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Abstract
In this thesis research is reported studying the possibility to directly drive a
switching mixer with a Voltage Controlled Oscillator without buffers in between.
The feasibility research is carried out with an LC-oscillator and a Balun/LNA I/Q
mixer (BLIXER) [1] topology. At first the VCO is modeled as an LC-tank with an
ideal compensation network to study the effect on the oscillation frequency when
loaded with a capacitive load. Spread of capacitances in the oscillator will demand a
certain tuning range of the tuneable capacitance in the oscillator to compensate for the
spread and keep the oscillation frequency fixed. The required tuning range of the
tuneable capacitance in the tank is studied as function of the load capacitance and
spread of the load capacitance and tank capacitance.
Secondly a practical CMOS oscillator is used with an NMOS cross-coupled pair
with a parallel LC-tank for simulation of the performance of the VCO when loaded
with at first a fixed capacitive load and later on with the BLIXER topology.
Effects on performance of the BLIXER driven with sine wave oscillator signals
have been compared to the performance of the BLIXER driven with square wave
signals. The mixer will be driven with sine wave oscillator signals, which will give a
small decrease in conversion gain for the mixer. Finally the effects on performance of
the BLIXER have been analyzed when driven directly with the CMOS LC-oscillator
without buffers in between.
Leaving the buffers between a VCO and a mixer can give benefit in power
consumption but appear to give a number of difficulties when combining the VCO
and mixer. It is shown that interaction between the VCO and mixer appears to give an
increase in noise in both the VCO as well as the mixer. The switching transistors of
the mixer appear to be part of the oscillator and since their capacitance varies in time,
also the total capacitance will vary in time. Since the oscillation frequency is
dependent on the total capacitance in the tank, this will give an increase in phase noise
of the oscillator.
The VCO appear also become susceptible for low frequent noise sources within
the mixer. The capacitances of the switching transistors will be dependent on the
applied gate-source voltage and also low-frequent noise sources within the mixer can
slowly vary these capacitances. Careful design of the mixer will be necessary to
prevent low frequent noise contribution of the mixer to be up converted to phase noise
of the VCO. Induced gate noise of the switching transistors has a dominant noise
contribution in the degraded phase noise of the VCO. The noise figure of the mixer
will be degraded for low IF-frequencies as a result of the degraded phase noise of the
VCO.
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1. Introduction
Receiving TV channels via satellites orbiting at a distance of more than 10,000
kilometers around the earth isn’t a particular easy job to do. The received signal is
very weak (~1pW=-90dBm) and can contain a lot of information. The frequency band
used for satellite TV in Europe is the Ku-band and lies between 10.7 GHz and 12.75
GHz. The RF-signals in the Ku-band are horizontally and vertically polarized. The
total available bandwidth therefore is approximately 4 GHz. This gives room for
~1000 TV-channels1.
The current satellite receiver consists of bulky components and is a superheterodyne RF-receiver with an Intermediate Frequency of around 0.95-2.15 GHz.
Integrating a satellite receiver in CMOS requires some adaptations on system level.
To make transformation to the digital domain feasible, one of the options is to use a
zero-IF RF-receiver system. The satellite receiver as zero-IF receiver requires (per
polarization direction) a quadrature mixer to downconvert the complete received RFband to baseband. Furthermore for each mixer a quadrature Voltage Controlled
Oscillator is required with an oscillation frequency of 11.7 GHz.
Driving a quadrature mixer with square wave oscillator signals above 7 GHz
however has shown to be difficult [1]. In the BLIXER topology proposed by Stephan
Blaakmeer et al creating the on-chip 25 % duty cycle square wave oscillator signals
failed for frequencies above 7 GHz. The rise- and falltime of the buffers became the
limiting factor in generating the high frequency square wave oscillator signals. The 25
% duty cycle square waves looked more like triangular waves as a result of the finite
rise- and fall-times of the buffers. Furthermore driving buffers at a high frequency
cost a lot of power and introduce a lot of noise. However the BLIXER showed
promising simulation results for driving with sine wave signals and a high and flat
conversion gain up to 9.5 GHz. Frank Leong showed in his master thesis [2] that a
quadrature VCO with an oscillation frequency of 11.7 GHz is feasible.
The above observations have raised the question if it possible to remove the
buffers between the oscillator and mixer and drive the mixer with sine wave oscillator
signals. This master thesis reports a feasibility study, which is subdivided in two main
research questions:
1. Can a VCO be loaded with a mixer?
2. Can a mixer be driven with sine wave oscillator signals?
It is tried to give answer to these questions and consequences on the performance
of the VCO and the mixer will be studied.

1

For Standard Definition TeleVision (SDTV) transmitted with the Digital Video BroadcastingSatellite (DVB-S) standard.
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1.1. Current satellite receiver
A typical satellite receiver (as shown in Figure 1) nowadays consists of three
discrete parts, which are: a large dish, an antenna with a Low Noise Block (LNB) in
the focus point of the dish and an in-house component called the Integrated Receiver
Decoder. The LNB consists of some discrete components, which are necessary to
receive and down convert the received RF-signal to an intermediate frequency (~0.952.15 GHz).

Dish

Coaxial Cable

Antenna
(incl. waveguide!)
&
LNB
(Low Noise Block)

IRD
(Integrated Receiver Decoder)
Figure 1: Current satellite receiver setup

The received RF-band is subdivided in channels with a bandwidth of 27-35 MHz
each. Each channel contains multiple time multiplexed TV-channels. In the LNB one
side band at a time will be downconverted to the IF-band. The IF-band is transmitted
through a lossy coaxial cable (~20dB loss for standard 25m cable) to the in-house
component, which is the Integrated Receiver Decoder (IRD). In the IRD the
demodulation and decoding of the received signals occur.
HEMT1V
RFV

IF out to IRD
(0.95-2.15 GHz)

HEMT2
HEMT1H
RFH

9.75 GHz

10.6 GHz
DROs

Control

Figure 2: Low Noise Block current satellite receiver

As can be seen in Figure 2 the Low Noise Block consists of High Electron
Mobility Transistors (HEMTs) for achieving a very low Noise Figure, two Dielectric
Resonator Oscillators (DROs) and a mixer for down conversion to the Intermediate
Frequency band. One DRO runs at 9.75 GHz and one at 10.6 GHz to down convert
respectively the Lower Side Band (LSB) and Upper Side Band to an Intermediate
Frequency band of 0.95 GHz to 2.15 GHz as can be seen in the frequency spectrum in
Figure 3.

1.1 Current satellite receiver
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Figure 3: Downconversion in current satellite receiver
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1.2. Satellite receiver in CMOS
A drawback of the current satellite receiver system is that (also as a result of the
lossy cable) it isn’t possible for the user to receive multiple TV-channels at the same
time if they are positioned in different sidebands. Removing the coaxial cable out of
the system and integrate the complete satellite receiver system in one chip gives a few
opportunities and advantages.
Integrating in one chip can decreases the cost of the satellite receiver. Current
discrete solutions are large and relative to one chip costly. Integrating the receiver in
one chip can decrease production cost.
Integrating the receiver in a CMOS chip gives the possibility of adding all kinds
of digital functionality. For example receiving all channels at the same time and take
care of the channel selection in the digital domain. In that case many users can benefit
from one satellite receiver system.
10.7-12.75GHz

VGA

external CMOS
V

ADC
H

1.05GHz
pHEMT

QV

2.1Gs/s
8 bit

LNA
VGA

ADC

IV

2.1Gs/s
8 bit

1.05GHz

50MHz

LO

+90

11.7GHz
VGA

V 10.7-12.75GHz

ADC

H

1.05GHz
pHEMT

IH

2.1Gs/s
8 bit

LNA
VGA

ADC
1.05GHz

QH

2.1Gs/s
8 bit

Figure 4: Zero-IF satellite receiver block model

The zero-IF satellite receiver is shown in a block model in Figure 4. The top path
shows the part of the receiver for the received vertically polarized signals and the
bottom part the receiver path for the received horizontally polarized signals. Only the
antenna and the pHEMT (High Electron Mobility Transistor) are still external discrete
parts, the rest can be integrated in CMOS. The pHEMT is needed to achieve the
desired low noise level at the analog front end.

1.2 Satellite receiver in CMOS
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A Low Noise Amplifier is needed at the input of the chip to amplify the received
RF-signal without adding a lot of noise and thereby relaxing the requirements of the
next stages. The quadrature mixer then downconverts the RF-signal to baseband,
which is visualized in the frequency spectrum in Figure 5. The quadrature mixer is
drawn in the block model as two separate mixers, but is in reality one mixer with two
outputs, i.e. In-phase and Quadrature (I and Q) outputs. The Local Oscillator provides
each polarization path with two oscillator signals, which are 90º out of phase of each
other.
An external quartz is used for its very high spectral purity and since it keeps
during its lifetime a very accurate oscillation frequency. Since an external quartz with
an oscillation frequency of 11.7 GHz doesn’t exist, a more common quartz is used
with an oscillation frequency of 50 MHz. The oscillator can synchronize its frequency
now once every 234th period
with the external crystal of 50 MHz
with the use of a Phase Locked Loop (not drawn in the block model).
IF-BW

RF-BW
fLO

USB

LSB
-1

0

LSB

1.05

USB

10.7
11.7
12.75
frequency (GHz)

Figure 5: Down converting RF in zero-IF receiver

To remove unwanted higher order frequency components introduced by mixing
and a low pass anti-alias filter with an IF-BW of 1.05 GHz is needed in front of the
ADC. A Variable Gain Amplifier (VGA) at amplifies the baseband signal to match
the input voltage range of the ADC. Note that the order of the filter and the VGA can
be interchanged, depending on design choices in the final implementation.
The focus in this thesis will be on the interaction between the oscillator and the
quadrature mixer.
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1.3. Previous work
Currently in literature there aren’t yet Voltage Controlled Oscillators reported
which drive the switching transistors of a mixer with unbuffered sine wave signals.
However there are a few solutions presented, which look similar, because they
integrate also oscillator and mixer design, the so-called Self-Oscillating Mixers
(SOMs), or Mixer-Oscillators (MOs). Often the mixer is stacked upon the VCO for
current re-use and therefore low power consumption. A solution proposed by Bos et al
[3] uses mixing within a cross coupled relaxation oscillator with an oscillation
frequency of 5 GHz and for a high supply voltage of 2.5 V. A resonatorless oscillator
isn’t often used in RF-design because they have a lot of noisy active and passive
devices in the signal path.

1.4. Goal
The focus of this project is the analog part of the receiver and in particular the
oscillator and the (downconverting) mixer. The objective is to combine the design of
these two building blocks, which are usually designed independent of each other.
In this thesis the mixer is driven with bufferless oscillator signals, which can give
an advantage in power consumption. Normally buffers are used to shield the parasitic
capacitive input impedance of the mixer from the oscillator. In this case the capacitive
input impedance in fact becomes part of the oscillator’s tank capacitance. The tank
capacitance in combination with the inductor used in the LC tank of an oscillator
(mainly) determines the oscillation frequency.
The mixer in this design is driven by a sinusoidal oscillator signal. If this signal is
large enough, the switches in the mixer will be fully switched, comparable with the
case when a square wave oscillator signal has been used.

1.5. General assumptions
Al the designs used for testing will be made in a CMOS 65nm process with a
supply voltage 1.2V. Use only necessary number of inductors (e.g. for the oscillator),
because on chip inductors take up a lot of chip area and can have a lot of loss.
This work goes further on previous work of Frank Leong. So if assumptions or
estimations on for instance component values have to be done, then if nothing else is
known, component values of his work are used.
From now on analysis in this report will be done for only one polarization
direction.

1.6 Overview

1.6. Overview
This thesis begins with the first main research question of this project: is it
possible to load an oscillator with a mixer, which will be discussed in Chapter 2. In
paragraph 0 the requirements of the Voltage Controlled Oscillator (VCO) for the
satellite receiver will be given. Paragraph 2.2 gives an analysis of the oscillator as a
simple series or parallel LC-tank in combination with some kind of compensation
network. In paragraph 2.3 we will see that the input impedance of a mixer can be
modeled as a fixed capacitance. The VCO will be loaded with this capacitance and its
frequency behavior will be analyzed. In paragraph 2.4 the effects of what happens if a
VCO is loaded with a varying capacitance will be analyzed. In Paragraph 2.5
conclusions will be drawn based on the answer on the first research question.
The third chapter of this report will focus on the second main research question: is
a mixer driveable with sine waves. In the first paragraph all the relevant requirements
of the mixer for the satellite receiver are given. In the second paragraph will be
determined how large the amplitude and DC level of the oscillator have to be, to drive
the mixer with sine wave signals without degrading the performance too much. The
mixer performance with sine wave oscillator signals will be tested with the BLIXER
topology, which is a Balun-LNA combined with a mixer. This performance will be
compared to the performance of the BLIXER with square wave oscillator signals on
all the relevant parameters. In the fourth paragraph some optimizing of the BLIXER
topology will be done to make the topology suitable for the satellite receiver. In the
final paragraph conclusions will be drawn and with that an answer on the research
question in the beginning of the chapter will be given.
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2. VCO loaded with a capacitive load
Central in this chapter will be one of the two main research questions of this
feasibility research. The first main research question is: can a Voltage Controlled
Oscillator (VCO) be directly loaded with a mixer without buffers in between? It is
expected that the capacitive input impedance of the mixer will have influence on the
oscillation frequency. But how large is this influence and will it have large
consequences on the oscillator performance?
In the first paragraph the requirements of the VCO will be given, when used for
the CMOS satellite receiver.
Paragraph 2.2 will begin with an analysis of a simple LC-tank with an ideal
compensation network as macro model for an LC-oscillator as VCO. With the
Barkhausen criteria for oscillation the requirements for oscillation for this macro
model will be found. Furthermore estimation will be given for the order of magnitude
of the input capacitance of a mixer. To be able to answer the research question if a
VCO loaded with a mixer is feasible, it will be analyzed which on-chip inductor
values are feasible. The chapter ends with a discussion of some consequences for
tuning the frequency with a voltage controlled variable capacitor.
In paragraph 2.3 we’ll see what happens with the oscillation frequency, if the
macro model is loaded with a fixed capacitance. At this point the input impedance of
a mixer is modeled as a fixed capacitance. In the case of a parallel LC-tank the
oscillation frequency will change and in the case of a series LC-tank a second point in
frequency will show up, where the circuit can oscillate. In the second part of the
paragraph the macro model will be designed for an oscillation frequency of 11.7 GHz
within the presence of a fixed capacitive load. Conditions to keep the oscillation
frequency fixed will be discussed if the tank capacitance and the load capacitance
exhibit spread. The paragraph will end with an implementation of an LC-oscillator in
CMOS and some simulations as verification of the analytical results obtained in this
paragraph.
Paragraph 2.4 will focus on the effects on performance of an LC-oscillator loaded
with a varying capacitance. Since the input capacitance of a MOSt is very dependent
of its applied gate-source voltage, it will be clear that the input capacitance of a mixer
is also dependent on the applied voltage. Simulation of the input impedance of the
switching transistors of the BLIXER will show how much the capacitive input
impedance varies with the applied voltage. The performance of the VCO will be
characterized for three cases: without load, loaded with a fixed capacitance and loaded
with a mixer. After that we’re able to say something of the relative performance of a
VCO loaded with a mixer.
Paragraph 2.5 will be used to conclude if a VCO can be loaded with a mixer.
Conditions in which case it is (and in which case it isn’t) possible will be given. Also
the consequences on the performance of the VCO will be given.

