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Abstract|In this paper we present a high-drive low-
power BiCMOS bu�er ampli�er implemented in a
2�m technology. The class-AB output stage incor-
porates stacked NPN and compound PMOS/NPN
transistors in which the PMOS transistors operate
below threshold. Quiescent current is 300�A using
a �2:5V supply. Total area is 0:165mm2.

I. INTRODUCTION

In designing low-power, mostly CMOS analog VLSI
systems, high-drive capability is not an issue until one
wants to store and analyze the outputs digitally. An ex-
ample of such a system is an analog VLSI cochlea with
30 frequency channels [1, 2]. Internal signal processing
is done with small voltages (� 100mV ) and tiny cur-
rents (� 20nA); however, in order to view the outputs
externally, we need to drive capacitances up to 300pF
and resistive loads down to 10K
. Indeed some type
of bu�er ampli�er is required.

Speci�c design goals for our bu�er ampli�er are listed
in the �rst column of Table 1. A trade-o� exists among
these design goals, and we found no single architec-
ture and layout to match every possible requirement.
We are also constrained by the available technology.
Through MOSIS we have available a 2:0�m double-poly
n-well BiCMOS process, which permits the fabrication
of oating capacitors, as well as vertical NPN transis-
tors exhibiting beta's in the range of 50 to 100.

We used a class-AB source follower output stage for
our bu�er ampli�er to ensure a low quiescent current.
The main drawback of using source followers at the out-
put is a reduced linear range [3]. If a strictly CMOS
implementation is used, one stands to lose 1:5V {2V at
either supply rail. Thus, using a � 2:5V power supply,
the linear range might be only � 0:75V when driving a
large load. Next we considered stacking an NPN tran-
sistor with a PMOS transistor in its own well. The
linear range improved to about � 1:0V in this case. Fi-
nally we examined a compound PMOS/NPN transistor
to replace the PMOS transistor. In this case the linear
range of the bu�er ampli�er increased to � 1:25V .
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Figure 1: Compound PMOS/NPN Transistor.

II. COMPOUND PMOS/NPN TRANSISTORS

In a compound PMOS/NPN transistor (see Figure 1)
the source and well of the PMOS transistor and the
collector of the NPN transistor are all in common,while
the drain of the PMOS transistor drives the base of the
NPN transistor. The control node is the gate of the
PMOS transistor. The voltage/current characteristics
of the compound PMOS/NPN are analogous to those
of a very wide PMOS transistor.
Below we derive the voltage/current characterists of

the compound PMOS/NPN for the case that the PMOS
transistor operates below threshold. The sub-threshold
region for square CMOS devices is de�ned as being for
currents less than approximately 30nA [4, 5].
For a PMOS device that has the source and well at

the same potential and is biased in the saturation region
(VSD � 4Ut), the source-drain current is given by [5]:

ISD = I0Se
�

�VGS

Ut + gdVSD (1)

where:

VGS = VG � VS is the gate to source voltage,

VSD = VS � VD is the source to drain voltage,



Table 1: Speci�cations, simulations, and measurements of the BiCMOS bu�er ampli�er.

Feature Design Goal Simulation Measurement
Power Supply � �2:5V �2:5V �2:5V
Supply Current � 100�a 304�a 300�a
Total Area � :04mm2 NA 0:165mm2

O�set (mean) � 0:5mV �1:3mV �1:6mV
(4 s.d.) � 5:0mV NA 5:3mV

Output Range � �1:5V �1:25V �1:25V
@ RL = 1:0K
Open-Loop Phase Margin � 70 deg 86 deg NA
@ CL = 300pF
Open-Loop Gain Margin � 10dB 14dB NA
@ CL = 300pF
Maximum DC Gain Error � 1:0% 0:9% 2:2%
@ Gain = 1, RL = 1:0K
Bandwidth � 20KHz 20KHz 20KHz
@ Max DC Gain Error
Total Harmonic Distortion � 1:0% - 0:4%
@ 1kHz, RL = 1:0K
Slew Rate � 1V=�s 1:1V=�s 0:97V=�s
@ RL = 1:0K;CL = 300pF

S � W=L is the width to length ratio,

I0 is the zero-bias current,

� is the body e�ect coe�cient,

gd is the drain conductance,

Ut � kT=q is the thermal voltage.

