
1             0 107 250                      2 Description
will generally cancel the frequency compensation as a result of an
additional roll-off in gain leading The invention relates to an operational
ampli-   to a 12 dBloctave roll-off, this does not happen in fier
comprising at least a first amplifier stage, a  operational amplifiers of
the type set forth in the second amplifier stage driven by the first ampli-
5    opening paragraph when a Miller integrator is fier stage, a first
junction point which is coupled  arranged after the capacitive feed-forward
trans- to an output of the first amplifier stage and a .   conductance
amplifier as a third stage. It is then second junction point which is
coupled to an       found that in the same wayas the second stage in output
of the second amplifier stage, a first     the known amplifier the second
and the third capacitive signal path for improving the high-fre-   to
stage together exhibit a 6 dBloctave roll-off. After quency properties of
the operational amplifier     a part with a 6 dB/octave roll-off the gain
charac- being arrangeable or arranged between said         teristic of the
second and the third stage together junction points, the gain from the
first junction  becomes frequency-independent since the two point to the
second junction point being non-      capacitive signal paths function as a
high-fre- inverting and the impedance of the output of the  15    quency
signal inverter because the second second amplifier stage being high
relative to the  junction point acts as a virtual earth for the third
impedance at the first junction point.             amplifier stage. Thus,
in the same way as in the Such an operational amplifier is known from
known operational amplifier, it is possible to Netherlands Patent
Application No. 8002666         bring the roll-off of the first amplifier
stage into (PHN 9743) (corresponding  to  the  FR-A-   20    conformity
with the roll-off of the second stage in 2 482 383), which has been laid
open to public     combination with the third stage, so that a 6 inspection
and which is herein incorporated by     dB/octave roll-off is maintained up
to the 0-dB reference. This known operational amplifier        point.
comprises a voltage amplifier having a low-          As regards the two
capacitive signal paths the impedance output (the first amplifier stage)
25   invention may further be characterized in that followed by a
transconductance amplifier (the      capacitances of substantially equal
magnitude are second amplifier stage) across which a high-       arranged
between the second and the third frequency feed-forward path (the first
capacitive  junction point and between the first and the signal path) is
arranged. This enables frequency   second junction point. compensation to
be applied to the operational   30   The invention will now be described in
more amplifier in order to obtain a 6 dB/octave roll-off  detail, by way of
example, with reference to the without a loss of bandwidth because the 0-dB
drawings in which bandwidth of the operational amplifier is equal to
Figure 1 shows the known operational ampli- the o-dB bandwidth of the first
amplifier stage as  fier, a result of this compensation. In addition, this
35  Figure 2 shows three frequency-response known operational amplifier has
the advantage      curves to illustrate the operation of the opera- that,
via said capacitive signal path the the high-   tional amplifier shown in
Figure 1, impedance output of the second amplifier stage is    Figure 3
shows the circuit diagram  of an loaded by the low-impedance output of the
first    operational amplifier in accordance with the stage for high
frequencies, so that high-frequency   40    invention, noise of this
operational amplifier is reduced.      Figure 4 shows three
frequency-response In practice, it is found to be desirable that an  curves
to explain the operation of the operational additional amplifier stage can
be added to this    amplifier shown in Figure 3, and known operational
amplifier in order to limit the    Figure 5 shows a possible construction
for an signal-voltage sweep on the output of the trans-  45    operational
amplifier in accordance with the conductance amplifier (the second stage),
which    invention. results in a reduced distortion, or in order to
Figure 1 shows the frequency-compensated increase the gain. The invention
aims at providing  amplifier known  from  Netherlands  Patent an
operational amplifier of the type set forth in the  Application No. 8002666
(PHN 9743) to which the opening paragraph which is equipped with an   50
inventive step may be applied. Between an input additional amplifier stage
but whose excellent     1 and an output 5 the amplifier comprises a first
frequency-compensation is retained. To this end    amplifier stage 2, which
is a voltage amplifier the invention is characterized in that the output of
having a gain A=a , and an output 10 with a the second amplifier stage is
connected to an      comparatively low impedance, followed by a input of a
third amplifier stage having an output   55   transconductance amplifier 3
having a trans- coupled to a third junction point, a second
conductance [err] and an output 11 with a compara- capacitive signal path
being arrangeable or        tively high impedance. The transconductance
arranged between the second and the third          amplifier 3 is
terminated by a resistor 7 having a junction point, the third amplifier
stage being    resistance R, which resistor 7 may be the equi- inverting
between the second and the third   60    valent input resistance of a
following stage and is junction point so that said third amplifier stage in
shunted by a capacitor 6 having a capacitance C1. conjunction with the
second capacitive signal      Alternatively, the capacitor 6 may be
arranged path exhibits a Miller effect.                     between the
output 11 of the transconductance The invention is based on recognition of
the     amplifier 3 and a low-impedance output of the fact that, although
the addition of a further stage   65    amplifier 2 other than the output
which is 



2    3              0 107 250 connected to the transconductance amplifier.
