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ABSTRACT
The 1nvention relates to a voltage reference
source which 1s operable at a low voltage supply, e.g.
1.5V or lower, and allows for independent control of
the magnitude and temperature dependence of the
reference voltage. The source includes three
transistors connected 1n parallel balanced with five

resistors so as to provide the reference voltage in the
form: V, =mV,, + m,V, + V,, wherein V, is the reference

voltage, V,, 18 a base-emitter voltage of a transistor,

V: 1s a thermal voltage, and m, and m, are weight

coefficients whose absolute and relative magnitudes can
be varied. The sixth resistor i1s used for connection to
a positive voltage. Corresponding method of forming the

reference voltage 1s provided.
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VOLTAGE REFEENCE SOURCE

FIELD OF INVENTION
The 1invention relates to a voltage reference
source, and 1n particular, to the voltage reference

source operable at a low voltage supply, for example of

the order of 1.5V,

BACKGROUND OF THE INVENTION

For many microelectronics applications, it is
extremely desirable to have a voltage reference circuit
which would have a simple design and operate at a low
voltage supply, for example of the order of 1.5V.
Additionally, i1t would be desired for such a circuit to
provide the required voltage temperature dependence and
control 1t independently from the voltage magnitude.
Unfortunately, the existing voltage reference circuits
hardly satisfy the above requirements which clearly
identifies the need for further developments in this
area.

An object of this invention 1is to provide an

improved voltage reference source.

SUMMARY OF THE INVENTION
According to a first aspect of the invention there
1s provided a method of forming an output voltage,

comprising the steps of:
forming a first voltage V, which is proportional
to a base-emitter voltage V,, of a transistor (V,=m,7¥,,),

wherein m, 1s a first weight coefficient;
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forming a second voltage V, which is proportional
to a thermal wvoltage FV, of a transistor (V, = m,V,),

wherein m,1s a second weight coefficient;

adding first and second voltages to form the

5 output voltage V.

The method further comprises the step of selecting

the weight coefficients so as to provide the output

voltage having a predetermined magnitude and
predetermined function of the temperature.
10 Conveniently, the method comprises the step of

selecting the weight coefficients so as to control
magnitude and temperature dependence of the output
voltage independently. The weight coefficients may be
selected so as to provide the output voltage which 1is

15 1ndependent of the temperature, or alternatively, to
provide the output voltage which 1s an 1ncreasing or
decreasing function of the temperature. Advantageously,
it may be arranged that the increasing or decreasing
function of the temperature are linear functions.

20 To form the first voltage as a fraction of the
base-emitter voltage of a transistor, 1t can be

selected that the first weight coefficient 1s less than

unity, 1i.e. m,< /. For many practical applications it

may be selected that the output voltage 1s proportional

25 to a bandgap voltage, e.g. equal to a fraction of the

bandgap voltage, the bandgap voltage being typically
1.244V.

According to a second aspect of the 1invention,

there 1is provided a method of forming a reference

30 voltage, comprising the steps of:
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forming the output voltage V,, as defined above

according to the first aspect of the invention; and
adding a base-emitter voltage of a transistor V,,
to the output wvoltage V,, thus forming the reference

voltage V. =V _+V,,.

Conveniently, 1t may be arranged that the step of
forming the output voltage 1s performed so as to
provide that the output voltage 1s equal to a fraction
of the bandgap voltage.

According to a third aspect of the invention,
there i1s provided a voltage reference source,

comprising:

means for forming a first wvoltage V, which 1is

" proportional to a Dbase-emitter voltage V,, of a

€

transistor (V, = m,,,), wherein m, is a first weight
coefficient;
means forming a second voltage V, which 1is

proportional to a thermal voltage V, of a transistor

(V,=m,¥,;), wherein m, is a second weight coefficient;

means for adding first and second voltages to form

the output voltage V,,.

Preferably, the weight coefficients are selected
so as to ©provide the output voltage having a
predetermined magnitude and predetermined function of

the temperature. Conveniently, it may be arranged that

the weight coefficients are selected so that the
magnitude and temperature dependence of the output
voltage can be controlled 1independently, e.g. the
magnitude of the output voltage 1s determined Dby

absolute magnitudes of the weight coefficients, and the
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temperature dependence of the sgsource 1s controlled by
relative magnitudes  of the weight coefficients.
Depending on circult requilrements, 1t can be provided

that the output wvoltage 1s 1ndependent of the

temperature or has an 1ncreasing or decreasing function

of temperature, the function being preferably linear
functions.
To form the first voltage as a fraction of the

base-emitter voltage of a transistor, the first weight

coefficient should be less than unity, i1.e. m,< /. For
many practical applications 1t may be arranged that the
output voltage 1s proportional to a bandgap voltage,
e.g. equal to a fraction of the bandgap voltage.

