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A Precision CMOS Voltage Reference Exploiting
Silicon Bandgap Narrowing Effect

Bo Wang, Student Member, IEEE, Man Kay Law, Member, IEEE, and Amine Bermak, Fellow, IEEE

Abstract— A compact voltage-mode bandgap voltage
reference (BGR) is presented. Instead of using overhead circuits,
the silicon bandgap narrowing effect is exploited for bipolar
junction transistor’s (BJT) curvature reduction and residual
curvature correction. Prototype measurements in a 0.18-µm
standard CMOS process show that the curvature of the BJT
is effectively reduced from its inherent 3.6 mV to 1.4 mV. The
proposed BGR measures a minimum temperature coefficient
of 8.7 ppm/°C from −55 °C to 125 °C by batch trimming
one resistor. After a curvature trimming, it further improves
to 4.1 ppm/°C. The BGR has a minimum supply voltage of 1.3 V,
4.3 µA nominal current consumption, 0.03%/V line sensitivity,
and 2 mV/mA load sensitivity at 25 °C. The output rms noise
in the 0.1∼10-Hz band measures 10.23 µV.

Index Terms— Bandgap narrowing (BGN), bipolar junction
transistor (BJT) curvature reduction, BJT noise, CMOS bandgap
voltage reference (BGR), curvature correction, process spread,
temperature coefficient (TC).

I. INTRODUCTION

MANY efforts have been made to design voltage
references with ultralow supply for process scaling or

nanowatt power for portable electronic devices [1]. However,
the achieved accuracy has remained stagnant. For emerging
applications, such as distributed sensor networks, accurate
on-chip voltage references are essential for signal recognition
and data processing, but costly overhead circuits are
unaffordable [2].

Among the bandgap voltage reference (BGR) topologies,
the bipolar junction transistor (BJT)-based designs can achieve
accurate and scalable outputs [3] and are less sensitive to
process variations compared with the pure-MOSFET ones [4].
As summarized in [5], many BJT-based designs have been
reported, since it was first implemented by Widlar, such as
the Kuijk topology or the Brokaw cell, which are all first-
order temperature compensated BGRs designed by adding
a complementary-to-absolute-temperature voltage Vbe(T )
to a scaled proportional-to-absolute-temperature (PTAT)
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voltage VT . The achieved accuracy was, however, limited to
a few tens of ppm/°C to hundreds of ppm/°C mainly because
of the inherent curvature in Vbe(T ).

More accurate voltage references can be obtained with
multiple temperature trimming [6], but are not favored
because of their cost. Alternative methods to improve the
BGR precision are curvature minimization or curvature
correction using circuit techniques. Song and Gray [7]
mentioned Vbe(T )’s curvature can be minimized by biasing a
BJT’s collector with a strongly temperature-dependent current.
Nevertheless, producing such a current with a large tempera-
ture coefficient (TC), for example, using translinear circuits [8]
not only increases power and chip area but is not always
feasible in CMOS process [9, p. 81]. Curvature correction
using the temperature dependence of the BJT’s base current
was utilized in [10] to achieve high precision. However, the
small curvature signal in the BJT base current mandates a large
bias current to generate the required correction signal, making
it power hungry. In [2], a second-order TC compensation
using the opposite TC characteristics of a MOS and a BJT is
proposed. However, the relatively high power consumption and
the large MOS process spread make this approach unattrac-
tive in many ultralow power high-accuracy applications.
Introducing nonlinearity into the PTAT voltage Vpt(T ) can
also correct Vbe(T )’s curvature after voltage summation.
However, such a method relies on accurate auxiliary circuits
or device trimming to guarantee that the introduced nonlinear
term matches well with that of Vbe(T ) [11]. The piecewise-
linear technique has a greater flexibility in terms of curvature
correction [12]. However, it still requires overhead circuits
which consume extra power as in [2] and [11] to produce
the nonlinear signals.

To avoid dissipating power driving the curvature correction
circuits, this paper presents a BGR that only exploits the tem-
perature characteristics of the BJT itself to reduce the Vbe(T )
curvature and to perform residual curvature correction.
As a result, a precise and low-power voltage reference
can be designed. The remainder of this paper is structured
as follows. Section II presents the principle of curvature
reduction and residual curvature correction. The circuit imple-
mentation is elaborated in Section III. Error sources are
identified and discussed in Section IV, while Section V
shows the experimental results before drawing a conclusion
in Section VI.

