h M
W o

Analog Integrated Circuits and Signal Processing, 32, 157-168, 2002
002 Kluwer Academic Publishers. Manufactured in The Netherlands.
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Abstract. Two variants of a new current feedback amplifier (CFA) are presented in this paper. These CFAs are
realized in CMOS technology and both are capable of working at low voltages. It is shown that one circuit performs
better than the other by virtue of an increased impedance at its Z terminal achieved through the use of additional
transistors. Analysis of both variants of the current conveyor and buffer that form the current feedback amplifier
gives an insight into the location of primary poles and zeros of the CFAs. Simulation results indicate an overall gain
bandwidth product in excess of 59 MHz and 102 MHz for each circuit at a gain of —10 and with a 3.3 V supply.
Experimental results from a chip fabricated in a 0.35 um CMOS technology agree closely with the simulation

results.
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1. Introduction

Current feedback amplifiers (CFA) are noted for their
potential for high bandwidth, high slew rate, and a
closed-loop bandwidth which is almost independent
of the closed loop gain [1,2]. Bipolar implementations
are popular due to their high speed and the ease with
which the low impedance current sensing node can
be implemented [3,4]. The lower transconductance of
MOS transistors typically makes CMOS current feed-
back amplifiers inferior to bipolar implementations. A
CMOS CFA is, however, desirable for mixed-signal
IC applications. In such applications, the choice of IC
technology is dictated not by the needs of the analog
signal processing circuitry but by that of the digital cir-
cuitry. Also because CMOS CFAs are typically com-
posed of a CMOS current conveyor [5,6] followed by
a buffer stage, a low-voltage CMOS current conveyor
would enable CFA based circuits to be implemented in
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submicron CMOS IC technologies with reduced sup-
ply voltages. Examples of low voltage CMOS current
conveyors that could be used to build low voltage CFAs
are givenin [7-10], where novel low voltage techniques
are employed. A high drive CFA was reported by [11].
But with several devices stacked between its rails, op-
eration at low voltages may become an issue.

In this paper we report on two CMOS implementa-
tions that are suitable for low supply voltage applica-
tions. The basic topology is built around a modification
of the work in [9] which in turn was inspired by the
work of [10]. In the first of these two implementations,
referred to as circuit 1 in this paper, only two devices
are stacked between the supply rails. Its design is there-
fore greatly simplified, and its only drawback is its low
output impedance at the Z node which will affect its
performance at high gains. In a second implementation,
referred to as circuit 2, low voltage high-swing current
mirrors are employed in a unique configuration. The
high swing, low voltage current mirror offers the advan-
tage of improved Z terminal impedance while allowing
low supply operation. In both circuits, the Z terminal
circuit is formed by copying the output of the amplifier
used to form the buffer. Like a conventional CFA, the
current feedback occurs externally through a feedback
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resistor. The CFA property of constant-bandwidth rel-
atively independent of closed loop gain is maintained
in both these designs.

2. Circuit Description
A. Circuit 1

Consider the CFA circuit shown in Fig. 1 that consists
of a novel second generation current conveyor (CCII+)
followed by a unity gain buffer. The current conveyor
portion of the CFA differs from the design suggested
in [9] by not relying on a bias current and contains only
one compensation capacitor. The lack of a bias current
allows the input to swing to the threshold voltages of
the input transistors since Vg min Of the bias current
were absent. Its only drawback is that its CMRR is
lower than if the bias current is present. The CCII+ is
identical to the unity gain buffer stage with the excep-
tion of the extra pair of transistors M7 and M8. Transis-
tors M1 through M4 form the differential input stage of
the amplifier. The node labeled a acts a high impedance
node whose gain g;r,; depends on the product of the
transconductance of M1/M3 and the output impedance
seen at node a. Here g; represents the transconduc-
tance of M1 and M3 and r,; is the reciprocal of the
total conductance seen at node a. Henceforth the out-
put resistance of a gain stage is represented by the 7,
terms. Transistors M5 and M6 provide additional gain
by acting as an inverting amplifier whose gain A, is
—gorop Where g2 = g5 + gme. The inverting amplifier
high frequency performance characteristics are well
known, but capacitor C.; (and C,,) are still required
for high frequency compensation as shown in [12]. To
understand the voltage following action of this circuit,
assume that the voltage at the ¥ node rises and no cur-
rent is injected into the X node, i.e., i, = 0. At node
a the voltage falls immediately on account of the high
gain and inversion between nodes Y and a. At node X
the voltage rises due to the inversion with node a. This
serves to push more current into node a negating the
gain action caused by transistor M3. Consequently, V,
follows V, faithfully. It can be easily shown that the