10

Chapter 2 VCO loaded with a capacitive load

2.1 VCO Requirements
The main requirements for the Voltage Controlled Oscillator (VCO) used in the
integrated satellite receiver are summarized by: the fixed frequency with high spectral
purity and the relatively small tuning range needed to compensate for process
variations. To be more specific, all the requirements for the VCO are:
Fixed oscillation frequency of 11.7 GHz
Peak to peak amplitude: 1.2 V
Common mode level: 600 mV
Tuning range of +/- 5% to compensate for process spread
Phase noise:
Low power consumption = ~ mW
Quadrature oscillator needed for direct conversion
o Quadrature accuracy: Image Rejection Ratio (IRR) = ~ 30 dB
The satellite receiver has to be able to receive the complete Ku-frequency band, in
which the satellite TV signals are transmitted in Europe. The Ku-frequency band lies
between 10.7 GHz and 12.75 GHz. To be able to digitize the received frequency band,
it first has to be mixed to baseband. For a direct-conversion receiver system, the
oscillator frequency normally is chosen in the middle of the RF-band. In that case the
received signal band will be down converted in frequency centered around zero. For
the satellite receiver this means that an oscillator frequency is needed of 11.7 GHz.
The required amplitude and common mode of the VCO for this application will
depend on a number of things. At first the mixer will set demands on the ideal
oscillator amplitude and common mode level, which will be determined in paragraph
3.3. Secondly the implementation of the VCO and in particular the way the tuning of
the frequency is implemented will set a boundary on the maximum tank amplitude. To
prevent highly nonlinear behavior of the capacitances in the varactor bank, used for
tuning of the oscillation frequency, the peak to peak tank amplitude is limited to a
maximum of 1.2 V. Normally for an oscillator a large amplitude is wanted, since
phase noise will decrease for larger signal power [4,p.665]. Large amplitude also will
be beneficial for driving the switching transistors of the mixer. Therefore the required
tank amplitude for the VCO will be 1.2 V.
As will be explained more in detail in paragraph 3.3, the ideal common mode
level of the oscillator signal will be around 600 mV. If the common mode voltage is
larger, then the switching transistors of the mixer can’t be closed well enough, which
results in lower conversion gain and higher noise figure of the mixer.
Process spread in (mainly) the tank capacitance will result in spread in the
oscillation frequency, since the oscillation frequency is dependent on the inverse of
the square root of the tank capacitance (which will be shown in paragraph 2.2.1).
Assumed is that the tank capacitance has a process spread of 10%, so the oscillation
frequency has to have a tuning range of 5%:
(2.1)

2.1 VCO Requirements
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With
and
the nominal values for respectively the inductor and the
capacitance in the tank, which will give the nominal oscillation frequency .
For each part of the system of the current satellite receiver there are some
standards to which it normally more or less has to comply to ensure that a working
system can be assembled. For instance a Low Noise Block with a Noise Figure of one
dB or even smaller than one dB makes it possible that a reasonably sized dish is
sufficient to receive enough signal power. For the oscillator in the satellite receiver
normally a phase noise is required of 85 decibels below the carrier per hertz at an
offset of 100 kHz (-85 dBc/Hz @ 100 kHz in the 1/f2 region) [5,p.19]. However the
application of the voltage controlled oscillator in this feasibility research is for a new
integrated satellite receiver system. Some tightening or loosening of some of the
requirements of different system blocks therefore could be possible, since a new
approach on system level has been chosen. But looser requirements for one system
block often shifts the problems to another block. So therefore the original standard
requirement for the phase noise of the oscillator of -85 dBc/Hz at 100 kHz offset is
maintained.
The power consumption should be comparable with other high frequency VCO
topologies, which is in the order of magnitude of tens of milliwatts.
The down mixed signal band theoretically will lie between -1 GHz and +1.05
GHz. Actually the positive and negative frequency bands will fold over each other
and therefore for image rejection a quadrature mixer will be needed to make
distinction between the positive frequency band (0..1.05GHz) and the negative (1GHz..0). Furthermore since the received RF signal is I/Q demodulated a quadrature
mixer is simply required for demodulation. To be able to drive a quadrature mixer, the
oscillator has to have quadrature outputs.
To prevent interference between the down converted negative- and the positive
frequency bands, the quadrature oscillator signals will have to be accurate enough in
quadrature. The image rejection ratio gives an indication of how accurate the
quadrature signals have to be. Assuming that the amplitude mismatch isn’t a big issue
for a fully switched mixer, quadrature signals must have a phase deviation of less than
3.62 degrees for an IRR of 30 dB, using the following formula [4,p.702]:
(2.2)

With the relative amplitude mismatch and
perfect quadrature in radians.

the phase deviation from
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2.2 LC-oscillator as VCO
With the list of requirements presented in the previous chapter the most obvious
choice as VCO for this application is a simple LC tank with some form of
compensation network to compensate for the losses in the tank. Both series & parallel
form of the LC-tank have been studied here in respectively section 2.2.1 and section
2.2.5. For analysis of the LC-oscillator a macro model is used. The macro model
consists of an ideal Voltage Controlled Current Source in combination with a seriesor parallel LC-tank. To be able to answer if a VCO is still feasible when loaded with a
mixer, at first estimation has been made on the input capacitance of a mixer in section
2.2.2. After that rough margins will be given for feasible on-chip inductor values in
section 2.2.3. A choice will be made for the value of the inductor, which will be used
in the rest of this thesis. Section 2.2.4 will explain why the feasibility of loading a
VCO with a mixer is also affected by restrictions of variable capacitors for tuning the
frequency.

2.2.1 Parallel LC-tank
An LC-oscillator normally consists of two parts, i.e. an LC-tank which is mainly
responsible for the oscillation frequency and an active part which acts as a
compensation network for the losses in the tank.
An ideal LC-tank consists of 2 elements: an inductor and a capacitor. The losses
of a tank can be modeled as a resistance in parallel with the tank. The model of a
realistic LC-tank therefore consists of 3 elements, as can be seen in Figure 6.

Figure 6: Parallel LC-tank

The compensation network has to compensate for the losses introduced by the
tank and can be modeled as a negative resistance in parallel with the tank. A negative
resistance can be modeled in two extreme cases as a Voltage Controlled Current
Source (VCCS, transconductance) or a Current Controlled Voltage Source (CCVS,
transresistance). Since most compensation networks have a VCCS-character (nature
of MOSFET) and a transresistance isn’t very straightforward to implement, the tank
only will be analyzed in combination with a VCCS compensation network.

2.2 LC-oscillator as VCO
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compensation network

LC-tank
+

+
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RP
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Figure 7: VCCS with parallel LC-tank

The tank will oscillate if the Barkhausen criteria for oscillation are met [6,p.206].
Barkhausen criteria:
1. Loop gain = 1
2. Phase shift of loop gain = 0°
For the parallel LC-tank with a VCCS as compensation network (as shown in
Figure 7) the Barkhausen oscillation criteria will translate in:
1.
(2.3)
2.

(2.4)

The tank impedance can be written as:
(2.5)

(2.6)

(2.7)

It can be seen that the tank impedance will have no imaginary part, if:
(2.8)
(2.9)

The tank impedance for the oscillation (angular) frequency

is then:
(2.10)

So, oscillation will occur for:
1.

(2.11)

2.

(2.12)
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Note that for the oscillation to start-up, the loop gain has to be able to be larger
than one (only for a small time). Furthermore parameters such as the transconductance
and the parallel tank resistance always have some spread. Therefore the compensation
network is usually designed such that a transconductance of 2 or 3 times higher can be
achieved, than strictly necessary for steady state oscillation. This is to assure that the
oscillator always will be able to start up.

2.2.2 Component values
To be able to answer the first main research question, can a VCO be loaded with a
mixer, at first an estimate is made of the input capacitance of the mixer. As a rough
first estimate the input capacitance of the mixer is assumed to be 200 fF per LO-port.
Since these two input capacitances form in series the total input capacitance between
the two LO-input ports of the mixer, the total input capacitance is assumed to be 100
fF for now.
At first will be determined if the VCO is still feasible if it is loaded with a load
capacitance of 100 fF. Doesn’t it give unrealistic demands on the required tank
inductance and capacitance? But what can be considered as realistic values for an onchip inductors and capacitances? Especially values of on-chip inductors are limited,
which will be shown in the next section.

2.2.3 Feasible on-chip inductor values
First of all to realize a large inductor on chip will take up a lot of chip area.
Furthermore it is difficult to make a large on chip inductor with a high quality factor.
The quality factor is an indication of the losses in the inductor and its fundamental
definition [4,p.88] is:
(2.13)

When taking into account all the losses in an LC-tank, the quality factor of an LCtank is a measure for the narrowness of the bandwidth of the LC-tank. For an ideal
LC-tank without losses, the quality factor will be infinite and the transfer function
would be a diraq pulse at the oscillation frequency.
A third difficulty of using a large on-chip inductor is the increasing parasitic
capacitance of the inductor. As a result of the parasitic capacitance, the inductor will
have a self-resonance frequency, which will decrease for larger inductor values. The
oscillation frequency of the tank always has to be smaller than the self-resonance
frequency of the inductor.
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Furthermore the maximum inductor value for this application is limited for
another reason. That is, for a large inductor, there won’t be enough room left for the
tank capacitance. For example if an inductor is used with a value of 10 nH, the
corresponding tank capacitance has to be 18.5 fF for an oscillation frequency of 11.7
GHz (with the use of equation 2.12):
(2.14)

Achieving an oscillation frequency of 11.7 GHz will be hard, because parasitic
capacitances in the oscillator will be usually already larger than 18.5 fF. On the other
hand the inductor can’t be chosen too small either, because then parasitic inductances
tend to dominate the oscillation frequency. To give an indication: a piece of straight
interconnect metal of 1 µm will already have a parasitic self-inductance of roughly 1
pH [7, p. 140].
So in theory for an LC-tank with a desired oscillation frequency of 11.7 GHz onchip inductor values between roughly 10 pH and 1 nH are feasible.
In the thesis of Frank Leong [2] a Colpitts oscillator was designed for the same
satellite receiver application and therefore for the same oscillation frequency of 11.7
GHz. He used an on-chip inductor with the value of L = 400 pH. Since already
practical simulation data such as quality factor, series resistance and self-resonance
frequency are available, this inductor is also used for the analysis in this feasibility
research.
Parameters of on-chip inductor:
Inductance L = 400 pH
Quality factor Q = 26 (@ 10 GHz)
Self-resonance frequency ~ 40 GHz
Parasitic series resistance of inductor (including all the losses in the LCtank): RS = 2.35 Ω
The effective quality factor of the LC-tank becomes then at 11.7 GHz:
(2.15)

2.2.4 Tuning the frequency
Tuning the frequency in an LC-oscillator is often realized with variable capacitors
(for example varicaps or varactors). A varactor is in fact often a transistor with source
and drain connected to ground. The gate voltage acts as control voltage for the
capacitance seen between gate and drain-source.
Note that with the use of varactors always a fixed capacitance is present, even
when the varactors have a zero control voltage. So there should always be room in the
tank for the fixed capacitance of the varactors.
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Secondly the tuning range of a varactor depends on the size of the varactor. The
smaller the varactor, the smaller the fixed capacitance is compared to the variable part
and therefore the tuning range for a small varactor is considerably smaller than for a
larger varactor [2].

2.2.5 Series LC-tank
The LC-tank of an LC-oscillator can also be implemented with a series LC-tank
(as showed in Figure 8). The losses in the tank are modeled with a series resistance. If
the same inductor and capacitance are used for the tank, the series LC-tank will give
the same oscillation frequency as the parallel LC-tank. This will be proven with the
Barkhausen criteria later on in this section.
compensation network

LC-tank
C

+

+

vin’

L

-gmvin

-

RS

vtank = iZ∙Ztank
-

iZ

Figure 8: VCCS with series LC-tank

The main difference between a series- and parallel LC-tank is the tank impedance
at the oscillation frequency. For the parallel LC-tank we’ve seen that the tank
impedance at oscillation is equal to the parallel resistance RP. For the series LC-tank
the tank impedance at oscillation will be equal to the series resistance RS. Normally
the series resistance RS is determined by the actual resistance of the wires of the
inductor, which are in the order of magnitude of a few ohms. This is quite small and
as a result of that the power consumption of the tank will be large for a given voltage
(

. Consider for example an inductor with a series resistance of 2.35 Ω, the

current through the tank then will be around 170 mA for a tank amplitude of 400 mV
(
.
The parallel resistance RP for the parallel LC-tank is a lot larger than the series
resistance RS in the case of a series LC-tank. If the same inductor and capacitor is
used, the parallel resistance is (at oscillation) approximately Q2 larger [4,p.95] than
the series resistance. Therefore the current consumption of a parallel LC-tank will be
approximately Q2 smaller than a series LC-tank for the same tank amplitude. For
example an inductor with a Q of 10 at oscillation will have a 102=100 times larger
resistance at oscillation and therefore also a 100 times smaller current consumption.
The series LC-tank also has been analyzed with the Barkhausen criteria for
oscillation.
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Barkhausen criteria:
1. Loop gain = 1
2. Phase shift of loop gain = 0°
For the series LC-tank with a VCCS as compensation network (shown in Figure 8)
the oscillation criteria will translate in:
1.
(2.16)

2.

(2.17)

The series tank impedance can be written as:
(2.18)

It can be seen that the tank impedance will have no imaginary part, if:
(2.19)

The tank impedance for

is then:
(2.20)

So, oscillation will occur for:
1.

(2.21)

2.

(2.22)
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2.3 Loading effects on VCO-frequency
In the previous paragraph the Barkhauen criteria have been used to find criteria for
oscillation for the used macro-model of a series- or parallel LC-tank in combination
with a voltage controlled current source. The same Barkhausen criteria will now be
used to study the effects on the oscillation frequency when loading the macro-model
with a fixed capacitance.
For both cases the LC-tank will consist of the already chosen inductor in section
2.2.5 of 400 pH and a capacitor of 463 fF, such that the oscillation frequency will be
11.7 GHz:
(2.23)
(2.24)

In 2.3.1 the macro model will be loaded with the (already in 2.2.2 estimated)
capacitive input of a mixer of 100 fF and the effects on the oscillation frequency will
be given.
In section 2.3.2 the results obtained in 2.3.1 will be used to see if it’s possible to
choose a tank capacitance given a fixed capacitive load of 100 fF and still obtain an
oscillation frequency of 11.7 GHz. This will lead to different possible ranges of
capacitive load for the series- and the LC-tank. The requirement to be able to
compensate for spread in the load capacitance, but also in the tank capacitance will
eventually lead to an even smaller range of possible capacitive load for the series- and
parallel LC-tank.
In the last section (2.3.3) of this paragraph an implementation of a VCO in CMOS
will be given in the form of a cross-coupled pair. The cross-coupled pair will be
designed for an oscillation frequency of 11.7 GHz. Simulations will be run to verify
the analytical results found earlier in this thesis for an unloaded LC-oscillator as well
as for an LC-oscillator loaded with a fixed capacitance of 100 fF.
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2.3.1. Fixed capacitance model for the load
The macro model of the LC-oscillator will now be studied, if loaded with a fixed
capacitance. It is expected that the oscillation frequency will change as result of
capacitive loading. The input capacitance of a mixer is modeled here as a fixed
capacitance. In Figure 9 this is shown for the case of a parallel LC-tank with a VCCS
compensation network and a capacitive load of:
.
compensation network

LC-tank with capacitive load
+
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+
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-
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C2
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Figure 9: VCCS with parallel LC-tank and capacitive load

In this paragraph an analysis is done for both the series and parallel LC-tank in
combination with an ideal VCCS compensation network. The analysis has been done
with Maple, based on the Barkhausen criteria for oscillation. Plotted are the absolute
value of the tank impedance and the imaginary part of the tank impedance as a
function of the frequency. Recall from the previous paragraph that oscillation will
occur if the loop gain is equal to one and if the total phase shift of the loop is zero. In
this analysis the compensation network is assumed to be ideal, i.e. without capacitive
or inductive elements. This means that for zero phase shift of the loop the imaginary
part of the loaded tank impedance has to be zero.
The components values of the LC-tank are chosen such that the oscillation
frequency of the tank is 11.7 GHz. An inductor of 400 pH and a capacitor of 463 fF
are used here. With the use of equation 2.8 (and 2.18) this will give an oscillation
frequency of 11.7 GHz. For the series tank, the losses in the tank are modeled by a
series resistance RS with a value of 2.35 Ω (see 2.2.3). For the parallel tank, the losses
of the tank are modeled with the parallel resistance RP, which can be approximated for
frequencies near the oscillation frequency with [4,p.95]:
(2.25)

The tank will be loaded with the estimated capacitive input capacitance of the
mixer of 100 fF.
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Parallel LC-tank
At first the parallel tank will be analyzed. The impact on the oscillation frequency
as a result of loading the parallel LC-tank can be seen in Figure 10 and Figure 11.
The impedance of the loaded parallel LC-tank can be written as (
):
(2.26)
(2.27)

(2.28)

The loaded tank impedance will have no imaginary part, if:
(2.29)

(2.30)

So oscillation will occur if:
1.

(2.31)

2.

(2.32)
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Figure 10: Imaginary part tank impedance parallel LC-tank
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Figure 11: Absolute tank impedance parallel LC-tank

As can be seen in Figure 10 and Figure 11 the oscillation frequency is shifted
down 1.1 GHz to 10.6 GHz as result of the capacitive load of 100 fF. This can be well
understood, when observing the following:
As a result of the capacitive load, the total capacitance in the tank has increased
with 22%:
(2.33)

Since the oscillation frequency is inversely dependent on the square root of the
product of L and C, an increase of 22% in the capacitance will result in a decrease in
oscillation frequency of -9.3 %:
(2.34)

So the oscillation frequency will shift down with ~ 9.3 %:
(2.35)

to a lower oscillation frequency of:
(2.36)

The obtained analytical results here will be compared later on with the simulation
results of the CMOS LC-oscillator loaded with the same fixed capacitive load of 100
fF.
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Series LC-tank
The same analysis with Maple has been done for the series LC-tank. The impact
on the oscillation frequency as a result of loading the series LC-tank with a capacitive
load of 100 fF can be seen in Figure 13 and Figure 14.
compensation network
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Figure 12: VCCS with series LC-tank and with capacitive load

For the series LC-tank with capacitive load there are now two points where the
imaginary part of the total tank impedance is zero. The first point equals the original
oscillation frequency of the tank, which is:
. The second point
is in fact the oscillation frequency determined by the inductor and the series network
of the tank capacitance and the load capacitance, which is:
.
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Figure 13: Imaginary part tank impedance series LC-tank
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Figure 14: Absolute tank impedance series LC-tank

In the original oscillation frequency point, the required transconductance of the
compensation network is very large, since the total tank impedance at that point is
equal to the series resistance of the inductor RS, which is very small (2.35 Ω).
In the second oscillation frequency point, the tank impedance is a lot larger. This
means that the circuit will oscillate much easier in the second oscillation frequency
point, because the transconductance needed there is a lot smaller than for the original
oscillation frequency of the tank.
To confirm that now two oscillation frequencies exist, let’s take a look at the
expression for the unloaded tank impedance. The unloaded tank impedance also can
be written in terms of the oscillation angular frequency
and the quality
factor of the tank at the oscillation frequency, which is equal to:

.
(2.37)
(2.38)

The loaded tank impedance now can be written as:
(2.39)

(2.40)
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For

the loaded tank impedance is:
(2.41)

This shows that for the original oscillation frequency the imaginary part of the
loaded tank impedance approximately is zero
. The circuit
therefore will oscillate with oscillation (angular) frequency
if the transconductance
of the compensation network is approximately equal to the inverse of the series
resistance RS.
Solving the equation for the loaded tank impedance analytically shows that the
second (angular) oscillation frequency can be written as:
(2.42)

The absolute value of the loaded tank impedance for the second oscillation
frequency can be written as:
(2.43)

So the series LC-tank will oscillate with (angular) frequency
if the
transconductance of the compensation network is equal to the inverse of the absolute
value of the loaded tank impedance.
Let’s conclude this section with a resume of the oscillation criteria for both
oscillation frequencies of the series LC-tank loaded with a fixed capacitance:
1.

(2.44)

2.

(2.45)

1.

(2.46)

2.