The                       [err] transconductance amplifier 3 may be
followed by a voltage follower or an output stage 4 having a gain A=1. 5
This results in the transfer characteristic shown in In order to illustrate
the effect of the frequency Figure 2 with an overall gain of compensation
of the amplifier shown in Figure 1, Figure 2 shows three frequency
diagrams representing, from top to bottom, the gain of the first amplifier
stage 2, the gain of the trans-    10                     [err] conductance
amplifier 3 with the capacitor 6 and the resistor 7, and the gain of the
complete amplifier as a function of the angular frequencyc    This is a
characteristic with a gain [err] for low and on a logarithmetic scale. The
gain of the        frequencies, a break point at [err], a 6 dB/ voltage
amplifier 2 may be written as:               octave roll-orr and a 0 dB
gain at [err] where [err] is the gain at low frequencies and [err] is
20    This yields an additional gain [err] without adversely affecting the
frequency response of the the time constant of the frequency roll-off of
the   first stage, i.e. while maintaining the 6 dB/octave gain of the first
stage 2. As is shown in Figure 2,   roll-off past the point where the gain
is unity, at this means that the roll-off of this first stage 2    which
point the angular frequency [err] is equal to becomes 6 dB/octave at
25 [err] and that for                                   30    Moreover,
this frequency compensation has the additional advantage that, above the
frequency [err]                               [err] where the gain A=1, the
noise on the high-impedance output of the transconductance amplifier 3 is
short-circuited to the low- 35    impedance output 10 of the voltage
amplifier 2 via a gain of 0dB is reached.          the capacitor 6 and does
not appear on the output The open-loop gain of the second stage 3 is
5 of the amplifier. [err] i.e. the product of the transconductance and
In many cases it is desirable to add a third amplifying stage, not only to
obtain additional the terminating resistance. At higher frequencies   40
gain but also to limit the voltage swing on the a  current through the
capacitor 6 produces a         output of the transconductance amplifier so
as to voltage across the resistor 7 and at very high reduce the distortion,
because in practice a trans- frequencies the capacitor 6 forms a short
circuit, so that the gain is unity. The gain as a function of  distortion
than a voltage amplifier for the same the angular frequency is:
45    voltage swing on its output. This higher distortion arises inter alia
because the output of a trans- conductance amplifier is generally the
collector of a transistor, which is loaded by a comparatively [err]
high voltage-dependent stray collector-capaci- 50   tance, said distortion
being caused by the voltage [err]                          dependence of
this capacitance. As is shown in Figure 2 this is a characteristic       In
Figure 3 the transconductance amplifier stage 3 of an operational amplifier
as shown in having a gain [err]at low frequencies , a 6
Figure 1 is followed, in accordance with the dB/octave roll-off starting at
[err]-1/RC and chang-   55    invention, by a voltage amplifier 8 with a
voltage ing to a constant gain of unity at [err]=gm/C[err]. A requirement
for the foregoing is that the time        gain-A=[err] in accordance with
the invention this constant of the transconductance amplifier 3 is
voltage amplifier is operated as a Miller integrator via a capacitor 9
having a capacitance C2. smaller than the time constant [err].
