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A novel current-feedback op-amp exploiting
bootstrapping techniques

K. HAYATLEH* A. A. TAMMAM, B. L. HART and F. J. LIDGEY
School of Technology, Oxford Brookes University, Oxford OX33 IHX, UK

The operation of the conventional current feedback operational amplifier
(CFOA) is reviewed and its performance parameters used as benchmarks in the
development of a new input stage architecture that provides a common-mode
rejection ratio (CMRR) improvement of some 45 dB and offset voltage less than
10mV.

Keywords: Analogue signal processing; Current-feedback op-amp; Current mode
technique

1. Introduction

The conventional voltage op-amp (VOA) normally uses a long-tailed pair in its input
stage (Gray and Meyer 1993). That gives rise to a high input-impedance at both the
non-inverting and inverting input terminals. Moreover, it provides insensitivity to
common-mode input signals. In contrast, the CFOA uses a complementary push-pull
unity-gain voltage-follower in its input stage (Palumbo 1999). A major advantage of
the CFOA, compared with its VOA counterpart, is its ability to provide a constant
closed-loop bandwidth for closed-loop voltage gains up to typically 10. Another
advantage is the very high slew-rate (SR), resulting from the class AB operation,
making it ideal for video and telecommunication system applications (Alexander
1990). Unfortunately, the conventional CFOA has low CMRR, and a high DC
voltage-offset due to the asymmetry in its architecture compared with the symmetric
design of the VOA, which provide a much higher CMRR, and lower DC voltage-
offset (Bowers 1988).

The structure of the conventional CFOA is reviewed to identify its performance
limitations with respect to CMRR and SR. This analysis is used to develop a novel
architecture for the CFOA with a CMRR and SR performance much closer to that
obtained from a VOA, without degradation of the excellent SR performance of the
conventional CFOA.

2. CFOA slew rate limitations

Consider the basic CFOA architecture, a schematic diagram of which is shown in
figure 1. The SR for this configuration is sometimes quoted as being ‘virtually
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infinite’, but definite limits do exist as the following brief discussion shows. Dy, Dy in
figure 1 model the base emitter junction of the input emitter followers. When a large
differential voltage vp, is applied, in the direction shown, D, and O, cut off and the
equivalent circuit for evaluation of SR is shown in of figure 2.

O, is supplied with a maximum step of base current, Iy, that provides
a maximum collector current 7., which can be estimated using transistor charge-
control theory (Gray 1967)

irl ~ ,Bnlbizls[1 - exp<_ ﬂ ffp):] (1)

In this equation B, is the common emitter current gain of @, at low frequencies
and 1~ Yamfy is a transistor time-constant dependent on its geometry and
doping levels.
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Figure 1. Effective CFOA schematic for slew-rate discussion.
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Figure 2. Reduced schematic from figure | for a large vp.
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The current i, is copied by the current-mirror CM1 and is equal to i,.
The equation for the voltage at node-Z, v_, is

([VZ Vz

{
S22 x Bulpins| 1 — exp{ ——— 2
CZ dt +RZ /Snlbmsl:l e\p( B”TF>] ( )

The maximum rate of change of v, defines the SR and is obtained by setting 7=0.
Then it follows from equation (2) that SR, is given by

Toias
SR, ~ ﬁg—/ (3)

Since the input stage is top/bottom symmetrical, a similar result is achieved for a
large negative value of vp, in which case D, and Q; cut off. If for example
Bulbias =2mA and C,=1pF, then SR =2000 V/us.

The maximum value of the slew rate is obviously achieved with the maximum
iy and highest /7, so any improvement over that obtained for the basic CFOA must
take this into account. Ultimately the current available from the power
supplies limits SR and this will, in turn, be dependent on supply-lead inductance
and resistance.

3. Analysis of differential-mode operation of the CFOA

A simplified schematic of the standard CFOA architecture is shown in figure 3,
where the non-inverting and inverting nodes are connected to a differential input
signals. Under small signal condition the positive differential input signals is
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Figure 3. A standard CFOA, labelled to show differential-mode operation.
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Vy = +Vd/2 and the negative differential input signal is V; = —(Vd/2). When the
positive signal (V) is applied, the voltage at the base of Q, will rise, and the voltage
at the emitter of Q; will fall due to the negative signal (1)), increasing Fpgp of Oy,
resulting in an increase of Iy, Similarly, Vgg, and I of @, will decrease. Under
small-signal conditions the collector current, I, of Q| will rise by A7 and, similarly,
the collector current, I¢-, of O, will fall by A7 (Vere-Hunt and Lidgey 1992).