We model the NPN bipolar transistor as a current-
input/current-output device with a non-zero output
conductance [5]:

IC = �IB + g0VCE (2)

where:

VCE = VC � VE is the collector to emitter voltage,

� is the current gain,

g0 is the output conductance.

A large signal model of the compound PMOS/NPN
device can be derived by realizing that ISD = IB and
IC + IB = IE . Then substituting equation (1) into
equation (2), we �nd the result:

IE = I0(1 + �)Se�
�VGS

Ut + (1 + �)gdVSD + g0VCE (3)

The �rst term in equation (3) will dominate the two
latter. Hence, we see that the compound PMOS/NPN
behaves similar to a PMOS transistor with width-to-
length ratio scaled by (1 + �). In e�ect, we have in-
creased the maximumsub-threshold current of a PMOS
device with width-to-length ratio S from 30nA x S to
30nA x (1 + �)S.

We identify two reasons for operating
the PMOS transistor below threshold in the compound
PMOS/NPN transistor. Firstly, a PMOS transistor re-
quires a lower gate-to-source voltage when operating
below threshold than when operating above. It follows
that we will obtain a larger output swing using a sub-
threshold device than an above-threshold device. Sec-
ondly, we want our design to be as symmetric as possi-
ble in order to achieve good linearity [3]. If we consider
the NPN transistor as a voltage-input/current-output
device, a simpli�ed large signal model is as follows [5]:

IC = IES
�

1 + �
e
VBE

Ut + g0VCE (4)

where:

VBE = VB � VE is the base to emitter voltage,

IES is the saturation current,

and other parameters are as de�ned earlier. We see
that the exponential voltage-to-current relationship of
equation (3) is similar (and complementary) to that of
an NPN transistor in equation (4). We exploit this
similarity to achieve a more symmetric design.
On a separate test chip we fabricated individual com-

pound PMOS/NPN transistors and NPN transistors of
the same dimensions as those used in the design of the
bu�er. Figure 2 shows the measured I-V characteristics
for the case that VCE = 2:0V . For both transistor types
the output current is exponentially dependent on the
control voltage over approximately 7 orders of magni-
tude. In addition, we see that the NPN I-V curve has a
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Figure 2: Current measurements as a function of voltage for a compound PMOS/NPN transistor (solid line) and an NPN
transistor (dashed line). Two transistors of each type were measured, but the resulting curves were so similar for each type
that they would be indistinguishable on this graph. The saturation of the NPN transistor output current near 10mA was
caused by limitations in the measurement equipment. In all cases, VCE = 2:0V

steeper slope than that of the compound PMOS/NPN.
The di�erence in slope is due to the extra � term in the
exponent of equation (3) which is not found in equa-
tion (4).

III. CIRCUIT DESCRIPTION

Figure 3 shows the schematic of the bu�er includ-
ing device geometries. The input stage consists of a
large-area PMOS di�erential pair in a oating well. In
order to reduce systematic o�set, transistors M9 and
M10 copy the voltage from the drain of M3 to that of
M4. In this way, the mirroring ratio between transis-
tors M3 and M4 is very close to unity. Transistor pairs
M5-M6 and M11-M12 mirror and amplify the di�eren-
tial current by a factor of four, establishing a push/pull
con�guration. The output stage consists of NPN tran-
sistor Q2 biased one diode drop above the output volt-
age stacked with the compound PMOS/NPN transis-
tor M14/Q4 biased one diode drop below the output
voltage. Frequency compensation is achieved using
pole/zero cancellation [3] with two 15pF capacitors and
transistors M15-M16 operating in the triode region.

III. RESULTS

Circuit simulations were performed with SPICE3e
using BSIM and BIPOLAR models provided by MO-
SIS. Results of simulation experiments can be found in
column 3 of Table 1. Eighteen bu�ers were arranged in

a 2mm x 2mm tiny chip and placed in a 40-pin DIP
package. Electrical measurements are averaged from
four such chips and can be found in the last column of
Table 1.
We note one minor discrepancy between simulated

and measured results. The maximum DC gain error,
which we anticipated to be lower than 1%, is actually
greater than 2% for the maximum load. One factor
contributing to this discrepancy is the long metal line
connecting the output of the bu�er to the pad. We
omitted this 5
 parasitic resistance from our simula-
tions. However, even in the condition of no load the
gain error is measured to be 0.7%. It follows that the
open-loop gain must be lower than anticipated, but we
have no means of measuring it directly.
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Figure 3: BiCMOS Bu�er Ampli�er.
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