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SUMMARY

This thesis covers the analog multiplication of two analog signals which are in
millimeter wave band. The simplicity of using subharmonic mixer is that it requires
only half of the local oscillator (LO) frequency. The methodology of this thesis is
antiparallel diode pair (APDP) modelling, subharmonic mixer design, harmonic
balance simulation, implementation of millimeter wave band circuit, measurement of
designed mixer. The concept of the subharmonic mixer is that it downconverts the
frequency of radio frequency (RF) signal to a lower intermediate frequency (IF) signal
by generating the second harmonic of the LO signal.

The goals of this thesis are to explore the characteristics and application facilities
of the subharmonic mixer. The most significant design criterion is achieving minimum
conversion loss. At the same time, other mixer characteristics should be acceptable
values compared to commercial products. The other goal of the thesis is to choose a
design process which includes subtleties in the millimeter waveband.

The final product of this thesis will be a subharmonic mixer which has low
conversion loss in millimeter wave band. This product will be low cost compared to

similar commercial products thanks to the design subtleties.

Key Words: Subharmonic Mixer, Millimeter Wave Band, Antiparallel Diode
Pair (APDP).



OZET

Bu tez calismasi, milimetre dalga bandinda olan iki analog isaretin analog
carpimidr. Ikinci harmonik karistirict kullanmanin basitligi, yerel osilatdr frekansmin
sadece yarisin1 gerektirmesidir. Bu tezin metodolojisi antiparalel diyot modelleme,
ikinci harmonik karistirici tasarimi, harmonik denge simiilasyonu, milimetre dalga
bandi devre yapimi ve tasarlanan karistiricinin 6lgiilmesidir. Tezin konsepti, RF
sinyalini, LO sinyalinin ikinci harmonigiyle carparak IF sinyaline ¢eviren bir ikinci
harmonik karistiricidir.

Tezin ana hedefleri, ikinci harmonik karigtiricinin 6zelliklerini ve uygulama
alanlarini incelemektir. En 6nemli tasarim kriteri, olabildigince makul asgari doniisiim
kaybin1 saglamaktir. Ayn1 zamanda, diger karistirict 6zellikleri ise kabul edilebilir
seviyede olmalidir. Tezin bir diger amaci ise milimetre dalga bandina uygun incelikte
bir tasarim siireci tamamlamaktir.

Son olarak, bu tez tamamlandiktan sonra milimetre dalga bandinda diisiik
doniistim kaybina sahip bir ikinci harmonik karistirici olarak bir {iriin ortaya ¢ikacatir.
Bu iiriin, tasarim incelikleri sayesinde benzer ticari iiriinlere gore daha az maliyetli

olacaktir.

Anahtar Kelimeler: Ikinci Harmonik Karstirici, Milimetre Dalga Banda,
Antiparalel diyot ¢ifti (APDP).
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1. INTRODUCTION

A mixer is a three port component, which performs the task of frequency
conversion. Mixers translate the frequency of an input signal to a different frequency.
A nonlinear device such as a diode or a transistor is often used to achieve this purpose.
The three ports of a mixer are known as the intermediate frequency (IF), radio
frequency (RF), and local oscillator (LO) ports. The oscillator port is usually an input
port.

The product term in the generated output signal may contain different integer
multiples of harmonics of the input signals. This process can be generalized as the

following equation

four = mfiy + nfosc (1.1)

where m and n are all integers and f; refers to the frequency of the analog input
signal, fysc refers to the frequency of the analog oscillator, f,,r refers to the frequency
of the analog output signal. For fundamental mixers |m|=1 and |n|=1 is assumed.
Fundamental mixers need an oscillator signal to drive the mixer circuit. Frequency
translation in fundamental mixers can be expressed as in Equation 1.2. The ideal

frequency conversion is illustrated in Figure 1.2.

four = $fnv + fosc (1.2)

fOUT

Figure 1.1: Ideal block diagram of fundamental mixer
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fosc — fin finv fosc fosc + fin

Figure 1.2: Frequency conversion of ideal mixer

1.1 MOTIVATION

The RF and IF ports can be used interchangeably, depending on whether the mixer
is being used to perform upconversion or downconversion.

When a mixer is used to perform downconversion, an input signal enters the RF
port and a LO signal enters the LO port. These two input signals produce an output
signal at the IF port. The frequency of this output signal is equal to the difference of
the RF input signal’s frequency and the LO signal’s frequency.

When a mixer is used to perform upconversion, an input signal enters the IF port
and an LO signal enters the LO port. These two input signals produce an output signal
at the RF port. The frequency of this output signal is equal to the sum of the IF input
signal’s frequency and the LO signal’s frequency.

In Equation 1.1, if |m|=1 and |n[>1 then the frequency mixer is called a harmonic
mixer. Harmonic mixers need an oscillator signal which has frequency fysc/n to drive
the mixer circuit. Frequency conversion in the case of a harmonic mixer can be

expressed with Equation 1.3.

four = +fin + nfosc (1.3)

For the special case where [n|=2, a harmonic mixer is called a subharmonic mixer.
Subharmonic mixer needs an oscillator signal that has a frequency of f,s./2 to drive

the mixer circuit. Subharmonic mixers can be expressed with the following equation.



four = ifnv + 2fosc (1.4)

Here fosc 1s only half of the oscillator frequency of a fundamental mixer. This
feature provides ease of use and design in microwave bands such as millimeter wave

band. The next figure shows ideal conversion using a subharmonic mixer.

I

2fosc — fin fosc fiv  2fosc + v

Figure 1.3: Frequency conversion of subharmonic mixer

The subject of this thesis is analog multiplication of second harmonic of LO signal
and RF signal which is in millimeter wave band. The purpose of using subharmonic
mixer is that it requires only the half of the fundamental LO frequency. The designed
subharmonic mixer is a downconverter that converts the input RF signal to an IF
signal.

The objective of this thesis is to study the properties and implementations of the
subharmonic mixer. Another aim of this thesis is to propose a design procedure which
takes into consideration the design subtleties in the millimeter waveband. Although,
extensive study has been done on mixer design in the millimeter wave band, the design
has still conserved its difficulty due to the use of monolithic structures and the demand

for ultra wideband frequencies [1-3].

1.2 HIGHLIGHTS OF MIXER RESEARCH

Frequency conversion is required to receive or transmit data in almost all
communication systems. Mixers are the most important elements in receiver or
transmitter structure. Besides the frequency conversion stages, the structure can satisfy

image rejection, harmonic rejection, dynamic range and selectivity yield [4]. Mixers



are conventionally based on the nonlinear components which have minimum
disturbance, minimum noise contribution, maximum stability and maximum
frequency bandwidth. Nonlinear component may be Bipolar Junction Transistor
(BJT), Heterojunction Bipolar Transistor (HBT), High Electron Mobility Transistor
(HEMT), Metal Semiconductor Field Effect Transistor (MESFET) or diode depending
on the necessity of design. Mixers may be separated into two classes which are passive
mixer or active mixer relating on providing the direct current (DC) power is used up.

Active mixers are often implemented using monolithic bipolar elements [5-7] or
field effect transistors (FET) [8] [9]. Active mixers relying on the Gilbert cell type [10]
are generally chosen for advantages of conversion loss, isolation and bandwidth.
Active mixers are generally favored over passive mixers when the conversion gain is
more significant than noise as in transmitter structures. On the other hand, active
mixers are not usually preferred due to noise sensitivity in receiver structure [11].

Passive mixers can easily be built using FET or diodes. As a matter of fact, passive
mixers built using an unbiased transistor are generally named resistive transistor mixer.
It was first defined as FET mixer by Maas and in the following period balanced FET
type was defined again by Maas [12] [13]. Passive mixers are generally favored over
active mixers if the noise sensitivity is more significant than conversion gain as in
receiver structures. Resistive FET mixers [14-17] and diode mixers [17-19] are useful
with regard to compression, linearity and noise sensitivity. Diode mixers have wider
bandwidth than resistive FET mixers due to the existence of a barrier diode or diodes.
On the contrary, FET have high quality factor gate impedance and this leads to
narrower bandwidth compared to other mixers [20].

Schottky barrier diodes (SBD) are robust compared to other types of mixers and
might work at broader temperature and frequency intervals. Therefore, they are more
desirable for building transmitters and receivers. Schottky barrier is formed due to the
metal semiconductor junction in the Schottky diode. Braun was the first to study
rectification characteristic at metal and semiconductors in 1874 [21]. In the year 1904,
Jagadish C. Bose, an Indian scientist improved semiconductor diode detectors running
at 60 GHz [22]. Later, in 1937, a scientist from Germany named Walter H. Schottky
proposed that the current rectification in the metal semiconductor junctions is induced
by the potential barrier which is formed at the semiconductor metal interface. This

potential barrier was later called as Schottky barrier.



In the 1970’s, harmonic mixing theory and its applications with antiparallel diode
pairs (APDP) began to appear in the literature [23] [24]. The accurate modelling of
these applications was achieved by using the harmonic balance theory and simulation
in 1990’s [25] [26]. On the other hand, Schottky diodes with integrated circuit
technology have led to the development of mixers and multipliers working securely
and efficiently at frequencies exceeding 1 GHz. [27].

Nowadays, wireless communication systems such as radar and mobile systems
need exclusive requirements for usage of diode mixer. Essentially, minimum noise
figure, maximum dynamic range and maximum bandwidth features are more
important than the other parameters for Electronic Warfare (EW) systems. This thesis
examines millimeter wave band applications for EW receiver systems by using
antiparallel diode pairs. The proposed mixer in this thesis is based on microstrip lines

and it is integrated on a dielectric substrate which includes a pair of packaged diode.

1.3 ORGANIZATION OF THIS THESIS

The thesis might be thought of as composing of two main sections. The first
section covers the basic theories of the fundamental and harmonic mixers, along with
some topologies and characteristics. The second section covers the design, simulation,
implementation and measurement of a subharmonic mixer which contains an
antiparallel diode pair.

Chapter 1 describes the content of each chapter including its own. The general
purpose of and a short review of the thesis are other topics of this chapter. In addition,
the history of mixer studies and a literature review of subharmonic mixer design using
antiparallel diode pairs are also included in this chapter. The literature review will give
an idea about the genuinity of the thesis by providing comparisons of this thesis with
other studies.

