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MepiAnyn

>TnVv JINAWNATIKN AUTn €Epyacia NnpayuaTonolsital n availuaon, n oxediaon
Kal n uAonoinon &vOoG OAOKANpwHEVOU MNoAAAnAaciacTh GuxvoTATwy, OUOo
otadiwv, akoAoubBoUpevou and evav TpioTadiakd evioxXuTn 10XU0G, O€
MIKPOKUMATIKEG OUXVOTNTEG Kal oTnv Texvoloyia SiGe BICMOS 130nm.
S UYKEKPIYEVA, NapaTiBevTal e avaAuTikd TPONO N APXITEKTOVIKNA Kal Ta BrAparta
nou akoAouBnlnkav yia TNV KaTaoKeun Tou NnpoavapepOEvToC NoAAanNAaciaoTn
Kal €VIOXUTH, Ot KeVTPIKA ouxvoTnta 145GHz, pe eUpoc Asitoupyiac 130-
160GHz. ZTnv epyacia napouaialetal n diadikacia, evw nNpayuaTonoleiTal kai n
ouykpion Twv €nmdOCswv HETAEU Twv oTadiwv TnG oxediaong, dnAadn Tnv
MeTABaon ano eninedo 1davikoU oxnuaTikoUu oTo eninedo layout Tou TEAIKWG
UAOMOINGIHOU KUKAWHATOG.

ApxIka, napouoialeral o pOAOG TOU KUKAWMATOG Kal oxoAlaleTal n 6€on
Tou oTnv aAucida evoc oUuyxXpovou MOMMNOJEKTN OTA NPOIoVTA TeEXVoAoyiag D-
band ocuxvoTtnTwv. Ev ouvexeia, avallovTal BewpnTikd ol NpodiaypaPEG Kal Td
XAPAKTNPIOTIKA TWV  OAOKANPWHEVWV  KUKAWHATWV  NOAAGNAQoIaoT®v
OUXVOTATWV, EVW PETENEITA AKOAOUBEI N avaAuon TOU KUKA®PATOC, EKKIVOVTAC
and To oxNMATIKO, 10aviko €ninedo kaTeubuvopevol npog To eninedo layout Tou
EMNIAEYNEVOU NOAANANAACIAQOTR KAl EVIOXUTN.

TENOG, npayuhaTonolsiTalr n napouciaon TwV dAMOTEAEOUATWV TwV
NPOCOHOIWOEWY TOU KUKAWHATOC KABWG kal nibavég PBeATiwoelc nou 6Oa
hnopouoav va AdBouv Xxwpa, wG NEAAOVTIKN €pyacia NAvVw OTO CUYKEKPIMEVO
OAOKANPWHEVO.

AEEeig KA£131a: noAAanAaciaoTAG GUXVOTATWY, EVIOXUTNG 10XUOG
MIKPOKUMATIKWV ouxvoThTwy, SiGe, BICMOS, 130nm, 145GHz, eUpog
AeiIToupyiag, layout.
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Abstract

In the present thesis, the realization of the analysis, design and
implementation of an integrated, two-stage, Frequency Multiplier, followed by
a three-stage Power Amplifier, operating at mm-wave frequencies and
fabricated in a 130nm SiGe BiCMOS technology takes place. Specifically, the
architecture and the steps followed for the implementation of the
aforementioned Frequency Multiplier and Power Amplifier, in a central
frequency of 145GHz, with a bandwidth of 130-160GHz, are listed in an
analytical way. In the thesis, the entire procedure is represented, while the
comparison of the performance between the design stages, which is the
transition from an ideal schematic level to the layout level of the manufactured
circuit, is realized.

Initially, the work presents the role of the circuit and comments on its
position in the chain of a modern transceiver used for products of D-band
frequencies. Continuing, it theoretically analyses the specifications and
characteristics of the integrated Frequency Multipliers, while subsequently, it
follows to analyze the entire circuit, starting from the ideal, schematic level
and moving towards the layout of the chosen Frequency Multiplier and Power
Amplifier.

Finally, the presentation of the results, provided by the simulations
realized on the circuit and the several, possible improvements that could occur
as a future work on this integrated circuit, takes place.

Key words: Frequency Multiplier, mm-wave frequency Power
Amplifier, SiGe, BiCMOS, 130nm, 145GHz, bandwidth, layout.
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Chapter 1 - Introduction

1.1 Motive and mm-Wave Frequency Spectrum

As there is an increasing congestion in the low frequency bands, there
is an impetus to explore the untapped higher frequency bands. These
underutilized bands are the sub-terahertz frequencies, which lie between
millimeter waves and infrared light, and range from 0.1 to 10 THz.

This frequency band is particularly attractive for wireless
communications because of the high bandwidth that can be obtained, possibly
solving the problem of high mobile traffic and addressing the demand for ultra-
fast communication systems. At the same time, it satisfies the ever-increasing

demand for spectral resources [1][2]. In addition, it promises high data rates
of more than 10 Gbps [3].

Taking into consideration Edholm's law of bandwidth, over the last two
decades, the demand for bandwidth has doubled every 18 months for short-
range communications [2]. From Figure 1.1, we see that according to Edholm,
wired communications will soon one day be a thing of the past [2][4].
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In addition to wireless communication, other applications require high
frequencies. One such application is spectroscopy, as high frequencies produce
sharper images. In addition, the medical sector is another area for the application



of these high frequencies, as they are not harmful to soft tissues and would
provide an alternative to X-rays and other imaging systems.

While their advantages are many, these high frequencies are particularly
difficult to achieve in electronics. Research into them is ongoing, with the aim of
bridging the gap between the theories, already developed, in the tools needed to
implement high frequency applications. There are limitations in semiconductor
devices that prevent the design of hardware for extremely high frequencies.
However, because the demand for high frequencies remains, research teams
continue to develop new designs to achieve electronic devices that can facilitate
high frequency applications.

In order to meet this demand, electrical engineers have attempted to use
various means to achieve millimeter wave and terahertz frequencies. Although
optoelectronic devices, quantum cascade lasers (QCL) and other still nano devices
have been explored to generate these high frequencies, they lack the advantages
possessed by silicon devices [1]. Silicon devices are inexpensive and readily
available. In addition, they are not as bulky as some of the alternative devices
and can operate reasonably well in uncontrolled environments [1].

In addition, as the frequency increases, the oscillator application is plagued
by phase noise and instability. Interleaving therefore a low frequency oscillator
with a frequency multiplier is one way to solve this problem [5].

1.2 Brief Introduction to Frequency Multipliers

The operation of a frequency multiplier is verbatim - a frequency
multiplier is a circuit that takes a signal of a specific frequency at its input and
produces harmonic multiples of that frequency at its output. Historically, their
use has been widespread, especially in the application of frequency synthesis.
When implemented as part of a large system, a chain of multipliers can be
used to synthesize multiple signals from a single high-performance oscillator.

[6].

Many early frequency multipliers were implemented using vacuum tubes
[7], and the devices used for frequency multiplication have varied since then.
Any non-linear device, such as tubes, diodes, transistors or even transformers
[8] and other circuits, can be used to excite higher harmonics from a signal.
For the purpose of this paper, the design is done with HBTs (Heterojunction
Bipolar Transistors) as the non-linear element.



1.3 Objective of this Thesis

This thesis presents both the theory and design behind frequency
multipliers and develops an intuitive understanding of both parasitic and non-
linear operation through the implementation of a, sub-terahertz frequency
multiplier for the generation of the LO signal in a transceiver system. The
central operating frequency for the output signal is set to 145GHz, while an
operating range between 130-160GHz is targeted.

1.4 Structure of the Work

In this work, firstly, a reference to the required theory will be made.
Subsequently, the design steps and the gradual transition from the ideal to the
real models and subsequently to the layout level will be presented. Finally, the
paper will conclude with the presentation of the simulation results and the
corresponding conclusions.



Chapter 2 - Frequency Multiplier and Microwave
Networks Theory

2.1 Overview of Frequency Multiplier Theory

As mentioned above, a frequency multiplier receives at its input a signal
at a particular frequency and extracts a harmonic of that signal. Figure 2.1
shows a simplified, ideal block diagram for the operation of this circuit.

Frequency ] « f
Frequency fo [ S Frequency N * To
arenty >1  Multiplier

-
l of order N

Input

—=> Output

To achieve this operation, the multipliers use the non-linear
characteristics of the semiconductors [9]. These non-linear characteristics can
be understood by examining the following power series as shown in [9]:

I=ag+a,"V+ a,-V:+ az-V3+-- (2.1)

So, if we assume that V is the signal at the input,

V=V, cos(w;"t) (2.2)

then the currents resulting from the power series are as follows:
LG =a,V=a, V- cos(wg-t) (2.3)

i,(t) =a, V2 =a, V> cos®(wy-t) = % cay Vi%(cos(2 wy )+ 1) (2.4)

is(t) =az V3 =as-V,® cos®(wy-t) = as - Vf(%cos(a)1 t) + icos(B ‘wqgt)) (2.5)

As can be seen from the above equations, harmonics start to generate
as the power series develops. The role of frequency multipliers is to extract
the desired harmonic of the fundamental signal by suppressing all other
frequencies.



Frequency multipliers have an input at a low frequency produced by an
oscillator and through their non-linear characteristics are capable of producing
the frequency N-fo. Ideally, the fundamental frequency is suppressed by the
circuit so that only the desired frequency appears at the output. A spectral
analysis shows that this is not actually the case, as the unwanted fundamental
frequency is not completely cancelled out. One of the goals therefore in the
design is to achieve high rejection of the fundamental frequency signal.

