levels as shown in Figure 5-23. The small signal gain of limiting amplifier is
sufficient to saturate input power levels greater than -50 dBm over the whole
operating frequency range. The saturated output power level is approximately 20
dBm with a flatness of +/-1.2 dB. The measured saturated output power level of 10-
stage limiting amplifier module is consistent to both the measured and simulated

output power level of 3-stage amplifier.

10-Stage Limiting Amplifier QOutput Power
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Figure 5-23: Measured output power of 10-stage limiting amplifier
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CHAPTER 6

CONCLUSION AND FUTURE WORK

Microwave limiting amplifiers are the key components of Instantaneous Frequency
Measurement (IFM) receivers. The basic function of a microwave limiting amplifier
in an IFM receiver is to compress a large dynamic range of input signals into a nearly
constant output dynamic range over a wide frequency range. Therefore, microwave
limiting amplifiers are designed with sufficiently high small signal gains to ensure
the compression of the amplifier at minimum input signal levels. Besides, small
signal gain flatness of a limiting amplifier is important in terms of the simultaneous
signal performance of the IFM system. A large variation of gain inside the operating
frequency band degrades the sensitivity of the IFM system such that the probability

of the IFM system to report the wrong frequency increases.

In this thesis, the design, fabrication and measurement results of a limiting amplifier
with 80 dB small signal gain are presented. The fabricated limiting amplifier
provides excellent gain flatness, +/-2.2 dB, inside the 2-18 GHz frequency band.
Moreover, the limiting amplifier is able to bring input signal levels greater than
-50 dBm to +20 dBm output power level. The flatness of saturated output power

level is also within +/-1.2 dB inside the operating frequency range.

Transistor selection and modeling is the starting point of the limiting amplifier
design. The chosen transistor is measured in a probe station by using high precision
calibration substrates. Then, accurate small signal model of the chosen transistor is

obtained by the combination of analytical extraction and optimization. The excellent
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agreement between the measured and simulated responses of designed amplifiers

proves the accuracy of the small signal model of the transistor used.

The application of two main broadband amplification methods; namely, negative
feedback and distributed amplification, to limiting amplifier design provides
excellent broadband characteristics. First, a three stage amplifier module consisting
of cascaded negative feedback and distributed amplifiers in a novel configuration
was designed and fabricated. The fabricated amplifier module provides excellent
gain flatness and satisfactory input and output return losses. Then, the cascade
connections of two three stage amplifiers and one four stage amplifier result in a very

high gain limiting amplifier with excellent flatness.

The designed amplifiers are fabricated as hybrid microwave integrated circuits
(HMICs). Thin film ceramics are combined with discrete components such as
transistor dies and chip capacitors. The use of die transistors instead of packaged
transistors enables broadband operation close to one decade. Moreover, the amplifier
circuits are miniaturized thanks to high dielectric constant of Alumina ceramic
material used for thin film circuits. Even the longest dimension of the fabricated

80 dB gain limiting amplifier is shorter than 6 centimeters.

Since a lot of bondwire connections exist in fabricated amplifier circuits, variations
between simulated and measured amplifier responses inevitably occur. In order to
eliminate these variations, a compensation technique like the following may be
applied. First, the fabricated amplifier is measured and the variations between the
measurements and simulation results at different parts of the frequency band are
determined. Then, the interconnects whose lengths appear to be different from
simulated ones are either shortened or lengthened. If there is still difference between
the simulated and measured responses, the measured response is tried to be improved
by using built-in tuning elements. The effects of the tuned elements can be predicted

by applying tuning in simulation environment first.
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The mechanical construction of a high gain amplifier module is important in terms of
stability. The amplified signals from amplifier stages are reflected back to input and
cause oscillations. One way of eliminating oscillations is to use an absorbing material
on the cover of the module. A properly designed amplifier module isolating cascaded
amplifier stages properly and preventing higher order modes to propagate does not

cause oscillations even without absorbing material on the cover.

The future works can be summarized as follows,

e Small signal gain variation of the fabricated limiting amplifier module will be
determined between -40 °C and 85 °C. Then, a temperature compensation
circuit can be designed to create suitable analog voltage variation with respect
to temperature to be applied as control voltage of a variable attenuator. Since,
the amplifier stages are designed as self biased, the gain variation of ten
amplifier stages over temperature is predicted to be minimal. The gain of
solid state amplifiers decreases with increasing temperature due to
temperature characteristics of transistors. Therefore, the limiting amplifier
module gives more small signal gain at temperatures lower than the room
temperature. Since larger gains at cold temperatures still saturate the output
of limiting amplifier, no temperature compensation is required for cold
temperatures. However, gain drop at high temperatures may be problematic
for this limiting amplifier. If the limiting amplifier provides sufficient small
signal gain to saturate the output even at the maximum temperature, no

temperature compensation will be required.

e Simultaneous signal performance of the fabricated limiting amplifier module
will also be measured. First, two signals at different frequencies with a
predefined amplitude separation will be applied at the input of limiting
amplifier. Then, the amplitude difference between the two signals will be
measured at the output in order to detect how much the weak signal is
suppressed. Moreover, the harmonic performance of the limiting amplifier

will be analyzed. Since, the 2" and 3™ harmonics of input signals up to 6
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GHz fall into 2-18 GHz frequency interval, it is sufficient to measure 2™ and

3™ harmonic levels at the output for these input signals.

The fabricated limiting amplifier module will be inserted into the front-end of
an IFM system. Then, it is investigated how some characteristics of the
limiting amplifier such as gain flatness, harmonics and small signal

suppression affect the performance of the [FM system.
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Table A-1: TOM3 model parameters of FPD200 transistor [32]

Appendix A: TOM3 Model Parameters of FPD200

VTO -0.6471 V QGGO 1.227E-16
ALPHA 3.053 CDS 0.000234
BETA 0.000682 IS 1E-11 mA
LAMBDA -0.02432 EG 0.8V
GAMMA 0.03358 N 1
Q 0.9352 XTI 2
K 4.279 TAU 0.001 ns
VST 0.05677 VBI 1V
MST 0.2041 TAU_GD 1000 ns
ILK 1.8E-6 mA | KGAMMA 0.01194
PLK 1.5V RG 0.01 Q
QGQH 7.349E-16 RGSH 0Q
QGSH 8.451E-16 RD 0.01 Q
QGDH 2.073E-17 RS 0.01 Q
QGIO 2.002E-6 LS 0 nH
QGQL 8.58E-16 LG 0 nH
QGAG 2.21 LD 0 nH
QGAD 2.241 NG 2
QGCL 7.715E-17 W 100
QGGB 144.55
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Appendix B: Fitted vs. Modeled Characteristics of TOM3
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Figure B-1: Fitted vs. modeled IV curves [32]
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Figure B-2: Fitted vs. modeled S-parameters (biased at Vg=-0.3V, Vd=7V) [32]
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