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A 1-V CMOS Current Reference With Temperature
and Process Compensation

Abdelhalim Bendali, Member, IEEE, and Yves Audet, Member, IEEE

Abstract—A 1-V current reference fabricated in a standard
CMOS process is described. Temperature compensation is
achieved from a bandgap reference core using a transimpedance
amplifier in order to generate an intermediate voltage reference,
Vrer. This voltage applied to the gate of a carefully sized nMOS
output transistor provides a reference drain current, Ig g, nearly
independent of temperature by mutual compensation of mobility
and threshold voltage variations. The circuit topology allows
for compensation of threshold voltage variation due to process
parameters as well. The current reference has been fabricated in a
standard 0.18-psm CMOS process. Results from nineteen samples
measured over a temperature range of 0 °C to 100 °C, showed
values of Irgr of 144.3 uA + 7% and Vrgr of 610.9 mV £ 2%
due to the combined effect of temperature and process variations.

Index Terms—CMOS, current reference, low voltage, process
and temperature compensation, transimpedance amplifier.

I. INTRODUCTION

URRENT references play an important role in analog

and mixed-signal systems. They are a key component in
analog to digital and digital to analog converters and they are
also found in numerous analog circuits such as operational
amplifiers (OAs), filters and monolithic sensors. As more of
these systems are used remotely, the demand for low power,
low voltage references increases while conventional bandgap
architectures require a supply voltage higher than 1.25 V [1].
Meanwhile, the cost per function offered by sub-micron CMOS
processes continues to decrease which challenges designers to
conceive circuits using those technologies while matching the
performances of more mature processes.

Recent works demonstrated the difficulty to obtain current
references fabricated in CMOS processes having an output cur-
rent independent of process variations. In [2], from a circuit
using native MOS transistor and a trimmable n-well resistor
chain, a temperature variation coefficient (TC) of 368 ppm/°C
was obtained. Circuits employing p-i-n diodes [3] and MOS-
FETs operating in week and moderate inversions [4] showed an
output current variation of £5% and +10%, respectively, due to
temperature and process parameter drifts. In [5], a current ref-
erence showing a TC of 50 ppm/°C was measured, however,
no result on process variation was reported. Since the reference
current was a function of the absolute value of a resistor and
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of the base-emitter voltage of a p-n-p transistor, minimum chip
to chip variation of the output current could be in the vicinity
of £10%. Finally, [6] reported on a current reference having a
combined temperature and process variations of 5% obtained
on a circuit fabricated in a 0.15-pum CMOS process.

This paper describes a CMOS current reference based on
a low supply bandgap voltage reference (BGR) in order to
provide a temperature compensated voltage. The temperature
compensated current is obtained by applying the BGR’s output
voltage to an nMOS output transistor. Proper sizing of the
output transistor allows the device to operate in the vicinity
of the zero TC (ZTC) point [7]. At this point, mutual com-
pensation of threshold voltage and mobility variations, due to
temperature, is producing an output current reference nearly
independent of temperature. In addition, good matching of the
output transistor with key transistors of the BGR provides a
process compensation scheme for the current reference. This
paper is organized as follows: in Section II, the basic principle
of the process parameter compensation scheme is described and
the theory of the ZTC bias point is reviewed. Since the architec-
ture of BGR is intertwined with the temperature compensation
scheme, Section III presents the theory of operation of the
BGR and its circuit architecture. In Section IV, measurements
of the voltage and current reference performed on nineteen
samples under three different temperatures are compared with
measured ZTC operating points of the output transistor. Finally,
Section V summarizes the main contributions of this paper.

II. PROCESS PARAMETER COMPENSATION
AND ZTC BIAS POINT

A. Process Parameter Compensation

Since current references require high output impedances, the
output current is inevitably generated at the drain of a tran-
sistor as shown in the simple scenario in Fig. 1. In this case, the
inter-die variation of the output current, Irgr, depends mainly
on the accuracy of its gate—source voltage, equals to Vrgr, and
the reproducibility of the threshold voltage, Vrpy, of transistor
My, according to the equation of the drain current in the satura-
tion region

Hn Cox W4

> I, (Vrer — Vrma)®. (1)

Irgr =

Assuming an hypothetical case were Vggr is identical on every
die, Irpr would still experience a large variation due to the
Vrua voltage shift that could reach 100 mV according to the
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Fig. 1. Simple circuit to generate a current reference.