In addition, frequency multipliers introduce phase noise into the circuit
since they actually multiply the phase of a signal to achieve higher frequencies
[10][11]. The more frequency multipliers are placed in series, the higher the
phase noise is, as we can see from Table 2.1 below [12].

Input Signal Properties Input Function Output Function
Frequency fo N-fo
Fractional Frequency Af Af
f f
Phase noise L(f) L(f) + 20-log(N)

With the multiplication factor N, the fractional frequency of the input
signal is transferred directly to the output signal. Thus, if in an ideal frequency
multiplier we have a signal at the input with a certain precision, the signal at
the output will also have this precision. This becomes obvious by looking at
the equation:

Af _ f(©-fo

- 7 (2.6)

It can be seen that if all frequencies in the right-hand side of the
equation are multiplied by the factor N, they are simplified, thus leaving the
original expression.

Phase noise, L(f), is a particularly important characteristic for an
oscillator. Phase noise is defined as the noise introduced by the rapid, short-
term, random phase variation that occurs in a signal. Therefore, it is essentially
a measurement of the short-term stability of the signal. Ideal signals have a
single spectral power, which corresponds to a perfect sine wave. An ideal
signal, therefore, has zero phase noise. Real world signals, however, have
phase and fluctuations that cause the spectral power to be distributed over the
frequency spectrum. This distributed power is then characterized as phase
noise by measuring the power in a 1Hz bandwidth at a specified offset from
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the carrier, fm, in units of dBc/Hz [13]. The aforementioned difference in power
spectrum between ideal and real signal is shown in Figure 2.2.

~

PSD /

Real oscillator

Ideal oscillator PSD 1

<V

From Table 2.1, frequency multiplication adds phase noise at a rate of
20:log(N). Multiplying the power magnitude is equivalent to adding the logarithmic
power, hence the addition shown in the plot is logical. By multiplying the
frequency, the power spread of the input signal is further distributed by a factor
of N.

Having analyzed the above, maintaining the fractional frequency of the
input signal as well as adding phase noise at a rate of 20:-log(N) are particularly
important points for frequency multiplication when considering the
performance of various oscillators. At frequencies below 100MHz, various
crystal technologies are available which have orders of magnitude better
stability than LC oscillators [14]. The disadvantage of these crystal oscillators
is that crystals fabricated with resonances above 100MHz are fragile, difficult
to manufacture and very expensive. Therefore, to achieve higher frequencies,
in the hundreds of MHz and GHz ranges, LC oscillators and other less stable
types of oscillators must be used or large sums must be paid for more complex
frequency synthesis methods [15]. Frequency multipliers avoid this
disadvantage by allowing the use of a lower frequency, high efficiency
reference oscillator, maintaining frequency stability and increasing the phase
noise only by a factor of N, instead of whole orders of magnitude. Of course,
large multiplier chains can cause small instabilities in the reference frequency
of the oscillator to affect system applications, for example in satellite telemetry
transmitters [16]. This, however, means that the performance of the reference
oscillator must be increased to meet system specifications.

2.2 Passive and Active Frequency Multipliers

There are two main categories of frequency multipliers that can be used,
passive and active. Active frequency multipliers use active circuit elements
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while passive elements are used in passive multipliers. Of course, there are
advantages and disadvantages found in both categories.

2.2.1 Passive Multipliers

Passive multipliers use the non-linear behavior of the passive circuit
elements. In this class, diodes, such as Schottky diodes, and non-linear
capacitors, such as varactors, are used to achieve frequency
multiplication. Passive multipliers are expected to have high order
multiplication, low noise and wide bandwidths and are either impedance
multipliers or capacitive multipliers [11].

2.2.2 Active Multipliers
Active frequency multipliers have many advantages over passive
multipliers. First, they have a very high conversion gain and are
therefore more efficient [10]. In addition, they are highly broadband and
efficient in DC to RF conversion [10]. The non-linear active elements
used are generally FETs and BJTs. Thus, efficient multipliers are realized
which dissipate very little heat compared to passive elements.

2.3 S-Parameters

Traditionally, for the description of the linear behavior and the analysis,
in general terms, of an n-port at low frequencies, the Z and Y parameters are
chosen. Similarly, the analysis of noise in any frequency range is carried out
using the H- and G-parameters. However, these aforementioned parameters
require open circuit or short circuit measurement conditions, which are difficult
to perform accurately at high frequencies. In practice, therefore, at microwave
and mm-wave frequencies, the S-parameters, defined as the ratios of incident
and reflected power waves, play a primary role because of their ease of
extraction and measurement [17].

In further analysis, if we consider the same characteristic impedance Zo
in all branches of an n-port, then the equations for the normalized incident and
reflected power wave are formulated as follows:

a; = L (2.7)



For the relationship between the vectors for incident waves a; and
reflected waves b; the scattering matrix can be used

b1 511 Sln ay
[3]:[5 o x[il (2.9)
bn Snl Snn Qn
where
Sl-jzﬁ [a, =0 yiak #j] (2.10)

aj
in order to fully characterize the behavior of a linear n-port.

The above equation (2.10), suggests that S§;;, representing the
transmission coefficient from port j to port i, is found by driving port j with the
incident wave a; and measuring the reflected wave b; from port i, while the

incident waves at all ports except j are zero, meaning that these ports are
terminated with the characteristic impedance Zo in order to avoid reflections.
S;, represents the reflection coefficient at port i when all other ports are terminated
at the tailored Zo load. In this way, the S-parameters are satisfied with respect to
the reference impedance characteristic Zo.

Specifically for the two-port case, which we are interested in for this work
as it can represent our frequency multiplier and an amplifier in general, we have
the following:

el =l 5] = [ (2.11)

From the analysis of the above system, we obtain the following
equations:



b1=511'a1+ Slz'az (2.12)
b2=521'a1+ Szz'az (2.13)

Considering an incident wave a; at port 1, as shown in Figure 2.3, we
will get reflected waves at each of the ports. However, port 2 is terminated
with a load equal to the characteristic impedance Zo, thus maximizing the

energy transfer to the load and zeroing the reflected wave a, at port 2. In this
way, the following results are obtained for S-parameters S;; and S,;, while
correspondingly, by terminating port 1 with a load Zo, a; = 0 and the following
results are obtained for S-parameters S;, and S,,:

Vi
by Zo Vi
. 511 = a_ = 511 = v = 511 = V_+ (213)
1 a,=0 —1 1 "a,=0
Zo 2
a2=0
Y2
_ by _ JZo _
" Su= = S21 =7 = S =3 (2.14)
1 a2:O —1 1 '"a,=0
Zo 2
a2:0
Vi
_ by _ VJZo _
" S = = S =3 = S12 =% (2.15)
2 a1:0 72 2 a1:0
(o]
a1:0
Va2
bz Zo Vz_
" Spp = = S =7 = S22 =% (2.16)
2 a= 72 2 a,;=0
o
a1=0

Based on the above, we draw some conclusions about the operation of
amplifiers, in general, as microwave 2-ports [18]:

* Si1 Parameter — Reflection coefficient at the input of the 2-port
* S Parameter — Inverse gain between output and input of the 2-port

* Sy; Parameter — Power gain of the 2-port



* Sy, Parameter — Reflection coefficient at the output of the 2-port

In general, S-parameters are complicated numbers and are conveniently
expressed in the form of complex numbers with amplitude and phase, as shown below:

S = |Simn| - €7Pmn (2.17)

They are usually calculated in decibel(dB) as 20 - log|S,.|-

2.4 Stability

A central issue in all amplifier and oscillator design problems is the
analysis of the stability of the 2-port. In general, if the input or output
impedance of the 2-port has a negative real part, it is possible for oscillation
to occur. At the same time, the resistances of the 2-port are obtained as a
function of the resistances of the signal source and the load, which respectively
drive and terminate the network.

Therefore, in order to determine the requirements that satisfy the
unconditional stability of the window, we impose the amplitude of the reflection
coefficients of both the input and output to be less than 1 for any value of load
or source impedance, provided that the effective part of the load and source
impedance is positive.

For unconditional stability we therefore have the following:

Tinl = [S1y + 222 < 1 (2.18)
1—522'FL
S$12°S71"
Touel = S22 + 225255 < 1 (2.19)
22°1S

On the contrary, if the above conditions of (2.18) and (2.19) are satisfied
for only certain values of the reflection coefficients I and [}, at a certain
operating frequency, we have conditional stability.

In practice, simpler tests can be used to determine unconditional
stability. Among them is the K-A [19] test, which determines the condition
known as Rollet's condition, and is defined as follows:

1-|S111%2-1S221%+|D|?
2:1S12521]

K = > 1 (2.20)
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as well as the condition
|ID| = [S11 S22 — 8125211 < 1 (2.21)

The simultaneous satisfaction of these conditions, which can be easily
evaluated, is sufficient and necessary for the unconditional stability of the
system. In case the scattering parameters do not satisfy the K-D test, we do
not have unconditional stability in the system and a check for its conditional
stability must be made through (2.18) and (2.19) as defined above.

