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THERMAL ANALYSIS OF CMOS VOLTAGE-CONTROLLED OSCILLA TORS

Maciej Frankiewicz, Andrzej Kos
AGH University of Science and Technology, Departh@rElectronics

Abstract. The paper presents impact of chip temperaturerequincy generated by Voltage-Controlled Oscillstdthree different CMOS structures have
been tested. Resonant cross-coupled oscillator designed and fabricated in AMS 0.3Bn (3.3 V) technology and has at ambient temperature
the frequency range from 2.2 to 2.5 MHz. Two diffiéring oscillators were designed in UMC 0,48 (1.8 V) technology and have at ambient tempegatur
the frequency range respectively from 0.6 to 2.8zGid from 0.4 to 1.9 GHz. All circuits were desigrusing full-custom technique. Influence
of temperature to tuning range and power consumgtias been investigated.
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ANALIZY TERMICZNE GENERATOROW PRZESTRAJANYCH NAPI ECIEM

Streszczenie. Artykut przedstawia wplyw temperatury na dziatageneratorow przestrajanych napiem VCO. Przebadane zostaly trzymé struktury
uktadow CMOS. Generator rezonansowy zostat zapmjelny i sfabrykowany w technologii AMS 0435 (3,3 V) i w temperaturze pokojowej generuje
czestotliwasci z zakresu od 2,2 do 2,5 MHz. Dwa odmienne gémgraiericieniowe zostaty zaprojektowane w technologii UMGB@m (1,8 V) i generyj
czestotliwaici z zakresu odpowiednio od 0,6 do 2,8 GHz orazO@d do 1,9 GHz. Wszystkie uklady zostaty zaprojekde technik full-custom.
Przetestowane zostato oddziatywanie termiczne kieegarzestrajania oraz pobdr mocy generatoréw.

Stowa kluczowe VCO, uktady rezonansowe, generatory fi@niowe, CMOS, temperatura

Introduction frequency but they cover big area of the chip which
can be a problem for some applications. Presentactsre consists

Work of every circuit depends on its temperaturd. [5 of 4 PMOS and 3 NMOS transistors. Resonant circuit

This impact is very important in case of integrat&duits where all  is built of a spiral metal geometry which works as inductor L,

elements are in the same silicon die and few el&ngissipating a capacitor between two polysilicon layersofst and two

large amount of power can influence big numbervaractors Gag.

of other elements. Because of that reason desigmass take into Schematic diagram is presented in Fig. 1 [3, 6fe#@th moment

account thermal aspects of circuit work. only one arm of the circuit is working and chargirige
Temperature dependence is especially significanttofa LC circuit. Frequency generated by the structuregeal (1) and

in designing Temperature-Controlled Oscillators (TCOis these C represents combination of constant capacitanggyds and

structures Voltage-Controlled Oscillators (VCOs) aneed by the variable one Gag. In order to maximize tuning range part of the

signal from temperature sensors. If frequency predu capacity coming from varactors should be more irgpar1].

by generator is tuned by the chip temperature thkefehaviour

of generator itself must be known. Favorable situatis when

generated frequency changes with temperature moicatty, then VDD? VD‘;T
this change can be predicted and included to depigress. aal |
If so three cases are possible: M| 1
« frequency rising with temperature growth — gengrdligher Mo

clock frequency means higher dynamic power losseshée ‘

circuit and as a consequence higher die temperature MZJ}—><—{_M‘

Such positive feedback is undesirable effect andstrmhe

compensated, .
« frequency constant with temperature growth — vene reffect MM

when generator work does not depend on thermalitbons, Vourio———¢ ||Ceoxst O Vour:

but can be obtained in some situations what willpbesented I

in next sections, K}
« frequency falling with temperature growth — effet#sirable Cvars Cvarz

in most of Dynamic Power Management (DPM) systerhihv Vexr©

can be combined with other methods, for example aiyin M}

Frequency Scaling (DFS) or Dynamic Voltage Sca(lbyS). L e | ”“'“'O—{ o

M+ | | Ms
Another important issue is impact of temperatureptiwer f 1

consumption of the generator.

