
Integrated circuit comprising a noise-reducing output stage. The invention
relates to an integrated circuit, comprising an output stage which is
organized as a series of at least two output transistors whose main current
channels are connected parallel to one another between a supply terminal
and an output of the output stage, a control circuit which is arranged to
start, in response to a variation in an input signal on an input, a
charging of respective control electrodes of the output transistors in a
mutually delayed fashion in the order of the series. An integrated circuit
of this kind is known from United States Patent Specification No. 4,789,796
(PHQ 85.025). During use of such an integrated circuit, the output is
usually capacitively loaded. When the output voltage of the circuit changes
from high to low, therefore, a capacitance must be discharged. Discharging
is realised by way of a current through the output via the main current
channels of the output transistors to the supply leads of the 



circuit. The supply leads act as an inductance, so that a variation in the
current causes an inductive voltage across the supply leads which is
proportional to the time derivative of the current. Due to the inductive
voltage across the supply leads, the power supply terminals, such as ground
outside the envelope of the integrated circuit and ground within the
integrated circuit, no longer carry the same potential. This disturbs the
operation of the circuit. This disturbance is reduced by the known circuit,
in that the peak value of the time derivative of the current is reduced,
subject to the secondary condition that the capacitance must have been
discharged within a specified period of time. Mutually delayed starting of
the charging of the control electrodes ensures that the control electrodes
of the output transistors do not reach their maximum voltage level
simultaneously. Therefore, the instant at which the increase of the current
through the various output transistors is maximum differs. As a result, the
peak value of the time 



derivative of the current through the output is smaller than if the current
in the at least    2 two output transistors were to increase
simultaneously. As the number of output transistors is larger, in principle
an increasingly lower peak value can thus be realised in the derivative of
the current. However, this requires a complex circuit in which notably the
wiring occupies a large surface area on the integrated circuit. United
States Patent Specification No. 4,783,601 (PHN 11.780) discloses another
output stage. This output stage consists of one output transistor whose
main current channel is connected between a first supply terminal and the
output. To this end, the output stage comprises a control circuit which is
arranged 



for charging the control electrode of the output transistor in response to
a variation in an input signal on the input. The control circuit comprises
several charging current branches, all but one of which are switched off
when the voltage on the control electrode exceeds a threshold value. Thus,
at the beginning of charging the charging current of the control electrode
is larger than that at the end of charging. By making the charging current
larger at the beginning, the time required for reaching the maximum current
through the output is reduced, without increasing the peak value of the
derivative of the current. The charging time required can be further
reduced by connecting more charging current branches in parallel and by
switching off these branches at different threshold values. The peak value
of the time derivative of the current of the output stage published in US
4,783,601 (PHN 11.780), however, is very sensitive to a spread in the
parameters of the integrated circuit. Moreover, the output stage does not
operate very well in the case of low supply voltages, because it is
difficult to realize sufficiently 



accurate adjustment of the threshold value of the voltage on the control
electrode at which the various charging current branches must be switched
off. Furthermore, this circuit cannot be optimally used for different
supply voltages, because the switching off of the branches is dependent on
the supply voltage. It is inter alia an object of the invention to provide
an integrated circuit comprising an output stage in which the peak value of
the time derivative of the output current is reduced further, without
unnecessarily reducing the time required to reach the maximum current. The
integrated circuit in accordance with the invention is characterized in
that the control circuit comprises switching means for switching back from
a speed of    3 



charging for a first one of the output transistors, between the starting of
charging of the first output transistor and the starting of a second output
transistor which directly succeeds the first output transistor in the
series, in order to make a maximum time derivative of a current through the
output, reached between the starting of the first and the second output
transistors, smaller than it would have been without said switching back.
Thus, the time derivative of the current through the output between the
starting of the first and the second transistor is smoothed. Switching back
takes place at an instant at which the voltage on the control electrode is
already comparatively high, i.e. in the region in which the current through
the output transistor responds more strongly to voltage variations than in
the presence of a low voltage. Switching back prevents the current as a
function of the time from increasing also more strongly in this region. It
has been found that an integrated circuit thus constructed is less
sensitive to a spread in the parameters of the integrated circuit. This is
because the effect of the parameters is distributed between the currents
through the various output 



