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Current Regulator

The present invention relates to a current regulation device,
In particular, the present invention relates to & current
regilator suitable for supplying adrive current to devices such
as light emitting diodes (LEDs), and other devices which are

sensitive tc fluctuations in current.

Tne reduced cost and continued improvemant in the performance
of LEDs has led to their increased application in recent years.
They are widely emploved, for example, as illumination elements
in backlighting applications, such as within the backlight of
liquidcrystal displilays (LCDs) . Backlights of this type are used
to provide uniform and constant illumination of an array of LCD
elements which make up the display. LEDs are also commonly
employed in other applications such as within lighting
aszsemblies, status indlcators and displays on a variety of
eguipment and installations. Within all of these applications,
LEDs are typlically arranged in series connected strings and are
provided with a substantizally constant current, via a constant
current driver circuit. Such driver circuits therefore include

a current regulation means.

It iz well known that variaticns in the drive current supplied
to an LED, or a chain of LEDs, forming part of @ lighting system
can adversely affect the performance of the system. For example,
in large lighting or signage applications, uncertainty in the
drive current can lead to corresponding uncertainty in power
consumption. Such uncertainties are generally unwelcome in the
context of a lighting technology marketed on the basis of energy
conservation. Es well as this, variations in current can, in
certain applications reguiring, for instance, Red-Green-~Blue
{R

GB) colour mixing, result in variations in the chromatic
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preperties of an illuminated platform, such as a sign.

Furthermore, the useful lifetime of an LED, or series-connected
chain of LEDs is related to the junction temperature of the/each
LED, which is in turn partly related to the current flowing
through the/each LED. Therefore, precise control of LED current
can result in improvements in the predictability of LED lifetime.
it ig further known that variations in the current supplisd by
an LED driver can occur as a resuli of variations in component
properties due to either manufacturing variations, or as a
resuit of wvariations in temperature. Other performance
reguirements for LED drivers for lighting systems, relate to
the reliability of a driver. Typically, this is expressed
through the use of a metric referred to as Mean Time Between
Failures (MTBF). For a given electronic assembly, using
well-established components, this metric can readily be
calculated, provided that the electrical and thermal stresses
placed on each component during operation are known. Due to the
mix of components typically used in conventional so-called
switch-mode LED drivers, which includes switching Metal Oxide
Semiconductor Field Effect Transistors (MOSFETS) and
Electrolytic Capacitors, boeth of which are known to have
limitations in terms of long-term reiiability,.corresponding
limitations are placed on the MTBF of such drivers. Conversely,

drivers using iinear means of current regulation, in place of
switch-mode means, typically suffer fromvariations in current,

referred to previously.

Tt is therefore highly desirabple that an LED or a chain of LEDs
is supplied with a substantially constant drive current. It 1s
particularly desirable that a substantially constant drive
current is produced through the use of high MTBF electronic
assemblies, which use high-reliability components such as

bipolar transistors and which avoid or at least limit the need
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for Electrolytic Capacitors. In the case of switch-mode LED
drivers, wherein the current regulation function is provided
by a switching veltage waveform that successively charges and
discharges a circuit element such as an inductor, with such
discharge taking place through an LED chain, a substantially
constant current can be produced within the LED chain. The
current delivered to the LED chain by such a switch-~mode driver
is dependent on a number of factors, including the proportion
of time that the switching voltage is in the ‘ON’ state, during
which it is delivering charge to the LED chain (this proportion
being referred to as the Duty‘Cycle of the switching wavelorm) .
This switching process, however, leads to the generation of
Electro-~Magnetic Interference (EMI) waveforms which
necessitate the use of EMI filtering structures, which in turn
use Electrolytic Capacitors. From the perspective of sesking
to maximize the MITRF of a driver, therefores, it can be
advantageous to construct a constant current LED driver, bassd
upon a current regulation circuit that does not use any
switch-mode elements, so long as current accuracy can be
maintained, including the constancy of current over temperature,
The present invention is concerned with the general aim of
providing a regulated current from an input voltage in crder
to provide a stable or substantially constant drive current for
supply to illumination devices such as LEDs, or other devices
which are adversely affected by, or sensitive to, current

fluctuations. Preferred embodiments of the present invention

Fh

seek to achleve this aim preferably without the use o
switch-mode circuitry within the current regulator, thereby
tending te increase the long-term reliability of the regulator,
as well as reducing or eliminating the need for Electrolytic
Capacitors in an LED driver based upon the regulator, thershy
increasing further, the long-term reliability of the LED

driver.
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Current regulator devices or circuits which seek to provide a
current to an LED or LED chain that is regulated, or
substantially constant, with respect to supply voltage are
known; So-called “constant current regulators” can be realised
in either two-terminal or three~terminal topologles. Figure la
illiustrates the case of a two-terminal regulator, whilst figure

1b shows a three-terminal current regulator.

However, even with the use of a current regulator device,
variations in the drive current supplied te an LED chain can
sti1l arise for a number of reasons. Manufacturing spreads -
i.e, wvariations in the manufacturing tolerance of current
determining c¢ircuit elements - is one of the main causes of
variations arising in the LED drive/supply current.
Variations alse arise due to the “temperature cogfficient” of
the current regulator circuit -~ in other words the dependence
of the regulator performance with respect to amblent or junction

temperature.,

As will become apparent from the following discussion relating
to previously considered constant current regulators, there are

a number of drawbacks associated with the prior art.

