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(57 ABSTRACT 
A high-precision amplifier employs a feed-forward 
technique to provide a first order correction of ampli 
fier distortion. A second amplifier is utilized to sense the 
base-to-emitter distortion of a main amplifier and de 
velop an error output which is injected into an output 
node to provide cancellation of distortion from the 
output of the main amplifier. The feed-forward distor 
tion-correction technique is particularly applicable to 
high-precision wideband differential amplifiers; how 
ever, the technique may be used in other amplifiers as 
well. 

8 Claims, 7 Drawing Figures 
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FEED-FORWARD AMPLIFER 

Matter enclosed in heavy brackets appears in the 
original patent but forms no part of this reissue specifica 
tion; matter printed in italics indicates the additions made 
by reissue. 

BACKGROUND OF THE INVENTION 

Two major sources of amplifier error are non 
linearity and thermal distortion. The mechanisms which 
produce these undesirable traits are inherent in the fun 
damental physical properties of semiconductor pnjunc 
tions. The signal-amplitude error in an uncompensated 
wide-band amplifier may be as high as ten percent; 
however, the incorporation into the circuit of complex 
compensating networks permits sophisticated measure 
ment instruments to have a rated amplifier precision in 
the one- to three-precent range. 
There are many applications in which amplifiers hav 

ing a high degree of precision, e.g., 0.01 to 0.1 percent, 
are required, particularly in measurement instruments. 
One well-known method of reducing amplifier error is 
through the use of feedback techniques. In feedback 
amplifiers, the final output is sensed and fed back to the 
input so that linearity errors and thermal distortion are 
cancelled to a large degree. While feedback amplifiers 
having very high precision may be designed, such high 
precision feedback amplifiers are intended for only very 
low frequency operation because they have several 
limitations which make them unsuitable for high-preci 
sion wide-band signal processing. For example, ade 
quate damping becomes difficult to obtain as the fre 
quency increases. Also, small inherent time delays 
around the feedback loop to the input cause the output 
to be out of phase with the input. Thus, phase distortion 
is introduced and such phase distortion increases as the 
frequency increases, degrading amplifier precision ac 
cordingly, While some operational amplifiers are capa 
ble of wide-band operation to perhaps several hundred 
megahertz, DC operational amplifiers having precision 
in the 0.001 to 0.01 percent range have a maximum 
effective bandwidth from DC to only 20 or 50 kilohertz 
since precision degrades rapidly at the higher frequen 
CS 

SUMMARY OF THE INVENTION 

In accordance with the present invention, a high 
precision wideband amplifier employs a feed-forward 
technique to provide a first order correction of ampli 
fier distortion. A correction amplifier is coupled to a 
main amplifier to sense the base-to-emitter distortion 
thereof and develop an error signal which is injected 
into an output node to provide cancellation of distortion 
from the output of the main amplifier. 

In a differential amplifier embodiment, a main ampli 
fier comprises a first emitter-coupled pair of transistors 
which receive a differential signal at the bases thereof. 
The respective bases of a second emitter-coupled pair of 
correction amplifier transistors are coupled to the emit 
ters of the first pair of transistors. The respective collec 
tors of the second pair of transistors are cross coupled to 
the collectors of the first pair of transistors to provide a 
pair of output summing nodes. This intercoupled con 
figuration provides an inherently stable feed-forward 
amplifier in which a correction amplifier senses the 
base-to-emitter signal distortion of the main amplifier 
and injects an error correction signal into the output 
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2 
nodes to provide an error-free differential output signal. 
Thus is can be seen that errors caused by transistor 
non-linearities and thermal distortion are corrected as 
they occur. Precision in the 0.01 to 0.1 percent range is 
maintained over a frequency range of from DC to about 
200 megahertz. 
Other amplifier configurations employing a feed-for 

ward technique include a cascode differential amplifier 
for high-speed operation above 500 megahertz, and a 
differentially-matched constant-current source. 

It is therefore one object of the present invention to 
provide a novel high-precision amplifier in which a 
feed-forward technique is utilized to provide a first 
order correction of amplifier distortion. 

It is another object to provide a high-precision, wide 
band feed forward amplifier in which transistor non 
linearity and thermal distortion are compensated with 
out introducing phase distortion. 

It is a further object to provide a stable, high-preci 
sion amplifier constructed offew parts and being simple 
in operation. 