transistors, so that it has less effect on the highest peak value of the
currents. An embodiment of the integrated circuit in accordance with the
invention is characterized in that the control circuit comprises at least
two current branches between a further supply terminal and the control
electrode of the first output transistor, which branches are coupled
parallel to one another, the control circuit being arranged for activating
the at least two current branches simultaneously upon starting of the
charging for the first output transistor, and to deactivate a sub-set of
the current branches upon switching back. Switching back of the charging
current can thus be simply realised. A further embodiment of the integrated
circuit in accordance with the invention is characterized in that the input
of the control circuit is coupled to an input of delay means, taps of the
delay means being coupled to the current branches for the purpose of
control to activate the current branches simultaneously and to deactivate
said sub-set of the current branches after a delay time. Consequently,
deactivation need not 



take place in response to the voltage on the control electrode of the
output transistor. The control circuit can thus operate with a variety of
supply voltages. Furthermore, the use of feedback circuits which would
render the output stage unnecessarily slow is thus avoided. An embodiment
of the integrated circuit in accordance with the invention    REPLACEMENT
SHEET 4 is characterized in that a first one of the current branches
comprises a main current channel of a first charging transistor, and that a
second one of the current branches comprises a series connection of the
main current channels of a second and a third charging transistor, a first
one of the taps being coupled to respective control electrodes 



of the first and the second charging transistor in order to activate the
current branches, a second one of the taps being coupled to a control
electrode of the third charging transistor in order to deactivate the
second current branch after the delay time. The time-dependent charging
current can thus be readily realised. An embodiment of the integrated
circuit in accordance with the invention is characterized in that the
output is retrocoupled to a control input of at least one of the current
branches coupled to the control electrode of at least one of the output
transistors for which the charging of its control electrode is started as
the last one in the series in order to deactivate this current branch when
a voltage difference between the output and the supply terminal is less
than a predetermined threshold value. It has been found that current
through the output transistor which is started first responds strongest to
variations of the voltage on the control electrode. In order to prevent the
peak value of the derivative of the current through the output transistor
started first from being higher than that of the current through the
further output transistors for this reason, the 



transistor started first is proportioned so as to be smaller so that, in
comparison with the further output transistors, it draws less current in
the presence of a given voltage on the control electrode. An embodiment of
the integrated circuit in accordance with the invention is characterized in
that a W/L ratio of one of the output transistors, for which the charging
of its control electrode is started first, is smaller than the W/L ratio of
a further output transistor for which the charging of its control electrode
is started later. The peak value of the derivative of the current of the
last output transistor is thus further suppressed when the voltage on the
output has already decreased sufficiently. The invention and its advantages
will be described in detail hereinafter with reference to the Figures. Fig.
1 shows an output stage for an integrated circuit in accordance with the
invention, Fig. 2 shows the time dependency of the charging currents in the
output 



stage shown in Fig. 1,    5 Fig. 3 shows an embodiment of the output stage,
Fig. 4 shows an embodiment of a delay line, Fig. 5 shows a further
embodiment of the output stage. Fig. 1 shows an output stage 10 for an
integrated circuit in accordance with the invention. The output stage 10
comprises two supply terminals (V[err] and G[err]), an input and an output
12. Between the output 12 and a first one of the supply terminals (G[err])
there is provided a pull-down circuit. The output 12 is also coupled, via a
load circuit 16 (not shown in detail for the sake of clarity) which serves
as a pull-up circuit, to the second supply terminal V[err]. 



The pull-down circuit comprises three NMOS output transistors 14a,b,c, the
main current channels of which are coupled between the output 12 and the
first supply terminal G[err]. The number of three NMOS output transistors
14a,b,c is chosen as a practical example; the invention is by no means
restricted to this number, it alternatively being possible to use two, four
or more output transistors. In the pull-down circuit the input is coupled
to a circuit 15 which is coupled to three charging circuits 17a,b,c for the
purpose of control. The charging circuits 17a,b,c, being shown as current
sources connected to the supply terminal Vdd on one side, are coupled to
respective gates of the NMOS output transistors 14a,b,c. Moreover, the
gates of the NMOS output transistors 14a,b,c are coupled to the first power
supply terminal G[err] via a respective switch 18a,b,c. When the input
signal of the circuit is such that the voltage on the output 12 must be
logic high, the switches 18a,b,c are conductive and the charging circuits
17a,b,c are inactive. The voltage on the gates of the output transistors
14a,b,c is then 



