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(54) Voltage regulator and method of regulating voltage

(57) A voltage regulator (100) for a power amplifier
of a portable communications device, comprises an
operational amplifier (110) and a power transistor (20)
connected together so as to perform a voltage regula-
tion function with the output (113) of the operational
amplifier connected to a control terminal (21) of the
power transistor (20), wherein the power transistor has
an associated capacitance Cgs such that the initial bias-
ing of the power transistor requires a start-up current to
be supplied to its control terminal to charge the associ-
ated capacitance. The voltage regulator (100) addition-
ally comprises start-up current generation means (200)
having a current node (300) connected to the control
terminal of the power transistor for supplying additional
current to the control terminal of the power transistor
during start-up of the regulator whereby the initial bias-
ing of the power transistor (20) is aided by the start-up
current generation means (200).
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Description

Field of the Invention

[0001] The present invention relates to a voltage reg-
ulator and a method of regulating voltage, and in partic-
ular to a voltage regulator for a power amplifier of a
portable communications device.

Background of the Invention

[0002] Voltage regulators for use with a power ampli-
fier of a portable communications device such as a cel-
lular telephone need to satisfy a number of important
criteria. They must be able to generate the required out-
put voltage quickly (i.e. they must have a short start-up
time) without any significantly large overshoot. In addi-
tion, they must ideally be able to operate correctly when
being supplied with a number of different supply volt-
ages and when providing a number of different regu-
lated output voltages.
[0003] Conventional voltage regulators achieve these
criteria by providing an op-amp which is sufficiently
large (in terms of the amount of current which it con-
sumes) to turn on the voltage regulator quickly. The use
of a large op-amp is advantageous because it provides
a relatively robust and stable mechanism for quickly
reaching the required output voltage; however, it is not
well adapted for coping with varying start-up properties
of the regulator as will be described below. Such circuits
typically have problems with a small amount of over-
shooting where very fast rise times are involved. In
order to avoid this problem of overshoot, an external RC
circuit, whose values are chosen separately for each
particular application, is connected to the gate of the
power transistor or pass device of the regulator to
ensure that adequate damping is achieved.
[0004] There is a further problem, in addition to the
requirement of an external RC circuit, with a conven-
tional regulator of this nature when used in the particu-
lar application of a portable communications device. In
such a device, power must be used as sparingly as pos-
sible in order to prolong the period between recharging
the device as much as possible. The further problem
associated with the use of a relatively large operational
amplifier is that it continues to consume a relatively
large current for all of the time that the regulator is on,
even though such a large current is only required by the
op-amp during start-up of the regulator.
[0005] However, prior to the present invention, it was
not deemed possible to use any alternative solution,
because other solutions, it was generally perceived,
would make the problem of overshoots worse, possibly
to a degree beyond repair by an external RC circuit.
This was particularly thought to be the case for voltage
regulators employing an external MOSFET operating as
the power transistor or pass device of the regulator (i.e.
being located between the supply voltage and the out-

put voltage of the regulator); most voltage regulators for
use with portable communications devices now employ
such transistors. The reason that external MOSFETs
make the regulator particularly prone to overshoots is
that the capacitance between the gate and source of the
MOSFET (the gate-source capacitance, Cgs) varies
with the voltage across the source and drain of the
MOSFET (the drain-source voltage, Vds).

[0006] The amount of current which must be drawn
away from the gate of the MOSFET in order to establish
the correct voltage at the gate to generate the desired
output voltage of the regulator varies with the gate-
source capacitance Cgs and therefore also varies in
dependence on the drain-source voltage, Vds. Since
the regulator must be able to work with different supply
voltages (e.g. different batteries, the output voltage of a
switched mode power supply when the device is con-
nected to a mains supply for charging, 12V when con-
nected to a car battery supply, etc.), and ideally also
with different output regulated voltages (for use in differ-
ent devices for example), the regulator must be able to
cater for the change in Cgs of the power MOSFET with
different drain-source voltages (since the difference
between the supply voltage and the output regulated
voltage determines Vds). Furthermore, the relationship
between Vds and Cgs is not even a straightforward lin-
ear relationship but a more complex inverse square
relationship.