II. NONLINEARITY MINIMIZATION

The temperature characteristic of the base–emitter
voltage Vbe(T ) of BJTs has been well modeled in [13] and
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Fig. 1. Base-biased n-p-n bipolar transistor utilizing the temperature
dependence of βF0(T ) (silicon BGN effect) for Vbe0(T ) curvature reduction.

can be expressed as the sum of a constant term, a proportional
to T and a nonlinear term

Vbe(T ) =
[

Vg0 + (η − ζ )
kTr

q

]
− λT + c(T ) (1)

in which the curvature c(T ) is

c(T ) = (η − ζ )
k

q

(
T − Tr − T ln

T

Tr

)
(2)

where Vg0 is the extrapolated bandgap voltage at 0 K, k is the
Boltzmann constant, q is the electron charge, η is a process
parameter [9, p. 21], T is the absolute temperature in Kelvin,
Tr is a reference temperature, λ is the extrapolated Vbe(T )
slope at Tr , and ζ is the temperature exponent of the BJT
collector current [i.e., Ic ∝ (T/Tr )

ζ ].
It is implied by (2) that a minimal |η − ζ | is beneficial

to yield a smaller |c(T )|. However, reducing |η − ζ | with
overhead circuits like [8] burns extra power, which motivates
this design to investigate the temperature characteristics of BJT
itself for compensation.

A. Bandgap Narrowing in BJT

In modern CMOS processes, as the silicon impurity doping
concentration becomes particularly high (>1018 cm−3), the
silicon bandgap narrowing (BGN) occurs [14]. For BJT, due
to the BGN induced by the silicon lattice deformation in
the heavily doped emitter, its forward current gain becomes
strongly temperature dependent [10], which is described
by (3) in the Gummel–Poon model

βF0(T ) = β f 0

(
T

Tr

)XTB

(3)

where β f 0 is its nominal value at Tr and XTB is its temperature
exponent which is positive and increases with technology
scaling.

B. c(T ) Reduction

Instead of directly compensating c(T ) using βF0(T ) as
in [10], c(T ) is first reduced in this design. By biasing an n-p-n
transistor via its base with Ib0(T ), its collector current Ic0(T )
would be βF0(T ) × Ib0(T ), as shown in Fig. 1. XTB from
βF0(T ) is then embodied in Ic0(T ). If Ib0(T ) is PTAT,
ζ in (2) is 1 + XTB and (2) is revised to be

c(T )′ = (η − 1 − XTB)
k

q

(
T − Tr − T ln

T

Tr

)
. (4)

Fig. 2. Simulated c(T ) and c(T )′ from TSMC, Silterra, and GlobalFoundries
0.18-μm process, respectively.

Fig. 3. Proposed BGR topology with curvature reduction and residual
curvature correction.

If 0 < XTB < 2(η−1), |c(T )′| can be reduced by a fraction of
1 − |1 − XTB/(η − 1)| when compared with |c(T )|. Typically,
η is 3 ∼ 4 and the above inequality holds for the most
CMOS processes.

Fig. 2 shows the simulated c(T ) and c(T )′ for BJTs
in three different 0.18 μm processes from Taiwan Semi-
conductor Manufacturing Company (TSMC), Silterra, and
GlobalFoundries, in which curvature reduction percentages
of 63%, 15%, and 82% are observed, respectively. Notice that
the simulated curvature reduction amount does not precisely
follow (4) because c(T )′ is modeled based on the underlying
physics of silicon instead of device measurement. For a
process whose XTB is small compared with its η, such as
Silterra process, beta multiplication like Darlington pair can
be used to produce a larger effective X ′

TB and the curvature
reduction method utilizing BGN effect still applies.

C. BGR Topology

The proposed BGR topology with curvature reduction is
shown in Fig. 3. A shunt-feedback loop, consisting of an
amplifier A1 and a pass transistor Mp0, regulates the voltage
across Rpt. The input pair of A1 consists of two matched
vertical transistor Q1,2, which have an emitter area ratio
of 1:p and have the same collector bias. Therefore, A1 has
a PTAT offset voltage Vpt(T ). The current generated via Rpt
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Fig. 4. Relationship between voltage and temperature, showing the curvature
and curvature summation. (a) 0 < XTB < η − 1. (b) η − 1 < XTB < 2(η − 1)
(not drawn to scale, and exaggerated).

is [11]

Ipt(T ) = Vpt

Rpt
= 1

Rpt
·

kT

q
ln(p). (5)

Ipt(T ) mainly serves as Q0’s base bias and the curvature
in Vbe0(T ) becomes c(T )′. In Fig. 3, Rc1,2 are used to
amplify Vpt(T ), thereby compensating the first-order TC
of Vbe0(T ).