It is an additional object to provide a high-precision, 
wideband amplifier having precision in the range of 0.01 
to 0.1 percent and a frequency range of from DC to 
about 500 megahertz. 
Other objects and advantages of the present invention 

will become apparent to those having ordinary skill in 
the art when taken in conjunction with the accompany 
ing drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an amplifier having a 
feed-forward correction channel employed in explain 
ing the present invention; 
FIG. 2 is a block diagram of a differential amplifier 

having a feed-forward channel employed in explaining 
the present invention; 

FIG. 3A is a schematic diagram of a differential feed 
forward amplifier in accordance with the present inven 
tion; 

FIG. 3B shows a transistor-modeling network which 
may be incorporated into the circuit of FIG. 3A; 
FIG. 3C shows an alternative transistor-modeling 

circuit which may be incorporated into the circuit of 
FIG. 3A; 
FIG. 4 is a schematic diagram of a cascode feed-for 

ward amplifier in accordance with the present inven 
tion; and 

FIG. 5 is a schematic diagram of a feed-forward dif 
ferentially-matched current source in accordance with 
the present invention. 

DETAILED DESCRIPTION 

Referring to the block diagram of FIG. 1, an input 
signal V is applied via an input terminal 10 to an ampli 
fier 12. Amplifier 12 has again factor K which is modi 
fied by a certain amount of distortion d inherent in 
amplifier, so that the transfer function thereof is (K--d). 
The output of amplifier 12 is fed through a network 14, 
whose complex transfer function is the reciprocal of the 
complex gain factor K of amplifier 12, to an algebraic 
summing node 16, where the modified signal 
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is substracted from the input signal V. This algebra 
ically summed signal is applied to an amplifier 18, which 
has substantially the same gain and distortion character 
istics as amplifier 12, to produce an error signal 

E --(va g). 
The error signal E is applied to an algebraic summing 
node 20 where it is summed with the amplifier 12 output 
to produce an output signal Y=VK-Vd/K, which is 
available at output terminal 22. Note that distortion 
component is now a second order term divided by the 
amplifier gain factor. For example, for K = 10 and 
d=0,1, the output distortion component 

d? - K = 0.001, 

which for practical purposes is negligible. The feed 
forward path through network 14, summing node 16, 
and amplifier 18 has no substantial inherent delays, and 
thus is substantially as "fast' as the main amplifier chan 
nel for frequencies to above 500 megahertz. 
The block diagram of FIG. 2 illustrates a feed-for 

ward amplifier having a differential amplifier configura 
tion. Differential input signals V and V are applied via 
input terminals 30 and 32 respectively to a differential 
amplifier main channel comprising amplifiers 35 and 37. 
The amplifier portion 35 includes a distortion-produc 
ing mechanism which may be, for example, the base-to 
emitter junction of one or more transistors, so that the 
transfer function of this portion is (1 +d). Four identical 
networks 40-43, each having a transfer function {3, and 
a pair of algebraic summing nodes 45 and 47 are utilized 
to sum the undistorted and distorted signals to provide 
respective input signals -Vgd and VEd to a correction 
amplifier 50, which has a transfer function 

K d 
g 

The networks 40-43 may suitably be passive voltage 
dividers having a ratio of g= . The gain of correction 
amplifier is modified by the factor 1/3 so that the com 
plementary error-signal outputs E and Etherefrom are 
not affected thereby. The complementary error signals 
from correction amplifier 50 are summed with the com 
plementary outputs of the main amplifier 37 at summing 
nodes 52 and 54 to produce corrected output signals Y 
and Y at output terminals 56 and 58 respectively. As 
described hereinabove, the distortion component is a 
second order term and is thus minimized. 

FIG. 3A shows a circuit schematic of a differential 
feed forward amplifier which is an actual circuit repre 
sentation of the mathematical model of FIG, 2. The 
main amplifier channel includes a pair of transistors 70 
and 72, the emitters of which are coupled together 
through a resistor 75. The collectors of transistors 70 
and 72 are connected to the emitters of a pair of com 
mon-base amplifier stage transistors 78 and 80, while the 
emitters thereof are connected to a suitable source of 
negative voltage -VEE through current sinks 82 and 84 
respectively. The collectors of transistors 78 and 80 are 
connected to a suitable source of positive voltage 
--Vcc through collector-load resistors 86 and 88 re 
spectively, while the bases of transistors 78 and 80 are 
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4. 
connected to a suitable source of biasing voltage --VB.B. 
Differential input signals --Vin and --Vin are applied to 
a pair of input terminals 90 and 92, and the overall 
amplifier output is taken from the collectors of transis 
tors 78 and 80 via output terminals 94 and 96 respec 
tively. The portion of the amplifier just described, 
which comprises the main amplifier channel of a differ 
ential feed-forward amplifier in accordance with the 
present invention, is a conventional differential cascode 
amplifier. The differential input signal is developed 
across emitter resistor 75; however, because of the base 
to-emitter voltages VBE and VBE2 of transistors 70 and 
72, and the inherent distortion characteristics thereof, 
the signal voltage developed across resistor 75 is dis 
torted. That is, while the differential signal VB1-VB2 is 
applied across the bases of transistors 70 and 72, a differ 
ential signal VE - VE2 is developed across resistor 75. 
The correction amplifier comprises transistors 100 