Figure 2 shows a schematic for a typical three-terminal current
regulator used for the purpose of driving a chain of LEDs (also
cited in US2010/02770%L - Brieda et al). The minimum ‘drop
voltage’ across a current regulator according to the design
shown in figure 2 is around 1.3V - this being egual to two
Base-Emitter voltage (vbe) drops {across transistors 01 and Q2) .
One of these ‘vbe drops’ ~namely the one across the base—enitter
junction of Q1 —occurs across R, resulting ina current through

Rl of vbel/Rl. Assuming that (2 1s drawing negligible base
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current, the current through the LEDs is also egual to vbel/R1,
where vbel is the base-emitter voltage of transistor QL.
Consequently, due to the inherent temperature dependence of vbe,
the temperature~related variation of the LED current, expregsed

as a fraction of nominal LED current, is given by:

P 2z (EXpen/8T) /Iige = (Evbel/8T)/vbelpow equation 1

Wherein, vbelp, 18 the nominal value of vbel at a standard
temperature {300K). In the design of figure 2, vbel,wm 15 around
0.6V and &vbel /8T ils, to a very good engineering approximation,
-Z2nV/¥. Conseguently, the lowest achisvable wvalue of the
temperature coefficient, TC, for this design is - 0.0033 K

(- 0.33

fae)

per Kelvin, or -3,300 ppm per Relvin). The currents
shown for this ‘standard sclution’ in Table 1 of Brieda et al
indicate a variaticn of - 0.35% % per Kelvin. This value of TC
would result in the current provided to the LED string varying

by —/+ 9.25% over a temperature range of +/- 55 Kelvin.

The soluticn proposed by Brieda et al suffers froma temperature
coaefficient TC of -~ 0.0650 % per Kelvin (- 650 ppm/K). This
results in a variation in LED current of -/+ 3.6% over +/- 55
Kelvin. This variation renders the Brieda sclution unsuitable
for many applications where fluctuations in ambient temperature
are expected and where the optical output, in terms of Luminous
Flux and/cor chromatic indices, of an assembly of LEDs ls/are

reguired to remalin substantially constant.

In summary, therefore, although the Brieda design offers some
advantages in terms of cost-efficiency, this design 1s capable
of delivering minimum values of temperature cosfficient, TC,
of around 650 ppn/¥ in magnitude. This magnitude of TC is still

significant and leads to variations cof around -/+ 4% in LED
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current over the specifled temperature range cf -30C to +8UC,

Also known in the art is a generalised two-terminal circult
copology capable of providing a substantially constant current,
limited by the current and voltage handling capabilities of a
Silicon bipolar transistor. This generalised topology 1is shown

in Figure 3.

Within this topology, a Veltage Regulating Device (VRD) is used
to regulate the wveltage across a series combination of a
base-emitter voltage, vbe, and a current programming resistor,
R. If the regulated vcocltage across the VRD 1s Vreg, then the

current through the resister R is glven by:

Iy = (Vreg — vbe)/R ' eguaticn 2

By allowing two such currents to mutually bilas the base-emitter
Junctions of the two bipelar transistors shown in figure 3, the

total regulated current through the regulator is given by:

Ip=2Fp = 2.(Vieg —vbe)/R eguation 3

The temperature coefficient of this current, defined (as
before) as the fractional change in Irwith temperature, is given

by:

TC = (8F/ STy = (EVrveg/ST - Svbe/ST)(Vieg — vbe) eguation 4

It is known in the art that for a Silicon bkipclar transistor,
the value of 8vbe/3T is around -2mV/K and that vbe, being the
voltage across a forward-biased Silicon pn junction is around

0.7V,
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The thermal behaviour of the regulated current therefors
depends upon the nature and thermal behaviour of the VRD. In
light of this, a particular design, based on this generalised
topclogy has been disclosed in which the VRD comprises a series
combination ¢f a forward biased PN junction dicde and a ‘bandgap
reference’ diode. This design is shown in figure 4. For this

design, the regulation voltage, Vreg 1s given by:

Vreg = Vdiode + Vbg eguation 5

It iz a property of a bandgap referance diode, that the voltage
across it, Vbg (typically 1.23V) is substantially invariant
with temperature, whereas, the voltage acress a forward-biased
PN junction diode, Vdiode, will vary with temperature in the
same way as a base-emitter junction (it also being a
forward-biased PN junction, carrying substantially the same
current as the diode). Therefore, the thermal behavior of Vreg
will be identical te that of wvbe, thereby producing a zero

temperature coefficient, TC, for the regulatoy current.

There are, however, limitaticons placed on tThe performance and
cost of regulators of this design. In particular, a Silicon
bandgap reference diode, maintaining a temperature stabilised
voltage across it of 1.23V, operates up to a typical maximum
current of 20mA. This places an upper limit on the total

regulater current, I, cf 40mA.

Furthermore, the very low differential impedance of the bandgap
diode (typically less than 1Q) makes it difficult to ensure that
devices of this type can be connected in parallel, whilst
sharing current between them. Figure 5 illustrates the problem.
It depicts the I/V characteristics of two bandgap diodes, lying

(for worst-case 1llustration) at each end of the manufacturing
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spread in Vbg ~ for & typical Silicon bandgap diode, this spread
{(Vbg: - Vbg:) is around 8mV. It can readiiy be seen, that if
two such dicdes are placed inparallel, the diode with the lowest
value of Vby (Vbg:) will take a certain amount of current (shown
as Ibgy) before the cother diode begins te take any current.
Conseguently, there will be a range of VRD current, cver which
no current-sharing takes place and over which therefore, the
current handling capabilities cf the VRD and therefore of the
current regulator as a wheole, remains limited by the
current-handling capabilities of a single bandgap reference

diode.

By inspecting the I/V characteristic of a bandgap diode with
a maximum current handling capability of 20mA (such as the
T71004-1.2) it can be seen, that the voltage across Bandgap
Dicde 1 in figure 5, hasavaluewhich is substantially 8mV higher
than its nominal {iow current) value, thereby ensuring that
Randgap Diode 2 is turned-on, when the current through Bandgap
Diode 1 has reached a value of around l4mA. This means that
Bandgap Diode 1 and Bandgap Dicde 2 do not share current, until
the current through Bandgap Diode 1 has reached a value that
is only a few milliamps short of its maximum rated value.