DC gain of this circuit is given by
V
Yx _ 818200l ~1 1)
Vv 1+ gi18rare

if g182701702 > 1. Copying the currents in transistors
M5 and M6 using identical transistors M7 and M8 gen-

erates the current i, in the presence of an input current
i, withi, = i, if g3 = g;. The current following action
of the current conveyor formed in this manner has been
well documented and explained in [2] and [12]. Note
that i, is not an exact copy of i, because some current
is lost to the buffer’s output impedance. It is therefore
important that r,, be as large as possible. One means of
accomplishing this goal is to use large length transistors
at the expense of a reduction of the amplifier’s band-
width. A small signal model of the current conveyor
portion of Fig. 1 reproduced from [12] for convenience
is shown in Fig. 3. To employ this model, which serves
for both circuits 1 and 2, the plus (4) sign must be
used with the dependent current sources to represent
circuit 1. To model circuit 2 the minus (—) sign is used
as explained later on. The small signal model of the
buffer is not shown because it is identical to the buffer
section of the CCII. Additionally, C;_3 represent the to-
tal parasitic capacitances at the high impedance nodes.
Note the negative feedback action forces the input re-
sistance at the X node to be as small as possible, and
the poles of the X terminal impedance are the same as
those of the buffer formed from the amplifier.

B. Circuit 2

Not mentioned in the previous section is the fact that by
using large transistor lengths the maximum open loop
gain of the amplifiers formed by transistors M1-M6
and M9-M12 is limited to about 70 dB. This is primar-
ily due to the output impedances r,; and r,,, which will
typically be less than 100 K2. One way of improv-
ing the open loop gain of the amplifier and increasing
the output impedance at the Z terminal is to use im-
proved current mirrors that provide high impedance
nodes. Such a circuit is shown in Fig. 2(a). Here the in-
put stages M1-M4 and M9—M11 remain the same as in
Fig. 1, but the gain forming second stage is built around
anon-inverting amplifier that uses the wide-swing cas-
code mirror. A simplified version of the operational
amplifier that is used to implement Fig. 2(a) is shown
in Fig. 2(b) for comparison purposes. The operation
of the wide-swing cascode mirror is well documented
and is increasingly becoming popular in many analog
low voltage designs [13]. To ensure maximum input
dynamic range, complementary transistors M5a—M6b
and M13a-M14b are used at the input of the second
stage gain in Fig. 2(a). The remaining transistors M5c—
M7b, M6¢c-M8b, M13c-M13f, and M14c-M14f form
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Fig. 3. AC model used for circuits 1 and 2. The (4) sign applies when considering circuit 1 and the (—) sign when considering circuit 2.

the high-swing cascode mirrors. Note, that in circuit 2
the gates of transistors M2 and M11 form the volt-
age following nodes as opposed to transistors M1 and
M9 of circuit 1. This is due solely to the fact that the
second stage gain is non-inverting in circuit 2 while
it is inverting in circuit 1. This is reflected also in the
small signal model shown in Fig. 3 by using the minus
sign (—) on the dependent current sources. Otherwise
the ac models are identical in form. Like the first cir-
cuit, Figs. 2(a) and 2(b) require compensation capac-

Table 1. A summary of the important parameters of the CFA.

itors. However, because the output impedance of the
circuit of Fig. 2(a) is greater than that of Fig. 1, its gain
and high frequency performance can be expected to be
improved over circuit 1 with proper compensation.