SPICE model file of the 0.18-xm CMOS process used to design
this circuit. From the total derivative of expression (1)

d(pnCoxWa/Ly) (dVrer — dVimHa)
pnCoxWa/ Ly (Vrer — VrHa)

the second term of relation (2) indicates that dIrgr/IREF is
dependent on the difference in variations dVrpr and dVrpy.
Hence, the influence of threshold voltage variations on Irgp
could be largely reduced by applying a process sensitive voltage
VREF, Where its variation is positively correlated to the one of
Va4 in order to keep the term (dVrgr — dVru4) of (2) as small
as possible. In these conditions, for a transistor M, conceived
with a width W, and a length L4 several times larger than the
minimum size allowed by the technology Irgr would remain
dependent only on shifts of the oxide capacitance Cy, and the
mobility p,, from their nominal values.

dIRgr

@

IReF

B. ZTC Bias Point

A temperature-independent /rgr is obtained by operating
the output transistor M, at the ZTC bias point. The threshold
voltage Vg, and the mobility p,, of M, are dependent on the
temperature and can be approximated with the following rela-
tions [7]:

Vrua(T) = Viena(To) + ayr (T — To) 3)

where ayr is a negative constant and T is the reference tem-
perature, and

T

o (T) = (o) | 7 @
0

where o, is also a negative constant. By inserting (3) and (4) in

(1), the temperature dependence of Irgr becomes

Cox Wy T } e

I = ——u,(Ty) | =
REF 2 L4M’( 0) {To

X (Veer = [Vina(To) + ave(T = To))* . (9)
For carefully sized nMOS transistors with channel doping con-
centration in the vicinity of 10'® to 10'® cm™3, the constant

a,, is close or equal to —2 [7]. In this condition, there is a
gate—source voltage Vrgr equals to

Veer = Vzre = Vierua(To) — aveTo (6)

where the output current Iz gr becomes independent of the tem-
perature

Irer = Izrc =

tn (To) W,
COX
2 ( Ly

) (avrTo)® (D)
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Transconductance Characteristics of Transistor M4 (W/L = 24um/1.2um)
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Fig. 2. Measured transconductance characteristics of output transistor My
showing the ZTC operating region.

The transistor M, biased at (Izrc, Vzrc), then presents
a transconductance characteristic independent of the tem-
perature. Fig. 2 shows the transconductance characteristics
measured for five temperatures for the nMOS transistor My
fabricated in a 0.18-pm CMOS process. The result indicates a
ZTC point at Vzpc of 595 mV and a Izrc of 139 pA.

The proposed circuit has been designed to generate a process
sensitive reference voltage, Vrgr, in order to cancel inter-die
shifts of Vpy4 of the output transistor M. In addition, by having
a temperature compensated Vg, such that transistor My is bi-
ased at the ZTC operating point (Vger = Vzrc), a tempera-
ture-independent Iggr is produced. In the next section, the cir-
cuit employed to generate Vg is presented.

III. PROPOSED CURRENT REFERENCE CIRCUIT

A. Temperature Compensated Voltage Reference Circuit

The basic principle of temperature compensation used for this
circuit relies on the sum of two currents, one proportional to the
absolute temperature (IpraT) and one conversely proportional
to the absolute temperature (Icrat). This principle is similar
to the one previously employed in other circuits [1], [5], [8],
[9], except that here, a different way to generate the current
Icrar has been implemented. The circuit in Fig. 3 depicts this
temperature compensation principle. Using basic calculations,
the proper resistor ratio, Ry/Ra, is calculated in order to ob-
tain the drain current of transistors My and Ms, Ip1 = Ips =
IpraT + IcTaT, independent of the temperature. To produce
the current IpraT, the circuit requires that node A and B stay
at the same voltage. In conventional voltage reference circuits,
this requirement is fulfilled with an OA having its input directly
connected to nodes A and B. However, in sub-1 V architecture, a
problem arises as the input common-mode range of the amplifier
must reach 850 mV—the forward biased base-emitter voltage of
a bipolar transistor at —40°C [2]. Two solutions have been pro-
posed which do not require native MOS transistors. One of them
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Fig. 3. Schematic diagram of proposed voltage reference generator.
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Fig. 4. Schematic diagram of the TIA.

