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Abstract

A voltage controlled oscillator (VCO) is an integral part of a phase lock loop
(PLL) which by itsdf is the core of the frequency reference in a radar syssem. The
generation of the in-phase and quadratue sgnals is crucial for many radar

applications.

A 60GHz quadrature voltage controlled oscillator (QVCO) is presented in this
thess. The design is implemented in 130nm SiGe BiCMOS technology from
STMicrodectronics with an f; of 220GHz and fy,, of 320GHz. Two Calpitts
oscillator cores are series coupled to each other to generate the required in-phase and

guadrature sgnals.

The QVCO achieves a smulated tuning range from 53GHz to 59GHz with a
tuning voltage from 0.5V to 2.3V. The phase noise is better than -76dBc/Hz at 1IMHz
offset from the carrier over the whole frequency tuning range. The total power
consumption for the QVCO core is 28mW. The chip has been submitted for tape out

in June 2010 and will be back for measurement in due time



Acknowledgement

| would like to thank my supervisors Prof. John R. Long from TU Déft and Dr.
Hugo Veendra from the Electronic Systems and Silicon Integration Group, Philips
Research for giving me the chance to join the project of FMCW radar and supporting

me throughout my project. The advices and suggestion from them are really helpful.

Prof. John R. Long, as my supervisor at the universty, gave me a genera
guiddine throughout the whole project. The insght and suggestion from him always

keep me on the correct track.

Dr. Hugo Veendtra, as my daily supervisor at Philips, gave me continuous help,
encouragement and freedom in the design. He shared his experiences with me and

guided me through the design.

I’d also like to acknowledge the excellent support | got from the researchers at the
Electronic Systems and Silicon Integration Group, Philips Research. Thanksto the group
leader Prof. Jean-Paul Linnartz for providing this opportunity. | would like to thank Marc
Notten for circuit design issues, thank Bob Theunissen for the IT support and smulation
issues, thank Dave van Goor, Jack Ruijs Henry van de Zanden and Henk Termeer for the

help and suggegtions for the layout issues.

Lag but not least, my gratitude goesto all staff from the ESSI group for making my

internship an enjoyable and fruitful one!



Fig. 1.1
Fig. 1.2
Fig. 1.3
Fig. 1.4
Fig. 2.1
Fig. 2.2
Fig. 2.3
Fig. 2.4
Fig.2.5
Fig. 2.6
Fig. 2.7
Fig. 2.8
Fig. 2.9
Fig. 2.10
Fig. 2.11
Fig. 2.12
Fig. 2.13
Fig. 3.1
Fig. 3.2.1
Fig. 3.2.2
Fig. 3.3
Fig. 3.4

Fig. 3.5

List of figures

FMCW radar block diagram

Triangle wave FMCW modulation schemes

Complex demodulation receiver path (I and Q signal)
Block diagram of aPLL system

Negative feedback system

A 3-gtagering oscillator

Relaxation oscillator

Negative resistance model

Cross coupled pair to generate negative conductance
Effective transconductance versus input amplitude
Master-dave latch to generate | and Q output

A 3-gtage poly phase filter

Block diagram of the coupled VVCO topology

Parallel coupled VCO

Series coupled VCO

Back-gate coupled VCO

Transformer-coupled VCOs

Single-ended Colpitts VCO core

Small sgnal modd of the active part (without C,,. and Cy.)
Small sgnal modd of the active part (with C,. and Cy.)
Differential Colpitts VCO core

Modification of the conventional differential ColpittsVCO

Comparison between the proposed and conventional topology
6



Fig. 3.6 Negative conductance produced by a single-ended Col pitts at 60GHz
Fig.3.7 Equivalent small-signal circuit diagram

Fig. 3.8 foross VErsus bias current (Lo=5um)

Fig. 3.9 Negative conductance modd of aVCO

Fig.3.10  Digitally-switched capacitor array

Fig.3.11  Overlap of the tuning curves

Fig. 3.12  Varactor tuning configuration (parasitic not shown)

Fig. 3.13  Quality factor of the varactor versus frequency

Fig.3.14  Qfactor versusfinger numbers of the MOS varactor @ 60GHz
Fig.3.15  Qfactor versuslength of the MOS varactor @ 60GHz
Fig.3.16  Qfactor versus width of the MOS varactor @ 60GHz

Fig. 3.17 PN varactor’ s susceptance versus frequency

Fig. 3.18  Frequency response of a LC tank

Fig.3.19  Seriescoupled Q-VCO

Fig.3.20  Injection at peak amplitude

Fig.3.21  Injection at zero-crossng

Fig.3.22  Multi-dimensional optimizing problem

Fig. 4.1 Modulation effect at the QVCO output

Fig. 4.2 Physical layout of the Quadrature VCO

Fig. 4.3 IRR versus phase error and relative amplitude imbalance
Fig.4.4 Floor plan of the measurement setup

Fig.4.5 Two ways of generating two differential sgnals

Fig. 4.6 Double balanced mixer with enhanced port to port isolation
Fig. 4.7 Common-emitter input (a) versus common-base stage in (b) to enhance

the LO-RF isolation
7



Fig. 4.8

Fig. 4.9

Fig. 4.10
Fig. 4.11
Fig. 4.12
Fig. 4.13
Fig. 4.14
Fig. 4.15
Fig. 4.16

Fig. A.1

RF-LO isolation with and without cascading

Operational amplifier configuration

Differential filter and differential to single-ended converter
Closed-loop transfer function

Overall layout of thetest chip

Trand ent output waveform

Tuning curve

Phase noise plot

Phase error plot

Proposed cross-coupled Col pitts oscillator



Table2.1

Table3.1

Table4.1

Table4.2

Table4.3

Table5.1

List of tables

Comparison of different types of oscillators

Simulation condition summary (STMicroelectronics 130nm BiCMOYS)
Mixer components values

Power consumption of each block

Performance summary

Comparison with literature



Table of contents

ADBSITBCT. ... s 3
ACKNOWI AGEIMENL........otieieeieeeee ettt sttt sb e b b e e ae e e e nne e 1
LISt OF FIQUIES. ...ttt s n e e e 6
LISt OF TADIES......eeceecieece s 9
(©107=10) (= gt N (oo L1 o o o 1R 12
11 BaCKgrOUNG..........ooieiiee et et 12

12 FIMCW DBSICS....eeieeeiieciie ettt 12

13 REPOIt OrganiZatiON.........cooveiiieieeieeieeee et 15
Chapter 2 Voltage-Controlled OsCill&tor REVIEW ...........ccceiirieiierieieeeseeee e 16
21 GENEIAl tNEOY ..ot e et e st e e sre e e nneeeaas 16

2.2 CategorieS Of VCOS......oiiiei et cee ettt et e st e e s e e sre e e nneee s 17
2.2.1 ResONALOr-1€SS OSCHIALON ........coviiieieiieeieeeee e 17

2211 RING OSCHIEON .....cviiiiiiiiieieee e e 17

2.2.1.2 Reaxation OSCHI@Or .........ccceeiiiiieieieeieeeee e 18

2.2.2 Re0NALOr OSCHIALON. .......cccviiiieeiieee e 19

2.3 Quadrature Sgnal generation...........ccceeeiieeiiieeesieeesreeesee e see e sreeenaeee s 23
2.3.1 Frequency AiVIAENS.........cceiuiiieiierieie et 23

2.3.2 POlY Phase fllterS......ccouiieeieiiee e 24

2.3.3 CoUPIEO VCOS......cuiiiiiiieienieeie sttt ss s sne e 25

(019710 (= SCTDT=STo  a [7Y o] 0 0= o o RS 30
31 ColpittS OSCIHIALOr COME......veeieieeeiiee e e 30

3.2 Derivatives of the ColpittS OSCHI@LOr ...........coviriiiiiiiieee e 32

3.3 General CONSAEILION..........coiueruieieriieie e 35



3.3.1 Optimum biaSiNg CUMEN.........coiuirieeeeieeie et 36

3.3.2 Size of thetranNS SOr PaAIT......ccververieeeereeie et 38

3.3.3 FreQUENCY TUNING.....eeieiieeeieeeeciee et e et ste e et e e e st eesnreeennes 40

3.3.4 Phaseaccuracy and phase NOISE .....ccccueeeiieeiiiee e 47

34 QUAIAUIE VCO ... i eiieceee et eee ettt sree et sne e neeeseenneeeneeens 48

35 Trade-Off SUMMAIY .....ocueiiiiiiie e e 51
Trade-Off L ... e e 52

Trade-Off 2: ..o 52

Trade-Off 3: ..o 52

TradE-Off 4 ... e 53

Chapter 4 Physical Layout and measurement SEIUP .......coververeeriereesienee e 54
4.1 General |ayout CONSIAEIaiONS.........coeeivireeierieeie et 54

4.2 EVAlUBLTON CIITEITAL ...t 56

43 Peripheral blocksfor evaluation............ccccocceeviiee e 59

4.4 The Selection Of 1F ..o 61

45 L Y D TR 61

4.6 Differentid filter and differential to Sngle ended converter .................... 64

4.7 (@< = | = 1Yo | SR 67

48 Pog-layout SMUlation reSUlt ..........cceeeiieeiiiee e e 67
Chapter 5 Summary and fULUre WOTK............coocveeiiiiiiee e e 71
51 SUMIMBIY ...ttt n e n e e e sn e e nneennneen 71

52 CompariSoN With HIEEIratUre..........cceieeiiiiieieeiese e 72

5.3 FULUME WOIK.....c.viiiiiiicte ittt 74
REFEIENCES. ... 77

11



Chapter 1 Introduction

1.1 Background

With the quick development of IC technology, it is already possible to integrate
the wholeradar syssem on a single chip. A great variety of applications are envisioned
for radar syssems in the modern automobile industry. Automotive radar devices are
now appearing on many luxury vehicles. By the use of a frequency modulated
continuous wave (FMCW) radar system, one can measure the speed of the vehicleand

the distance between the vehicle and the objects nearby for safety reasons.