Furthermore, due to  the nonlinear nature of the L/V
characteristic of a bandgap dicde, where the differential
impedance {(rate of change of wvoitage with current) 1is
significantly higher at low current than at high current, as
the current through Bandgap Diode 1 increases by émA, up to its
rated maximum of 20mA, the current through Bandgap Dicde 2 will

increase by significantly less than this (around 3mA).

Conseguently, replacing the bandgap diode in each VRD of a
circult according to figure 4, with a parallel combination of

two such bandgap diodes, allowing for manufacturing variations



10

15

20

30

WO 2013/065082 PCT/GB2012/051448

in Vbg, can be reliably expscted Lo increase the current
handling capability of each VRD by only 2mA, compared with the
desired 20mA. Therefore, the reliably expected increase in the
current handling capability of the current regulator as a whole
would be only around 18mA, as opposed to the desired 40mA. This
is effectively & process of diminishing returns in terms of
current handling per unit cost. The importance of this is
significant, in view of the fact that bandgap reference diodes
are not simple diode structures, but fairiy complex integrated
circuits, containing several circult elements. A typical 1.23
Volt bandgap reference diode contains arcund 13 bipolar
transistors and 8 resistcors, making it a significant

contributor te the overall cest of the current regulator.

An alternative approach, in the case of a circuit according to
the design of figure 4, would be to form parallel combinations
of the entire low current VRD {where each such low current VRD
is, as shown, a series combination of forward-biased PN junction
diode and bandgap reference diode) to form a high current VRED,
This, however, would mean replicating both the bandgap dicde
and the PN  Jjunction diode, thereby again, increasing

significantly, the cost of the regulator,

As such, the realisation of the general topology shown in Figure
4 doeg not offer a cost~effective solution te the challenge of
providinga low Lemperature coefficient current regulator which

is programmable over a wide range of constant currents.

Embodiments of the present invention seek to alleviate the
problems and drawbacks associated with the previcusly
considered current regulator devices. Consideration of the LED
driver reguirements of a range of different applications, leads

o the observation that there exists a need for & current
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with accurate current setting capabilities and which is

preferably operable over a wide range of programmable current

values. Furthermore, in view of the price sensitivity of many

of these applications, LED drivers aimed at addressing these

needs should ideally be cost-effective. In circuit design terms,

this

meang realising solutions that use simple current

topologies and simple components. For example, a cost-effective

solution would be one that keeps transistor count low. This

would have the added benefit of maximizing the MTBF of the

current regulator and therefore of an LED driver incorporating

it. It is also degirable to provide a current regulator device

which exhibits a lower sensitivity to the manufacturing

tolerance of current determining circuit elements than

previously considered solutiomns.

There ig provided a current regulator for providing a regulated

current from an input veltage, the current regulator

comprising:

and

a driver circuit comprising a resigtor and a transistor;

a voltage regulator circuit operable to provide a

regulated voltage to said driver circuit, wherein said voltage

regulator circuit comprises a plurality of Zener diodes

connected in parallel.

According to a first aspect of the present invention, there is

provided a current regulator comprising a current regulator

circuit for providing a regulated current from an input voltage,

the current regulator circuit comprising:

and

a driver circuit comprising a resistor and a transistor;

10
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a voltage regulator circuit operable to provide a
regulated voltage to said driver circuit, characterised in that
said voltage regulator circult comprises a plurality of Zener
diodes connected in parallel, each Zener diode having a Zener
voltage of lesg than 5.5V and wherein the Zener diodes are
selected such that a variation of between 0.1V and 0.3V exists

between the Zener voltages of the Zener diodes comprised in the

"plurality of Zener diodes.

Preferably, the driver c¢ircuit and the veoltage regulator
circuit forma first current regulator circuit. Preferably, the
first current regulator circuit is cross-coupled to a second
current requlator circuit. Preferably, in this case, the second
current regulator circult may comprise:

a second driver circuit comprising a resistor and a

transistor; and

10a
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a second voltage regulator circuit operable to provide
a regulated voltage to said second driver circuit, wherein said
voltage regulator circuit comprises a plurality of Zener diodes

connected in parallel.

Alternatively, the driver circuit and the voltage
regulator circuit form a first current regulator circuit which

is connected to a resistive summing circuit.

There i1g provided a current regulator for providing a regulated
current from an input voltage, the current regulator comprising:
a first current regulator circuilt and a second current
regulator circuit, wherein the output of the first
current regulator circuit is cross-coupled to said second
current regulator circuit, each of the first and second
current regulatoxr circuits comprising:
a driver circuit comprising a resistor and a
fransistor; and
a voltage regulator circuit operable to provide a
regulated voltage to the respective driver circuit,
wnerein gaid voltage regulator circuit comprises a

plurality of Zener diodes connected in parallel.

According to embodiments of the second aspect of the present
invention the output of the first current regulator circuit is
cross-coupled to said second current regulator circuit such
that the collector of the transistor of the first current
regulator circuit is connected to the positive terminal of the
voltage regulator circuit of the second current regulator

circult.

Preferably, the Zener diodes of the/each voltage regulator

11
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circuit comprise silicon Zener diodes. The transistors used in
a cross-coupled current regulator circuit of this type
preferably form a “complimentary palr” wherein one transistor
is a Silicon bipolar transistor of the PNP type and the other

is a Silicon bipolar transistor of the NPN type.

There is also provided a voltage regulator circuit for use in
a current regulator circuilt comprising a plurality of Zener

diodes connected in parallel.

Embodiments of the present invention advantageously exploit the
well-defined breakdown voliltage of Zener diodes as a means to
regulate the voltage applied to the driver circuit of a current
regulator device in order to generate a stabilised current for

supply to a given load.