3. Circuit Observations

Table 1 summarizes the important parameters for
both circuits such as pole/zero frequencies and input

Characterisitic Governing Equation CFA Component
st/V)‘ _ Jinx ~ 81
p =S =
T a(-g)
Dominant poles
Gy _ine s (82— 81)
p2 - ;2 — Cy Cy
< (1 fata ) Buffer
parameters
Input resistance o1 1
(Low frequencies) Tinx = 82 8170l
Tin,x 1
s, CCII parameters
(C1+C)ror
Dominant zeros sé‘"]/ 81
Ce
iz/ Uy ~ 1
@ ro2Ce
Output current =8 (i _ i)
(Low frequencies) e \" e
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resistance. Other high frequency poles exist in the cir-
cuits particularly in circuit 2, but these will not dis-
cussed here. Table 1 also shows that for unity gain sta-
bility g» > g; and C.1» > C; . Also from Table 1, it
follows for both amplifiers that if the second stage tran-
conductance is high and the first stage gain is high, r;, .
will be low. A further comparison between circuits 1
and 2 yields the observation that the down side of circuit
1 is the fact that g, and r,, and hence the bandwidth
are dependent on the power supply voltage. A stable
power supply would therefore be a necessity to ensure
that r;, and hence the bandwidth of circuit 1 does not
vary with supply voltage. In fact it can be easily shown
that g, is proportional to V,; and the quiescent current
that flows through M5-M6, M7-M8, M11-M12, and
M13-M14 is proportional to V,7,. This in turn makes
the power dissipation in these transistors proportional
to V.3, which can be undesirable especially for battery-
powered operation. Using larger devices at the expense
of a reduction in bandwidth can reduce the power dis-
sipation. Circuit 2 is less prone to supply variations in
&> because of the decoupling between the g,, generat-
ing transistors and the output stage via the wide-swing
cascode mirrors.

On the subject of power supply regulation and bias-
ing several options exist to improve the power supply
rejection [14]. One option proposed is to use a regulated
follower amplifier that supplies the inverter chains with
power. However, the amplifier must be supplied with a
higher voltage than V,;; which can present a problem.
Another option is to use AC coupling in the inverters
through high valued resistances and capacitances, but
the improvement is only marginal compared to no bias
control. The last option borrowed from AC coupling,
is to use the auto-zeroing property of dynamic bias to
replace the RC coupling [15]. While offering the best
solution the high frequency clock noise will be present
in the output and can be minimized, but never com-
pletely eliminated.

Finally, it is instructive to get a feel for the useful
power supply range of circuits 1 and 2. Using circuit
1 because of its simplicity and examining the inverters
formed from M5-M6, M7-M8, M11-M12, and M 13—
M14 the equivalent input voltage V., that maximizes
&> and hence the gain of the inverters is given by

Vaa = Vipl + Vi [ -
Veq = s (2)
L4 /5
P

where the symbols V7, and V7, have their usual mean-
ing and B is the MOS transistor gain that is depen-
dent on process parameters and the device geometry.
Thus as V,, is reduced the input voltage required for
maximum gain at node a is reduced for fixed aspect
ratios according to (2). To ensure that M2 (or M11) re-
mains in saturation requires that Vy — Vr,, < V,,. Since
Vy is typically set at 50% of the supply voltage then
it follows that V;; should be less than two times the
sum of V,, and a threshold voltage to avoid the edge
of the triode region for M2 (or M11). This is easily
accomplished by choosing the inverter aspect ratios
such that V,, is equal to Vz;/2 and hence Vy 7 = V,,.
Note intuitively at the same time V,, (and Vx) can-
not be less than one Vr, for obvious reasons. Hence it
follows that V, should be greater than 2V, + |Vr,|
because the p-transistor in the inverter chain should be
considered. In a typical CMOS process such as the one
this circuit was implemented in with Vy, = 0.57 V
and |Vr,| = 0.7 V this implies V4 min = 1.8 V. For
maximum input dynamic range around V,;/2 however,
this lower limit changes to 3Vy, + |Vg,| because the
transistors in the inverter remain in saturation when
Veg — Vrn < Vx,z < Veq + | V1. For circuit 2 the min-
imum supply voltage is dictated by Vi, min required to
maintain the output transistors in saturation.