Chapter 2 covers basic diode theory, basic transistor theory, basic mixer theory,
analog multiplication process, as well as mixer topologies consisting of single ended
mixer, balanced mixer, image reject mixer, subharmonic mixer and other topologies.
It also includes mixer characteristics like conversion loss, noise figure, linearity,

compression, intermodulation, harmonic rejection and other characteristics. This



chapter provides the physical structure and modelling of the SBD and APDP. Also,
subharmonic mixing theory and subharmonic mixer topologies are discussed in detail.

Chapter 3 describes the design requirements which consider power levels and
millimeter wave band frequencies. It also covers realization of design elements,
harmonic balance simulation, electromagnetic simulation and analysis of the mixer
characteristics for subharmonic mixer designed in this thesis.

Chapter 4 covers the implementation details of the designed subharmonic mixer.
It also includes some measurement results related to power and frequency
characteristics of the designed device. Measurements of the subharmonic mixer is
analyzed in different ways, including the comparison of the simulation results with the
measurement results for all characteristic measurements.

Chapter 5 outlines the conclusion of this thesis by reviewing all chapters. In
addition, this chapter makes a comparison between the designed subharmonic mixer
and actual commercial products, highlighting the similarities and differences.



2. SUBHARMONIC MIXERS

Ideally, it is assumed that a subharmonic or subharmonically pumped mixer have
1/n of the frequency of an equivalent fundamental mixer which has a frequency equal
to the local oscillator frequency f,,. A subharmonic mixer design should aim to obtain
as high as possible power efficiency. A subharmonic mixer design is very useful at
higher frequencies such as millimeter wave band due to the requirement of only half
of the LO frequency. The difficulty of producing local oscillators at higher frequencies
increases the popularity of subharmonic mixer design. Additionally, local oscillators
that work at lower frequencies satisfy lower phase noise, wider frequency tuning range
and suitable output power for driving a mixer.

Another way of obtaining a subharmonic mixer frequency equal to the £,,/n is that
first multiplying the £,, by n using a frequency multiplier and then pass the output
signal to a fundamental mixer. This method is alternative to the subharmonic mixer

design. Theoretically, it produces an equivalent result.

fin
fosct fin

fOSC

Figure 2.1: Ideal block diagram of subharmonic mixer

A subharmonic mixer makes use of a single APDP and provided that the diodes
are identical it cannot be used as a substitute for a fundamental mixer. Subharmonic
mixer design may be advantageous considering the local oscillator frequency, but one
disadvantage of subharmonic mixer is that it produces a much more spurious output

signal.



2.1. Basic Mixer Theory

Multiplication of two analog signals in the time domain corresponds to

convolution of their transform in the frequency domain [28]
in(t).osc(t) & IN(w) * 0SC(w) (2.1)

where in(t) and osc(t) are sinusoidal signals which have frequencies f;y and fosc

with amplitudes a;y and apgc.

osc(t) = apsc cos(wosct) = apsc €0s (2T fpsc t) (2.2)

The Fourier transform of sinusoidal osc(t) is defined by

0SC(jw) = F{osc(t)} = j osc(t) e J@tdt (2.3)

Inverse Euler Formula and Fourier Transforms are used together as follows.

eJwosct 4 p—Jjwosct

cos(wpsct) = > (2.4)
0SC(jw) = _JO? osc(t) e /®tdt (2.5)
v eJ®osct 4 p—jwosct
0SC(jw) = _[o Aosc 5 e Jotdt (2.6)
0SC(jw) = aozsc _ fm eI (@-wosA)t gy 4 a‘;c _ f eI (@+wosc)t gy 2.7)



When used with Dirac delta function and Fourier transforms

S(w) = fe$j‘°tdt (2.8)

where + or the — sign with w+wygc-

a a
025c 6(w — wosc) + OZSC

The magnitudes of the above delta functions are given as.

QAosc

0SC(w) = when w = +wpgsc (2.10)
On the other hand,
0SC(w) =0 when w # Fwpsc (2.11)

Parseval’s theorem displays that integration of the products of time and spectrum

follows.

oo

IN(w) * 0SC(w) = f in(t).osc(t)e /@tdt (2.12)
IN(w) * 0SC(w) = f 0SC(v)IN(w — v)dv (2.13)
IN(w) * 0SC(w) = fosc IN(w + wpsc) + aOZSC IN(w — wosc) (2.14)



The first term on the right hand side of Equation 2.14 is the Fourier transform of
in(t) shifted left to w = —wgc and multiplied by the constant ays.-/2. Similarly, the
second term is a replica of IN(w) shifted to the right to w = wqgc and multiplied by
apsc/2. Figure 1.2 shows this relation.

All of the previous equations display that oscillator signal shifts input signal up to
sum of oscillator and input signal frequencies and shifts input signal down to
difference of oscillator and input signal frequencies.

For the purpose of shifting signals which has different frequencies, mixer circuit
contains nonlinear elements such as diode or transistor. Representation of the analog
output signal, displayed by a Taylor Series [29] is as follows.

VOUT = CO + C1V1N + CzVZIN + C3V31N + C4-V4IN + ce (215)
where V; is the input voltage at the operating point. ¢;, i=1,2,3,4... are the coefficients
determined by the nonlinear system. c, refers to bias term and eliminating this term

does not cause any changes for sinusoidal processes. When V,5 has two different

sinusoidal signals

Vin = cos(wqt) + cos(w,t) (2.16)

where w; and w, is different angular frequencies, then Taylor Series gives

Vour = ¢o + ¢4 [cos(w4t) + cos(w,t)]

+c, [cos(wqt) + cos(w,t)]? + - (2.17)

It is clear that

[cos(wqt) + cos(w,t)]? )18
= cos?(wqt) + cos?(w,t) + 2 cos(w,t) cos(w,t) (2.18)

Furthermore,

10



cos ([w1 + w,]t) N cos ([w; — w,]t)

cos(w;t) cos(w,t) = 5 (2.19)
Then neglecting the first term ¢y, Equation 2.17 gives
Vour = ¢4 {cos(w t) + cos(w,t)} + c{cos?(w,t) + cos?(w,t)
+ cos([wy + w;]t) + cos(fw; — w,]t)} + -+ (2.20)

This displays that when nonlinear elements are used as mixing elements, the
output has sum and difference frequencies besides fundamental and harmonic

frequencies.

2.1.1 Mixer Characteristics

The ideal mixer operations are divided into frequency upconversion and
frequency downconversion. A lower frequency baseband or IF signal, a LO signal
and a higher frequency or RF are parts of mixers illustration. The next figure shows

ideal upconversion using a mixer.

@ fie fLo+ir
> f

fig fro-ir fo fro+ir

Figure 2.2: Ideal frequency upconversion using a mixer

Ideal frequency upconversion operations can be expressed as following equation.

Vgr(t) = Kvpo (D) vp(t) (2.21)

11



where vgr(t), vo(t) and v (t) represents RF, LO and IF signals which are defined

as

vgrr(t) = cos (2 fgpt) (2.22)
v0(t) = cos (2rtfiot) (2.23)
vip(t) = cos (2mfipt) (2.24)

Ideal frequency upconversion operation transforms these equations.

vgr(t) = Kcos(2mfiot)cos (2fipt) (2.25)
K
ver(t) = Ecos[Zn(fLo — fir) t + cos (2t (fro + fir)t] (2.26)

where K is the constant that refers to voltage conversion loss of the mixer. The RF
output signal frequency may be sum or differences of input IF and LO signal

frequencies. For upconversion

fre = frotfir (2.27)

The sum and difference frequencies are called as sidebands of carrier frequency
which is f;». The difference f,,—f;r called as lower sideband, the sum f; ,+f;r called
as upper sideband. Both of them called as double sideband (DSB). Single sideband
(SSB) is a one of them after the other sideband filtered.

Ideal frequency downconversion operations can be expressed as following

equation.

vip(t) = Kcos(2mfrpt)cos (2mfiot) (2.28)
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K
vir(t) = ECOS[Zn(fRF — fLo) t + cos 2n(frr + fro)t] (2.29)

The next figure shows ideal downconversion using a mixer.

- f
fo-rr  frrfio fLo+rE

Figure 2.3: Ideal frequency downconversion using a mixer

The desired IF output signal frequency may be difference of input RF and LO

signal frequencies.

fir = frr—fro0 (2.30)

Ideal downconversion brings the image frequency together with the desired IF
frequency. The image frequency is abbreviated as f;,, and expressed by following

equation.

fim = fro—fir (2.31)

In theory, f;, is identical to f;z. The explanation of this sameness is the Fourier
spectrum of any real signal is symmetric about zero frequency, in this way contains
negative frequency as well as positive frequency. This situation refers image response.

There will be undesired signals which have unwanted frequencies while
upconversion or downconversion. These undesired signals should be removed by

filters. The ideal conversion is achieved when such a method is applied.
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The mixer should not only achieve the ideal conversion but also has certain
characteristics. These are conversion loss, noise figure, linearity, reflection, dynamic
range and the other mixer characteristics.

Conversion loss, noise figure, compression and linearity, spur, isolation and other

characteristics of mixers are explained in Appendix C.
2.1.2 Diode as Multiplier

The Shockley ideal diode equation expresses the 1-V (current-voltage)
characteristic of diode. This characteristic explains nonlinearity hence frequency
translation [30]

Ip = Is[eG%)"l] (2.32)

where I, is the current through diode, V, is the voltage drop of diode, Is is the
saturation current, n is the emission coefficient, V. is the thermal voltage. Thermal
voltage equals kzT/q where g is an elementary charge (1.6x1071° C), kj is the
Boltzmann’s constant (1.37x10723 J/K), T is absolute temperature (K). This Shockley
diode equation must comply with Taylor Series due to nonlinearity necessities.
osc(t) and in(t) signals will operate the diode as nonlinear element. Equation 2.2 and

Equation 2.16 are used together, on the following equation.
Vbiope = iy cos(wyt) + agpsc cos(wosct) (2.33)

When Equation 2.15 and Equation 2.33 are used together without time invariant

term
Inrope = c1Vin + V2w + c3V3 iy + eV + - (2.34)

This equation demonstrates the harmonics as well as the products. This situation

can be explained by the infinite exponential series of the current-voltage characteristic
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of nonlinear elements [31]. On the other hand, this equation can be expressed in a
different way due to ease of operation.

