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Remark 9: For the example given by (51), there exist positive defi-
nite symmetric matricesPPP ,WWW 01,WWW 10 and a positive definite diagonal
matrixCCC(=DDD) for which (4) is satisfied, while there do not exist pos-
itive definite symmetric matricesHHH , WWW 01, WWW 10 for which (7a) and
(7b), withL = 1, is satisfied. Thus, pertaining to saturation nonlinear-
ities, (4) may lead to results not covered by (7a) and (7b).

Remark 10: For all of the examples presented above [see (37), (49),
(51)–(53)], Theorem 3 fails as global asymptotic stability test; to the
contrary, Corollary 1 or Corollary 2, as the case may be, establishes
global asymptotic stability for these examples. Thus, even Corollary 1
and Corollary 2 (which are special cases of Theorems 4 and 5, respec-
tively) may provide results not covered by Theorem 3.

IV. EXTENSIONS TOQUANTIZATION NONLINEARITIES

Recall that the quantization nonlinearities are confined to the sector
[0; �], i.e.,

fi(0) = 0; 0 � fi(yi(k; l))yi(k; l) � �y
2

i (k; l)

i = 1; 2; . . . ; n (54a)

� = 1(� = 2) for magnitude truncation

(roundoff) nonlinearities. (54b)

As an extension of a well-known 1-D approach [14], the following is
easily arrived at.

Theorem 7: The nonlinear LSS model given by (1a)–(1e) and (54)
is globally asymptotically stable provided there exist ann�n positive
definite diagonal matrixDDD andn� n positive definite symmetric ma-
tricesPPP , WWW 01, WWW 10 satisfying (10e) and

PPP T=2WWW 01PPP
1=2

0

0 PPP T=2WWW 10PPP
1=2

��AAATDDD

��DDDAAA 2DDD � PPP

> 0:

(55)

V. CONCLUSION

This paper establishes new criteria for the global asymptotic stability
of 2-D digital filters described by the Fornasini–Marchesini second
LSS model with overflow nonlinearities. The criteria, for saturation
and triangular arithmetics, imply overflow stability for a broader class
of A, as compared to [9]; for other overflow nonlinearities, the present
approach and [9] are supplement to each other. The approach leads to
a more relaxed saturation overflow stability condition, as compared to
[11]. A limit cycle-free realizability condition pertaining to quantiza-
tion nonlinearities is presented.
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Current-Feedback Amplifiers versus Voltage Operational
Amplifiers

G. Palumbo and S. Pennisi

Abstract—This paper compares the main performance parameters of
the current feedback opamp (CFOA) with those of a conventional voltage
opamp (VOA). To make the comparison effective, a folded cascode VOA is
considered (which is characterized by similar features and topology) and
the same power consumption was assumed for both amplifiers. The work
confirms that the CFOA can provide higher bandwidth, albeit at the ex-
pense of reduced loop gain. Noise performance is also analyzed. Input-re-
ferred noise generators are determined and some peculiar CFOA features,
having no equivalence in conventional opamps, have been highlighted. It is
shown that the CFOA has slightly lower noise voltage, but a larger noise
current. Simulations are given which are in very good agreement with ex-
pected results.

Index Terms—Amplifier noise, current feedback opamp, feedback am-
plifiers, operational amplifiers.

I. INTRODUCTION

Current feedback opamp (CFOA) is becoming increasingly popular
and more widely available [1]–[8], since it offers some advantages over
conventional voltage opamp (VOA) in terms of bandwidth and slew rate
[9]–[15].

A CFOA is constituted by three fundamental stages: two voltage
buffers and a transimpedance stage. More specifically, the first buffer,
whose input and output correspond to the noninverting and the inverting
inputs of the CFOA, implements the input stage. The transimpedance
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stage is the second stage. It converts the current, which flows to the
output node of the input buffer into a voltage across a high-impedance
node, thus determining the (transresistance) gain of the CFOA. The
other voltage buffer implements the output stage and has the only pur-
pose of properly driving the output load.