uses a resistor divider on the Ictat branch [8]. This solution,
however, requires that dc level shifts be provided by bipolar tran-
sistors in order to increase the amplifier common-mode input
range. The other solution that has inspired the circuit topology
of this work is detailed in Fig. 3. It consists of a transimpedance
differential amplifier (TTA) that forces the same current in the
two Icrar branches, thus keeping nodes A and B at the same
voltage. This scheme is inevitably strongly dependent on the
temperature variation of the biasing voltages Vi 4 and Vi,p
at the input nodes in4 and inp of the TIA. In [9] the authors
present a way to eliminate the effect of Vi, 4 and Vj,p on the
temperature compensated output voltage. However, in the pro-
posed circuit, two major modifications have been made so that
voltages Vi, and Vi, g become part of the temperature compen-
sation scheme. First, gates of the TIA’s input transistors M7 and
Mg (Fig. 4) are connected to the emitter node E; of the bipolar
transistor (). The current Icrar flowing from the drain of M,
to the source of M7 is then equal to

I _ Vepa —Vinp  Vep2 — (Vsar + V1) g
CTAT = i = R - (®

IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 54, NO. 7, JULY 2007

The circuit of the TIA employs wide-swing current mirrors in
order to ensure sub-1 V operating voltages, as shown in Fig. 4.
The second modification consists of connecting the TIA’s output
voltage Vo, to the gate of transistors M5 and Mg of the TIA.
In this case, since Vo, controls the temperature compensated
drain currents of M7, M5 and M3, biasing currents of the input
branches of the TIA, set by M5 and My, are also temperature
compensated. Transistors M7 and Mg have their bulk connected
to the source in order to eliminate the body effect and are com-
posed of four transistors M} in parallel. In these conditions, M+
and Mg have their threshold voltages Vry7(T) and Vrys(T)
equal to Vrygy(T).

The temperature-dependent relationship of Viz g7 can be de-
termined by inserting (3) and (4) in (1) and replacing Vrya(7),
Veer, Irer, and W\ Ly by Veuz(T), Vasz, Ip7 and W7\ L7,
respectively

Vas(T) = Vrour(To) — avrTo + avrT
QID'? 1/2
+ . 9
Hn (T0> [T/TO]Q” OOX(W7/L7)

Since the same temperature-independent current flows through
M5 and M7, the current I p; remains constant regardless of the
temperature. By expressing Vg1 and Vgpo in terms of current
and replacing Vsg7 by (9), (8) becomes

1 [kT
Icrar R {7 In(N)+T

ot 1/2
X (aVT+ [Mn(To)ToZCO’C(W#L?)} )]

(Vrur(To) — avrTh)
R

_|_

(10)

where ¢ is the charge of the electron, &k the Boltzmann constant,
N the ratio of 1 and ()2 emitter areas, and o, is equal to —2.
It appears from (10) that a current conversely proportional to
temperature can be obtained by selecting Ip7 low enough so
that the negative constant, ay 7, becomes the dominant term.
Obviously, the same condition applies on Ipg of transistor Mg
of the other Icrar branch. Since nodes A and B are kept to the
same voltage, the current IpraT is given by

Veps = Vep1 _ k—Tln(N).

11
R, qRy (1)

IpraT =
As seen in Fig. 3, both current IcpaT and Iprar flow out from
the drain of M. The current Ip; is in turn mirrored to the drain
of M3 and flows through Rsc to generate the voltage refer-
ence, Vrer. From the addition of (10) and (11), VgRer can be
expressed as
Ry

kT
VREF = —+1>—1nN+
REF (Rl q ( )

4T + [ 217 } v
[0AVe
VI i (To) T2 Cox (W] L)

+ Vour (To) — avrTo.