2.5 Establishing Gain and Power Criteria

In this section, an analysis of some concepts and criteria describing a
multiplier and power amplifiers in general is carried out. In an amplifier circuit,
there are many powers entering and exiting it. In the first category belongs
the Pin input power as well as the DC power of the power supply, which is
necessary to polarize the amplifier. On the other hand, at the output, we have
the Pout power, which is the useful output power, also known as the RF power,
and we also have the Pio,ss power, which is the portion consumed due to the
passive and parasitic elements, which we try to minimize during the design.
The concepts and criteria that will be analyzed therefore, based on the above
powers, are as follows:

2.5.1 Conversion gain or power gain

The primary purpose of a frequency multiplier is to produce a
harmonic from a signal of a particular frequency. The Conversion
Gain, or CG, of a frequency multiplier is a measurement of how strong
the desired harmonic output signal is compared to the input signal,
whose frequency is being multiplied. Therefore, for a frequency
multiplier of order N, the equation describing the conversion gain is:

Pout(Nfo
CG = % (2.22)

while in dB scale it is:
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CG = Pout(N ) fo) — Pin(fo) (2.23)

For the special case of N=1, where we do not have multiplication
in power but merely amplification of the power of the input signal,
the term Power Gain is used.

2.5.2 Bandwidth

In the design process, the Conversion Gain will not only apply to
the exact design frequency. The Conversion Gain will remain around
its maximum value for a range of frequencies. The bandwidth to be
used is therefore defined as the range over which the Conversion
Gain is within 3dB of its maximum value.

2.5.3 Suppression of unwanted harmonics

The harmonic selectivity of a frequency multiplier is not inherent
in the non-linear device used. At the device level, many harmonics
are excited by the input signal. Thus, when designing a frequency
multiplier, the suppression of unwanted harmonics is particularly
important. An ideal multiplier would have only the desired harmonics
at its output, but in the real world, nearby harmonics will always be
encountered.

Therefore, harmonic suppression is defined as the ratio of the
undesirable harmonic to the desirable harmonic. Thus, for a
frequency multiplier of order N, the following equation is used:

Pout(M'fo)

Mt Harmonic Suppresion =
pp Pout(N'fo)

(2.24)

2.5.4 Efficiency

By efficiency, we define the percentage of the supplied DC power
that is converted to the useful RF power at the output. The following
relationship follows:

n = Pout(N*fo) -100% (225)

Ppc
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2.5.5 Power-Added Efficiency

The efficiency of an amplifier, and therefore of a frequency
multiplier as defined above, does not take into account its gain. This
can lead to the implementation of circuits which give high
performance but which do not take into account the conversion gain.
For this purpose, an additional performance measure has been
defined, which is the Power-Added Efficiency or PAE. To calculate it,
we have the following relationship:

PAE = Pout(N-fo) = Pin(fo) . 100% (226)

Ppc

and based on the efficiency equation (2.25), it becomes:

P;
1— _—n_
Pout 1
PAE = Poc -100% = n: (1 CG) (2.27)

Pout

At this point, it is worth mentioning that for each amplifier, there
is a value of input power, known as the saturation power, which if
overtaken, as the input power increases, the gain of the amplifier
begins to decrease. Thus, setting the Conversion Gain to tend to -o
for equation (2.27) we get:

C(,li_)rrlw(PAE) = Céim [n (1 — —)] =1 (2.28)

So, we can see that by reducing the conversion gain to -co, we
have an identification of PAE with efficiency.

2.6 Operation Classes of Amplifiers

Considering that an active frequency multiplier is essentially a power

amplifier,

with different simply harmonics at the input and output, it is
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important to understand the classes of operation of power amplifiers and how
they can be used for frequency multiplication. The distinction, between the
classes of operation, is made on the basis of conduction angle, as shown in
Figure 2.4. This section is followed by an analysis of the basic classes of
operation of power amplifiers and a reference to other classes of amplifiers.

CLASS A

CLASS B

CLASS AB CLASS C

2.6.1 Class A

In conventional power amplifiers and low noise amplifiers, the
main advantage of Class A bias is linearity. The Q point on the load
line is chosen to give the maximum free space for the output
waveform to be linearly amplified from input to output. For the
frequency multiplier, therefore, this represents the worst case
scenario, i.e. a signal at the input that is carried to the output with
minimal additional harmonics.

This, however, does not render Class A useless for implementing
a frequency multiplier. If sufficient amplification is performed, the
signal at the output can be cut off at its positive and negative peaks.
Thus, by examining this clipped output signal based on Fourier
analysis, we understand that a symmetrically clipped waveform is
rich in odd-order harmonics. As this gain increases and more and
more of the signal is truncated, it approximates the shape of a square
wave, consisting only of odd-order harmonics. In this approach it is
noted that careful biasing must be used to ensure optimal
symmetrical clipping, in order to produce odd order harmonics of [6].
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For operational Class A, there are also several disadvantages. An
important one of them is stability. The device is biased to pass DC
current continuously at rest, which means that the small-signal gain
is high. So, at RF frequencies, at certain values of impedances, the
transistor can be prone to oscillation. Even in the case where this
oscillation would be at the output frequency of interest, this can be
problematic. Although some designs have successfully used self-
oscillation as a reference oscillator [20], the oscillation occurring in
the transistor may be less stable than that coming from a reference
oscillator. Thus, a frequency multiplier will add significant phase
noise. Class A design often warrants stabilization networks, which
adds complexity and can cause losses in the system.

With constant DC current, there is also a loss of efficiency. Ideally,
the maximum efficiency of a Class A amplifier is 25%, a value that is
the lowest of all amplifier classes.

2.6.2 Class AB/B

Classes AB and B are both classes of operation with reduced
conduction angle. Class AB operates the transistor at a conduction
angle between 180 and 360 degrees, while Class B has a conduction
angle of 180 degrees, acting as a half-wave amplifying rectifier. Class
AB faces similar stability issues to Class A as the Q point has DC
current flowing continuously through the device. Class B is polarized
to have a Q point with a DC current of nearly 0. However, such a
small signal gain is discouraged, and circuit stability is less of a
problem.

In the application of frequency multipliers, Class AB has been used
to generate a frequency comb similar to that of SRD [21]. Class B
provides an output waveform that is rich in second and low in third
harmonic component. This bias point, can then be well used in doubling
applications where high third harmonic suppression is crucial [22].

2.6.3 Class C

Further reduction of the conduction angle below 180 degrees
produces the operational Class C. In this Class, the transistor
amplifies only a portion, less than half, of the input signal. As with
Class B, Class C amplifiers are much less prone to oscillation, due to
the fact that they have no DC quiescent current and therefore the
small signal gain is small. In addition, Class C is the most efficient
reported so far, with a possible efficiency in the range of 70%.
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Class C amplifiers work very well when it comes to harmonic
frequency generation. The reduced conduction angle output signal is rich
in higher harmonics. This is evident from Figure 2.5, which represents
the amplitude of the harmonic components in the collector current as
the conduction angle decreases.

0.5 4 Fundamental
Amplitude
(L.=1) ]
A =
0 -
27 4 Conduction 0
|
(CLASS) A AB B e

The references in the previous sub-sections, regarding other
Classes, can also be verified from Figure 2.5. The output signals of
the ideal Class A consist entirely of the DC and fundamental
components. Class B offers a point of increased second harmonics
and minimum third harmonics. Class C, however, contains the full
range of conduction angles including the peaks for the harmonics.
Thus, a Class C amplifier ends up being the most flexible of all classes
of amplifiers for harmonic generation, as a simple change in circuit
polarization allows the higher harmonics to be excited and output
successfully. To this end, the Class C amplifier plays a vital role in
the design of the frequency multiplier in this paper.

2.6.4 Other Classes

The analyses in the aforementioned sub-sections treat the
transistor, in a power amplifier, as a current source, with the only
parameter that changes being the polarization. With some other
classes of operation that follow, more variables are introduced.
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With the basic Class E amplifier, the transistor is treated as a
switch, in a pseudo-class C biasing scheme. The transistor then has
two states. Those of on and off. Thus, the current and voltage
waveforms have minimal crossover, which means minimal power
dissipation. The performance is then limited only by the switching
time for the transistor [23]. This leads to the addition of harmonic
source and load terminations to result in faster switching time and a
more square waveform, as in Class F amplifiers [24]. In these
frequency multiplier topologies, the square current waveform is of
interest. As discussed in the Class A section, square waves are
inherently rich in odd harmonics. However, with Class E, the stability
and efficiency issues of Class A do not exist. Additionally, Class E, by
adjusting the conduction angle of Class C, offers the ability to adjust
the output duty cycle of the square wave. Although this may require
complexity in the load network, it allows higher harmonics to be
excited with lower duty cycles [25].

Subsequently, Class J returns to using the transistor as a current
source, pushing the device into Class AB or Class C. Similar harmonic
termination methods are used in Class J as in Classes E and F. In
Class J, the design focuses primarily on resonating the second and
higher harmonics at the output. The higher harmonics are used to
enhance the fundamental and the phase shifting in the output voltage
waveform, with specific harmonic termination impedances, helps to
increase efficiency by minimizing the crossover of the current and
voltage waveforms [26][27][28].
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Chapter 3 - Design of the Frequency Multiplier of
order N =3

In this chapter, the whole design process of the frequency multiplier, of
class 3, with a central output signal frequency of 145GHz is described in detail.
The design of the multiplier was carried out through the environment of
Virtuoso of Cadence and Advanced Design System (ADS) of Keysight. The
fabrication technology is Infineon Technologies' B11HFC. Below, the
performance objectives for the IC, the technology characteristics, and the
design flow throughout the frequency multiplier synthesis process will be
listed.