Summary of the Present Invention

[0007] According to a first aspect of the present inven-
tion, there is provided a voltage regulator for a power
amplifier of a portable communications device, compris-
ing an operational amplifier and a power transistor con-
nected together so as to perform a voltage regulation
function with the output of the operational amplifier con-
nected to a control terminal of the power transistor,
wherein the power transistor has an associated capaci-
tance such that the initial biasing of the power transistor
requires a start-up current to be supplied to its control
terminal to charge the associated capacitance, and
wherein the voltage regulator additionally comprises
start-up current generation means having a current
node connected to the control terminal of the power
transistor for supplying additional current to the control
terminal of the power transistor during start-up of the
regulator whereby the initial biasing of the power tran-
sistor is aided by the start-up current generation means.
[0008] According to a second aspect of the present
invention, there is provided a method of regulating volt-
age in a voltage regulator for a power amplifier of a port-
able communications device, the voltage regulator
comprising an operational amplifier and a power tran-
sistor connected together so as to perform a voltage
regulation function with the output of the operational
amplifier connected to a control terminal of the power
transistor, wherein the power transistor has an associ-
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ated capacitance such that the initial biasing of the
power transistor requires a start-up current to be sup-
plied to its control terminal to charge the associated
capacitance, the method comprising the steps of con-
trolling the output voltage of the voltage regulator by
supplying current to the control terminal of the power
transistor, wherein the current is generated both by the
op-amp and, during start-up of the regulator, by start-up
current generation means having a current node con-
nected to the control terminal of the power transistor for
supplying additional current to the control terminal of
the power transistor during start-up of the regulator
whereby the initial biasing of the power transistor is
aided by the start-up current generation means.

[0009] In a preferred embodiment of the present
invention, the start-up current generation means
includes measurement means for measuring a property
indicative of the associated capacitance of the power
transistor, whereby the associated capacitance of the
power transistor may be determined. Preferably the
start-up current generation means includes magnitude
control means for varying the total amount of current
supplied to the control terminal of the power transistor
during start-up of the regulator in dependence upon the
associated capacitance of the power transistor,
whereby an appropriate current is supplied to the cur-
rent node of the start-up current generation means for
correctly biasing the power transistor during start-up of
the regulator. Furthermore, the start-up current genera-
tion means preferably also includes current shaping
means for shaping the current supplied to the control
terminal of the power transistor such that the amount of
current supplied by the start-up current generation
means decays with time so as to minimise any over-
shoots. Preferably, the measurement means comprises
means for measuring the voltage across the current ter-
minals of the power transistor.
[0010] The power transistor is conveniently a P-chan-
nel Metal-Oxide Semiconductor Field Effect Transistor
(P-MOSFET) having a gate (the control terminal) and a
source and drain (the current terminals), there being a
certain capacitance between the gate and the source
(Cgs) which varies with the voltage applied across the
drain and the source (Vds). In this case, the measure-
ment means of the start-up current generation means
preferably comprises a P-MOSFET sense-transistor
whose gate and source are connected to the drain and
source of the power transistor respectively. In this way, a
sense current which flows through the sense-transistor
approximately mirrors Cgs of the power transistor, such
that a suitable current for biasing the power transistor
may be generated from the sense current. Furthermore,
when a P-MOSFET is used, the current required to ini-
tially bias the associated capacitance will be negative in
the conventional sense. Clearly if an N-MOSFET were
used instead the start-up current required would be
positive in the conventional sense (it would not, how-
ever, be a sensible design choice to use an N-MOSFET

because additional current consuming elements such
as a charge pump would be required to make the regu-
lator function correctly and adequately).

[0011] There are at least two significant advantages of
a voltage regulator according to a preferred embodi-
ment of the present invention. The first is that the aver-
age power consumption of the voltage regulator may be
greatly reduced since the power consumption of the
operational amplifier may be greatly reduced. The sec-
ond advantage is that the amount of current required to
correctly and quickly bias the power transistor with min-
imal overshoots is automatically generated without the
requirement of an external RC circuit even where there
are large variations in the supply voltage and/or the out-
put regulated voltage.