In order to explain the frequency compensation A steady 6 dB/octave
roll-off for the overall gain   60    achieved by means of the amplifier of
Figure 3, which roll-off extends up to and beyond the 0         Figure 4
shows, from top to bottom, the gain of dB-gain point, can be obtained by
bringing the       the first amplifier stage 2, the gain of the frequency
roll-off of the first amplifier stage    combination of the second (3) and
third (8) exactly into conformity with that of the second      amplifier
stages together with the capacitors 6 



stage, i.e. by ensuring that                   65    and 9 and the resistor
7, and the gain of the    5                0107 250
6 complete amplifier as a function of the angular
[err] frequency o and on a logarithmic scale. The gain of the first
amplifier stage 2 remains the same : This is a characteristic
which-ignoring the [err]                                            minus
sign resulting from the inverting action of the Miller integrator-exhibits
a low-frequency gain equal to [err] which yields a frequency response with
a low- frequency gain [err] a break point at
[err] 1                              and at [err] changes to a gain equal
to [err] a 6 dBloctave roll-off, and a gain of 0 dB at [err] 20   which for
[err]>>1 and [err]is equal to [err]. At still higher frequencies starting
at The second and the third stage do not operate independently of each
other and must be regarded as one amplifier. At low frequencies the
[err] output current of the high-impedance trans- conductance amplifier
only flows through the    25 resistor 7 and the amplifier 8 acts as a
voltage    the Miller-integrator effect will be lost because the amplifier,
so that the gain of the two is equal to  third stage 8 has reached the 0 dB
gain point, so [err], where [err] is the low-frequency gain of the  that
the gain rolls off further. amplifier 8. At higher frequencies a signal
current flow via capacitor 6 and capacitor 9 also plays a    30  The
characteristic thus obtained has the same part. It is possible to calculate
that the break point  shape as the second characteristic shown in is
situated at                                      Figure 2. Thus, by means
of the amplifier shown in Figure 3, frequency compensation is obtained 1
in the same way as with the amplifier shown in 35    Figure 1-but now by
means of three amplifier [err]
stages-by linking the first two characteristics in Figure 4 to each other
by selecting From this point the roll-off in gain is 6 dB/octave because
the capacitors 6 and 9 give rise to one time constant with capacitor 6 in
parallel with    40 capacitor 9 whose capacitance is increased by the
[err] Miller effect, which time constant This yields the characteristic
shown at the bottom [err]                                            in
Figure 4, which exhibits a low-frequency gain 45   equal to [err] which for
is equal to a [err]` for [err]>>1 and [err]. At even higher frequencies the
capacitors 6 and 9                  [err] will have a very low impedance.
If point 11 constitutes a virtual earth, which is the case at   -which for
[err]>>1 and [err] is equal to frequencies where the roll-off of amplifier
8 has    50  [err]-changes to a roll-off of 6 dB/octave, not become too
large, the output voltage [err] on     and which reaches the gain [err] for
[err]. The output 10 is converted into a signal current
characteristic may be represented by the follow- [err] by capacitor 6,
which signal current is     ing formula: converted via capacitor 9 into a
voltage Vs on output 5, which voltage                        55 [err] C2
which may be reduced to 60 The combination of the amplifier stages 3 and 8
1 with the capacitors 6 and 9 acts as an inverter with          [err] a
frequency-independent. gain [err]` The fre-
[err] quency response thus obtained is shown in Figure 4 and may be
expressed by the formula:    65   for [err]>>1 and [err] 4 



7                    0 107 250 For [err] this characteristic has a gain
[err]      The third amplifier stage 8 comprises a first and a roll-off of
6 dB/octave but with an additional  transistor 40 whose emitter is
connected to the gain [err].
base of transistor 42. Transistor 42 has a current The 0-dB point is
reached for                       source 43 as its collector load. The
collector of 5    transistor 42 is connected to an output 5 and to a [err]
terminal 47 for connecting the capacitor 9. The capacitors 6 and 9 may be
integrated with the amplifier stages or, alternatively, they may be It
follows that the  0-dB bandwidth                   external capacitors
connected to the pins of the integrated circuit comprising the amplifier
stages 2, 3 and 8. In the same way as in the amplifier shown in Figure 1,
the amplifier shown in Figure 3 may be [err]
15  extended by a voltage follower or output stage 61 having a gain A=1.