After c(T ) reduction, the residual c(T )′ can still be large
in a process like Silterra (Fig. 2) and further correction is
preferred. In this topology, three XTB-related nonlinear signals
can be used to linearize Vbe0(T ), including Q0’s collector
current Ic0 and the base currents Ib1,2 of Q1,2, if their collector
currents are PTAT. However, for different XTB values, the
characteristics of c(T )′ can vary and a different correction
method is needed, as explained in Section II-D.

D. c′(T ) Correction

If 0 < XTB < η − 1, based on (4), the shape of c(T )′
is concave and can be corrected by adding (subtracting) a
convex (concave) signal that has the same amplitude, as shown
in Fig. 4(a). Because XTB is small, Ib1,2 are not the optimal
compensation signals due to their small nonlinear content.
In this case, a convex voltage Vnl1 developed by Rnl1 is
exploited, as shown in Fig. 3, which is

Vnl1(T ) = Rnl1[βF0(Ipt − Ib2) + Ipt + Ib1]. (6)

The curvature content in Vnl1(T ) is obtained by linearizing (6)
at Tr

cnl1(T ) ≈ β f 0 Rnl1 Ipt(Tr )

×
[(

T

Tr

)XTB+1

− (1 + XTB)
T

Tr
+ XTB

]
. (7)

If η − 1 < XTB < 2(η − 1), c(T )′ is convex and can be
corrected with a concave signal, as shown in Fig. 4(b). In this
case, a voltage Vnl2 is developed by Rnl2 with a current
Ipt − Ib2 flowing through it, which is highly nonlinear and
is expressed as

Vnl2(T ) = Rnl2(Ipt − Ib2) (8)

Vnl2(T ) has a curvature content

cnl2(T ) = −Rnl2
Ic(Tr )

β f 2

×
[(

T

Tr

)1−XTB

− (1 − XTB)
T

Tr
− XTB

]
. (9)

As a result, the overall curvature left in VREF is
cref(T ) = c(T )′ + cnl(T ); where cnl(T ) is either
cnl1(T ) or cnl2(T ) based on the XTB value of the adopted
process. Rnl1 or Rnl2 values are then sized to minimize cref(T )
in order to produce a precision VREF.

E. Voltage Summation

After c(T ) reduction and c(T )′ correction, as shown
in Fig. 3, VREF is generated by adding the PTAT voltage devel-
oped by Rc1,2 and the nonlinear voltage Vnl(T ) into Vbe0(T ).
The expression for VREF is

VREF = Vbe0(T ) + Rc1 Ib1 − Rc2 Ib2

+ (Rpt + Rc1 + Rc2)Ipt(T ) + Vnl(T ) (10)

in which Vnl(T ) is either Vnl1(T ) or Vnl2(T ).
In the topology, the base current of Q0 is not purely PTAT

due to Ib2 (much smaller than Ipt), and Vbe0 is revised to be

Vbe0(T ) = kT

q
ln

βF0(Ipt − Ib2)

Is0

≈ Vbe0|Ib0=Ipt − Rpt

ln p
Ib2 (11)

where Is0 is the saturation current of Q0. Combining
(10) and (11), Ib1,2 induced nonlinearities can be minimized
if the resistors are sized such that

Rc2 + Rpt

ln(p)

Rc1
= βF2

βF1
. (12)

In (12), though βF1,2 are different due to the different collector
current densities of Q1,2, the ratio βF2/βF1 remains almost
constant at different temperatures, collector biasing conditions,
and process corners. The first-order TC in (10) can be can-
celled by appropriately sizing Rc1,2.