The provision of a piurality of Zener diodes which are connected
in parallel to form the voltage regulator circuit according to
embodiments of the present invention is advantageous in that
it readily facilitates the generation of a wide range of
regulated current values (Iy). Specifically, the current
programming range of a current regulator embodying the present
invention can advantageously be selected according to the
number of Zener diodes used in each voltage regulator circuit,
or voltage regulator device (VRD). As such, according to
embodiments of the present invention, it is not necessary to
parallielise, or replicate, the whole circuit in order to achieve
a range of constant current values. Thus, the parts that are
replicated according to the present invention (i.e. the Zener
diodesg) are simple, relatively inexpensive circuit elements.
This advantageously provides a very cost-effective solution to

the problem of providing a range of regulated current values,

12
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thereby allowing embodiments c¢f the present invention to be
useful for stebilizing the drive current for a diverse range

of applicaticns.

For 3ilicon Zener diodes with Zeneyr voltages, Vz, of less than
around 5.5V, there exists a vaiue of current, Iz,opt, through
the Zensr diocde at which the rate of change of Zener voltage
with temperature substantially equals the raite of change of
base-emitter voltage, vbe, of a Silicon bipolar transistor
(substantially -ZmV/K). Zener dicdes with these Zener voltages,
however, differ according to both the value of Iz,opt at which
thig thermal balance condition is met, and the value of Zener
impedance, Z; at any given current. Preferred embodiments of
the present inventlon make use of the fact that in a
cross—coupled c<ircuit, a VRD can be constructed, using
low-voltage Zener diodes, which are chosen on the basis of
having a current, Iz,opt, at which the rate of change of the
Zener voltage with temperature is supstantially esqgual to the
rate of change of the base-emitter voltage, vbe, of a Silicon

bipelar transistor with temperatiure.

Furthermore, according to a particularly preferred embodiment,
Zener diodes are selected such that the rate of change of Zener
voltage with temperature, 3&Vz/87 should exhibit minimal
variation with current, for values of Zener current around
Iz,opt, thereby facilitating & wide range of programmable
currents through a regulator embodying the present invention,

over which the temperature dependency of each current within

this programmable range 1s advantageously small.
Thus, according to preferred embodiments of the present

invention, the Zensr dicdes exhibit a low Zener voltage - 1.e.

less than 5.5V. Preferably, the Zener diodes exhibit a Zener

i3
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‘voltage of between 2.0V and 3.0V. It will be appreciated by those

skilied in the art that the Zener voltage of a given Zener dicde
is defined, in accordance with the definition of the nominal
Zener voltage, as the voltage across the diode at a defined diode
current. A typlcal Zener diode current at which the Zener

voltage 1s measured is 5SmA.

Preferred embodiments of the present invention make use of the
fact that Silicon Zeher diodes with low values of Zener voltage
tend to have higher values of differential Zener impedance, Iy
compared with both higher voltage Zeners and bandgap diocdes.
These higher values of 7; advantageocusly ansure, within limits
defined by the manufacturing tolerance in Zener voltage, that
such Zener dicdes can be connected in parallel and share,
approximately evenly, the current through the parallel
combination. This beneficially ensures that several regulator
current ranges can be chosen, over which the temperature
dependency of current 1s small and has a value of zero within
the range. Each said range relates to a given number of Zener

diodes per VED.

Preferably, embodiments of the present invention seek to

leviate the problem that would normally occur as a result of

o
ot

manufacturing variations in the Zener veltage ¢f any given Zener
dicde, or indesdmanufacturing variations inrectifying diodes,
such as those used in prior art ref 2, namely corresponding
variations in programmed regulator current, Ir. This is done
by ensuring that the current through a regulator according to
the present invention varies in accordance with the average
Zener voltacge within each parallel Zener diode stack, wherse
variaticns in this average value will obey a statistical
distribution governed by the Central Limit Theorem of

statistics, whereby the standard deviation of the mean Zener

14
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voltage within each VRD is reduced by a factor of the square

root of the number of Zener diodes per VRD, compared with the

standard deviation in the Zener voltage of a single Zener diode.

This leads to a reduced variation in the mean Zener voltage

within a VRD and therefore reduced fracticnal variations in

regulat

ed current,

in higher current wvariants of a current

regulator circuit according to the present invéntion.

As will be discussed in more detail

herein,

the voltage

regulation device (VRD) according to embodiments of the present

inventi

on 18 highly

advantageous in that

the parallel

combination of Zener diodes not only serves to provide a voltage
| C

regulation function, but in preferred embodiments it can alsc

serve to compensate for the temperature dependence of the drive

transistor

Qver a w

whare each

paraileled Zener dicdes per VRD.

in order to achieve a thermal bzlancing function,

ide range of currents, comprising a number of sub-ranges

sub-range corresponds to a particular number of
Current regulator cilrcuits
ing to the present invention advantageously provide a

ted current for which the temperature dependence of the

ed current is beneficially reduced to a value measured

in tens of parts per million per Kelvin. Indeed, according to

particularly preferred embodiments of the present invention,

the value of the temperature coefficient,

TC,

is seen to be

substantially zero at specific preferred currents across each

sub-ran

ge.

Furthermore, 1t will be appreciated that since this performance

may be
inventi
transis
present

current

tors,

achieved, according to embodiments o¢f the present

on, by means of a circuilt

invention represent a particularly

regulator.

As

Zener dicdes and resistors,

such,

15

embodiments

containing

of

only bipolar

embodiments of the

cost-effective

the present
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invention find particular application in LED lighting, LCD
backlights, including those for large public displays, as well
as LED displays, architectural lighting and channel lettering
applications, without recourse to additional meang for

correcting for thermal drift in regulator current.

In summary, preferred embodiments of the present invention
advantageously provide a cost-effective regulation circuit,
with improved thermal performance (i.e. temperature
coefficient values which are less than those associated with
the previously considered sclutions}, which is operable cver
a range of programmable current values, and which is accurately

set.

According to a second aspect of the present invention there is
provided an illumination apparatus comprising one or more LEDs,
the illumination apparatus comprising a current regulator

according to an embodiment of the first aspect.