Ipiope(t) = 1,(t) + 1, () + 1.(t) + - (2.35)
where I,,,, m=a,b,c... are described in the following equations.

1,(t) = aa;y cos(w;yt) + aapsc cos(wpsct) (2.36)

b
I,(t) = E{ av® + apsc?
+ a;n? cos(2wyyt) + agsc? cos(Lwosct)
+ 2 ajyapsci{[cos(wiy + woscl t)
2.37)
+ [cos(wiy — woscl t)} }

c
I.(t) = E{ a;n° cos(Bwyyt) + + apsc’ cos(Bwpsct) +

+ 3a;yapscicos([20,y + wosc]t)

+ cos([2m;y — wosc]t)}

+ 3 avagsc{cos([wy + 2wpsc]t)
+ cos([wy — 2wpsc]t)}
+3( aiy® + 2 aiyapsc?) cos(wyyt) (2.38)

+3( agsc® + 2 av?agse) cos(wosct) }
Product frequencies are a linear unification of input and oscillator signals.

Concepts like intermediate frequency, image frequency, intermodulation frequency,

spur frequencies are formed as a result of this unification.
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Figure 2.4: Frequency Spectrum up to 2nd order products

w;y and wypgc represents leakage signal from output. w;y + wpsc and w;y —
wosc represents production signal according to upconversion or downconversion.
2wy and 2wqge represents second harmonic signals. Finally, 2w,y + wosc, 20y —
Wosc, Wiy + 2wpsc and w;y — 2wese represents spur signals.

Theoretically, diode mixers are divided into reactive diode mixer and resistive
diode mixer. The power efficiency is 100% when using the reactive diode multiplier.
This result is appropriate for harmonic production and frequency translation in
microwave bands from a power efficiency perspective. Reactive diode multiplier
multiplications are especially done using varactor diode. The resistive diode multiplier
does the multiplication using I-V characteristic of nonlinear Schottky barrier diodes.
Resistive diode multiplier is less preferred than reactive diode multiplier due to
efficiency. Nevertheless, resistive diode multiplier provides wider bandwidth, steadier
multiplication. In millimeter wave bands, reactive diode multiplier shows not only
reactive properties but also resistive properties. This scene is impractical for the
preservation of power. In spite of the fact that Manley Rowe relations are not
applicable for resistive diode multiplier, nonlinear resistor model will make Manley
Rowe relations applicable.

The efficiency of diode can be increased by different topologies such as using
more than one diodes. Balanced mixers include two diodes or antiparallel diode pair
is a type of resistive diode multiplier which contains multi diodes [32].
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2.1.3 Diode Mixer Topologies

Schottky diodes have been used in the design of mixers, especially recent years.
Schottky diodes are majority carrier devices, in other words, Schottky diodes have
faster switching speed feature than p-n junction diodes. Manufacturers usually specify
in which application their diode can be used. Proper diode selection is the most
important decision in the diode mixer design application. Producers classify diodes
according to barrier level such as low barrier, medium barrier, high barrier diode.
Barrier level represents forward voltage needed to run diode. Popular opinion is low
barrier diode needs 0.2 V - 0.3 V, medium barrier diode needs 0.4 V - 0.5 V, high
barrier diode needs 0.6 V - 0.7 V. Barrier and oscillator driver level cause low

conversion loss as a general rule. SBD can be modeled as below figure.

Cp
I
|
] R;(V -
j R, L,
AAA——TIT
ad
A
C;(V)

Figure 2.5: Equivalent model of SBD

Packaged SBD has L,, and C,, which are the packaging parasitics. R; is a parasitic
resistance of SBD. Nonlinear resistance and capacitance refer R;(V) and C;(V). These
are dependent on junction voltage of diode. In some instances, AC voltage only may
not be sufficient for the junction voltage. DC voltage may also be required for ideal
conversion loss. Most modern mixer are designed using unbiased diodes. Diode mixers
are divided into various topologies according to their functions or design type such as
double balanced mixer or subharmonic mixer. These various topologies have several
advantages or disadvantages over each other, such as number of diodes, ease of
matching, port to port isolation, conversion loss, linearity.

Single ended diode mixer, single balanced diode mixer, double balanced diode

mixer and other mixers are explained in Appendix D.
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2.1.4 THE SCHOTTKY BARRIER DIODE

Schottky diode is a diode that has a metal-semiconductor contact. It is named after
the German physicist Walter H. Schottky, who in 1938 explained the rectifying
behaviour of this kind of contact. The Schottky diode is electrically similar to a p-n
junction, although the current flow in the diode is due primarily to majority carriers
having an inherently fast response. It is used extensively for high frequency, low-noise
mixer and switching circuits. The first notification of influence of rectifiers dates back
to the 1890°s thanks to Ferdinand Braun. Despite Ferdinand Braun experiments on
metal sulfides, this effect was named after Walter Schottky work on metal
semiconductor materials between 1920’s and 1950’s. Afterwards, the Schottky barrier
model expressed by Cowley and Sze explains the characteristics of the SBD in detail.
Furthermore, Bardeen proposed the new model for interface states to explicate the
deviations from Schottky barrier model.

The main architecture of the SBD is semiconductor metal junction. The junction
causes the depletion region that occurs while semiconductor and metal are linked.
Some semiconductors only can be used in Schottky barrier diode construction such as
silicon (Si), gallium arsenide (GaAs), gallium nitride (GaN), indium phosphide (InP).
Nevertheless, almost every metal can be used such as titanium (Ti), chromium (Cr),
platinum (Pt), vanadium (V). The symbol and main architecture of SBD is given

below.

Anode .—| >‘—Q Cathode

-
-
-

Anode Cathode

"‘DH"WE

-

- R
H o0& RB OO0
. 0V

7~ ~

depletion
region

Figure 2.6: The symbol of SBD and main architecture
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The ideal Schottky junction has the energy band diagram shown in Figure 2.7. wy
represents the width of the depletion region, ¥,; represents the potential barrier which
is formed at the metal-semiconductor junction., @, represents the Schottky barrrier
height which intercepts the flow of electrons from the semiconductor to the metal. E,
is the lowest energy required for an electron to jump to the conduction band, E,, is the
lowest energy required for an electron to jump to the valance band, E, represents
semiconductor’s bandgap, Ey represents the Fermi energy, g represents elementary
charge. All of these parameters are part of the Schottky junction’s energy band diagram

and this diagram can be shown as in the figure given below.

Figure 2.7: Energy band diagram of Schottky junction

The typical values of barrier voltage (®,,) at the pn junction of Germanium diode
is between 0.2 V and 0.3 V, the same value for Silicon diode is between 0.6 V to 0.7
V. When a forward voltage is applied to the junction (V;), the potential barrier (¥,;)
is reduced, and electrons flow from the semiconductor to the metal. The resistance of
the junction is inversely proportional to the barrier voltage of junction. The higher
voltage refers the lower resistance. When a reverse voltage is applied to the SBD, the
depletion layer width increases.

The current of SBD depends upon the barrier voltage of the SBD. This equation

IS given as
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qvj

[;(V}) = Is(emsT — 1) (2.39)

where I is reverse saturation current, g is an elementary charge (1.6x107'° C), V; is a

voltage across the junction, m is ideality factor, kp is the Boltzmann’s constant
(1.37x10723 J/K), T is absolute temperature (K). Ideally nis 1 and generally it varies
between 1.05 and 1.25.

The reverse saturation current formula is given by

-qop

Is = AA™T?e *sT (2.40)

where A is Schottky anode terminal junction area, A** is Richardson’s constant, @, is
barrier voltage. In general, I varies between 1078 A and 10~1® A according to type
of diode.

The junction capacitance of SBD depends upon the barrier voltage of the SBD.

This equation is given by
i) = Y (2.41)

where Cj, refers zero voltage bottom junction capacitance.
The C;, parameter also affects other important parameters of Schottky diodes. One

of them is the cut off frequency parameter is given by

1
 2mRCjy

fe (2.42)

where Ry is a series parasitic resistance. In order to ensure a good mixer performance,
the cut off frequency must be at least 10 times higher than the operating radio
frequency [33].

Other parameters are R and I which directly affect other parameters. The I and

the C;, parameters are directly proportional to the area of the anode terminal however
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the R, parameter is inversely proportional to area of the anode terminal. Conversion
loss of SBD is also directly related to these parameters.
Conversion loss of SBD is given as

R
§=1+ —+ Rs7gr(wCjo)? (2.43)
nl

where r,,; refers to nonlinear resistance at radio frequency. In order to minimize
conversion loss, both the R parameter and Cj, parameter should decrease. This
phenomenon is not possible due to geometry of diode. Reducing the junction area
results in low zero voltage bottom junction capacitance and high series resistance. At
high frequencies such as millimeter wave band, low junction capacitance must be
agreed upon [31].

In Schottky diodes, Si or GaAs semiconductor materials are generally preferred.
Schottky diodes that use Si are cheaper and they also have a better rectifying effect
compared to the ones that use GaAs as the semiconductor material. On the other hand,
GaAs Schottky diodes are generally preferred in milimeter wave mixer designs,
because these designs require lower conversion losses. Since GaAS Schottky diodes
can operate at very high frequencies, they are also used at frequencies up to 1 THz
[34]. In addition, however GaAs diodes are expensive and they are used in mixer

applications which need minimum conversion loss with high performance [35].

2141 THE SCHOTTKY DIODE MODEL FOR HIGH
FREQUENCY APPLICATIONS

Because the diode in the resistive diode mixer is forward biased, the resistive
diode mixer behaves as a nonlinear resistance. The diode mixer modelling is based on
the electrical model of Schottky diode. This electrical model of Schottky diode is used
in high frequency diode mixer applications. Simulation Program with Integrated
Circuit Emphasis (SPICE) is a computer simulation and modelling program used by
engineers to mathematically predict the behavior of electronic circuits. Laurence Nagel
from University of California at Berkeley developed the SPICE which can be used to

simulate circuits of almost all complexities [36] [37].
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SPICE model from the NI AWR Design Environment and GaAs High Barrier
antiparallel diode from the MACOM were used in the mixer designed in this thesis.
The equivalent circuit on which the SPICE model is based in the AWR program is
given in Figure 2.8 [38].

s}

.

vi % (LD v

e '
%Rs

Figure 2.8: Equivalent circuit of SPICE model

AWR Design Environment provides microwave engineers with the ability to
simulate high frequency circuits. MACOM manufactures GaAs Beam Lead Schottky
diodes which are useful for millimeter wave applications. The SPICE parameters of
MAA4E2037 are given below.