3.1 Performance objectives and design flow

In order to define the specifications for the multiplier in this paper, a
review of the characteristics in similarly fabricated integrated circuits was
carried out [32][33][34]1[35][36][37]1[38]1[39][40][41]1[42][43][44]1[45][47]
[48]. A summary of some of the performance is presented in Table 3.1 below:

No Ref. Process | Out Out | Conv. | XN | Ppc
Freq. | Power Gain (mW)
(GHz) | (dBm) | (dB)
1. (2) 0.1ym 158- 5.0 -2.0 | x2 | 95.2
InP 172
HEMT
2. (3) 50nm 150- 4.8 -7.2 | x2 25
MHEMT 220
3. (4) 100nm 110- 5.0 3.0 X2 | 62.5
mHEMT 130
4. (5) 0.13um | 215- -3.0 -3.0 | x2 | 630
SiGe 240
HBT
5. (6) 90nm 91-97 | -12.5 -18.5 x3 5.5
CMOS
6. (7) 2um InP | 0-100 | -11.0 1.0 x2 | 730
DHBT
7. (10) 50nm 140 -1.5 | -11.0 x3 40
mMHEMT
8. (tripler 250nm 119- 10.0 7.0 x3 45
paper) InP 135
DHBT
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9. (1) 0.15um 72- -5.0 -19.5 | x6 | 125
GaAs 114
MHEMT
10. (2) 0.1um 77- 7.0 7.0 X6 | 470
GaAs 105
MHEMT
11. (3) 0.25um | 155- 0.0 -6.5 | X6 | 92.5
InP 195
DHBT
12. (4) 0.13pum | 110- -3.5 -10.5 | X6 20
SiGe 125
HBT
13. (5) 0.13um | 231.5-| -4.0 -4.0 | x6 | 900
SiGe 248.5
HBT
14. (7) 0.13um | 121- -2.4 0.6 x4 | 35.2
SiGe 137
HBT
15. (8) 0.13um | 129- 2.2 5.0 x4 100
SiGe 171
HBT
16.  (chalmers | 0.13um | 109.5- 4.5 0.2 x6 310
paper) SiGe 146.5
HBT

In particular, we focus more on lines number 12 and 14 to 16 where the
implementation technology is SiGe and the operating frequency range is close
to the range of interest for this work.

Therefore, based on the above, we establish the following performance
objectives for our frequency multiplier:

Central Frequency = 145GHz
Bandwidth of Operation — 130-160GHz
Output Power > 0dBm

Conversion Gain > 0dB

Power dissipation < 400mW

When designing the integrated circuit, the flow includes the following points:

Defining objectives and specifications for the circuit.

. Study of the topology and role of each transistor, that make up the active

devices of the IC, along with their selection.
Study of biasing and power supply for each individual stage.
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4. Design of output, intermediate and input networks with ideal passive
components.

5. Replacement of each network with components of B11HFC technology.

6. Extraction of parasitic elements (QRC extraction).

7. Layout design based on circuit schematic.

8. Electromagnetic simulations of individual networks as well as matching them
with the networks of B11HFC components.

9. Update of overall layout.

10. DRC (Design Rule Check) and LVE (Layout Versus Schematic) checks.

11. Further simulations to characterize the performance and proper operation of
the frequency multiplier.

3.2 Features of B11HFC technology

In this section, the technology used to implement the circuit of this work
will be discussed, which is the B11HFC provided by Infineon Technologies. This
technology, B11HFC, is a 400GHz/130nm SiGe BiCMOS technology with copper
metallization for analog as well as mixed signal mmWave applications, which
has high performance while achieving low power consumption [29]. This
technology offers a layer stack with 6 levels of copper metallization and 1.0um
aluminum as the last metal.

The B11HFC technology finds scope for use in applications such as
Automotive Radar MMICs, RF ASICs as well as applications for high-speed wireless
data links. Briefly, the technology includes three types of NPN HBT devices in
various sizes and contact multiplicities, metal film resistors, MIM capacitors,
various types of varactors, PIN diodes and also various types of RF transmission
lines [30].

3.2.1 High Speed NPN device

Infineon Technologies AG's B11HFC technology provides a variety of
SiGe npn heterojunction bipolar transistors, which are high-speed npn,
medium-speed npn and high-voltage npn. As the name suggests, the high-
speed npn can reach much higher frequencies than the other two types. For
example, the fT passband frequency for high-speed npn is twice or more that
of the others.

For this thesis, it is of paramount importance to achieve the highest
possible frequencies to achieve the 6G standard, therefore only high-speed
npn transistors were used.

The HBTs have two dimensions, the emitter length, which ranges from 0.7 um
to 10 ym, and the emitter width, which ranges from 0.22 uym to 0.34 pm. To
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find the actual dimensions, the actual Aeff surface area, we subtract the mask
surface area which adds 0.09 uym in both length and width.

In order to extract some basic characteristics of the high-speed npn
transistor of this technology, the following schematic diagram, Figure 3.1, was
used.

RO

¢

sense

iqmd

For proper design it is advisable to have an estimate of the current density
for the optimal speed of the device. Figure 3.2 shows that, the highest unit
frequency gain (passband frequency) fT~280 GHz is achieved when the transistor
collector is traversed by a current density of about 14 mA/um2. It should be noted
that transistor models are updated frequently and, therefore, it is possible that
there may be discrepancies from time to time.
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Also, for illustrative purposes, Figure 3.3 of the beta gain (b) versus
frequency was extracted.
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In general, the equation relating the current density to the current in
the HBT collector uses the effective surface area Aeff as shown below:




3.2.2 MIM Capacitors

We randomly select a 100fF MIM capacitor from the library of and
examine it for the dependence of its capacitance C and its quality factor Q
versus frequency f. Figure 3.4 illustrates the Capacitance versus frequency
plot, from which we can conclude that the capacitance of the MIM capacitor is
inversely proportional to the frequency.
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Figure 3.5 shows the Quality factor versus frequency plot, from which
we can conclude that the quality factor of the MIM capacitor is inversely
proportional to the frequency.
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3.2.3 TaN Resistors

As shown in Figures 3.6 and 3.7, the TaN resistance models, like the
MIM capacitor models, exhibit a frequency dependence. Their value versus
frequency appears to change as if some parasitic capacitance is connected in
parallel to the resistor. Furthermore, the performance of the resistors seems
to depend on their dimensions, as resistors of larger dimensions seem to
have a larger parasitic capacitance. Figure 3.6 shows the plot of the real part
of a 200 Q TaN resistor TaN versus frequency and Figure 3.7 shows the
corresponding plot for the imaginary part of the resistor.

Bl Real

S-Param
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3.3 The Frequency Multiplier from a macroscopic point of view
and the General Topology

The main idea for the design of the frequency multiplier in this work is
shown in Figure 3.8 below:

Input Signal Tripler] Intermediate Signal Power Amp Output Signal
Frequency fo Block J Frequency 3xfo Block Frequency 3xfo

So, as it can be observed, initially, the circuit receives at the input a
signal at a fundamental frequency fo. At this point, a block is inserted which
aims to excite the third harmonic component of the signal (Tripler Block),
taking advantage of the non-linear behavior of its active devices.
Subsequently, this third harmonic is transmitted to the next block, while
further suppressing the remaining harmonics. This block receiving the third
harmonic component is essentially a Power Amplifier Block, which is centered
at the operating frequency of the third harmonic, i.e. three times the frequency
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of the signal received by the circuit at the input. Finally, this amplified third
harmonic, of frequency 3xfo, is transmitted to the output of the circuit.

3.3.1 Differential Input - Differential Output

In the process of studying the topology to be used for the circuit,
the design of a differential input and differential output multiplier was
initially chosen. Based on what was previously mentioned, the
desired harmonic sought to be excited, and then amplified by the
power amplifier block, is the third harmonic. The decision for the
differential input and output therefore arises due to the rejection of
the even harmonics of the fundamental signal being achieved. In
detail, we have the following analysis:

As we know, the signal at the output of an amplifier can be written
as:

I/O=a0+a1'Vi+az'Vi2+a3'Vi3+"' (3.1)

Moreover, for the differential output therefore of an amplifier we
have that:

Voairr =Vo! = Vo~ (3.2)
while at the same time,

VO+=a0+a1'Vl-+ az'Viz‘l' ag'Vi3+"' (3.3)

and

I/O_ == 0(0 + 0(1 " (_Vl) + az - (_Vl')z + a3 - (_Vi)3 + . &
Vommag—ay Vit ap Vi = ag VP 4 (3.4)

Thus, substituting the representations of equations (3.3) and
(3.4) into equation (3.2), we obtain the following:

Voaifr = 201"V + 2as- V3 +2as VS +-

r ! 3 r 5
Vo,diffzallvi-l_ a3-Vl- +a5'Vl- + .- (35)

from which it is obvious that the even harmonics are not
included in the final signal at the reaching output.
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3.3.2 Tripler Block

Vi-

The initial block of the multiplier, which is the tripler block, is the
one responsible for generating the third harmonic component of the
input signal. As shown in Figure 3.9, it consists of two stages of active
devices.

Vbia

Vbias2

Bias2
[ Bias1 ] I Imarstane" Network
Network
l Network l

Vbias2

s1
Bias1 T [ Interstage Y
Network l Network l Output
Bias2 I
Network Network
I Input
l Network
1| 1|
Input
Network
Qutput

Vbias1

The first stage is an amplifying stage of the input signal. For this
reason, the HBTs in this stage will be biased, with Vbias1, as Class A
amplifiers, as discussed in Chapter 2, in order to produce at their output
a stronger signal that will be the input to the second stage.