Advantageously, the +voltage reference  source
includes three transistors only which are coupled 1in
parallel and balanced with a number of resistors. It
allows for a low voltage supply of the circuitry
because the lower limit of the wvoltage supply 1s
defined by only one base-emitter voltage which 1s
typically below 1V.

According to a fourth aspect of the i1invention
there 1s provided a reference voltage source,
comprising:

means for forming the output voltage V

oul

as
defined in accordance with the third aspect of the
invention described above; and

means for adding a base-emitter voltage of a
transistor V,, to the output voltage V, to form the
reference voltage V.=V _t+V,,.

According to a fifth aspect of the i1nvention there

is provided a voltage reference source, comprising:

e e e AT



10

15

20

25

30

CA 02303543 2000-05-18

d 12006RO

first, second and third transistors and first to
fifth resistors;

collector and base of the first transistor being
connected to the base of the second transistor and to a
through the first resistor to an output terminal;

collector of the second transistor being connected
to the base of the third transistor and through the
second resistor to the output terminal;

emitters of the first and third transistors being
connected to a negative voltage terminal directly with

gubmn

the emitter of the third transistor being connected to

the negative voltage terminal through the third
resistor;
collector of the third transistor being connected
to the output voltage terminal; and
fourth and fifth resistors being connected across
base-emitter  junctions  of the third and first
transistors respectively.
Additionally, the output terminal 18
connected to a positive voltage terminal through a
resistance means or through a current source.
Advantageously, the reference voltage source
1s operable at a low voltage supply, wherein the low
voltage supply 1s of the order of 1.5V and lower. The
voltage reference source circuilt includes three
transistors only connected 1n parallel and a number of

resistors.
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BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments o©of the invention will now Dbe
described, by way of example, with reference to the

accompanyling drawings in which:

FIGURE 1 1llustrates a voltage reference circuit

according to an embodiment of the invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

Figure 1 1llustrates a voltage reference source
100 according to the embodiment of the invention. It
comprises first, second and third NPN transistors 80 to
82, and five resistors 84 to 86 and 1 to 3. The
resistors are referred to as 1in the following manner:
the resistor 84 1s referred to as a first resistor, 86
as a second resistor, 85 as a third resistor, 12 as a
forth resistor, and 1 as a fifth resistor. The
transistor 80 has 1ts emitter connected to negative
voltage terminal or ground (0V), and 1ts collector
connected to 1ts base and via the resistor 84 to an

output terminal designated by line 88 on which the

circult produces a reference voltage' V.. The transistor
81 has 1ts emitter connected via the resistor 85 to
ground (0V), 1ts base connected to the base of the
transistor 80. The transistor 81 1s beling sized
relative to the transistor 80 to provide a current
density through the transistor 81 which 1s lower than
through the transistor 80, the ratio of current
densities being for example of about 8. The collector
of the transistor 81 1s connected via the resistor 86
to the 1line 88. The transistor 82 has 1ts Dbase

connected to the collector of the transistor 81, 1ts
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emitter connected to ground (0V), and its collector
connected to line 88. Resistors 1 and 2 are connected
across base-emitter junctions of transistors 80 and 82
respectively, and the resistor 3 is connected between
line 88 and a positive voltage terminal +V. The

reference voltage V, and voltage produced on the
resistor 86 referred to as an output voltage have
predetermined temperature characteristics and provide

independent control of the voltage magnitude as will be

described in detail below.

The circuit 100 operates in the following manner.

According to the Ohm's law, current i, through the

resistor 2 may be expressed as follows:

iZ:Vbe82/R2 ( 1 )

wherein R, is a magnitude of the resistor 2 and V,,, is a

base-emitter voltage of the transistor 82. Accordingly,
a Ifirst voltage V, defined as a voltage drop on the

resistor 86 produced by the current i, is equal to:

Vi =1,Res = (Re/R5) Vies: = M, Vves: (2)

wherein Ry 1s a magnitude of the resistor 86, and m, is

e
p—

ficient.

a first weight coe:

Derivations of a second voltage V,, defined as a

voltage drop on the resistor 86 produced by current i,
which flows through the transistor 81 and resistor 85,

can be performed 1n the following manner.
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It 1s known that a collector current of a bipolar
transistor may be expressed as follows (see, e.g. a
textbook "Microelectronics Circuits" by Adel S. Sedra

and Kenneth C. Smith, Oxford University Press, 1991)

D
i =i Aexp(V,,/V,) (3)
wherein i, 1s a constant called a saturation current, V,
1s a thermal voltage, 4 is an emitter area, and V,, is a
voltage between the base and emitter.