The illumination apparatus may, for example, comprise a
lighting fixture, containing LEDs, together with one or more
LED drivers, where each of the said LED drivers contains one

or more current regulators.
For a better understanding of the present invention, and to show
how the same may be carried into effect, reference will now be

made, by way of example to the accompanying drawings in which:

Figure 1 shows generalized current regulator circuit topologies

according to the prior art;

Figure 2 shows the generalized topology of a three-terminal

current regulator circult according to the prior art;

16
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Figure 3 shows the generalized topology of a two-terminal

current regulater circuit according to the prior art;

‘Tgure 4 shows a current regulator circuit design according to

the pricr art;

Figure 5 depicts a graphical representaticn of the

current/voltage (1/V) characteristics of two bandgap diodes;

Figure 6 shows a current regulator circuit according to a

embodiment of the present invention;

Figure 7 shows a current regulator circuit according to a second

embodiment of the present invention; and

Figure 8 depicts a graphical representation of the

current/voltage {I/V) characteristics of two Zener diocdes.

Figure 6 shows a two-ferminal current regulator circuit
according to a first embodiment of the present invention, the
current regulator circult having a first current regulator
circuit Cl cross—coupled to a second current regulator circuit
C2. The first current regulator circuit Cl comprises a driver
circuit having a resistor R1L and a2 bipolar transistor Ti. The
first currsnt regulator circuit also comprises a voltags
reguiator circuit VRCI comprising a plurality of Zener diodes
711, 21,21, connected inparallel., The second current ragulator
circult C2 comprises a driver circult having a resistor RZ and
a bipolar transistor T2. The second current regulator circuilt
alsc comprises a veltage regulator circuitr VRCZ comprising a

plurality of Zener diodes 22,, Z2;.. 22, connected in paraliel.

17
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A voltage source drives a current IT into node W which connects
resistor Rl and the pesitive terminal of the voltage regulator
circult VRCI of the first current regulator circuit C1 such that
the current IT is divided between the resistor RI1 and VRC1. The
resistor Rl is connected to the emitter € of transister Tl. The
collector current of the bipolar transistor T1, which is
determined by the value of Rl, the voltage produced by the VRCL
and by the base-emitter voltage Vbe of the transistor Ti, is
supplied to the positive terminal cof the voltage regulator
circult VRCZ of the second current regulator circuit C2 and to
the base of transistor T2 at node Y. Node X connects the negative
terminal of VRC1, the base of Tl and the collector of TZ. Resistor,
Rn is simply a source of thermal noise, used to ‘kick-start’

the circuit.

Essuming negligible base current at T2, Iyam is equal to the
collector current of TZ. Furthermore, the collector current of
TZ ié determined by the value of R2Z, the voltage produced by
the VRCZ and by the base-emitter voltage vbe of transistor TZ.
The negative terminal of VRCZ is connected to RZ forming the

cutput noede Z through which IT flows to the intended load.

By vwvirtue of the cross-coupling of thils circuit, the two
transistors are advantageously provided with base-bilasing

currents.

ccording to the above embodiment, one of the resistors may be
held at 2 constant value, whilst the other is used as a current
programming resistor, Rlternatively, both of the resistors may
be variable in order that they both serve as current programming

resistors.
According to a second embodiment of the present invention shown

18
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in Figure 7, a current regulator circult C1 is connected to a
resistive summing circuit RSC. The person skilled in the art
will appreciate that various designs for the resistive summing
circuit are possible. For example, in the particular example
shown in Figure 7, the resistive summing circuit comprises

a plurality of resistors connected in parallel.

The following describes the properties and principles of

preferred embodiments of the present inventicn.

Setting accuracy: The ‘setting accuracy’ of a current regulator
according to embodiments of the present invention is discussed
herein, in terms of the variations in the current provided by
such a regulator, caused by random varlations in the propertiss
of circult elements. Whilst it should be appreciated by the
reader that both random errors and deterministic-érrors oCCur
in any circuit, it is the randomerrors that give rise to spreads
incircult performance. Deterministic errers give rise to fixed
‘offsets’ between designed and realised performance. The
setting accuracy of any constant current circuilt 1s properly
expressed as the fractional change in regulated current. Thus,

for a circuit accerding to the gsneral fopolo cf figure 3:
J gy

Aly/Ir = (AVreg + Avhe)/(Vreg — vbe) egquation &

Wherein, AVreg is the manufacturing spread in Vreg and Avbe is
the manufacturing spread in vbe. In the present invention, the
regulating voltage Vreg is provided by low-voltage Zener diodes
and therefore, AVreg = AVz., This spread in Vreg is significantly
greater (by a factor of arcund 10) than the spread in vbe.

Therefore:
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Alply = AV {Vreg - vbe) equation 7

Typically, for a low voltage (<5.5 Volts) Zener dicde, 4AVz, the
statistical spread in Zener voltage is around 10% - equating
to a spread of +/- 5% in Vz. Egqn 6 indicates that the use of
low voltage Zener diodes would, in the absence of any correction
means, give rise to a large variation in Ip with manufacturing
tolerange inVz —- in other words, a poor current setilng accuracy
It therefore becomes desirable, in accordance with embodiments

of the present invention, to combine Zener diodes in such a way

as to amesliorate this effect.

Aczcording to embodiments of the present invention, use is mads
of & statistical theorem, known as the Central Limit Theoren.
One consequence of this thedrem is that if a variable, x, is
distributed according te a normal distribution, with mean, u
and standerd deviation, ¢, then the mean of samples of size N,
willl be distributed according to a normal distraibution, with

the same mean, 1 and a standard deviation of &/VN,

Consider the case of a Zener dicde, with a nominal Zener voltage,
Yz and a manufacturing tolerance, AVz. The value of AVz will
be related to the standard deviaticono (Vz) of the wafer-to-wafer
statistics of Vz. Typically, the wvalue gquoted for the
manufacturing spread in Vz will be around +/- 2. ¢ (Vz) - the

‘six sigme spresad’.