Brief Description of the Figures

[0012] In order that the present invention may be bet-
ter understood, an embodiment thereof will now be
described by way of example only and with reference to
the accompanying drawings in which:-

Figure 1 is a block diagram of the basic structure of
a voltage regulator suitable for use with a power
amplifier of a portable communications device;
Figure 2 is a block diagram of a voltage regulator
according to the present invention;
Figure 3 is a graph illustrating the operation of the
regulator of Figure 2 under a first set of initial condi-
tions; and
Figure 4 is a graph similar to that of Figure 3 but
illustrating the operation of the regulator of Figure 2
under a second set of initial conditions.

Detailed Description of the Invention

[0013] Referring to Figure 1 the basic structure of a
voltage regulator 1 for a power amplifier of a portable
communications device is seen to comprise an opera-
tional amplifier (op-amp) 10, a power transistor 20 oper-
ating as the pass device of the voltage regulator,
programmable feed-back means 30 and a de-coupling
capacitor 40.
[0014] The op-amp 10 has a non-inverting input 11, an
inverting input 12 and an output 13. The power transis-
tor 20, which in this case is a P-MOSFET, has a control
terminal or gate 21, a first current terminal or source 22
and a second current terminal or drain 23. A supply volt-
age input 2 to the regulator 1 is connected to the source
22, and a regulated voltage output 4 of the regulator 1 is
connected to the drain 23 of the power transistor 20.
Additionally, the regulator has a reference voltage, VBG,
input 3 connected to the non-inverting input 11 of the
op-amp 10.
[0015] The output 13 of the op-amp 10 is connected
to the gate 21 of the power transistor 20. The drain 23 of
the power transistor 20 is connected to the inverting
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input 12 of the op-amp 10 via programmable feedback
means 30; note that programmable feedback means 30
is simply a programmable voltage divider for outputting
a divided down voltage from that input to it, the divisor
value, B, being programmable. Such a programmable
feedback means generally comprises a simple resistor
ladder structure, one or more resistances of which may
be bypassed or not by switching one or more bypass
transistors on or off. Clearly by altering the ratio of
resistances above and below the inverting input 12, the
divisor B may be varied.

[0016] Decoupling capacitor 40 is connected between
ground and the drain 23 of the power transistor 20.
[0017] When the regulator 1 is switched off, the output
13 of the op-amp 10 adopts a high impedance state and
the capacitance Cgs between the gate 21 and source
22 is not charged resulting in a substantially zero bias-
ing voltage Vgs between the gate and source of the
power transistor 20, which in turn results in the transis-
tor adopting an off state. In this state, decoupling capac-
itor 40 is also not charged and the voltage, Vreg, at the
regulated voltage output 4 will be at ground regardless
of the voltage, Vsup, applied to the supply voltage input
2 (note where, for example, Vsup is provided by one or
more batteries, Vsup will be constantly applied to the
Vsup input 2 of the regulator 1).
[0018] When the regulator 1 is turned on, operating
current is supplied to the op-amp 10 which compares
the voltages applied to its non-inverting and inverting
inputs 11, 12, and attempts to produce at its output a
voltage given by the difference between these input volt-
ages multiplied by the gain of the amplifier, which in the
present case is a large negative value. Since the volt-
age at the output 4 of the regulator 1 is initially substan-
tially at ground, the voltage at input 12 will be lower than
the positive reference voltage VBG applied to input 11
and as a consequence the voltage at output 13 will also
attempt to go down (note that unless the input voltages
are very almost equal, the output of the op-amp will be
saturated, i.e. it will simply attempt to adopt the maxi-
mum or minimum voltage available to it from its power
supply).
[0019] The effect of the output 13 going low is to com-
mence charging of the associated capacitance Cgs of
transistor 10. However, the rate of charging is limited by
the amount of current that the op-amp 20 is able to sink
and this in turn depends upon the amount of operating
current that is supplied to the op-amp. As the capaci-
tance Cgs charges, the voltage at the gate decreases
and therefore the power transistor 20 starts to turn on,
enabling current flow through the transistor 20 and
reducing the voltage drop thereacross. The decoupling
capacitor will start to charge up and the voltage at the
regulated voltage output 4 of the regulator will increase.
When the regulated output voltage substantially equals
the reference voltage VBG multiplied by the divisor, B,
of the programmable feedback means 30, the inverting
and non-inverting inputs 12, 11 will be substantially

equal and the regulator will be in a state of equilibrium
in which the regulated voltage output 4 of the regulator
is at the desired value. At this point the regulator 1 may
be described as being in an on state, and the power
transistor 10 as being correctly biased.