10 Accordingly, applying equation (3) to transistors
80 and 81, we obtain expressions for corresponding
collector currents of the transistors:

lgo = JfssAao exp(VbeSO /VT) (4)

15 loy = Iy Agy €XP(Vypin) / V7 ) (5)
wherein A,, and A4;, are areas of transistors 80 and 81
respectively, and V,, and V,, are corresponding
voltages between their bases and emitters.

20 Dividing equations (4) and (5), we may find the

ratio of currents flowing through transistors 80 and 81

| / \
1.8_0 _ Ay exp VbeS(_) — Viers (6)
g A‘Bl \ VT y,

25 and the difference between their base-emitter voltages

[ . h
Vieso — Vies: = V7 In 1.80 it (7)
I8 Aeo/

A Rt M T AT a4 RN A N BRI 1 M 14 bt ) 48-€ 05 LMRA ) WREHRIMIIILEEY 1+ {60 1346 B4 Y rdon ' AL AYEH A 1 RS B 30 LY 1 0 Tt L G T e reedy A M ol MR W LSRR A e 0] Lo 4 R IR LR SARLAN U {4 COMMAATHIRNIFIR T TR e et Shriam s Sppdnesheses weed e e wfie meete :



CA 02303543 2000-05-18

9 12006RO

The expression of equation (7) equals to a voltage on

the resistor 85, i.e. V=V, -V, . .

Accordingly, current flowing through the resistor 85

and transistor 81 may be found as

S
(. )
VT ln 1.80 AS]
_— 81 As(}/
181 o (8)
RSS
Now 1t 1s easy to find the second voltage ¥V, which is
produced by current i; on the resistor R,,:
_ | \-
, R
10 V,=i,R, = | ln(z_g-‘l A Ve = m, V. (9)
_.Rss Iy Agg J |

wherein m, =

Ry h{fs_o Ay
Rss i81 Aso y,

Accordingly, the output voltage V,,equal to the voltage

15 drop on the resistor 86 has two components V, and V, and

may be expressed as
Voe = Vs =V, + V,=m, Vb382'+m2 Ve (10)

20 It is known that base-emitter voltage of a transistor
decreases with the temperature, while thermal voltage
has an increasing dependence with the temperature. As

follows from equation (10), by proper selection of the

weight coefficients m, and m, it is possible to control
25 temperature dependence of the output voltage and its

magnitude. Conveniently, 1t may be arranged that the

P SRS R ] 003000 AN AN it e s e o4 ot LA A NI 4 W 1 LS NI LA T N AT A A 03 R TN YR, 144 e e 104 00 Dt P LA THI LIS 4 vat i 100 A Lo S R MR e RGBT H 1 e b tima i v e e e e
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output wvoltage 1s equal to a fraction of a bandgap

wherein &£ 1is a scaling

out g7
coefficient and V,, is bandgap voltage.

Resistor 1 1s requlred to control the current
flowing through the resistor 84 and to provide balance

of currents 1in the circuit 100. It 1s reqguired that

voltages on the resistors 84 and 86 be equal, which

means that resistors 1, 2, 84 and 86 would satisfty the

following proportion R,/R,~=R,/R, For example, it can be
arranged that Ry ,=R;, and R,=R,.

The reference voltage V, 1s formed by adding

y

another base-emitter voltage /V,, to the output voltage

V

out’

thus providing the required biasing voltage that

1s widely used 1in microelectronics applications:
Ve =Vour T Viesz (11)

Similar to the above discussion with regard to the
output voltage, the magnitude and temperature
dependence of the output voltage can be controlled
independently by proper selection of absolute and

relative values of weight coefficients. Conveniently 1t

may be arranged that V,=kV,, + V,s, 1.e. the reference
voltage is a fraction of the bandgap voltage plus one
base-emitter voltage, the voltage which 1s required for
biasing purposes.