If samples of N Zener dicdes are taken from this ‘glcbal’
distribution, toe form each parallel diode stack, then the mean
value of Zener voltage, <Vz>» within each sample will have a mean

value, <{<Vz>}> equal to the nominal Zener voltage, Vz and a

standard deviation of o (Vz)/V.
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ccording to embodiments of the present invention which use a
Voltage Regulation Circult, VRC, the/each VRC is provided which
comprises a parallel stack of Zener diodes, each with the same

nominal Zener voltage, Vz.

The regulater, having two diode stacks, carrying currents Is,

and Is; has a total regulated current, Iy given by:

Ip=Is; + I3, equation 8
Thus

Ir= [(<Viy> - vbe) + (<V7z/> - vhe) /R equation 9
The variance in this total current is given by:

Var(ly = (Var(<Vzy>} + Var{< Vz,r>)/i?;2 equation 10
From the Central Limit Theorem:

Var(<Vey=) = Var(<Vz;>) = VartVa /N ' sequation 11
Therefore:

Var(l7) = 2.Var(Vo)/AN.R?) equation 12

It can be shown that the nominal regulated current, Irnem, through

the regulator is given by:

Frngm = 2.0Vz - bef}/R aquation {13)

Wherein, Vz takes its nominal wvalue as guoted 1in the

manufacturaer’s datasheet.

The standard deviaticon in I¢ is given by:

otir} = Sgrivar(iy) = Sqr'I(ZA’V.R‘?). alt’z) equation 14
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The ‘Setting Accuracy’ of Ir is given by the spread in Ir (ATg)
as a fraction of Igpon, Where the spread is 6. ¢ (Iy). Similarly,

the manufacturing spread in Vz {(4Vz) 1s egual to 6.0 (Vz).

Therefore:

A(r) = Sqrt(2/N RY.A(VZ) eguation 15
AT Enom = SqriQ2/NRY. ANV 2 Frnom equation 16
AP nom = MV2)/ [Sgre(2 N}.(Vz — vbe)} equation 17

Wherein, Nis the number of Zener diodes in each stack. Therefore,
this fractional error in regulator current, for a regulator
according to the present invention reduces with the number of

Zener diodes per stack, by a facter Sgrt(Z.Nj.

Temperature coefficient and current programming range: The
temperature coefficient of current for a regulator embodying

the present invention is given by:

FC = (8V/ 6T - dvbe/ST)/(VT - vhbe) equation 18

This temperature ceoefficient is substantially zero when thes
current through each Zener diode is equal to Iz, opt (the value
of Zener current at which &Vz/&T = &vbe/8T) . Consequently, there
are values of regulator current, Irp, at which TC 1s substantially
zeroc. For optimal thermal performance, therefore, these values
of I+ become ‘preferred’ opsrational currents for a reguiator

embodying the present invention.

Az the Zener current, Iz, departs from this optimal value, the
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value of TC changes. Preferred embodiments of the present
invention seek toprovide a current programming range over which
TC deviates from zero by only a small amount. For illustrative
purposes, we shall take this current programming range as being
that over which the value of TC is bounded within the range +/~
75 ppm per Kelvin. Therefore, in defining upper and lower
bounded values of temperature coefficient, TC, as TCy = 7.5%10"
per K and TC, = ~7.5x107° per K, the upper and lower values of
&5Vz /8T corresponding to the two ends of the current programming

range are:

(V2/8F) = TC1.(Viy — vbe) + Svbe/ST equation 19
and
(Vz/ 8T}y = TCu (Vg — vbe) + Svbe/ST equation 20

TCy 18 the upper bound value cof TC, which corresponds to the
lower pound of Zener current; TCy is the lower bound of TC, which
corresponds to the upper bound of Zener current. Vzy and Vzg
dencte the values of Zener voltage at the upper and lowexr limits
of Zener current respectively. These wvalues of Vz can be
accurately approximated by assuming, a-priori, that the range
of current through the mean Zener diode within each stack is
round 10mA to Z0mA. This range of currents is centered on a
value of Zener current that corresponds to the value of Iz,opt
for a 2.4V Zener diode, chosen for reascns gilven later. Then
the accurate values of I (I;v and I;,.) corresponding to the
lower and upper values of 6Vz/8T respsctively, can usually be
chtained from the Zener diode manufacturer’s datasheet. The

corresponding values of Ir are then:

Iry=2aNIgpand Ity =2.NIy, eguation 21

Assuming the bipolar transistors have high values of 3{(Ic/Ib)
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the total current through the regulator at the centre of its

rogramming range, for a given value of N i= given by:
g -t g

Ircen = 2.N.Iz,0pt equation 22

From egquation 92, the wvalue of <the programming resiscor

corresponding to this central value of current is given by:

R =2(<Vz> - vhe) 'y con equation 23

Where the <Vz> takes the value of the nominal Zener voltage at
ITz,opt. For values of total regulator current elsewhere within

the programming range:

R =2.(<Vy> - vhe)/dy equation 24

Current sharing: It is known in the art that difficulties arise
in connecting Zener dicdes in parallel. These difficulties
relate to the extent to which Zener dicdes share current -
similar to the case of bandgap reference diodes used in the prior
art depicted in figure 4. If the differential Zener impedance
{rate of change of Zener voltage, Vz, with current! at arcund
the operating current per Zener diode (Iz,opt) is
insufficiently high, or if the manufacturing spread in Vz {AVz)
1s too high, then the Zener diode with the lowest Zener voltage
in the stack will take all (or at least meost) of the current.
To counter this problem, thersby ensuring that all the Zeners
in each stack get turnedon, it is preferable to use Zener diodes
with a small manufacturing spread in Zener voltage and & nominal
Zener voltage for which the Zener impedance at Iz, opt is greater
than a few Ohms. Thus, according to preferred embodiments, a
small variatlion exists between the Zener voltages of the Zener

dicdes. The differential Zener impedance 1s normally regarded
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as a ‘parasitic’ or unwanted impedance. Hewever, in the context
of the pressant invention this usefully facilitates current

sharing.