1.2 FMCW basics

Frequency modulated continuous wave (FMCW) radar systems are well known
and have been widely used in many applications. A block diagram of a FMCW radar
sysemisshowninFig. 1.1.

TX
Direct digital Power e
synthesizer -_>@— divider %
DSP e
core
RX
e _/
—~

Fig. 1.1 FMCW radar block diagram
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Fig. 1.2 Triangle wave FMCW modulation schemes

As the name itself suggests, the FMCW system adopts a continuous wave in the
sense that the output signal is a continuous waveform and the frequency varies

linearly with time, for example, atriangle wave as shown in Fig. 1.2.

As can be seen from Fig. 1.1, the frequency modulated wave from the oscillator is
fed into a power divider and divided into two channels. One channd is sent to the
mixer to be used as a reference signal at the receiver side. The other channel is
amplified and sent to the transmitter. When the transmitted wave hits the target, it will
bounce back and be detected by the recelver. The received signal will then be
amplified and sent to the mixer to mix with the reference sgnal which is already
available as alocal oscillator source. By measuring the frequency difference between
the transmitted signal and the reflected signal and considering the Doppler Effect, one
can estimate the range and the speed of a certain target object[1].

In theory, the accuracy of the range measurement depends on the linearity of the
frequency sweep. In a radar system, a voltage-controlled oscillator is needed to
convert atime-varying voltage into a time-varying frequency. However, it is difficult
to produce a high linearity stand-alone voltage-controlled oscillator. That’s where the
phase-locked loop (PLL) comesinto play. A phase-locked loop together with a direct
digital syntheszer can produce a highly linear ramp profile which alleviates the
gringent requirement for the linearity of the VCO, thereby improving radar resolution.

To handle modern modulation schemes, the separation of | and Q signalsis needed to
13



fully recover the information. In the context of a direct-conversion system, accurate
guadrature outputs are necessary. A complex demodulation receiver path is shown in

Fig. 1.3.

v 0
) degree

LNA VCO

I
90 degree

-©

Fig. 1.3 Complex demodulation receiver path (I and Q signal)

Charge pump

Up Loop filter

Tout Voulf\ .
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Frequency
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Fig. 1.4 Block diagram of a PLL system

Fig. 1.4 shows a block diagram of a PLL sysem. A phase frequency detector
compares the two input sgnals. One is the input reference frequency which comes
from a direct digital synthesizer and the other isa divided version of the VCO output.
The phase frequency detector generates voltage pulses proportional to the phase

difference between the two inputs. The Up and Dn pulses are then fed into a charge
14



pump which converts the pulses into current. The current 1,,. isthen converted to a
voltage V,,. by a loop filter. This voltage acts as the tuning voltage for the VCO.
The output frequency of the VCO is fed through a frequency divider back to the input
of the system, completing a negative feedback loop. If thereisany drift frequency in
the output frequency, the error signal will vary accordingly, thereby driving the VCO
frequency in the opposte direction in order to reduce the error. Thus the output is

locked to the same frequency asthe other input with a small constant phase offset.

This project aims at the redlization of a 60GHz quadrature voltage-controlled
oxcillator (QVCO) in a 130nm SiGe BiCMOS technology by STMicrodectronics
with a f; of 220GHz and fy,, of 320GHz. The targeted tuning range is 10%,
covering a whole band of 6GHz. The phase noise performance of the QVCO is not
critical snce noise of the PLL’ s frequency reference will determine the noise closeto
the carrier. However, we ill would like to keep it a an acceptable levd, say

-80dBc/Hz at 1IMHz offset from the carrier frequency.

1.3 Reportorganization

Chapter 2 reviews general VCO topologies. Several different approaches to
generate quadrature sgnals are also investigated. Chapter 3 discusses the design
approaches in more details, showing how the circuit evolves from its prototype to the
proposed topology and the trade-offs that have been made during the design
procedure. Chapter 4 gives an overview for the physical layout of the whole circuit
and introduces the peripheral circuits needed for test and measurement purpose,
including the intermediate frequency 1/Q mixer, the differential filter and the
differential to sngle-ended converter. Chapter 5 gives a summary and comparison

with literature results. Future work is also explained.
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Chapter 2 Voltage-Controlled Oscillator Review

2.1 General theory
In principal, an oscillator can be viewed as a positive feedback system. The block

diagram isshownin Fig. 2.1.

H(s)

G(s)

Fig. 2.1 Negative feedback system
Thetransfer function of the whole system is given by:

Vour (oy — _ HG)
Ve ) = e (21)

For steady oscillation to occur, the Barkhausen’s criteria must be simultaneously

met:
H(s) * G(s) = 1 (2.2)
ZH(s) + £G(s) = 2nm (2.3)
Theloop gain of the system is given by:
LG(s) = H(s) = G(s) (2.4)

Oscillation occurs when the loop gain is equal to unity. The oscillator frequency

isgiven by:

Im(LG(S)=0 (2.5)
16



2.2 Categories of VCOs
By the nature of the resonator type, oscillators can be divided into two categories:

resonator-less oscillator and resonator oscillator.

2.2.1 Resonator-less oscillator

The resonator-less oscillators can be further categorized into ring oscillator and

rel axation oscillator.

2.2.1.1 Ringoscillator

A ring oscillator usually consigts of an odd number of gain stages, each being an
inverting amplifier for example. The oscillation frequency isinversely proportional to
the sum of the total propagation delay of the whole inverting amplifier chain. By
controlling the current and/or the power supply of each stage, the propagation delay

can be tuned; therefore the output frequency can be controlled.

o

Fig. 2.2 A 3-stage ring oscillator

Basically, the oscillation frequency can be very high since it is related to the
propagation delay of the inverting stage, which can be made rather small and decrease
with improvements in technol ogy. However, the major drawback of the ring oscillator
isthe poor phase noise performance and timejitter. A ring VCO does not store energy
during each clock cycle. The node capacitances are charged and discharged within the
same cycle. The noisy transistors therefore have to stay active for a rdatively long
time to replenish the energy lost and inject more noise into the circuits. In addition,
this process takes place at the clock edges when the circuits are mogt sensitive to

noi se perturbation. Phase noiseis a strong function of the number of stages|[2]

17



2.2.1.2 Relaxation oscillator

A relaxation oscillator is an oscillator based upon the behavior of a physcal
system's return to equilibrium after being perturbed. A dynamical system within the
oscillator continuoudy diss patesitsinternal energy which needs to be sustained. The

oscillation frequency is determined by the circuit RC time congtants.

-

3 R R

Vout

Ql Q2

(o]

I1 12

Fig. 2.3 Relaxation oscillator

As depicted in Fig. 2.3, the oscillator alternately charges or discharges the
capacitor with a constant current. The oscillation frequency is inversely proportional
to the product of the resstor R and the capacitor C. The oscillation is sustained by the
positive feedback of the cross-coupled pair. By varying the current I; and I, through

thetransgstors Q; and Q,, we can have a control over the output frequency.

A relaxation VCO can have a high oscillation frequency and a wide tuning range.
However, the poor frequency stability at high frequencies and mediocre phase noise

performance limitsits application.

18



2.2.2 Resonator Oscillator

The resonator oscillator, as its name suggests, has a resonating tank which uses
passive components as inductors and capacitors to determine the oscillation frequency.

AnLC-VCO oscillates at the frequency given by theinductor L and the capacitor C:

f— 1
- 2my/LC

(2.6)

We can consder the oscillator modd in the way of negative resstance
compensation. The oscillator can be viewed as consisting of two parts. the active

circuit and the resonator.

£331

Fig. 2.4 Negative resistance model

Dueto the relatively low quality factor of the passive components, the resonator
part always has finite resstive losses which can be modeled by the tank conductance
Grk . The active part is therefore needed to behave as a negative conductance to

compensate the loss from the tank in order to sustain the oscillation.
The oscillation condition is given by:

lgm| > Gk (2.7)

In practical circuit realization, a cross-coupled pair isusually adopted to realize
this negative conductance dueto its ease of design and implementation as illustrated
in Fig. 2.5. A more negative conductanceis always desired to ensure a safer start-up

condition.

19
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idl id2
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Fig. 2.5 Cross coupled pair to generate negative conductance

Consder the equivalent conductance of the cross coupled pair in Fig. 2.5. Let’'s
assume we insert a voltage source V, between node A and node B. By calculating the
induced I, we can therefore calculate the equivalent conductance. As can be shown

from the above circuit, the following equations are valid:

G, = \',— = VA'_XVB (2.8)
Iy =1l41 = —laz (2.9)
la1 = 8m1Ves1 = 8m1 (Vg — Vs) (2.10)
laz = 8m2Ves2 = 8m2(Va — Vs) (2.11)

For smplicity, the non-ideal terms are not present in the equation. However, at
very high frequencies, the device capacitance and input resistance should also be
included in the analyss. Rearranging the equations and assume the two transstors are

identical whichmeans g,,1 = g,,2 = g, We can get

G, = —%m (2.12)
20



in which g, represents the effective conductance of the transstor. For small
amplitudes, the magnitude of the loop gain is greater than one and the oscillation
grows. Let's take a look at the plot of effective transconductance versus input
amplitude in Fig. 2.6. The effective transconductance is defined as the ratio between
the fundamental harmonic of the output current and the peak amplitude A, of the
harmonic voltage at the transconductor input (node A and node B). We can see that
with the increase of the input amplitude, which is also the oscillation amplitude seen
at the output of the trangstors, the effective transconductance decreases. This
mechanism will ensure the equilibrium of the output amplitude so that with the
increase of the amplitude, the effective gain decreases and stabilizes at just the right
amplitude to give an effective loop gain of unity. This can also be explained by means

of closed loop root locusas g, changes.