III. IMPLEMENTATION

A. Circuit Description

The complete BGR circuit is shown in Fig. 5 with the
nominal device sizing shown in Table I. VREF is developed
at the drain of Mp0 by resistors Rc1,2, Rpt, and Rnl2, where
Rnl2 is used to correct the simulated convex shape residual
curvature. Q1,2 and Mp1,2 form the error amplifier, with Rss
determining its tail current as well as performing emitter
degeneration to avoid thermal runaway. A Miller capacitor
Cc is used to stabilize the BGR. Because Q1,2 have different
emitter areas, to maintain Vpt(T )’s linearity, a p-plus resistor
Rb is added to match their base resistances (to a first order).
Moreover, symmetrical dummy BJTs Qm1,2 are included to
match the collector-to-base and collector-to-substrate leakages
of Q1,2 [15].
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Fig. 5. Proposed BGR utilizing silicon BGN for bipolar transistor’s curvature reduction and residual curvature correction.

As this circuit is a self-biasing topology, a start-up circuit
consisting of Mp3,4,5, Mn1,2, and Mc2,3 is included.
Mp4,5 are long and high-Vth devices for minimal OFF-state
leakages. In addition, due to current amplification by Q1, small
Mp4,5 are preferred to avoid large initial current excitation in
the BGR, which requires a long time to recover or even results
in start-up failure.

B. Biasing Current

To maintain the validity of (5), the bias current Ic(T ) for
Q1,2 should be much larger than the BJT saturation current Is .
It should, however, be smaller than the bipolar transistor’s knee
current in case Q1,2 enter their high-injection regions, which
alters βF2/βF1, thus invalidating (12). In this design, Ic(Tr ) is
0.35 μA for stable β f 1,2 (±0.4% with ±30% Ic(Tr ) change)
and a minimal current consumption.

Other than Ic(T ), the amplitude of Ipt(T ) determines
the overall system power as it will be amplified by β f 0
(26 at 25 °C). In this design, Ipt(Tr ) is 0.1 μA consider-
ing power consumption and chip area, leaving a simulated
0.47-mV curvature in Vbe0(T ), which can be further corrected
by Rnl2. The optimized compensation resistor Rnl2 is 590 k�.
With a 1:7 emitter area ratio of Q1,2, βF1/βF2 ≈ 1.18,
Rc1 = 1.8 M� and Rc2 = 1.29 M� can cancel the first-order
TC in VREF. The overall chip area in this design is dominated
by the resistor size. In area-limited systems, larger Ipt(Tr ) can
be used for a smaller resistor, at the expense of an increased
current consumption.

C. Line Sensitivity

Fig. 6 is the small-signal model of the proposed BGR,
where the input impedances rπ1,2 ∝ 1/Ib1,2 of Q1,2 are
neglected because their steady-state currents Ib1,2 are in
the nanoampere range. The small base resistors of Q0,1,2
are also ignored. As this model only focuses on low-
frequency analysis, the circuit capacitances are also not
shown. At low frequency, output change vref due to supply

TABLE I

NOMINAL DEVICE PARAMETERS OF THE BGR

noise vdd is

vref

vdd
≈ RT [1 + gmrop(1 − Add)]

gmrop Av Rpt + βF0rop + (1 + rop/rQ0)RT
(13)

in which RT = Rpt + Rc1,2 + Rnl2 + rπ0; Add is the supply
sensitivity of the amplifier and Av ∝ VAR/VT = 500 is
its open-loop gain, where VAR = 13 V is the reverse early
voltage of an n-p-n bipolar transistor; rπ0 = 260 k� is
Q0’s small-signal input impedance and rQ0 ∝ VAR/Ic0 is
its output impedance; and gm = 92.5 μS and rop ∝ 1/
(λIMp0) = 3 M� are the transconductance and output
impedance of Mp0, respectively. Since Mp1,2 are diode con-
nected, supply noise directly couples into the feedback loop
and modulates the gate voltage of Mp0 with respect to its
source, Add ≈ 1 and a 60-dB power supply rejection (PSR)
can be achieved at low frequency. Increasing the effective rp0
while keeping Add ≈ 1 like using a self-cascode current mirror
can improve the PSR, but a higher supply is required.