The high slew rate performance derives from the use of a class AB
topology for both the input and output stages. Although differential
stages with class AB capability, reported in the literature [16]–[19],
could be used in conventional opamps to provide a high slew-rate, this
option is rather unusual and expensive.

Despite the differences in topology structure between CFOA and
VOA [20], [21], the external circuitry and applications are very sim-
ilar. Indeed, a CFOA provides high gain between input and output, a
high-resistance noninverting input, and a low-resistance output. These
are also the fundamental characteristics of a VOA.

In this paper, a comparison is made between bipolar CFOA and VOA
in regard to static, frequency and noise performance. Already pub-
lished comparisons between different amplifier architectures have hith-
erto only considered ideal amplifiers or at least one-pole models [13],
[22], with important parameters such as noise never being treated.

The comparison proposed assumes that actual CFOA behavior is
characterized by a dominant pole and a second pole, limiting the ampli-
fier gain-bandwidth product. The comparison is with a VOA of compa-
rable topology, thus providing similar features. Moreover the electrical
open- and closed-loop parameters of the amplifiers are related to the
bias operating conditions, assuming the same power consumption for
both amplifiers.

II. CFOA CHARACTERISTICS

Consider the CFOA scheme diagram in Fig. 1(a). Transistors Q1–Q4
and Q9–Q12 form the input and output voltage buffers, respectively.
The transimpedance stage is realized with the two Wilson current mir-
rors Q5–Q6 and Q7–Q8.

A. Static Performance

The small-signal model of the CFOA is shown in Fig. 1(b), where
Rt is the equivalent resistance at the gain node A. The output resis-
tance of the input voltage buffer,1=gmi, is the input resistance at in-
verting node, and the input resistance of the input buffer,rb1, is the
input resistance of the noninverting node. The output resistance of the
output voltage buffer,1=gmo, is the output resistance. Controlled gen-
erators�1, �2 andh model the transfer functions of the input and
output voltage buffer, and the complementary current mirror, respec-
tively, and are usually almost unitary in module.

By inspection of Fig. 1(a), we get

Rt �
�n
2
rc6

�p
2
rc8 =

�n�pVAnVAp
�nVAn + �pVAp

1

2IB1

(1)

1

gmi

=
1

gm3 + gm4

=
Vt
2IB1

(2)

1

gmo

�

Vt
2Io

(3)

where
voltageVt thermal voltage (KT=q);

�n, �p current gain ofn andp transistors, respectively;

VAn, VAp Early voltages ofn andp transistors, respectively;

Io quiescent current in the output branch.

(a)

(b)

Fig. 1. (a) Scheme of the CFOA. (b) Small-signal model of the CFOA in
Fig. 1(a).

Fig. 2. Closed-loop configuration.

Providing a resistive feedback as shown in Fig. 2, the dc open-loop
gain of the CFOA becomes

AolC =
R1

R1 +
1

gmi

Rt

R2 +
1

gmo

+
1

gmi

R1

�

Rt

R2 +
1

gmo

+
1

gmi

(4)

where the approximation holds if resistanceR1 is greater than1=gmi.
With this basic assumption the amplifier is always under unity gain
current-feedback, irrespective of closed-loop gain (andR1).

B. Frequency Performance and Stability

The dominant pole of the open-loop amplifier is

!dC =
1

RtCt

: (5)

From (4) and (5), the gain-bandwidth product results

!gbwC �
1

R2 +
1

gmo

+
1

gmi

Ct

: (6)
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Fig. 3. Input noise generators of a CFOA.

Equation (6) shows the well-known property of CFOAs, The
closed-loop bandwidth is independent of the closed-loop gain pro-
vided that resistanceR2 is maintained constant.