[0020] Referring now to Figure 2, there is shown a
voltage regulator 100 for a power amplifier of a portable
communications device, according to a preferred
embodiment of the present invention. The basic archi-
tecture of regulator 100 is the same as that of regulator
1 of Figure 1, except that regulator 100 includes start-up
current generation means 200 which is described in
greater detail below. The other significant difference
between regulators 1 and 100 is that op-amp 110 of reg-
ulator 100 is a much smaller op-amp than op-amp 10 of
regulator 1 in terms of the amount of power which it con-
sumes when it is on. Op-amp 100 has a non-inverting
input 111, an inverting input 112 and an output 113 con-
nected in the same way as the corresponding elements
of op-amp 10. Like references have been used to
describe corresponding elements in regulators 1 and
100 of Figures 1 and 2.
[0021] The start-up current generation means 200
comprises a sense transistor 210 which in this case is
shown as a P-MOSFET, a 1:X current mirror 220, first
and second voltage generating resistors 245, 255, a
band gap follower 230, first and second comparators
240, 250 and first and second start-up transistors 270,
280.
[0022] Sense transistor 210 has a source 212 con-
nected to the source 22 of the power transistor 20, a
gate 211 connected to the drain 23 of the power transis-
tor 20 and a drain 213 connected to master input(s) 221,
222 of the current mirror 220. First voltage generating
resistor 245 is connected between a slave output 223 of
the current mirror 220 and the output 232 of the band
gap follower circuit 230. The input 231 of the band gap
follower circuit 230 is connected to the reference voltage
VBG. The second voltage generating resistor 255 is
connected between the output 232 of the band gap fol-
lower 230 and ground via a small current source 257.
First and second start-up reference voltage nodes 246,
256 are located downstream of the first and second volt-
age generating resistors 245, 255 (i.e. the resistors are
between the band gap follower 230 and their respective
start-up reference nodes).
[0023] First and second comparators 240, 250 each
have a non-inverting input 241, 251 connected to the
first and second start-up reference voltage nodes 246,
256 respectively and an inverting input 242, 252, both of
which are connected to the inverting input 112 of op-
amp 110 so as to receive the same input voltage,
NEGIN. Each output 243, 253 of the comparators is
connected to the control terminal 271, 281 of the first
and second start-up transistors 270, 280 respectively.
The current electrodes 272,273; 282,283 of the start-up
transistors are connected between a current node 300
and ground respectively. First and second start-up tran-
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sistors 270, 280 have different physical characteristics
(e.g. channel width and/or length) such that they will
draw different currents from current node 300 even if the
same bias voltage/current is supplied to their control
electrodes. Current node 300 is connected to the con-
trol electrode of power transistor 20 (between the con-
trol electrode of the power transistor 20 and the output
113 of op-amp 110.

[0024] When it is desired to switch on regulator 100,
operating power is supplied to op-amp 110, current mir-
ror 220, band gap follower 230, comparators 240, 250
and current source 257 in order to switch these ele-
ments on. Thereafter, the basic regulator structure
operates as normal to drive the output 113 of op-amp
110 low which attempts to bias the power transistor into
the correctly biased conducting on-state. However,
because op-amp 110 only consumes a small amount of
power (and therefore effectively operates only as a low
power comparator), it is not able to draw very much cur-
rent away from the associated capacitance Cgs of the
transistor. If it were not for the start-up current genera-
tion means 200, the operation of which is described
below, this would lead to a very slow turn-on time of the
regulator.
[0025] However, in addition to the operation of the
basic regulator structure, the start-up current genera-
tion means 200 also operates as follows. Sense transis-
tor 210 is on because of the voltage across its gate 211
and source 212, which corresponds to the voltage
across the source and drain, Vds, of the power transis-
tor (given by ). The current generated
by the sense transistor is given by