(2.47)
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2.3.2. Conditions to keep oscillation frequency fixed despite of spread
In the previous section we’ve seen that loading a series or parallel LC-oscillator
with a fixed capacitance can shift the oscillation frequency or can give an extra
oscillation frequency. The goal however is to achieve an oscillation frequency of 11.7
GHz for the LC-oscillator within the presence of a capacitive load. In this section
therefore the goal is to find out which range of capacitive load can be used and still be
able to achieve an oscillation frequency of 11.7 GHz with the loaded LC-oscillator.
The tank capacitance therefore will be adapted, such that the oscillation frequency of
the loaded tank will be kept equal to the desired 11.7 GHz.
Since the VCO has to be able to compensate (process) spread in the tank- and load
capacitance, also will be analyzed what the required variation in tank capacitance has
to compensate spread in the tank- and load capacitance. At first only spread in the
load capacitance will be taken into account and later on also spread in the tank
capacitance. At the end of this section both contributions will be added up and an
expression for the total required tank capacitance variation will be given

Parallel LC-tank
First we analyze the parallel LC-tank. In the previous section we’ve seen that the
total capacitance of the loaded parallel LC-tank is equal to the sum of the tank
capacitance and the load capacitance:
(2.48)

To achieve an oscillation frequency of 11.7 GHz this must be equal to 463 fF (see
2.20) and can be rewritten as function of the capacitive load in:
(2.49)

To visualize this dependency, the function is plotted in Figure 15. On first hand
we’re able to see that for a capacitive load larger than the needed total capacitance (in
this case 463 fF) the tank capacitance has to be negative, which isn’t feasible.
500

Ctank (fF)

400
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100
0

0

100

200 300 400 500
Cload (fF)
Figure 15: Tank capacitance and load capacitance parallel LC-tank
for fixed oscillation frequency of 11.7 GHz
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The capacitive load of the LC-oscillator won’t be constant however. The
capacitive load of the LC-oscillator was a model for the capacitive input of the mixer.
This input capacitance is voltage dependent and since the oscillator voltage changes
over time, the input capacitance of the mixer also will vary with time. Also process
spread will give some variation in input capacitance of the mixer.
If the load capacitance varies, this has to be compensated by adapting the tank
capacitance to keep the oscillation frequency fixed. Therefore the tank capacitance
will be modeled from now on as a fixed part (Cfixed) and a variable part (Ctune) as
shown in Figure 16.

Figure 16: Parallel LC-tank with tuneable tank capacitance

How much the tank capacitance has to be able to vary depends on the capacitive
load. The required tune capacitance is equal to the difference between the maximum
and minimum capacitance. In the case of only spread in the load capacitance, it is
proportional to the load capacitance (
) and the spread of the load capacitance
( ):
(2.50)

The required fixed capacitance becomes smaller for a larger load capacitance:
(2.51)

So the required tuning range of the tank capacitance will increase as the load
capacitance increases:
(2.52)

The required tuning range even will go to infinity if the load capacitance comes
close to the required total capacitance:
(2.53)
(2.54)

The expression above shows that for a parallel LC-oscillator the load capacitance
must be smaller than approximately the required total capacitance in the tank minus
the spread of the load capacitance.
Consider for example a spread of 10 % in the load capacitance (
the total required tank capacitance is 463 fF, this results in:

). Since
(2.55)
(2.56)
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(2.57)

The required tuning range as a result of 10 % spread in the load capacitance is
plotted in Figure 17.

tuning range (in %)
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Figure 17: Required tuning range tank capacitance of parallel LC-tank
for 10 % spread in load capacitance and a fixed oscillation frequency of 11.7 GHz

As expected the required tuning range will go to infinity for a capacitive load of
. As the capacitive load approaches zero, the required tuning range
as a result of spread in the load capacitance will go to zero, because the contribution
of the load capacitance to the total capacitance becomes negligible.

Series LC-tank
For the series LC-tank the same analysis has been done as for the parallel LCtank. In the previous paragraph we’ve seen that the series LC-tank has two possible
oscillation frequencies. The first oscillation frequency of
depends only on
the tank capacitance and therefore spread in the load capacitance won’t have any
effect on the oscillation frequency. The second oscillation frequency of
however will be affected by spread in the load capacitance. Let’s see what
this means for the required tuneability of the tank capacitance.
The total capacitance of the loaded series LC-tank is equal to the series network of
the load capacitance and the tank capacitance:
(2.58)
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With the used inductor of 400 pH and a required oscillation frequency of 11.7
GHz this has to be equal to 463 fF. Rewritten as a function of the capacitive load this
gives for the required tank capacitance:
(2.59)

To give more insight it has been plotted in Figure 18. For a very large capacitive
load, the required tank capacitance will approximate the total required capacitance.
This makes sense, because in a series network of capacitances the total capacitance is
dominated by the smallest capacitance. Furthermore if the capacitive load is close to
the required total capacitance, then the tank capacitance has to be very large.
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Figure 18: Tank capacitance and load capacitance series LC-tank
for fixed oscillation frequency of 11.7 GHz

The tank capacitance in the series tank also has to be able to compensate for
variations in the load capacitance. The model of the tank capacitance in the series LCtank therefore is subdivided in a fixed capacitance (Cfixed) and a variable capacitance
(Ctune) as can be seen in Figure 19. If for example the load capacitance is 800 fF and
had 10 % spread, then it can be seen in Figure 18 that the required variation in tank
capacitance will be around 300 fF. If the load capacitance is 1.5 pF, then the required
variation in tank capacitance is less strict, i.e. around 70 fF. This shows that for a
series LC-tank a larger load capacitance will give a more relaxed requirement on the
variation in tank capacitance.

Figure 19: Series LC-tank with tuneable tank capacitance
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To show the validity of this statement let’s analyze a more generalized expression
for the required fixed capacitance (
) as function of the load capacitance
(
) and the spread of the load capacitance ( ):
(2.60)

This expression confirms that the required fixed capacitance becomes smaller for
larger load capacitance.
The required variation in tank capacitance (
load capacitance ( ) can be written as:

) as a result of spread in the
(2.61)
(2.62)

(2.63)

(2.64)

For an increasing capacitive load, the denominator becomes larger and therefore
the required variation in tank capacitance (
) will become smaller. This
confirms what we’ve already seen in Figure 18.
The required tuning range for the series LC-tank as a result of spread in the load
capacitance can be written as the ratio of the tuneable part of the tank capacitance and
the fixed tank capacitance:
(2.65)

(2.66)

(2.67)

This expression shows that for a large load capacitance the required tuning range
as result of spread in the load capacitance will go to zero. The tuning range will go to
infinity if the numerator of the required tuning range becomes zero. This is the case if
the load capacitance comes in the vicinity of the required total capacitance:
(2.68)
(2.69)
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The previous expression shows that the load capacitance of the series LC-tank
actually has a minimum, which depends on the total required capacitance (
) and
the spread in load capacitance ( ).
A numerical example will perhaps give more insight in the obtained expressions.
For the application a total capacitance is required of 463 fF. Again 10 % spread in the
load capacitance is assumed, this gives the following requirements on the tuneability
of the tank capacitance:
(2.70)

(2.71)

(2.72)

To confirm the expressions above for the fixed capacitance and the tune
capacitance we’ll take a look again at Figure 18. For a load capacitance of 1.5 pF,
from the expressions above the required fixed and tune capacitance have to be:
(2.73)

(2.74)

To confirm the expression (2.72) found for the required tuning range, the required
tuning range for the tank capacitance in the series LC-tank is plotted in Figure 20 for
10 % spread in load capacitance. It is clear that for a capacitive load of 514 fF the
required tuning range will go to infinity, since the denominator then becomes zero.
For a capacitive load going to infinity, the required tuning range of the tank
capacitance will go to zero, as expected.
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Figure 20: Required tuning range tank capacitance series LC-tank
for 10 % spread in load capacitance and fixed oscillation frequency of 11.7 GHz
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Spread in tank capacitance
Not only spread in load capacitance has to be compensated, but also spread in the
tank capacitance has to be compensated. In the previous part of this section the
requirements on the variation in tank capacitance is analyzed for spread in load
capacitance. The final requirements for the tuning range of the tank capacitance will
be the result of the combined effects of spread in the load- and the tank capacitance
itself. The effect of spread in the tank capacitance on the required tuning range of the
tank capacitance is very straightforward.
The following analysis yields for both cases of the parallel LC-tank and the series
LC-tank. Consider the spread in the tank capacitance is given by . The required
fixed tank capacitance in this case can be written as:
(2.75)

The required variation in tank capacitance as a result of spread in tank capacitance
is equal to twice the spread in the tank:
(2.76)

And the required tuning range of the tank capacitance as a result of spread in the
tank capacitance can be written as the ratio between tuneable and fixed tank
capacitance:
(2.77)

So the required tuning range as a result of spread in the tank capacitance is
independent of the tank capacitance and therefore constant for a given spread. If the
spread in tank capacitance is 10 %, the required tuning range will be:
(2.78)

Combining the requirements for the tuning range as a result of spread in tank- and
load capacitance will result in the plot given in Figure 21. Note that both contributions
of spread can be assumed independent and they therefore can be added up to each
other. For both the parallel- and series LC-tank the required tuning range is plotted in
Figure 21. For zero load capacitance for the parallel LC-tank now the required tuning
range is at its minimum of 22.2%. For the series LC-tank the required tuning range for
the series LC-tank will be at its minimum of 22.2 %, for a load capacitance which
goes to infinity.
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Figure 21: Required tuning range tank capacitance for 10 % spread
in load- and tank capacitance and for fixed oscillation frequency of 11.7 GHz

Let’s conclude this section with a resume of the requirements on the tuning range
of the tank capacitance as a result of both spread in the tank- and load capacitance.
For a parallel LC-tank the required tuning range is equal to:
(2.79)

To give a numerical example: for a total capacitance of 463 fF, 10 % spread in
total and tank capacitance and a load capacitance of 200 fF this gives a required
tuning range for the parallel LC-tank of almost 40 %:
(2.80)

For a series LC-tank required tuning range is equal to:
(2.81)

For a total capacitance of 463 fF, 10 % spread in total and tank capacitance and a
load capacitance of 2 pF this gives a required tuning range of almost 30 % for the
series LC-tank.:
(2.82)

These numerical examples confirm the results already shown in Figure 21.
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2.3.3. Loading CMOS LC-oscillator with fixed capacitance
In this last section of paragraph 2.3 the LC-oscillator is implemented in CMOS 65
nm. A choice will be made on the type of LC-tank and a topology for the
compensation network. With use of the oscillation conditions found for the macro
model in paragraph 2.2, component values for the CMOS oscillator are chosen such
that it will give an oscillation frequency of 11.7 GHz. The CMOS LC-oscillator will
be loaded with a fixed capacitive load of 100 fF and effects on the VCO-frequency
will be simulated. The simulation results will be used to verify the analytical results
already obtained in section 2.3.1.

Choice between parallel- and series LC-tank
Theoretically a parallel- and series LC-tank will give the same oscillation
frequency, if in both cases the same component values are used. But we’ve seen in
section 2.3.1 that this will change if the LC-tank is loaded with a fixed capacitance. In
that case the oscillation frequency of the series and parallel LC-tank will differ. For
the series LC-tank even two oscillation frequencies points exist. The analytical results
showed that for the series LC-tank the first oscillation frequency is equal to the
original tank frequency and will not be affected by capacitive loading. However the
required transconductance for the series LC-tank to oscillate in that oscillation point
has to be equal to the inverse of the series resistance of the tank. The series resistance
of an LC-tank is normally largely determined by the series resistance of the inductor.
The series resistance of an on chip inductor is normally in the order of a few ohms.
That makes that the required transconductance would have to be very large. To give
an example: for an inductor of 400 pH with a series resistance of 2.35 Ω, the required
transconductance of the compensation network has to be equal to:
(or even momentarily larger than that to assure start-up). Such a large
transconductance will give unrealistic demands on the bias current and width of the
transistors. For example a transistor with a width of 600 µm (and minimum length of
65nm) and a bias current of 100mA will give a transconductance of ~450 mS. The
parasitic capacitances of the transistor then will become too large (in the order of
200/300 fF)
The second oscillation frequency point of the series LC-tank will also not be
feasible for this application. We’ve seen in 2.3.2 that oscillation at the desired 11.7
GHz isn’t possible for a capacitive load smaller than the required total capacitance in
the tank. With an inductor of 400 pH, this means that the series tank can’t give the
desired oscillation frequency for a capacitive load smaller than 463 fF. Since the input
capacitance of the mixer is estimated at 100 fF, the series LC-tank will not be able to
resonate at 11.7 GHz if it is loaded with the mixer. It is however possible to add extra
load capacitance to increase the capacitive load above the boundary of 463 fF. This
could also be a possible implementation, however for this thesis a more
straightforward choice on the parallel LC-tank has been made for the implementation
of the LC-oscillator in CMOS. This choice for the parallel LC-tank has also been
influenced by the used topology for the CMOS oscillator used by Paul Geraedts for
his satellite receiver project. If possible, the same topology would be preferable to
keep this feasibility research in relevance for the application.
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Chosen topology for compensation network
To keep this feasibility study in relevance to the application, the used XCP
topology in this feasibility research is similar to the topology Paul Geraedts will use in
the satellite receiver project. The used topology is shown in Figure 22.
The voltage room for the circuit is determined by the bias voltage (VB1),
connected to the center tapping of the inductor. The oscillation frequency is tuneable
with a varactor bank, modeled here as one variable capacitor. The varactors in the
varactor bank will be digitally driven with a voltage equal to the bias voltage VB1 or
tied to ground. To assure the capacitances in the varactor bank won’t behave very
unlinear, the level of the bias voltage is chosen at 0.9 V and a maximum voltage
swing of 1.2 V across the output nodes will be allowed. All the losses of the tank are
modeled in the parallel resistance (RP). The bias current Ibias for the cross-coupled pair
is controlled by a variable resistor Rbias. In the current-limiting region the tank
amplitude will be proportional to the bias current and the parallel resistance of the
tank [8]:
(2.83)

The tank amplitude therefore will be controllable with the variable resistor
that controls the bias current
. This property of amplitude control is also used for
starting up of the oscillator. At start-up the bias current is increased, such that the
transconductances of the cross-coupled pair can become larger than necessary for
steady state oscillation.
VB1
L
Vtank-

Vtank+

C
RP

M1

M2

Rbias

Ibias

Figure 22: NMOS XCP with parallel LC-tank
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Design NMOS cross-coupled pair with parallel LC-tank
To find the right component values for the design of an LC-oscillator with a
NMOS XCP and a parallel LC tank, let’s take a look again at the most important
requirements for the oscillator and the oscillation criteria, as already discussed in 0
and 2.2.1 respectively.
Requirements oscillator:
Fixed oscillation frequency of 11.7 GHz
Tank amplitude: 0.6 V (1.2 Vpp)
Common mode level: 600 mV
Oscillation criteria parallel LC-tank with ideal compensation network:
1.

(2.84)

2.

(2.85)

For the LC-tank to give an oscillation frequency of 11.7 GHz, an inductor is used
of 400 pH and a total capacitance of 463 fF is used. Using the formula of the second
oscillation criterion, this will give the required oscillation frequency of 11.7 GHz.
(2.86)

When neglected body-effect and output resistances, the XCP behaves as a
negative resistance with the value:
(2.87)

The above formula yields for the case that equal transistors are used in the crosscoupled pair.
represents here the transconductance of one transistor.
For steady state oscillation the absolute value of this negative resistance has to be
equal to the parallel resistance of the tank. The losses in the tank modeled by
then
will be compensated with the active XCP compensation network. This will lead to the
expression for the required transconductance of the transistors of the cross-coupled
pair for steady state oscillation:
(2.88)

This expression can also be obtained by using the formula of the first oscillation
criterion (2.84).
For the simulations the same value for the parallel resistance
is used as for the
analysis of the parallel tank in section 2.3.1. The value for
of 368 Ω represents an
effective quality factor of the tank of Q=12.5 (see formula 2.25). The requirement for
the transconductance of the transistors of the cross-coupled pair then becomes:
(2.89)
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Assuming the tank amplitude isn’t yet voltage limited by the bias voltage of the
tank, using equation 2.83 a bias current of ~1.6 mA will be needed for a tank
amplitude of 0.6 V:
(2.90)

The length of the transistors is chosen at two times the minimum length (120nm)
for a larger output resistance and for a lower 1/f noise contribution of the crosscoupled pair. A small output resistance will decrease the effective quality factor of the
tank. The 1/f noise of the transistors will fold back around the oscillation frequency
and will increase the (1/f3 region of the) phase noise.
The voltage room for the transistors is determined by the bias voltage of the tank,
the voltage swing at each output node and the voltage drop across the resistor R bias.
The bias voltage of the tank is 0.9 V and the voltage swing at each output node is +/0.3 V, this leaves 0.6 V voltage room for the transistors and the resistor Rbias. If this is
equally divided, there will be 0.3 V voltage room for the transistors. It is prefereable
to bias the transistors in saturation for a high transconductance and a high output
resistance. A high W/L ratio is needed for a small overdrive voltage. For a small
overdrive voltage a large W/L ratio is needed. The width however can’t become too
large, because the parasitic gate-source and gate-drain capacitances add up to the tank
capacitance. Since only 463 fF capacitance room is available, the transistors can’t
become too large. The width of the transistors is therefore chosen at 120 µm. This will
give a transconductance of 12 mS, if the tank amplitude is around zero and half the
bias current flows through each transistor.
The required common mode level of 600 mV doesn’t agree with the common
mode level of the tank, which is equal to the bias voltage of the tank of 900 mV.
Therefore AC-couple capacitors are added at each output to be able to control the
common mode voltage independent of the bias voltage of the tank. If the tank is
loaded with a capacitive load, the tank voltage will be divided between the load
capacitor and the couple capacitor. To avoid a large decrease in voltage swing across
the load capacitor as a result of this voltage division, the couple capacitors are chosen
20 times larger than the estimated load capacitance. This will result in:
decrease in voltage swing across the load capacitance. A large
resistor of 10 kΩ is used to avoid leakage of signal current to the applied common
mode bias voltage.
It has to be kept in mind that realizing capacitive coupling on-chip, already
roughly 10 % of the capacitance will be present in the form of a parasitic capacitance
to ground. So already as a result of on-chip parasitic capacitances to ground the ACcoupling will give a decrease in voltage swing.
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The implemented LC-oscillator in CMOS with all the chosen component values
and device parasitics is shown in Figure 23. Note that the bias current is somewhat
larger than calculated in equation 2.90. This is caused by the output resistances of the
transistors, which will lower the effective parallel resistance of the tank and therefore
also the tank amplitude. A larger bias current therefore is needed to give the desired
tank amplitude. Entering the voltage limited region can also be a reason of a lower
tank voltage, since the tank amplitude then becomes limited by the common mode
bias voltage of 900mV.
VB1=0.9V

VLO_CM=0.6V

RC1
=10kΩ

VLO_CM=0.6V

L=400pH

Vtank-

RC2
=10kΩ
Vtank+

Ctank=318fF
CC1=4pF

CC2=4pF
RP=368Ω

Rds1

120
0.12

M1

Cgs1

Rbias
=207Ω

M2

120
0.12

Rds2

Cgs2

Ibias=2.2mA

Figure 23: CMOS LC-oscillator with component values and parasitics

Note that the tank capacitance is chosen lower as a result of the parasitic
capacitance of the cross-coupled pair. The total parasitic capacitance introduced by
the gate-source – (and in a less extent the gate-drain capacitances) of the crosscoupled pair transistors is estimated from simulation results at around 145 fF. The
tank capacitance is chosen such that the total capacitance equals the desired 463 fF.

