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Abstract — The bandwidth relations of feedback am-
plifiers have been the subject of intense interest in
recent years. Many current mode devices such as cur-
rent feedback amplifiers have appeared which seem to
break what has been considered almost a fundamental
law that the product of closed loop gain and closed
loop bandwidth remains constant for a feedback am-
plifier. The constant-bandwidth relations of such am-
plifier designs are reviewed in this paper and they are
combined with the constraints imposed by technology
when the feedback amplifier is to be designed in an

integrated technology. From this analysis it is con- -

cluded that although very high performance designs
are indeed feasible with the constant-bandwidth con-
figurations, there are no constant-bandwidth config-
urations which provide a higher potential loop gain
and closed loop bandwidth than the constant gain-
bandwidth product configurations.

I. INTRODUCTION

In recent years much attention has been paid to various
forms of current mode operational amplifiers because of
their gain independent bandwidth relations when used in
feedback amplifier configurations, see e.g. [1]. An analy-
sis of the bandwidth properties of all four basic opamp
types (voltage opamp, current opamp, transresistance
opamp, transconductance opamp) was recently presented
by Toumazou, Payne and Lidgey in [2]. In this analysis
it is shown that the utilization of the constant bandwidth
properties relies on the possibility of isolating the opamp
from the input source impedance and the output load
impedance by the use of ideal current or voltage unity-gain
buffers. However, as pointed out in [2] it is not a trivial
task to design an ideal buffer. In practice, the input and
output impedances are limited by technology constraints
related to the maximum value of device transconductance
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Fig. 1. Feedback amplifier configurations, [2]. (a) V-V con-
verter. (b) I-I converter. (c) I-V converter. (d) V-1 converter.

gm and the minimum value of device parasitic capacitance
C7 achievable from the technology applied.

In this work we take the analysis a step further and re-
view the bandwidth properties assuming some generally
applicable technology constraints concerning the achiev-
able impedance levels.

11. FEEDBACK AMPLIFIER CONFIGURATIONS

Basically, there are four types of feedback amplifiers to
consider: Voltage to voltage converter, current to current
converter, current to voltage converter, and voltage to cur-
rent converter. The feedback configurations for each of
these amplifiers are shown in Fig. 1. Ideally, the opamp
used for the feedback amplifiers in Fig. 1 is a nullor, i.e. a
two-port where the input port is characterized by a differ-
ential input voltage of zero and an input current of zero,



a capacitance, and for the transconductance opamp it has

V-V L1 LV V-I acitan : : :

converter converter converter converter the dimension of the l'empl‘O(Eal of an mduc.tance‘a. Using

(1) when analyzing the amplifier configurations in Fig. 1

Closed the loop gain of each of the feedback amplifier configura-
loop 1+ 1%1 1+ -%2 R, ]%__ tions can be calculated for each of the four opamp types.
gain, Gy ! ! ! The results of this calculation are shown in Table 2 which

Table 1. Ideal closed loop gain Go of feedback amplifier config-
urations.

and the output port has an arbitrary current-voltage rela-
tionship. With this ideal opamp the closed loop gain Gy
given in Table 1 results for each of the feedback amplifiers.
In practice, the opamp is one of the following four types:
Voltage opamp (voltage controlled voltage source, VCVS),
current opamp (current controlled current source, CCCS),
transresistance opamp (current controlled voltage source,
CCVS), or transconductance opamp (voltage controlled
current source, VCCS). The opamp will have a limited
bandwidth, and assuming that it is characterized by a sin-
gle dominant pole, the gain of the opamp can be expressed
® 1

°7 + s/wg 1)

where wq is the angular frequency of the dominant pole
and Ap is the low frequency gain. Depending on the type
of opamp, Ag is a voltage gain (A,), a current gain (4;),
a transresistance (R:), or a transconductance (G).