G

Tm.eff
A

Gm "_\
/R,

* - -'4[]

Fig. 2.6 Effective transconductance versus input amplitude

The passive components inevitably have some losses. Therefore the quality factor,
which is defined as the ratio of the product of 2z and the energy stored in the tank to
the energy dissipated per cycle, is always finite. In modern SiGe technology, the
quality factor of a varactor is on the range of 5 or even less, which poses a great
challenge on the design of the active part to compensate the diss pation due to the low
quality factor. In principal, the higher the quality factor is, the easer the sart-up

condition isand the better the filtering and the phase noise performanceis. Thisis due
21



to the fact that the low loss of the energy stored in the tank needs a short charging
time by the active device during per clock cycle. According to Hajimiri’ s phase noise
theory[3], the duration of the time when noised is injected directly has an impact on
the phase noise. Therefore a high quality factor passve component also helps to
improve the phase noise performance. The spiral inductors also have limited
performance at 60 GHz due to substrate eddy currents. In addition the inductor values
will also be influenced by the magnetic coupling to the substrate{4]. At frequency
lower than 10GHz, the quality factor of the LC tank islimited by the inductor, but it's

not the case at millimeter-wave frequencies since the Q of capacitors (Qc~ 1/(oR c)
S

decreases with frequency while that of inductor (QL~(”LS/R ) increase with
S
frequency[5].

As the name itsaf suggests, the output frequency of the voltage-controlled
oscillator should be voltage dependent. Tuning isachieved by the adoption of varactor.
By tuning the voltage across the varactor, one can change the varactor’ s capacitance
thus control the output frequency. In order to achieve a high oscillation frequency, a
small value varactor would be desired. Meanwhile, the minimum varactor value and

maximum varactor value al o set the tuning range of the whole VCO.

Cv,max +2 Cpar
T

fmax CV,min c

v,min — CV,max +2Cpar (2 13)
fmin 1+2Cpi Cv,min +2Cpar

v,min

fnaxs fmin @€ the maximum and minimum oscillation frequency respectively,
Cvmaxs Cymin @€ the maximum and minimum capacitance of the varactor, Cp,, iS

the paragtic capacitance. In order to extend the tuning range of the VCO, a large ratio
of Cymax Over Cy nin Would be desired. However, thereis always alimit to that due
to technology limitations. To use an array of switched capacitors controlled digitally
might seem to be a good approach. Different ranges of capacitors are switched to be

connected to the tank or not according to the required tuning range so that a
2



coarse-tuning and fine-tuning mechanism is achieved. I n addition, this method can get
rid of the varactors which have extremey low quality factor at high frequency.
However there are some disadvantages with this tuning mechanism. Details will be

discussed in Chapter 3.

Table 2.1 Comparison of different types of oscillators

Advantages Disadvantages
Resonator LC Osc. Good phase noise Poor quadrature accuracy
Oscillator performance
Resonatorless | Ring Osc. | Good quadrature accuracy Poor phase noise performance
Oscillator Relaxation | Good quadrature accuracy Poor phase noise performance

As can be seen from Table 2.1 and previous discussion, all the VCO categories
can attain a relatively high frequency. LC-VCO has a good phase noise which is
desired in the modern telecommunication applications, yet it has a limited tuning
range. However, by careful design, a 10% tuning range can still be achieved which is
aufficiently enough for this application. The details about the design of the LC-QVCO
will be discussed in Chapter 3.

2.3 Quadrature signal generation

We have addressed the importance of generating in-phase and quadrature signal
in the previous sections. There are mainly three ways to generate in-phase and
guadrature sgnals (I and Q signals), by the use of frequency dividers, poly-phase

filters, or by means of coupling two identical VCO cores together.

2.3.1  Frequency dividers
Probably the most straightforward way is to use the frequency dividers. The idea

is to generate twice as high frequency as the desired signal and feed them into a

23




frequency divide-by-two circuit usng a sngle master/dave flip-flop. A current mode
logic divider can be used to achieve high speeds, but they consume a substantial
amount of power which makes them less favorable. In addition, to generate doublethe
targeted frequency is aready difficult by itsef due to limitations of the technology.
Moreover, the random process mismatches and errors will result in significant

degradation in phase noi se performance.

————0 Cut |

o Out Q fy
—dD Q DQ
. C C
N
L2y
S

Fig. 2.7 Master-slave latch to generate | and Q output

2.3.2  Poly phase filters

A polyphase filter is another popular approach to generate in-phase and
guadrature sgnalg6]. The VCO drives the polyphase filter which usually conssts of
several stages of individual filters. The polyphase filter is a symmetric RC network
therefore it has bandwidth and gain limitations. The polyphase filter only operatesat a
frequency which is determined by the RC constant. If the input signal falls out of the
bandwidth, the rgection is weaker. Therefore, a cascade of multi-stage filters is
needed if high image rgection through a wide band is desred. However, the RC
networks will always have some losses. The more cascaded stages, the more
attenuation it will introduce. In addition, the RC network usually ends up with

auffering from distributed capacitance to the substratef6].
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=
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=
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Vin< c C

=
=

Q 270

Fig. 2.8 A 3-stage polyphase filter

In order to minimize the loading effect of the polyphase filters on the VCO output,
buffers are used between the VCO output and the polyphase filters input. The buffers
themselves consume additional power. Moreover, some additional circuitry is needed
to amplify the output signal from the polyphase filters since they are attenuated after

several passve RC stages.

2.3.3  Coupled VCOs
Coupled VCO can al so generate in-phase and quadrature signal output[7].

Two identical differential VCO cores are coupled in such a manner that the
output of one VCO (let’s denote it as [-VCO) is connected in common phase to the
other VCO (let’s denote it as Q-VCO) whereas the output of the Q-VCO is fed back
to the I-VCO in anti-phase. This configuration works in the way that the two VCOs
are synchronized in such a way that their differential output sgnals differ by 90

degrees.

25



It can be understood by means of loop analysis. As stated previously, the two
VCO cores are coupled to each other to form a closed loop. By connecting one |-VCO
output in phase with the Q-VCO and the Q-VCO output anti-phase with the I-VCO, a
180 degree phase shift is expected within the whole loop. If we can make sure that the
two VCO cores are identical, a 90 degree phase shift is consequently acheived

between the outputs of thetwo VCO cores.

]

VCO ‘ VCO
270 ><

180

Fig. 2.9 Block diagram of the coupled VCO topology

Coupled QVCO needs 2 identical VCO cores so that the power consumption and
the area needed are also doubled. However, with careful design, one can ill achieve
a coupled QVCO which consumes less power than the polyphase filter verson. This

isthe topology that isadopted in this design.

There are several ways to couple the two VCO cores, namey paralle coupling,
series coupling, back gate coupling and transformer coupling. The difference lies

mainly inthe way how the coupling isachieved.
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VCC

Vout

Fig. 2.10 Parallel coupled VCO

As can be seen from Fig. 2.10, the coupling transgstors Q3, Q4 arein paralel with
the switching transgstors Q1, Q2[8]. The amount of coupling between the two VCO
cores can be tuned by the sze of the coupling transistors. There is a trade-off between
the phase noise and the quadrature accuracy for this coupling mechanism. To

circumvent this problem, another method using series coupling is suggested.

| o
Vout /\/J( Vout

Fig. 2.11 Series coupled VCO
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As can be seen from Fig. 2.11, the coupling transstors are connected in series
with the switching trans stors. The motivation behind is to reduce the noise caused by
the coupling trang stors, which contribute a great part for the overall phase noise. By
connecting it in series with the switching transstors, in a cascode-like way, one can
greatly reduce the noise from the cascoded device [9, 10]. In this desgn, there are
some more modifications that are made for better performance; that’s going to be

discussed in more detail in the Chapter 3.

Fig. 2.12 Back-gate coupled VCO [6]

Another method is to use the back-gate coupling if the technology provides
isolated NMOS transistors, e.g. triple well. As the name itself suggest, the coupling

trans stors are connected to the back gate of the switching transstors.[11]
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Fig. 2.13 Transformer-coupled VCOs

As dated before, what we need isa 180 degree shift within the loop. Therefore, a
transformer coupling mechanism is naturally a candidate snce it does not add
additional power consumption and will not introduce noise sources. However, the
glicon area needed for a high coupling coefficient transformer is usually significant
and too many inductive components in a confined area may introduce sgnificant

magneti c coupling between them and will eventually worsen the phase noise.

29



Chapter 3 Design Approach

In this chapter, a detailed discusson about the topology of the VCO will be
presented as well as the proposed modifications for better performance. A detailed
evolution of the circuit topology from the conventional single-ended Colpitts VCO to
the modified differential Colpitts Quadrature VCO is aso demongtrated. Various

design considerations and trade-offs are discussed.

3.1 Colpitts oscillator core

The Colpitts oscillator isa favored candidate for a LC-VCO dueto its good phase
noise performances. This is due to the fact that the noise current from the active
devices is injected into the tank when the impulse sensitivity is low[12]. Fig. 3.1
depicts a smple single-ended verson of a Colpitts VCO core. It is a resonator tank
with an active device which compensates the loss due to the passve components and
ensures the loop gain is sufficient to sustain the oscillation. The resstance R in Fig.
3.1 represents the loss due to the finite quality factor of the passve components
(inductors and capacitors) in the resonating tank. Note that C; and C, also have
parasitic resstance which should also be taken into account when calculating the

equivalent tank |osses.

Vout

Fig. 3.1 Single-ended Colpitts VCO core
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To understand the principle of the Colpitts oscillator, let’s first calculate the
small-signal admittance looking into the collector of the transistor. The small-signal

model of the active part is shownin Fig 3.2.

b

= gmVbe “' ¢l _
R IR P

11

1
9]
%]

Fig. 3.2.1 Small signal model of the active part (without C,, and Cy.)

From Fig. 3.2.1 we can write:

Iy = 8mVbe +j00Cq (Vx - Ve) (3.1)
1 .
Ve = m (IX + lb) (32)

For simplicity, the dynamic elements of the trangstor are ignored. By arranging
the above equations, we can therefore cal culate the admittance seen from the collector

of thetransstor to ground.