5 This is shown by reference to figure 8, which depicts the I/V
characteristics of two Zener diodes, Z1 and 22, with Zener
voltages 1lying at the extremities of the manufacturing
tolerance range for a given nominal Zener voltage. The Zener
voltage of each Zener dicde is defined, in accordance with the

10 definition of the nominal Zener voltagse, as the voltage acress
the dicde at a defined diode current, of normally 5SmA.
Furthermore, in view of the design of the regulator using such
Zener dicdes, whereby the nominal Zener current is Iz,opt, the
currents through Zener 1 and Zener 2 in figure 6, lis either

{5 side of this wvalue. Therefore, by construction, the

relationship between (Izi - Iz and (Vzp - Vzi) 1s given by:
g ¥

(fz; - Iz) = (Vzz - Va)/R, equation 24
20

Wherein, Ry 1s the Faner resistance (the real part of the Zener

impedence, Z;} at Iz,opt. For a typlcal 2.4 Volt Silicon Zener

dicode {cited for reasons given later) R; is arcund 35Q and Iz, opt

is substantially 14.5mA. The manufacturing spread in Vz (Vz
25  -Vz:) istypically 0.24V. Therefore, the worst-case difference

in the currents through Zener 1 and Zener 2 is around TmA. This
means that Zener 1 carries a current of Iz,copt plus 3.5mA (Izq
= 18maY whilst Zener Z carries a current of Iz,opt minus 3.5md
(Izo;=11lmA). By inspection of the thermal behaviour of a typical
30 2.4 Volt 3ilicon Zener diode, the typical rates of change of
Vz, and Vz; with temperature are (at 18mA and 11lmA respectively)
substantially -2.1 mV/K and -1.9% mV/K. Therefore, the average

rate of «c¢hange of Zener voltage with temperature 1Is
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substantially =-2.0 nV/K, as desired for optimal thermal
behaviour (56Vz/8T = dvbe/8T) at a nominal current per Zener

diode of Tz,cpt.

Therefore, in contrast To a circult using combinations of
forward~based PN junction dicdes and bandgap reference diodes,
a circult embodying the present invention advantagecusly uses
current-sharing voltage referencas (low voltage Zensr diodes)
within each VRD, In view of the fact that, in contrast to bandgap
refersnce diodes, such low-voltage Zener diodes are simple PN
Junction structures, this provides a cost-effective means by
which the current handling capabilities and therefere, the
current programming range of a current regulator can be selected,
according to the number of such low-voltage Zener diodes used

in each VRD.

The utility of this approach is shown by reference to a series
cf different empodiments, sach differing in terms of the number

of Zener diodes per VRD.
The preferrved selection criteria for Zener diodes used in &
preferred embodiment of the present invention are, in light of

the preceding:

. 8Vz {manufacturing spread in Vz - 1.e. the variations

$t

arising between the Zener voltages of the plurality of
Zzener diodes comprised in a given VRD) should ke low. This
advantageously ensures good setting accuracy and

facilitates current sharing.

. The Zener impedence Zy should be high at operating current

[

per dicde, Iz,opt in order to advantageocusly enable

current sharing.
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3.Vz at Iz,opt should be low in order to achieve a low

‘drop-out voltage’, which is egqual to ZxVz.

4. The rate of change of &Vz/0T with current (&Vz/8T.&8Iz)

should be low, for currents around Iz,opt in order to

U

advantageously achieve a wide programmable current range.

5. The value of Iz,opt should be ilow for cases where the
setting accuracy of programmed current is particularly
important, as this forces N to be high for any given value

of regulator current

10 Inspection of thermal performance data for several commercially
avallable Silicon Zener diodes shows that the first four of
these criteria are substantially met by choosing a Zener diode
with a low Zener voltage or, preferably the lowest available
Zener voltage - typlcally, 2.4V at the Zener voltage referenca

15 current, SmA. For applications in which setting accuracy of
programmed current isparticularly inportant, a siightly higher
Zener voltage (substantially 3.0V at 5mA} can be chosen, as this
iz consistent with a lower value of Iz,opt, consistent with

preferred selection criterion 5.

20
Example embodiments:
For a typical 2.4V 3ilicon Zener diode, where the Zener voltags
is measured at a Zener current of bmA, the Zener voltage at Iz, opt
25 (which is substantially 14.5md) is 2.9V. Also, for a typical

NPN or PNP Silicon transistor, carryving an appreciable emitter

current, vbobe = .7V,

MWz = 0,24 V

3G Iz,opt = 14.5 mA
Zy @ TIz,opt = 35 Q
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Vz @ Iz,opt = 2.9 V¥

Vz @ 10mA (value taken for Vz,) = 2.73 V
Vz @ Z20mA {(valus taken for Vzy) = 3.1 V
(6Vz/8T)y = ~ 1.85 mV/K

(6Vz/3T), = - 2.18 mV/K

IS,L = 9.5 ma, Ig,(; = 23.5 mA

Performance metrics can ke calculated from these figures,
assuming the resistors (R} have zerc temperature coefficient.
In practice, ultra-low temperature coefficient resistors
represent a significant uplift in cost. Affcrdable thick-£film
chip reslstors, however, are currently available, with
temperature coefficients of +/-25 ppm/K across the resistance
range required and with resistance accuracies of +/-0.1%. The
performance metrics for a range of N from 1 to 6 are given in

Table 1.

b Centre R @ Setting | Programmable Current Range,
Current Ip, cen | Bocuracy over which
Ir cen (mA) {52} of ~78ppm/K < TC < +75ppm/K
{at which, current T, (maA) 1 Inu (mA)
TC = 0) : @ ZI,cen !
1 29 151.7 +/= 19 47
5.5 %
2 58 To. 861 +/- 3.9 % 38 94
3 g7 50.574+/-3.2 % 57 141
4 116 37,831 +/-2.7 % 78 188
5 145 30.34 | +/~- 2.4 % | 57 235
5 174 25.25 1 +/-2.2%| 116 5 282
TABLE 1

This shows that embodiments of the present invention
advantagecusly provide a topelogy for a current regulator,
based on which, regulators can be designed which provide a range

of programmed currents from around 20 mA to around 280 mA, over
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which a temperature coefficlent of current, lying between — 75
ppm per Kelvin and + 7% ppm per Kelvin {~ 0.0075% % per Kelvin
and + 0.0075 % per Kelwvin) is maintainsd. Each embodiment of
the present invention comprises two bipelar Silicon transistors
and a number of low-voltage Silicon Zener diodes, beneficially

providing a low-cost solution.