substantially equal to the potential of the first supply terminal G[err]
and the output transistors 14a,b,c are not turned on. The pull-up circuit
16 then pulls the potential on the output 12 to that of the second supply
terminal V[err]. When the voltage on the output 12 must be logic low, the
pull-up circuit 16 is inactive, the switches 18a,b,c are rendered
non-conductive, and the current sources 17a,b,c are connected. The voltage
on the gates of the output transistors 14a,b,c in the steady state is then
substantially equal to the potential of the second supply terminal Vdd and
the output transistors 14a,b,c are turned on. The output transistors
14a,b,c then pull the potential of the output 12 to that of the first
supply terminal G[err]. The output stage 10 is provided on a semiconductor
chip which comprises    6 



bond pads for connection to an external power supply (not shown) During use
current is applied from the power supply to the chip via bonding wires. The
bonding wires behave electrically as a self-inductance. The self-
inductance is symbolically represented by a coil L which is connected
between the first power supply G[err] and the external power supply
terminal 22. The other power supply terminal Vdd of the chip will also
comprise a self-inductance; however, because this self-inductance is not
necessary for the explanation, it is not shown in the Figure. The output 12
of the output stage is loaded by other circuits during use. These other
circuits constitute a load which contains a strong capacitive component
which is symbolically represented by a load capacitor 21 in the Figure.
Upon switching over from logic high (Vdd) to logic low (G[err]) on the
output 12, the circuit should discharge the capacitor. To this end, a
current is applied from the output 12 to the first supply terminal G[err].
This current also passes through the self-inductance L. Across this
self-inductance an inductive voltage difference V[err] 



develops which is proportional to the time derivative dI/dt of the current
I through the output stage 10: V[err] = L dI/dt. This application causes a
variation of the current through the self-inductance L and hence an
inductive voltage difference V[err] between the internal supply terminal Gd
and the external supply terminal 22. This inductive voltage difference has
a disturbing effect on the operation of the integrated circuit and the
invention aims to minimize this effect. The current sources 17a,b,c serve
to limit the inductive voltage difference. Under the control of respective
control signals, the current sources 17a,b,c provide time-dependent
currents I[err](t), I[err](t) and I[err](t) when the output 12 is to be
switched from logic high to logic low after a change of the signal on the
input. Fig. 2 shows the time-dependency of the currents I[err](t),
I[err](t) and I[err](t) through the current sources 17a,b,c. The various
current sources 17a,b,c are switched in a delayed fashion relative to one
another. The currents I[err](t), I[err](t), I[err](t) are all large at the
beginning and 



are subsequently reduced. Due to the supply of the current I[err](t), the
voltage on the gate of, for example the NMOS output transistor 14a will
rise rapidly at the beginning and subsequently in a slower fashion until a
steady state level is reached. Because the currents 11(t), I[err](t) and
I[err](t) start to flow with a delay relative to one another, the
REPLACEMENT SHEET 7 various NMOS output transistors 17a,b,c will start to
conduct at different instants. The time derivative of the current through
the self-inductance L, therefore, is smaller that it would be if all output
transistors 14a,b,c were turned on simultaneously. Under the control of the
rise of the voltage on the gate of, for example 



the NMOS output transistor 14a, this output transistor will start to draw
an increasing current through its main current channel. If the voltage on
the gate of the NMOS output transistor 14a were to increase linearly in
time, the current through the main current channel would thus increase
faster than linearly (the relationship between the gate voltage and the
main current of the output transistor 14a is not linear). The current
I[err](t), however, decreases as a function of time, so that the voltage on
the gate of the output transistor 14a increases less rapidly, so that the
increase of the derivative due to the non-linear relationship between the
gate voltage and the main current is counteracted. A similar
time-dependency holds for the further output transistors 14b,c. The voltage
of the output 12 still has its maximum value when the output transistor 14a
is turned on, i.e. transistor which is the first one to be turned on. The
current through the first output transistor 14a, therefore, reacts more
quickly to variations of its gate voltage. In order to prevent the
derivative of the current from becoming much larger 