and 102, the emitters of which are coupled together 
through a resistor 105. The collectors of transistors 100 
and 102 are connected to the collectors of transistors 78 
and 80 respectively, while the emitters thereof are con 
nected to a suitable source of negative voltage -VEE 
through current sinks 108 and 110 respectively. The 
main amplifier 70-72 base voltages VB1 and VB2 are 
arithmetically combined with the distorted emitter volt 
ages VE2 and VE1 respectively by means of a resistive 
attenuator network comprising four resistors 115-118 
all having approximately the same value of resistance so 
that the summed voltage at the base of transistor 100 is 
approximately equal to (VB1--VE2) and the summed 
voltage at the base of transistor 102 is approximately 
equal to (VB2- VE). The resistance value of resistor 
105 is chosen to be approximately one-half the value of 
resistor 75 in this embodiment so that the collector 
current of transistors 100 and 102 is appropriately scaled 
with the collector current of transistors 70 and 72. The 
summed load currents flowing through load resistors 86 
and 88 are substantially error free, producing corrected 
output signals which may be defined by the mathematic 
terms Y and Y described hereinabove in conjunction 
with the block diagram model of FIG. 2. Input resistors 
123 and 125 are provided to establish a predetermined 
input resistance Rin, for example, 50 ohms. 

For best results, the active devices should be pretty 
well matched. The FIG. 3A embodiment has operated 
satisfactorily at frequencies exceeding 200 megahertz 
while maintaining a precision value between 0.01 and 
0.1 percent. This circuit is inherently very stable, and is 
particularly attractive for realization in integrated-cir 
cuit form. Resistors 115-118 may suitably be on the 
order of 100 ohms each, as long as the values of R are 
correctly chosen. The following design equations are 
given for finding the appropriate values of R: 

Rin= R123-(R115+R17+hib, go) (2) 

2hib, onio (3) 
R115 = hit, gro + R117 (algo. -- ) 

Rins = R115 2R75R 16 (4) 
105 - he groR1s + R. R. i. 2R, 

Overall amplifier transconductance is 
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-- bp, Qoy, Qakil (5) 
rT R 2R75R116 

115 R. R. 

Better high frequency behavior can be achieved by 
replacing resistors 115 and 118 of FIG. 3A with the 
network of FIG. 3B on each side of the amplifier. The 
network of FIG. 3B comprises two resistors 130 and 
132 in series, with resistor 130 bypassed by a capacior 
134. Resistor 130 and capacitor 134 are assigned values 
of rar and car respectively to match the rar and car param 
eters of hybrid-T models of transistors 70 and 72. The 
value of resistor 132 is then chosen to provide the over 
all R11s, R118 value calculated in accordance with equa 
tion (3) set forth hereinabove. 
For higher precision with the FIG. 3A circuit, how 

ever, an additional pair of transistors substantially 
matching transistors 70 and 72 is inserted into the circuit 
as shown in the partial schematic of FIG. 3C, in which 
only one side of the circuit is shown for simplicity. It 
can be seen that resistor 115 has been disconnected from 
the base of transistor 70 and reconnected to the emitter 
of newly-added resistor 136, the base of which is con 