2.3 Loading effects on VCO-frequency
Simulation loading effect on VCO-frequency of CMOS oscillator
At first the CMOS oscillator is simulated without load capacitance to verify the
oscillation frequency and the tank amplitude. After that, the designed CMOS
oscillator will be loaded with a fixed capacitance of 100 fF. and effects on the VCOfrequency will be simulated. This has been done to verify the obtained analytical
results with the macro model of the loaded LC-oscillator in section 2.3.1.

1. CMOS oscillator without load
The simulation results of the start-up behavior of the designed NMOS XCP with
parallel LC tank are shown in Figure 24. It can be seen that the CMOS oscillator after
a start-up time of approximately 3 ns is settled to the desired oscillation frequency of
11.7 GHz. In the left top part of Figure 24 the tank voltage at both output nodes and
the differential tank voltage for one oscillation period is plotted. In the left bottom part
the variation in the bias current is plotted for one oscillation period. It can be seen that
the shape of the waveform at both tank outputs isn’t a well shaped sine wave. The
differential tank at the contrary is varying as a well shaped sine wave. After settling
the differential tank amplitude is equal to 600 mV (1.2 Vpp). The average bias current
is 2.21 mA and varies with twice the oscillation frequency with amplitude ~0.29 mA.
In the simulation the LC-tank is started up with a current pulse at t = 0 ns.

Figure 24: Simulation results designed NMOS XCP with parallel LC-tank

39

40

Chapter 2 VCO loaded with a capacitive load
2. CMOS oscillator with fixed capacitive load
The CMOS oscillator is now loaded with a fixed capacitive load of 100 fF. This
has been done by loading both output terminals of the oscillator with a capacitor of
200 fF as can be seen in Figure 23. The resulting capacitive load between both
oscillator output terminals will be the series network of both capacitors. This will be
equal to half the capacitance seen at each output terminal if both capacitances are
equal. Note that the effective added capacitance to the tank includes the coupling
capacitors as well. But since these capacitors are a factor of 20 larger, the added
capacitance will still be dominated by the load capacitance. That is, the effective
added capacitance equals the series network of the coupling capacitances and the load
capacitances:
(2.91)

(2.92)

VB1=0.9V

VLO_CM=0.6V

L=400pH

RC1=10kΩ
VtankC1

VLO_CM=0.6V
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Vtank+

Ctank=318fF
CC1=4pF

CC2=4pF
RP=368Ω

=200fF

Rds1

120
0.12

M1

Cgs1

Rbias
=207Ω

C2
=200fF

M2

120
0.12

Rds2

Cgs2

Ibias=2.2mA

Figure 25: CMOS LC-oscillator loaded with capacitive load of 100 fF

Simulation results of the loaded CMOS oscillator are shown in Figure 26. In the
right part of the figure, it can be seen that the oscillation frequency of the loaded
CMOS LC-oscillator is shifted down to 10.63 GHz. This confirms the analytical
results obtained earlier in section 2.3.1. In the left top part of the figure the tank
amplitude is plotted. The tank amplitude is decreased with 7.6 % to 555 mV (1.11
Vpp). The decrease in tank amplitude is mainly caused by the voltage division between
the coupling capacitance and the loading capacitance (
). Also it
can be seen that the bias current is slightly decreased and the shape of the varying bias
current has changed, which is now not symmetrical anymore.

2.3 Loading effects on VCO-frequency

Figure 26: Simulation results CMOS LC-oscillator with capacitive load of 100 fF
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2.4 LC-oscillator loaded with mixer
In the previous paragraph a CMOS parallel LC-oscillator was designed for an
oscillation frequency of 11.7 GHz. The oscillation frequency shifted down to a lower
frequency as a result of a capacitive load. It is however the goal to keep a fixed
oscillation frequency of 11.7 GHz, even when a capacitive load is present, such as the
mixer. In this paragraph therefore the CMOS LC-oscillator is designed to give the
desired oscillation with taken into account the capacitive load of the mixer. The tank
capacitance and the bias current will be adapted to maintain the requirements for the
oscillator in the case of loading it with a mixer.
To be able to incorporate the input capacitance into the total capacitance of the
LC-tank, the input capacitance of the used mixer has to be accurately determined. The
used mixer is the BLIXER topology proposed by Blaakmeer et al [1]. The BLIXER
topology consists of a Balun LNA and an I/Q mixer as can be seen in Figure 27.
Simulations have been run to determine the exact input capacitance of the LO-ports,
when driven the BLIXER with ideal quadrature sine wave oscillator signals. In
section 2.4.1 we’ll see that the input capacitance will be (nonlinear) varying with the
voltage and therefore also will vary periodically in time.
In 2.4.2 the CMOS oscillator will be loaded with the BLIXER (and adapted to
meet the requirements of the oscillator). The performance will be compared with the
CMOS oscillator without load and with an ideal capacitive load equal to the effective
input capacitance of the BLIXER.
VDD
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Z

IF I+

IF I-

IF Q+

LO I+

LO I-

LO Q+
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IF QW

4W
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Figure 27: Basic BLIXER topology consisting of a Balun LNA and an I/Q Mixer
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2.4.1 Effect varying capacitive load
Until now the LO-input capacitance of the mixer is modeled by two capacitances
to ground. Earlier in this thesis the total input capacitance between the two oscillator
terminals was estimated at 100 fF. We’ll see in this section that it was a bit of an
optimistic estimate in the case of the BLIXER.
The input capacitance of one of the LO-ports of the BLIXER will vary with the
applied oscillator voltage, but will also be affected by the time-varying oscillator
signals on the other LO-ports. The varying input capacitance of each of the LO-ports
will therefore be estimated during normal operation of the mixer. The mixer is driven
with quadrature sine wave oscillator signals with amplitude of 600 mV and a common
mode level of 600 mV. The input capacitance is simulated with the use of the
capacitance table output parameters of a transient analysis. The capacitances seen at
each LO-input port have been plotted for one oscillation period in Figure 28.

C (fF)

I-Mixer
Cin,LO,I+

Cin,LO,I-

V (mV)

C (fF)

Q-Mixer
Cin,LO,Q+

Cin,LO,Q-

VLO,Q
VLO,I

time (ns)
Figure 28: Variation LO-input capacitance of BLIXER for one period

It can be seen that the input capacitance varies from 550 fF to 850 fF for half a
period when the applied differential oscillator voltage becomes larger than zero at the
specific LO-port. The other half of the period the input capacitance remains constant
at 550 fF. Qualitatively this can be well understood. If the applied voltage at the LOport is smaller than the common mode voltage, then ideally there will be no
conducting channel formed under the gate-oxide of the switching transistor. The
capacitance seen at the gate of the transistor therefore will be constant and mainly
determined by the overlap capacitances. If the applied voltage is larger than the
common mode voltage, then a channel will be formed. The number of electrons in the
channel will increase nonlinear with the applied voltage. This will result in a nonlinear capacitance seen at the gate, which varies with the applied gate voltage.
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The input capacitance seen between two LO-input ports of the I (or Q) mixer will
be equal to the series network of the two input capacitances seen at each port. If the
differential oscillator voltage is zero, the input capacitance at each port is equal to 550
fF (as can be seen in Figure 28). The total input capacitance between the two ports
then is equal to:
(2.93)

The total input capacitance seen between the two LO-input ports is at its
maximum if the applied oscillator voltage at one of the two LO-input ports is at its
maximum and is equal to:
(2.94)

So the total input capacitance will vary (nonlinear) periodically with twice the
oscillation frequency between 275 fF and 334 fF, which is a lot larger than the first
estimation of 100 fF which has been done in the beginning of this chapter. Since the
maximum input capacitance is proportional to the amplitude of the LO-voltage, the
variation in input capacitance will also be proportional to the LO-voltage amplitude.
The question may arise what the origin is of this large input capacitance. In Figure
29 the dominant parasitic capacitances are shown at the LO-input ports of the I-side of
the BLIXER. The dominant capacitances are the gate-source and the gate-drain
capacitances of the switching transistors M2 and M3. These transistors are 4 times
larger than M1 and M2 and therefore the capacitances will also be ~ 4 times larger.
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Figure 29: I-side of BLIXER including parasitic capacitances
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To show the contributions of all the parasitic capacitances to the input capacitance
per LO-port, they have been plotted for the LO I+ port in Figure 30. The constant
gate-drain capacitance and the constant gate-source capacitance during half the period
is expected to be equal to the overlap capacitance. The gate-source and gate-drain
overlap capacitance of transistor M1 is equal to 15 fF, which explains the constant part
of capacitance Cgs1 and capacitance Cgd1. The overlap capacitance of transistor M2
will be ~4 times larger and is equal to 60 fF. However the fixed part of the gatesource capacitance of transistor M2 and the gate-drain capacitance of M2 are almost 4
times larger than the overlap capacitance of 60 fF. Apparently the fixed gate-source
and gate-drain capacitances of transistor M2 will also be affected by another
capacitances in the circuit, as for example the capacitances of the IF-filter at the
output of the mixer. It could also be that there is something wrong with the simulation
setup, this isn’t clear to the author at this moment. Further work is required to get this
clear..
It is clear from Figure 30 that indeed the gate-source capacitance and the gatedrain capacitance of the largest transistor M2 dominate the input capacitance of the
LO-port. Also the gate-bulk capacitance of transistor M2 contributes a significant part
(~16%) to the input capacitance if the total capacitance is at its minimum. The gatebulk capacitance is at its minimum, when the applied oscillator voltage is large. The
bulk then will be shielded from the gate by the conducting channel. Note that the bulk
is connected for all transistors to ground.
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Cgb1
Cgb2

Cgs1
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time (ns)
Figure 30: Parasitic capacitances at LO-input port of BLIXER
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2.4.2 Simulated VCO performance loaded with mixer
In the previous section we’ve seen that the input capacitance of the mixer will
(non-linearly) vary with the applied oscillator voltage. In this section we’ll find out
what the effect on the performance of the VCO is, if this non-linear varying
capacitance will become part of the total impedance in the LC-tank of the oscillator.
Or in words of the first research question: what will be the effects on the performance
of the VCO, if the VCO is loaded with (the LO-input capacitance) of a mixer? The
performance will be compared with an unloaded VCO and a VCO loaded with a fixed
capacitance equal to the effective input capacitance of the mixer.

Ideal poly-phase filter for creating quadrature oscillator signals
Since the BLIXER is a quadrature mixer with an I-side and a Q-side, two
quadrature oscillators would be necessary to drive the BLIXER. Therefore an ideal
RC-CR poly phase filter is used to create the necessary quadrature oscillator signal to
drive both the I- and Q-side of the mixer. As can be seen in Figure 31 this poly-phase
filter is designed with noise-free resistors and through the use of ideal voltage
controlled voltage sources, it will not load the VCO. In this case the VCO will be
loaded with only one mixer (e.g. the I-mixer) and the poly-phase filter takes care that
the I/Q mixer will be driven and function as it should be.
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Figure 31: Ideal RC-CR poly-phase filter for creating quadrature oscillator signals
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The low pass filter RC-network will give 0° phase shift at DC and -90° phase shift
for frequencies going to infinity. The high pass filter CR-network gives +90° phase
shift at DC and will give 0° phase shift for frequencies going to infinity. The phase
difference between both networks therefore will always be 90°. The transfer however
from input to output is only equal for one frequency:
(2.95)

For R is a value chosen of 100 Ω and C a value of 136 fF, which will give equal
transfer for the oscillation frequency of 11.7 GHz:
(2.96)

The transfer for both networks for this frequency is equal to:
(2.97)

The effective input capacitance of the mixer is determined by loading the VCO
with the mixer and tuning the tank capacitance until the desired oscillation frequency
of 11.7 GHz was achieved. The total capacitance needed for this oscillation frequency
is known and has a fixed value. So therefore the reduction in tank capacitance must be
equal to the added capacitance as a result of the load of the mixer. and also the
capacitance added by the cross-coupled pair. The effective input capacitance of the
mixer is found in this manner to be: 291 fF (582 fF per LO-port).
(2.98)

The AC-coupling capacitor has been doubled (to 8 pF), now is clear that the load
capacitance is larger than at first was estimated. This has been done to reduce the loss
in voltage swing as a result of voltage division between the coupling capacitor and the
load capacitor of the VCO. The loss in voltage swing with an effective input
capacitance of the mixer now will be equal to ~ 7 %:
(2.99)

Since the maximum voltage swing of the cross-coupled pair of the VCO is limited
by 1.2 as a result of the varactor bank, the maximum oscillator output voltage swing
will be equal to ~ 1.12V:
(2.100)
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Simulated phase noise performance of VCO loaded with BLIXER
The phase noise performance of the VCO loaded with the BLIXER will now be
analyzed. The simulated phase noise performance will be compared for the following
three cases:
VCO without load
VCO loaded with fixed capacitance of 291 fF
VCO loaded with mixer (I/Q BLIXER)
To make a fair comparison, the performance is compared for the same oscillation
frequency of 11.7 GHz and the same XCP-tank amplitude. The tank capacitance and
the bias current therefore will be adapted for each case. The simulation results for
these three cases are shown in Figure 32.

VCO + BLIXER (VXCP=654mVpp)
VCO + BLIXER (VXCP=1.2Vpp)
1/f3

unloaded VCO &
VCO + Cload=291fF
(both VXCP=1.2Vpp)

1k

10k

100k

1/f2

1M

10M

100M

1G

Figure 32: Relative phase noise performance VCO + mixer
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Phase noise of VCO without load and VCO with fixed capacitive load
The phase noise performance of the unloaded VCO and the loaded VCO with a
fixed capacitance of 291 fF is equal to each other. The phase noise at an offset of 100
kHz of the carrier is 89 decibels below the carrier per hertz. This is ~ 4 dB low the
required -85 dBc/Hz at an offset of 100 kHz. Furthermore the 1/f3 corner frequency
lies around 30 kHz.
For analysis of the dominant noise contributors to the phase noise for the VCO
loaded with a fixed capacitance of 291 fF, in Appendix A all the noise summaries are
presented for each decade of the offset frequency. The dominant noise contributions
are extracted from the noise summaries and are presented in Table 1 for each decade
of the offset frequency.
Offset frequency (Hz)
XCP 1/f
XCP thermal
Rp
XCP induced gate

1k
97 %
1%
1%
<1%

10k
77 %
10 %
11 %
2%

100k
25 %
33 %
36 %
5%

1M
3%
42 %
47 %
6%

10M
<1%
44 %
48 %
7%

100M
<1%
47 %
45 %
7%

1G
<1%
45 %
47 %
7%

10G
<1%
53 %
37 %
9%

Table 1: Dominant noise contributions for phase noise of VCO loaded with fixed capacitance

The noise summaries show that at 1 kHz offset of the carrier frequency 97 % of
the noise is contributed by the 1/f noise of the cross-coupled pair transistors. At 10
kHz offset this is reduced to roughly 77 % of the total (phase) noise and at 100 kHz
still 25 % is contributed by the 1/f noise of the cross-coupled pair. This confirms the
1/f3 behavior of the phase noise up till ~ 30 kHz.
For offset frequencies larger than ~ 100 kHz the thermal noise of the parallel
resistance of the tank (RP) together with the thermal noise of the cross-coupled pair
become the dominant noise contributors to the (phase) noise. This noise is integrated
as a result of the bandpass filtering of the tank and therefore is responsible for the 1/f2
behavior of the phase noise for offset frequencies larger than 100 kHz. Note that the
contributions of the tank resistance (RP) and cross-coupled pair are more or less the
same (~ 45 % for each for an offset of 1 MHz up to 1 GHz), since the cross-coupled
pair represents a ‘negative resistance’ which has to be equal to the parallel resistance
of the tank (RP) for steady state oscillation (and without the presence of other losses).
The induced gate noise of the cross-coupled pair is a notable noise contributor with a
noise contribution of ~ 7 % for offset frequencies between 1 MHz and 1 GHz. For
lower offset frequencies the induced gate noise isn’t a notable effect. For a larger
offset frequency of 10 GHz it becomes a bit more contributing (9 % noise
contribution).
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Phase noise of VCO loaded with BLIXER
The phase noise performance of the VCO loaded with the mixer shows that two
effects occur:
1. The tank amplitude becomes smaller as a result of extra losses
2. The phase noise increases drastically until ~ 500 MHz offset of the carrier,
even when the bias current of the VCO is increased to compensate for the
extra losses
The extra losses as result of loading the VCO with the BLIXER can be estimated
by using the approximation that the tank amplitude can be written as the product of
the bias current and the effective parallel tank resistance (see equation 2.83). Where
the effective parallel tank resistance models all the losses in the tank. Since the
amplitude has decreased, it is concluded that loading the VCO with the BLIXER
introduces extra losses, which can be viewed as a lower effective tank resistance.
(2.101)
(2.102)
(2.103)

