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A Highly Linear CMOS Buffer Amplifier

JOHN A. FISHER, MEMBER, IEEE, AND RUDOLF KOCH

Abstract — This paper presents a CMOS buffer amplifier which achieves
significant improvements in linearity and drive capability over previously
reported “high-swing” amplifiers [1]-[4]. The buffer operates from a 5-V
supply, is capable of rail-to-rail operation at both the input and output, and
exhibits a remarkably high linearity of 0.05-percent THD while driving
3V,, into 100 Q at 20 kHz.

I. INTRODUCTION

S integrated-circuit feature sizes continue to de-

crease, increased packing densities are opening new
applications for powerful digital processing. Along with
this development, correspondingly higher performance
analog interface blocks are being demanded which can
operate with the lower supply voltages used in these digital
circuits. The push toward integrating entire systems for
operation with a 5-V supply presents special problems for
the analog portions. The lack of a solid analog ground and
the reduced voltage range without a corresponding reduc-
tion in the threshold voltages eliminates the use of many
proven circuit configurations. For example, when an out-
put swing on the order of +3 V into a low-impedence load
was required for a dual 5-V supply, one could still take
advantage of the relatively well-behaved properties of a
source-follower type of output stage [4]. When this swing is
scaled to £1.5 V and a single 5-V supply, the voltage
overhead is reduced to the point where one has no choice
but to use a common-source configuration at the output
with the attendant problems of controlling the quiescent
output current, output impedence, and insuring stability
for widely varying load conditions. Transistor sizes must
also become quite large in order to squeeze as much
voltage overhead as possible from the gate-to-source volt-
age of critical transistors. Achieving high linearity at higher
frequencies also presents a difficult design task. Band-
width, which is difficult to preserve in output buffer cir-
cuits, must be correspondingly high in order to maintain
enough loop gain at these higher frequencies.

This paper presents a CMOS output buffer amplifier
which operates on a single 5-V power supply. The buffer
can drive 3V, into 100 & while maintaining a signal-to-
distortion figure of 65 dB at 20 kHz. An output swing
from rail to rail is also achievable at higher distortion
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levels. Special circuitry provides a common-mode range
extending to both supplies which allows full advantage of
this high output swing.

II. Circulr DESCRIPTION

A. Input Stage

Fig. 1 shows the input stage for the amplifier. A folded
cascode amplifier has been modified by adding an ad-
ditional input transistor pair in order to create a symmetri-
cal common-mode range. As in all composite stages, the
two input pairs are characterized by several overlapping
regions of operation. The p-channel transistors are inactive
in the region of the positive supply due to cutoff of the
p-channel current source. Similarly, the n-channel tran-
sistors are inactive in the region near ground. Between
these extremes, both pairs are active, which gives a
push—pull response to the stage. The principle cause of
nonlinearity in the input stage for common-mode signals is
the large deviation in gain as the input voltage traverses
the input range. The plot in Fig. 2 shows the deviation in
output current versus common-mode input voltage. For
signals near ground (¥}, is with reference to V,,/2), the
current which should flow through the n-channel pair is
now forced to flow in the output branches. This large
increase in current naturally causes a large decrease in gain
as the plot in Fig. 3 shows. The gain reaches its peak in
midrange but decreases again near the positive supply by 6
dB as the stage goes through the transition of operating
with two input pairs to just one. In our application,
maximum speed in conjunction with extremely high linear-
ity was required for input voltages in the +1.5-V range. In
this range, gain variations were negligible. For larger input
ranges, a much more symmetrical gain versus V,, curve
could be obtained by replacing the p-channel pair with the
mirrored p-channel pair shown in Fig. 4. With this config-
uration, a gain drop of 6 dB is exhibited at both ends of
the common-mode range, thereby linearizing the response
of the circuit to common-mode signals. The one drawback
would be a loss of speed due to the slower mirrored
p-channel pair.