Subsequently, we want the second stage to produce the highest
harmonics of the signal at its input. This leads to the conclusion that this
stage acts as a Class C amplifier and is therefore biased accordingly,
with the value of Vbias2. Of course, both at the input, the output and
between the stages, matching networks are used, at the desired
frequency each time, to achieve the conjugate matching of the
impedances seen by the transistors at their base and collector
respectively.

3.3.3 Power Amplifier Block

The aforementioned Tripler Block is followed by the Power
Amplifier Block, PA Block, which takes care of amplifying the
generated third harmonic signal, which is the signal at the output
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frequency. Figure 3.10 below shows the general topology of the
power amplifier, which consists of three stages.

Vbias

Bias1
Network

ias
— éaim A Vbias
. () i Network
Vi+ ME:‘z':vhmkg Interstage
etworl Matching Bias1
Network 2 Network

Output
Matching
Network

Output
Matching
Network

S

Interstage
Matching
Network 2

Input
vie- 0 Matching
Network

Bias1
Network

Vbias

Bias1
Network

Interstage
Matching
Network 1

€

Vbias

The stages of the power amplifier are all three Class A amplifier
stages, biased by the Vbias value, as they receive at their input a signal
whose amplification, at its fundamental frequency, is sought.

At the input and output of each of the first two stages, conjugate
matching of the impedances seen by the transistors is performed.
The distinction noted in the last stage of the power amplifier is that
the matching performed is based on the Load-Pull technique, as
discussed subsequently in the following section, in order to maximize
the power of the signal at the output.

Having therefore, connected in series, the two blocks mentioned above,
which make up the overall frequency multiplier, the topology of the overall
circuit is produced, as shown in Figure 3.11. To achieve this connection, the
output and input matching networks of the Tripler and Power Amplifier Block
are removed, respectively, and their place is taken by a network designed for
the conjugate matching of their impedances.

28

Vo-



§

o’

_ Bunyaiep _
afiegssau
il - Japduy

]

]

ﬁ
L =

[

Ayddng % - indu)
(=)
Urams J
N
sien
uiz
moz QW IT I_- IT m\f\“ uid
bai4y
S18H ﬂ -
Womjay
o J
\
fddng

_ Bt _
Cugen
alEEiaL

_q_n.»o.n:. _

L=
_1

29



3.4 Simulation Setup and Definition of Equations

As mentioned in the introduction of the chapter, the design of the
multiplier was done through Virtuoso as well as ADS. The use of the ADS tool
during the design required the use of the dynamic link feature between the
two programs, in order to pass the B11HFC technology models from the
Virtuoso libraries to those of ADS. The components for which this process was
done are the high speed npn HBTs, the MIM capacitors, the tlines, and the TaN
Resistors. As an example, the process for a high speed HBT is given. As shown
first in Figure 3.12, a schematic is created in Virtuoso, in which the element
we want to pass to ADS is placed. With the value "em_length" we set the
length of the emitter as a parameter so that we can change its value and from
the ADS afterwards.

Then, as we can see from Figure 3.13, we create a symbol for our
element, which we will enter into ADS when we want to use it during the circuit
design.
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Having created the desired symbols for our components, we open the
ADS program by dynamically linking the two, as shown in Figure 3.14.

QGen IP Generator

ADS Dynamic Link
e Keysight RFDE
u A RFDE Examples »

File (ISl Options  Infineon  DEFPrep Solido Sonmet *B11HFC Help cadence

[INFO] Loading netlist procedures of ifxbasic done
Loading SKILL file ifxbasic_spice_netproc.il
Loading vb.cxt

Loading nt.cxt

Loading oi.cxt

Loading see.cxt

Loading treeAssistant.cxt

Loading asst.cxt

Loading simui.cxt

Loading hsm.cxt

Loading context Cal_Imp::Cal_Imp

Loading context Elever::Elever

111
mouse L: M:
1| Start ADS Dynamic Link

Finally, after opening ADS, we create a schematic, and navigate to
DynamicLink — Instance — Add Instance of Cellview, as shown in Figure 3.15.
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Throughout the design of the individual, aforementioned parts, which
make up the frequency multiplier, various simulations are used to check the
results, in order to have an overall overview of the design process. Some of
them, which were extensively used, are the S-Parameters simulation, the
Harmonic Balance simulation as well as the Transient simulation. These, as
shown in Figure 3.16 below, are deposited on the circuit schematic, with a gear
symbol. In particular, the S-Parameter Simulation, from 1GHz to 300GHz with
a step of 0.1GHz, the Harmonic Balance Simulation, for the RFfreq parametric
frequency, up to the 7th order, and finally the Transient Simulation up to 1
nanosecond with a maximum step of 0.01 nanosecond are shown.

SIMULATIONS

|ﬂ'ﬂ| S-PARAMETERS | |§g}| HARMONIC BALANGCE I Pave_dBm :,B-&tls_fﬁﬂf

P HB1

Start=1.0 GHr Freq[1]=RFfreg
Stop=300 GHz Ovdar{1]=7
Step=0.1 GHz

In addition to the simulations available from the Advanced Design
System (ADS) design program, some equations are used to determine the
input and output power of the various harmonics, the Conversion Gain (CG),
Power Consumption, Power Analysis Efficiency (PAE) and others. These
equations, are presented in Figure 3.17 below:
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EQUATIONS

Meas1

Pdel W=0.5"real({(Vioad p[1]-Vioad n{1]) conylicadt.i(1]))
PAE=100*(Pdel_W-Pin_W)Pdc
Pdel_dBm=10"log(Pdel_W)+30
Pin_dB8m=10%0g{Fin_W)+30

Pin_W=0.5"resl{(Vinput_p[1] - Vingut_n|1])* congl_input i[1]))
Pdc=real(Vs_low1[0]"ls_low1.i{0]+Vs_high1[0]*Is_high1.i[0])
Deff=100"Pded_W/Pdc

LS Gain_dB=Pdel dBm-Pavs dBm

—
Mezs2
Pdel W_2=0.5"real((Vioad p[2)-Vicad n{2]) cony{lioadt {2]))
Pdel_dBm_2=10"log(Pdel_W_2)+30
Conv_Gain_dB_2»Pdel_dBm_2-Pavs_dBm

@ Meas]
Pdel_W_3=0.5%eal((Vioad_p[3]-Vicad_n{3]ycong{lloadt {3]))
Pdel dBm_3=10%log(Pdel W _3p30
Ceonv_Gain_dB 3=Pdel dBm_3-Pavs dBm

3.5 Definition of parameters and selection of HBTs

The active device of our frequency multiplier is the device that will
generate the required power to the output load. As we know from theory, this
device not only produces power, but also consumes power due to the non-
idealities that describe it. Our goal is to reduce these effects and select an
active device that meets our requirements at all levels.

The critical point in selecting an active device that fits the power and
performance requirements of the application at hand is to study and compare
the transistor models available from the technology and then select the
appropriate area and the voltage at which they are polarized [31]. The
transistors available from the technology, as derived from the B11HFC
technology manual, were presented in Section 3.2, followed by the method
followed to select the most suitable area and polarization voltage for each
stage of the individual parts of the overall multiplier.

Therefore, to select the aforementioned parameters, a differential
topology is used with DC_Block and DC_Feed at the input and output
respectively. The requested quantities of the emitter length as well as the bias
voltage are set as parameters, the value of which is varied. So by taking the
graphs with the power results for each case and controlling the current in the
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collector of the transistor, we arrive at the task at hand which is the selection
of the most suitable parameters for our active device. Below, Figure 3.18

shows the topology used to select each active device.

Vinput_p
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lload1

high'
o s oo o
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DC_Feedt
Probe
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l m T
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Qip
AL G
FORT
Mum=1
2=100 Ohm —
=T~ P=palar{dbmtow(Pavs_dBm).0}
Freq=RFfreq
Pr
-I_input
I vini_hbt2 E
1T T
|_|. — tsProbe | g
DC_Black2 Getd shval ADS
I L Qin
DC_Feed2
Ve_low! kd‘_l‘ A = .
VP C_Blc 'SPl
W DC_Blacké WSPE @
DC_F
[a DC_Feedd
Ve _high

3.5.1 1st Stage - Tripler Block

As discussed in subsection 3.3.2, the first stage of the Tripler
Block, aims to amplify the input signal, namely the 1st harmonic,
hence it is to be biased as a Class A amplifier. A first approximation
of the scan of the parameter values is shown in Figure 3.19.
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Figure 3. 19 - Stage 1, Tripler Block: output power versus emitter length, bias voltage and input
power
In addition, some more detailed simulations are made regarding
the parameters whose values are scanned. In the following Figures
3.20 - 3.22 we see the output power, for different values of the input
power, with respect to the transistor size only, and with respect to
the bias voltage respectively.
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Figure 3. 20 - Stage 1, Tripler Block: output power versus emitter length
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3.5.2 2nd Stage - Tripler Block

The second stage of the Tripler Block, aims to excite the above
harmonics, specifically the 3rd harmonic component, hence it is to
be biased as a Class C amplifier. A first approximation of the
parameter value scan is shown below, in Figure 3.23.