To compensate for these losses, the bias resistor in the VCO has been decreased to
increase the bias current with ~45 % from 2.2 mA to 3.1 mA.
After adapting the bias current to compensate for the extra losses, the phase noise
of the VCO is still drastically increased. At 100 kHz offset of the carrier, the phase
noise is 65 decibels below the carrier per hertz. This is 24 dB higher compared to the
VCO loaded with a constant capacitance equal to the effective input capacitance of
the mixer.
Offset frequency (Hz)
Gm-bias 1/f
Gm-bias thermal
Switches induced gate
AC-coupling resistors
XCP thermal
Rp

1k
95 %
<1%
<1%
<1%
<1%
<1%

10k
93 %
1%
1%
1%
<1%

100k
79 %
8%
6%
2%
<1%
<1%

1M
33 %
38 %
19 %
6%
1%
1%

10M
8%
79 %
3%
1%
<1%
2%

100M
1%
57 %
2%
<1 %
17 %
12 %

1G
<1%
2%
4%
<1 %
41 %
35 %

10G
<1%
2%
7%
<1%
45 %
28 %

Table 2: Dominant noise contributions for phase noise of VCO loaded with BLIXER

The 1/f3 corner frequency is shifted roughly three decades from ~ 30 kHz to ~ 20
MHz. To analyze the effects of the increased phase noise for the VCO loaded with the
BLIXER in Appendix B all the noise summaries per decade offset frequency are
presented. The dominant noise contributions are extracted from the noise summaries
and are presented in Table 2 for each decade of the offset frequency. This shows that a
lot of normally low frequent 1/f noise originating from the Gm-stage of the BLIXER
is up converted to phase noise around low offset frequencies. The dominant noise
contributors are the relatively small transistors responsible for biasing of the common
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source - and common gate transistors within the Gm-stage of the BLIXER. The
mechanism of up converting low-frequency noise contributors within the BLIXER to
phase noise of the VCO will be analyzed in the next section (section 2.4.3). Also the
extra losses introduced by loading the VCO with the BLIXER will be analyzed in the
next section.
Without yet going into detail into the mechanism of up converting it is clear from
the noise summaries that not only 1/f noise, but also resistors used in the biasing of
the Gm stage of the BLIXER are the dominant noise contributors up to an offset
frequency of 10 MHz. For offset frequencies above 100 MHz the effect of the up
converted low frequency noise from within the BLIXER becomes smaller and the
noise contributions of within the VCO become dominant. At 1 GHz offset frequency
for example the thermal noise of the parallel resistance of the tank (RP) and the
thermal noise of the cross-coupled pair transistors have a noise contribution of
respectively 35 % and 41 %.
It is clear that the biasing of the Gm-stage of the BLIXER contributes a lot to the
increased phase noise of the BLIXER. So let’s analyze what’s left of this degrading of
the phase noise performance if the Gm stage of the BLIXER is ideally biased. This
means that all the bias voltages for the Gm-stage of the BLIXER will be applied with
ideal voltage sources with an inductor in series to be able to maintain the high
frequency voltage variation for example at the gate of the NMOS of the CS-stage. The
simulated phase noise performance of the VCO loaded with the BLIXER with ideal
biasing of the Gm-stage is shown in Figure 33.

VCO + BLIXER (VXCP=654mVpp)
VCO + BLIXER (VXCP=1.2Vpp)
VCO + BLIXER with ideal biasing
Gm stage (VXCP=1.2Vpp)
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(both VXCP=1.2Vpp)
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Figure 33: Phase noise improvement VCO loaded with BLIXER with ideal biasing Gm stage
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Phase noise of VCO loaded with BLIXER with ideal biasing Gm stage
The simulated phase noise of the VCO loaded with ideal biasing of the Gm-stage
shows that the 1/f3 corner frequency is shifted to an offset frequency of ~ 2 MHz.
Compared to the phase noise for the unloaded VCO, the phase noise of the VCO
loaded with the BLIXER with ideal biasing of the Gm stage is 15 to 20 dB higher up
to an offset frequency of 1 MHz. From an offset frequency of 10 MHz the phase noise
performance of the VCO loaded with the BLIXER with ideal biasing of the Gm stage
becomes comparable to the phase noise of the unloaded VCO. Furthermore it is
notable that between the 1/f3 region and 1/f2 region (between ~ 30 kHz and 10 MHz)
it looks like the phase noise has another corner frequency at around 1 MHz. The phase
noise looks to have a 1/f3 behavior up to ~ 30 kHz, then a sort of 1/f2 behavior up to ~
1 MHz and between 1 MHz and 10 MHz it goes again down with approximately 1/f 3.
To analyze the origin of this, the noise summaries of the VCO loaded with the
BLIXER with ideal biasing of the Gm-stage is presented in Appendix C. The
dominant noise contributions are extracted from the noise summaries and are
presented in Table 3 for each decade of the offset frequency.
Offset frequency (Hz)
Gm CS & CG 1/f
Switches induced gate
AC-coupling resistors
XCP thermal
Rp

1k
91 %
2%
<1%
1%
<1%

10k
78 %
12 %
3%
<1%
<1%

100k
33 %
49 %
13 %
1%
1%

1M
6%
70 %
19 %
2%
1%

10M
6%
36 %
10 %
22 %
17 %

100M
2%
5%
1%
43 %
31 %

1G
<1%
4%
1%
42 %
35 %

10G
<1%
8%
1%
47 %
28 %

Table 3: Dominant noise contributions for phase noise of VCO loaded with BLIXER with ideal
biasing Gm stage

At an offset of 1 kHz it can be seen from the noise summary that the (up
converted) 1/f noise from the NMOS CS- and CG transistors of the Gm-stage of the
BLIXER are by far the dominant noise sources with 91 % noise contribution. Also at
10 kHz offset of the carrier frequency the (up converted) 1/f noise of these transistors
are the dominant noise sources (78 %). The second dominant noise contributor is the
induced gate noise of the switching transistors of the BLIXER (in total 12 % noise
contribution). At an offset of 100 kHz the 1/f noise contribution of the CS- and CGtransistors is reduced to 33 %. The dominant noise contribution is at this point the
induced gate noise of the switching transistors with 49 % noise contribution. But also
the resistors of the AC-coupling have a notable noise contribution of 13%. The
induced gate noise of the switching transistors and the thermal noise of the resistors of
the AC-coupling both have a fall-off of 1/f2 between 10 kHz and 100 kHz.
At an offset frequency of 1 MHz of the carrier frequency the dominant noise
contribution (90 %) is the induced gate noise of the switching transistors of the
BLIXER. The second largest noise contribution (13%) is the thermal noise of the
resistors of the AC-coupling. It can be noted that the fall-off of these contributors
between 100 kHz and 1 MHz offset is more than 1/f2. Both contributors have the same
fall-off in this region of a factor of ~130 (≈ 102.12). This suggests that both the
resistors in the AC-coupling and the induced gate noise of the switching transistors
are part of the same mechanism, which is responsible for the increased phase noise
between 100 kHz and 1 MHz. This mechanism will be further analyzed in the next
section.

2.4 LC-oscillator loaded with mixer
At an offset frequency of 10 MHz the induced gate noise contribution of the
switching transistors has decreased to 36 %. The noise contribution of the ACcoupling resistors has also become smaller and is at this point 10 %. Both absolute
noise contributions have reduced by a factor of ~ 2300 (≈ 103.36) compared to the
values at 1 MHz. This confirms the ~ 1/f3 decay between 1 MHz and 10 MHz. The
thermal noise of the parallel tank resistance (RP) and the thermal noise of the crosscoupled pair transistors are becoming again the dominant noise sources at this offset
frequency of 10 MHz (17 % and 22 % respectively). If the spot noise of these
contributors is compared to the VCO loaded with a fixed capacitance, then there are
only small differences between these values. So for offset frequencies larger than 10
MHz driving the mixer with ideal biasing of the Gm-stage without buffers between
the VCO and mixer doesn’t degrade the phase noise performance anymore of the
VCO.
At an offset frequency of 100 MHz the contribution of the induced gate noise of
the switching transistors and the thermal noise of the AC-coupling resistors is further
decreased to 5 % and less than 1 % respectively. The absolute noise contribution of
the induced gate noise of the switching transistors is reduced by a factor of ~1400 (≈
103.15) compared to the value at 10 MHz. The absolute noise contribution of the ACcoupling resistors is even decreased by a larger factor of 2500 (≈ 103.4) compared to
the value at 10 MHz. What leaves us with the dominant (thermal) noise contributions
of the VCO itself, i.e. the parallel tank resistance (31 %) and the cross-coupled pair
transistors (43 %). The absolute values of these noise contributions again are not
much different compared to the VCO loaded with an ideal capacitive load of 291 fF.
It is notable that the thermal noise of the cross-coupled pair is ~26 % larger than for
the VCO loaded with an ideal capacitive load. This can be well understood by
realizing that the bias current of the VCO loaded with the mixer was increased to
compensate for extra losses. The downside of this is the relatively small increase in
noise contribution of the cross-coupled pair.
At an offset of 1 GHz of the carrier frequency the phase noise becomes dominated
again by the noise sources within the VCO. The thermal noise of the parallel tank
resistance contributes 35 % and the thermal noise of the cross-coupled pair 42 % to
the total noise. The induced gate noise of the switching transistors is decreased by a
factor of ~90 (≈ 101.95) compared to the value for an offset of 100 MHz to a total noise
contribution of 4 %. Also the thermal noise of the AC-coupling resistors is decreased
with a factor of ~ 90 compared tot the value for an offset of 100 MHz. This suggests
that the mechanism which caused the colouring of these noise contributions isn’t
(notably) present anymore for high frequency offset of the carrier of larger than 100
MHz.
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2.4.3 Analysis degraded phase noise performance
We’ve seen in the previous section that a lot of low frequency noise of within the
biasing of the Gm-stage of the BLIXER converts to phase noise of the VCO when
loaded with the BLIXER. With the use of an example of one of the dominant noise
contributions of within the biasing of the GM-stage of the BLIXER this will be
analyzed. In Figure 34 the input Gm-stage of the BLIXER can be seen with the 1/f
noise of one of the transistors used for creating the bias voltage for the NMOS CStransistor.
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Figure 34: Example of upconverting 1/f noise of biasing of Gm-stage of BLIXER into phase noise
of the VCO

The low frequency dominant 1/f noise current of transistor MN0 will be converted
to a noise voltage at node VB2 through the transconductance gmn0 of the transistor:
(2.104)

For low frequencies, large part of the noise voltage will be converted to a noise
current through the large transconductance of the NMOS common source transistor:
(2.105)

This noise current will flow through the low source input impedance and the
output impedance of the switching transistors. This will result in a low frequency
varying of the source voltage of the switching transistors. Since the gate source
capacitance of the switching transistors is a function of the applied gate-source
voltage, the variation in source voltage will result in a varying gate source

2.4 LC-oscillator loaded with mixer
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capacitance. Recall that the gate-source capacitance is part of the total tank
capacitance, which determines the oscillation frequency of the tank. Influencing the
gate-source voltage and therefore the gate-source capacitance will influence the
oscillation frequency. If a low frequency 1/f noise source is responsible for this gatesource capacitance variation, this can be intuitively understood that this will be
present as phase noise at low offset frequencies of the carrier frequency.
So to speak in more general terms: all the noise contributions which influence the
gate-source voltage of the switching transistors can be seen as analog frequency
modulation. This effect will translate low-frequency noise components to the region
around the carrier frequency [6,p.223].
As already seen in the previous section the induced gate noise of the switching
transistors is also another dominant noise contribution, especially in the frequency
range between 100 kHz and 10 MHz offset of the carrier frequency. To analyze this
noise contribution the VCO is shown in Figure 35 with the switching transistors
modeled with the gate noise circuit model of van der Ziel [9].
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Figure 35: VCO loaded with model of gate noise of switching transistors of mixer

The induced gate noise current is expressed as [9]:
(2.106)

With the gate noise coefficient (normally around 4/3 for long channel devices)
and with the conductance
expressed as:
(2.107)

This shows that the induced gate noise current has a spectral density which isn’t
constant and gives colored noise. It can be intuitively understood that the induced gate
noise together with the filtering property of the AC-coupling (-3 dB BW = 2 MHz) is
responsible for the increase in phase noise in the region between 100 kHz and 10

Cgs
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MHz. However it isn’t quite clear yet to the author how this mechanism works and
how this qualitative can be well described. Further research is therefore recommended
to get full insight in this mechanism.
The extra losses introduced by loading the VCO with the BLIXER can be seen as
the result of the gate conductance
described in equation 2.105.

2.5 Conclusions

2.5 Conclusions
Loading a Voltage Controlled Oscillator directly with a switching mixer will have
consequences on the oscillation frequency of the VCO as a result of the capacitive
input of the mixer. Furthermore the mixer can introduce extra losses in the VCO as a
result of the gate resistance of the switching transistors. The phase noise of the VCO
can be degraded by noise sources, which influence the gate-source voltage and
therefore the gate-source capacitance of the switching transistors. This means that
noise sources within the mixer can give effect to an increase in phase noise, if this
affects the source voltage of the switching transistors. Induced gate noise of the
switching transistors can result in an increase in phase noise.
Given the application of a CMOS satellite receiver with an LC-oscillator used as
VCO and the Balun I/Q Mixer (BLIXER) [1] as a mixer and given the following
boundary conditions and assumptions:
- Oscillation frequency of 11.7 GHz
- Total inductance in the tank of 400 pH
- VCO has to be able to compensate for 10 % spread in tank capacitance and
load capacitance
- Feasible tuning range of tank capacitance smaller than ~ 400 %
- Compensation network of LC-oscillator doesn’t add extra capacitance to the
tank
The conclusion can be drawn that an LC oscillator with a parallel LC-tank can be
loaded if the capacitive load is smaller than ~ 400fF and an LC oscillator with a series
LC tank can be loaded if the capacitive load of the mixer is larger than ~600fF. There
is a range of capacitive load where it is very difficult to load an LC oscillator with a
capacitive load and still be able to adapt the tank capacitance in order to maintain the
same frequency. This is the case for this project if the capacitive load of the mixer is
in the range between 400 fF and 600 fF.
Simulations have shown that the effective input capacitance of the BLIXER is
roughly equal to 290 fF if the applied oscillator signal has amplitude of 600 mV and a
common mode level of 600 mV. The cross-coupled pair transistors add roughly 150
fF capacitance to the total tank capacitance. Therefore it has shown possible to load a
parallel LC-oscillator with the BLIXER and still realize the desired oscillation
frequency of 11.7 GHz. The drawbacks of directly loading the VCO with the BLIXER
without buffering in between are:
- Increase in phase noise of up to 15 dB for low offset frequencies between 1
kHz and 10 MHz as result of up converted 1/f noise within the BLIXER
and induced gate noise of the switching transistors together with the
filtering behavior of the AC-coupling network
- Even more increase in phase noise up to 15 dB as a result of low frequency
noise from within the biasing of the Gm stage of the BLIXER up
converting to phase noise
- Increase in power consumption (~45 %) to compensate for extra tank
losses which are thought to be as a result of the gate resistance
- Smaller tunable tank capacitance of around 50 fF which will make it
harder to have enough tuning range to compensate for variation in all the
capacitances in the tank.
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The required tuning range for the tank capacitance can now be calculated using
equation 2.79 already presented in section 2.3.2:
(2.79)

Where
represents the spread in the load capacitance
the spread in the tank capacitance.

and

represents

In section 2.3.2 however was assumed that the tank capacitance and the load
capacitance together form the total capacitance in the tank. We’ve seen that also the
cross-coupled pair transistors add capacitance to the tank. Since the cross-coupled pair
capacitance and the input capacitance of the mixer can’t be tuned, both capacitances
now form the load capacitance (
) in equation 2.79:
(2.106)

For simplicity it is assumed that the input capacitance of the mixer and the
capacitance of the cross-coupled pair have the same spread of 10 % and also 10 %
spread in the tank capacitance has to be compensated, then the required tuning range
for the tank capacitance is equal to:
(2.109)
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3. Mixer directly driven with sine wave oscillator
In the previous chapter effects on performance of the VCO are analyzed, when the
VCO is loaded with a capacitive load and eventually a mixer. This has been done to
be able to answer the first research question of this feasibility study: is it possible to
directly load an oscillator with a mixer without buffering in between.
The main focus in this chapter will be the second research question, i.e. can a
mixer be driven directly with a sine wave oscillator without buffers in between? The
used mixer topology for this research question is the BLIXER topology, as shown in
Figure 36. The BLIXER topology consists of a Balun LNA and an I/Q mixer.
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Figure 36: BLIXER topology consisting of a Balun LNA and an I/Q Mixer

The RF-input stage of the BLIXER consists of a transconductance (Gm) stage with
a common gate (CG) transistor and a NMOS and PMOS common source (CS)
transistor. The Gm-stage converts the input RF voltage to a differential current. With a
25% duty-cycle LO-waveform the differential signal current will be periodically
switched to one of the IF-outputs. The resistive load at the IF-output will convert the
signal current into a differential IF output voltage. The capacitances together with the
resistances at the IF-output form the IF-filter.
The CG transistor provides 50 ohm input impedance together with a wideband
input matching π-network (not shown in figure here for simplicity). The CG-stage is
biased with an inductor to obtain low noise operation and save valuable voltage room.
The parallel CS-CG topology (or Balun-LNA) has the nice property that the normally
dominant noise of the CG-stage is cancelled because the CS-stage transfers this noise
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in anti-phase to the output. To achieve a low NF, the CS-stage is scaled up 4 times.
For the CS-stage a NMOS and PMOS are used to achieve a high linearity and . Both
transistors are biased with a high overdrive voltage to achieve a high linearity. The
NMOS is AC-coupled with the input, such that the NMOS can be biased with a high
DC bias.
The BLIXER was designed for square wave oscillator signals and has shown good
performance for up to oscillation frequencies of 7 GHz. For higher frequencies the
circuit failed to generate the required quadrature square wave oscillator signals. At
first the performance of this mixer topology when driven with sine wave oscillator
signals will be analyzed. In the end of this chapter, the mixer performance will be
analyzed when driven with the earlier in this thesis designed VCO without buffering
in between.
To make the BLIXER suitable for the satellite receiver application and testable
with the earlier in this thesis designed VCO, some modifications have to be made.
The BLIXER topology was designed for UWB RF-input frequencies from 500 MHz
up to 10 GHz and an IF-bandwidth of 400 MHz. The satellite receiver however has a
smaller RF-input bandwidth of 2.05 GHz, but at higher frequencies, i.e. from 10.7
GHz up to 12.75 GHz. Furthermore is it necessary to increase the IF-bandwidth of the
BLIXER to the required bandwidth of 1.05 GHz for the satellite receiver application.
Adapting the BLIXER topology will be discussed in paragraph 3.1.
A comparison between the performance with sine wave and square wave oscillator
signals driving the mixer will be given in paragraph 3.2 to study the effects on
performance when driving a switching mixer with sine wave oscillator signals.
To ensure all the transistors in the BLIXER are well biased in their desired
operating region when driving the BLIXER with a sine wave oscillator of 11.7 GHz,
the optimal common mode level and amplitude for the sine wave will be determined
in paragraph 3.3.
In paragraph 3.4 the BLIXER will be driven with the previously in this thesis
presented VCO and the effects on the performance of the mixer will be analyzed.
Note that this is the same simulation as has been done in section 2.4.2, only at that
point the effects on the performance of the VCO were analyzed.
In the end of this chapter in paragraph 3.5 conclusions will be drawn whether it is
possible to directly drive a mixer with a sine wave oscillator without buffers in
between.

