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Abstract—This paper describes a bandgap reference fabricated
in a 0.5- m digital CMOS technology without resistors. The cir-
cuit uses ratioed transistors biased in strong inversion together
with the inverse-function technique to produce a temperature-in-
sensitive gain applied to the proportional to absolute temperature
(PTAT) term in the reference. After trimming, the peak-to-peak
output voltage change is 9.4 mV from 0 C to 70 C. It occupies
0.4 mm2 and dissipates 1.4 mW from a 3.7-V supply.

Index Terms—Analog circuits, analog integrated circuits, CMOS
analog integrated circuits, reference circuits, temperature.

I. INTRODUCTION

B ANDGAP references add the forward bias voltage across
a p–n diode with a voltage that is proportional to absolute

temperature (PTAT) to produce an output that is insensitive to
changes in temperature [1], [2]. The relative weighting of the
voltages added is usually adjusted by trimming the ratio of two
resistors. In standard digital CMOS technologies, models for the
resistors may not be available or reliable. Also, in digital tech-
nologies, the area of such resistors is increased because silicide
is often used to reduce the sheet resistance of the polysilicon
and diffusion layers. As a result, the length and area of the re-
quired resistors is increased, increasing not only the cost, but
also the susceptibility of the reference operation to substrate
noise coupling. One way to overcome this problem is to use an
extra mask to selectively block the silicide, but this mask also
increases the cost. In some but not all technologies, the silicide
block mask is required in electrostatic-discharge (ESD) protec-
tion circuits. This paper presents a circuit solution to the above
problems: a bandgap reference without resistors [3]. This solu-
tion eliminates the need for resistor models and may eliminate
the need for a silicide block mask when this mask is not required
in ESD circuits. Also, the bandgap reference described here uses
only MOS transistors biased in saturation or cutoff. The devices
biased in saturation operate in strong inversion, for which accu-
rate device models are usually available, simplifying the design
process, especially in digital CMOS technologies.
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Fig. 1. Schematic of the core of the bandgap reference.

This paper is organized as follows. Section II describes the
concept, and Section III describes the circuits. The test results
are presented in Section IV, and the conclusion is given in Sec-
tion V.

II. CONCEPT

To produce a temperature-insensitive output, the bandgap ref-
erence applies a temperature-independent gainof about 3–6
to the difference between the forward bias voltages across two
diodes . Since resistors are not used, the required gain is
obtained by using ratioed transistors together with the inverse
function technique [4]. The main idea in the inverse function
technique is to apply a pair of functionsand to so
that . In circuit terms, might be a
transconductance (possibly nonlinear) that maps to some
current . Then , which is a scaled version of , would
be a transresistance that cancels the nonlinearity inand pro-
vides the required gain . Another approach used in this work
is to choose so that . In this
equation, the current is multiplied by in the cur-
rent domain by a current mirror using transistors scaled .
The scaled current is converted to the output voltage by a prop-
erly selected transresistance , which requires less gain but a
wider dynamic range than . The inverse-function approach
works with any smooth nonlinearity, and knowledge of the exact
functions is not required as long as it is possible to deduce the
proper scaling.

III. CIRCUITS

Fig. 1 shows the core of the bandgap reference. The PTAT
voltage is applied across the differential
pair – , which acts as a transconductance. The resulting
current is multiplied by using current mirror – and
is delivered to differential pair – , which operates as a
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Fig. 2. Schematic of the connections for transistorM .

Fig. 3. Complete schematic.

transresistance because of the negative feedback around
.