B. Output Stage

In a 5-V design, the choice of configurations is severely
limited by the voltage overhead of the transistor gate-to-
source voltage. For large swing applications, one has no
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Fig. 1. Amplifier input stage.
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98
- - e -
‘.
Ay
8o / : ]
Ld
o
m
el
it
G PB
=1
>
@ -
62 - /
L
/
-
Ser——ris 1.7 T T 2

Vih Common Mode [V1

Fig. 3. DC gain versus common-mode V;,.

choice but to use common-source transistors at the output.

A fundamental issue is determining the size of these out-.

put transistors, not only to meet the current-voltage
requirements of the load, but also to minimize distortion.
In general, increasing the transistor W/L has the effect of
increasing the output range of linear operation before the
transistor begins operating in the crossover voltage portion
of the characteristic curve. Outside this range, distortion
builds up rapidly and must be corrected by the amplifier
loop gain which, at 20 kHz, is somewhat limited. Fig. 5
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Fig. 4. Modified p-channel pair.
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Fig. 7. Amplifier output stage.

shows an output stage model which was used to determine
the required trade-off in loop gain and transistor W/L.
The amplifiers were modeled as ideal with respect to
linearity and could be varied in gain and bandwidth. A
load of 100 € was used. SPICE simulations were then run
while varying the various parameters to obtain the plot
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Fig. 8. Entire amplifier schematic.
TABLEI - .
DEVICE SIZES I TN
ol Y .
, .
ML 100/8 Mz 750/3 M25 90/10 —s b \
M2 100/6 ML4 750/3 M26 30/10 Y
M3 250/6 Mi5 2000/3 M2z dosie ool .
M4 250/6 M6 2000/3 28 3o/1e / \
M5 750/6 M17 330/3 M29 40076 el .
M6 750/6 M18 880/3 M3Q 400/3 o . \
M7 750/3 19 300/3 M31 16@/3 a_, / .
M8 750/3 20 808/3 M32 160/6 Ry R \
M9  300/3 M2l 800/3 M33 500/6 & / .
M1Q 300/3 M22 8000/3 M34 500/3 —4 . \
M1 300/6 M23 200/3 M35 200/3 e .
Mi2 300/6 M24 3000/3 M36 200/6 -3 F Vs \.,
. ]
P

shown in Fig. 6. This plot shows the required loop gain at
20 kHz as a function of p-channel width (n-channel width
is correspondingly varied) for a constant harmonic distor-
tion level of —70 dB (this was the desired linearity at 20
kHz). Assuming we might reasonably achieve a gain of 45
dB at 20 kHz, one can see that a p-channel width of about
8000 pm is required (channel length of 3 pm). This analy-
sis assumes that the dominant source of distortion occurs
in the output stage for large output swings, which proved
to be the case.

The requirements for the driving mechanism of these
output transistors are to provide a well-controlled quies-
cent bias current and a symmetrical drive. The configura-
tion shown in the model has been one approach to the
problem. Due to different requirements for the two ampli-
fiers A, and A,,, they are usually built as mirrors of each
other and it is virtually impossible to match their char-
acteristics precisely. The net effect is that when the two
amplifiers are connected back to back in the feedback loop

'shown in Fig. 5, interaction between the two amplifiers
drives the gain of one up and the gain of the other down.
This gain interaction causes nonlinearity in the output
response. Offset voltages in the two amplifiers also cause
very unpredictable bias currents in the output stage, often
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Fig. 9. DC gain of inverting buffer versus V.

necessitating additional circuitry for bias control, which in
turn causes more nonlinearities.

A less problematic solution is a modified version of a
configuration presented in [5]. In this configuration, shown
in Fig. 7, the cross-coupled pairs M13, M14 and M15, M16
provide an inherently symmetrical drive to the output
transistors. The quiescent output current is a simple func-
tion of the current flowing through the level-shift tran-
sistors M17- M?20, and the size ratio of these transistors to
the cross-coupled pairs M13, M14 and M15, M16. This
current is multiplied by a factor of 10 in the output current
mirrors M21-M?24. (Seevinck et al. [6] recently modeled
the cross-coupled stage used here to drive the output
transistors and showed that this configuration exhibits
superior linearity properties for-large signals.)