3.1 Adapting BLIXER for satellite receiver

3.1 Adapting BLIXER for satellite receiver
The main requirements for the mixer in the CMOS satellite receiver system are a
low noise figure and a high conversion gain, because of a very weak input signal of
around -90 dBm. Furthermore the mixer has to be suitable for a high input RF
frequency range of 10.7 GHz up to 12.75 GHz. To be more specific, all the relevant
requirements for the mixer are given below:
Quadrature mixer (I/Q-mixer) needed for direct conversion
RF-bandwidth: 10.7 GHz - 12.75 GHz
IF-bandwidth: 1.05 GHz
Low noise figure
High conversion gain
The (measured) performance of the BLIXER is given here as a reference. In this
paragraph it is the objective to adapt the topology to make it useable for the satellite
receiver application. The performance of the BLIXER driven with sine wave signals
should be comparable with the given performance of the BLIXER driven with square
wave signals, as stated below:
Measured performance square wave driven BLIXER for UWB:
RF-(-1dB)bandwidth = 0.5 - 7 GHz
IF-(-3dB)bandwidth = 400 MHz
Noise Figure = 4.5 - 5.5 dB
Conversion gain = 18 dB
Linearity:
o IIP3 = -3 dBm
o IIP2 (@RF) = +20 dBm
Power consumption = 16 mW
Reflection coefficient: S11 < -10 dB
In the first section of this paragraph the original BLIXER topology will be
discussed in detail and simulations will show the achievable conversion gain and the
noise figure over the original RF frequency range up to 10 GHz.
In section 3.1.2 the IF-bandwidth will be increased by changing the capacitance
values of the IF-filter at the output of the BLIXER to meet the requirements for the
IF-bandwidth of the satellite receiver of 1.05 GHz.
In section 3.1.3 the RF-input stage of the BLIXER will be adapted to meet the
requirements for the CMOS satellite receiver.
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3.1.1 Simulated CG and NF performance of original BLIXER
The actual implementation of the original BLIXER topology (as shown in Figure
37) is a bit different compared to the BLIXER topology concept (shown in Figure 36)
discussed earlier in this chapter. For instance the ratio between resistive loads for the
CS and CG path is approximately 1:3.2 in stead of 1:4
(3.1)

These little differences between the concept of the BLIXER topology and the final
implementation have to do with fine-tuning of the design as a result of some nonidealities as for example finite output impedance of the switching transistors, which
lower the effective load resistance.
Another difference is the wideband input matching π-network, which is shown
here in Figure 37 at the input of the BLIXER. This will give well matched 50 ohm
input impedance for the RF-input frequency range from 500 MHz up to 10 GHz.
The theoretical achievable voltage conversion gain of the BLIXER is given as [1]:
(3.2)

With the factor

equals the fundamental Fourier component of of a 25 % duty cycle
square wave. Between brackets the voltage gain of the CG-stage and the CS-stage is added.
The conversion from single-ended to differential would add a factor 2 to this equation, but
falls away against the factor ½ added since for a downconversion mixer only half of the signal
power is used (the upconverted signal is filtered out by the IF-filter).
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Figure 37: Original BLIXER topology with wideband input matching π-network showing DC
node voltages for the I-side of the BLIXER for square wave fLO=3GHz with 24 % duty cycle and
1 % rise- and fall time
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For the component values shown in Figure 37 the achievable voltage conversion
gain of the circuit will be:
(3.3)
(3.4)

The voltage conversion gain and noise figure of the BLIXER is simulated for an
RF frequency range of 500 MHz up to 10 GHz at a fixed intermediate frequency of 10
MHz (shown in Figure 38). The BLIXER is driven with ideal voltage sources with a
source resistance of 1 ohm. The voltage sources produced square waves from 0.1 V
up to 1.0 V and had a 24 % duty cycle with 1 % rise and fall times. The source
resistance of the voltage sources is chosen this low to prevent filtering out the higher
order frequencies of the square wave. The high input capacitance of the BLIXER of
around 550 fF (see section 2.4.1) could give a corner frequency around 6 GHz if for
example the source resistance of the voltage source is 50 ohm:
(3.5)

This would degrade the shape of the square wave severely, since already the
fundamental frequency will be attenuated by more than 3 dB for oscillation
frequencies above 5.8 GHz. The input bandwidth at the LO-input ports of the mixer
with a source resistance of 1 ohm will be equal to 289 GHz, which is more than
sufficient.
(3.6)
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Figure 38: Conversion Gain and NF original BLIXER topology for IF=50MHz with 24 % duty
cycle and 1 % rise- and fall time
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Figure 38 shows a maximal voltage conversion gain of 20 dB and a minimal
Noise Figure of 3.5 dB for an RF input frequency of 3 GHz. The conversion gain is ~
2.5 dB lower than the theoretical achievable conversion gain calculated in equation
3.4. However this equation assumed no influence of the output resistances of the
switching transistors and that all the signal current without losses would be switched
to resistive loads at the output. The noise figure of 3.5 dB agrees with the simulation
results of the BLIXER presented in the published paper [1], which was around 3 dB.
The performance of the BLIXER has also been simulated for a fixed oscillation
frequency of 3 GHz and for a RF frequency range of 3.01 GHz up to 5 GHz (shown in
Figure 39). It can be seen that the noise figure stays more or less flat over a large IF
frequency range of 10 MHz up to 2 GHz. The IF-bandwidth determined with this
simulation is around 600 MHz.
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Noise Figure
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10M
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Figure 39: Conversion Gain and NF original BLIXER topology for square wave f LO=3GHz with
24 % duty cycle and 1 % rise- and fall time
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3.1.2 Adapting IF-filter at output of BLIXER
We saw earlier in section 3.1.1 that the simulated IF-BW of the original BLIXER
is equal to ~600 MHz for an LO frequency of 3 GHz. Since the CMOS satellite
receiver requires an IF-BW of 1.05 GHz, the IF-filter of the BLIXER is adapted. To
increase the bandwidth approximately and keep the DC-bias settings equal, only the
capacitances are decreased. The I-side of the BLIXER with adapted IF-output is
shown with DC-node voltages for an oscillation frequency of 3 GHz in Figure 40.
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Figure 40: I-side of BLIXER with adapted IF-filter showing DC node voltages for fLO = 3 GHz

Simulation results of the IF-BW of the adapted BLIXER are shown in Figure 41
for a square wave LO of 3 GHz with 24 % duty cycle and 1% rise- and falltime.
It can be seen that the IF-BW is increased to ~ 910 MHz, but is still a bit lower
than the required 1.05 GHz. A side effect of increasing the IF-bandwidth is the
decrease in conversion gain for low IF-frequencies. It can be seen that the conversion
gain is almost 1 dB decreased. As can be seen in Figure 40 the DC-node voltages at
the IF-output are slightly increased, since higher order frequency components as a
result of frequency mixing are less attenuated by the IF-filter. This results in a slightly
decrease in conversion gain and a little increase in noise figure.
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Figure 41: IF bandwidth of original and adapted BLIXER
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3.1.3 Adapting RF-input bandwidth BLIXER
It is preferable to test the mixer driven with sine wave signals for the conditions of
the satellite receiver. Therefore the input BW is made suitable for the satellite RF-BW
of 10.7 GHz up to 12.75 GHz. The current BLIXER topology has a broadband
matching π-network at the RF-input port as shown in Figure 42. The matching
network takes care of matching the input impedance of the BLIXER over a large
bandwidth of 500 MHz up to 10 GHz to the impedance of the external antenna to
avoid reflections. The satellite receiver however requires a bandwidth of 10.7 GHz up
to 12.75 GHz. The broadband matching network is therefore replaced by a bandpass
filter.
The bandpass filter is formed by the input capacitance of the BLIXER and an
inductor Lbias which also is used for biasing the common gate transistor. The value for
the inductor is chosen according to the required center frequency of the pass band and
with the already familiar formula:
(3.7)
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Figure 42: original RF-input stage of the BLIXER

The RF-input capacitance of the BLIXER varies according to simulation results
between 400 fF and 500 fF for the RF-input frequency range of 10.7 GHz up to 12.75
GHz. The required inductor therefore should be equal to 411 pH:
(3.8)

The inductor chosen is somewhat larger (Lbias = 620 pH), since simulation results
showed a center frequency larger than expected with an inductor of 411 pH.
The required quality factor of the inductor can be calculated since we know that
the bandwidth of an LC-bandpass filter is inversely proportional to the quality factor
Q [4,p.90]:
(3.9)
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So the required quality factor of the inductor Lbias is equal to 5.7. This corresponds
to a series resistance of the inductor of:
(3.10)
To Mixers
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Figure 43: Adapted input stage BLIXER

The series resistance however is chosen two times smaller (RS = 4 Ω) to create a
somewhat steeper bandpass filter. The quality factor for the inductor therefore
becomes:
. The adapted input stage of the BLIXER is shown in
Figure 43. The transfer function of the bandpass filter is shown in Figure 44.

fc=11.7GHz

BW = 22.6 GHz
f-3dB=5.1GHz

f-3dB=27.7GHz

Figure 44: Transfer function bandpass filter at the RF-input of the BLIXER
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3.2 Sine wave LO vs. square wave LO
Now in the previous paragraph the BLIXER topology has been adapted for the
RF-input and IF-output frequency range of the satellite receiver, we’re able to test the
BLIXER within the appropriate conditions for the satellite receiver. That means that it
now can be driven with an 11.7 GHz oscillator signal and performance can be
simulated for an RF-input frequency range of 10.7 GHz up to 12.75 GHz.
To be able to answer the second research question of this thesis if a mixer can be
directly driven with a sine wave oscillator without buffers in between, a comparison
will be made for driving the BLIXER with ideal sine wave and ideal 25 % duty cycle
square wave oscillator signals. The differences in the driving waveforms will be
analyzed in the time domain, as well in the frequency domain. After that, simulation
results of the conversion gain and noise figure of the BLIXER driven with ideal sine
waves will be analyzed and compared with the performance of driven with ideal
square waves.
3.2.1 Difference in steepness of transitions for sine wave and square
wave
A sine wave and a 25 % duty cycle square wave with 1 % rise- and fall time will
be compared here, when having the same oscillation frequency of 11.7 GHz. Note that
actually the 25 % duty cycle square wave used in this thesis will have a somewhat
effectively lower duty cycle as the result of a finite rise time. Since a rise time of 1 %
is used, the duty cycle will be effectively equal to 24 %.
A major obvious difference between using a sine wave and square wave as driving
signal for a mixer is the steepness of the curve at the switching moments of the mixer.
For a low noise figure of the mixer it is important that the time interval of switching
the current from one output to another will be as short as possible. That is if the
switches of the mixer are in the balanced state, the switching transistors will act as a
differential pair and amplify the noise on the LO-ports to the output. So, let’s
therefore analyze the steepness of the square wave compared to the sine wave.
As an example a square wave with a high value of 1.0 V and 0.1 V with rise and
fall times of 1 % will be analyzed. This could be a good representation of a realistic
output of an inverter-type buffer, which will have as somewhat smaller voltage swing
than from ground to the supply voltage (of 1.2 V). The square wave applied with an
ideal voltage source with source resistance of 1 ohm to one of the LO-inputs will look
like the one plotted in Figure 45. The steepness of the transistion between the low
and high value is simply equal to the voltage difference divided by the risetime:
(3.11)

So for a square wave of 11.7 GHz from 0.1 V to 1.0V with 1% rise and falltime,
the steepness of transistion will be:
(3.12)
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Figure 45: 11.7 GHz square wave with 24 % duty cycle and 1 % rise- and fall time driving one of
the LO-ports of the BLIXER

Let’s compare the just calculated steepness of the square wave to a sine wave (as
shown in Figure 46) toggling between the same voltage levels. For a sine wave the
steepness of transition (at the DC-level of the sine wave) is determined by the
derivative of the sine wave:
(3.13)

Where
represents the common mode level,
the amplitude and T the
period of the sine wave. The steepness at the crossings of the DC-level of the sine
wave is when the derivative is at its maximum, which is equal to:
(3.14)

For an amplitude of 450 mV and a frequency of 11.7 GHz, the steepness of the
sine wave at the crossings of the DC-level will be therefore equal to:
(3.15)
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Figure 46: 11.7 GHz sine wave with amplitude of 450 mV and common mode level of 550 mV
driving one of the LO-ports of the BLIXER

If we rewrite the expression for the steepness of the square wave (equation 3.11)
into the following form:
(3.16)

With
the rise time for the square wave written in a percentage of the total period.
Then we can see that the difference in steepness of transition for a sine wave
compared to that of a square wave can be written as:
(3.17)

So as we can see here that for a sine wave toggling between the same voltage as
the square wave, the sine wave will have a smaller steepness of times the risetime
(in %) of the square wave, when compared to the steepness of the square wave. This
means that for the example here for a rise time of 1 %, the sine wave will have a
transition which is ~ 32 times less steep than for the square wave:
(3.18)

72

Chapter 3 Mixer directly driven with sine wave oscillator
3.2.2 Higher order frequency components in square wave

DC = 325 mV

Compared to a sine wave, which has ideally one frequency component, a square
wave will consist of a lot of higher order frequency components. To visualize this, the
frequency spectrum has been plotted in Figure 47 for a square with 24 % duty cycle,
toggling from 0.1 V to 1.0 V and with a rise- and fall time of 1 %.

fLO

2fLO

3fLO
6fLO
5fLO
7fLO

10fLO
14fLO
9fLO 11f
18fLO
LO 13fLO
15fLO 17fLO 19fLO

Figure 47: Frequency spectrum of an 11.7 GHz square wave with 24 % duty cycle and 1 % riseand fall time driving one of the LO-ports of the BLIXER

As can be seen the fundamental harmonic has an amplitude of ~ 410 mV, which is
a bit smaller than the amplitude of 450 mV of the sine wave seen in Figure 46. It can
be seen that a lot of signal energy is present at higher harmonics. For example the 6th
harmonic even has an amplitude of 100 mV, which is more or less a quarter of the
amplitude of the fundamental harmonic.
However it is very likely that when driving the BLIXER with a more realistic
square wave, most of the higher harmonics will be attenuated by the corner frequency
at the LO-input ports as a result of the large input capacitance (~550 fF for the
BLIXER) and the output resistance of the square wave oscillator.
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3.2.3 Simulated BLIXER performance with sine wave and square wave
LO
The BLIXER will now be driven with ideal sine wave oscillator signals of 11.7
GHz and the conversion gain and noise figure performance compared to driving with
25 % duty cycle square wave oscillator signals of 11.7 GHz. The LO-ports will
therefore be driven wit an ideal voltage source with a source resistance of 1 ohm to
keep enough bandwidth at the input port for the higher harmonics of the square wave
(as mentioned earlier in 3.1.1). For the square wave rise- and fall times are used of 1
% and an effective duty cycle of 24 %. The minimum and maximum voltage for both
the sine wave and square wave are chosen the same, i.e. 100 mV and 1.0 V
respectively. The simulation results for the conversion gain and the noise figure are
given in Figure 48 for an input RF-frequency range of 1.7 GHz up to 10.69 GHz
(LSB).