Manufacturing wvariations in the wvalue of Iz,opt would be
sensibly accommodated by specifyving a product designed
according to a particular embodiment of the present invention,
over a narrower programmed current rangs. A realistic range of
currents over which the +/- 75 ppm per Kelvin temperature
coefficient can be specified would be around 25 md to 220 mA.
In circumstances where low drop-cut voltage and therefore low
Zener voltage, is less important than setting accuracy, it would
be advantagecus to use Zener dicdes having a slightly higher
Zener voliage, consistent with the nesd to maintain high Zener
impedance. Such slightly higher wvoltage {s.g. 3.0V) Zener
dicdes have lower values of Iz, opt. Thismeans that for any given
regulator current, a higher number of Zeners would be regulred
in zach stack, leading, in view of the Central Limit Theorem,
to a greater setting accuracy for that regulator current.

In cilrcumstances where the wvalue cof TC is reguired to be
substantially zerc at a specifiic current, Tgpe., Or over a small
range of programmed currents centred on Igec, iL 1s possible
to choose g value of Zener voltage for which Silicon Zener diodes

have a value of Iz,opt given by:
Iz, opt = I;pe/2.N eguaticn 25
Where N is an integer and corresponds to the number of Zener

diodes per VRD in such a regulator circuit.
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For example, it can be shown that for Vz = 2.7 V, the
corresponding value of Iz,opt for a Silicon Zener diode is
typically 9 mA. Thersfore, it 1s pessible to construct & current
regulator circult, embodying the present invention, which uses
two such Zener dicdes per VRD and which has a temperature
coefficiaent of current, TC, which is substantially equal to zero

for a total regulator current, Ir, of 20 mA.

Furthermore, in order to facilitate sase of current programming,
a regulator embodying the present invention could be used, where
one of the programming resistors 1s held constant (at the centre
current value, for a given N) whilst the cther is used as tns

programming resistor.
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CLAIMS

1. A current regulator comprising a current regulator circuilt
for providing a regulated current from an input voltage, the
current regulator circuit comprising:

a driver circult comprising a resistor and a transistor;
and

a voltage regulator circuit operable to provide a
regulated voltage to said driver circuit, characterised in that
said voltage regulator circuit comprises a plurality of Zener
diodes connected in parallel, each Zener dicde having a Zener
voltage of less than 5.5V and wherein the Zener diodes are
gelected such that a variation of between 0.1V and 0.3V exists
between the Zener veoltages of the Zener diodes comprised in the

plurality of Zener diodes.

2. A current regulator ag claimed in claim 1, wherein said
current regulator circuit forms a first current regulator
circuit, and wherein said first current regulator circuit is

cross-coupled to a second current regulator circuit.

3. A current regulator circuit as claimed in claim 2, wherein
said second current regulator circuit comprises:
a second driver circult comprising a resistor and a

transistor; and

a second voltage regulator circult operable to provide a
stabilised reference voltage to said second driver circuit,
wherein said second voltage regulator circuit comprises a
plurality of Zener diodesconnected in parallel each Zener diode
having a Zener voltage of less than 5.5V and wherein the Zener
diodes are selected such that a variation of between 0.1V and
0.3V exists between the Zener voltages of the Zener diodes

comprised in the plurality of Zener diodes.

4. A current regulator circuit as claimed in claim 1, wherein

said current regulator circuit forms a first current regulator
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elrcuit, and wherein said first current regulator circuit is

connected to a resigtive sunming circuit.

5. A current regulator as claimed in any preceding claim,

wherein the current regulator comprises a two-terminal circuit.

6. A current regulator as claimed in any preceding claim,
wherein the Zener dicdes of the/each voltage regulator cizcuit

comprige silicon Zener diodes.

7. A current regulator as claimed in any preceding claim,
wherein the Zener diodes of the/each voltage regulator ¢ircuit

exhibit a Zener voltage of between 2.0V and 3.0V.

2. A current regulator as claimed in any preceding claim,
whereln the circuit ig cperable for providing a programmed

regulated current of between 25mA to 220mA.

8. b current regulator as claimed in any preceding claim,
wherein the Zener voltage of the Zener dicdes comprised in the
voltage regulator circuit of the/esach current regulator circuit
are selected such that:

Iz, opt = Igpe./2.N
where Iz,opt is the current at which the rate of change of the
Zener voltage with temperature substantially eguals the rate of
change of the base-emitter voltage vbe of the transistor of the
current regulator circuit, N is an integer number of Zener
diodes per voltage regulator circuit and Ig.. 18 a current
regulater current at which the temperature coefficient is

substantially zero.
10. A current regulator, as claimed in any preceding claim,

wherein the transistor of the/each driver circuit comprises a

silicon bipolar transistor.
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11. A current regulator as claimed in claim 10, wherein the

gilicon bipolar transistor is of the NPN or PNP type.

12. A current regulater as claimed in claim 11, when appended to
claim 3, wherein the transistor of the first or second current
regulator circuit is of the PNP type whilst the transistor of
other current regulator circuit is of the NPN type such that the

transistors form a complimentary pair.

13. A current regulator as claimed in c¢laim 3 any one of claims
5 to 12 when appended to claim 3, wherein the resistor cf the
first and/or second diver circuit isg operable to vary in order

to serve ag a current programming resistor.

14. An illumination apparatus comprising one or more LEDs and a

current regulator as claimed in any one of claims 1 to 13.
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