For this purpose the embodi- of the third stage 8 should be at least a
fraction    ment shown in Figurer 5 employs an output stage C1/C2 larger
than the bandwidth w-1I1ofthe first     61  as  described  in  the
previously  filed stage 2 in order to meet the requirement that the
Netherlands Patent Application No. 8003052 (PHN break point for [err] lies
above the 0-dB point of  9748), which has been laid open to public inspec-
the overall characteristic. As in practice the band-    20   tion, which
stage has suitable high-frequency width of the third stage 8 cannot be much
larger      properties. Instead of this output stage any other (for
example, not a factor 2 larger than the          output stage with suitable
high-frequency proper- bandwidth of the first stage, it follows that in
output stage with siutable high-frequency proper- practice C1/C2 will be
substantially equal to unity.  ties may be used. If the bandwidth of the
third stage is inadequate,   25   capacitor 9 is connected across the
amplifier 8 the bandwidth of the first stage may be reduced       between
output 11 (of amplifier 3) and output 5 of or the ratio C1/C2 may be
selected to be smaller      amplifier 8. Alternatively, capacitor 9 may be
than unity.                                           arranged between the
outputs 11 and 58, so that Figure 5 shows a possible circuit for the
the amplifier 8 and the output stage 61 together amplifier shown in Figure
3. The first amplifier    30    operate as a Miller integrator. In many
cases this 12 and 13, whose gate electrodes form the input       variant
has the advantage of a lower distortion. 1, whose source electrodes are
connected to a           Although in this embodiment the output 5 and
power-supply terminal 60 via resistors 14 and 15      the output 11 of the
transconductance amplifier and whose drain electrodes are connected to a
35   are high-impedance outputs, the said problem of power-supply terminal
59. Via resistors 16 and 17     increased  distortion  as  a  result of
said the source electrodes are connected to the base
voltage-dependent  capacitance  is  largely electrodes of two transistors
18 and 19 which are     mitigated  because  in  the  amplifier 8  an
arranged as a differential pair, their emitter elec-  output-impedance
level may be chosen which is trodes being connected to the power-supply
40   lower than in the transconductance amplifier. terminal 60 via the
emitter-degeneration resistors 20 and 21 and the current source 22. The
collec-      Claims tors are connected to the power-supply terminal 59 via
resistors 23 and 24. The signals across the      1. An operational
amplifier comprising at least a resistors 23 and 24 are transferred to the
differen-    45   first amplifier stage, a second amplifier stage tial
output 10 of the first amplifier stage 2 via     driven by the first
amplifier stage, a first junction emitter-follower transistors 25 and 26.
An emitter-   point which is coupled to an output of the first follower
transistor 29 is connected to the emitter    amplifier stage and a second
junction point which of transistor 25 in order to obtain a low-
is coupled to an output of the second amplifier impedance point 44 for
connection  of the    50    stage, a first capacitive signal path for
improving capacitor 6.                                         the
high-frequency properties of the operational The   second   amplifier
stage   3-the            amplifier being arrangeable or arranged between
transconductance amplifier-comprises two tran-        said junction points,
the gain from  the first sistors 31 and 32 arranged as a voltage-current
junction point to the second junction point being converter, their base
electrodes being connected    55    non-inverting and the impedance of the
output of to the output 10 and their emitter electrodes being  the second
amplifier stage being high relative to connected to the power-supply
terminal 59 via        the impedance at the first junction point, charac-
resistors 33 and 34. The collector electrode of      terized in that the
output of the second amplifier transistor 32 is connected directly to an
output 11  stage is connected to an input of a third amplifier and the
collector electrode of transistor 31 is   60    stage having an output
coupled to a third junction connected to this output via a current mirror
point, a second capacitive signal path being comprising the transistors 35,
36 and 37 and the     arrangeable or arranged between the second and
resistors 38 and 39. The output 11 is connected to   the third junction
point, the third amplifier stage 



a terminal 45 for connecting the capacitor 6 and to  being inverting
between the second and the third a terminal 46 for connecting the capacitor
9.  65   junction point, so that said third amplifier stage in 5 .    7
0 107 250                        8 For[err] this characteristic has a gain
[err]     The third amplifier stage 8 comprises a first and a roll-off of 6
dB/octave but with an additional  transistor 40 whose emitter is connected
to the gain [err].                                            base of
transistor 42. Transistor 42 has a current The 0-dB point is reached for
source 43 as its collector load. The collector of 5    transistor 42 is
connected to an output 5 and to a [err]
terminal 47 for connecting the capacitor 9. The capacitors 6 and 9 may be