D. Output Noise

The noise model of the BGR is also shown in Fig. 6,
in which E Av and In1,2 are the amplifier’s input referred
voltage and current noise [3], respectively. E p0 is the
noise of Mp0. In0 is the base-referred noise of Q0. Since
noise from different devices are uncorrelated, the BGR out-
put noise density (Volts2/Hz) is a sum of the contribution
from each noise source, as expressed in (14), as shown
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v2
REF,n = (Ac − 1)2 E2

pt + A2
c

(
E2

Av
+ E2

p0

A2
v

)
+ E2

c1 + A2
n

[
E2

c2 + E2
nl2 + (Rc2 + Rnl2 + rπ)2 I 2

n2 + r2
π I 2

n0

] + R2
c1 I 2

n1 (14)

Fig. 6. Small-signal model of the BGR with device noise.

at the top of the page, in which Ac = RT /Rpt ≈ 10
is the closed-loop gain of the BGR and An = rQ0/
(rQ0 + Rc1) ≈ 1/2 is a noise scaling factor. In (14),
In1,2 are mostly shot noise due to the ultrasmall base cur-
rents of Q1,2 [16, p. 757]. In0 ∝ Iα

pt/ f has a larger
flicker content but it is attenuated by An . As a result, the
low-frequency noise of v2

REF,n is dominated by the flicker
contents in E Av and Ept as they are amplified by Ac.
The noise spectral density E Av and Ept can be expressed
as [16, pp. 769 and 775], [17]

E2
Av

= 2

g2
m Q1

(
2q Ic + 8kT

3
gm p1 + g2

m p1
K f1

W L|m p1 Cox
·

1

f

)
(15)

E2
pt = 4kT Rpt + V 2

pt ·
K f2

W L|Rpt

·
1

f
. (16)

For E Av , its flicker term can be minimized using large Mp1,2
given the designed Ic(Tr ). For the flicker term in Ept, because
Vpt = T · k/q · ln p and Ac ≈ λ′/(k/q · ln p), changing Vpt

cannot reduce v2
REF,n (ignoring the change of λ′). Ept can

only be reduced using larger resistor dimensions, which is a
tradeoff with the chip area.

IV. DEVICE- AND PROCESS-INDUCED ERRORS

Unlike the PTAT drift, the interdie curvature spread in
BGRs cannot be corrected with only one-point trimming.
To control the reference precision, device and process
nonidealities-induced curvature and curvature spreads need to
be identified.

A. BJT Nonideality

1) Parasitic Bipolar Transistor: As shown in Fig. 5,
a parasitic p-n-p transistor Q p is formed by the p+ base and

n+ collector of Q0 to the p-type substrate after fabrication.
A leakage current Iep exists and the induced error is

	VIeq ≈ −kT

q

Ieq(T )

Ipt(T )
. (17)

Based on Ebers–Moll model, the magnitude of Ieq is compa-
rable with the saturation current of a p-n-p bipolar transistor.
As a result, 	VIeq is negligible given a picoampere-level Ieq
and a microampere-level Ipt.

2) Nonideal Vbe–Ic Relationship: Considering base-width
modulation and carrier recombination of Q0, the expression
for Vbe0(T ) is modified to be [18]

Vbe0(T ) = nF
kT

q
ln

Ic0(T )

Is0(T )(1 + VBC/VAF − VBE/VAR)

≈ nF

(
Vbe0|Ideal + kT

q

VREF

VAF

)
(18)

where nF = 1.0048 is the forward current emission coef-
ficient and VAF = 14.3 is Q0’s forward early voltage. Since
nF and VAF are temperature invariant, the error term in (18) is
PTAT and the linearity of Vbe0 is not impaired. Though nF has
a lot-to-lot spread, it only causes a PTAT drift. Similarly,
for Q1,2, the nonideal Vbe − Ic introduces a multiplicative
term nF into Vpt(T ), while the drift caused in VREF is also
PTAT [ignoring the small change in Ic(T )].

B. Resistor Nonideality

Using Rpt with a negative first-order TC α1 and a positive
second-order TC α2 can increase the temperature exponent ζ
of Ic0(T ). However, the amplitudes of α1 and α2 are difficult
to control and their variation induced intradie curvature spread
cannot be PTAT trimmed. For a resistor with α1 (ignoring the
effects of α2) in the order of 1 × 10−3 (available in most
if not all CMOS processes), a ±30% α1 variation-induced
interdie spread is about ±0.2 mV. In this design, among
the provided resistor types, the unsalicided poly resistor is
used for its smallest TCs with α1 = −86.7 × 10−6 and
α2 = 0.60 × 10−6. The resultant intradie curvature spread
with ±30% α1,2 variations is only ±0.03 mV.