L w2C4Cy
Yin = Vi gmHo(C1+Cy) (33.1)

The real part of the admittance is needed to compensate for the loss in the
resonating tank and sustain the oscillation. The available admittance is directly related

to the two capacitors C;, C, and g, of thetranggor.

gmw2C1Cy

Re(in) = = 2 vurcy e

(3.4.1)

Now let's also consider the dynamic dements C,. and C,. as shown in Fig.
3.2.2(a). Since the base of the transistor is biased at a fixed voltage, it's AC shorted to

ground. Therefore, we can safely fold the C,. and Ry, to the bottom to be in
31



paralle with C, asshowninFig. 3.2.2(b) and C,. totheright to be in paralle with
the Y;, calculated in equation 3.3.1. The admittance seen from the collector of the

trangstor to ground in this case can be written as.

yo=boo w’CiCy +jwC (332)
in "y, T gm+iw(C1+C2+Cbe)+1/Rb JWhbe e

, (gm +é)‘02c1(c2+cbe)

) (3.4.2)
(gm +RL) +(1)2(C1+C2+Cbe )2
b

As can be seen from the above analyss, C,. won't influence the negative
admittance and C,, has a minor influence since it is in parallel with C, but much

smaller. A typical ratio of Cl/c2 ranging from 2 to 4 gives the best phase noise

performance]13].
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Fig. 3.2.2 Small signal model of the active part (with C,. and C,.)

3.2 Derivatives of the Colpitts oscillator

Now that we have the sngle-ended version of the Colpitts VCO, the next stepis
to makeit differential for the sake of rejecting common-mode ground noise. The most
graightforward way is to make a completely identical copy of the sngle-ended

Colpitts VCO and combine the two inductors into a center-tapped inductor of which
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the primary and secondary coils are connected to the two single-ended Col pitts VCO
outputs respectively so that a differential output is ensured. In order to achieve a
voltage tuning mechanism, varactors are also introduced in the tank to adjust the

equivalent capacitances seen at the tank.

3

, 1

Fig. 3.3 Differential Colpitts VCO core
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As shown in Fig. 3.3, the base of the transstor pair is biased by a fixed voltage
Vhias - The next modification is to change the way of biasng. The two transistors are
going to be connected in a“ cross-coupled” manner as shown in Fig. 3.4, i.e., the base
of Q1 is connected to the collector of Q2 and the base of Q2 is connected to the
collector of Q1.

Fig. 3.4 Modification of the conventional differential Colpitts VCO
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Thereare several advantages that go along with this configuration. First of all, the
fixed voltage source for biasing is no longer needed. One can get rid of the blocking
capacitors and biasing resstors which are otherwise needed in the conventional
configuration. The cross-coupled pair can also be viewed as a “ self-biased” pair in the
sense that the biasing of the trang stor is achieved by being connected to the output of
its counterpart trand stor. Second, the start-up condition is better than the conventional
Colpitts VCO. This can be intuitivdly understood by the adoption of a
cross-coupled-pair-like transstor pair. It can be verified [14] that the negative

conductance generated by this configuration is boosted by a factor of (2 + CZ/CI)

compared to the conventional configuration. This ensures a safer start-up condition.
The simulation result is shown in Fig. 3.5. Theleft plot in Fig. 3.5 showsthe available
negative conductance generated by the proposed cross-coupled Colpitts VCO and the
conventional fixed base biasng Colpitts VCO respectively. The right plot shows the
boogting factor. The smulation is performed with C; equal to 100fF and C, equal
to 200fF. The operating frequency is 60GHz and the biasng current is swept from
1mA to 10mA as seen on the X axis. The boosting factor is approximately 4 within
the whol e sweeping range, which isin good accordance with the prediction above that

aboogting factor of (2 + CZ/Cl) Is expected for the proposed topol ogy.
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Fig. 3.5 Comparison between the proposed and conventional topology
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A safer start-up condition is achieved by the use of the proposed cross-coupled
Calpitts topology. Or, to put it in another way, the power consumption needed to
ensure a reiable gtart-up is reduced since a smaller current is needed for the same
gart-up condition. Last but not least, a fast switching of Q1 and Q2 isrealized in this
configuration since the output of one Colpitts VCO core is directly connected to the
base of the other VCO. Fast switching is desired for suppressng the noise
contributions from the active devices during the zero-crossings of the tank. This will

help to improve the phase noise performance.

Along with the benefits that the proposed configuration has introduced, there are
also some things that need to be considered as a penalty. The most straightforward
dde effect is that the b-c junction is forward biased for half of each cycle and directly
connected in parallel with the tank, which will de-Q the tank and reduce the tuning
range as a result. In addition, the maximum swing on the tank will also reduce due to

the clamping of the transistors.

Note that there are now 2 feedback loops within the oscillator, one via the tapped
capacitors and the other via the cross coupling. They serve different purposes. The
feedback via the tapped capacitors is essence for the Colpitts to provide negative
transconductance, while the feedback via the cross coupling aims at enhancing the

gart-up condition.

The calculation of the passve component values will be given in detall in

Appendix A.

3.3 General considerations

The process of designing a circuit is also a process of making trade-offs and
compromises. The various things that we need to consder in designing the VCO are

described in this section.
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3.3.1 Optimum biasing current

Recall the negative conductance calculated in the previous section (eg. 3.4) and
take the absolute value of it, we have:

gmw?CiCy

Re(in)l = 2 recar

(3.5)

Equation 3.5 isa function of g,,, C;, C,. Assume that we have fixed the values
for the two capacitors C; and C,. Then we can ill control g, by varying the

biasng current.

We can sweep the I to see how the negative conductance will change
accordingly. For very small I, g,, isalso small. Therefore, the first term (i.e., g2)
in the denominator is small and can be safely ignored. The expression for the negative
conductance can be reduced to the following expression, which is proportional to the

biasing current.

2 2
Emw“C1Cy 8m w°C1Cy 8mC1Co

IRe(Yi)| = 5= >~ = = = 2 (3.6)
gm tw=(C1+C3) w?(C1+Cy) (C1+C3)

With the increase of the biasing current, g,, alsoincreasesaccordingly. The first
item g2 in the denominator can no longer be ignored. If we further increase the
biasing current, the first item g2, will be dominant. The expression therefore reduces

to the following expresson, which isinversely proportional to the biasing current.

2 2 2
w“C41C w“Cq1C w“Cq1C
Sm 142 gm 142 142 (37)

gh +w?(C1+Cy)? gk 8m

|Re(Yin)| =

As can be seen from the above analys's, with the increase of the biasng current,
the absolute value of the negative conductance will first increase up till a certain point
then decrease. Therefore, there exists an optimum value of the biasing current for the
negative conductance to reach its maximum value. A large negative conductance is
desired for the sake of easy start-up condition. Depending on the selection of
operating frequency w, C;, C,, and the g,, of the transistor, the available negative

conductanceis on the orders of several tens of milliSiemens (mS)
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This can be also verified by the smulation result for the negative conductance

generator at 60GHz. Theresultis shownin Fig. 3.6.

EMegativeConductance {(L=58.00e-07) [lMegativeConductance (L=1.00e-08&)
MegativeConductance (Lml 20e-06) E@NegativeConductance (L=1 40e-06)
ErMegativeConductance (L=1 60e-06) E@NegativeConductance (L=1.80e-06)
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negative resista us lbias for different size transistor
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Fig. 3.6 Negative conductance produced by a single-ended Colpitts at 60GHz

The X axisisthe biasing current ranging from 0 mA to 10 mA, the Y axisisthe
conductance seen from the collector of the transistor. The two Colpitts capacitors
C; and C, are chosen to be 100fF and 200fF respectively. The base of thetrangstor is
biased at a 0.8V voltage. A sweep of the emitter length ranging from 0.8 um to 4um
with a step of 0.2um is also performed to see the effect of the sze of the transstor on

the available negative conductance.

As can be seen from the plot, the absolute value of the negative conductance will
first increase with the increase of the biasng current and then decrease for a fixed
emitter length. Therefore, an optimum biasing current exists to achieve a maximum
absolute value of the negative conductance which is predicted by the previous

analysis and equations. The numerical result isin good accordance with the previous
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predictions given by equation 3.6 and equation 3.7 which shows several tens of
milliSiemens is available at 60GHz. In order to ensure a safe art-up, we would like
to bias the trangstor with this optimum current. However, the noise from the active
device, which isréelated to the current flowing in the trans stor, also needs to be taken

into account.

3.3.2  Size of the transistor pair

Another useful concluson from Fig. 3.6 is that the bigger the trans stor, the more
negative conductance it can provide. As can be seen from Fig. 3.6, the peak value of
the absolute value of the available negative conductance also increases with the

increase of the emitter length.

Various figure of merit about a single transstor have been investigated to judge
the performance of the trangistor in a high frequency application. f..,. 1S one of
these metricg15]. It represents the highest frequency at which a cross-coupled
differential pair can provide a negative shunt res stance seen from the input.
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Fig. 3.7 Equivalent small-signal circuit diagram
Consder the small-signal equivalent circuit diagram shown in Fig. 3.7, where DC
biasng is not shown. f.. . isgiven by thefollowing formula:

1
8mRp

fcross ~ fT (38)
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fr represents the unity-current gain bandwidth of the trangstor if it is configured
in a common-emitter manner, Ry, isthe base resstance of the transistor. A smulation
of f..ss Versus biasing current is shown in Fig. 3.8 with an emitter length of 5um,

which will give some hints on the sel ection of the biasng current.

Efcross 1E-311.0283E11
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fcross (ES)

50.0
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{| <R

Fig. 3.8 f,,ss Versus bias current (L, = 5um)

It is straightforward to see that a lower R;, is dedred if we want to achieve a
high f s - LOwer R, means bigger size of the transstor. Along with the previous
analyss and results shown in Fig. 3.6 that the bigger the size of the transstor, the
more negative conductance it can provide, we tend to make the conclusion that bigger

trans stor size isfavored. However, that’ s not the whole story.

As previoudy stated, one of the disadvantages of the cross-coupled Colpitts VCO
inFig. 3.5isthat the Cy, of the trangstor also manifestsitsaf in the tank. The bigger
the trandstor is, the smaller the base resstance Ry is, but also the bigger the
capacitance C,. is, which will cause a decrease in the tuning range. In addition, C,,
itself is also bias dependent, so it is not only related to emitter area. Therefore, a
trade-off has to be made between the safe start-up condition and the desired tuning

range.
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3.3.3 Frequency tuning

Asthe name voltage-controlled oscillator suggests, we need to have a mechanism
to control the output frequency. The output frequency of VCO is mainly determined

by the equivalent capacitance and equival ent inductance seen at the tank.