10 

15 

nected to the base of transistor 70. The collector of 25 
transistor 136 is connected to the positive voltage sup 
ply --VCC, while the emitter thereof is returned to the 
negative voltage supply -VEE through a current sink 
138. Transistor 136 is substantially identical to transistor 
72, and current sink 138. Transistor 136 is substantially 
identical to transistor 72, and current sink 138 is substan 
tially identical to current sink 84 so that the distortion 
producing mechanisms are matched. Of course, it is 
understood that an identical transistor is inserted into 
the circuit between the base of transistor 72 and resistor 
118 to match the distortion-producing mechanisms of 
transistor 70. For this alternative embodiment, resistors 
115, 116, 117, and 118 may be of equal value. In addition 
to better matching of coupling impedances, input impe 
dance Rin may be set by the value of resistors 123 and 
125. The high precision provided by this alternative 
embodiment comes at the expense of current, and con 
sequently, power, thrown away by transistor 136 and its 
counterpart on the opposite side of the circuit. Addi 
tionally, frequency response is reduced. However, if the 
circuit is realized in integrated-circuit form, the power 
losses may be minimized by appropriately scaling the 
junction areas of the added transistors to the junction 
areas of transistors 70 and 72. The distortion caused by 
the base-emitter junction of transistor 136 may be mini 
mized by choosing sufficiently large resistance values 
for resistors 115-118. 

FIG. 4 illustrates an additional cascode feed-forward 
amplifier configuration wherein similar elements are 
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referred to with like reference numerals, each stage of 55 
the amplifier substantially corresponding to the FIG. 
3A embodiment. This configuration differs from that 
previously described in that the correction amplifier 
transistors 102 and 100 are connected to the collector 
circuit of main amplifier transistors 70 and 72 respec 
tively, eliminating the voltage divider networks. This 
configuration has the advantage of higher-speed opera 
tion as well as fewer parts, and is inherently stable as 
well. The resistance of resistor 105 is substantially equal 
to that of resistor 75, so that the correction amplifier 
channel has the same gain and bandwidth as the main 
amplifier channel. One version of this configuration that 
was investigated has a wideband frequency range in 

60 

6 
excess of 500 megahertz. An additional cascode stage 
comprising common base amplifier transistors 140 and 
142 is inserted between the collector-current summing 
nodes and the load resistors 86 and 88 to reduce thermal 
distortion in the lower transistors. A phantom ground is 
shown connected to terminal 92, since the circuit may 
be operated by applying a single-ended input to input 
terminal 90, 
The characteristics of transistors 70, 72, 78, and 80 

should be as evenly matched as possible, and the collec 
tor-to-emitter voltages thereof should be substantially 
equal so that power dissipation is equal, because in this 
embodiment transistors 78 and 80 are utilized to model 
the distortion-producing mechanisms of transistors 70 
and 72. Thus the dynamic power dissipation in the 
upper transistor pair should substantially match that of 
the lower pair. Two additional advantages of this cir 
cuit are that its overdrive characteristics are similar to a 
conventional difference amplifier, and the input impe 
dance is simple to establish. 

Since fewer parts are employed by the FIG. 4 cas 
code feed-forward amplifier, such configuration is ide 
ally adapted to planar NPN semiconductor integrated 
circuit fabrication. Of course, discrete transistors may 
alternatively be employed; however, it is easier to 
match components in integrated circuit construction to 
ensure high performance of the circuit. Furthermore, 
since the voltage swings occuring in the integrated 
circuit tend to be quite small, capacitance problems are 
also substantially avoided or eliminated. 

FIG. 5 shows a schematic diagram of a differentially 
matched current source employing a feed-forward tech 
nique in accordance with the present invention. Main 
amplifier transistors 150 and 152 are differentially cou 
pled through respective emitter resistors 154 and 156, 
the junction of which is connected to the negative sup 
ply -VEE. The bases of transistors 150 and 152 are 
connected together to a stable source of reference volt 
age, which in this case is a voltage divider comprising 
resistors 160 and 164 and a diode-connected transistor 
165 serially disposed between ground and the supply 
-VEE. The correction amplifier comprises transistors 
170 and 172, the emitters of which are coupled together 
through an emitter resistor 175. The collector of transis 
tors 170 and 172 are cross coupled to the collectors of 
transistors 152 and 150 respectively, while the emitters 
of transistors 170 and 172 are connected to the negative 
supply - VEE through resistors 177 and 179, All of the 
emitter resistors 154, 156, 175, 177, and 179 are chosen 
to appropriately scale the collector current from the 
four transistors. Differentially-matched currents I and 
are available on output lines 180 and 182. As is appar 

ent from this configuration, any change or drift in the 
base-to-emitter voltages of transistors 150 or 152 causes 
a differential signal to be developed at the bases of tran 
sistors 170 and 172, which in turn inject into the output 
nodes 180 and 182 the proper amount of current to 
maintain currents Io and I constant. The standing cur 
rents in the transistors 170 and 172 may be substantially 
less than that conducted by transistors 150 and 152. 
While I have shown and described preferred embodi 