Table 2.1) SPICE Parameters of MA4E2037

Name Description Unit Value
N Ideality Factor 1.1
RS  [Series Resistance Q 4.6
IS  |Reverse Saturation Current pA .028
IKF  [Forward Knee Current A .001
CJO  |Zero voltage bottom junction capacitance pF .025
VJ  Builtin voltage \ 815
M |Grading coefficient 5
FC |Depletion capacitance linearization parameter .669
CJP  [Zero voltage periphery junction capacitance pF 021
BV  Breakdown voltage \ T
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2.1.4.2 ANTIPARALLEL DIODE PAIR

The diode mixer model described in the previous section, had been constructed
assuming that single diode model used. Additionally, in all of basic mixers the
frequency transformation occurs between the fundamental of the oscillator signal and
the input signal.

While it is probable to acquire frequency transformation of the fundamental form
with a single diode, it was demonstrated in the former sections that fundamental
mixing method is not effective. Besides, it is compulsory to operate a design structure
that will decrease isolation with the fundamental frequency of the oscillator signal
while increasing conversion loss between the harmonic of the oscillator signal and the
input signal. The capability of the antiparallel diode pair to produce only particular
frequencies of its fundamental signal has also caused its broad implementation in the

frequency range of frequency mixers [39]. Symbol of APDP is given below.

v

Figure 2.9: Symbol of APDP

2.2 SUBHARMONIC MIXING THEORY

The subharmonic mixing theory can be illustrated using both graphical and

numerical methods. The graphical illustration is discussed first.

2.2.1 GRAPHIC ILLUSTRATION

The current and conductance varies during the period of time in which diode is
pumped by LO signal which dominates the single diode. This conductance can be

expressed in the form of a Fourier series as
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n=oo
g = ) grelnrot (2.44)

n=-—oo

where w,, refers to the angular velocity of the LO signal. RF signal produces RF
voltage while diode is being pumped by LO signal. This voltage can be shown in the

form of Fourier series in the equation below.

m=oco
Vep = Z V,,e/nmt (2.45)

m=—oo

The waveform of LO pump current and conductance of single diode can be
illustrated as in Figure 2.10.

ioft) g(t)

(O

I
S

Figure 2.10: Waveform of LO pump current and conductance

Diode current is the multiplication of conductance and voltage signals according
to the small signal alternative current (SSAC) model. The equation describing the

diode current is the following equation
n=oo m=oco

g = gOVer= ) D gulpnelrotmone (246)

n=—0o m=—0o

Input voltage and conductance plots of APDP are illustrated in the following

figures.
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Figure 2.11: Input voltage and conductance flowcharts of APDP

The summation of two graphs provides frequency doubling. When the reference

current is any diode current, all currents can be described as in the next equations.

n=co m=oo
i = Z Z Gn Vil Lo+ MORE)E
- (2.47)

n=—oco m=—oo

n=oo m=oco

i, = z z ganej(nwLo+meF)tejm"RF(T’%F)ejmeO(TLTO) (2.48)

n=—oo m=—0oo

iZ — ilejﬂ:ne]n'm — il(—l)n+m

(2.49)

ip =i — iy = [(=D™"™ = 1]i;
(2.50)
According to above equations, IF signal becomes zero when n=1 and m=-1 or n=-
1 and m=1. These values correspond to LO-RF or RF-LO signals. Fundamental
frequency suppression and harmonic frequencies products satisfy harmonic mixing

theory according to equation and graphic.
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2.2.2 NUMERIC ILLUSTRATION

In a conventional single diode mixer as shown in Figure 2.12, the following

voltage is applied.

V = VLO Sin (DLot + VRFSin (,L)RFt
(2.51)

to the usual asymmetric diode characteristic results in the diode current having all

frequencies at mfzp + nfip.

1 i g

Tl 1L haa
-

L

Figure 2.12: Single Diode Mixer Circuit Diagram

/. g
(P

Figure 2.13: APDP Mixer Circuit Diagram

Instantaneous current of diodes i; and i, can be defined as in the next equations.

il = iRF(eaV - 1) (252)

iz = _iRF(e_aV - 1) (253)
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The differential conductances for the diodes are given by the following
equations.

di

gy = d—; = qigpe?’ (2.54)
di

gy = d—; = qigpe~ (2.55)

The equivalent conductance is given by the sum of differential conductances g,
and g,.

g =01+ 9, = aigg(e® + e %) = 2aigpcosh (aV) (2.56)

This equation shows that the equivalent conductance has even symmetry with
respect to diode voltage. The conductance pulses per LO cycle in antiparallel diode
pair circuit are doubled compared to single diode circuit. For the usual case in which

only the LO modulates the conductance of the diodes we may substitute

V = VLOCOSO‘)LOt (257)

into Equation 2.56 with the following result

g = 2aigrcosh (aVpcosw;pt) (2.58)

The previous equation can be expressed as

g == ZaiRF[Io(aVLo) + le(aVLo)COSZ(.OLot
+ 21, (aV,p)cosdwppt + -+ ] (2.59)

where I,,(aV,,) are modified Bessel functions of the second kind. It is clear from the
above equations that the conductance terms consist of a DC term and the even

harmonics of the LO frequency w;,. When the voltage in Equation 2.51 is applied to
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the antiparallel diode circuit the current expression is given by the following equation
[21].

i = g(V,pcoswpot + Vypcoswgpt) (2.60)

i = Acosw; oyt + Bcoswgrt + Ccos3w ot + DcosSw;pt
+ Ecos(2wyp + wgp)t + Fcos(Qwyy — wgp)t (2.61)
+ Gcos(4wpp + wrp)t + Hcos(Awpp — wrp)t + «+-

where A, B, C, D, E, F, G, H... are given below.

A = 2aigp[ly(aVi) + L (aVio)]Vio (2.62)
B = 2aigzp[ly(aVy)]Vrr (2.63)

C =2aigp[l,(aV,p) + L, (aV.0)]Vi0 (2.64)
D = 2aigs[L(aV.0)]Vio (2.65)

E = 2aipe[l,(aVy0)]Var (2.66)

F = 2aigp[l,(aV,0)Ver = E (2.67)

G = 2aigp[l,(aVi0)]Vrr (2.68)

H = 2aigp[ly(aVo)]Vrr = G (2.69)
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It can be seen that the total current only contains frequency terms mfzr +nf;,
where m + n is an odd integer.

The current i, is a circulating current which is illustrated in Figure 2.11. This
current is a summation of currents i; and i, which have opposite direction. Circulating

current is mathematically expressed by the following equation.

L — i

2

i, = = igp[cosh(aV) —1] (2.70)

If V=V, pcosw ot + Vypcoswgrt IS substituted for V in the expansion for the

hyperbolic cosine in the Equation 2.70, the following is obtained.

(V,0cosw ot + VgpCoswgpt)?

ic — iRF[1+ T _|_..._]_ (271)
. iRF 2 2 2 2
i, =—|[Vip°cos“w;pt + Vpr“cos“wprt
c 2 [ LO LO RF RF (272)
+ ZVLOVRFCOS(DLOtCOSO‘)RFt + "']
ire (Vio? + Vep®  Vip? Vrr?
i = RE)LO RE L0 COS2wpt + RE COS2wgpt
2 2 2
+ VLovRF [COS((DLO - wRF)t + COS((,OLO + wRF)t)] (273)

+}

The equation shows that the circulating current only includes frequencies products
of mfzr and nf;», where m+n is an even integer. Thus, the antiparallel pair has the
advantage of suppressing fundamental and other odd harmonic mixing products as
well as even harmonics of the LO. Appendix E has details of the expansion of current

in the terms of Bessel functions.

29



2.3 SUBHARMONIC MIXER TOPOLOGIES

There exists different topologies in the design of subharmonic mixers depending
on the manner the antiparallel diode pair is attached to the mixer circuit [40]. Although
the mechanism of the harmonic mixing remains mostly the same, different topologies

have their advantages and drawbacks.

2.3.1 SERIES TOPOLOGY

The series topologies consist of the antiparallel diode pair with one port on the

one side, and two ports on the other side. There are two popular schemes of series

topology.

2.3.1.1 ISOLATED SERIES TOPOLOGY

The isolated series topology is the first of the two popular methods for realizing
harmonic mixers. It has IF and RF ports on one side of the diode (the small-signal
side), and the LO on the other side (the large-signal side). By this way, large and small
signals are seperated from each other. This seperation provides a convenient way of
isolating the IF signal. Schematic of the isolated series subharmonic mixer topology is

given below.

RF or [F

LO

RF or [F

Figure 2.14: Schematic of the isolated series subharmonic mixer topology
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The mixer operates with selective shunt stubs on either side of the APDP. On the
input and output signal side, there is a quarter wavelength open stub at the oscillator
frequency, presenting a short to the LO (so that LO current flows through the diode
pair), and at the same time removing the LO from the small-signal side. On the
oscillator side, there is a half wavelength short stub at the input frequency. In this way,
the input source has a way to short circuit which enables the output current to flow
straight to the ground.

2.3.1.2 NON-ISOLATED SERIES TOPOLOGY

The non-isolated series topology is not the primary method due to the fact that
extra preventions are required to isolate the oscillator signal from the output signal. It
becomes suitable if the oscillator and output frequencies are farther from each other.
The non-isolated series topology is frequently used in waveguide structures due to the
availability of less options. Schematic of the non-isolated series subharmonic mixer

topology is given below.

LOorIF

RF

LOorIF

Figure 2.15: Schematic of the non-isolated series subharmonic mixer topology

2.3.2 SHUNT TOPOLOGY

The shunt topology is another popular method for designing harmonic mixers. In
shunt topology, all three ports are connected to one side of the antiparallel diode pair
while the other side is grounded. Sometimes the LO and IF signals are combined
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together and extracted through one port to reduce the number of ports to two. The
shunt topology sometimes necessitates the use of complex filtering structures and
diplexers. Shunt stubs are rarely used in shunt topologies. Schematic of the shunt

subharmonic mixer topology is given below.