C. Process Spreads

1) Resistor: In this design, if the resistors are matched,
(9) and (12) remain unaltered. However, Rpt spread (	Rpt)
affects Ipt(T ) and thereby alters Vbe0(T ). 	Rpt induced
change in VREF is

	V	Rpt = −kT

q
ln

(
1 + 	Rpt

Rpt

)
≈ −kT

q

	Rpt

Rpt
. (19)

As 	Rpt is temperature invariant [11], 	V	Rpt is PTAT and
will not introduce an additional curvature in VREF.
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2) Bipolar Transistor: The main spreads in BJT are its
saturation current (	Is0), its forward current gain (	β f ) and
the temperature exponent (	XTB). For Q0, Vbe0(T ) can be
affected by its saturation current spread and current gain
spread, but the introduced errors are PTAT [9, pp. 29–30].
For a matched Q1,2 pair, their spreads do not affect Vpt(T )
and (12) still holds. However, (7) and (9) are sensitive to
β f 0,2 and their variation could cause incomplete or over
curvature correction in cref(T ). In this design, as cnl2(T ) is
used, curvature spread due to 	β f 2 is

	Vβ f 2 ≈ −	β f 2

β f 2
cnl2(T ) ≈ 	β f 2

β f 2
c(T )′. (20)

For a ±30% current gain variation, the induced 	Vβ f 2 is about
±0.14 mV, which is nonlinear and is left in VREF.

In most CMOS processes, the XTB variation is not modeled.
As simulated, a ±30% XTB change causes ∓0.63 mV c(T )′
variation. Notice that XTB spread-induced error cannot be
corrected with on-chip signals except by trimming Rnl1,2.

D. Device Mismatch

In Fig. 5, the collector current ratio of Q1,2 is subject to
the drain current mismatch δ Ids of Mp1,2. When referred to
the output, δ Ids induced voltage variation is

	VI ds = δ Ids
kT

q

(
Rnl2 + Rc1 + Rc1

Rpt
+ 1

ln p

)
. (21)

For a small Ic(T ), Mp1,2 are biased in their weak inversion
regions and δ Ids is temperature dependant [19]. As the tem-
perature dependence model for δ Ids is unavailable, 	VI ds as
a whole should be minimized for higher design confidence.
Referring to the modeled 1.7% · μm−1 drain current mismatch
of interleaved pMOS pair, Mp1,2 with 12.6 μm × 4/5.4 μm
(width/length) are used and δ Ids < 0.1% is expected. As a
result, 	VI ds only varies by ±0.14 mV.

Saturation current mismatch between Q1,2 has a similar
effect as that of δ Ids, but it is temperature invariant if
on-chip stress is minimized [9, p. 34] and the induced error can
be PTAT trimmed. Resistor mismatch between Rpt and Rc1,2
induced error can also be PTAT trimmed.

However, current gain mismatch δβ f between Q1,2 and
resistor mismatch δR between Rc1,2 weaken (12). The induced
non-PTAT voltage change at the output is

	VδR ,δβ f
≈ (δR + δβ f )

Rc1

βF1
Ic(T ) (22)

where δβ f = 1% and δR = 1% under pessimistic estimations,
curvature in 	VδR ,δβ f

is only ±0.04 mV.
To sum up, based on the error analysis, the bipolar tran-

sistor’s saturation current, forward current gain spreads, and
resistor spread dominate the final PTAT error in VREF, which
can be trimmed with the designed trimming network. Instead,
XTB variation dominates the interdie curvature spread and
limits the BGR precision after only a PTAT trimming.

Fig. 7. Chip microphotograph of the BGR.

Fig. 8. Measured (a) VREF as a function of VDD at 25 °C and (b) BGR
current consumption as a function of temperature.

Fig. 9. Inaccuracy of VREF from 12 samples (a) without trimming
and (b) after batch trimming resistor Rc1 at 25 °C. Boundary dotted
lines: ±3σ values.

V. VERIFICATION AND DISCUSSION

A. Prototype Measurement

Fig. 7 shows the micrograph of the prototype BGR, which
occupies an area of 0.05 mm2. The voltage reference VREF is
measured under different supplies, as shown in Fig. 8(a). For
device reliability, the allowable supply range of the BGR is
from 1.3 to 2.6 V with an average line regulation of 0.03%/V
(0.34 mV/V). The BGR’s nominal current consumption
is 4.3 μA and increases to 12 μA at 125 °C [Fig. 8(b)].