Gm% Lqu Ceqm==(GTK

Fig. 3.9 Negative conductance model of a VCO

As can be seen from Fig. 3.9, Lq is the equivalent inductance, C.q is the

equivalent capacitance, Gpk is the tank loss due to the finite quality factor of the
passive components, —G,,, iS the negative conductance generated by the active

device to compensate for the losses. The oscillation frequency is given by:

1
fose = Smice (3.9)

Inapractical circuit desgn, the inductor is not easy to tune. Therefore, we choose
to introduce varactorsinto the tank to control the oscillation frequency. A varactor isa
variable capacitor, whose capacitances can be controlled by an external voltage.
Based on the way it is congtructed, varactors can be categorized into two major types,
namely, PN junction varactors and MOS varactors (inverson mode and/or

accumulation mode).

There are several desirable characterisics of varators that need to be taken into

account when choosing the correct varactor to use. A high Cimax /C ~ ratio and a

min
high quality factor are the most important metrics among them. C,,,, and C.;, ae

the maximum and minimum capacitance a varactor could achieve within the tuning
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range. Quality factor (Q= 1/u)R ¢) indicates the losses for the capcitor. A high Q
S

factor isalways desired for lower losses.

The high Cmax/c ~ratio is dedred since the tuning range is directly related to

min
it. In this application a 10% tuning range or a 6GHz tuning range is consderably large,

which poses a great challenge on the varactors.

finax _ Cy max +2Cpar (3 10)

fmin Cv,min +2Cpar

With the capability of the STMicroe ectronics 130nm BiCMOS techonolgy, the

available Cmax/c ~ratio for a MOS varactor is only approximately 2. In order to

min

achieve a higher Cmax /C ~ratio, an array of different capacitor values, switched on

and off digitally, could be a natural candidate. Fig. 3.10 shows the basic idea of this
digitally-switched capacitor array. Based on the external control over the switch S1 to

4, different combinations of capacitance can be obtained.

J1

Fig. 3.10 Digitally-switched capacitor array

A very high CmaX/C ~ ratio can indeed be achieved by this method. However,

there are various concerns that go along with it. Firgtly, the parasitic capacitances of
the switch will manifest themsdves in the tank, and add to the inaccuracy of the
equivalent capacitance values. Secondly, the 'on' resstance of the switch will be in

series with the capacitors, and therefore lowers the quality factor of the tank. The
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switch itself will also contribute noise to the tank, which will worsen the phase noise
performance. Last but not leadt, there will be some overlap between two adjacent
tuning curves, as shown in Fig. 3.11. This implies that for a certain oscillation
frequency there could be two control voltages related to it. This ambiguity in the
voltage-controlled oscillator tuning characteristic is something that we would like to

avoid.

VCO
frequency

Vmin, Vmax! >
Control Voltage

Fig. 3.11 Overlap of the tuning curves

Another issue related to the varactor, is the reatively low quality factor at high
frequencies. There are inductors, varactors and capacitors in the resonating tank,
which all have a limited quality factor. The lower the quality factor, the higher the
losses. At 60GHz, the low quality factor (below 5) of the varactors will be a limiting

factor. Some simulation results about the varactors at 60GHz are shown.
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Fig. 3.12  Varactor tuning configuration (parasitic not shown)
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As can be seen from the varactor tuning configuration of Fig. 3.12, Cy; and Cy;
are the two MOS varactors, C; and C, are the two coupling capacitors which are
chosen to be relatively big for AC coupling. Rpi,s1 @nd Ryas2 are two high-ohmic
resstors which are used to isolate the RF current path through the capacitors from
Vhias 1S chosen to be one-half of the supply voltage so that when V. varies from
0V to the supply voltage, the voltage across the varactor can experience both negative
and positive values. Fig. 3.13 shows a typical varactor quality factor versus frequency

plot. The smulation conditionsare summarizedin Table 3.1.
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Fig. 3.13  Quiality factor of the varactor versus frequency

Table 3.1 Simulation condition summary (STMicroelectronics 130nm BiCMOS)

Viias 1.25
Viune 1.25
Voltage across the MOS varactor 0
Finger of the MOS varactor 4
Width of the MOS varactor 2um
Length of the MOS varactor lpum
Frequency sweep range 100MHz - 1THz
Quality factor @60GHz 1.82




As can be seen from Table 3.1, the quality factor of the varactor at 60GHz isonly
1.8. This low quality factor immediately poses a great challenge on the start-up
condition or power consumption since a lower quality factor means more lossesin the
tank. Therefore, more negative conductance is needed to ensure a safe art-up and to
susgtain the oscillation. The phase noise performance will also suffer alot due to this

low quality factor.

Some more smulations have been done to gain some more insights into the
parameters that have an impact on the quality factor at high frequency. There are
several variables that we can adjust namely the finger numbers, width and lengths of

the varactors. The smulationsresultsare shown in Fig. 3.14.
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Fig. 3.14  Q factor versus finger numbers of the MOS varactor @ 60GHz
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Fig. 3.15 Q factor versus length of the MOS varactor @ 60GHz
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Fig. 3.16  Q factor versus width of the MOS varactor @ 60GHz

As can be seen from Fig. 3.14 to Fig. 3.16, any increase in the number of fingers,

finger width or finger length will lead to a decrease in the quality factor. In other



words, the bigger the varactor capacitance is, the lower is the quality factor. This

corresponds to the result given in [16]:

- 1 12
Q= WRsC ~ @Cox (Rpw L2+R poty W2) (3.11)
where W and L are the width and length of each finger, R, and R, arethe sheet

res stances of the n-well and poly gate, C,, isthe gate-oxide capacitance per area.

All of these smulation results indicate that a smaller varactor size is desrable.
However, recall equation 3.10, we can see that in order to maximize the tuning range,
we would like to make the capacitance of the varactor much bigger than the parastic
capacitance. Therefore, there is a trade-off to make between the tuning range and the

quality factor.

All the above smulation results are based on the use of MOS varactors in
STMicrodectronics 130nm BiCMOS technology. There is also another type of
varacotr in the library, the PN varactor. However, it is not useful snce it has a very
limited operating frequency. Above the frequency, the varactor behaves like an

inductor rather than a capacitor. For a PN varactor with a finger of 4, width of 2um,
Lg, of 100um, an operating frequency of only 30GHz is observed as shown in Fig.

3.17. Another problem for the PN varactor isthe considerably larger area compared to

MOS varactor implementation for the same capacitance.
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Fig. 3.17 PN varactor’'s susceptance versus frequency

3.3.4  Phase accuracy and phase noise

Congder the oscillator as a feedback system, then we can have another definition

for the quality factor [17], which is known asthe open-loop Q..

Qo =22 |G + (52 (312)
A= H(jo)| (313)
0 = £H(jw) (3.14)

Where A isthe magnitude of the transfer function H(jo) and 6 isthe phase of the
transfer function H(jo). The frequency response of a LC tank showing the magnitude

and phase plot isgiven in Fig. 3.18. As evident from the plot, j—izo and 2—2 reaches

its peak value at the resonant frequency. Therefore, equation 3.12 can be reduced to

_ o [dAL,; d_GZ_ﬁ/d_GZ_ﬂ
QOL_ 2 (dm) +(du)) T2 (dm) T2

Quality factor indicates the dope of the phase versus frequency. A higher quality

de
| (atfo) (315)

factor isrelated to a steeper dope which means a small deviation from the resonance
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frequency aready gives a sgnificant phase variation. We would like to minimize the
phase variation, which can be represented by %. This means alow Q is desired for

minimizing the phase error. However, a low quality factor will immediately worsen
the phase noise since the phase noise isinversely proportional to the quality factor of

thetank.

‘H(]ﬂ))‘ 90 ZH(J[‘))

@, @,

Fig. 3.18 Frequency response of a LC tank

3.4 Quadrature VCO

A quadrature VCO is essential to this design since quadrature error and amplitude
mismatches between the | and Q signals will corrupt the down-converted signal
congtellation. Modern wireless applications contain different information in | and Q
sgnals respectively, therefore a high quality Q-VCO with litte 1/Q mismatch is
desired. A series coupling method as shown in Fig. 3.19 is proposed to achieve the

desired quadrature output

Recall the previous analysis of coupling the two identical VCO cores in Chapter
2.3. We need to force a 180 degree phase shift within the loop. First, we are going to
build two identical VCO cores which take the prototype from Fig. 3.5. The current
sources in Fig. 3.5 are now implemented with MOS transastors which function as
current switches. The left VCO core is denoted as [-VCO (In-phase VCO) and the
right VCO core is denoted as Q-VCO (Quadrature VCO). The output of the I-VCO is
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connected in common phase to the switching pair of the Q-VCO, whereas the output
of the Q-VCO is fed-back to the switching pair of the I-VCO in anti-phase. Therefore,
a 180-degree phase shift is achieved within the whole loop. The switching pair
switches the current into one branch or the other. Sinceit isin series with the Colpitts
VCO pair, it is therefore referred to as series coupling. The switching pair also has a
direct relationship with the phase noise performance. By optimizing the size of the
switching transstor, one can control how strong the coupling is, and manipulate the
time during which the branch is on or off. According to Hajimiri’s phase noise
theory[3], the time that the transistor is on or off also determines the time during
which the noise isinjected into the circuit. By coupling two VCOs together in a series
manner, the injected current flows into the tank at the instance further away from the
zero crossings than in the case of a single VCO, achieving a better phase noise than in

parallel coupling configuration.
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Fig. 3.19 Series coupled Q-VCO