ments of my invention, it will be apparent to those 
skilled in the art that many changes and modifications 
may be made without departing from my invention in 
its broader aspects. The appended claims therefore 
cover all such changes and modifications as fall there 
within. 
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What I claim as being new is: 
1. A feed forward amplifier, comprising: 
a main amplifier channel comprising a first emitter 

coupled pair of transistors for receiving an input 
signal and producing an amplified signal therefrom; 

network means coupled to the bases and emitters of 
said first emitter coupled pair of transistors for 
producing distortion signals proportional to the 
distortion caused by the base-to-emitter junctions 
of said first pair of transistors; 

a feed forward channel comprising a second emitter 
coupled pair of transistors for receiving said distor 
tion signals and producing a correction signal 
therefrom; and 

means for coupling the collectors of said first and 
second pairs of transistors together in algebraic 
summing relationship so that said correction signal 
is summed with said amplified signal to provide a 
substantially error-free output signal. 

2. An amplifier in accordance with claim 1 wherein 
said network means includes a first pair of matched 
resistors coupled to the respective bases of said first pair 
of transistors and a second pair of matched resistors 
coupled to the respective emitters of said first pair of 
transistors, said first and second pairs of resistors being 
cross connected to provide at the junctures thereof said 
distortion signals. 

3. An amplifier in accordance with claim 2 wherein 30 
said network means further includes semiconductor 
junction modeling means interposed between said first 
pair of resistors and said bases of said first pair of transis 
tors to increase amplifier precision by modeling the 
distortion-producing mechanism. 

4. An amplifier in accordance with claim 1 wherein 
the bases of said second emitter coupled pair of transis 
tors are coupled respectively to the collectors of said 
first emitter coupled pair of transistors, the collectors of 
said second pair of transistors being cross coupled to the 
collectors of said first pair of transistors for producing 
differential output signal currents by combining said 
amplified signal with said correction signal. 

5. An amplifier in accordance with claim 1 wherein 
the bases of said first emitter coupled transistors are 
connected to a bias current source and the bases of said 
second emitter coupled pair of transistors are coupled 
between the emitters of said first pair of transistors, the 
collectors of said second pair of transistors being cross 50 
coupled to the collectors of said first pair of transistors 
for producing differentially-matched output currents by 
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combining said amplified signal with said correction 
signal. 

6. A feed forward amplifier comprising: 
an emitter-coupled pair of input transistors having a 
predetermined resistance in the emitter path thereof 

a first pair of transistors connected in common-base 
configuration, the emitters of which are connected to 
respective collectors of said input transistors, 

an emitter-coupled pair of correction transistors having a 
predetermined resistance in the emitter path thereofso 
as to match the gain of said correction transistors with 
said input transistors, the bases of said correction 
transistors being connected to respective collectors of 
said input transistors and the collectors thereof being 
cross-coupled to the respective collectors of said first 
pair of common-base transistors to provide collector 
current sunning nodes, and 

a second pair of transistors connected in common base 
configuration to provide an output signal, the emitters 
of which are connected to respective collector current 
sunning nodes. 

7. A feed forward amplifier, comprising 
a main amplifier channel comprising a first emitter 

coupled pair of transistors for receiving an input signal 
and producing an amplified signal therefon, 

a pair of common base amplifier transistors, the emitters 
of which are coupled respectively to the collectors of 
said first emitter coupled pair of transistors, said con 
non base amplifier transistors having substantially 
identical semiconductor junction characteristics as 
said first emitter coupled pair of transistors, 

a correction amplifier channel comprising a secondenit 
ter coupled pair of transistors, the bases of which are 
coupled respectively to the collectors of said first enit 
ter coupled pair of transistors, and the collectors of 
which are cross coupled to the collectors of said com 
non base amplifier transistors and 

means for matching the gain of said main amplifier 
channel and said correction amplifier channel. 

8. A feed forward amplifier in accordance with claim 7 
wherein said gain-matching means comprises a pair of 
substantially equal-value resistances, one of which is dis 
posed in the emitter path of said first emitter coupled pair 
of transistors, and the other of which is disposed in the 
emitter path of said second emitter coupled pair of transis 
Os. 

9. A feed forward amplifier in accordance with claim 7 
further comprising a second pair of common-base amplifier 
transistors, the emitters of which are coupled respectively to 
the collectors of the first-mentioned pair of common-base 
amplifier transistors. 

st 