LO or RF or IF

LO or RF or IF LO or RF or IF

Figure 2.16: Schematic of the shunt subharmonic mixer topology

2.3.3 OTHER TOPOLOGIES

The isolated series, non-isolated series and shunt topologies are frequently used
subharmonic mixer topologies. Besides these topologies, other topologies are also
used to design subharmonic mixers. Once in a while, the antiparallel diode pair is
implemented in a double balanced mixer structure, where the conventional single
diodes are replaced by the back to back diodes [41] and the antiparallel diode pair has
also been implemented in a triple balanced mixer topology [42]. Antiparallel diode
pairs although not common, are also implemented in quadrature mixers [43]. GaAs
membrane suspended in a micro mechanical waveguide has been utilized in some

subharmonic mixer designs [44].
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3. DESIGN AND SIMULATION

Design and simulation have always been a complementary duo, especially in the
design concept selection. Since the next design steps are shaped according to design
concept selection, it will be beneficial to decide together with the simulation results in
every design selection. Design concept selection for this thesis consists of electronic
component selection, theoretical topology selection and physical implementation
selection. The next design step should be the design and simulation with ideal
elements. The result of design and simulation with ideal elements gives the designer a
clue as to whether or not to pass to physical design. If there is no error in the design
concept selection and design with ideal elements, design with physical elements is
expected to be close to design with ideal elements. Additional units can be added to
the physical design according to the designer ’s need. After all these design steps, the

new design is made ready for circuit implementation.

3.1 DESIGN CONCEPT SELECTION

For the design concept selection in microwave circuit designs, first of all, the
frequency spectrum plan should be considered. In microwave circuit designs, it should
be checked whether the electronic components operate at the operating frequency or
not, especially millimeter wave band applications. Radio frequencies in the
electromagnetic spectrum from 30 GHz to 300 GHz are in the millimeter wave band.
Radio waves in this band have wavelengths from 10 mm to 1 mm, so it is also called
millimeter wave band. The RF frequency of the designed mixer which is planned to
be in the millimeter wave band should be greater than 30 GHz. The percent bandwidth
of the designed mixer can be 10% which is standard value for millimeter wave band
modules. For these reasons, RF frequency has been chosen between 30 GHz to 36
GHz. Since LO frequency will be half of the fundamental LO frequency, it can be half
of the upper limit or lower limit of the RF frequency. Because of the physical
difficulties of maintaining 10% bandwidth, it would be more rational to choose upper
frequency limit. 18 GHz LO frequency and 8 dBm LO pumping power parameters are
standard values for harmonic mixers. Thus, the IF frequency is about from 0.1 GHz to
6 GHz.
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3.1.1 COMPONENT SELECTION

MACOM manufactures GaAs High Barrier antiparallel diode pairs which is useful
for millimeter wave applications. MACOM has published the SPICE model
parameters of GaAs Beam Lead Schottky diode model named MA4E2037 in its related
datasheet. The SPICE model of MA4E2039 is an antiparallel configuration of GaAs
Beam Lead Schottky diode which is named MA4E2037. SPICE model of MA4E2039

and its conversion loss graphs is shown below.

PORTF
Z=50 Ohm
Freq=18 GHz
Pwr=8 dBm

SDIODE

. MA4E2039 "\ / soiooe

SPLIT2
L21=0dB
L31=0dB
Z20=50 Ohm
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Z=50 Ohm :
o PORT

Pwr=-20 dBm o
Z=50 Ohm
a} i
L
RF IF

Figure 3.1: Schematic of the APDP
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Figure 3.2: Conversion loss of the APDP
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Schematics and conversion loss graph are not enough data for design, so isolation
and spectrum graphs should also be considered. Conversion loss and isolation values
can also be obtained from the spectrum graph at the related frequency. Isolation and

spectrum graphs are given below.
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Figure 3.3: Isolation graph of the APDP
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Figure 3.4: Spectrum graph of the APDP

3.1.2 TOPOLOGY SELECTION

The isolated series topology is the most preferred topology when it comes to
designing harmonic mixers. The stubs used in this topology are quarter wavelength
open stub at the 17.5 GHz which is oscillator frequency and half wavelength short stub
at the 33 GHz which is RF frequency. The RF frequencies of 35 GHz and 34 GHz
along with the 18 GHz LO frequency corresponds to 1 GHz or 2 GHz IF frequencies.
Although the electrical lengths of these stubs have been determined, their characteristic
impedance are uncertain. While determining the characteristic impedances, the

simulation results of conversion loss and isolation values are used. The schematic,
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conversion loss, isolation and spectrum graphs of series isolated APDP are given
below.
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Figure 3.5: Schematic of the isolated series APDP
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Figure 3.6: Conversion loss of the isolated series APDP
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Figure 3.7: Isolation graph of the isolated series APDP
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Figure 3.8: Spectrum graph of the isolated series APDP

With the introduction of isolated series topology, conversion loss has decreased
from 17 dB level to 7 dB level. The other important parameter which is LO to IF

isolation has increased from 3 dB level to 20 dB level.

3.1.3 IMPLEMENTATION SELECTION

Electrical transmission lines are divided into different types according to the
implementation. Microstrip is a type of electrical transmission line that can be
manufactured with any technique where a conductor is separated from a ground
plane by a dielectric layer known as the substrate. Microstrip lines are used to
transmit signals in the microwave frequencies as well as in the millimeter wave band.

The Rogers Corporation manufactures RO4003C laminates which are cost
sensitive materials used in microwave circuit designs. The parameters of the

RO4003C chosen for implementation are given in the table below.
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Table 3.1: Parameters of Rogers4003C

Name Description Unit Value
Er  [Relative dielectric constant 3.55
H  [Substrate thickness mm 0.508
T  (Conductor thickness mm .035

Rho |Metal bulk resistivity normalized to gold

Tand [Loss tangent of dielectric pF .0027

Quarter wavelength open stub at 17.5 GHz which is the oscillator frequency and
half wavelength short stub at 33 GHz which is the RF frequency are feasible choices

for the implementation.

MSUB
Er=3.55
T o MLEF H=0.508 mm
= W=0.15 m T=0.035 rm
EL=90 Deg _ -
F0=17 5 GH L=2.6 mm Rho=1
= Tand=0.0027
PORT PORT ®

Z=50 Ohm Z=50 Ohm

Figure 3.9: Schematic of the quarter wavelength open stub
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T=0.035mm w;sz’% m TLSC

Rho=1 =0 55 m Z0=30 Ohm

Tand=0.0027 ) EL=180 Deg
F0=33 GHz

/! VA PORT B PORT
S S 7 =50 Ohm =50 Ohm
/ i S F
- e

Figure 3.10: Schematic of the half wavelength short stub
Figure 3.9 and Figure 3.10 show the designer whether the implementation

selection is correct or not. Input impedances at a port are expected to overlap on the

Smith Chart in Figure 3.11 which is given below.
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Figure 3.11: Smith Chart of input impedances at a port

3.2 DESIGN PROCESS

The design process can be separated into two sections which are the initial design
and the additional designs. The initial design is based on the design concept selection.
This includes the selection of a single APDP named MA4E2039, the choice of series
isolated subharmonic topology and the implementation of microstrip which has
substrate RO4003C.

The additional designs are a diplexer design and a DC block design. The purpose
of the diplexer is to enable the signals in the RF and IF frequency bands to appear in
different ports. When the signals in the RF and LO frequency bands are multiplied, a
DC component is formed in addition to an IF component. The DC component is
blocked and can not reach to the ports thanks to the usage of DC blocks. Since there is
a short circuit stub at the LO port side, there is no need for a DC block. Although the
use of a capacitor in IF frequencies is enough to prevent DC current flow in RF
frequencies, it is required to have a DC block component design which is in the form

of a microstrip.
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3.2.1 THE INITIAL DESIGN

Initial design is another version of a series isolated APDP. The usage of microstrip
elements will give more realistic results. Thus, the boundaries can be drawn more
easily while designing a dc block and diplexer. Schematic and conversion loss,

isolation and spectrum graphs of the initial design are given below.

PORTF

Z=50 Ohm
Freq=18 GHz
Pwr=8 dBm

Tand=0.0027
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PORT1 N N

7=50 Ohm 2 3

Pwr=-20 dBm PORT
7=50 Ohm

Figure 3.12: Schematics of the initial design
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Figure 3.13: Conversion loss of the initial design
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Figure 3.14: Isolation graph of the initial design
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Figure 3.15: Spectrum graph of the initial design

With the transition from isolated series topology to initial design, conversion
loss is maintained at 7 dB level. Another important parameter which is LO to IF
isolation has increased from the order of 20 dB to 23 dB.

3.2.2 ADDITIONAL DESIGNS

Additional designs are based on microstrip implementation with RO4003C
substrate and they must comply with design constraints. RF to IF isolation, which is
one of the initial design isolation values, is on the order of 5 dB, it is another reason
for diplexer design. The 7 dB conversion loss in the initial design suggests that the

sum of insertion losses of the diplexer and the DC block should not exceed 6 dB.
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3.2.2.1 DC BLOCK DESIGN

Coupled line and its microstrip implementation is an example of DC block which
supports millimeter wave band. Simulations involving millimeter wave band must be
electromagnetic (EM) simulation due to realistic modelling. Schematics of DC block

design at RF frequencies are given below.

CLN
TLIN ZE=1T5.0nm

PORT  Z0<500hm 2075 0fm

Z:50 0hm EL=135Deg EL=50Deg
FO=33 Ghz R=B6H gpey

o e I i

/

™ -
™ /

Pl
7 // \\\ ~
| H Pnf [ S— -

OPEN TN PORT
20=500hm 750 Ohm
EL=135 Deg
FO=33 GHz

Figure 3.16: Schematic of DC block with ideal elements
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H_—O.SGB mm MCLIN W=t 1 Z=50 Ohm
T=0035mm N
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S=0.15 mm

Tand=0.0027 L=14mm

Figure 3.17: Schematic of DC block with microstrip lines
Insertion and return losses graph of Figure 3.16 and Figure 3.17 are expected to

overlap on the S parameters graph in Figure 3.18 which is given next page. Insertion

loss must be too close to 0 dB level and return loss must be too far to 0 dB level.
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Figure 3.18: S parameters of DC block schematics

The scattering parameters of DC block show the feasibility of the
implementation with microstrip lines. Electromagnetic simulation indicates realistic
insertion and return losses values. Three dimensions (3D) layout and EM simulation

results of DC block is given below.