 where k is a con-
stant, Ws and Ls are physical properties of the sense
transistor and Vt is the threshold voltage of the sense
transistor, and this is input to the master inputs 221,
222, etc. This causes a fraction of Isense (Isense/X
where X is the ratio of the current mirror 220) to flow into
the slave input of the current mirror. The effect of this
current Isense/X flowing through resistor 245 is to gen-
erate a voltage VBGvar at first start-up reference volt-
age node 246 given by
where R is the resistance of resistor 245. In this way a
voltage VBGvar is generated which varies according to
the square of Vds across the power transistor. The
smaller Vds is, the larger is the associated capacitance
Cgs of the power transistor and the closer VBGvar will
be to VBG.
[0026] In a similar manner, a voltage VBG-E is gener-
ated at the second start-up reference voltage node 256
given by  where IE is the current
generated by the small current source and R' is the
resistance of resistor 255. This small current IE through
resistor 255 is used to create a small voltage offset E in
order to avoid a second regulation loop once the output
voltage of the regulator is established. The voltages
VBGvar and VBG-E generated in this way are then
compared by the first and second comparators respec-

tively with NEGIN which is the voltage at the output of
the feedback means 30.

[0027] As the regulator 100 turns on NEGIN will rise
until it eventually reaches VBG. Since VBG-E is only a
little lower than VBG, the second comparator 250 will be
on for almost all of the start-up time until NEGIN has
very almost reached its final value of VBG. The first
comparator will remain on for a proportion of the start-
up time which depends on how small Isense is.
[0028] While the comparators 240,250 are on they
switch on start-up transistors 270,280 respectively,
which in turn causes first and second start-up currents
I1 and I2 to flow from the current node 300. The physical
characteristics of the start-up transistors 270 and 280
are predetermined such that I2 is a small value, while I1
is a much larger value, the arrangement being such that
in the worst case of the lowest anticipated value of Vds
(corresponding to the largest value of Cgs) of the power
transistor, the capacitance Cgs is correctly biased within
an acceptably short period, in the knowledge that I1 will
be on for almost all of the start-up period. In other
words, the desired magnitude of I2 is calculated on the
basis of the lowest anticipated value of Cgs, and then
the appropriate size for transistor 280 is determined
accordingly. Similarly, the desired magnitude of I1 is cal-
culated on the basis of the largest anticipated value of
Cgs, and then the appropriate size for transistor 270 is
set accordingly.
[0029] Figures 3 and 4 illustrate the start-up of regu-
lator 100 under two extreme conditions of a large value
of Vsup-Vreg and a low value of Vsup-Vreg respectively.
It will be apparent from the above discussion and Fig-
ures 3 and 4 that the total current supplied to (or actually
in this case drawn away from) the current node 300 in
order to bias the power transistor 20 during start-up of
the regulator depends upon the capacitance Cgs of the
power transistor such that almost exactly the correct
amount of current is drawn from the capacitance to
ensure very quickly reaching the correct bias. Further-
more, the amount of current drawn is initially large but
reduces as the correct bias is approached; this ensures
that very little overshoot occurs which is particularly
important where the power amplifier supplied by this
voltage regulator is formed using Gallium Arsenide
which is preferred for power amplifiers used in portable
communications devices.
[0030] From the above discussion it will be apparent
that the start-up current generation means 200 includes
measurement means, in the form of sense transistor
210 for measuring a property indicative of the associ-
ated capacitance Cgs of the power transistor 20,
whereby the associated capacitance of the power tran-
sistor may be determined and an appropriate current
supplied to the current node 300 of the start-up current
generation means 200 for correctly biasing the power
transistor 20 during start-up of the regulator 100.
[0031] Once the regulator is correctly biased, the
start-up current generation means is preferably

Vds=Vsup-Vreg

Isense=k.(Ws/Ls).(Vsup-Vreg-Vt) 2

VBGvar=VBG-Isense.R/X

VBG-E=VBG-IE.R'
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switched off again by suitable means (not shown). How-
ever, even if the start-up current generation means 200
is left on while the regulator is on the total power con-
sumed by all of the elements 220, 230, 240, 245, 250,
255, 257 will be small compared with the power con-
sumed by the op-amp of conventional regulator 1 of Fig-
ure 1. This is because the majority of the start-up
current in regulator 100 is provided by start-up transis-
tors 270, 280 which are turned off after start-up of the
regulator. The power controlled by these transistors dur-
ing start-up is much more than the total power con-
sumed by all of the other elements of the regulator 100.