4. Simulation and Experimental Results

To utilize the circuits of Figs. 1 or 2 as an inverting
voltage amplifier they must be used in the configu-
ration shown in Fig. 4. Here we assume that the in-
ternal node Z has a capacitor Cy connected to it. Its

mid

Fig. 4. Circuit diagram of the proposed CMOS current feedback
amplifier.
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function is to set the open loop transresistance pole
frequency w, = 1/r,Cr and hence the bandwidth
of the amplifier. Note that the bandwidth of the buffers
employed in the amplifier must be greater than w,,. This
is easily achievable by adjusting Cr and C,; » appro-
priately. The input signal V;, is applied through resistor
R, and a feedback resistor R is connected between
the output and the inverting terminal in classic fashion.
The non-inverting terminal of the op-amp is assumed
to be held at midsupply V4.

To confirm circuit operation, HSPICE simulations
were performed on the circuits of Figs. 1 and 2 using
0.35 um CMOS Level-28 model parameters. The sup-
ply voltage was set at 3.3 V. The aspect ratios used in
circuits 1 and 2 are shown in Figs. 1 and 2(a), respec-
tively. The output stage of each circuit was designed
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to drive a load of 5 pF. The feedback resistor R was
set at 5 k2 and the input resistor R; varied with values
of 0.5 k€2, 1 k€2, and 5 k2. Capacitance Cr was set
at 5 pF and 2.1 pF for circuits 1 and 2, respectively to
satisfy bandwidths of 6.5 MHz and 10.5 MHz, respec-
tively at a gain of —10. Figure 5 shows that the closed
loop bandwidth remains approximately constant as the
gain is varied from —1 to —10. The unity gain band-
width of the buffer in circuit 1 was 16 MHz whereas
it was 24 MHz for circuit 2. Also the open loop gain
of the buffer in circuit 1 was 70 dB whereas it was
90 dB for circuit 2. Note that circuits 1 and 2 provide
an overall gain bandwidth product in excess of 59 and
102 MHz, respectively at a desired gain of 10. Circuit
2 achieves a higher gain-bandwidth product due to the
increased output impedance. The distinction between

Gain Magnitude (in dB)

10°

Frequency (Hz)

0.6

-0.65

o 07 E

-075

08 F

Gradient of V

-0.85 |

()

0.5

(b)

Fig. 5. (a) HSPICE simulation results for the frequency response of circuits 1 and 2 with Ry = 5 k2 and R; varying from 0.5 k2 to 5 k€.
The solid line represents circuit 2 while the dashed line represents circuit 1. (b) DC simulation of the gradient of the output with a gain of —1 to

illustrate the input voltage range.



164 Maundy, Finvers and Aronhime

(727 ’I"' 77 i/ ' """"
o
i
77

(a)
R
A% R¢
NV
Vin R VDD

- R

) e M AEIDWVY «—o
LT1364 - v
+ Circuit 1 °

mid

(b)

Fig. 6. (a) IC layout (350 um x 118 um) of circuit 1. (b) Test setup for circuit 1.
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Table 2. Selected extracted parameters for circuits 1 and 2.

Parameter Circuit 1 Circuit 2
Tinx 15.11 @ 4.87 Q2
(Low frequencies)
r, 47.9kQ 126.4 kQ
Output resistance of the <0.2 Q@ <02 Q
CFA R,
Power consumption 22mW@1.8V 47mW@1.8V
45 mW@33V 93 mW@3.3V
Cx =Cy 0.24 pF 1.40 pF
(Parasistic capacitance)
Cz=0C3 0.24 pF 1.42 pF