Figure 3.19: 3D layout of DC block

S-Parameters [Magnitude in dB] W

“ : ; ! -
m— [nsertion Loss
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2 i ; : : - - ;

Frequency [ GHz

Figure 3.20: EM simulation of DC Block
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Insertion loss at RF frequencies of DC block increased from 0.15 dB to 0.38 dB
after EM simulation. More than 50 dB insertion loss and 0 dB return loss at 0 Hz

frequency indicates that DC current does not pass.

3.2.2.2 DIPLEXER DESIGN

Half wavelength open stub and its microstrip implementation is an example of
diplexer which decompose RF and IF frequencies. Simulations at microstrip junction
at high frequencies must be EM simulation due to realistic modelling. Schematics of

diplexer design are given below.

COMMON 8 "5

TLIN
Z0=50 Ohm TLOC
EL=135 Deg Z0=120 Ohm
F0=33 GHz EL=90 Deg
F0=33 GHz
TLIN TLIN TLIN TLIN
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PORT EL=360 Deg EL=90Deg EL=135Deg C'-1 10F EL=630 Deg 750 Ohm
7=500hm  FO=33 GHz F0=33 GHz F0=33 GHz =leop F0=33 GHz
[F
TLOC
20120 Ohm
EL=90 Deg
F0=33 GHz

Figure 3.21: Schematic of diplexer with ideal elements
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Figure 3.22: Schematic of diplexer with microstrip lines

Insertion and return losses graph of Figure 3.20 and Figure 3.21 are expected to
overlap on the S parameters graph in Figure 3.22 which is given below. Insertion
losses from common port to other ports must be too close to 3 dB level at IF
frequencies and return loss must be far to 0 dB level. Insertion losses from common
port to IF at RF frequencies must be too far to 0 dB level. Insertion losses from
common port to RF at RF frequencies must be too close to 0 dB level. Besides return

loss of common port must be far to 0 dB level.
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Figure 3.23: S parameters of diplexer schematics
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Scattering parameters of designed diplexer using microstrip lines shows the
feasibility of the implementation. Electromagnetic simulation indicates realistic
insertion and return losses values. 3D layout and EM simulation results of diplexer is

given below.

HleB PF

Figure 3.24: 3D layout of diplexer
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Figure 3.25: EM simulation of diplexer

Insertion loss at RF frequencies of diplexer increased from 0.4 dB to 0.9 dB after
EM simulation. Insertion loss at IF frequencies of diplexer increased from 3.5 dB to
4.3 dB. Sum of insertion losses of dc block and diplexer is 4.7 dB after EM
simulation. This level is suitable for millimeter wave band design due to difficulty of

microstrip implementation.
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3.3 ACOMPLETE DESIGN

A perfect subharmonic mixer design which was completed using APDP consists
of design elements created by applying the specified design steps. Complete design
stages consist of design with ideal element, microstrip implementation and realistic

design with hybrid simulation which are harmonic balance and EM simulation.

3.3.1 ACOMPLETE DESIGN WITH IDEAL ELEMENTS

A complete design is achieved by modelling all the portions in the microwave
circuit. The design process is simplified by dividing the complete design into three
portions which are APDP with stubs, diplexer and DC block. APDP with stubs is
already the main body of subharmonic mixer design. The design of diplexer and DC
block with ideal elements refers a complete design with ideal elements which has

schematic given Figure 3.26.
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Figure 3.26: Schematic of a complete design with ideal elements
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Conversion loss, isolation graph and spectrum graphs for the circuit in Figure 3.26

are given figures which are Figure 3.27, Figure 3.28 and Figure 3.29, respectively.
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Figure 3.27: Conversion loss of a complete design with ideal elements
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Figure 3.28: Isolation graph of a complete design with ideal elements
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Figure 3.29: Spectrum graph of a complete design with ideal elements

Conversion loss at 7 dB levels is quite encouraging for reference conversion loss

value. In addition, isolation levels are not realistic due to effect of ideal elements at
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Smith Chart. For precisely this reason, a complete microstrip implementation must
be used to predict isolation.

3.3.2 ACOMPLETE DESIGN WITH CLOSED FORM ELEMENTS

A complete design with closed form elements is essential for applicability in
almost all microwave designs which is compatible with the microstrip structure.
Schematic of a complete design with closed form elements at microstrip
implementation is given Figure 3.30.
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Figure 3.30: Schematic of a complete microstrip implementation
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Conversion loss, isolation graph and spectrum graph of Figure 3.30 are given in

Figure 3.31, Figure 3.32 and Figure 3.33, respectively.

Conversion Loss

-9 494 dB

32 33

Frequency (GHz)

34 35 36

Figure 3.31: Conversion loss of a complete microstrip implementation
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Figure 3.32: Isolation graph of a complete microstrip implementation
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Figure 3.33: Spectrum graph of a complete microstrip implementation

With the transition from ideal elements to microstrip elements, LO to IF

isolation has decreased from 33 dB level to 21 dB level as expected. On the other
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hand, conversion loss has increased from 7 dB level to 9 dB level. Additionally,
conversion loss values are not realistic as EM simulation is required due to high
frequency. For precisely this reason, realistic design with hybrid simulation must be

used to predict conversion loss.

3.3.3 REALISTIC DESIGN WITH HYBRID SIMULATION

A complete microstrip implementation gives more realistic values according to a
complete design with ideal elements due to lack of use of ideal elements. NI AWR
Design Environment use closed form microstrip elements at microstrip
implementation. Closed form microstrip elements does not give accurate insertion and
return loss values at high frequencies like millimeter wave band. Realistic design with
hybrid simulation consists of two simulations. The first of these is the harmonic
balance simulation used by NI AWR for conversion loss calculation. The other is EM
simulation of CST Studio Suite for insertion and return losses calculation. Schematic

of a realistic design with hybrid simulation is given Figure 3.34.
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Figure 3.34: Schematic of a realistic design with hybrid simulation
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Conversion loss, isolation graph and spectrum graph of Figure 3.34 are given in
Figure 3.35, Figure 3.36 and Figure 3.37, respectively.
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Figure 3.35: Conversion loss of a realistic design with hybrid simulation
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Figure 3.36: Isolation graph of a realistic design with hybrid simulation
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Figure 3.37: Spectrum graph of a realistic design with hybrid simulation

With the transition from closed form simulation to hybrid simulation, conversion
loss has increased from 9 dB level to 13 dB level as expected. In addition, LO to IF
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isolation increased from 21 dB level to 44 dB level. The conversion loss and
isolation values of the designed mixer are expected to be very close to hybrid

simulation results.
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4. IMPLEMENTATION AND MEASUREMENTS

Implementation and measurements of the designed module are the next step from
design and simulation. Implementation refers to the generation of a computer aided
design (CAD drawing) and the subsequent manufacturing of the corresponding printed
circuit board (PCB). After the printing of the PCB, measurements of mixer parameters
were taken by using measurement devices. After this section, a comparison between

the results of the simulations and the measurements will be made .

4.1 IMPLEMENTATION OF CAD

The usage of CAD tools for the design of electronic circuits is an important
milestone. Thanks to the CAD circuit design tools, the mixer proposed in this thesis
was able to be designed in such dimensions that made it suitable for commercial use
in RF industry. 2D layout of the designed mixer is given in Figure 4.1.

0000000

& JEN

Figure 4.1: 2D layout of the designed mixer

The red colored regions define the top layer and whereas blue colored regions
correspond to bottom layer of the PCB in Figure 4.1. The designed PCB has a
dimension of 2.5 cm x 2.5 cm. 3D layout and a photo of the designed PCB is given
Figure 4.2 and 4.3.
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Figure 4.2: 3D layout of the designed mixer

Figure 4.3: Designed PCB photo for scale

4.2 MIXER MEASUREMENT TECHNIQUES

Adhering to only classical methods when measuring a frequency conversion
parameter such as conversion loss slows down the measurement process. Although it
is necessary to examine the full frequency spectrum to obtain the mixer isolations,
measurements based on a single frequency will work for the conversion loss
measurement. A classical test setup for the conversion loss measurement consists of
one spectrum analyzer and two signal generators which generate RF and LO signals.
Conversion loss including cable loss can be measured by subtracting the input power
generated by RF signal generator from the output power observed on spectrum

analyzer at IF frequencies. After this subtraction, the insertion losses of the cable at
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RF frequency that connects RF signal generator and the mixer and the insertion loss
of the cable at IF frequency that connects the mixer and spectrum analyzer must be
also subtracted.

Conversion loss can also be measured using more modern methods. Network
analyzer and power sensor duo are a striking example of this methods. The same
procedures as in the classical method are done quickly over the whole band by means

of software. Additionally, this method can even measure compression.

4.2.1 CONVERSION LOSS MEASUREMENT

The classical method of conversion loss measurement is quite troublesome
compared to network analyzer and power sensor duo. The mixer designed for this
thesis was measured with the measuring devices in Table 4.1 based on the conversion
loss measurement test setup in Figure 4.4 for conversion loss and compression

measurement.

Table 4.1) Measuring devices for conversion loss measurement

Company Model Name Frequency Range
Agilent PNA Network Analyzer N5224A 0.01-43.5 GHz
Agilent USB Wideband Power Sensor U2022XA 0.05-40 GHz
Agilent Electronic Calibration Module N4693-60002 0.01-50 GHz

o] |

IF Port
=5
. Vector '
USB Wideband - ECal S
Power Sensor Network L Module
Analyzer
LO Port

Figure 4.4: Calibration setup for conversion loss measurement
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Although the designed mixer is simulated according to the fixed LO
configuration, the measurements can be taken fixed IF or fixed RF configuration as it
is often preferred. The reason for this is that synthesizers are generally used as LO
signal in the receiver circuits. From Figure 4.5 to Figure 4.11, conversion losses are
given according to different LO power levels of fixed IF or fixed RF frequencies

configuration.

