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ABSTRACT A Bandgap reference (BGR) circuit with a new high-order curvature-compensation technique
is proposed in this paper. The curvature method operates by adding up two correction voltages. The first one
is proportional to the difference in gate-source voltages of two MOS transistors (AVgs) operating in weak
inversion mode, while the second one (Vn) is generated using a nonlinear current created by a piecewise-
linear circuit. To improve the power supply rejection ratio (PSRR) and the line regulation performance, a low-
power pre-regulator isolates the circuit power supply and BGR output. Additionally, the chopping technique
reduces the output voltage noise and offset. Consequently, the overall PVT robustness of the proposed circuit
is significantly improved. The circuit was implemented using a thick-oxide transistor in a standard 0.18 um
CMOS technology with a 3.3 V power supply voltage. The silicon results exhibit a temperature coefficient
of 5-15 ppm/°C in the temperature range of —10 °C to 110 °C, whereas the simulated results demonstrate
a similar performance within the temperature range of —40 °C to 150 °C. The supply current consumption
is 150 A, and the chip area is 0.56 x 0.8 mm?2. The measured peak noise at the output is 1.42 £ V/v/Hz
@320 Hz, the measured PSRR @ 1 kHz is —80 dB, and the line regulation performance is 10 ppm/V, making
the proposed circuit suitable for applications requiring low noise, high-order temperature compensation, and
robust PVT performance.

INDEX TERMS Pre-regulator, BGR, curvature compensation, low-power operation, low area, subthreshold,
temperature coefficient.

I. INTRODUCTION

The voltage reference is essential for many analog and
mixed-signal electronic devices. Such devices include data
converters, power management controllers (LDOs and DC-
DC converters), oscillators, and phase-locked loops that rely
on voltage references that have low-temperature coefficient
(T.C.) and high-power supply rejection ratio (PSRR). More-
over, high line/load regulation, low noise, and robustness
against the impact of fabrication process effects are also
highly desired. Most of these applications require high accu-
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racy, resulting in challenging specifications for the voltage
reference design.

The first 1% order temperature compensated BGR circuit
was proposed by Widlar and Brokaw [1], [2] in the 1970s.
Due to the nonlinearities of voltage Vpg temperature com-
pensation is usually limited to 30—100 ppm/°C for first-order
temperature compensated references. Several high-order cur-
vature correction compensation techniques have been pro-
posed to overcome the temperature variations limitation of
1%t order voltage references [3], [4], [5], [6], [7], [8], [9].

Among them are the quadratic temperature compen-
sation [9], exponential temperature compensation [10],
piecewise-linear curvature correction [11], [12], [15], [16],
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[17], [18], [19], [20] and resistor temperature compensa-
tion [13], [14]. The continuous-time feedback technique
is employed in [15] to reduce noise and offset. The pro-
posed BGR temperature coefficient compensation technique
includes five pieces of linear compensation, including a
buffer circuit, five V-I converters, and four current subtraction
circuits, with an Opamp for each V-I converter. In [17], the
adjusted piecewise temperature compensation circuit imple-
ments an accurate reference voltage with a good temperature
coefficient over a wide temperature range. However, there
are no essential techniques for mitigating Opamp noise, off-
set, and improving PSRR and line regulation performance.
In [18], the curvature compensation current has been divided
up into multiple parts for fine-tuning. This strategy may be
a challenge regarding the stability of the loop. Moreover, the
circuit requires multiple clock sequences to operate, resulting
in additional (not for the BGR core) circuitry, signals, silicon
area, and power consumption — which may be impossible for
certain applications.

Besides an excellent temperature coefficient, another criti-
cal design specification for voltage references is the output
noise at the BGR output. It means that the circuit must
be designed to minimize the noise of the internal device
(e.g., thermal and flicker noise) and mitigate the noise com-
ing from the supply lines — which is quantified by the
PSRR parameter. Furthermore, an excellent line-regulation
performance is also demanded to protect the output volt-
age from DC supply voltage variations. Those mentioned
performance parameters are especially important for mod-
ern SoC, including high-performance and high-resolution
circuits.

One of the main techniques to enhance PSRR and line
regulation is the inclusion of cascode or self-cascode struc-
tures [10]. Some other approaches have been developed to
improve the PSRR of BGR, such as the supply independent
current source technique [21], [22], pseudo floating voltage
source technique [23], and voltage follower technique with
PMOS as input transistor [24].

To summarize the previous analysis, many previously
mentioned techniques focus only on generally 1-2 aspects
of design specifications for BGR references. In this work,
we proposed a BGR topology that employs a new curvature
correction method that employs existing methods in a dif-
ferent and optimized way. The temperature performance is
achieved at the same time with other important specifications,
such as low noise, PSRR, and line regulation. As a result, the
proposed circuit is a good candidate for high-resolution and
high-performance applications.