integrated with the amplifier stages or, alternatively, they may be
external capacitors connected to the pins of the It follows that the 0-db
bandwidth                                                      integrated
circuit comprising the amplifier stages 2, 3 and 8. In the same way as in
the amplifier shown in [err]                                   Figure 1,
the amplifier shown in Figure 3 may be extended by a voltage follower or
output stage 61 of the third stage 8 should be at least a fraction
having a gain A=1. For this purpose the embodi- ment shown in Figure 5
employs an output stage [err] larger than the bandwidth [err] of the first
61  as  described in the  previously  filed stage 2 in order to meet the
requirement that the    Netherlands Patent Application No. 8003052 (PHN
break point for [err] lies above the 0-dB point of  9748)which has been
laid open to public inspec- the overall characteristic. As in practice the
band-    20   9748), which has been laid open to public inspec- width of
the third stage 8 cannot be much larger     tion, which stage has suitable
high-frequency (for example, not a factor 2 larger than the
properties. Instead of this output stage any other bandwidth of the first
stage, it follows that in     output stage with suitable high-frequency
proper- practice [err] will be substantially equal to unity.  ties may be
used. If the bandwidth of the third stage is inadequate,   25  In the
embodiment shown in Figure 5 the the bandwidth of the first stage may be
reduced      capacitor 9 is connected across the amplifier 8 between output
11 (of amplifier 3) and output 6 of or the ratio [err] may be selected to
be smaller     amplifier 8. Alternatively, capacitor 9 may be than unity.
arranged between the outputs 11 and 58 so that Figure 5 shows a possible
circuit for the amplifier shown in Figure 3. The first amplifier    30
the amplifier 8 and the output stage 61 together stage 2 comprises a pair
of FET input transistors    operate as a Miller integrator. In many cases
this 12 and 13, whose gate electrodes form the input      variant has the
advantage of a lower distortion. 1, whose source electrodes are connected
to a          Although in this embodiment the output 5 and power-supply
terminal 60 via resistors 14 and 15    the output 11 of the
transconductance amplifier and whose drain electrodes are connected to a
35   are high-impedance outputs, the said problem of power-supply terminal
59. Via resistors 16 and 17   increased  distortion  as  a  result of said
the source electrodes are connected to the base      voltage-dependent
capacitance  is  largely electrodes of two transistors 18 and 19 which are
mitigated  because  in  the  amplifier 8  an arranged as a differential
pair, their emitter elec-  output-impedance level may be chosen which is
trodes being connected to the power-supply    40   lower than in the
transconductance amplifier. terminal 60 via the emitter-degeneration
resistors 20 and 21 and the current source 22. The collec-     Claims tors
are connected to the power-supply terminal 59 via resistors 23 and 24. The
signals across the     1. An operational amplifier comprising at least a
resistors 23 and 24 are transferred to the differen-   45   first amplifier
stage, a second amplifier stage tial output 10 of the first amplifier stage
2 via    driven by the first amplifier stage, a first junction
emitter-follower transistors 25 and 26. An emitter-  point which is coupled
to an output of the first follower transistor 29 is connected to the
emitter   amplifier stage and a second junction point which of transistor
25 in order to obtain a low-           is coupled to an output of the
second amplifier impedance point 44 for connection  of the    50   stage, a
first capacitive signal path for improving capacitor 6.
the high-frequency properties of the operational The   second   amplifier
stage  3-the             amplifier being arrangeable or arranged between
transconductance amplifier-comprises two tran-       said junction points,
the gain from  the first sistors 31 and 32 arranged as a voltage-current
junction point to the second junction point being converter, their base
electrodes being connected    55    non-inverting and the impedance of the
output of to the output 10 and their emitter electrodes being  the second
amplifier stage being high relative to connected to the power-supply
terminal 59 via       the impedance at the first junction point, charac- 



resistors 33 and 34. The collector electrode of     terized in that the
output of the second amplifier transistor 32 is connected directly to an
output 11  stage is connected to an input of a third amplifier and the
collector electrode of transistor 31 is   60    stage having an output
coupled to a third junction connected to this output via a current mirror
point, a second capacitive signal path being comprising the transistors 35,
36 and 37 and the    arrangeable or arranged between the second and
resistors 38 and 39. The output 11 is connected to  the third junction
point, the third amplifier stage a terminal 45 for connecting the capacitor
6 and to  being inverting between the second and the third a terminal 46
for connecting the capacitor 9.  65   junction point, so that said third
amplifier stage in 5    9                  0 107 250
10 conjunction with the second capacitive signal     zweiten und dem
dritten Verbindungspunkt und path exhibits a Miller effect.