These changes are then mirrored by CM1 and CM2 and appear at a high
impedance gain-node (Z), where they subtract, giving a total signal current [, ==2AI,
resulting in an output voltage of V,,=2ALZ(z). Transistors @, and @, are
configured as a class-AB complementary-pair stage. The operating point of these
transistors is in the active region with the DC current set by the bias network
comprising the two diodes D; and D, and the two current sources, /yas.

Figure 4 shows a small-signal low-frequency differential mode half-circuit, which
can be analysed to predict the circuit behaviour. The output current (icy = outm) 15
given by

. Vd
Icy = gm  VBEY + 5 ( )
*Feel
Since v, ~ vy, and 1, 18 very high compared with 1/g,,, equation (4) reduces to
2fc1 21C
8Tdm = —— = 2gm ~ st} (5)
Vd VT

where g74, 1s the transconductance for differential-mode operation, g, is the
transconductance of one particular transistor in the input class-AB complementary-
pair, Icg is the dc bias current, and V77 is the thermal-voltage. Thus, the differential-
mode gain (4,,,) of the CFOA is

2icy - 2,
Agn = —a e = &Tdm - Z; (6)
Vd

in which Z; is the (high) impedance at node Z.
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Figure 4. Small-signal differential-mode half circuit.
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4, Analysis of common-mode operation of the CFOA

It has been established that the input stage of the CFOA is the main factor in
determining the CMRR performance of the CFOA (Vere-Hunt and Lidgey 1991,
Lidgey et al. 1998). A study of figure 5 has been made to investigate further the
parameter that has a direct effect on common-mode operation, in order to
understand fully the inner working of the CFOA, when a common-mode signal is
applied to its input. It has been reported that a limitation to the CMRR performance
is the finite output impedances of transistors in the input stage (Vere-Hunt and
Lidgey 1991, Lidgey et al. 1998).

Refer to figure 6 which shows an appropriate equivalent circuit. Applying a
positive common-mode input signal decreases the value of Vg of @, and as the
Early voltage of this transistor is finite it results in a decrease in the collector current
Iy of Oy by an amount Alcyy.

Furthermore, the positive common-mode input voltage will cause the value of
Vg of O, to rise and therefore the collector current I, of Q5 to increase by the same
amount (Lidgey er al. 1998). Hence, when the collector currents of @, and @, are
mirrored by CM1 and CM2 to node (Z), the net current into the Z-node is

L~ Iy — Iy = (Alcy) — (=Alcy) = 2A1cy N

Since Iy & Ig, and Ieo = Ipy, then L _y=1Ic» — Ic1, where Iy is the inverting node
input current,

Thus,
Iy~ Iy~ I — 1oy =2A1cy (8)
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Figure 5. Effective circuit schematic of the CFOA with a common-mode input signal, V.
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Figure 6 shows the small-signal low frequency equivalent circuit for the input
stage of the CFOA, driven by an input common-mode voltage signal. When a
common-mode input voltage is applied to the circuit shown in figure 6, there is no
signal voltage across the base-emitter terminals of Q, O, two input transistors.
Hence, both g,,1 Ve and g,,Vser signal current generators are inactive. The net
result is that the circuit of figure-6 reduces to that shown in figure 7 and the output
current from the coupled current-mirrors, /gy, is given by

. I 1 Iy 1 Ip Iy
w(em) — V(_‘I ettt 4+ — [~ = Vt . —_— 9
Tout(¢m) mn [VAN -+ P + VA[) + Fu2 m VAN + VAP ( )

¢ ximation sign is valid since ry; = ry» Teel = Feen = Feen -
The approximation sign is valid since r,| & 12 >>I'ce] X Fee2 = Fee. Then the common
mode transconductance, g7, i8

iout(cm) IO ]Q :|
Tem =~ = -2 —= + — 10
Etem ch I: VA N VA P ( )

Thus, the r., values of Q,, and Q, directly determine the A4,
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Figure 6. Small-signal low frequency equivalent circuit of the CFOA input stage for
common-mode analysis, rin (CM1), rin (CM2) are negligible and neglected in the analysis.
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Figure 7. Reduced small-signal equivalent circuit for the Class AB bias voltage-follower.
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It is essential at this stage to link g7, and the common mode gain, A4, of the
CFOA. Thus, (20) is given as

A _ iout(cm) ' Zz

[« S

:chm‘Zz (11)

I omn

5. Common-mode rejection ratio (CMRR)

The common-mode rejection ratio (CMRR), is defined as the ratio of the magnitude
of the differential-gain, Ag,, to the magnitude of the common-mode gain, Ay,
(Comlinear Corporation 1988), thus:

Ag
CMRR = =4 (12)
cm
Substituting (6) and (11) into (12) gives,
CMRR = iout(zlm) 2V _ I.oul(dm)/ Va _ 8Tdm (13)
ioul(cm) ' Zz/ V('m iom(cm)/ ch ETem

Equation (13) shows that the impedance at the Z point cancels out. Thus, having a
higher, or lower, impedance gain-node (Z7) should not influence the value of the
CMRR. By substituting (5), which defines gz4,, the transconductance for
differential-mode operation, and (10), which defines gz, the transconductance
for common-mode operation, into (13) we obtain,

8Tdm 21Q 1 1
CMRR = === = 14
greml | Vr 2[(Io/Van)+ o/ Vapr)]|  Vrl(1/Van) + (/)W ar] (14
In the special case where V=V ="V 4p,
V4
CMRR = |— = 15
W, (15)

Table | summarizes the expected variations of CMRR, A4, and A, with changing
values of 7.1, I'eens Te1, a0d 1. To test this theoretical result, the circuit shown in
figure 8 was simulated using SPICE. This was undertaken using Analog Devices
XFCB device parameters, and the frequency responses of A, Ae and CMRR were
obtained (see figure 9). The validity of equation (15) which has a simple a linear
relationship between Early voltage and CMRR was confirmed, in simulation, by
changing the Early voltages of the input devices and re-running the simulation for
a range of Early voltage values. This is confirmed in figure 10, which is similar to
figure 9, but with the Early voltages of the input devices quadrupled showing

Table 1. Effect of transister parameter variation on CMRR.

Increase parameter CMRR A Aoy

Feets and ren Increases No change Decreases
Fer, and rp Decreases Decreases No change
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Figure 8, Circuit diagram of a basic CFOA (Franco 2002).
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Figure 9. SPICE results for Ay, Ao and CMRR versus frequency for figure 8 using AD-
XCFB process parameters.

100

& s——p Ay, (10KHz, 81.186dBls)
\ \\ﬁ\
CMRR (10KHz, 61.92TdBs)~,_ \"\
g o — =SS
=)
= \0\—/ N
A, (10KHz, 19.266dBs) .
~100
IKHZ  [0KHZ IMHZ 100MHZ 10GHZ

Frequency

Figure 10. Ay, A., and CMRR versus frequency, as in figure 9, except that ¥, has been
quadrupled for the input stage devices.
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as anticipated (i) no change in A, (i) a 12 dB reduction in 4, and (iii) 12 dB increase
in CMRR.

6. A CFOA using forward and reverse bootstrapping

The above analysis shows the dependence of 4., and CMRR on Early voltage, and
also indicates why the CMRR is limited to a modest 50 dB, which for many practical
applications is too low. However, increasing the Early voltages of the input
transistors to increase CMRR is not a practical option, and it is necessary to resort
to circuit techniques, such as cascoding, to provide the required improvements in
CMRR performance. Figure 11 shows an improved CFOA with a novel input stage
that utilizes both forward and reverse boot-strapping to achieve the desired effect of
increasing significantly the CMRR.

In figure 11, the buffered current mirrors, (Q7+4 Qs+ Qo+ Q1o+ Qas) and
(Qs+ Q¢+ Q1o+ Q16+ 033) are supplied with a common input current, /g, via the
resistor Ry. Since the action of the two buffered-mirrors is the same, only one is
considered here, (Q7+4 Qs+ Qo + Q19+ Q26), C13, With its base bias provided by the
diode-connected transistors Q;s5 and Q;,, increases the output resistance of the
Q5 current source and in the same way Q4 cascodes Qs and increases the output
resistance of Qs. The input transistors Q; and Q, are cascoded by Q;; and @y
respectively, and their base biases supplied via Qu6, Q47 and Qug and Qu,
respectively. Compared with the basic CFOA shown in figure 8, Q3 is being
cascoded with Q,, and Q4 with @,y This provides ‘forward’ boot-strapping
of the non-inverting input signal to the cascode transistors Q; and Q4. Transistors
05, is further cascoded by Q3 and. similarly, O, is further cascoded by Qys.

o ) Qo ) QA} ¥oss KQ“Z rvee

Qi) [lo22
I 4 J {Q44
2 Q { LD;$46 4] % T
o) i e 0
t w0 P /P
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Jl Q4 ﬁgsl
E——_ﬁ Q49
% Jinz Q1s Q2

QUi — ] 3
Q1o Ik Q23 r Lo
Q8] 10517 Q16 szo s ) }/ @81 43
{ 1] y b { I vee

Figure 1. Circuit diagram of a CFOA using forward and reverse bootstrapping.
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It should be noted that these ‘second’ cascoding devices are linked to the inverting-
input terminal, and provide ‘reverse’ boot-strapping. The rest of the proposed new
CFOA circuit is the same as shown in figure 8.