Claims

1. A voltage regulator for a power amplifier of a porta-
ble communications device, comprising an opera-
tional amplifier (110) and a power transistor (20)
connected together so as to perform a voltage reg-
ulation function with the output (113) of the opera-
tional amplifier (110) connected to a control
terminal (21) of the power transistor (20), wherein
the power transistor (20) has an associated capac-
itance such that the initial biasing of the power tran-
sistor (20) requires a start-up current to be supplied
to its control terminal (21) to charge the associated
capacitance, and wherein the voltage regulator
(100) additionally comprises start-up current gener-
ation means (200) having a current node (300) con-
nected to the control terminal (21) of the power
transistor (20) for supplying additional current to the
control terminal (21) of the power transistor (20)
during start-up of the regulator whereby the initial
biasing of the power transistor (20) is aided by the
start-up current generation means (200).

2. A voltage regulator as claimed in claim 1, wherein
the start-up current generation means (200)
includes sensing means (210) for sensing a prop-
erty indicative of the associated capacitance of the
power transistor (20).

3. A voltage regulator as claimed in claim 2, wherein
the sensing means (210) comprises a sense tran-
sistor arranged to generate a current whose value
depends upon the voltage drop across the current
terminals of the power transistor (20).

4. A voltage regulator as claimed in any one of the
preceding claims, wherein the start-up current gen-
eration means (200) includes magnitude control
means for varying the total amount of current sup-
plied to the control terminal (21) of the power tran-
sistor (20) during start-up of the regulator in
dependence upon the associated capacitance of
the power transistor (20).

5. A voltage regulator as claimed in any one of the

preceding claims, wherein the start-up current gen-
eration means (200) includes current shaping
means for shaping the current supplied to the con-
trol terminal (21) of the power transistor (20) such
that it decays with time.

6. A method of regulating voltage in a voltage regula-
tor (100) for a power amplifier of a portable commu-
nications device, the voltage regulator (100)
comprising an operational amplifier (110) and a
power transistor (20) connected together so as to
perform a voltage regulation function with the out-
put (113) of the operational amplifier (110) con-
nected to a control terminal (21) of the power
transistor (20), wherein the power transistor (20)
has an associated capacitance such that the initial
biasing of the power transistor (20) requires a start-
up current to be supplied to its control terminal (21)
to charge the associated capacitance, the method
comprising the steps of controlling the output volt-
age of the voltage regulator (100) by supplying cur-
rent to the control terminal (21) of the power
transistor (20), wherein the current is generated
both by the operational amplifier (110) and, during
start-up of the regulator, by start-up current genera-
tion means (200) having a current node (300) con-
nected to the control terminal (21) of the power
transistor (20) for supplying additional current to the
control terminal (21) of the power transistor (20)
during start-up of the regulator whereby the initial
biasing of the power transistor (20) is aided by the
start-up current generation means (200).

7. A method as claimed in claim 6, further comprising
the step of sensing a property indicative of the
associated capacitance of the power transistor
(20).

8. A method as claimed in claim 7, wherein the step of
sensing a property indicative of the associated
capacitance of the power transistor (20) comprises
generating a current whose value depends upon
the voltage across the current terminals of the
power transistor (20).

9. A method as claimed in any one of claims 6 to 8,
wherein the total amount of current generated by
the start-up current generation means (200) is var-
ied in dependence upon the associated capaci-
tance of the power transistor (20).

10. A method as claimed in any one of claims 6 to 9,
wherein the current supplied to the control terminal
(21) of the power transistor (20) is shaped such that
it decays with time.
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