36



Pdel_dBm

0 —
———
-20
-40
-60
-80
——
— em_length & viow

—— 5.000€-6.0.200 —— 6.000£-6,0.200 —— 7.000€-6,0.200 —— 8.000E-6,0.200 —— 9.000€-6,0.200 1.000€-5,0.200

_100 —— 5.000€-6.0.250 —— 6.000€-6,0.250 ~—— 7.000£-6,0.250 —— 8.000E-6,0.250 —— 9.000£-6,0.250 ~—— L1.000E-5,0.250

—— 5.000€-6,0.300 —— 6.000€-6,0.300 —— 7.000€-6,0.300 —— 8.000E-6,0.300 —— 9.000€-6,0.300 = 1.000€-5,0.300

~ 5.000€-6,0.350 6.000€-6.0.350 = 7.000€-6,0.350 ~ 8.000E-6,0.350 —— 9.000£-6,0.350 ~—— 1000£-50.350

~——— 5.000E-6,0.400 = 6.000£-6,0.400 = 7.000€-6,0.400 = 8.000E-6,0.400 = 9.000£-6,0.400 = 1.000£-5,0.400

5.000€E-6,0.450 6.000€-6,0.450 = 7.000€-6,0.450 8.000E-6,0.450 —— 9.000£-6,0.450 =~ LOO0E-5,0.450

— 5000E60500 —— 6.000E60.500 —— 7000660500 —— 8.000E60500 ~— S.000E-60.500 —— LO0OE-5.0.500

— 5.000€-6.0.550 —— 6.000€-6,0,550 7.000€-6,0.550 8.000€-6,0.550 = 9.000€-6,0.550 1.000€-5,0.550

120 = 5.000€-6.0.600 —— 6.000€-6,0,600 =— 7.000€-6,0.600 ~—— 8.000E-6,0.600 ~— 9.000£-6,0.600 = 1.000E-5,0.600

=15 -10 -5 0 5 10 15
Pavs_dBm

Figure 3. 23 - Stage 2, Tripler Block: output power versus emitter length, bias voltage and input
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power

Again, some more detailed simulations are made regarding the
parameters whose values are scanned. In the following Figures 3.24
- 3.26 we see the output power, for various values of input power,
with respect to transistor size only, and with respect to bias voltage
respectively, from which the final selection of the requested
parameters is derived.
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Figure 3. 24 - Stage 2, Tripler Block: output power versus emitter length
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3.5.3 1st & 2"d Stage — Power Amplifier Block
The first and second stages of the Power Amplifier Block, aim to
amplify the third harmonic produced by the Tripler Block. For this
purpose, they are to be biased as Class A amplifiers. The difference
with respect to the third and last stage of the Power Amplifier Block,
as we will see in more detail below, lies in the fact that in the first
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Pdel_dBm

two stages conjugate matching is used, while on the contrary, the
last stage uses the Load Pull technique, which will be analyzed later
in subsection 3.5.4. A first approximation of the scanning of the
parameter values for the active devices in the first two stages of the
PA Block is therefore shown below, in Figure 3.27.
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As for the Tripler Block stages, the more detailed simulations, that
follow the general one, give us the final choice of the requested
parameters. In the following Figures 3.28 - 3.30 we see the output
power, for various values of input power, with respect to transistor
size only, and with respect to bias voltage respectively, from which
the final selection of the requested parameters is derived.
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Figure 3. 28 - Stage 1 & 2, PA Block: output power versus emitter length
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Figure 3. 29 - Stage 1 & 2, PA Block: output power versus bias voltage
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3.5.4 Load - Pull Technique

The Load Pull technique is a measurement method in which the
characteristics of a device are measured while the load impedance is
modified using an impedance resonance system.

Load Pull analysis is used to construct a set of contours, which
determine the maximum output power that can be achieved given
the load impedance. These contours are very useful for evaluating
the actual impedance that a device should see when used in an
amplifier.

The ADS program used for the circuit design in this paper offers a
ready-made Load Pull tool, with the only requirement being the input
of the device for which we want to perform the Load Pull analysis.
The procedure followed is to start by creating a new schematic. Then,
from the options tab, we navigate to the Design Guide option, and
from there we select the Load Pull technique. These options described
are represented below in Figure 3.31:
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Within the Load Pull tool which was opened by the aforementioned
procedure, we see the schematic of Figure 3.32. In it, we observe the
Load Pull Instrument along with the characteristics that describe it,
such as the supply and bias voltages, the frequency and power of the
signal, the number of points of the contours for which the check will
be performed, the maximum radius of the points under control from
the center point, and others. In addition, we also see the symbol of
the device under test (DUT) for which the Load Pull analysis is
performed.
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Finally, by running the simulation, we get the requested contours,
from which we see the maximum power that our device can deliver,
with the given input signal, for each value of load impedance for
which we checked. In addition, we are given the value of the
impedance for which the maximum power is achieved overall, as well
as the value for which the maximum efficiency is achieved when the
gain is taken into account. The contours with this information are
shown in Figure 3.33.
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Another option for Load Pull available from ADS is simulation with
the input signal strength as a parameter. Doing so offers the
advantage of identifying the output power for a multitude of input
power values, as well as the impedance of the load and the input
power to achieve the maximum gain and/or the lowest power
consumption.

Below, Figures 3.34 - 3.36 show the contours obtained from the
Load Pull analysis with input power parameter scanning. In particular,
Figure 3.34 shows the input power and load impedance for maximum
gain, maximum efficiency with gain included, and minimum gain
compression. Figure 3.35 shows the contour and parameters for
minimum power consumption. Finally, in Figure 3.36 we see the
maximum output power and the value of the load impedance for each
value of the input power.
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3.5.5 3" Stage - Power Amplifier Block

Power delivered, dBm

The third and final stage of the Power Amplifier Block, aims to
deliver the maximum power value at the output of the frequency
multiplier. For this purpose, given the signal provided at its input,
from the output of the second stage, the Load Pull analysis is
performed, as described in the previous subsection. The result of the
contour for this third stage device is shown in Figure 3.37.
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Having therefore analyzed and listed the simulations for each active
device to be used in the individual stages of the overall frequency multiplier,
we have the results for their parameter values in the following Table 3.2:

Supply 1.8V
Size 8um 8um
Bias 0.87 V 0.47 V

1.8V 1.8V 1.8V 1.8V

10pm 10pm

0.875V 0.875V



3.6 Design of matching networks

Having selected the active devices of our circuit, based on what was
discussed in the previous section, the next part is the design of the matching
networks located between the active devices. The role of these networks is to
pass the desired signal, at its frequency and power, as best as possible, by
synchronously adjusting the impedances that the active devices wish to "see".

The matching networks that are therefore called upon to be designed
are, for the Tripler Block, the input matching network and the intermediate
two-stage matching network. For the Power Amplifier Block, we design the two
intermediate matching networks as well as the output matching network,
based on the load impedance found through the Load Pull technique. Of course,
the intermediate matching network that connects these two blocks must also
be designed, in order to finally synthesize the entire frequency multiplier.

To design these matching networks, some elements are used which help
us to observe the impedance that each transistor "sees" in its base and
collector. Next, use is made of a tool called Smith Chart Utility that is built into
the ADS. More about this tool can be found in the following subsection.

3.6.1 Smith Chart utility and matching network design

The ADS Smith Chart utility provides full Smith chart and mesh
fitting capabilities, allowing for complex impedance fitting. The Smith
Chart tool is set up by the following steps, followed by the
corresponding Figures:

1) Open the desired schematic

2) Find the "Smith Chart Matching" option from the component
libraries, as in Figure 3.38

3) Place the "Smith Chart Matching Network" element, as in
Figure 3.39

4) Navigate to Tools — Smith Chart... , as in Figure 3.40
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The window that opens from which the design of the matching
network is performed is shown in Figure 3.41. In it, we select the
desired frequency for which we are designing the matching network.
We set the impedances for which we want to perform the matching.
Specifically, we fill in the corresponding fields, the conjugate
impedance of the input and the impedance of the output. Having thus
defined the characteristics of the desired design, we select the
elements that will form the network from the options palette. The
goal is to create a path between the two dots representing the two
impedances. When the results of our network, whose S-Parameters
are shown in the top and right corners of the window, are satisfying,
we synthesize the network and can use it in our circuit.

Smith Chart Utility (on vihlc1865)

File Edit View Circles Help
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3{: i 511 =
g |f| Trace2
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P1 P2
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After creating the matching network, in the manner described,
with the ideal elements of the Smith Chart utility, we create the
corresponding adaptation network using the B11HFC technology
elements. Subsequently, we run the necessary simulations, such as
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for example S-parameter analysis, and compare the behavior
between these two networks. Depending on the results, we make the
necessary corrections to the network with the B11HFC elements and
repeat our simulations. When now the results are satisfying, we can
use the generated network in our frequency multiplier circuit.