In modifications to the embodiment of the wvoltage
reference source described above, the circuit may
comprise different types of transistors, e.g. MOSFET,

FET hetero-junction or any other known transistors. The

ot wranqferombeleub mawwmmww--'-mm--mhl'm*OWWWM"Mlmmmm WMNMIMW:M“W“WWWWWWMM“W‘*'WM“MWN’-fMJv‘v-w- Jiheet by edentude A L et . "
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first to fifth resistors may comprise a combination of
resistors, or alternatively any other semiconductor
devices having resistance. The sixth resistor
designated by reference numeral 3 may be replaced with
any known resistance means or a current source.
Advantages of the embodiment of the present
invention are as follows. The circuit described above

has simple design, occuples less area compared to other

known reference wvoltage circuilts and correspondingly

dissipates less heat and consumes less power. Due to
the use of a minimal number of transistors, which are
connected 1n parallel, the circuit is operable at much
lower voltage supply than other known circuits, e.g. of
the order of 1.5V or lower. Additionally, i1t provides
an 1ndependent control of the magnitude of the
reference voltage and 1ts temperature dependence.

Thus, 1t will be appreciated that, while specific
embodiments of the 1nvention are described 1in detail
above, numexrous variations, combilinations and
modificationse of these embodiments fall within the
scope of the 1invention as defined 1n the following

claims.

1At s b g i ] LR IO TR 4 14 a4 et s e e DRI R - ot H et s e T A 4R ) R I AICHRM I A 18 ey ras Ay TSl ey e s ety ememt b '
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WHAT IS CLAIMED 1S:

1. A method of forming an output voltage,

comprising the steps of:

forming a first voltage V, which 1is proportional
to a base-emitter voltage V,, of a transistor (V,=m,,,),
wherein m, is a first weight coefficient;

forming a second voltage V, which 1s proportional

to a thermal voltage V, of a transistor (V, = m,V;),

wherein m,is a second weight coefficient;

adding first and second voltages to form the

output voltage V_,.

2. A method as defined in c¢laim 1, comprising

the step of selecting the weight coefficients so as to

provide the output wvoltage having a predetermined
magnitude and predetermined function of the
Cemperature.

3. A method as defined in claim 1, comprising

the step of selecting the weight coefficients so as to
control magnitude and temperature dependence of the

output voltage independently.

4. A method as defined in claim 2, comprising
the step of selecting the weight coefficients so as to
provide that the output voltage is 1independent of the

temperature.

o d 1wl A rmd AT A W



10

15

20

25

30

CA 02303543 2000-05-18

13 12006RO

5. A method as defined 1in claim 2, comprising
the step of selecting the weight coefficients so as to
provide that the output voltage 1s an 1ncreasing

function of the temperature.

6 . A method as defined in claim 2, comprising
the step of selecting the weight coefficients so as to
provide that the output voltage 1s a decreasing

function of the temperature.

7 . A method as defined in claim 5, wherein the
step of selecting the weight coefficients comprises
selecting the coefficients so that the 1ncreasing

function of the temperature i1s a linear function.

8 . A method as defined in claim 6, wherein the
step of selecting the weight coefficients comprises
selecting the coefficients so that the decreasing

function of the temperature 1s a linear function.

9. A method as defined in claim 1, comprising

the step of selecting m,</.

10. A method as defined in claim 1, comprising
the step of selecting the weight coefficients so as to
provide that the output voltage 1s proportional to a

bandgap voltage.

11. A method as defined in claim 10, wherein the

step of selecting the weight coefficients comprises

Pt sl Ca ki S Mmm«w:v’»--l&mmﬁ-rm:'ufutimw!mmmmwmwwuwwunmqmmv.uwmwmwuimmmmunmlmwmnmn T waeacrmppernerveorergrpprer CRE T PSRRI L L R R i T el LR S Sl ELLEE ol Sl o th o it A :
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selecting the coefficients so that the output wvoltage

10

15

20

25

30

1s a fraction of the bandgap voltage.

12. A method of forming a reference voltage,

comprilising the steps of:

forming the output voltage V, , as defined in claim
1: and

adding a base-emitter voltage of a transistor V,,

to the output voltage ¥V, thus forming the reference

voltage V.=V _+V,,.

r

13. A method as defined in c¢laim 11, wherein the

step of forming the output voltage 1s performed 1in

accordance with claim 11.

14. A voltage reference source, comprising

means for forming a first voltage FV, which 1is
proportional to a base-emitter voltage FV,, of a
transistor (V, = m,¥,,), wherein m, is a first welght
coefficient;

means forming a second voltage V, which 1is
proportional to a thermal wvoltage V, of a transistor
(V,=m,¥;), wherein m, is a second weight coefficient;

means for adding first and second voltages to form

the output voltage V,,.