In order to guarantee stability providing a proper phase margin,',
the relationship!gbwC = !2C=tg(') holds, where!2C is the equiv-
alent second pole of the open-loop amplifier. Usually the second pole
is at the output node due to load capacitanceCL

!2C =
1

R2 +
1

gmi

R1

1

gmo

CL

: (7)

Hence, the worst case condition from a stability point of view, which
is when the amplifier is operated in unity-gain loop (i.e.,R2 = 0, that
makes the gain-bandwidth product the largest possible), sets [23]

Ct = tg(')
gmi gmo

(gmi + gmo)2
CL: (8)

It is widely considered that a CFOA cannot be operated in unity-gain
configuration using a resistanceR2 equal to zero. In our opinion this is
not true. This misunderstanding derives from the fact that ideal CFOAs
cannot be connected in such a fashion because two voltage generators
(the output and the input buffer) would appear in parallel. However, real
amplifiers include real buffers with finite (nonzero) output resistance.
Therefore, the connection is not only possible, but also provides the
highest open-loop gain and bandwidth (and minimum output noise).
The issue now becomes to properly compensate the amplifier, and (8)
gives the appropriate design equation.

Moreover, it is worth noting that for the same bandwidth (i.e., the
sameCt) power consumption is minimized by settinggmi = gmo

which meansIB1 = IB2.

C. Noise Performance

Like conventional opamps, CFOA noise can be modeled by three
equivalent input noise sources: a noise voltage generator and two noise
current generators [20], [24], [25]. This model is shown in Fig. 3, where
SV , SI+ andSI� are noise power spectral densities.

To evaluate the noise generators we use the transistor noise model
with input-referred noise sources in Fig. 4. Neglecting flicker noise,
parametersSV j andSIj in Fig. 4 are expressed respectively as

SV j =4kT rbj +
1

2gmj

(9a)

SIj �=2qIBj (9b)

whererbj andIBj are the base resistance and the quiescent base current
of thejth transistor, respectively.

Observe that the evaluation of input noise generators is complicated
by the fact that a CCII is a three-terminal device where terminal X acts
as an input (current) and output (voltage) terminal at the same time.

Fig. 4. Bipolar transistor with equivalent noise generators.

Therefore, care must be taken when evaluating the equivalent output
voltage noise at terminal X, to separate the component due to noise
voltage from that due to noise current.

CFOA input noise voltage,SV , can be computed by evaluating the
open-circuit voltage at the inverting terminal with the noninverting one
grounded. It is equal to the input noise of the voltage follower Q1–Q4.
Calculation is simplified by considering that all the input transistors
have the same quiescent collector current. They are thus characterized
by the same transconductancegm = gmi.

SV �
1

2

2

� 2SV 1; 3 + 2SV 2; 4 +
1

g2mi

� SIB1a + SIB1b + SI1 + SI2 +
1

4
SI3 +

1

4
SI4

� 4kT rb +
VT
2IC

: (10a)

Let us now consider the two noise current generatorsSI+ andSI�.
As known, these equivalent sources are exactly equal for conventional
opamps. For CFOAs, however, the asymmetry of the input stage leads
to two very different values. The current generator at the noninverting
(high-impedance) input can be found by evaluating the short-circuit
current at the same input terminal (as for conventional VOAs). In con-
trast, the equivalent noise generator at the inverting input (which can be
seen as the input referred noise of the current follower between terminal
in- and node A) can be found by evaluating the short-circuit current at
node A (with the input terminals left open). We get

SI� � 2g2mi (SV 5; 6 + SV 7; 8) + SI9 + SI10

+
1

�2NPN

SIB2a +
1

�2PNP

SIB2b

� 16kTg2mi rb +
1

2gmi

=16 rb
IC
VT

+
1

2
qIC (10b)

SI+ �SI1 + SI2 +
1

�2NPN

SIB1a +
1

�2PNP

SIB1b

� 2
1

�NPN

+
1

�PNP

qIC (10c)

whereSIBj represents the parallel noise of thejth bias current gener-
ator.

Equations (10a)–(10c) indicate weakly correlated noise expressions.
As known, this is a favorable condition which greatly simplifies noise
computation and makes the definition of input noise generators quite
useful. Moreover, by comparing (10b) and (10c) it can be easily recog-
nized that the noise current of the inverting input is much higher than
that of the noninverting one.
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(a)

(b)

Fig. 5. (a) Scheme of the VOA. (b) Small-signal model of the VOA.