As shown in Fig. 9(a), the spread (3σ , box method) of the
untrimmed VREF is ±1.06% from −55 °C to 125 °C with an
averaged TC of 36.5 ppm/°C. After batch trimming [11] of
Rc1 at 25 °C (by applying the average trimming code from
four measured samples to all the 12 samples), the resultant
spread is ±0.22% [Fig. 9(b)] and its TCs range from
8.7 ppm/°C to 18.1 ppm/°C [Fig. 10(a)].

As opposed to other current-mode BGR topologies, this
BGR can drive a large resistive load. Fig. 10(b) shows the
relationship between VREF and the load current Io under
different supplies. At VDD = 1.4 V, for Io > 10 mA,
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TABLE II

PERFORMANCE SUMMARY OF THE RECENTLY REPORTED PRECISION BGRs

Fig. 10. (a) TC distribution of the PTAT trimmed 12 samples. (b) VREF for
different loading current Io and supply VDD.

Mp0 (Fig. 5) cannot sustain the output anymore. With
higher supply, this BGR has an averaged load regulation of
	VREF/	Io = 2 mV/mA up to 20 mA loading current.

As shown in Fig. 11(a), the BGR PSR is 54 dB at 100 Hz
and the flat rejection band is relatively narrow because of
the small current consumption. The output noise spectrum
from 0.09 to 100 Hz without an external filtering capacitor
is shown in Fig. 11(b) and the calculated RMS noise within
the 0.1 to 10-Hz band is 10.23 μV, which is mostly contributed
by the poly resistor Rpt.

B. Discussion

The measured minimum curvature in Vbe0(T ) from the pro-
totype is 1.4 mV, which is reduced by 61.1% compared with
its original 3.6 mV inherent curvature, validating the proposed
curvature reduction effectiveness, as shown in Fig. 12(a).
However, as shown in Fig. 8(b), the measured BGR current
has a weaker temperature dependence compared with that from
the simulation. Because such temperature dependence mainly
comes from βF0(T ), a smaller fabricated XTB is expected.
In this design, the curvature in Vbe0(T ) was measured to be
concave and another concave-shaped voltage developed by

Fig. 11. (a) PSR of the proposed BGR from 1 Hz to 100 kHz without
loading. (b) Output noise spectrum from 0.09 to 100 Hz at 25 °C without
output filtering capacitor.

Fig. 12. (a) Curvature performance: BJT intrinsic curvature c(T ) before cur-
vature reduction; measured Vbe0(T ) curvature c(T )′ after curvature reduction;
and measured curvature cref (T ) in VREF. (b) Measured VREF before (top) and
after (bottom) the compensation by Rnl1 for two samples.

Rnl2 results over compensation, which is shown in Fig. 12(a),
where the curvature in VREF is even larger than that
in Vbe0(T ). Fortunately, such over compensation is systematic
and can be recovered by batch tuning Rnl1. To demonstrate
the effectiveness of c′(T ) correction using on-chip nonlinear
signals, two samples are measured by adding an external
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resistor Rnl1 (1.5 k�). A final curvature as small as 0.84 mV
(4.1 ppm/°C) can be achieved [Fig. 12(b)], which validates
the curvature correction of c(T )′ discussed in Section II-D.
It is worth mentioning here that for a process whose XTB is
comparable with η−1, the shape of its c′(T ) deserves careful
examination before designing the residual correction circuit.

Table II compares the performance of our design against
other recently reported precision BGRs. Notice that the
comparison among BGRs is not straightforward because for
different designs, the adopted processes, circuit complexities,
and optimization targets vary significantly. Meanwhile, the
adopted trimming method and the number of trimmed devices
also affect the reference accuracy. In this paper, the focus
is to design a precision reference while without sacrificing
the BGR current consumption and trimming effort. It can be
observed that, without adding overhead circuits, the achieved
accuracy of this BGR is in line with [2]–[4], [6], [11], [20],
and [21] but consumes 4–40 times less current (except [4]).
Meanwhile, to achieve the presented TC1, only batch trimming
one resistor at room temperature is needed because of the BJT
base–emitter voltage curvature reduction and interdie curvature
spread control.

VI. CONCLUSION

Instead of using overhead circuits to passively compensate
the existing curvature in Vbe, an active curvature reduction
technique exploiting the silicon BGN effect to design a
precision BGR is proposed. Such scheme overweighs most
curvature-corrected BGRs in terms of current consumption
and design complexity. The design considerations and detailed
device analysis in this BGR are presented and its performance
is verified experimentally.
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