15. A source as defined in claim 14, wherein the
weight coefficients are selected so as to provide the

output voltage having a predetermined magnitude and

predetermined function of the temperature.

R S wmmm_“‘mm“;,,‘wamm!wmwmw,mmmnw.mwmwmmmmmw”dmwuamwﬂWmmmmummam-wmm ---------- CplidN A R e e ees s



10

15

20

25

30

CA 02303543 2000-05-18

15 12006RO

16. A source as defined in claim 14, wherein the
welght coefficients are selected so as to control

magnitude and temperature dependence of the output

voltage i1ndependently.

17. A source as defined in claim 15, wherein the
magnitude of the output wvoltage 1s determined by

absolute magnitudes of the weight coefficients.

18. A source as defined in claim 15, wherein the
temperature dependence 18 controlled by relative

magnitudes of the weight coefficients.

19. A source as defined i1in claim 15, wherein the
welght coefficients are selected so as to provide that

the output voltage is 1ndependent of the temperature.

20. A source as defined in claim 15, wherein the
welight coefficients are selected so as to provide that
the output voltage 1s an 1increasing function of the

tCemperature.

21. A source as defined in claim 15, wherein the
weight coefficients are selected so as to provide that
the output voltage 1is a decreasing function of the

temperature.

22. A source as defined in claim 20, wherein the
weight coefficients are selected so that the increasing

function of the temperature is a linear function.

R TR Y A v P ML AR AT AL alGrks 478 A et 33 A 0 DN L4 51 WA O B LDEEH NI LRI 0 a4 AR TR - [STTHE TR s S L e YT T IPTRTC P VP RTITPT TS TTRRTIRT et oT P TRRe PRV TTPR I VRRSPRT - e o e L T Ll o i S T ©
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23. A source as defined in claim 16, wherein the
welight coefficients are selected so that the decreasing

function of the temperature is a linear function.

24. A source as defined 1n claim 14, wherein m,<

25. A source as defined 1in claim 1, wherein the
10 weight coefficients are selected so as to provide that
the output wvoltage 1s proportional to a bandgap

voltage.

26. A source as defined i1in claim 25, wherein the
1> weight coefficients are selected so that the output

voltage 1s a fraction of the bandgap voltage.

27. A source as defined 1in claim 14, comprising

three transistors only.

20
28. A source as defined 1in claim 27, consisting
of three transistors connected 1n parallel which are
balanced with a number of resistors.
23 29. A source as defined in claim 28, wherein the

total number of resistors is siXx.

30. A reference voltage source, comprilising:
means for forming the output voltage V, as

30 defined in claim 1; and
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means for adding a base-emitter voltage of a

transistor V,, to the output voltage V

ot

to form the

reference voltage V.=V _+V, .

31. A reference voltage source as defined 1in

claim 30, operable at a low voltage supply.

32. A reference voltage source as defined 1in

claim 31, wherein the low voltage supply 1s of the

order of 1.5V and lower.

33. A reference voltage source as defined 1n
claim 30, comprising three transistors only connected
in parallel which are balanced with a number of

resistors.

34. A voltage reference source, comprising:
first, second and third transistors and first to
fifth resistors;
. collector and base of the first transistor being
connected to the base of the second transistor and to a
through the first resistor to an output terminal;
collector of the second transistor being connected
to the base of the third transistor and through the

second resistor to the output terminal;

emitters of the first and third transistors being
connected to a negative voltage terminal directly with
the emitter of the third transistor being connected to

the negative voltage terminal through the third

resistor;

Vit e = A= M AR 1 S Gt Wk u:mﬂmw:ﬂammmmnmmmmwmﬂwm'WWM-MWW«“Wmwmwmammmwmwxmmm-ﬂn»ammmmmmw«mmawmmmfwm A e ' '

2 CoLRRT R Nl o e ol TS | "



CA 02303543 2000-05-18

18 12006RO

collector of the third transistor being connected
to the output voltage terminal; and
fourth and fifth resistors being connected across

base-emitter junctions of the third and first

5 transistors respectively.

35. A voltage reference source as defined 1n
claim 34, wherein the output terminal is connected to a
positive voltage terminal through a resistance means.
10
36. A voltage reference source as defined 1in
claim 34, wherein the output terminal connected to a

positive voltage terminal through a current source.
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