For VLO=0.1V .. 1.0V

Square wave
Sine wave

fLO=11.7GHz

Conversion Gain

Sine wave

Square wave

10M

Noise Figure

100M

1G

10G

IF (Hz)
Figure 48: Conversion gain and noise figure of BLIXER for driving with sine wave and square
wave LO of 11.7 GHz

As can be seen in Figure 48 for the BLIXER driven with a sine wave only little
decrease in conversion gain is observed (~0.3 dB) and only little increase in noise
figure is observed (also ~0.3dB) compared to driving the BLIXER with a square
wave.
Compared to the performance of the original BLIXER for RF- frequencies
between 500 MHz and 10 GHz as already shown in Figure 38, the high RF-frequency
performance shown here does agree with each other. For instance the original
BLIXER showed a conversion gain of 16 dB for an input RF-frequency of 10 GHz.
The conversion gain plotted here for an IF-frequency of 700 MHz (corresponding to
an RF-frequency of 11 GHz) is approximately 1 dB lower, i.e. 15 dB. Also the noise
figure does agree well with what we saw earlier for the NF performance for high RFinput frequencies in Figure 38 (~7dB).
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Furthermore it can be noted that the voltage conversion gain has a bit of a peak for
an IF of around 400 MHz. This IF-frequency corresponds to an RF-frequency of 11.3
GHz. Simulation shows that for this input frequency the CG-stage shows a little dip in
the transfer from input voltage to output current. It can be that as a result of this
somewhat lower signal current, there is more drain-source voltage room for the
switching transistor. This can give a higher output resistance and also a larger
conversion gain.
In Figure 49 and Figure 50 the DC-node voltages are shown of the BLIXER for
respectively a square wave oscillator signal and a sine wave oscillator signal.
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Figure 49: BLIXER showing DC-node voltages for square wave fLO=11.7GHz with 24 % duty
cycle and 1 % rise and fall time

It can be seen that for driving the BLIXER with sine wave oscillator signals, the
DC-node voltages at the output with 25mV/30mV. However the voltage at the source
node of the switching transistors in the CG-path is lower for the sine wave case. This
means that more drain-source voltage room (~190 mV compared to 140 mV) is
available for these switching transistors in the case when driven with sine wave
oscillator signals. The drain-source voltage room for the switches in the CS-path has
increased from 210 mV to 260 mV. This shows that as a result of driving the BLIXER
with sine wave oscillator signals, the DC-bias setting of the BLIXER is affected. In
the next paragraph therefore the ideal common mode level and amplitude for the sine
wave will be determined to keep the BLIXER biased within the appropriate DC-bias
settings.
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Figure 50: BLIXER showing DC-node voltages for sine wave fLO=11.7GHz
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3.3 Optimum CM-level & amplitude sine wave
In this paragraph the optimum common mode level and amplitude of the sine
wave oscillator signal will be determined, when used for driving the BLIXER. The
optimum CM-level and amplitude will be defined in terms of a maximum voltage
conversion gain and a minimum noise figure for the BLIXER.
At first the optimum amplitude of the sine wave will be determined for three
different common mode levels of the sine wave as can be seen in Figure 51. The
conversion gain and noise figure of the BLIXER is plotted for a fixed oscillation
frequency of 11.7 GHz, a fixed IF of 50 MHz and as function of the oscillatoramplitude. As can be seen each common mode level has different optimum amplitude.
For example the optimum amplitude for a CM-level of 600 mV is roughly equal to
600 mV. The conversion gain is at this point 16.3 dB and the noise figure of the
BLIXER is 6.8 dB. Furthermore it can be noted that for a common mode level of 900
mV the BLIXER has unacceptable performance, with a maximum conversion gain of
6 dB and a minimum noise figure of 11 dB. This confirms the fact that AC-coupling
in the oscillator implementation is necessary, since the bias level of the XCP was
fixed to 900 mV.
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Figure 51: Conversion gain and noise figure of BLIXER for three different CM-levels for the sine
wave LO ( IF = 50MHz )

Note that the each optimum common mode voltage with half the corresponding
optimum amplitude is roughly equal to 900 mV. The common mode voltage added
with half the LO-amplitude equals the maximum gate voltage at the switching
transistors. The value of the source voltages of the switching transistors will be more
or less forced by the maximum gate voltage at the switching transistors minus the
gate-source voltage needed for carrying the total current through one switch.
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If the maximum applied gate voltage at the switching transistors becomes larger
than the optimum, the voltage at the sources will also go up and will lower the drainsource voltage room of the switches and will eventually drive them out of saturation.
This will lower the output resistance of the switches and the transconductance, which
explains the lower conversion gain and higher noise figure if the gate voltage becomes
larger than the optimum of ~ 900 mV. If the maximum applied gate voltage at the
switching transistors will become smaller than the optimum, then the drain source
voltage room for the NMOS CS and - CG transistors will become smaller and
eventually drive them out of saturation. This will decrease the transconductance of the
Gm-stage of the BLIXER, which will decrease the conversion gain and will increase
the noise figure.
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Figure 52: Conversion gain and noise figure of BLIXER for three different amplitudes for the
sine wave LO ( IF = 50MHz )

In Figure 52 the conversion gain and noise figure is plotted for three different
amplitudes of the sine wave oscillator to determine the optimum common-mode
voltage for each LO-amplitude. This more or less confirms the results obtained before
from Figure 51 that the optimum common mode voltage added with half the LOamplitude will be roughly equal to 900 mV. The conversion gain and the noise figure
will be slightly better for a larger LO-amplitude than for a smaller LO-amplitude.
Since the voltage swing of the used oscillator is more or less limited to 600 mV, it is
chosen to use the optimum CM-level of 600 mV together with an LO-amplitude of
600 mV. The DC-bias settings of the BLIXER for an applied sine wave oscillator with
a CM-level of 600 mV and amplitude of 600 mV can be seen in Figure 53. Too
confirm good performance of the BLIXER for the used CM-level and amplitude of
the oscillator for the entire IF-bandwidth, the corresponding conversion gain and
noise figure has been plotted in Figure 54.
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Figure 53: BLIXER showing DC-node voltages for sine wave fLO=11.7GHz with optimum CMlevel and amplitude
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Figure 54: Conversion gain and noise figure of BLIXER for CM-level of 350 mV and amplitude
of 550 mV of sine wave LO with fLO = 11.7 GHz
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3.4 Driving BLIXER with bufferless VCO
The BLIXER will now be driven by the VCO designed earlier in this thesis which
is shown in Figure 57 and effects on the performance of the BLIXER will be
analyzed. The conversion gain and the noise figure of the BLIXER will be compared
for three cases: i.e.
1. BLIXER driven with ideal sine wave
2. BLIXER driven with buffered VCO
3. BLIXER driven with bufferless VCO

3.4.1 Test conditions

1. BLIXER driven with ideal sine wave
The test conditions for the simulation of the performance of the BLIXER when
driving with ideal sine wave signals differs a bit from the one used in section 2.3.2
when comparing the performance of the BLIXER for square wave LO and sine wave
LO. Again ideal voltage sources are used with a source resistance of 1 ohm, only now
a different LO-amplitude and CM-level is used as the result of the obtained ideal LOamplitude and CM-level in the previous paragraph. Of course for fair comparison
between the three cases the same LO-amplitude and CM-level is used for all three
cases.

2. BLIXER driven with buffered VCO
The BLIXER will also be driven with the designed VCO earlier in this thesis with
ideal buffers in between. This has been done to analyze the effect of driving the
BLIXER with a realistic VCO, but to shield the BLIXER from the LC-oscillator just
for the moment. Only the I-side will be driven with the buffered VCO. The oscillator
signals for the Q-side of the BLIXER will be generated by an ideal RC-CR polyphase
filter, which is also connected trough ideally buffers with the VCO. This will be the
same polyphase filter, earlier used in paragraph 2.4.2, when the effects on
performance were analyzed when loading the VCO with the BLIXER.
Since the BLIXER is shielded from the VCO, the input capacitance of the
BLIXER won’t be part of the LC-tank anymore. To keep the conditions for the VCO
as much as the same as possible, the VCO will be loaded with ideal capacitances, such
that the same tank capacitance can be used. Only the bias current then has to be
adapted, since the VCO is now loaded with lossless components instead of the
BLIXER, who introduced extra tank losses. The used XCP topology with all the
accompanying component values can be seen in Figure 55.
The test setup with driving the BLIXER with the buffered VCO will be useful to
see the effect on mixing the RF-frequencies with the spectrum of a non-ideal
oscillator signal with phase noise. The phase noise of the VCO used here is shown in
Figure 56.

79

80

Chapter 3 Mixer directly driven with sine wave oscillator

VB1=0.9V

VLO_CM=0.6V

ideal
buffer

RC1
=10kΩ

VLOI-

VLO_CM=0.6V

L=400pH
VXCP-

VXCP+

Ctank=42fF

CC1=8pF

C1

ideal
buffer

RC2
=10kΩ

VLOI+
CC2=8pF

C2

RP=368Ω

=582fF

Rds1

120
0.12

M1

=582fF

M2

120
0.12

Rds2

Cgs2

Cgs1

460mV
Rbias
=207Ω

Ibias=2.2mA

Figure 55: VCO used for driving buffered I-side of BLIXER
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Figure 56: Phase noise of buffered VCO driving I-side of BLIXER
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3. BLIXER driven with bufferless VCO
As a final test the BLIXER will be driven directly with the designed VCO. Only
one mixer pair will be driven (the I-mixer in this case) and to drive the other mixer
pair (Q-mixer) again the ideal RC-CR poly-phase filter will be used. The VCO and
mixer now can fully interact with each other and effects on performance on the
BLIXER can be analyzed. As we’ve seen before the mixer introduces extra losses in
the XCP, which is again compensated with a larger bias current in the XCP.
Furthermore the input capacitance of the mixer adds up to the total tank capacitance in
the VCO, therefore the tank capacitance is decreased to compensate for that. This has
resulted in the XCP topology with the accompanying component values showed in
Figure 57. This VCO will give the desired oscillation frequency of 11.7 GHz and
desired tank amplitude of 1.2 Vpp if it is loaded with the BLIXER.
.
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Figure 57: VCO used for driving bufferless I-side of BLIXER

Loading the VCO with the BLIXER will affect the phase noise of the XCP as
we’ve seen already in chapter 2. The phase noise performance of the VCO presented
above loaded with the BLIXER was already plotted in Figure 32 in chapter 2, but is
plotted here again together with the phase noise of the unloaded VCO in Figure 58.
As can be seen in Figure 58 (and already known from chapter 2) the phase noise of
the VCO loaded with the BLIXER is larger for offset frequencies up to 1 GHz. It is
expected that driving the BLIXER with a VCO with an increased phase noise for low
offset frequencies will also increase the noise figure of the BLIXER for low
intermediate frequencies.
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Figure 58: Phase noise of VCO used for driving bufferless I-side of BLIXER compared to phase
noise of VCO driving buffered BLIXER
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3.4.2 Simulation results
The simulation results for driving the BLIXER under the test conditions described
in the previous section are shown in Figure 59. The conversion gain and noise figure
is presented for the LSB (RF=11.69 GHz up to 9.7 GHz) for three cases:
1. BLIXER driven with ideal sine wave
2. BLIXER driven with buffered VCO
3. BLIXER driven with bufferless VCO
It can be seen that the conversion gain curves for the BLIXER driven with ideal
sine waves and for the buffered and bufferless VCO fall more or less over each other.
This shows that driving the BLIXER directly with a VCO without buffers in between
has only a minor effect on the conversion gain compared to driving the BLIXER
driven with ideal sine waves. Furthermore it can be seen that the effective -3 dB IFbandwidth of the BLIXER is equal to 1.3 GHz.
The noise figure however has been degraded for the BLIXER driven with the
ideally buffered VCO compared to the case when driven with an ideal sine wave as
can be seen in Figure 59. The increase in noise figure is only visible for low IFfrequencies up to ~40MHz, for higher IF-frequencies the noise figure of the BLIXER
driven with the ideally buffered VCO is comparable to the noise figure when driven
with an ideal sine wave oscillator.

Conversion Gain

IF-BW = 1.3 GHz

Buffered VCO + BLIXER & ideal sine wave LO
VCO + BLIXER
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Figure 59: Conversion gain and noise figure of BLIXER driven with bufferless VCO, buffered
VCO and ideal sine wave LO
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The noise figure for the BLIXER directly driven with a bufferless VCO has been
~ 0.3 dB degraded compared to the case when driven with the ideally buffered VCO
as can be seen in Figure 59. For low IF-frequencies the degradation is larger, for
example at an IF of 10 MHz the degradation is around 3 dB compared to driving the
BLIXER with the buffered VCO. To analyze the degraded noise figure performance
at low IF-frequencies, the noise figures have been plotted again for the intermediate
frequencies from 10 kHz up to 10 GHz in Figure 60.

VCO + BLIXER

Buffered VCO + BLIXER
Ideal sine
wave LO

10k

100k

1M

10M
IF (Hz)

100M

1G

10G

Figure 60: Noise figure of BLIXER driven with bufferless VCO, buffered VCO and ideal sine
wave LO

It can be seen that for driving the BLIXER with an ideal sine wave oscillator the
noise figure from an IF of 10 kHz up to ~1 MHz will be dominated by 1/f noise
within the BLIXER. This is confirmed by analysis of the noise summaries, which are
shown in Appendix D for each decade of the intermediate frequency. The most
important noise contributions are extracted from those noise summaries and presented
in Table 4. The noise figure between 10 MHz and 1 GHz of the BLIXER driven with
an ideal sine wave oscillator is dominated by the thermal noise of the switching
transistors.
IF (Hz)
Switches 1/f
Switches thermal
Load resistors
Input source resistance

10k
98 %
<1%
<1%
<1%

100k
87 %
5%
3%
2%

1M
42 %
24 %
14 %
12 %

10M
7%
40 %
22 %
20 %

100M
1%
43 %
24 %
21 %

1G
<1%
40 %
27 %
20 %

Table 4: Dominant noise contributions for noise figure of BLIXER driven with ideal sine wave
VCO
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For noise analysis of the degraded noise figure of the BLIXER driven with the
ideally buffered VCO noise summaries are presented in Appendix E for each decade
of the intermediate frequency. The important noise contributions have been extracted
from those summaries and presented in Table 5. This shows that the noise figure for
low intermediate frequencies is dominated by 1/f noise of the cross-coupled pair
transistors of the used VCO. We’ve already seen in paragraph 2.4 that the phase noise
of an unloaded VCO is dominated with 1/f noise of the cross-coupled pair up to offset
frequencies of ~10 kHz. It makes sense that this 1/f noise contribution of the crosscoupled pair is also present as an important noise contribution to the noise figure of
the BLIXER for low IF. Since the 1/f noise of the cross-coupled pair has been up
converted into phase noise as result of the filtering in the tank and mixed down to low
IF in the BLIXER.
Between an IF of 100 kHz and 1 MHz the noise figure of the BLIXER driven with
a buffered VCO is dominated by noise of the AC-coupling resistors. The shape of the
noise figure in this region suggests coloring of noise with a filter with a corner
frequency of 1 MHz. Since the AC-coupling has a -3 dB corner frequency this can be
ascribed to the filtering of the AC-coupling. For intermediate frequencies between 10
MHz and 1 GHz the noise figure is dominated again by the thermal noise of the
switching transistors, as is also the case for the BLIXER driven with an ideal sine
wave oscillator.
IF (Hz)
Switches 1/f
Switches thermal
Load resistors
Input source resistance
XCP 1/f
AC-coupling resistors

10k
16 %
<1%
<1%
<1%
59 %
3%

100k
30 %
2%
1%
1%
1%
56 %

1M
7%
4%
2%
2%
<1%
84 %

10M
5%
33 %
15 %
13 %
<1%
28 %

100M
<1%
47 %
21 %
19 %
<1%
<1%

1G
<1%
47 %
25 %
19 %
<1%
<1%

Table 5: Dominant noise contributions for noise figure of BLIXER driven with buffered VCO

For noise analysis of the degraded noise figure of the BLIXER directly driven
with the bufferless VCO noise summaries are presented in Appendix F for each
decade of the intermediate frequency. The important noise contributions have been
extracted from those summaries and presented in Table 6.
IF (Hz)
Switches 1/f
Switches thermal
Load resistors
Input source resistance
Gm-bias 1/f
AC-coupling resistors
Switches induced gate

10k
29 %
<1%
<1%
<1%
41 %
5%
18 %

100k
11 %
<1%
<1%
<1%
<1%
19 %
68 %

1M
2%
1%
<1%
<1%
<1%
21 %
75 %

10M
3%
17 %
7%
7%
<1%
14 %
49 %

100M
1%
47 %
21 %
19 %
<1%
<1%
2%

1G
<1%
48 %
24 %
18 %
<1%
<1%
<1%

Table 6: Dominant noise contributions for noise figure of BLIXER driven with bufferless VCO

This shows that at an IF of 10 kHz the noise figure is dominated by 1/f noise of the
biasing of the GM-stage of the BLIXER. Since this noise wasn’t a dominant noise
contribution when de BLIXER was driven with an ideal sine wave oscillator, it can be
concluded that this noise must have been up converted to phase noise in the VCO and
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then as a result of the increased phase noise of the VCO at low offset frequencies, it is
converted back to low intermediate frequencies in the BLIXER. Between an IF of 100
kHz and 1 MHz the noise figure is now dominated by the induced gate noise of the
switching transistors. The absolute noise contribution of the AC-coupling resistors are
more or less constant in this region and also more or less the same to the case when
driving the BLIXER with the buffered VCO (as can be seen in Appendix E and F).
The noise summaries show that the AC-coupling resistors and induced gate noise
have the same noise-coloring as a result of the filtering of the AC-coupling. At an IF
of 10 MHz still the induced gate noise of the switching transistors is dominant and can
therefore be held responsible for the degrade noise figure of ~ 3 dB compared to the
BLIXER driven with a buffered VCO. Between an IF of 100 MHz and 1 GHz the
noise figure is dominated again by the thermal noise of the switching transistors.
To conclude this paragraph, the conversion gain and noise figure performance of
the BLIXER is plotted for the entire RF-input frequency range of the satellite receiver
of 10.7 GHz up to 12.75 GHz in Figure 61 when driven directly with a VCO without
buffers in between. It can be seen that the conversion gain for the higher side band has
a fall-of for a lower IF than the conversion gain for the lower side band. This can be
explained as a result of a bandwidth limitation at one of the BLIXER RF-nodes. For
example at the sources of the switching transistors more signal current coming from
the Gm-stage of the BLIXER will be leaking through the capacitance seen at this node
for large frequencies and therefore result in a lower conversion gain. It can be seen
that the noise figure for the upper side band and the lower side band are equal to each
other for IF-frequencies from 10 MHz up to 2 GHz.