Conversion Losses

18
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Frequency (GHz)
-8-4 dBm —a— 8 dBm —4— 12 dBm
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Figure 4.5: Fixed 0.1 GHz IF conversion loss graph
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Figure 4.6: Fixed 1 GHz IF conversion loss graph
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Figure 4.7: Fixed 2 GHz IF conversion loss graph
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Figure 4.8: Fixed 3 GHz IF conversion loss graph
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Figure 4.9: Fixed 31 GHz RF conversion loss graph
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Figure 4.10: Fixed 33 GHz RF conversion loss graph
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Figure 4.11: Fixed 35 GHz RF conversion loss graph

4.2.2 SPECTRUM MEASUREMENT

The classical method of conversion loss measurement is essential to obtain whole
frequency spectrum. Thus, isolations and spurs can be examined as well as conversion
loss. In addition, this measurement is very important to verify previous measurement.
It will also be useful for comparison with simulation. The mixer designed for this thesis
was measured with the measuring devices in

Table 4.2 based on the spectrum measurement test setup in Figure 4.12 for

conversion loss and isolations measurement.
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Table 4.2) Measuring devices for spectrum measurement

Company Model Name Frequency Range
Agilent PXA Signal Analyzer N5224A 0.01-43GHz
Keysight E8267D PSG Vector Signal Generator 0.001-44 GHz
Huber+Suhner Sucoflex 102 0.001-46 GHz
LO Signal
Generator

8

LO Cable
RF Signal Spectrum
Generator 7 DUT Analyzer
RF Cable IF Cable

Figure 4.12: Measuring setup for spectrum measurement

The loss of the cables used are given in Figure 4.13 so that can be calculated in
the conversion loss measurement.

Cable Loss

m1:
1 GHz
-0.5014 dB

2 GH=z
-0.685 dB

m3:

18 GHz
-1.976 dB m4:

34 GHz
-2.773dB

0 10 20 30 40
Frequency (GHz)

Figure 4.13: Cable losses graph
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From Figure 4.14 to Figure 4.20, conversion losses are given based on -20 dBm

RF power and 8 dBm LO power generated by signal generators. From Figure 4.14 to

Figure 4.17 refer fixed 1 GHz configuration and from Figure 4.18 to Figure 4.20

refer fixed 2 GHz configuration for different RF frequencies.
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Figure 4.20: 2 GHz IF, 34 GHz RF spectrum graph

4.2.3 COMPRESSION MEASUREMENT

Compression measurement can also be done by the calibration setup in Figure 4.4.
Conversion loss graph corresponding to RF power level from -10 dBm to 10 dBm are
drawn Figure 4.21 to determine 1 dB compression point.

Comversion Loss vs Input Power
-9
T I I

X:-10
¥i-11.84

Conversion Loss (dB)

Lo

0
Input Power (dBm}

Figure 4.21: Conversion loss vs input power graph
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Conversion loss has decreased 1 dB at 6.8 dBm input power level. This value
refers input 1 dB compression level. A common rule of thumb for relationship between
TOIl and 1 dB compression point is from 10 dB to 12 dB level. Datasheet of
MA4E2039 indicates 20 dBm absolute maximum incident power. Compression point

measurement is realistic according to the datasheet.

4.3 SIMULATION AND MEASUREMENT COMPARISON

All analysis without simulation and measurement comparison is a futile effort due
to inability to draw conclusions. If a design is to be made with new requirements,
simulation and measurement comparison of similar design must be checked. In
addition, the more simulation and measurement data in this comparison, the more
accurate analysis is made. More data should be provided with more simulation
methods and measurement techniques. In this thesis, the data of hybrid simulation
method including EM simulation will be compared to with two different measurement
techniques. These measurement techniques are classical spectrum measurement and
modern techniques including vector network analyzer (VNA) and power sensor duo.

Generally, 1 GHz IF configuration and 2 GHz IF configuration preferred in
receiver systems as they cover within the frequency ranges of analog to digital
converters (ADC). It would be more logical to make simulation and measurement

comparisons in this range.

Comversion Loss Graph Comparison for 1 Gz IF Configuration

Frequancy (GHz)

Figure 4.22: Conversion loss graph comparison for 1 GHz IF configuration
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Comversion Loss Graph Companison for 2 GHz IF Configuration

AT

£
Frequency (GHz)

Figure 4.23: Conversion loss graph comparison for 2 GHz IF configuration

Figure 4.22 and Figure 4.23 illustrates conversion loss graph comparison for
1 GHz IF configuration and 2 GHz IF configuration. Although there are levels where
simulation and measurement results overlap, it is seen when the difference level
reaches up to 3 dB.
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Figure 4.24: LO to IF isolation graph comparison for 1 GHz IF configuration
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Figure 4.25: LO to IF isolation graph comparison for 2 GHz IF configuration
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Figure 4.24 and Figure 4.25 illustrates LO to IF isolation graph comparison for 1
GHz IF configuration and 2 GHz IF configuration. It is seen that the simulation and

measurement results do not overlap and the difference level is up to 10 dB, generally.

RF to IF Isolation Graph Companison for 1 GHz IF Configuration
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Figure 4.26: RF to IF isolation graph comparison for 1 GHz IF configuration

RF to IF Isolation Loss Graph Comparison for 2 GHz IF Configuration
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Frequency (GHz)

Figure 4.27: RF to IF isolation graph comparison for 2 GHz IF configuration

Figure 4.26 and Figure 4.27 illustrates RF to IF isolation graph comparison for 1
GHz IF configuration and 2 GHz IF configuration. Although there are levels where
simulation and measurement results overlap, it is seen when the difference level

reaches up to 10 dB.
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5. CONCLUSION

The aim of this thesis is to improve the parameters of a subharmonic mixer device
in millimeter wave band, in such a way that it has better performance characteristics
compared to the existing commercial devices such as HMC339 from Analog Devices,
SFS-18340315-KFSFSF-N1-M from Sage Millimeter, AMMP-6546-AVAGO from
Avago Technologies. This thesis covers the topics of design, simulation,
implementation and measurement of a subharmonic mixer in millimeter wave band.
This thesis also includes component modelling and circuit characterization in
millimeter wave band. A simplistic design method has been utilized using a single
APDP for low cost design. The primary contribution goal of this thesis to the mixer
design literature is to introduce RF to IF downconversion to the design of subharmonic
mixers in millimeter wave band. The characteristics of the designed subharmonic

mixer are given in the table below.

Table 5.1: The characteristics of the designed subharmonic mixer

Parameter Minimum | Typical Maximum Unit
Frequency Range of RF 30-36 GHz
Frequency Range of IF 0.1-4 GHz
Frequency Range of LO 15-20 GHz

LO Pumping Power 4 8 12 dBm
Conversion Loss 10 13 15 dB
LO to IF Isolation 20 30 40 dB
RF to IF Isolation 15 25 35 dB
1 dB Compression (Input) 6.8 dBm
RF and LO Damage Power 20 dBm
Length 26 mm
Width 24 mm
Height 10 mm
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An increased usage of subharmonic mixers in the RF industry is anticipated
because of the recent advancements in the production of millimeter wave band
circuit components. A good example of the recent advancement trend in millimeter
wave band circuit components is the improved characteristics of APDPs produced by
MACOM. During the writing of this thesis, MACOM has launched a new APDP
model (MA4E1318) whose characteristics supersedes the one (MA4E2039) used in
the design of the mixer proposed in this thesis [45-47].
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APPENDICES

Appendix A: Publications within the Scope of Thesis

Demir K., Aslan M. H., Arvas E., (2021), “Design of a Subharmonic Mixer Using
Antiparalel Diode Pair in Millimeter Wave Band”, Gebze Technical

University Institute of Natural and Applied Sciences, 5th Graduate Studies
Symposium & Presentation Days, 10-11 June.

Appendix B: Pictures of Measurement Setups

Figure B1.1: Pictures of Measurement Setups

Appendix C: Details of Mixer Characteristics

C.1 Conversion Loss

The ratio of the desired output signal power level to input signal power level

describes conversion loss. It is normally expressed in decibel (dB).
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Pout

L. = 10log P
in

(C1.1)

where L. refers conversion loss in dB, P, refers outpul signal power, P;, refers input

signal power. Theoretically, ideal diode mixer has conversion loss approximately 4 dB

due to 2/71 coefficient of the Fourier series of square wave.
T
Le = 20log> =3.92dB (C1.2)

The best mixer designed for conversion loss can have a 3.92 dB conversion loss.
Generally, diode mixer designs have conversion losses between 4 dB and 7 dB.
Impedance matching of RF, LO and IF ports is one of the main requirements of mixer
design. Resistive loads cause more conversion loss than capacitive loads. At the same
time, capacitive loads are frequency dependent loads more than resistive loads.
Conversion loss includes both resistive loss of diode mixer and loss in the frequency
conversion process from input to output ports. This process might be in the form of
downconversion from RF to IF ports as well as in the form of upconversion from IF to
RF ports. Conversion loss of mixer is very important especially in receiver systems
compared to transmitter systems. The reason for this can be explained as the minimum
detectable signal level increases as each loss in the system increases the noise figure.
Conversion loss may vary depending on the power level of the LO signal. In mixer
designs based on conversion loss, the optimum LO signal power level is between 0
decibel milliwatts (dBm) and 10 dBm.

Besides all this, transistor mixers have greater conversion gain. Although this
situation seems to be advantageous, harmonics and spurs of the fundamental signals
benefit from this advantage in the same way. Most of the time, a clear multiplication
is preferred over gainful multiplication. As a result, the application area of diode
mixers are much more than transistor mixer, though diode mixers are less gainful than

transistor mixers.
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C.2 Noise Figure

Noise figure is the ratio of the Signal to Noise Ratio (SNR) at the input compared
to the SNR at the output, both measured at 290K. The ratio is called as noise factor
when expressed linearly or called as noise figure when expressed logarithmically.
Noise is produced by thermal sources due to diode or transistor components and
resistive losses in mixer. Typically, diode mixers have a lower noise figure than
transistor mixers. The noise figure of diode mixers is between 1 dB and 5 dB. The

noise figure of a mixer depends on whether its input is a single sideband signal or a
double sideband signal.

vpsp(t) = A([cos(wyo — wp)t + cos(wyp + wip)t]) (C2.1)

Product signal when the LO signal and IF signals are multiplied is filtered by low

pass filter where K is a constant value dependent to conversion loss.

AK AK
vip(t) = TCOS(wIFt) + TCOS(—O)IFt) = AK cos(w;pt) (C2.2)

The average power of DSB input signal is given by next equation.

The average power of IF signal is given by next equation.