The moment when the noiseisinjected into an LC tank has a direct relation to the
phase change. The impulse sengtivity function (ISF) is a periodic function of time,
capturing the time varying periodic nature of the sysem[3]. A noise disturbance
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creates a phase disturbance as a convolution integral of the injected noise and the | SF,
which in turn modulates the phase of the carrier. Consder the situation in Fig. 3.20.
The impulse current is injected into the LC tank when the peak voltage is present
across the tank. The current will flow into the capacitor, dumping a certain amount of
charge Aq on the capacitor plates, therefore the amplitude of the sgnal will change
accordingly whereas the phase remains unchanged. Another Situation is when the
current impulse is injected at the zero-crossng. As can be seen in Fig. 3.21, the
dumped charge will influence not only the amplitude but also the phase of the signal.
To improve phase noise performance, we would like the moment when the noise is
injected to the tank far away from the zero-crossing and the duration of the noise

injection is minimum.[13]

Fig. 3.20 Injection at peak amplitude
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Fig. 3.21 Injection at zero-crossing



3.5 Trade-off summary

As can be seen from the previous analysis, there are various trade-offs that need
to be consdered when designing the oscillator. To summarize, there are 4 major
aspects which are important, namely phase accuracy, phase noise, power consumption
(startup condition) and tuning range. The target spec is to achieve a 10% tuning range
with -80dBc/Hz at 1IMHz offset from the carrier frequency. The power consumption
is expected to be aslow as possible. They trade-off with each other, therefore making
it a multi-dimensional optimizing problem asillustrated in Fig. 3.22. The phase noise
lies in the center position of this network, manifesting itself as the most challenging
part to tackle. In addition to the limited quality factor of the tank and the noise from
active devices, there are also other noise contributors due to power supply and
external tuning voltage, which should be carefully handled. These noise sources can
be minimized by careful desgn of the power supplies. Adequate RF ground is
required and decoupling capacitors are needed between the power supply and ground.

Interconnect to the tuning port must be as short as possble.

Phase accuracy

Tuning range

Fig. 3.22  Multi-dimensional optimizing problem
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Trade-off 1:

de
a| (at fosc)!

i _ %0 [dAH diz_ﬂfdiz_ﬂ
Recall equation (3.15) Q = . (dm) +(dm) = (dm) =
small phase error (phase variation) calls for a small %, which means a low quality

factor while good phase noise requires a high quality factor. Thus, decreasng phase

error impliesincreas ng phase noise.

Trade-off 2:

According to Leeson’'s model for phase noisg18], the phase noise is inversdy
proportional to the signal power. We would like to reduce the phase noise by
spending more power on the signal swing but thisis at the cost of the total power
consumption. Or, we can al so keep the power consumption constant and rai se the tank
Q to achieve a better phase noise, which calls for more elaborate design for the layout

of the varactors and inductor involved.

Trade-off 3:

As the previous smulation result shows, the smaller sze of the varactor is, the
higher quality factor it has. However, a bigger varactor is desred for maximizing the
tuning range. A higher Q is aways desred for lower phase noise. However, from a
systematic point of view, a circuit with high Q implies a narrow bandwidth, whichis
the tuning range in the context of a VCO. Therefore a VCO desgned for a big tuning
range will have a poorer phase noise performance. A trade-off exists between phase
noise and tuning range. An array of digitally-switched high-Q varactorsis a possble

solution at the cost of introducing an ambiguity in the oscillator tuning characteristic.
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Trade-off 4

The smaller the varactor is, the higher quality factor it has and therefore fewer
losses. Again, this contradicts the requirement for a bigger varactor in order to
maximize the tuning range. In addition, for easy dart-up, a big trandstor size is
desired to realize a large transconductance, which introduces more paradtic

capacitance, therefore reducing the tuning range.



Chapter 4 Physical Layout and measurement setup

This chapter will cover the physical layout of the QVCO and peripheral circuits.
We have to be careful with the layout in order to minimize deterioration of the

performance.

4.1 General layout considerations

Due to various paragtic variations, process, voltage and temperature (PVT)
variations, and packaging effects, the post-layout performance of the target circuit
will inevitably deteriorate. What we are trying to do is to minimize these negative
effects on the circuit performance by careful desgn and to meet the desired spec with

some design margins.

In the context of a QVCO, the coupling of the two VCO cores is the most
important thing for the layout. The 1-VCO (In-phase VCO) and the Q-VCO
(Quadrature-VCO) are expected to oscillate at the same frequency in the steady-date.

The oscillation frequency is determined by the equivalent inductance L, and the

equivalent capacitance C., seen at thetank as shownin equation 3.9

Any mismatch between the tank capacitances between the two VCO cores will
cause a mismatch in the oscillating frequency. The discrepancy of the oscillation
frequency is not desred snce the two different oscillating frequencies will
consequently introduce a “beat tone’ whose frequency is the difference of the two
oscillating frequency. This beat tone will manifest itself as an unwanted modulation
effect on the output waveforms of the Q-VCO as shown in Fig. 4.1[19]. If thereisa

difference between the two output frequencies, the phase difference will also vary



with time. Therefore, the desired quadrature relation (90 degrees apart from each

other) will no longer exist.

T

Fig. 4.1 Modulation effect at the QVCO output[19]

In order to minimize this effect, we would like to make the matching as good as
possible. Symmetry is obvioudy on the top of the list. A high level of symmetry is
desired for the interconnection between the two VCO cores. The coupling wires
connect the output of one VCO core to the switches of the other VCO. The length
difference is critical. Therefore, some additional adjustments for the lengths of the
coupling wires are also needed to compensate for the length mismatch due to the

crossing of the wires.

There is also a dilemma between phase accuracy and phase noise due to the
position of the inductors. We would like to put the two inductors far away from each
other to reduce parasitic mutual coupling between the two inductors. However, thisis
at the cost of longer length of the signal interconnects. The further away the two
inductors are from each other, the lower the parastic mutual inductances will be.
However, along signal line introduces more parasitic inductances as well as parastic
capacitance mismatch, which degrades the phase noise and phase accuracy. A

trade-off has to be madein the placement of the two inductors.
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A physical layout of the QVCO with high level of symmetry is shownin Fig. 4.2.
Interconnect of the two VCO cores cross each other at the center of the layout. To
avoid the modulation effect shown in Fig.4.1, the length mismatch should be carefully
compensated. Interconnect between the two VCOs is modified in such a way that
identical length is guaranteed. This is at the cost of a dightly bigger paradtic
capacitance, which only has a minor effect on the operating frequency of the VCO.

This can belater adjusted by changing the inductor value.

Fig. 4.2 Physical layout of the Quadrature VCO

4.2 Evaluation criteria

In addition to the common metrics for judging a VCO, e.g., tuning range, phase
noise, etc., the most critical electrical parameters for this design are the correct phase
and amplitude relationship between the two quadrature output signals. However, it is
difficult to measure the amplitude and phase errors at high frequencies since the

sgna waveength on silicon is only 2.5 mm at 60GHz. Any small difference in the
56



length of the test cables will already introduce several degrees of mismatch between
the quadrature sgnals. In addition, amplitude mismatch will be introduced if the

cables don’'t have the same losses.

Based on the above facts, it is desrable to down-convert the 60GHz signal to an
intermediate frequency (IF) where errors in measurement and testing are lower than
the quantities that we would like to measure. One rediable approach is to
down-convert the signals usng IF 1/Q mixers and measure the power ratio of the
desired signal to the image frequency[20]. At the IF (1GHz, for example), mature
measuring equipment and quadrature hybrid devices are available therefore
measurements errors can be minimized. This power ratio is known as the image

rgiection ratio (IRR) and can be defined as:

IRR = —10log| =% | (dB) (4.1)

2
Aim

2
Asig

where P, and Py, aretheaverage power of theimage and desired signal,

isthe image-to-sgnal ratio. When the gain mismatch and phase imbalance are small,

the expression can be reduced to:

. A)2162
IRR = ~101og] 72+ | = ~10i0ge{ ) (@2

where % istherelative amplitude mismatch and 6 isthe phase error.

We have to bear in mind that from a systematic point of view, the measured IRR
is not only due to the phase and amplitude mismatch of the QVCO itsdf. The
mismatches from all other peripheral blocks like the mixers, filters, etc., will also
contribute to the overall mismatch and therefore have an impact on the image
rgiection ratio. We will strive to keep the mismatches from esewhere as small as
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possible to have a more accurate evaluation of the phase error of the QVCO itsdf.
Careful physical layout is needed to minimize mismatch between smilar components
and achieve the desred IRR. Fig. 4.3 shows the plot of IRR versus amplitude and
phase errors in quadrature signals. As can be seen from the plot, for an image
rgection of 40dB, for example, the amplitude and phase mismatch must be kept
within 0.1dB and 1°, respectively. According to the observationsin [19], in integrated
circuits without usng calibration techniques, the typical values for amplitude
mismatch are 0.2-0.6 dB and 3—5- for the quadrature error, leading to an image
suppression of 25 to 35 dB. In this design, only the phase error is of concern snce the
amplitude mismatch will not manifest itself as long as an amplitude limiting stage is
followed, depending on the application. To achieve an image rejection ratio of

25-35dB, a phase error of lessthan 5 degreeistolerable.
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Fig. 4.3 IRR versus phase error and relative amplitude imbalance



4.3 Peripheral blocks for evaluation

As dated in the previous section, we would like to down-convert the high
frequency signal to an intermediate frequency. Therefore, several peripheral building
blocks are needed to perform this frequency trandation. In this chapter, a floor plan of

the measurement setup will be introduced along with the functionality of each block.
QYyLn ‘ [é[‘

-
ilter e ® I Q ® | Ditterent o
wled converter E—— single ended converter

-

Lt
-
IF

c 5

Fig. 4.4 Floor plan of the measurement setup

As can be seen from Fig. 4.4, there are several additional building blocks
involved in the complete measurement setup, namely the single-ended to differential
converter, the IF mixer, the differential filter and differential to single-ended

converter, and the buffer.