than the derivatives of the current through the further output transistors,
the W/L ratio of the first output transistor is preferably smaller than
that of the further output transistors. This effect is most pronounced for
the first output transistor 14a, being turned on first, but also exists for
the further output transistors. Therefore, the W/L ratio of the output
transistors 14a,b,c is preferably greater as they are turned on later. An
example of a suitable ratio of the W/L ratios of respective output
transistors 14a,b,c is: 1:2:3. The absolute value of the W/L ratios is
determined by the DC specification of the integrated circuit, prescribing a
maximum DC voltage drop across the output transistors for a given DC output
current. The time-dependency of the currents I[err](t), I[err](t),
I[err](t) in practice is chosen to be dependent on the properties of the
output transistors 14a,b,c and the type of current source 17a,b,c. The
embodiment shown is given merely by way of example. Fig. 3 shows an
embodiment of the output stage for an integrated circuit. Therein, the
components already shown in Fig. 1 are denoted by the same references as 



used in Fig. 1. Each of the charging circuits 17a,b,c is constructed as a
parallel    REPLACEMENT SHEET connection of a first and a second branch.
This parallel connection is coupled between the second power supply Vdd and
the gate of the output transistor 14a,b,c. The first branch comprises the
main current channel of a PMOS transistor 30a,b,c. The second branch
comprises a series connection of the main current channels of two PMOS
transistors 31a,b,c and 32a,b,c. The switches 18a,b,c (Fig. 1) are realised
as NMOS transistors 34a,b,c. The input 36 of the output stage is coupled to
the input of a delay line 38. Outputs of the delay line 38 are coupled to
the gates of the transistors 30a,b,c, 31a,b,c and 32a,b,c in the charging
circuits 17a,b,c. Furthermore, an output of the delay line is 



coupled to the gates of the NMOS transistors 34a,b,c which serve as
switches. The distance between the input of the delay line 38 and the
various outputs symbolizes the delay between the signal on the input and
the various outputs, a dot on an output indicates that the output supplies
an inverted signal. The operation of the circuit will be explained for the
case where a signal undergoing a transition from logic high to logic low is
presented to the input 36. First the gates of the transistors 34a,b,c
receive a low voltage so that they are turned off and one of the charging
circuits (17a) is activated. In response to the activation, first both
branches (30a and 3 la, 32a) of the charging circuit 17a are turned on.
After a delay time, the second branch (31a, 32a) is turned off because one
of the two transistors 32a in this branch is turned off under the control
of an inverted, delayed version of the input signal. The gate of the output
transistor 14a is thus charged initially by both branches (30a and 31a,
32a) and subsequently by only the first branch 30a (and hence in a slower
fashion). The switching point is chosen so that the maximum derivative of
the current 



through the output transistor 14a is reduced thereby. Except for a delay,
the further charging circuits 17b,c operate in the same way as the first
charging circuit 17a. The sequence of switching on and off of the various
branches 30a,b,c, 31a,b,c and 32a,b,c corresponds to the sequence in which
the taps on the delay line are shown. The optimum choice of the delay
between the various switching instants is dependent on the transistors used
and is determined preferably by simulation. The peak value of the resultant
time derivative is then determined and a combination of delay times which
minimizes this peak value is chosen. The second branch (3 la, 32a) need not
be switched off by means of a delayed input signal. Alternatively, the
second branch 31a, 32a can be controlled by the    REPLACEMENT SHEET 



9 voltage on the gate of the output transistor 14a. For example, the gate
of the  transistor 32b whereby the second branch is switched off can be
connected to the gate of the output transistor 14a. The current through the
second branch 31a, 32a will then decrease as the voltage on the gate of the
output transistor 14a increases and will be switched off completely when
this voltage equals the second supply voltage Vdd minus a threshold voltage
V[err]. Such a decrease of the current through the second branch 31a, 32b
ensures a reduction of the maximum derivative of the current through the
output. However, if the second supply voltage Vdd is not known in advance,
for example because the user of the integrated circuit is free to use
different supply voltages, it is difficult to control the maximum
derivative of the output current in this manner. Moreover, this causes a
dependency on the possibilities offered by the parameters of the
transistors (for example, the value of VT); this hampers suitable control
notably in the 