12)
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TABLE 1
DEVICE SIZES AND VALUES OF THE PROPOSED CURRENT REFERENCE
Device M, My, M5 | Ms, Mg M7, Mg Mo, Mio | My, M2 M, My Mis, Mis
Type PMOS PMOS NMOS PMOS PMOS NMOS NMOS
W/L(um /um) | (140/4) | (140/4) | @x24/12) | (12/10) (12/8) (8/8) (144/16)
Device M7, Mig | Mio.Mao | M31.M2 Moz, Mag | Mas, Mag Ma7, Mag My
Type PMOS PMOS NMOS PMOS PMOS NMOS PMOS
W/L(m /um) (6/4) Q4/4) (8/4) (48/8) 4/8) (24/8) (60/16)
Device My Q1, Q2 Ry, Rz, R3, Ry
Type NMOS PNP N-diffused resistors
(Size\alue) | (24/1.2) [10x (Sum x Spm), (5um x Sum)] [(20K), (70K), (70K), (20K)]
Voo
V- V+ A
0—‘{ Mz | Mg My, l"—‘{ My, 5
@
7]
n i i
My I I Mo My T My
C I
| L { — i y— i "
11 o e
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Fig. 5. Schematic diagram of the OA.

Thus, for a ratio Rs /Ry of

&:_L aVT+|: 2Ip7 ]1/2 B
Rl kln(N) /Ln(To)TgCOX(W7/L7)
(13)
the temperature dependence of Vygr is removed
Vrer = Vzre = Vrur(To) — avrTo. (14)

The result of (14) corresponds to the V¢ voltage of transistor
My (6) since Vruz(Th) is equal to Virpy (1o). Therefore, by ap-
plying Vrgr to the gate of transistor M, of Fig. 1, a tempera-
ture compensated current source is obtained. Well matched tran-
sistor layouts of My, M~ and Mg will produce correlated vari-
ations of Vry7(To), Vrus(To) and Virgs(To) which will min-
imize shifts in Igrpr due to process variations, as explained in
Section II-A. Moreover, good matching of M7 and Mg reduces
the input offset current of the TIA. Table I gives the sizes and
values of the components used for the fabrication of the current
reference.

B. Circuit Layout

The circuit of the OA of Fig. 4 is shown in Fig. 5. It pro-
vides an additional voltage gain to increase the overall tran-
simpedance gain of the TIA. The circuit topology is similar to
the one employed in [9] as an intermediate voltage amplifier.
Capacitors C;7 and Cy were adjusted externally in order to in-
troduce a pole for eliminating the closed loop instability.

Fig. 6. Micrograph of the current reference.

A micrograph of the circuit is shown in Fig. 6. A test pad was
provided to access the gate of the output transistor My in order to
measure the variation of Vrgr as a function of the temperature
and to evaluate accurately the operating point (Izt¢, Vzrc) of
M, by performing dc voltage sweeps on its gate at different tem-
peratures. The chip has been fabricated in a 0.18-pm standard
CMOS process and consumes approximately 83 pA, excluding
the reference current sunk by transistor My.

IV. EXPERIMENTAL RESULTS

A. Iz1c and Vzrc Measurements

The ZTC operating point of transistor M4 was measured for
twenty samples. A sweep of the gate—source voltage was done
for three temperatures namely 25°C, 50°C, and 100 °C from
which the common intersection point (Iz1c, Vzrc), as shown
in Fig. 2, was extracted. Measurements of the threshold voltage
of M, were also performed for each sample according to the
method described in [10]. Plots of correlation were used to com-
pare the parameters. In Fig. 7(a), the plot of Vg versus Izrc
shows no correlation between these parameters, as it is expected
for a transistor operating at the ZTC operating point according to
(7). However, in Fig. 7(b), a positive correlation is obtained from
the plot of Virp versus Vzpc. This result is in agreement with the
process compensation scheme presented in Section II-A where
correlated shifts of VRgr = Vzrc and Vg are needed to reduce
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versus Iyrc. (b) Vg versus Vzre.
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Fig. 8. Measured temperature dependence of Vrgr and Irgr.

the sensitivity of Igrgr to process parameter variations. There-
fore, it appears that the ZTC operating point is a good candidate
for process compensated current references. From these mea-
surements, an average current Iz ¢ of 139.1 uA and an average
voltage Vzrc of 595 mV were obtained with variations of 1.6%
and 1.2%, respectively.