From (1) we see that the gain-bandwidth product GB
of the opamp is 27GB = Aowg. Note that the gain-
bandwidth product has the dimension of frequency for the
voltage opamp and the current opamp only. For the trans-
resistance opamp it has the dimension of the reciprocal of

A(s)=A

gives the low frequency loop gain for all 16 possible com-
binations of feedback amplifier configurations and opamp
types. In all 16 combinations the loop gain has a single
dominant pole at the angular frequency wy. Note that
the loop gain is dimensionless in all 16 cases. The loop
gain is a most important parameter in a feedback system,
partly because it determines the bandwidth, and partly
because it reflects the improvements in distortion proper-
ties, impedance levels, component sensitivities, etc., which
is obtained by the feedback. The closed loop bandwidth
can be found as the frequency where the magnitude of
the loop gain is reduced to one. With this simple inter-
pretation of the loop gain we find that the closed loop
bandwidth is simply wy/(27) multiplied by the low fre-
quency loop gain listed in Table 2. Introducing the opamp
GB = Agwo/(27) and the closed loop low frequency gain
Go we may compile the list of closed loop bandwidth ex-
pressions given in Table 3.

From Table 3 it is also apparent that if the source re-
sistance Rs and/or the load resistance Ry can be set to
zero or infinity, the closed loop gain Gy will drop out of
all the bandwidth expressions, except for the expressions
in the diagonal from upper left to lower right. This indi-
cates that with source and/or load isolation most of the
feedback amplifiers in Fig. 1 has a closed loop bandwidth
which is not directly related to the closed loop gain. This
is the result achieved in [2].

Opamp V-V I-1 I-v V-1
type converter converter converter converter
A A A A
L By Ry, Fr, RaRp i) I
TR Y PR TR Y R, I+ 7
A; A; A; A
CCCS i A A e Y
Ry+ Rg  Rs RoRsg By Ry Rg
R YR RiRL & A 7
Cevs i » 7 I 7A
Ry + Re+ =228 Ry + Rp+=22L 2 Rs + Rp+=5tL
R1 Rl Rl
VCCS I__Q_T_ _—GLT_ ____Q_t__R___ G
My A, 1, Ry S S /R
Rt R TR B Rt Rs Y Rifts Rs *Ri*Rskr '
Table 2. Loop gain of feedback amplifiers.
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Opamp V-V I-I -V V-1
type converter converter converter converter
VCVS GB GB GB GB
Go 1482, B g BL 1+Go 1+GoRy
Rs™ Ry s Rs
cCcs GB GB GB GB
l+Ez+:ES.+GOE_L m 1+___Q_E I + CORS
R Ry Rg Ry
CCvs GB GB __ GB GB
Rz + GoRs R;+ GoR; Go Rs+ Ry + GoRsRL
VCCs GB GB GB GB
/Ry -+ Go/Rr 1/Ri + Go/Rs 1/Rs+ 1/R + Go/(RsRyL) Go

Table 3. Closed loop bandwidth of feedback amplifiers.

III. TEcCHNOLOGY CONSTRAINTS

In practice, in integrated circuit design, the technology
will not permit the design of ideal impedance isolation
buffers. For a given technology (e.g. CMOS or bipolar)
we may assume a maximum usable device transconduc-
tance on the order of g,,, a minimum device output con-
ductance of g,, and a minimum capacitance level of Cp.
In this respect a device may be either a single transistor or
a compound device such as a cascode transistor. We also
assume that the opamp dominant pole is determined by
the minimum capacitance level Cr in conjunction with the
minimum device output conductance g,, i.e. wg = ¢,/Cr.
This is the situation which can be achieved with a sin-
gle high impedance node forming the dominant pole. All
other nodes are assumed to have an impedance level of
(1/9m) || (1/sC7). In particular, we must require that the
impedance level of the feedback network does not intro-
duce high impedance nodes. Also, low frequency voltage
or current gains cannot be higher than g, /g,.

Opamp Open loop  Feedback R Rs

type gain, Aq resistors

VCVS gm/go R; <1/gm >1/gm <1/go

CCCs gm/go Ry < 1/gm <1/90 > 1/gm

CCVS 1/g0 — >1/gm > 1/gm
R'l < 1/gm

vCes gm(gm /o) and ~1/gm® < 1/go
er < l/gm

(a)Only for the I-V converter. Otherwise Ry < 1/g,.

Table 4. Technology constraints in integrated feedback ampli-
fiers.