(Parasitic capacitance)

the two circuits can clearly be seen as the desired gain
increases and the error increases. If C7 is decreased any
further for circuit 1, it exhibits peaking at high frequen-
cies as pointed out in [3]. But not shown in Fig. 5(a). A
dc sweep of the input was also examined for both cir-
cuits at a gain of —1, and the gradient of the output is
shown in Fig. 5(b). The input voltage range is clearly
visible for both circuits. In transient simulations at a
frequency of 1 MHz, the output offset voltages were
recorded at 45 mV and 5.6 mV for circuits 1 and 2, re-
spectively. Additionally, Table 2 shows the results for
the input resistance and parasitic capacitances at the X
and Z nodes of the CFA. The difference between cir-
cuits 1 and 2 particularly for 7;, , and rz can clearly be
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seen here. Also comparing circuit 1 with Fig. 1(b) of
[9] the values of r;, , and rz compare favorably when
the bias current of Fig. 1(b) is in excess of 80 A. The
power consumption of each circuit was also extracted
from the simulations and is shown in Table 2 for two
supply ranges 3.3 V and 1.8 V. Note that ata 1.8 V
supply, the bandwidth of each circuit was reduced ap-
proximately by half as to be expected and the power
consumption reduced to 2.2 mW and 4.7 mW for cir-
cuits 1 and 2, respectively.

Finally, due to available space only of the two cir-
cuits was fabricated, that is circuit 1 in TSMCs 0.35 um
process. A photograph of the chip layout is shown in
Fig. 6(a). The input conditions used for testing were
the same as those of the simulation results except that
the test chip containing circuit 1 was driven from a
LT1364 seventy megahertz Dual opamp to generate
the required input AC and DC levels. The test setup
arrangement is shown in Fig. 6(b). The LT1364 is a
bipolar CFA that was used in the unity gain configura-
tion with a bandwidth of 70 MHz. An error in laying
out C,; for circuit 1 resulted in a value far less than
the 5 pF required. This meant that the first op-amp in
circuit 1 could not be compensated properly resulting
in a non-dominant pole response. However, in a closed
loop configuration the op-amp still proved to be stable
in simulations despite the error in C.;. The measured
results shown alongside the simulation results for com-
parison purposes in Fig. 7 confirm this was the case.

30
L R;= 500 Q
20
- i TN s
L R=1k Q Nt
s i L
T 0 NN
- r \
) r R
g - N
8 of R;=3k Q N
F T I I A
. \\ \
: \§ N \\\.
-10 N s
i \\‘
=20 \r \\
30 L
1000 104 10° 100 107
Frequency (Hz)

Fig. 7. Measured frequency response results for circuit 1 with gains of —1, —5, and —10 are shown with solid lines. The dashed lines represent

the simulation results duplicated from Fig. 5(a).
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Fig. 8. Transient response of circuit 1 at a gain of —1 to a 1 MHz square wave input. Top trace is Vj, to the LT1364 op-amp. Bottom trace is

Viour of circuit 1.

Note that the measured bandwidth of the closed loop
amplifier in circuit 1 was 6.4 MHz which is in good
agreement with the results from simulation. The DC
gains of the amplifier for input resistor R; of values
0.5k, 1k, and 5 k2 were 8.9, 4.6, and 0.91, respec-
tively which was also in close agreement with the simu-
lation results. At high frequencies unforeseen parasitic
board capacitances affected the performance of the cir-
cuit and could not be eliminated without altering the
board design. Note it was not possible to measure the
power dissipation associated with circuit 1 because its
supply line was integrated with other circuitry on the
test chip. Finally, Fig. 8 shows the small signal response
of circuit 1 for a gain of —1 to a peak to peak input sig-
nal of 400 mV. The output can be seen to be faithfully
following the input given the inversion due to both the
LT1364 and circuit 1.

5. Conclusion

Two simple low-voltage current feedback amplifiers
have been presented. As expected for CFAs, they main-
tain a nearly constant closed loop bandwidth as the
closed loop gain is varied. The bandwidth of the CFA

depends on the feedback resistor Ry and the compen-
sation capacitor. Circuit 2 performs better than circuit 1
by virtue of its higher output impedance at the Z termi-
nal, but uses nearly three times the transistor count of
circuit 1. Even though circuit 2 was not manufactured
it is expected that its performance would be compa-
rable with the obtained simulations results as was the
case for circuit 1. Finally, both circuits are suitable for
arange of applications such as high frequency filters.
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