We now evaluate the total output noise in a generic closed loop con-
figuration with resistive feedback, by using the noise model developed.
In a closed-loop configuration, assuming an infinite open-loop gain, the
noise is transferred to the output exclusively via the feedback network.
Therefore, for the circuit in Fig. 2 the output noise power spectral den-
sity is

So = 1 +
R2

R1

2

SV + SI�R
2

2 + SV R1
R2

R1

2

+ SV R2 (11)

whereSV Rj is the thermal noise voltage of thejth resistor,4kTRj .
Equation (11) is the same well-known expression of the output noise
power spectral density as for the VOA and well approximates the output
noise forR2 much greater than1=gmi.

III. VOA C HARACTERISTICS

In order to compare the CFOA with a VOA, we consider a VOA ar-
chitecture with features similar to those of the CFOA analyzed previ-
ously. In particular, the topology chosen is thefolded cascodeVOA in
Fig. 5(a). The main characteristic of this topology is, like the CFOA
in Fig. 1(a), having only one high-gain stage, since it achieves the
high voltage gain thanks to the high equivalent resistance at node A.
Moreover, the fully transconductance of the input differential stage is
gained by using the Wilson current mirror Q4–Q6, to perform a differ-
ential-to-single conversion.

A. Static Performance

The equivalent small-signal model of the VOA considered is shown
in Fig. 5(b), whereR0t andC 0t are the equivalent resistance and the
compensation capacitance at the gain node, respectively, and2r� is
the equivalent resistance at the input of the differential stage Q1–Q2.

The transconductance gain,gm1, is equal to that of the input transistors
Q1, Q2, with the other parameters being defined previously.

Model parameters are related to the bias operating point through the
following relationships

R0t �
�n
2
rc6 �prc8 =

�n�pVAnVAp
�nVAn + 2�pVAp

1

IB1

(12)

r� =
Vt

�nIBa1
(13)

gm1 =
IB1a

Vt
(14)

and applying a resistive feedback as shown in Fig. 2, the dc open-loop
gain is

AolV =
2r�kR1

R2 +
1

gmo

+ 2r� R1

gm1R
0

t �
gm1R

0

t

G1
(15)

whereG1 represents the asymptotic gain

G1 = 1 +
R2

R1

: (16)

B. Frequency Performance and Stability

The dominant pole of the open-loop amplifier is again given by
(5) substitutingR0t andC 0t for Rt andCt. Thus, the gain-bandwidth
product results

!gbwV �
gm1

G1C 0t
: (17)
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Fig. 6. Frequency responses of the loop-gain of CFOA and VOA.

For VOA, too, the second pole of the loop-gain can be assumed at the
output and is given by

!2C =
1

(R2 +R1)
1

gmo

CL

�

gmo

CL

: (18)

Hence, to achieve the phase margin' in the worst condition of
unity-gain loop, the compensation capacitance

C0t = tg(')
gm1

gmo

CL (19)

is needed.

C. Noise Performance

Conventional VOAs are by nature low noise configurations. Indeed,
the input stage provides maximum power gain, which reduces the noise
contribution of the following stages. Therefore, the input referred noise
is practically only due to the input stage. In particular, we get

SV � 2SV 1; 2 + 2
g2m4; 6

g2m1

SV 4; 6 +
SIB1b + SIB1c

g2m1

(20a)

SI+ =SI� = SI1;2: (20b)

Equivalent noise voltage in (20a) can be simplified by using low-
noise bias current generators and settinggm4;6 � gm1. However, in
our designgm4;6 = gm1 is chosen, thus giving a VOA voltage power
noise which is twice that of the CFOA.

For purely resistive closed-loop configurations, the total output noise
is still given by (11) which was already derived for the CFOAs.