3.6.2 Input matching network

In the input matching network, we seek matching between the
50+j-0 Q source impedance and 9.88- j-16.8 Q impedance that the
active device base of the first stage Tripler Block "sees". This
adjustment is made at the centered at 48 GHz which is the signal at
the input of the frequency multiplier. Finally, the resulting network
using the ADS Smith Chart utility is shown in Figure 3.42 below:

wk_gavalas_res2_schematic
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. . o o -
o ] 3| I d
| | IS 70 |
WSProbe o o TLIN c - . WSProbe
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L P Tone” = S
PORT3 i TermG4
Num=1 — Num=2
(\) Z=50 Ohm T 2=9.88-*16.8 Ohm
P=polar(dbmtow(Pavs_dBm1),0)
Freq=RFfreq1
— +

Next, as mentioned in the previous subsection, we replace the
ideal network elements with the elements of the B11HFC models. To
select the initial length of the B11HFC transmission lines, at 48GHz
which is the central input frequency, we have:

[ =8.68-(6°) um (3.6)
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After the initial values, the required adjustments and changes in
the values of the elements, based on the simulation comparison
results, lead to the final matching network, as shown below in Figure

wk_gavalas_res2_schematic

T °

o
RES2
o
o2 = Pf———1 P2 P P2 p1_ || P2 O
i IR LT ] L
WSProbe wk_gavalas: tine11_schematic + wk_gavalas_tline10 schematic wk A li(.. - WSProbe -
L TL10 wk_gavalas_cap4_schematic
WSP3 CAPA WsP4
wk_gavalas_tline9 schematic
TL9
P_1Tone VAR
> | PORT4 L .. Input_Match
) Num=3 res2=500 {t}
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t111=50 u {t}
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TermG

TermG5

Num=4

'2=9.88-j*16.8 Ohm

Finally, we check by simulation the S-parameters of the network,
having replaced all the elements with those of the technology models.
The results of this simulation, for the four S-Parameters, are shown

in Figure 3.44.

52



-30—

dB(S(4,3))

18 m21

—_— m
m17 freq=48.60GHz m20 freq=49.20GHz
freq=48.60GHz dB(S(3,3))=-53.869 freq=48.00GHz dB(S(4,4))=-9.188
dB(S(3.3))=-53.869|  |Valley dB(S(4,4))=-9.103|  |valley
0 p o
10| W -2
-20— —_
< M
<
@
g
-40—
-50; mjl 8 8
80— AT
) 50 100 150 200 250 300 0 50 100 150 200 250 300
freq, GHz freq, GHz
m19
freq=48.00GHz 0
dB(S(4,3))=-2.258 e i
. m19 ’10*_ \
10-] ~20—
-20; é_- _30;
] ) i
30— g -40—
=
40 ]
| 50—
-50— 4
1 60—
60— 4
S N TD
0 50 100 150 200 250 300 0 50 100 150 200 250 300
freq, GHz freq, GHz

3.6.3 Intermediate Tripler Block matching network

In the intermediate matching network of the Tripler Block, we
seek to match between the composite loads of 33.4-j:58.1 Q of the
collector of the first stage active device and 9.6-j:105.5 Q "seen" by
the base of the second stage active device of the Tripler Block. This
adjustment is centered at 48 GHz, which is the signal at the output
of the first stage and at the input of the second stage frequency
multiplier. Finally, the resulting network is shown in Figure 3.45
below:
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Next, we replace the ideal network elements with the elements of
the B11HFC technology models. Again, in order to select the initial
length of the B11HFC transmission lines, at 48 GHz, we make use of
equation (3.6).

After the initial values, the required adjustments and changes in
the element values, based on the comparison results through
simulations, lead to the final Matching Network, as shown below in

Figure 3.46:
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In this case, a difficulty of accurate matching occurred, as
indicated by Figure 3.47, for the following reason. The value of the
imaginary part of the impedance at 48GHz for ideal elements, is
approximately equal to 58 Q. At the same time, however, the
maximum value of the imaginary part of the impedance at 48GHz for
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B11HFC elements is approximately equal to 36.7 Q. This obviously
indicates that an exact match between the ideal elements and the
technology models is impossible.

m1
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m1
200 h J

_ %

-100— l/

-200
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o
|

N " ) O B
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freq, GHz

Finally, we check by simulation the S-parameters of the network,
having replaced all the elements with those of the technology models.
The results of this simulation, for the four S-Parameters, are shown
in Figure 3.48.
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3.6.4 Matching network between Tripler Block & PA Block

In the matching network between the two Blocks that make up
the frequency multiplier, we seek to match the impedance loads of
13.45-j-74.56 Q of the output of the Tripler Block and 7.2-j:3.7 Q of
the input of the Power Amplifier Block. This adjustment is done at the
centered 145 GHz which is the signal at the output of the Tripler
Block, i.e. the signal we want to amplify the Power Amplifier and
ultimately drive it to the output of the Frequency Multiplier Block.

Finally, we synthesize the network using the Smith Chart utility of
ADS. Then, using the already known procedure described previously,
the ideal elements are replaced by those of the B11HFC technology.
The selection of the initial length of the transmission lines, at 145
GHz which is the center frequency here, is based on equation:

[=2-(6° um (3.7)
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After the initial values, the required adjustments and changes to
the data values, based on the simulation comparison results, lead to
the final matching network, as shown below in Figure 3.49:
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Finally, we check by simulation the S-parameters of the network,
having replaced all the elements with those of the technology models.
The results of this simulation, for the four S-Parameters, are shown

below, in Figure 3.50:
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3.6.5 PA Block intermediate matching network

In the matching network between the first to the second as well
as the second to the third active device of the Power Amplifier Block,
we seek to match the impedance loads of 27.3-j:32.4 Q of the
collector of the first and second active device and 7.15-j:3.66 Q of
the base of the second and third active device of the Power Amplifier
Block respectively. This adjustment is made at the centered 145 GHz,
which is the signal we want the power amplifier to amplify and
eventually drive to the output of the circuit.

First, we synthesize the network using the ADS Smith Chart utility
and the network shown in Figure 3.51 is obtained:
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The ideal elements are then

Z=7 146-"3.664 Ohm

replaced by those of the B11HFC

technology. The selection of the initial length of the transmission
lines, at 145 GHz which is the center frequency here, is based on

equation (3.7).

After the initial values, the required adjustments and changes in

the element values,

based on the comparison results through

simulations, lead to the final matching network, as shown below in

Figure 3.52:
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Finally, we check by simulation the S-parameters of the network,
having replaced all the elements with those of the technology models.
The results of this simulation, for the four S-Parameters, are shown

below, in Figure 3.53:
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3.6.6 Output matching network

In the output matching network, we seek matching between the
impedance of 22-j-29.5 Q which is the load impedance obtained from
the Load Pull analysis we performed and 50+j-:0 Q which is the load
at the output of the circuit. This adjustment is done at the centered
145 GHz which is the signal at the input of the frequency multiplier.
Finally, the resulting network using the ADS Smith Chart utility is
shown in Figure 3.54 below:
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Next, we replace the ideal network elements with the elements of
the B11HFC technology models. To select the initial length of the
B11HFC transmission lines, at 145GHz which is the central input
frequency, we make use of equation (3.7).
After the initial values, the required adjustments and changes to
the data values, based on the simulation comparison results, lead to
the final matching network for the output, as shown below in Figure
3.55:
= P—1 P2 : i || P2 P P2 T W
Vi | | I || | I_I
*WSProbe - . wk_gavalas_tline3_schematic . i wk_gavalas_tline5_schematic - WSProbe
WSP3 . . L3 . . wk_gavalas_cap2_schematic _ L5 . WSP4
wk_gavalas 1Im94qpe.%h<:r‘wat\c
P 1Tone . . . . . LI . . B
TermG5
6 :Sﬁl; E Num=4
QY| z=22.7295 0fim ™~ : : : : : . _ 2250 Ohm
=1 P=polar(dbmtow(Pavs_dBm1),0) - . .
Freq=RFfreq1 VAR
Load_Pull_Match
L t13=12.3 u {f}
£ - 11496 u {t}
= : : : : : : : 115=66.4 u'{t)

cap2=120.05812- {t}

Finally, we check by simulation the S-parameters of the network,
having replaced all the elements with those of the technology models.

The results of this simulation, for the four S-Parameters, are shown
in Figure 3.56.
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3.7 Complete schematic of the frequency multiplier
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With the completion of the selection of the characteristics and
parameters of the active devices of the circuit and the design of all the
matching networks, we arrive at the complete schematic of the circuit. Below,
this is shown in Figures 3.57 and 3.58 while Table 3.3 shows the values of all
the B11HFC technology components used in the design of the matching

networks.
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Figure 3. 57 - Complete schematic of the frequency multiplier (1)
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Figure 3. 58 - Complete schematic of the frequency multiplier (2)
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Transmission Line til 120.0 pm
Transmission Line t12 110.0 pm
Transmission Line ti3 27.8 um
Transmission Line tl4 52.8 pm
Transmission Line tI5 37.6 um
Transmission Line tl6 172.8 pm
Transmission Line t17 225.2 ym
Transmission Line tI8 197.9 ym
Transmission Line tl9 173.8 pm
Transmission Line tI10 208.8 um
Transmission Line ti11 12.3 ym
Transmission Line t112 96.0 pm
Transmission Line t113 65.4 um
Transmission Line ti14 40.3 um
Transmission Line tl15 49.4 um
Transmission Line tll6 27.4 um
Transmission Line tl17 40.3 um
Transmission Line tI18 49.4 uym
Transmission Line tI19 27.4 um
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Capacitor capl 74.42 fF

Capacitor cap2 41.63 fF
Capacitor cap3 140.49 fF
Capacitor cap4 69.43 fF
Capacitor cap5 80.53 fF
Capacitor cap6 120.06 fF
Capacitor cap?/ 48.57 fF
Capacitor cap8 48.57 fF
Resistance resl 500.0 @
Resistance res2 500.0 Q
Resistance res3 500.0 Q
Resistance res4 500.0 @
Resistance res5 500.0 Q

3.8 Complete schematic simulation results

In this section, the results of the simulations carried out at the level of
a complete schematic circuit are presented. Specifically, below, in Figures 3.59
- 3.65, are the graphical representations of the four S-Parameters, the signal
power at the output of the multiplier versus the signal power at the input, the
power levels of the various harmonic components at the input and output of
the circuit, and the first and third harmonic components of the output in the
time domain.
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Chapter 4 - Frequency Multiplier of class N = 3 at
Layout level

This chapter describes the process of designing the frequency multiplier
at the Layout level. It shows the transition of the design from the schematic
level seen in the last chapter to the Layout level. Each part of the multiplier,
at the Layout level, is studied separately, and the different ways of simulations
to extract the parasitic elements of all passive networks are presented. At the
end of the chapter, the final design with all necessary additions at Layout level
is presented, which was given for implementation at the factory of Infineon
Technologies AG.