The entire amplifier schematic is shown in Fig. 8 with
device sizes given in Table I. Assuming for the moment
that node B is to be tied to ground and no input voltage is
applied when the amplifier is in closed loop, symmetry
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Fig. 10. Amplifier die photo.

dictates that node 4 will also be near ground. In this
condition, the drain—gate connection of transistors M17
and M18 has less than 0.5-V overhead before transistors
M38 and M10 begin to leave the saturation region. This
small voltage swing is not enough to generate the large
output currents required and also maintain a good low-level
bias. Therefore a matched load inverter M25-M28 is
inserted between node 4 and node B. This inverting buffer
provides a gain of —1 at the expense of only four tran-
sistors and effectively doubles the voltage drive to the
cross-coupled pairs, thereby maximizing the achievable
current range. As shown in Fig. 9, the gain of the inverting
buffer is quite linear in the region of interest (+0.5 V with
respect to V,,/2). A pole-splitting capacitor of 15 pF is
used for compensation between node A and the output.

III. EXPERIMENTAL RESULTS

The buffer was fabricated in a 3-pm double-polysilicon
CMOS process. Fig. 10 shows. a die photo of the amplifier.
The curves in Fig. 11 show the dc transfer characteristics
for gains of +1 and —1 under two different loading
conditions. In Fig. 12 the second and third harmonics are
shown versus output swing for a 20-kHz sinusoidal signal
into 100 Q. Several conclusions may be drawn from this
figure. In theory, K2 should be proportional to V,, and
" K3 to V2. A real system is subjected to a complex
interrelationship of distortion products contributed by the
input stage, the output driving stage, and the output stage
itself. Although it is not possible to measure the individual
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Fig. 12. Second and third harmonic versus output swing.
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Fig. 13. Simulated ¥, and GND current versus output voltage.

contributions separately, one can conclude that the
output-stage distortion dominates at high output swings
and is negligible compared to the othér contributions at
swings less than about +1.2 V. Several point measure-
ments are given in Table II to show the affect of load and
frequency variations on the linearity. Fig. 13 shows the
simulated total supply current as a function of the output
voltage into 100 . The current which flows through M13
or M15 to V,, or GND is, at present, unutilized. A fully
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Fig. 14. Transient response to step input.

TABLE II
Parameter Measured Data
Die Area 1736 sq. mil
RL=1inf. RL=100
Avol 82 dB 70 d8
Phase Margin 84 deg 84 deg
Gain Margin 12 dB 13 B
B.W. 3.5 MHz 2.0 MHz
Stew Rate 5 V/us 5 V/us
PSRR -85 dB DC
~47 dB 20 kHz
CMRR -~73 dB DG
~55 dB 1 MHz
White Noise 44.7 nv/sqr,Hz
Q. current 2.5mW 2.5mW
K2 4kHz ~-82 dB
K3 4kHz -81 dB
K2 20kHz -76 dB -58 dB
K3 20kHz -75 dB -~67 dB

differential version is being planned which would utilize
this current and optimize the efficiency of the amplifier.
The quiescent current shown in Fig. 13 is somewhat exag-
gerated, due in part to dc errors in our SPICE models. The
actual quiescent bias level was measured at about 0.5 mA.
Small- and large-signal transient responses are shown in
Fig. 14 and further performance parameters are given in
Table II

IV. SuMMARY

A CMOS buffer amplifier has been presented which
achieves an especially high degree of linearity along with
heavy load driving capability from a 5-V supply. Circuit
details and measured results have been given. Due to the
fact that the amplifier proved to be overcompensated, a
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revision was recently made with the compensation capaci-
tor reduced to 10 pF. Technology improvements also al-
lowed a 2-um channel length. These changes resulted in
the following performance improvements with a 100-Q
load: bandwidth =3 MHz, K2 (20 kHz,3 V) = —73 dB,
K3 (20 kHz,3 V)= —72 dB, maximum output swing
(100 @) =44V, and slew rate =7.5 V/s.
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