IV. COMPARISON

Since a tradeoff exists between frequency performance and power
dissipation (and sometimes between gain and power dissipation), we

TABLE I
EQUIVALENT INPUT NOISEGENERATORS OFCFOA AND VOA

assume, without loss of generality, the same power consumption for
both the CFOA and VOA by settingIB1a;b;c equal to2IB1. As a con-
sequence, the VOA input transconductance results

gm1 = gmi = gmo = gm: (21)

Thus, the VOA resistanceR0t is in the rangeRt < R0t < 2Rt (it is
equal to2Rt if a cascode current mirror is used in the VOA instead of
a Wilson current mirror).

The dc value of the open-loop gain directly sets the accuracy of the
closed-loop transfer functions. For instance, when the amplifiers are
operated in unity-gain configuration, the open-loop gain determines the
transfer errorAol=(1 + Aol).

Comparing the open-loop gain of the CFOA with that of the VOA,
we get

AolC

AolV

=
Rt

R0t

G1
2 + gmR2

(22)

which is alwaysmuch lower than one, asgmR2 >> R2=R1. This
means that for the same amount of power consumption the (closed-
loop) accuracy of a bipolar CFOA is worse than that achieved with a
VOA. The ratio given by (22) is equal to its maximum, i.e.,Rt=2R

0

t,
for the amplifiers used in unity-gain configuration.
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Fig. 7. Output noise of the CFOA and VOA, in unity-gain configuration (R = 0).

By comparing the resulting bandwidth of the CFOA and VOA we
get

!dC
!dV

=
R0tC

0

t

RtCt
= 4

R0t
Rt

(23)

which shows the CFOA bandwidth is superior to that of the VOA,
for the same power consumption. This advantage in terms of speed
is achieved in an open-loop configuration, but to really evaluate the
speed benefit we have to compare the CFOA and VOA frequency re-
sponse in a closed-loop configuration. The closed-loop bandwidth is
equal to the gain-bandwidth product of the open-loop gain, and, hence,
we can simply compare the gain-bandwidth product of the two ampli-
fiers. Thus, we get

!gbwC
!gbwV

= 4
G1

2 + gmR2

: (24)

Equation (24) reveals that when the amplifiers are used in unity-gain
configuration (withR2 equal to zero), the CFOA gain-bandwidth
product is only twice as great as that of the VOA considered. The
bandwidth improvement can be higher for closed-loop gains greater
than 1. In this case, remembering the definition ofG1 the expression
in (24) can be rewritten as

!gbwC
!gbwV

= 4
G1

2 + gmR1(G1 � 1)
: (25)

Assuming as usualgmR1 � 1, (25) shows a gain-bandwidth ratio
lower than 4 in any case.

As far as the noise performance is concerned, by comparing
(10a)–(10c) and (20) it becomes apparent that similar noise voltage
and noise currents at the noninverting input characterize the two
circuits. We have already outlined a first difference between the
CFOA and VOA due to the nonsymmetrical CFOA input stage leading
to two different input equivalent noise currents. The noise current
given in (10b) is considerably higher than the one in (20b), since it
represents the noise of a class AB current mirror. Due to the higher
relative value ofSI� the closed-loop output noise of CFOA can rise

dramatically, especially for high values of the feedback resistanceR2.
In particular, it can be shown that the contribution to the output noise
of SI� becomes greater than that ofSV if resistanceR2 is greater than
G1=2gm. As one may easily realize, this condition is usually met and
then the output noise in CFOA is dominated by the noise current.

Another difference concerns the noise of the bias current generators.
Equations (10a) and (10c) state that the noise current from IB1 and
IB2 affects the CFOAs equivalent input noise. For VOAs, however, the
same component is partially suppressed by the CMRR. In fact, the noise
current of IB1a does not appear in the equivalent input noise expres-
sions. In addition, (10b) shows that the equivalent noise input current
of the output stage also adds directly toSI�. This aspect is completely
absent in VOAs, where the noise is due to the input stage only, but it
was already encountered in other current-mode amplifiers [24]. This
noise component can become significant if high bias currents are used
in the output stage, but can be decreased using mirrors (Q5–Q6 and
Q7–Q8) whose current ratios are greater than one [25].