The signal flow goes asfollows. An external single-ended signal source operating
at around 60GHz is fed into the sysem via the GSG plane, which stands for
ground-signal-ground configuration. Due to the nature of the differential mixer, a
differential sgnal is needed instead of a sngle-ended one. In addition, two paths of
identical sgnals are needed for the I-channel and Q-channel, respectively. There are
two possible ways to generate identical differential sgnals. One method isto first split
the sgnal into two identical parts by a power splitter and then feed them into two

sngled ended to differential converters separately as in Fig. 4.5(a). The other is to
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first convert the single-ended signal into differential signal and then use a power
splitter to feed them into the I-channel and Q-channel, respectively, asin Fig. 4.5 (b).
In this design, the second method is adopted, and the power splitter is replaced by a

duplicate buffer stage for smplicity and to minimize mismatch.

[ ]

Single ended to
differential
converter

T

Power splitter 4—@ T T
¢ Single ended to
Power splitter differential 4—&
Single ended to - converter

differential
converter

(a) (b)

Fig. 4.5 Two ways of generating two differential signals

The differential sgnals for the I-channel and Q-channel are then fed into the IF
[-mixer and Q-mixer, respectively, to do the frequency shift. The mixer is fully
differential. The other input of the mixer comes from the QVCO output. Let’s denote
the frequency of the differential sgnal generated by the QVCO as f,,. and the
frequency of the differential sgnal from the external source as f,,;. The mixer serves
as a frequency manipulator. Given the two input frequencies as f,,. and f,,., the
output of the mixer will have two frequency components, namdy f.,. + f,. and
foxt — fosc- The output of the mixer is then fed into a differential low-pass filter to
filter out the high frequency part f.,. + f,s., and only the IF part fip = for — fosc
remains. The IF sgnal then goes through a differential to single-ended converter to
make it easy for probing. In paralle to the signal fed into the mixer, the output of the
QVCO is also connected to a buffer for probing to see whether the QVCO oscillates

or not.



4.4 The selection of IF

In general, the sdlection of IF is not critical. The idea is to trandate the high
frequency to an intermediate frequency so that it is easer to measure the sgnal
quality accurately. We can set the | F equal to 1GHz, or even lower. It isalso related to

the bandwidth of the following stage, whichisadifferential to single ended converter.
le = |fext - fOSC | = 1GHz (43)

f,sc 1S60GHZz and f,,; could be 59GHz or 61GHz. For the real application, it is
critical to judge the sgn of the difference since it indicates whether an object is
moving towards, or away from the observer. However, in thistest chip the sgnisnot
that critical. For conformity and smplicity, we just make sure that the frequency of

the external sourceis higher.

le = fext - fOSC = 1GHz (44)

4.5 IF Mixer
The intermediate frequency (IF) mixer adopts a Gilbert double-balanced topol ogy

asin Fig. 4.6. Thisisthe preferred mixer implementation for most radio systems, due
to its strong suppresson of LO-RF feedthrough and cancellation of even-order
harmonics. Some modifications have been made to enhance the LO-RF port-to-port
isolation. An intermediate common-base stage (Q6 and Q7 in Fig. 4.6) is inserted
between the 4 transstor quad at the top, and the differential pair at the bottom. The
common-base stage serves the purpose of providing more isolation. This can be
understood by the following observations. In Fig. 4.7(a), the point P experiences two
full excursionsin each period of the LO; 2f;y is expected at this node. This signal
will be coupled with Vi, via the base-collector junction capacitance of Q1. This
feedthrough will deteriorate the port-to-port isolation. This can be improved by the
use of a common-base stage in Fig. 4.7(b). The feedthrough is greatly attenuated by

the high reverse isolation of the common-base stage. A 30dB improvement in the
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RF-LO isolation is obtained from addition of the common-base stage as can seen in

VCC3p3
RS R6 ;
>

Fig. 4.8.

LO+

LO-

R~
R4
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3

“ ©

|
R1 R2 R3 E

Fig. 4.6 Double balanced mixer with enhanced port to port isolation

Table 4.1 Mixer components values

R1,R2,R3 100Q

01,02,Q3 3um
Q6,Q7 3um
Q8,Q9,Q10,Q11 4pm
R5,R6 4000
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Fig. 4.7 Common-emitter input (a) versus common-base stage in (b) to

enhance the LO-RF isolation
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Fig. 4.8 RF-LO isolation with and without cascoding

63



4.6 Differential filter and differential to single ended converter

The signal from the mixer output contains both f.,, + f,c and f. — f,c Sgnal
components. We need to filter out the high frequency part as only the IF part is
needed. Therefore, we feed the signal into a differential filter, which is shown in the
top ydlow box in Fig. 4.10. The RC network consgsting of R1, R2, C1, C2 formsthe

low-pass differential filter. The cutoff frequency of the low-passfilter is given by:

1 1
f = =
cutoff = 50R.Cy  2m*200 Q400 fF

= 2GHz (4.5)

Since fo + fosc 1S @most 120GHz, and figp = foy — fysc 1S l€Ss than 1GHz, a

fouore Of 2GHz is sufficient to do the filtering.

After the differential filter, the sgnal isthen fed into a differential to sngle-ended
converter so that it is easy to measure accurately with external equipment. The easiest
and most draightforward way to do this transformation is to use an operational

amplifier which is configured asin Fig. 4.9. The transfer functionis given by:

= B ﬁVinl (4.6)

Vour = (Rg+Rz)R1 M2 R,

If we make R; = R, and Ry = Ry, the transfer functionis reduced to

(Ri+R1)R R R
Vour = m in2 _R_ivinl = R_i(VinZ = Vin1) (4.7)

This configuration serves the purpose of differential to single-ended conversion
perfectly. The closed-loop gain of the operational amplifier isshownin Fig. 4.11. The
level shifter in the blue box in Fig. 4.10 is needed to set the DC leve at the input of

the operational amplifier to be compatible with the previous stage.
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Fig. 4.9 Operational amplifier configuration
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Fig. 4.10 Differential filter and differential to single-ended converter

The components values are shown in Fig. 4.10. The level shifter moves the DC

level of the sgnal from 2.2V to 1.2V, which is desired for the correct operation of the
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tranastor pair M7 and M8. The firs dsage serves the purpose of converting a
differential voltage to a sgngle-ended voltage which is then fed into the
common-source stage conssting of M11, M5 and R8 followed by a common-drain
gsage consisting of M12, M6 and R9. The resisors R10 to R13 form the passive
feedback network and set the closed-loop gain of the entire system.

AC Response E

Gain {dB)

Phase (deqg)
un
o
(=]

106 107 108 10° 1010
frea (Hz)

Fig. 4.11 Closed-loop transfer function

Asseenin Fig. 4.11, the phase margin for the entire feedback system is46 degree,
which isadequate. Therefore, no frequency compensation is needed. Moreover, sSince
the selection of IF isfree, we can select the f,,, evencloserto f,,. toget alower IF,

e.g., 200MHz. By doing this, the stability problem isno longer a big concern.
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4.7 Overall layout

Fig. 4.12 Overall layout of the test chip

The overall layout of the test chip is shown in Fig. 4.12. The whole chip occupies
an area of 1030um x 730um. It corresponds to the floor plan in Fig. 4.4. The QVCO
lies in the center of the layout. The | and Q buffers are located at both sides of the
QVCO. The | and Q mixers are in between the QVCO and the single ended to
differential converter whose input comes from the GSG plane at the bottom. The
outputs of the mixers are fed into the differential filters and the differential to
sngle-ended converter, whose output is then connected to the
ground-signal-ground-signal-ground (GSGSG) plane for probing. Decoupling
capacitors are connected between the power supply and ground in order to rgect the

noise from the power supply.

4.8 Post-layout simulation result

The transient smulation result is shown in Fig. 4.13. The sgnals are taken at the

positive node of the 50Q load, which corresponds to the cable connection in the real
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measurement setup. The in-phase and quadrature signals are depicted in the plot. The
guadrature relationship is obtained. The intermediate frequency (IF) can be tuned by

the control over the frequency of the external source.

Fig. 4.13  Transient output waveform

From a supply of 2.5V, the QVCO core has atotal power consumption of 28mw.
The peripheral circuits consume another 131mW which adds up to a total power
consumption of 159mW for the whole test chip. A list of the power consumption of
each block is shown in Table 4.2. The tuning curve is shown in Fig. 4.14. With a
tuning range from 0.5V to 2.3V, atuning range from 53GHz to 59GHz is achieved.

Table 4.2 Power consumption of each block

Q-VCO 28mw

Buffers*2 7.5mW*2

IF Mixers*2 10mw*2

Diff. filter and diff. to Sngle-ended converter 23mW*2
Single-ended to diff. converter 50mw

Total power consumption 159mwW
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Tuning Curve
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Fig. 4.14  Tuning curve

The phase noise and phase error plot are shown in Fig. 4.15 and Fig. 4.16
respectively. Within the range of carrier frequency from 53GHz to 59GHz, the phase
noise is better than -75dBc/Hz at IMHz offset from the center frequency. The phase

error across the entire tuning range is within 4.27 degrees.
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Fig. 4.15 Phase noise plot
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Fig. 4.16 Phase error plot

A summary of the performanceisshown in Table4.3. The layout parasitic mainly
has an impact on the quadrature accuracy and phase noise performance. Iterations of
the layout have been conducted in order to avoid the unwanted beat tone stuation
discussed in section 4.1. Thisisat the cost of a poorer phase noise since the lengths of
interconnect are deliberately modified. Consequently, unwanted additional parasiticis

introduced which deteriorates the phase noise.

Table 4.3 Performance summary

Specs Targeted Achieved(with paragtic)
Fosc(GH?2) 57-63 53-59
Tuning range 10% 10.7%
Phase noi se(dBc/Hz) <-80 @1MHz offset <-76 @1MHz offset
Quadrature error <3°(IRR>35dB) <4.27°
Pdiss(mw) Aslow asposshle 28 for the QVCO core, 145 for
the whole chip
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Chapter 5 Summary and future work

5.1 Summary

This theds presents the design and implementation of a quadrature
voltage-controlled oscillator in the 60GHz band. The 60GHz QVCO is designed in a
0.13um BiCMOS process provided by STMicroelectronics.