Conversion Gain
LSB

USB

Noise Figure LSB & USB
LO = 11.7 GHz
10M

100M
IF (Hz)

1G

Figure 61: Conversion gain and noise figure of BLIXER driven with bufferless VCO for USB and
LSB input frequencies

3.5 Conclusions

3.5 Conclusions
Given the Balun I/Q Mixer (BLIXER) [1] topology used as mixer, it is possible to
drive this mixer with 11.7 GHz quadrature sine wave oscillator signals without buffers
in between. There are however some drawbacks in decrease of performance:
Increase in noise figure, especially at low intermediate frequencies as
result of mixing with an oscillator with increased phase noise.
Small increase in noise figure as a result of less steep transitions of
switching transistors between the ‘opened’ and ‘closed’ state.
Small decrease in conversion gain as a result of less steep transitions of
switching transistors between the ‘opened’ and ‘closed’ state.
Driving one side of the BLIXER with an LC-oscillator and the other quadrature
side of the mixer with an ideally RC-CR poly phase filter driven by the LC-oscillator
appear to result in the following degradation in performance for an oscillation
frequency of 11.7 GHz:
Maximum increase in noise figure for IF=1 MHz of 15 dB
For IF-frequencies between 100 MHz and 1 GHz only small increase of
noise figure of less than 0.5 dB
Decrease in conversion gain smaller than 0.5 dB for IF = 10 MHz up to 2
GHz.
Systematic simulations under various conditions indicate that the large increase in
noise figure around an intermediate frequency of 1 MHz originates from the resistors
of the AC-coupling between the BLIXER and the LC-oscillator. This maximum
degradation of noise figure performance at this frequency is seen as a result of the
corner frequency of the AC-filter.
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4. Conclusions & recommendations

4.1 Conclusions
As summarized in section 2.6, the effects of capacitive loading of a VCO by a
fixed capacitance and voltage dependent MOS-switch gate-capacitance have been
examined. The main conclusions are:
- The maximum capacitance of loading a parallel LC-oscillator for a given
fixed oscillation frequency and fixed inductor is limited by the total
capacitance room in the LC-tank and the feasible tuning range for the
tuneable tank capacitance
- The minimum capacitance of loading a series LC-oscillator for a given
fixed oscillation frequency and fixed inductor with a fixed capacitance is
limited by the total capacitance room in the LC-tank and the feasible
tuning range for the tuneable tank capacitance
For the test conditions of a NMOS cross-couple pair with a parallel LC-tank
loaded with the Balun I/Q Mixer the main conclusions from section 2.6 are:
- Large increase in phase noise of the VCO as a result of non-linear
variation in gate-source capacitance of the switching transistors
- Increased phase noise is the result of induced gate noise of the switching
transistors and the result of upconverted 1/f noise of within the mixer
through the nonlinear varying capacitance of the switching transistors
As summarized in section 3.5, the BLIXER designed for UWB (500 MHz 7GHz) [1] with adapted input match and reduced load capacitance to increase the IFbandwidth from 400 MHz to 1GHz is directly driven with an parallel LC-oscillator
without buffers in between. The main conclusions are:
- Driving with sine wave oscillator signals doesn’t degrade the performance
that much (both conversion gain and noise figure only degrades slightly
with 0.5 dB)
- Noise of the resistors of the AC-coupling of the VCO can give a heavily
degraded noise figure performance at low intermediate frequencies around
the corner frequency of the AC-coupling.
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4.2 Recommendations
The induced gate noise of the switching transistors seem to be colored through the
filtering of the AC-coupling and show up as a dominant noise contribution to the
phase noise of the VCO at the corner frequency of the AC-coupling. This mechanism
isn’t quite well understood by the author and therefore recommended for further
research.
The noise figure of the BLIXER is heavily degraded by the large noise
contribution of the AC-coupling of the VCO, when driven with ideal buffering after
the VCO with AC-coupling. However the AC-coupling doesn’t degrade the phase
noise performance of the VCO at the same offset-/intermediate frequency for the
same test setup. Further research therefore will be recommended to study the
interaction of this noise source between the phase noise of the VCO and the noise
figure of the BLIXER.
Furthermore can be recommended to study the possibility of moving the ideal
buffers in between the VCO and the AC-coupling to get rid of the large noise
contribution of the AC-coupling to the VCO when loaded with the BLIXER.
Eventually the possibility of using simple source followers as buffers could be an
option to shield the noise interaction between VCO and BLIXER.
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Appendix A: Noise summaries buffered VCO loaded with 291
fF
1. Noise summary buffered VCO loaded with 291 fF at an offset of 1 kHz

1/f noise XCP: 97 %
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2. Noise summary buffered VCO loaded with 291 fF at an offset of 10 kHz

1/f noise XCP: 77 %
thermal noise Rp: 11 %
thermal noise XCP: 10 %

Appendix A: Noise summaries buffered VCO loaded with 291 fF
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3. Noise summary buffered VCO loaded with 291 fF at an offset of 100 kHz

thermal noise Rp: 36 %
thermal noise XCP: 33 %
1/f noise XCP: 25 %
induced gate
noise XCP: 5 %
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4. Noise summary buffered VCO loaded with 291 fF at an offset of 1 MHz

thermal noise Rp: 47 %
thermal noise XCP: 42 %
induced gate
noise XCP: 6 %
1/f noise XCP: 3 %

Appendix A: Noise summaries buffered VCO loaded with 291 fF
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5. Noise summary buffered VCO loaded with 291 fF at an offset of 10 MHz

thermal noise Rp: 48 %
thermal noise XCP: 44 %
induced gate
noise XCP: 7 %
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6. Noise summary buffered VCO loaded with 291 fF at an offset of 100 MHz

thermal noise Rp: 45 %
thermal noise XCP: 47 %
induced gate
noise XCP: 7 %

Appendix A: Noise summaries buffered VCO loaded with 291 fF
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7. Noise summary buffered VCO loaded with 291 fF at an offset of 1 GHz

thermal noise Rp: 47 %
thermal noise XCP: 45 %
induced gate
noise XCP: 7 %
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8. Noise summary buffered VCO loaded with 291 fF at an offset of 10 GHz

thermal noise Rp: 37 %
thermal noise XCP: 53 %
induced gate
noise XCP: 9 %

Appendix B: Noise summaries VCO loaded with BLIXER
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Appendix B: Noise summaries VCO loaded with BLIXER
1. Noise summary VCO loaded with BLIXER at an offset of 1 kHz

1/f noise biasing
Gm-stage: 95 %
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2. Noise summary VCO loaded with BLIXER at an offset of 10 kHz

1/f noise biasing
Gm-stage: 93 %

Appendix B: Noise summaries VCO loaded with BLIXER
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3. Noise summary VCO loaded with BLIXER at an offset of 100 kHz

1/f noise biasing
Gm-stage: 77 %

induced gate noise
switching MOSts: 6 %
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4. Noise summary VCO loaded with BLIXER at an offset of 1 MHz

1/f noise biasing
Gm-stage: 30 %
thermal noise biasing
Gm-stage: 35 %
AC-coupling
resistors: 6 %
induced gate noise
switching MOSts: 19 %

Appendix B: Noise summaries VCO loaded with BLIXER
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5. Noise summary VCO loaded with BLIXER at an offset of 10 MHz
1/f noise biasing
Gm-stage: 8 %
thermal noise biasing
Gm-stage: 79 %
thermal noise Rp: 2 %
thermal noise XCP: 2 %

AC-coupling
resistors: 1 %

induced gate noise
switching MOSts: 3 %
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6. Noise summary VCO loaded with BLIXER at an offset of 100 MHz

thermal noise biasing
Gm-stage: 57 %
thermal noise Rp: 12 %
thermal noise XCP: 17 %

induced gate noise
switching MOSts: 2 %

Appendix B: Noise summaries VCO loaded with BLIXER
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7. Noise summary VCO loaded with BLIXER at an offset of 1 GHz

thermal noise Rp: 35 %
thermal noise XCP: 41 %
induced gate
noise XCP: 5 %

induced gate noise
switching MOSts: 4 %
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8. Noise summary VCO loaded with BLIXER at an offset of 10 GHz

thermal noise Rp: 28 %
thermal noise XCP: 45 %
induced gate
noise XCP: 7 %

induced gate noise
switching MOSts: 7 %

Appendix C: Noise summaries VCO loaded with ideal Gm-biased BLIXER
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Appendix C: Noise summaries VCO loaded with ideal Gmbiased BLIXER
1. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of 1
kHz

1/f noise CS & CG MOSt
Gm-stage BLIXER: 91 %
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2. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of
10 kHz

1/f noise CS & CG MOSt
Gm-stage BLIXER: 78 %
AC-coupling
resistors: 3 %

induced gate noise
switching MOSts: 12 %

Appendix C: Noise summaries VCO loaded with ideal Gm-biased BLIXER
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3. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of
100 kHz

1/f noise CS MOSt
Gm-stage BLIXER: 28 %
AC-coupling
resistors: 13 %

induced gate noise
switching MOSts: 49 %
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4. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of 1
MHz

AC-coupling
resistors: 19 %

induced gate noise
switching MOSts: 70 %
1/f noise CS MOSt
Gm-stage BLIXER: 5 %

Appendix C: Noise summaries VCO loaded with ideal Gm-biased BLIXER
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5. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of
10 MHz

thermal noise Rp: 17 %
thermal noise XCP: 22 %
1/f noise CS MOSt
Gm-stage BLIXER: 5 %
AC-coupling
resistors: 10 %

induced gate noise
switching MOSts: 36 %
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6. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of
100 MHz

thermal noise Rp: 31 %
thermal noise XCP: 43 %
thermal noise CS MOSt
Gm-stage BLIXER: 4 %
induced gate
noise XCP: 5 %

induced gate noise
switching MOSts: 5 %

Appendix C: Noise summaries VCO loaded with ideal Gm-biased BLIXER
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7. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of 1
GHz

thermal noise Rp: 35 %
thermal noise XCP: 42 %
thermal noise CS MOSt
Gm-stage BLIXER: 4 %
induced gate
noise XCP: 5 %

induced gate noise
switching MOSts: 4 %
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8. Noise summary VCO loaded with ideal Gm-biased BLIXER at an offset of
10 GHz

thermal noise Rp: 28 %
thermal noise XCP: 47 %
induced gate
noise XCP: 7 %

induced gate noise
switching MOSts: 8 %

Appendix D: Noise summaries BLIXER driven with ideal sine wave VCO
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Appendix D: Noise summaries BLIXER driven with ideal sine
wave VCO
1. Noise summary of mixer at IF = 10 kHz driven with ideal sine wave VCO

1/f noise CG switching
MOSts: 78 %

1/f noise CS switching
MOSts: 20 %
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2. Noise summary of mixer at IF = 100 kHz driven with ideal sine wave VCO

1/f noise CG switching
MOSts: 70 %

1/f noise CS switching
MOSts I-mixer: 17 %

Appendix D: Noise summaries BLIXER driven with ideal sine wave VCO
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3. Noise summary of mixer at IF = 1 MHz driven with ideal sine wave VCO

1/f noise CG switching
MOSts I-Mixer: 30 %
thermal noise CG
switching MOSts
I-Mixer: 13 %
thermal noise CG-load
resistors I-Mixer: 11 %
1/f noise CG switching
MOSts Q-Mixer: 4 %
thermal noise CG
switching MOSts
Q-Mixer: 3 %

1/f noise CS switching
MOSts I-mixer: 8 %

thermal noise CS
switching MOSts
I-mixer: 8 %
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4. Noise summary of mixer at IF = 10 MHz driven with ideal sine wave VCO

thermal noise CG
switching MOSts
I-Mixer: 22 %
thermal noise CG-load
resistors I-Mixer: 18 %
1/f noise CG switching
MOSts I-Mixer: 5 %
thermal noise CG
switching MOSts
Q-Mixer: 5 %

thermal noise CS
switching MOSts
I-mixer: 13 %

Appendix D: Noise summaries BLIXER driven with ideal sine wave VCO
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5. Noise summary of mixer at IF = 100 MHz driven with ideal sine wave VCO

thermal noise CG
switching MOSts
I-Mixer: 24 %
thermal noise CG-load
resistors I-Mixer: 19 %
thermal noise CG
switching MOSts
Q-Mixer: 5 %
thermal noise CS-load
resistors I-Mixer: 5 %

thermal noise CS
switching MOSts
I-mixer: 14 %

120

Appendices
6. Noise summary of mixer at IF = 1 GHz driven with ideal sine wave VCO

thermal noise CG
switching MOSts
I-Mixer: 24 %
thermal noise CG-load
resistors I-Mixer: 24 %
thermal noise CG
switching MOSts
Q-Mixer: 6 %
thermal noise CG & CS
MOSt of Gm stage: 6 %

thermal noise CS
switching MOSts
I-mixer: 10 %

Appendix E: Noise summaries BLIXER driven with buffered VCO

121

Appendix E: Noise summaries BLIXER driven with buffered
VCO
1. Noise summary of mixer at IF = 10 kHz driven with buffered VCO
1/f noise XCP: 59 %
thermal noise Rp: 11 %
1/f noise CG switching
MOSts I-Mixer: 11 %
thermal noise XCP: 10 %
AC-coupling
resistors: 3 %

1/f noise CS switching
MOSts I-mixer: 4 %
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2. Noise summary of mixer at IF = 100 kHz driven with buffered VCO

AC-coupling
resistors: 56 %
1/f noise CG switching
MOSts I-Mixer: 23 %
thermal noise Rp: 2 %

1/f noise CS switching
MOSts I-mixer: 8 %

thermal noise XCP: 2 %

Appendix E: Noise summaries BLIXER driven with buffered VCO
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3. Noise summary of mixer at IF = 1 MHz driven with buffered VCO

AC-coupling
resistors: 84 %
1/f noise CG switching
MOSts I-Mixer: 4 %
thermal noise CG
switching MOSts
I-Mixer: 3 %
thermal noise CG-load
resistors I-Mixer: 2 %
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4. Noise summary of mixer at IF = 10 MHz driven with buffered VCO

AC-coupling
resistors: 28 %
thermal noise CG
switching MOSts
I-Mixer: 20 %
thermal noise CG-load
resistors I-Mixer: 12 %
1/f noise CG switching
MOSts I-Mixer: 3 %
thermal noise CG
switching MOSts
Q-Mixer: 3 %
thermal noise CS-load
resistors I-Mixer: 3 %
thermal noise CS
switching MOSts
I-mixer: 10 %

Appendix E: Noise summaries BLIXER driven with buffered VCO
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5. Noise summary of mixer at IF = 100 MHz driven with buffered VCO

thermal noise CG
switching MOSts
I-Mixer: 29 %
thermal noise CG-load
resistors I-Mixer: 17 %
thermal noise CG & CS
MOSt of Gm stage: 6 %
thermal noise CG
switching MOSts
Q-Mixer: 4 %
thermal noise CS-load
resistors I-Mixer: 4 %
thermal noise CS
switching MOSts
I-mixer: 14 %
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6. Noise summary of mixer at IF = 1 GHz driven with buffered VCO

thermal noise CG
switching MOSts
I-Mixer: 30 %
thermal noise CG-load
resistors I-Mixer: 22 %
thermal noise CG
switching MOSts
I-Mixer: 6 %
thermal noise CG & CS
MOSt of Gm stage: 5 %

thermal noise CS
switching MOSts
I-mixer: 10 %

Appendix F: Noise summaries BLIXER driven with VCO
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Appendix F: Noise summaries BLIXER driven with VCO
1. Noise summary of mixer at IF = 10kHz driven with bufferless VCO
1/f noise biasing
Gm-stage: 41 %
1/f noise CG switching
MOSts I-Mixer: 22 %
AC-coupling
resistors: 5 %

induced gate noise
switching MOSts: 18 %
1/f noise CS switching
MOSts I-mixer: 6 %
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2. Noise summary of mixer at IF = 100 kHz driven with bufferless VCO

AC-coupling
resistors: 19 %

induced gate noise
switching MOSts: 68 %
1/f noise CG switching
MOSts I-Mixer: 8 %

1/f noise CS switching
MOSts I-Mixer: 2 %

Appendix F: Noise summaries BLIXER driven with VCO
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3. Noise summary of mixer at IF = 1 MHz driven with bufferless VCO

AC-coupling
resistors: 21 %
Induced gate noise
switching MOSts: 75 %
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4. Noise summary of mixer at IF = 10 MHz driven with bufferless VCO

AC-coupling
resistors: 14 %

Induced gate noise
switching MOSts: 49 %
thermal noise CG
switching MOSts
I-Mixer: 11 %
thermal noise CG-load
resistors I-Mixer: 22 %

Appendix F: Noise summaries BLIXER driven with VCO
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5. Noise summary of mixer at IF = 100 MHz driven with bufferless VCO

thermal noise CG
switching MOSts
I-Mixer: 30 %
thermal noise CG-load
resistors I-Mixer: 17 %
thermal noise CG & CS
MOSt of Gm stage: 6 %
thermal noise CG
switching MOSts
Q-Mixer: 4 %
thermal noise CS-load
resistors I-Mixer: 4 %
thermal noise CS
switching MOSts
I-mixer: 13 %

AC-coupling
resistors: 0.4 %

Induced gate noise
switching MOSts: 2 %
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6. Noise summary of mixer at IF = 1 GHz driven with bufferless VCO

thermal noise CG
switching MOSts
I-Mixer: 31 %
thermal noise CG-load
resistors I-Mixer: 21 %
thermal noise CG
switching MOSts
I-Mixer: 6 %
thermal noise CG & CS
MOSt of Gm stage: 5 %
thermal noise CS-load
resistors I-Mixer: 3 %
thermal noise CS
switching MOSts
I-mixer: 10 %
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