zwischen dem  ersten und dem  zweiten Ver- 2. An operational amplifier as
claimed in Claim  bindungspunkt angeordnet sind. 1, characterized in that
capacitances of substan- tially equal magnitude are arranged between the
5   Revendications second and the third junction point and between the
first and the second junction point.            1. Ampliflcateur
operationnel comportant au moins un premier etage amplificateur, un
Patentanspruche                                   deuxieme 6tage
amplificateur excite par le pre- 10   mier etage amplificateur, un premier
point de 1. Operationsverstarker mit zumindest einer     jonction.. qul est
couple A une sortie du premier ersten Verstirkerstufe, einer von der ersten
etage amplificateur et un deuxieme point de Verstirkerstufe gesteuerten
zweiten Verstirker-   jonction, qui est coupl6 A une sortie du deuxieme
stufe, einem ersten Verbindungspunkt an einem     etage amplificateur, un
premier trajet de signal Ausgang der ersten Verstarkerstufe und einem    Is
capacitif pour ameliorer les propri6tes de zweiten Verbindungspunkt an
einem Ausgang der     haute-fr6quence de I'ampliflcateur operationnel
zweiten Verstarkerstufe, einem ersten kapazitiven  pouvant etre applique ou
etant applique entre Signalweg zur Verbesserung der Hochfrequenz-
lesdits point de jonction, I'amplificateur 3 parter eigenschaften des
Operationsverstirkers, wobei    du premier point de jonction vers le
deuxieme dieser Signalweg zwischen den beiden Ver-  20   point de jonction
etant non-inverseuse et l'imp6- bindungspunkten angeordnet werden kann oder
dance de la sortie du deuxieme etage amplifica- ist, wobei  die
Verstirkung  vom   ersten        tour etant assez elevee par rapport a
l'impedance Verbindungspunkt zum  zweiten Verbindungs-        du premier
point de jonction, caracterise en ce punkt nicht invertiert ist und die
Impedanz des   que la sortie du deuxieme etage amplificateur est Ausgangs
der zweiten Verstarkerstufe in bezug   25   connectee A une entree d'un
troisieme etage auf die Impedanz am ersten Verbindungspunkt
amplificateur, dont une sortie est couplee 3 un hoch ist, dadurch
gekennzeichnet, dass der Aus-   troisieme point de jonction, un deuxieme
trajet de gang der zweiten Verstarkerstufe mit einem Aus-   signal
capacitif pouvant etre appliqu6 ou. etant gang angeschlossen ist, der mit
einem dritten     applique entre le deuxieme point de jonction et le
Verbindungspunkt verbunden ist, wobei ein   30   troisieme point de
jonction, le troisieme etage zweiter kapazitiver Signalweg zwischen dem
amplificateur etant inverse entre le deuxieme zweiten und dem  dritten
Verbindungspunkt         point de jonction et le troisieme point de
jonction angeordnet werden kann oder ist, wobei die dritte  de facon quo
ledit troisieme etage amplificateur, Verstarkerstufe zwischen dem zweiten
und dem      ensemble avec le deuxieme trajet de signal dritten
Verbindungspunkt invertierend wirkt, so   35   capacitif, presente un effet
Miller. dass diese dritte Verstarkerstufe in Verbindung     2.
Amplificateur  operationnel  selon  la mit dem zweiten kapazitiven
Signalweg einen       revendication 1, caracterise en ce que les capaci-
Miller-Effekt zeigt.                              tes de grandeur
pratiquement egale sont inserees 2. Operationsverstarker nach Anspruch 1,
entre le deuxieme point de jonction et le troisieme dadurch gekennzeichnet,
dass Kapazititen mit im   40    point de jonction et entre le premier point
de wesentlichen gleichen Gr6ssen zwischen dem        jonction et le
deuxieme point de jonction. 45 50 E 60 65    