B. Irgr and Vrgr Variations

TC measurements were performed by sweeping each sample
from 0 to 100 °C. Values of Irgr and Vi gr were recorded every
10 °C. A total of nineteen samples were measured. A typical
temperature plot is shown in Fig. 8. From these results, tem-
perature variation coefficients of 185 ppm/°C for Irgr and
125ppm/°C for Vrgr were calculated.

Histograms of the distribution of Igxgr and Vrgr obtained
from the nineteen samples at three temperatures: 0, 50 and
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Fig. 9. Distributions obtained from the measurement of nineteen samples at
three temperatures (0, 50 and 100 °C) for (a) Ix gy and (b) Vigr-

100 °C were realized in order to evaluate the combined effect
of process and temperature variations. Fig. 9(a) shows the
maximum dispersion of Igrgp, being +7%, which leads to
a maximum variation of +10.1 pA for an average value of
144.3 pA. At the same time, Fig. 9(b) indicates a maximum
dispersion on Vrgr of £2%, which represents a maximum
variation of £12.2 mV for an average value of 610.9 mV.
Comparing the measured ranges of Vzrc [595 mV £ 3 mV]
and Vrpr [610.9 mV £ 12.2 mV] it is clear that for the nine-
teen samples the output current transistor M, is not biased
exactly at the ZTC operating point. The larger variation ob-
served on Irgr [144.3 pA £ 10.1 pA] compared to the one of
Iztc [139.1 pA £ 2.2 pA] is partly due to the voltage VRgr
not being close enough to the corresponding Vzrc value of
M,. As stated in Section II, the proposed process compensation
scheme relies on good matching of transistors M7, Mg and
M to insure that Vg approaches Vzrc. Layouts of M7, Mg
were done in that respect; with the limitation that M, was not
interdigitated with M7, Mg for purpose of noise immunity. The
measured power-supply rejection ratio (PSRR) at the Vgrer
node is —27.5 dB at 10 kHz and —22.8 dB at 10 MHz. Table II
compares the TC and the combined effect of TC and process
variation coefficient (PC) for the circuit proposed in this work
with other current references recently published.

V. CONCLUSION

A simple process compensation scheme for current refer-
ences was described. It takes advantage of the reduced variation
of the drain current, due to process parameter changes, of a
MOS transistor operating at the ZTC point (Izrc, Vzrc). A
circuit was proposed to generate a reference voltage equals
to Vzrc as the gate biasing voltage of the output transistor
employed as the current generator. This circuit uses a tran-
simpedance amplifier in the feedback loop in order to operate
at a supply voltage of 1 V or below. The circuit has been
fabricated in a CMOS 0.18-pm standard process. Experimental
results showed a variation of 7% on the output current caused
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TABLE II
COMPARISON OF CMOS CURRENT REFERENCES

Temperature Number of
Ref. Technology Vo Irer (A) range TC (ppm) e ;& PC measured
Year V) 0 (%)
(°0) samples
[2] CMOS 0.25 pm using
2002 native transistors = SR 4010150 368 N/A N/A
2%5(}3 CMOS 0.18 um 1| s28p 010110 50 N/A N/A
[3] CMOS 2pm SIMOX } 30 from
2003 using p-i-n diode 10 19 156090 12 £3 2 wafers
[6] 148 from
2003 CMOS 0.15 pm 1 90 p 40to 110 257 +5 2 wafers
2%4(}5 CMOS 1.5 um 11| 410p 201070 3700 £10 10
This
CMOS 0.18 pm 1 144 1 0to 100 185 +7 19
work

by the combined effect of temperature and process, while the
ZTC current was measured separately and presented a variation
of +1.6% due to process only. The discrepancy between those
results reflects the difficulty to generate a voltage reference that
precisely equals to the Vzrc of the output transistor. Better
matching of key transistors My, Mg, and M, could reduce
the variation observed on Igrgr. It is our belief that trimming
might be required to adjust the ratio of Ry/R; such that Vrgp
could attain precisely the ZTC operating point of the output
transistor. In the past, advantages of trimming techniques have
already been exploited in bandgap voltage references [8].
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