case of a low supply voltage V[err]. Even when only one output transistor
(for example, only 14a in conjunction with the charging circuit 17a, so
without 14b,c and 17b,c) is used, the charging circuit with a delay line
can be controlled better in this case. The number of two parallel-connected
branches (30a,b,c and 31a,b,c, 32a,b,c) is given merely by way of example.
A parallel connection of more than two branches can also be provided for
the charging of the gate of one or more of the output transistors 14a,b,c.
Each of these branches comprises, for example a series connection of the
main current channels of two transistors. The gate of one of these
transistors is controlled, together with the gates of transistors 30a,b,c,
31a,b,c, in the other branches in the same charging circuit, so as to
activate the charging circuit 17a,b,c. Another transistor in each branch is
controlled, with a delay with respect to the transistor 32a,b,c and in
inverted form, so as to deactivate the branches. As the time after
activation of the charging circuit 17a,b,c elapses, an increasing number of
branches is 



deactivated. The time-dependency of the current can thus be more accurately
adjusted. It has been found in practice that the use of two branches as
shown in Fig. 3 suffices. When a signal undergoing a transition from logic
low to logic high is presented to the input 36, the charging circuits
17a,b,c are switched off and the transistors 34a,b,c are turned on.
Preferably, the charging circuits 17a,b,c are not active when the
transistors 34a,b,c are turned on. In order to achieve this, the delay
between    10 the arrival of the low-to-high transition and the
deactivation of the charging circuit 17a,b,c is preferably shorter than the
delay between the arrival of the high-to-low transition and the activation
of the charging circuit 17a,b,c. Fig. 4 shows an embodiment of a delay line
38 serving this purpose. The 



delay line 38 comprises a basic delay line 40 with a number of taps. Each
of the taps 43, 45 used to deactivate the charging circuits 17b,c, is
coupled, in inverted form via a NAND-gate 42, 44, to the gates of the
transistors 30b,c, 31b,c in the charging circuits 17b,c. The NAND-gate also
comprises an input which is coupled to a leading, inverted tap 41 of the
basic delay line 40. Because activation takes place via a NAND-gate, one of
the input signals of which is tapped from the basic delay line 46 with a
short delay, deactivation of the charging circuits will be faster than
activation. Evidently, instead of a NAND-gate operating with inverted
versions of the input signal, any other logic function having the same
effect can be used. The delay line 38 preferably comprises a cascade of
inverters integrated together with the output stage, the input of the
cascade constituting the input of the delay line 38. The outputs of the
delay chain 38 are tapped on the outputs of the inverters in the cascade.
The proportioning of the inverters in the cascade determines 



the delay times and is chosen so that the peak value of the output current
of the output stage is minimized. The delay times realised by the cascade
are codependent on fluctuations in the operating conditions (supply voltage
Vdd, temperature and the like). The speed of charging of the gates of the
output transistors 14a,b,c is also dependent on these fluctuations. Because
the delay times and the charging speed change together, the time
relationship between the currents I[err](t), I[err](t) and I[err](t) and
their own time-dependency is maintained despite these fluctuations. The
pull-up circuit 16 can be constructed in the same way as the pull- down
circuit shown in the Figs. 1 and 3. The PMOS transistors in the pull-down
circuit are replaced by NMOS transistors in the pull-up circuit 16 and vice
versa; Vdd and G[err] are interchanged in the pull-up circuit 16; The delay
line comprises NOR-gates instead of NAND-gates for activating and
deactivating the charging circuits of the pull-up circuit. 



Because, generally speaking, the noise margin for Vdd is wider than that
11 for G[err], the pull-up circuit 16 usually does not require as many
output transistors the pull-down circuit. Fig. 5 shows a further embodiment
of the output stage in accordance with the invention. It highly resembles
the embodiment shown in Fig. 3. The difference consists in that the
charging circuit 17c for the gate of the output transistor 14c, being
activated last, comprises an additional branch which extends parallel to
the previously mentioned first and second branches (30c and 31c, 32c). The
additional branch comprises a series connection of the main current
channels of a PMOS transistor 52 and an NMOS transistor 54. The gate of the
PMOS transistor 52 is coupled to the gates of 



the transistors 30c, 31c whereby the other branches of the charging circuit
17c are activated. The gate of the NMOS transistor 54 is coupled to the
output of the output stage. During operation the NMOS transistor 54 will
deactivate the additional branch when the output voltage is sufficiently
low. The time derivative of the current through the output transistor 14c
then becomes lower if the output voltage is already sufficiently low. This
may be the case, for example when the capacitive load of the output 12 is
comparatively small so that it can already be quickly discharged for the
better part by the first and the second activated output transistor 14a,b.
The additional branch in the charging circuit, therefore, is used only in
the case of a high load. This type of retrocoupling is useful notably for
the last output transistor 14c, but can also be used in the other
transistors 14a,b. The DC supply capacity of the output stage is not
influenced by the retrocoupling.  