A?K?2
S =
0 2

(C2.4)

The input noise power is identified as N; = kT,B where T, = 290 K and B is the
bandwidth of IF signal. The output noise power is identified N, and N ;4.4 IS the
added noise by mixer. The output noise power refers the ratio of the sum of output and

added noise power to the conversion loss.
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_ (KToB + Ngggea)
=
L¢

(C2.5)

Utilizing the noise figure definition, DSB noise figure given in the next equation
IS reached.

SiNy 2 Naddea
Fpsg = = 1
DSB ™ S Ny~ K2L, 1+ kT,B

) (C2.6)

The noise figure of a mixer depends on whether its input is a single sideband signal

or a double sideband signal.
Vssp () = A[cos(wpo — wip)t] (C2.7)

Product signal when the LO signal and IF signals are multiplied is filtered by low

pass filter where K is a constant value dependent to conversion loss.
vip(t) = ATKcos(w,Ft) (C2.8)
The average power of SSB input signal is given by next equation.
s, =2 (C2.9)

The average power of IF signal is given by next equation.

A?K?

Sy = C2.10
0= 3 (C2.10)

Utilizing the noise figure definition, SSB noise figure given in the next equation
is reached.

SiNo 4 Nagdea
Fgsp = = 1+
SSB7 SoN; — K2L, ( kT,B

) (C2.11)
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As a result, the noise figure of DSB is twice the noise figure of SSB.

2Fpsp = Fssp (C2.12)

C.3 Compression and Linearity

Mixer compression often refers 1 dB compression point. For small input signal
levels, a dB increase in output signal level occurs in a dB increase in the input signal
level. When the input signal level proceeds to increase, the conversion loss of the mixer
will step by step start to increase. The 1dB compression point is the signal level at
which the conversion loss does not increased by 1dB. It should definitely be specified
whether the input 1 dB compression point or output 1 dB compression point in the
form of P1dBin or P1dBout.

Mixer linearity often refers 3rd order intercept point. This is a value to give a mark
of the mixer’s signal handling capability. Especially, it provides a mark of the levels
of third order products a mixer is probably to generate under multitone stimulation. It
is measured by driving two closely spaced input tones at frequencies F; and F,. Third
order products from the multiplying of these tones with the LO at frequency F,,
consist at frequencies (2F; + F,) * F,o and (2F, * F;) £ F,o. On such a condition of
downconversion, the third order products most considered are (2F, — F,) — F,, and

(2F, — F;) — F,, due to closely spaced to the IF signal.
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Figure C3.1: IF spectrum of a downconversion with two tone stimulation
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Figure C.1 demonstrates the IF spectrum of a downconversion with two tone
stimulation. The third order intercept (TOI) point is a completely utopian point which
the third order product overtakes in terms of amplitude the IF product. Increase level
of the third order products is three times the increase of the IF and the RF products.
The third order intercept point which is output referenced is given as next equation
based on Figure C.1.

AL
TOIOUI = PIF + 7 (C31)

For the most part, the third order intercept point is referenced to the input which

Is summation of conversion loss and output referenced point.

C.4 Spur and Isolation

Conversion loss, noise figure and linearity are formulated characteristics of the
mixer. Some characteristics can’t be formulated easily due to their variable structure.
The main ones are mixer compression, spurs and isolation.

Mixer spur’s is a term is used to portray any undesired mixing product. Figure 2.5
is an example of frequency spectrum up to 2nd order products. Each undesired product
can be written to the spur table.

Isolation is a measure of the quantity of power that leaks from one port to another
port. Isolation is characterized as the differentiation in signal level between the
amplitude of an input signal and the amplitude of the leaked power from that input
signal to another port. Three main types of isolations exist in mixers. These are LO to
RF, LO to IF and RF to IF isolations.

C.5 Other Characteristics
Conversion loss, noise figure and linearity are formulated; compression, spurs and
isolation are easily measurable characteristics. Some characteristics can’t be

formulated and not easily measurable due to its variable structure. The main ones are

intermodulation, reflection, image frequency rejection and harmonic rejection.
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Other characteristics affect main characteristics direct or indirect. For example,
reflection affects conversion loss direct and it affects isolation indirect. It is useful to

consider the situation of all these characteristics when designing the mixer.

Appendix D: Details of Diode Mixer Topologies

D.1 Single Ended Diode Mixer

Single ended mixer is operating with a single diode. Mixer ports don’t contain any
inherent isolation. The most difficult issue for designers when designing single ended
mixer is to provide isolation between the RF and IF ports. Basic block diagram of a

single ended diode mixer can be shown as next figure.

LOorRFor IF

VAN

LOorRF or IF FaN VAN LOorRF or IF

Figure D1.1: Block diagram of single ended mixer

Matching of the single ended mixer depends only diplexer filter due to its
composition, just as in the port to port isolation. This adherence makes its relatively
poor performance in these characteristics. In addition, single ended diode mixer is
less linear than the other mixers due to single diode. The only way to increase
linearity is to drive mixer with stronger local oscillator signal.

Single ended mixers are more advantageous than double balanced mixers due to
usage of single diode drivable lower LO power. On the other hand, they have some
disadvantages which are isolation, noise figure and bandwidth. Despite all this,

single ended mixers often preferred due to simplicity.
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D.2 Single Balanced Diode Mixer

Single balanced diode mixer is operating with double diode. Either the LO or the
RF signal is balanced by 90° or 180° hybrid. The most difficult issue for designers
when designing single balanced diode mixer is to design hybrid at suitable frequencies.

Basic block diagram of single balanced diode mixer can be shown as next figure.

0° o
LO or RF < N
Q
A< go SN
LO or RF
-180° or 90°

Figure D2.1: Block diagram of single balanced diode mixer

Matching of the single balanced diode mixer depends hybrid performance due to
its composition, just as in the port to port isolation. This adherence makes its
relatively good performance in these characteristics. In addition, single balanced
diode mixer is more linear than single ended diode mixers due to existence double

diode. It is also less linear than double balanced diode mixer.

D.3 Double Balanced Diode Mixer

Double balanced diode mixer is operating with four diodes in a ring or star
configuration with both the LO or the RF signal is balanced. The most difficult issue
for designers when designing double balanced diode mixer is to design baluns at
suitable frequencies. Basic block diagram of double balanced diode mixer can be

shown as next figure.
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Figure D3.1: Block diagram of double balanced diode mixer

Matching of the double balanced diode mixer depends hybrid performance due
to its composition, just as in the port to port isolation. This adherence makes its
relatively good performance in isolation characteristic and relatively poor
performance in matching characteristic. In addition, double balanced diode mixer is
more linear than the other mixers due to existence of four diodes.

Double balanced mixers have different configurations in terms of sequences.
When a larger bandwidth is desired, double balanced star mixers must be used.
Different types of design approaches may be required in double balanced diode
mixer design according to single balanced mixers .

Main mixer topologies have various advantages or disadvantages in terms of

matching, isolation, conversion loss, linearity, bandwidth, harmonic generation.

D.4 Other Mixers

Single ended diode mixer, single balanced diode mixer and double balanced
diode mixer are main diode mixers according to topologies. The other diode mixers
are divided into many topologies such as image reject mixer, subharmonic mixer,
double doubly balanced diode mixer. Additionally, single ended FET mixer,
differential FET mixer and Gilbert Cell mixer are types of FET mixers. All of mixers

satisfy frequency multiplication with conversion loss or gain.
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Appendix E: Explanation of Subharmonic Mixing Theory using

Bessel Series

Figure E1.1: APDP Mixer Circuit Diagram

g1 = ay i e

g2 = Qzis; e” %" (E1.2)

V =V, cos(w,t) + Vs cos(wgt)

(E1.3)
91 = 92
Is1 = Is2
a, = a,
VL + VS ~ VL (E14)
g=ais (e +e ) (EL.5)
g=a L-S(ea Vi cos(wrt) +e @ V1 cos (th)) (E1.6)
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k=co
e?0s8 = J (2) + 2 Z I,(z) cos(kO)
k=1

k=00 1 2k
¢z?)

|
Ly KT (n+k+1)

1
(@) = G2)"

r(z) = f dtettz 1
0

r'm)=(mn-1)!
9=(DLt
z=zaV,

In(_Z) — (_1)11 In(Z)
g=a is(ezcose + e—zcose)

k=0o0
g=aigly(aV,)+2 Z I,(a V) cos(kw, t)
k=1

k=00
+2 z I (—a V) cos(kw, t)]
k=1

k=00

g=aidf2l(aV)+2 Z I,(a V) cos(kw, t) (1 + (—1)™) }
k=1

g=aif2l(aV)+ 4l,(aV;)cosQw, t) +

41, (a V)cos(4w, t) + 4lg(a V,)cos(bw;, t)+ .....

g =2ai{ly(aV,)+ 2L,(aV,)cosLw, t) +

2I,(a V)cos(4w, t) + 2I(a V,)cos(bw, )+ .....
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(E1.8)

(E1.9)

(E1.10)

(E1.11)

(E1.12)

(E1.13)
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i =[Raidly(aV,)+ 2L, (aV,)cosQw, t) +
2I,(a V)cos(4wy t) + 2Ig(a V)cos(bw; t)+.....]
*[V,, cos(w,t) + Vs cos(wst)] (E1.16)

i =[2a i I,(a V)V, cos(wt) +

2a igly(a V)V cos(wgt)+ 21, (a V) cos(2w,, t)V, cos(w,t) +

21, (a V) cos(Rwy, t)V; cos(wgt)+21,(a V) cos(4wy, t)V, cos(w,t) +

21,(a V)cos(4w, t)Vs cos(wgt) +

2Ic(a V)cos(6w; t)V, cos(w,t) +

2I¢(a V)cos(bwy, t)Vs cos(wgt) +  .....] (E1.17)

i ={[2aisV, [Io(aV,) + + L(a V,)]cos(w,t) +
[2a is Vs [h(a V;)] cos(wgt) +
[2ais Vi, {I,(a V) + + [,(aV;)} cos(3w,t) +
[2a is V;, [,(a V)] cos(5w.t) +
[2a is Vs I, (a V)] cos(RQw;, + wg)t +
[2a is Vs ,(a V)] cos(Qw;, — wg)t +
[2a is Vs [,(a V;)] cos(4w;, + ws)t +

(E1.18)
[2ais Vs [,(a V)] cos(4w, — ws)t + ...}
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