The implications of these technology constraints are sum-
marized for each of the opamp types in Table 4. Using
the opamp and isolation buffer parameters of Table 4 to-
gether with the feedback network impedance levels given
in Table 4 we can compute the set of technology limited
maximum low frequency loop gains given in Table 5. The
closed loop bandwidth is found by multiplying the low
frequency loop gain by w,/(27) = go/(27C7r). This table
reveals that none of the constant-bandwidth configura-
tions have a loop gain potential exceeding the loop gain
potential of the constant gain-bandwidth product configu-
rations. Thus, it also discloses the (perhaps controversial)
fact that the maximurmn loop gain potential is found in the
configurations exhibiting a constant gain-bandwidth prod-
uct relation, Go x BW = Agwo/(27). Further, it shows
that full exploitation of the loop gain and bandwidth po-
tential in the so-called constant-bandwidth configurations
results in loop gain and bandwidth relations which are
strongly dependent on the closed loop gain.

These results have been reported previously in the case of
the transimpedance opamp used for a voltage to voltage
converter [3] but to the knowledge of this author it has not
been reported for the other configurations. With these ob-
servations in mind one might be tempted to conclude that
only the constant gain-bandwidth product configurations
in Table 5 are of interest in high speed design. However,
this is taking the conclusion too far. What is not apparent
from the table is that with Cr selected as the minimum
capacitance which the technology can provide, the sim-
ple opamp model with a single dominant pole holds true
only for high values of closed loop gain. For lower values
of closed loop gain the compensation capacitor must be
increased in order ensure stability. In practice, the com-
pensation capacitor is often an internal, fixed capacitance
and its value is set to ensure stability under all normal op-
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Opamp V-V I-I I-v V-1
type converter converter converter converter
1 9m 1 Im g 1 1 (a) 1 Im
VCVS Go 9o Go+ g'; (Go+1) 90 1+ I"éggo Jo < Gogo a Coxom gm’g,
1 g 1 gm w1 _ 1 () 1 In
cees Got (G, +1) 9 T 9o T Fag, 90 < Cogo Gotam ™ 0o
CCVS 1 9m 1 9m 1 _ 1 14 9
Go + Ragm 9o Go ¥ Ragm 90 Rag9, ~ Gogo Go+2gm°™ 9o
VCCS 1 gm 1 gm — 9m 1 . _1 (a3 1  gm
Got§2G, 9 Got§2Go 9o 1+ Rago+ 2290~ Gogo Go9m 90

(*)Note that g, < 1/Ry = 1/Go

Table 5. Loop gain potential of feedback amplifiers.

erating conditions, thus essentially wasting the bandwidth
potential. In constant-bandwidth configurations, stability
can be controlled by the feedback resistors, simplifying
the optimization of the device. Another important issue
not addressed here is the large signal bandwidth. In many
opamp implementations the compensation capacitor leads
to a slew rate limitation, causing the large signal band-
width to be smaller than the small signal bandwidth. This
limitation is avoided if class AB stages are used to drive
the compensation capacitor. This configuration is normal
practice in the case of transresistance opamps (current
feedback opamps) but it is unusual (though not impossi-
ble) in the case of voltage opamps [3].

IV. ConcLusioN

We have analyzed feedback amplifiers realizing all of the
four basic converters, i.e. voltage-to-voltage, current-to-
current, current-to-voltage, and voltage-to-current. When
implemented with non-ideal opamps these configuration
have a constant product of closed loop gain and closed loop
bandwidth if the opamp is of the same type as the feed-
back converter, i.e. voltage opamp, current opamp, trans-
resistance opamp, and transconductance opamp. If the
opamp is of a different type than the feedback converter,
a bandwidth which is independent of the closed loop gain
is found, provided the load and source impedances can be
isolated from the opamp through the use of ideal voltage or
current buffers. The results even indicate that with ideal
buffers we have the captivating situation that the closed
loop bandwidth may equal the unity gain bandwidth of
the opamp regardless of the closed loop gain.

Next, we have introduced some generally applicable
assumptions concerning the properties of the opamps,

the impedance levels of the feedback resistors, and the
impedance levels achievable from the input and output
isolation buffers. With the limitations arising from these
technology assumptions we have calculated the potential
for loop gain and closed loop bandwidth for each of the
feedback converters. This calculation brings forth the con-
clusion that the constant gain-bandwidth product config-
urations provide the highest potential loop gain and the
highest closed loop bandwidth.

The conclusion above does not take into account ease
of implementation, limitations such as large signal band-
width, or more complex frequency response characteristics
of the opamps involved. Thus, in a practical design one
may find a more complex scenario than outlined in this
paper. However, it is believed that the results demon-
strated in this paper are important as guidelines in the
selection of design approaches in high frequency feedback
systems.
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