12 CLAIMS: 1.          An integrated circuit, comprising -      an output
stage which is organized in as series of at least two output transistors
whose main current channels are connected parallel to one another between a
supply terminal and an output of the output stage, -      a control circuit
which is arranged to start, in response to a variation in an input signal
on an input, a charging of respective control electrodes of the output
transistors in a mutually delayed fashion in the order of the series,
characterized in that the control circuit comprises switching means for
switching back from a speed of charging for a first one of the output
transistors between the starting of the charging of the first output
transistor and the starting of a second output transistor 



which directly succeeds the first output transistor in the series, in order
to make a maximum time derivative of a current through the output, reached
between the starting of the first and the second output transistors,
smaller than it would have been without said switching back. 2.          An
integrated circuit as claimed in Claim 1, characterized in that the
switching means are arranged for switching back, each time between the
starting of the charging for two successive output transistors, a speed of
charging of an already started one of these two output transistors. 3.
An integrated circuit as claimed in Claim 1 or 2, characterized in that the
control circuit comprises at least two current branches between a further
supply terminal and the control electrode of the first output transistor,
which branches are coupled parallel to one another, the control circuit
being arranged for activating the at least two current branches
simultaneously upon starting of the charging for the first output
transistor, and to deactivate a sub-set of the current branches upon
switching back. 



4.          An integrated circuit as claimed in Claim 3, characterized in
that the input of the control circuit is coupled to an input of delay
means, taps of the delay means being coupled to the current branches for
the purpose of control to activate the current branches simultaneously and
to deactivate said sub-set of the current branches after a    delay time.
5.           An integrated circuit as claimed in Claim 4, characterized in
that delay means comprise a further tap which is coupled, for control
purposes, to a charging circuit for the second transistor in order to start
the charging thereof with a further delay. 6.           An integrated
circuit as claimed in Claim 3, characterized in that a first one of the
current branches comprises a main current channel of a first charging 



transistor, and that a second one of the current branches comprises a
series connection of the main current channels of a second and a third
charging transistor, a first one of the taps being coupled to respective
control electrodes of the first and the second charging transistor in order
to activate the current branches, a second one of the taps being coupled to
a control electrode of the third charging transistor in order to deactivate
the second current branch after the delay time. 7.           An integrated
circuit as claimed in Claim 3 or 4, characterized in that the output is
retrocoupled to a control input of at least one of the current branches
coupled to the control electrode of at least one of the output transistors
for which the charging of its control electrode is started as the last one
in the series in order to deactivate this current branch when a voltage
difference between the output and the supply terminal is less than a
predetermined threshold value. 8.          An integrated circuit as claimed
in any one of the Claims. 1 to 7, characterized in that a W/L ratio of one
of the output transistors, for which the charging 



of its control electrode is started first, is smaller than the W/L ratio of
a further output transistor for which the charging of its control electrode
is started later. 9.          An integrated circuit as claimed in any one
of the Claims 1 to 8, characterized in that the control circuit comprises
discharge switches, connected between the supply terminal and the
respective control electrodes of the output transistors, the control
circuit being arranged for terminating the charging and to close the
discharge switches together in response to a further variation which
opposes said variation of the input signal. 10.         An integrated
circuit, comprising an output transistor, a main current channel of which
is connected between a supply terminal and an output, an input of the
circuit being coupled to delay means, comprising taps for mutually delayed
output signals which are coupled to respective current branches for the
purpose of control to   



REPLACEMENT SHEET 14 activate the current branches simultaneously and to
deactivate a sub-set of the current branches after a delay time, the
current branches being coupled, parallel to one another, between a second
supply terminal and a control electrode of the output transistor.    