4.1 General Information of the Technology

The metal stack used in the given 130nm technology is shown in Figure
4.1. The substrate is high-strength, which is desirable when it comes to RF
applications. The high strength substrate will not have a significant effect on
the magnetic field which flows through the top metal coating.

W Metalt
@ Metal2

B Metal3
Metal4
B Metals
B Metal6

The technology used provides six layers of metal. The top metal is the
thickest and is mainly used for designing passive elements on the chip. In
addition, it is used for routing on critical paths.

4.2 QRC extraction and electromagnetic simulations

In this section, the methods used for the detailed analysis of the circuit,
taking into account all parasitic effects, will be discussed, which was carried
out in parallel with the layout design. These methods involve the QRC
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extraction for the active devices as well as the electromagnetic simulations for
the adaptation networks, which, as we have seen, are entirely composed of
passive elements.

QRC extraction, or Quantus QRC Extraction Solution, is the best
technology for extracting and analyzing parasitic data for analog, digital and
AMS SoCs using current node technologies. The main purpose of parasitic data
extraction is to create an accurate model of the circuit so that detailed
simulations can mimic the actual digital and analog circuit responses. To
extract the parasitics, we therefore use the RC Extraction feature provided by
the Cadence design program. To continue the analysis and conduct the
simulations, we replace the fully ideal model of the technology with the model
of the active device obtained after extracting the parasitics.

As far as the electromagnetic simulations are concerned, a tool was
needed to convert the physical design data into n-ports of S-parameters, in
order to be able to participate in determining the results of the schematic
simulations. This conversion was done by the Momentum ADS tool, which was
used for all the transmission lines, capacitors and routing metals, the elements
that make up the adaptation networks that connect the active devices of the
different stages to each other.

Below, for the input adaptation network, the physical design for which
the electromagnetic simulation was performed and the analysis for matching
it with the network composed of the elements of the B11HFC models is
presented as an example. During the comparison process, any necessary
corrections to the physical design and the repetition of its electromagnetic
simulations were followed each time. The two fitting networks being compared,
namely the B11HFC element network and the physical design network, are
shown in Figures 4.2 and 4.3 respectively. Next, Figure 4.4 shows the graphical
representation of the S11 parameter of both networks, in a common axis
system.
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In a corresponding manner, the physical design is compared and integrated
for each frequency multiplier adaptation network. Figures 4.5 - 4.9 below show
the correspondence of Figure 4.4 for each of the remaining matching networks.
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4.3 QRC - Layout Schematic & Final Layout

Having therefore replaced the models for each active device and having
created the physical layouts for the matching networks of the circuit, based on
what was discussed in the previous subsection, we obtain the schematic of
Figure 4.10, consisting of the QRC extracted active devices and the Layout
blocks of all matching networks, from which we obtain the final results of the
simulations presented in the following section.

]

Il

I

In addition, Figure 4.11 shows the final design of the frequency
multiplier layout as delivered for implementation. With the scale of Figure 4.11,
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it is not possible to see the filling and cheesing that was required in order for
the design to be accepted for implementation. However, it would be reasonable
to point out that in the areas of the design where no metal was present, small
areas of metal were introduced so that the necessary requirements in terms
of percentage of sufficiency of all metals were met for the entire test-chip
surface. Similarly, we defined critical areas of M6 and M5 metals in which we
wished to avoid cheesing.

In addition, as we can see from the final layout drawing, for the
possibility of supply, taking measurements or even packaging a realized IC, it
is necessary to introduce contact pads at all the inputs and outputs of the
circuit, whether we refer to the dc power supply or to the input and output of
the RF signals. By contact pads we refer to the contacts of the integrated circuit
which are used to connect it to the external environment, whether this is a
connection to the power supply cable, or a connection of a small bondwire
cable to a previous or next integrated circuit in the chain of a system.

The contact pads used in the implementation of the frequency multiplier
in this thesis are aluminum pads. Specifically, all contacts of the circuit consist
of a stack of shorted metals the highest of which is aluminum. In this way, any
connection of the integrated circuit to its external environment is made
through the aforementioned pads, the highest metal of which is aluminum,
while the lowest metal shorted to aluminum may vary depending on the
function and connection of the particular contact.

Finally, for both input and output, as noted in Figure 4.11, baluns are
used. A balun is a transformation block between a single-ended stage and a
differential pair. For the input, the aforementioned transformation is performed
while for the output, the opposite is done, i.e., the transformation from the
differential to the single signal. More specifically, a balun transforms a signal
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from a single-ended stage to a differential pair by splitting a single signal into
a pair of differential signals with the same magnitude but a phase difference
of 180°. This is done at the input of our frequency multiplier as the differential
input is required, while the opposite is done at the output of the PA to drive a
single-ended signal to the output of the IC.

4.4 Final simulation results

In this section, the results of the simulations performed at the level of
the final physical design of the frequency multiplier circuit are presented.
Specifically, below, Figures 4.12 - 4.15 present the graphical representations
of the four S-Parameters; Figure 4.16 shows the signal power at the output of
the multiplier in relation to the signal power at the input; Figure 4.17 shows
the power levels of the various harmonic components at the input and output
of the circuit. Continuing, Figure 4.18 lists the first and third harmonic
components of the output in the time domain. Figure 4.19 shows the current
consumption of the entire circuit. This, as can be seen from the figure, comes
out to be equal to 167mA, which multiplied by the supply voltage of 1.8V gives
us the total power consumption, equal to 300.6mW. Finally, in Figure 4.20, we
see the power of the signal at the output of the frequency multiplier over the
frequency of that signal, which is three times the frequency of the input signal,
from which we get the final bandwidth of our integrated circuit.
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For the parameter S11 we see that the minimum of S11 = -22.30 dB is
reached at the frequency of 46.80 GHz, while at our center frequency of 46

GHz we have S11 = -17.78 dB. Similarly, for the parameter S22 we see that
a minimum of S22 = -17.61 dB is achieved at the frequency of 146.10 GHz,
while at our center frequency of 145 GHz we have that S22 = -17.58 dB. What
is observed is that the dip in the S22 parameter is more broadband than that

of the S11 parameter, which makes perfect sense as a 1 GHz difference in the
input signal corresponds to a 3 GHz difference in the output of the frequency
multiplier.
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Below, in Table 6.1, we collect the results of all the simulations
performed in order to get a macro view of the designed frequency multiplier
of this paper. In addition, the results of the simulations performed for the
circuit at the schematic level, as they were analyzed and presented in Section
3.8, are listed in the same Table. In the immediately following Table 4.2, we
present a comparison of the performance of our IC with some of the
corresponding frequency multipliers in the bibliography.

Input Power -9 dBm 0 dBm -8 dBm 1 dBm
Central 145GHz 143.7 GHz 146 GHz 143 GHz 145 GHz
Frequency
Bandwidth 130 - 134 - 129.5 - 130.5 - 129 - 160
160GHz 153.3 GHz 162.5 GHz 155 GHz GHz
Output > 0 dBm 6.0 dBm 8.9 dBm 2.5dBm 6.3 dBm
Power

Conversion > 0 dBm 15.0 dBm 8.9 dBm 10.5 dBm 5.3 dBm
Gain

Power < 300mwW 243.0 mwW 306.0 mW 235.8 mW  300.6mW
dissipation

This 55 160 6.3 5.3 x3 300 Jge
work

[46] 129-171 2.2 5.0 x4 100 0.61
[43] 110-125 -3.5 -10.5 X6 20 0.46
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[45] 121-137 -2.4 0.6 x4  35.2 0.27

109.5- 0.55
[47] 146.5 4.5 0.2 X6 310

After presenting the final results, it is clear that the designed frequency
multiplier at the Layout level has achieved the objectives set. The achievement
of these objectives indicates that the present design of this frequency
multiplier is clearly competitive and very close to existing published circuits,
at least at the simulation level.
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Chapter 5 - Conclusions and future work

This chapter provides a brief summary of the design attempted in this
paper and its main features. A brief review of the results obtained is also given.
Finally, possible future extensions of the work are presented.

This thesis was carried out at Infineon Technologies AG, which provided
the technology through which the design was made possible. Its purpose was
the study, design and implementation of a frequency multiplier. As a central
objective, operation at a central output frequency of 145 GHz, with a
bandwidth ranging at plus and minus 15 GHz from the central frequency, was
set as the central objective. At the same time, it is sought to drive, at the
output, a high power signal, specifically at least 0 dBm, in order to generate a
strong LO signal. To achieve these goals, first this circuit was implemented at
the schematic level and then at the physical design level, while the necessary
measurements, through simulations, were carried out throughout the design
process.

As a future extension, the construction of a suitable PCB board is
considered, in order to realize the desired measurements in the physical state
now of the integrated circuit. With these measurements, any possible deviation
of the actual measurements compared to the results of the simulations can be
determined. Conclusions will also be drawn with respect to the success of the
design techniques and decisions taken.
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