V. SIMULATION RESULTS

To validate the above discussion, the two opamps in Figs. 1(a) and
5(a) were implemented using standard bipolar technology with max-
imum current gain and transition frequency of npn transistors equal to
90 and 4 GHz, and those of pnp transistors equal to 30 and 2.4 GHz.
The base resistance was about 400
 for both transistors. We used a
power supply of 5 V and the bias currents IB1 and IB2 were set equal
to 200�A. To have the same VOA power dissipation (of about 7 mW),
the bias current of the differential pair, IB1a, was set to 400�A. With
the above bias conditions the output resistances (as well as the inverting
input resistance for the CFOA), resulted 80
. Assuming a load capac-
itor of 100 pF, and imposing a phase margin of 70�, the compensation
capacitors required, as given by (8) and (19) for the CFOA and VOA,
were 69 pF and 138 pF, respectively.

Fig. 6 illustrates the loop gain of the two amplifiers assuming unity
gain configuration. The dc gain is 66 dB and 82 dB, a strong degra-
dation of gain is manifest in the CFOA, just as predicted by (22). The
gain-bandwidth of the CFOA is about 14 MHz, while it is only 7 MHz
for the VOA. As expected from (24) the gain-bandwidth of the CFOA
is greater by a factor about equal to 2. Finally, a very good agreement
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TABLE II
OUTPUT NOISE OFVOA AND CFOA FOR DIFFERENTCLOSED-LOOPGAINS

AND FEEDBACK RESISTANCES

between the simulated and expected phase margins was found. Error
was only about 0.1� for both the CFOA and VOA.

Slew rate was found to be one order of magnitude higher for the
CFOA (equal to 29 V/�s), whereas that of the VOA (equal to 3 V/�s)
is limited by the bias current of the class A input stage.

Table I reports the spectral densities of input noise voltage and cur-
rent generators for both amplifiers. As can be seen, the simulated values
are in good agreement with the ones calculated using (10a)–(10c) and
(20). The VOA noise voltage is about twice that of the CFOA, the noise
currents of VOA are also twice those associated to the noninverting
input of the CFOA, while the noise current at the inverting CFOA input
is about 50 times greater than that of its VOA counterpart.

Fig. 7 shows the output noise voltage spectral density for both am-
plifiers in unity-gain closed-loop configuration. The white noise con-
tribution is 4.2 nV/

p
Hz and 6 nV/

p
Hz for the CFOA and VOA, re-

spectively. For unity gain, the CFOA has better noise performance due
to its lower input equivalent noise voltage. However, as already noted,
the higher CFOA noise currentSI� can be responsible of significant
output noise, for increasing values of resistanceR2. This is confirmed
by the data given in Table II, which reports the output (white) noise of
the CFOA and VOA, for different closed-loop gains and feedback re-
sistances.

VI. CONCLUSIONS

A detailed comparison between a CFOA and a VOA with com-
parable topology, was presented in this paper. Electrical open- and
closed-loop parameters were related to bias operating conditions,
assuming the same power consumption for both amplifiers. The work
confirms that the CFOA provides a higher gain-bandwidth product.
However, this was achieved at the expense of losing open-loop gain.
Specifically, it was found that the ratio between the CFOA and VOA
dc open-loop gain decreases on increasing feedback resistanceR2.
ForR2 equal to zero the ratio reaches its maximum which is equal to
Rt=2R

0

t, of whichRt andR0t are the small-signal resistances at the
high impedance internal node of the CFOA and VOA, respectively. In
this case, the gain-bandwidth product of the CFOA is twice as large as
the VOA (and in general, never higher than four times).

A comparison of the noise characteristics was also carried out and
some peculiar CFOA features, with no equivalence in conventional
opamps, were highlighted. The CFOA employs a common-base con-
figuration to implement a current-in stage which has no current gain.
Therefore, a considerably worse noise current was found for this ampli-
fier, while noise voltage was similar to that of the VOA. ForR2 greater
thanG1=2gm (a usually met condition), the output closed-loop noise
of the CFOA is dominated by the noise current contribution.

All the analytical results which were developed in this work were
lastly validated through simulations using SPICE. A very good agree-
ment between the expected data and simulations was encountered.
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