The voltage falls to its minimum of about 0.6 V at the
maximum temperature. If V is maintained at the
gate of , the differential input to – is up to about 0.6 V.
To minimize the required to operate both and
in saturation, an intentional mismatch is introduced wherein the
aspect ratios of and are larger than those of and

, respectively, by a factor . To provide a qualitative un-
derstanding of the circuit behavior, the circuit can be analyzed
using a simple square-law MOS model. With the transistor as-
pect ratios given in Fig. 1, the output voltage equation is derived
from two gate–source loops around – and – :

(1)

In traditional bandgap references, a resistance value would be
trimmed to adjust in this equation. Here, the parameter
is the ratio of the size of the – and – differential
pairs, and is the current-mirror gain from to as well as
the ratio of the tail currents of the two differential pairs. On the
prototype, is held constant while is trimmed by adjusting
the aspect ratios of and under digital control. These
transistors are each laid out as an array of devices with binary-
weighted widths and equal lengths. These arrays can be adjusted
digitally by means of transmission gates that connect the gates
of individual array elements to the appropriate diode or to .
Fig. 2 shows that is composed of five devices, labeled
to . Transistor uses a similar structure but with seven
devices to in its array.

Fig. 3 shows the complete circuit. To improve the supply in-
sensitivity, it uses a self-bias configuration that is a modifica-
tion of a previously published circuit [5]. The current that flows

TABLE I
DEVICE SIZES

is that which forces .
Most of the current in is provided by , allowing the cur-
rent in to be small enough that . Therefore,

, and an equation for the drain current in
is

(2)

Transistors – form a start-up circuit. It consists of
a string of diode-connected transistors – . If the core
of the reference is off when the power supply is applied to the
circuit, turns on and pulls up on the gate of , turning
on the core. When the core turns on, the voltage from the gate of

to ground rises high enough to turn off , disconnecting
the start-up circuit from the core.

Table I shows the device sizes. Transistor in Fig. 3 rep-
resents the components of the array of transistors to
in Fig. 2 that are connected to diode . The width of tran-
sistor can vary from 5 to 155 m, and the nominal width
is 80 m. Similarly, represents the components of a similar
array of transistors to that are connected to diode .
The width of transistor can vary from 5 to 635 m, and the
nominal width is 320 m.

Diodes and are actually each formed with a
PMOS transistor. For each of these transistors, the gate,



IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37, NO. 1, JANUARY 2002 83

Fig. 4. Die photograph.

Fig. 5. Measured output voltage versus temperature of one prototype.

drain, and source are connected together. The combined
drain–gate–source node of is connected to the gate of ;
the combined drain–gate–source node of is connected to
the gate of . The body of each of these PMOS transistors
is connected to ground. This approach was selected because
MOSIS provided models for these junctions but not for sub-
strate p-n-p transistors. However, these models may not be
accurate in part because BSIM3 models the source–drain diode
behavior adequately only when the diodes are reverse biased
[6]. To compensate for the possibility that the diode models
are inaccurate with only one fabrication cycle, the trim range
of the prototype was intentionally designed to be much larger
than simulations showed to be necessary. In practice, trimming
may not be required for low precision applications (5%) once
the diodes are thoroughly characterized and the nominal gain is
adjusted accordingly.

IV. EXPERIMENTAL RESULTS

The circuit was fabricated in a MOSIS 0.5-m n-well CMOS
process. Fig. 4 shows a die photograph. The area is 0.4 mm
without pads. Twenty-five parts were fabricated and tested at
25 C before trimming. The average output voltage is 1.1219 V,
and the standard deviation is 8.8 mV. Fig. 5 shows a plot of
the output voltage versus temperature for the trimmed refer-
ence with the lowest output variation from 0C to 70 C. The
peak-to-peak variation is 9.4 mV. Fig. 6 shows a similar plot
in which four references are each trimmed to set the output at
45 C equal to the same target voltage (1.1195 V0.5 mV).
The difference between the maximum voltage exhibited by any

Fig. 6. Measured output voltage versus temperature of four prototypes
trimmed to the same target at 45C.

Fig. 7. Measured output supply rejection versus frequency at 25C.

TABLE II
PERFORMANCESUMMARY

of these references and the minimum exhibited by any of these
references between 0C and 70 C is 11.4 mV peak to peak.

Fig. 7 shows a plot of supply rejection versus frequency. The
supply rejection is 45.1 dB at 10 Hz. The power dissipation is
1.4 mW from a 3.7-V supply. Table II summarizes the perfor-
mance.

V. CONCLUSION

This paper shows a bandgap reference circuit without resis-
tors that is compatible with a pure digital CMOS technology.
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