In next sections three different CMOS generatorssg 1. schematic diagram of the resonant VCO
will be described. First is LC cross-coupled stroet@nd next
are two ring oscillators. Resonant circuit was feded and tested
in thermal chamber while in case of ring oscillat@imulation f = 1 (1)
results are presented. Some temperature depenslencie o~ 2m/LC
will be defined. Obtained results can be helpfut ngineers

in designing TCOs or temperature-independent georstat Measurements in thermal chamber showed that freguen

. generated by resonant VCO is not constant with aksmon§the chip
1. Resonant oscillator temperature. Rising temperature caused higher frEyue
of oscillations. This can be only result of changé4.C elements
Resonant cross-coupled generator was designed bridated  parameters. Change of the transistors parameters vigitsle
in AMS 0.35um technology with 3.3 V supply voltage. LC circuits as smaller amplitude of the oscillations at hottéip. Tuning
are widely used because of low phase noise and higtharacteristics of resonant VCO at different temipees
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are presented in Fig. 2. At higher temperaturedlatsons started
fading. The shape of the characteristic is causedhk change
of varactors capacity and is nonmonotone. Usefu pfit which
can be took under consideration while designing tieuit
is o rising range from about 1.1 to 2.3 V. Tempa@atdependence
of this part will be investigated in next partstioé paper.

Tuning parameters of presented VCO are gatherechioteTl.
For low and medium temperature relative
is approximately constant an equals 11 to 13% whitehigher
temperatures it starts to drop below 10%. At thmesdime range
of tuning voltage is getting narrower with risingmperature and
as a consequence the characteristics are more $taseffect must

tuning eang

For constant tuning voltage characteristic of terapse
dependence of generated frequency can be plottég, ¥
This dependence is a linear function and can berithes by (2)
based on knowledge of frequencyTA at ambient temperature

Ta= 20°C, wherar and yare proportionality coefficients.

f=y{f, +aT) )

In presented casg~ 0.677 anda ~ 0.116 MHz/°C. This data
can be used to calculate frequency generated Isgipied oscillator
at every chip temperature without necessity of tholehl
measurements.

2. Ring oscillators

Ring oscillators were designed and in UMC Qub8
technology with 1.8 V supply voltage. The structaomsists of odd
number (2n-1) of inverters connected in series, passented

be taken into account when designing VCO working
at non-constant temperature of the chip.
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Fig. 2. Tuning characteristics of the resonant Vio©different temperatures

Table 1. Parameters of the resonant VCO for difietemperatures

o Tuning range Relative tuning range
Temperature [°C] [MHz] %]
15 0.244 11.84
20 0.278 13.11
30 0.282 12.16
40 0.291 11.88
50 0.228 8.60
60 0.238 8.50
70 0.278 9.42
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Fig. 3. Temperature dependence of frequency geeiat the resonant generator
for constant tuning voltage (1.6 V)

in Fig. 4 [4]. Such circuit generates square wavefrequency
described by (3). This frequency can be tuned lapgh of number
of invertersN in the ring or by change of single inverter progtamn

timetp.

f= 1 3)
2Nt,

Designed circuit consisted of five CMOS inverters ickh
propagation time was controlled by change of teapply voltage.
Lowering the supply value changes the time of regihg the
parasitic capacitances of the structure and caesexing of the
oscillation frequency. For too low supply the dstibns will fade.
Obviously on the output of the ring there has tabether inverter
with constant supply which acts as a buffer fobletamagnitude
of output wave. Tuning characteristic of the ringcitator
for different temperatures (from 10 to 90°C with @0%tep)
is presented in Fig. 5. Direction of temperaturange is also
marked.

SN

Fig. 4. Schematic diagram of the ring oscillator
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Fig. 5. Tuning characteristics of the ring oscitdatfor different temperatures
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Thermal behaviour of the ring oscillator is quitenplex issue.
With change of the temperature parasitics change dso
the carriers mobility changes (which affects cutsgnAs an effect
the direction of the characteristic change is nobnatone.
What is more, for higher temperatures the tunimgeais narrower.
Tuning ranges for different temperatures are gathén Table 2.
Despite the fact that they are getting narrowehwémperature
growth, they are still much larger then in caseesbnant oscillator
which is a great advantage of such ring oscilldor. higher control
voltages the generated frequency is getting smaitbrtemperature
growth. Such situation is desired for Dynamic PoMamagement
systems to ensure thermal safety of the circuit
On the other hand at low control voltages the feeqy is slightly
rising. Special attention has to be paid to thigae while designing [
the circuit. Between them there is a single poinaladut 0.93 V
where generated frequency is independent on temopera °%s 09 1 11 12 13 14 15 16 17 18
This information is very useful when integratedcuit designer Control voltage [V]
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wants to implement stable oscillator in the circwith changing
thermal conditions. In such situation presented wscillator with

proper control voltage can be used. Dependenceeketgenerated

frequency and temperature for three different aintroltages

Fig. 7. Dependence of total power consumption wdthtrol voltage change of the ring
oscillator for different temperatures (10°C - t&5°C; 50°C; 90°C - bottom)