The LC-VCO topology is clearly the choice due to its better phase noise
performance than the relaxation oscillators. A Colpitts-based VCO is adopted for its
easy Sart-up condition. Some unique modifications are made to enhance the
performance of the QVCO. The “cross-coupled” differential Colpitts oscillator is
proposed to further ease the start-up condition. The extremely low quality factor of
the varactor at high frequencies (Q =~ 2 at 60GHz) affects the phase noise
performance of the QVCO. To generate quadrature outputs, coupled VCOs are used.
In the proposed design, series coupling is used in the sense that the differential output
of the I-VCO is connected in common phase with the switching pair of the Q-VCO,
while the output of the Q-VCO is fed back to the switching pair of the I-VCO. The
switching pair takes the place of the current source which is in series with the
trangstor in the Colpitss VCO core. By doing this, a 180 degree phase shift is ensured
within the loop consisting of two VCO cores. Therefore, a 90 degree phase shift is
expected if the two VCOs are identical. A nicely matched physical layout is therefore

of importance in the design to ensure good phase noise and phase error.

With all the endeavors, a consderably high tuning range is achieved. With a
tuning voltage from 0.5V to 2.3V, a 10% tuning range is achieved. The phase noiseis
inferior (<-76dBc/Hz @1MHz offset) due to the low quality factor at high frequency
(Q=2 at 60GHZz). The power consumption isonly 28mW for the QVCO core, making
it easy to be integrated into a phase lock loop in the future. The whole design has been

submitted for fabrication and will be measured in due time.
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5.2 Comparison with literature

Itisalso interesting to compare the performance of the proposed design with the
date-of-the-art design. To take all theimportant metrics of a VCO into account, the

following figure of merit (FOM) isusually used[21].

fOSC 2 1
FOM = (Tf) L(ADP gics (5.1)

In which f,,. is the center oscillation frequency, Af is the offset frequency
away from the center frequency, L(Af) is the phase noise at Af offset frequency,
Pjiss 1Sthe DC power dissipation of the VCO. Table 5.1 shows a summary of the
proposed design and the comparison with smilar designs reported in the recent
literature. As evident from the table, the tuning range (10%) is among the highest of
al the candidates, covering a whole band of 6GHz. However, the phase noise is
inferior due to the low quality factor of the varactor at high frequency. The power
consumption is average for a BICMOS implementation. The overall performance is
acceptable consdering the fact that it is the only quadrature VCO while the other
VCOs are single phased.

Note that the result is from smulation only. The performance of the real chipis
expected to deviate from the smulated results. The operating frequency band might
shift downwards due to the incomplete modeing of the parasitics from the inductor.
This can be improved by sdecting a smaller value for the inductor therefore pushing
the frequency band back to the desired region. The tuning range will not see a
dramatic change. Phase noise is vulnerable to mismatch and layout parasitic and is
mostly prone to be affected. This can be improved by increasng the current to
increase the carrier signal power. Since the thermal noise stays congtant, increasing
the signal power equivalently enhances the signal to noise ratio. A more symmetry
layout also helps. Increasing the quality factor of the tank by applying shield to the
substrate, which isindeed done in literature [22], is also a good approach to improve

the phase noise.
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Table 5.1 Comparison with literature

Ref Process fosc Tuning | Phase Noise Piss FoM
[GHZ] | [%] [dBc/HZ] [mW] | [dB]
[22] 90 nm CMOS 60 0.17 -100@1MHz 19 192.8
[23] | SGeHBT 98 3.3 -85@1MHz 60 167.0
[24] SiGeHBT 85 2.7 -94@1MHz 25 178.6
[25] INPHBT 108 2.6 -88@1MHz 204 165.6
[26] 130nm CMOS 90 24 -105@10MHz 155 172.2
[27] 130nm CMOS 114 21 -107.6@10MHz | 84 179.5
[28] 0.12u SOI CMOS | 44 9.8 -101@1MHz 7.5 184.9
[29] | 65nm SOI CMOS | 70.2 9.55 -106@10MHz 5.4 175.4
[30] SiGeBiCMOS 52.5 26.5 -108@1MHz 132 189.6
[31] 65nm CMOS 60 10.5 -81@1MHz NA 162
[32] | 130nmCMOS 59.1 10.2 -91@1MHz 3.9 181
This | 130nm BiCMOS 60 10 -88@1MHz 28 1711
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It should be noted that [22] achieves the highest FOM by the use of an on-chip
resonator with artificial dielectric in place of the LC tank which yields reduced
metal/substrate losses therefore a higher resonator Q isobtained. A push-push VCO is
described in [25], which alleviates the demand for high Q factor therefore achieving a
high FOM. In [28] and [29], silicon-on-insulator (SOI) technology is used to reduce
the substrate losses. Consequently, a high Q factor can be achieved. In [30], a very
high FOM is achieved by the use of an array of capacitor which getsrid of the low-Q
varactor. In addition, a frequency selector using loop-ground transmission line is used
which further increases the complexity of the circuit. The Miller capacitancesin [31],
which serves as the frequency tuning component has a ssmulated quality factor of 6,
three times as high as the Q factor in this technology. In[32], differential shielded
transmission lines are used for a high-Q inductor solution, together with a smulated

average varactor Q of 10.

5.3 Future work
The phase noise can be improved by increasing the quality factor of the tank. The

tank quality factor is mainly limited by the varactor. Future work can be focused on
finding a better tuning mechanism without the use of the low-Q varactor or a better

implementation of the varactor. An advanced technology is also a possi bl e approach.

Some improvements can be expected for the peripheral circuits such as the
differential to single-ended converters and IF mixers so that a higher bandwidth

(around 5GHz) and a lower power consumption can be achieved.

Thisthesisinvolves the design and implementation of a 60GHz QVCO. The next
gep isto integrate thisQV CO into a QVCO-based phase lock loop (PLL) to complete
itself as an integral component of the radar syssem. Based on that, the direct digital
synthess (DDS) techniqgue might also be included for frequency modulated
continuous wave (FMCW) radar application.
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Appendix A  Selection of the component values for the LC tank

&D,L

Vtune

|

Cl

—

Ibias

Fig. A.1Proposed cross-coupled Colpitts oscillator

As discussed in Chapter 3, the proposed topology is an enhanced version of a
conventional Colpitts oscillator. So let’s first consder the conventional Colpitts
oscillator core shown in Fig. A.1 to gain some insights on deciding the LC tank

component values. The oscillation frequency is given by:

A — (A1)

C1xCp
L(C1+C2+CV)

In order to obtain a relatively large tuning range, we would like to make C,,

which is the tuning knob, bigger than % Therefore, we make the presumption in
1 2

A.2. Also, this gives us a hint for the selection of the capacitors, C; is chosen to be
the minimum value available in the technology, which is 30fF, C, is therefore
chosen to be 150fF to give a considerably high boosting factor for the sart-up

condition while maintain a good phase noise performance[13].

C, >Cy,Cy >C,y (A.2)
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Every passve component has a finite quality factor which is reflected in the
series resstance of it. The equivalent conductance of the varacor, two capacitors and

inductor can be calculated. The targeted operating frequency is 60GHz.

2

Rveq = 5c.qr Gvea = Rueq (0Cyeq)? (A.3)
Reteq = ﬁ, Ge1 = Reteq (‘DCCLeq)Z (A.4)
Rezeq = ﬁ Gez = Rezeq (WCezeq)? (A.5)
Ri,eq = 55 6L = (EE;Q)Z (A.6)

wCy wCq wCy 1 (A7)
2Qv  2Qc1  2Qyc2  wLQg '

GTI( = Gv,eq + GCl.eq I GCZ,eq + GL,eq =

As shown in Chapter 2, the quality factor of the varactor isthe lowest among all
the passve components and given the presumption A.2, we can safdy neglect the

second term in equation A.7. Therefore, it reducesto

_wC , 0wl 0l 1 G 1 1 (0’lC, | 2 _
G = 20, 200, M2, Tote ¥ 20, T retar ZmL( Qv QL) -
1 Cv Ty (L 2y L1
ﬁ((cv+c1||c2)Qv + QL) ~ 20l (QV + QL) 20L Q, (A-8)
The quality factor of thetank is given by
1 1 1 1 1
—=—4+—4+—= = A.
Q Qv + Qc + QL Qv ( 9)
The noise voltage contribution of the LC tank is given by:
Sic = 4KTGrg |Z(wg + Aw)|? = 4KTGryx ——— o ( )2 = Qz (‘”0)2 (A.10)
TK

Denote the active part contributes A times as much as the LC tank, the typical
value of A ranges from 3 to 7, let’sassume A=5 in this case. The noise contribution

from the active part is given by:
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Sap = ASc = AG QZ Cwol (A.11)

The phase noiseistherefore given by:

1Sic+Sap _ (1+A)KT
22 —
2 vs/, Grg Q2v?

L(Aw) = (2)—3)2 (A.12)

where v, isthe peak amplitude of the differential oscillation voltage seen across
the LC-tank and we assume v, =0.4V. From A.12, we can aready tdl that any

increasein Grg, Q or signal amplitude will improve the phase noise performance.

From the phase noise and signal swing requirements, we can get

1+A)KT -

L(1MHz) = Q)Z (9?2 <1078 (A.13)
From A.14, we can write
1 1 6kT 60%10°
Grx ~ 50iq. 2 2 2(1 106) * 108 = 14mS (A.14)
1

= o006 = 94.7pH (A.15)
— 22 > 4ofF (A.16)

VT 2L 4Gy

This gives us a rough estimation for the selection of the passive component
values. Note that in the above calculation, a fixed quality factor for the varactor is
assumed. However, the quality factor of the varactor is a function of many design
variables such as the finger numbers, the length and width of the fingers. Iterations
need to be performed to convergeto a realistic result. Last but not least, modifications
are needed for the component values based on the post-layout s mulation results since
the paragitic capacitance will reduce the operating frequency, phase noise and tuning
range. The selection of biasng current and trang stor size, on the other hand, is based
on an overall consderations and trade-offs of f... Vversus biasing current, noise

factor, signal swing at the LC tank, phase noise, €tc..
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