This novel input circuit topology gives higher gain-accuracy, and lower DC offset
voltage and higher CMRR because the use of both casoding and boot-strapping
results in a significant decrease in the common-mode currents within the input stage.

7. Circuit performance

SPICE was used to verify the operation and performance of the new CFOA and
investigate how it compares with the conventional CFOA (Franco 2002). The total
supply current was arranged to be below 2mA, which is achieved with I, =0.2mA,
and the power supply voltages were set to, Vcc==5V. For comparative assessment
the two CFOAs were simulated, namely (i) a conventional CFOA shown in figure 8,
and (ii) the new CFOA shown in figure 11. Both CFOAs were simulated with the
same technology parameters. Key performance data for the two CFOAs are shown
in table 2 and figures 12 to 15. The simulated CMRR of the new CFOAs increases,
dramatically, to over 96dB, compared with value of just under 52dB for the
conventional CFOA. In addition, the input-referred offset-voltage in the new CFOA
was 9.25mV at unity closed-loop gain, approximately half that of the conventional
CFOA input offset voltage of 20.6mV at unity closed-loop gain. The decrease arises
through the close matching of the base-emitter voltage of the same polarity.

The new CFOA input noise is reduced, dramatically to 40nV/+/Hz, from the
conventional CFOA value of 67nV/ JHz.

The bandwidth of both CFOAs, when configured as unity closed-loop voltage
gain amplifiers, are almost the same, with a slight improvement in the new CFOA.
A consequence of improving the CMRR and the input-referred offset-voltage is that
the non-inverting input impedance is also increases, as shown in figure 16. The slew-
rate of the new CFOA is increases to SR +=650.1 V/us, and SR —~=454.2V/ps,

Table 2. Comparison of the characteristics of the Conventional and the New CFOA.

Conventional CFOA

(Franco 2002) (Figure 8) New CFOA (Figure 12)

CMRR 51.4dB 96.7dB
Bandwidth 55.7MHz 59.9 MHz
Inverting input resistance 68.7Q 68.82
(at 0V d.c. input)
Non-inverting buffer input 23MQ 3.4MQ
resistance (at 0V d.c.
input)
Noise (Voltage/Hz) 66.8nV 39.7nV
Input offset voltage (at 0V 20.6mV 9.25mV

d.c. input)
Slew rates

Input dynamic range

SR+ =569.6V/us
SR —=454.2V/us
—3V,+3V

SR+ =650.1 V/ps
SR —=467.2V/us
—2V,+2V
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in comparison with the conventional CFOA for which SR+ =569.6 V/us, and

SR — =430.5 V/us.

It is notable that the majority of the characteristics of the new CFOA are
significantly better than those of the conventional CFOA, with the notable exception
of the input dynamic range. The ‘cost’ of these improvements is the use of a greater
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Figure 14. Frequency responses for unity closed-loop gain.
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Figure 16. Input-impedance versus frequency for the CFOAs, each configured as a non-
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2500

(10KHz, 68.866Q) New CFOA

20002

/’/E\\

/

100€2
__ ﬁ |

TheConventiongl CFOA (10KHz, 68.727Q)

20Q
IKHz 10KHz IMHz 100MHz 10GHz

Frequency

Figure 17. Input-impedance (inverting) ~ Frequency.



CFOA exploiting bootstrapping techniques 1169

number of devices and poorer dynamic range and output swing capability, because
of the stacking of the cascoded transistors.

8. Conclusions and future work

Analysis of the conventional CFOA has provided a deeper understanding of the
internal operation of the circuit, and this work revealed that the main shortcomings
of the CFOA are in the design of the input stage. This part of the amplifier is
responsible for the poor CMRR performance compared with that of a voltage
op-amp. Using the initial analysis of the conventional CFOA as a benchmark, a new
CFOA, with improved DC and CMRR performance has been developed and
presented here.

The design is based on combining two circuit techniques, namely forward and
reverse bootstrapping. In comparison with the conventional CFOA, the CMRR
increases by some 46 dB, and the input-referred offset-voltage has been reduced by a
factor of two. Also, the majority of the other characteristics are better. However, the
price paid for these improvements is a reduced output voltage swing for given rail
voltages, because of vertical transistor stacking.

Clearly, the new CFOA does use more transistors but the performance
advantages particularly in terms of CMRR improvement justify the increased
complexity when this parameter is of paramount interest. The primary disadvantage
is that moderately high power supply voltages are required. The authors are
currently modifying the design to reduce the power supply requirements using
folded-cascode type and other circuit techniques.
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