Because of power consumption minimization usageirafiic

is presented in Fig. 6. Every presented curveguré below can be other than inverter in ring oscillator structure gessible [2].
described by (2) because they are linear but feryetemperature For this reason five stage ring oscillator basedCdhOS XNOR

the coefficientar and ywould differ.
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Fig. 6. Temperature dependence of frequency geedrdty the ring oscillator
for constant tuning voltage (1.1 V - top; 0.93 Middle; 0.8 V - bottom)

Table 2. Parameters of the ring oscillator for éiint temperatures

Temperature [°C] Tuning range [GHz] Relative[(t)/L:Fing range
10 2.286 80.21
20 2.231 79.56
30 2.178 78.94
40 2.127 78.28
50 2.078 77.68
60 2.030 77.04
70 1.984 76.43
80 1.940 75.84
Another important feature is relation between

consumption of the generator and temperature.diusial because
too high power dissipated in the circuit can casiské-heating and
further changes in circuit behavior. Fig. 7 presemathered
maximum power dissipated in the circuit in depemgeaf control
voltage for different temperatures. Presented wahre maximum
ones, which can be observed only in short momenthanging the
inverters state. Shape of the figure is tightly rested to tuning
characteristic. Faster work of the circuit meanghbr power
consumption.

power

gates was implemented in UMC 0.18 technology. Schematic
of such gate is presented in Fig. 8. When onemitiof the XNOR
gate is connected to the ground the circuit behdkesan inverter
but without having direct path between supply anougd which
results with power consumption decrease.

T
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Fig. 8. Schematic diagram of the CMOS XNOR gate
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The circuit Works very similar to previous one. Tsrature
change of tuning characteristic, presented in %igs also not
monotone — generated frequency is falling with terafure growth
at higher control voltages and increasing with lowmntrol
voltages. The thermally stable point of the chamastic is about
0.9V and 585 MHz. This dependence is clearly sieefrig. 10.
Tuning range is slightly smaller than in invertexsbd structure and
getting narrower for higher temperatures but stilich larger than
in resonant structure. Values of tuning ranges dhiiferent
temperatures for XNOR ring oscillator are gatheredable 3.

Generated frequency [GHz]

06 08 1 12 14 16 18
Control voltage [V]

Fig. 9. Tuning characteristics of the XNOR ringibator for different emperatures
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Fig. 10. Temperature dependence of frequency gesttly the XNOR ring oscillator
for constant tuning voltage (1.1 V - top; 0.9 Viddbe; 0.8 V - bottom)

Table 3. Parameters of the XNOR ring oscillator different temperatures

Temperature [°C] TurElggzr]ange Rerlg:llgz t[(lf/;}'ng
10 1.536 79.30
20 1.498 78.68
30 1.462 78.06
40 1.426 77.42
50 1.393 76.83
60 1.360 76.23
70 1.329 75.64
80 1.298 75.03
90 1.269 74.47

Shape of the XNOR ring oscillator current consumptio
characteristic, Fig. 11, is similar to inverterbds case.
The difference is that while using XNOR gates theuit is less
power-hungry which means smaller heat dissipationl #ss
problems with self-heating of the structure. Fds tteason usage
of presented structure is favorable choice.
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Fig. 11. Dependence of total power consumption wihtrol voltage change of the
XNOR ring oscillator for different temperatures {€0- top; 25°C; 50°C; 90°C -bottom)

3. Summary

The paper presented thermal analysis of threerdiffeCMOS
voltage-controlled oscillators. Resonant cross-cedigtructure was
designed and fabricated in AMS 0.8& technology. Frequency
generated by this circuit is approximately lineadlycreasing with
temperature growth. The tuning range of LC oscitlasoslightly
narrower for higher temperatures. Two ring osaMlastructures
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(inverter- and XNOR-based) were designed
in UMC 0.18um technology. Thermal response of this structure
is not monotone. For higher control voltages thenegated
frequency is decreasing while for lower control tages
is increasing with temperature growth. There iggle point on the
tuning characteristic which is thermally independdiuning range
of ring oscillators is getting narrower for hightemperatures but is
a very large in comparison to resonant structurecaBse
of power consumption aspect the XNOR-based stracagems
reasonable choice in comparison to inverter-based o

Presented results will be used in authors workulidg design
of dynamic power management systems using voltagé&-daled
oscillators. Obviously, the precise values of pastars would differ
for each new design but the principles and directio
of characteristics change should stay the samea Assult the
presented measurements can be good referenceuog fuorks.
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