Il. PROPOSED BGR: AN GENERAL VIEW

Fig. 1 illustrates the system architecture of the proposed
BGR. It consists of a non-overlapping clock with the chop-
per block, a pre-regulator to generate the isolated power
supply to the BGR core, and an output buffer with a
switched R-C filter. The proposed BGR can cancel high-order
nonlinearities of the output voltage by adding two cor-
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FIGURE 1. Block diagram of the proposed BGR system-level architecture.
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FIGURE 2. (a) 15t order BJT BGR (b) 15t order CMOS BGR [20].

rection voltages at the output node. The first one, named
AVgs compensation, is generated using the difference of
gate-source voltages of two MOS transistors operating in
weak inversion mode. The second one, named Vyp, is gen-
erated using a piecewise nonlinear current compensation
unit. These correction voltages have an opposite high-order
temperature coefficient to those nonlinear terms generated
by the BJT transistor employed in the majority of BGR
architectures.

The proposed pre-regulator creates a shielding effect
between the main power supply and the BGR output by
generating an isolated and process/temperature-insensitive
supply voltage for the BGR core. As a result, high PSRR
and excellent line regulation are achieved. A low noise unity
gain output buffer was included at the output node to drive
a load current within 1-2 mA. The buffer is biased by the
pre-regulator output voltage and was designed with a large
area input transistor to reduce its offset voltage. Conse-
quently, the offset voltage of the output buffer is negligible
and does not degrade the temperature performance of the
BGR. Additionally, the chopping technique is employed in
the BGR architecture to reduce the flicker (1/f) noise and
the input offset of the Opamp, thus generating a precise and
low noise output voltage. Finally, a sample-and-hold (S/H)
switched-RC notch filter is included before the buffer output
node to reduce the residual chopping ripple generated by the
chopping technique.

This paper is organized as follows: Section III presents
the operating principles of the proposed BGR, while its cir-
cuit topology is shown in Section IV. Section V focuses on
the pre-regulator circuit design with offset and noise reduc-
tion by using the chopping technique. Section VI shows the
experimental results with the performance table summary
and a comparison with the state-of-art works. Section VII
concludes the paper.
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lIl. PROPOSED BGR: FUNDAMENTAL THEORY

As it is shown in Fig. 2(a), a standard 1% order BGR uses
a bipolar transistor to generate a voltage that is, in the first
order, complementary proportional to the absolute tempera-
ture (CTAT). Also, the difference between two base-emitter
voltages (AVpE) is used to generate a voltage proportional to
the absolute temperature (PTAT). In Fig. 2(a), AVpg and Ve
voltages are converted into two currents, Iprar and Ic7ar.
In order to determine the reference output voltage, the sum
of currents Iptar and IctaT is multiplied by the output resis-
tance R4. The mathematical description of the temperature
behavior of the output voltage shown in Fig. 2(a) is described
by:

kTIn (N) n VEB1

Ry (1
T

Vier = Verar + Verar = (

T
Ves(T) = Vgo(Tr) — (Vgo(TR) — VEB(TR))T_R
T
—(n— B)Vrln(T—) 2
R
Vo(T) = Vgo — bT — cT? (3)

In equation (2), Vgo(Tg) is the bandgap voltage at the
reference temperature Tg, Tr is the reference temperature, n
depends on the structure of NPN or PNP and is a constant,
which is approximately about 3.54. Parameter § is the order
of the temperature dependence of the collector current. Where
Vo is 1.17885 V to 1.20595 V, b is 9.025 x 107>V/K to
2.7325 x 107* V/K, c is 3.05 x 1077 V/K? to 0 if the
temperature is in the range of 150 K (—123 °C) to 400 K
(127 °C) [26]. Note that they are positive constants. When
the collector’s current of the PNP transistor increases linearly
with temperature T, § = 1; but when it is not related to
the temperature T, 6 = 0. In equation (2), (Vgo(Tg) —
VEB(TR))TLR is the first-order temperature-dependent part, and
(n— 8)VTln(T1) is the high-order nonlinearity. Due to the
higher-order nonlinearities from the Vgp shown in equations
(2)-(3), the temperature compensation is limited for the 1st
order BGRs.

By grouping the nonlinear terms inserted by Vg (equation
2) into equation 1, Vyef_nonlinear Can be written as:

R rr 4
_2[f( )] 4

R
quf_nonlinear ~ E VEB] (T)

5 kKT (T
—cT*"—(—-1)—In (—) 5)
q TR

Equation f(T) details the high order terms of (4). Taking
the simplified Taylor series expansion of the term In(T) at Tg
Equation (5) can be rewritten as (6):

(T-1* (T-1} (T-1*
2 T3 T 4

f(T)%[—6—2(77—1)—]T2+(17—1) ST (6)
Tr 2qTy

f(I) =

n(T)y ~ (T —1)—

Note also that the second-order term [ —c—2(n— l)qTR]T2 has
a negative sign, and therefore, it explains the main reason for
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the limited temperature compensation and the concave down
parabola curve of a 1* BIT BGR.

To get alower temperature coefficient reference voltage for
high-resolution applications, a typical 2" order compensa-
tion, namely exponential curvature compensation for Vgp(T)
is applied as it is shown in Fig. 3. The emitter-base voltages
Veg(T) of Q1 and Q3 can be written as the following:

T T
Veps(T) = VG(T)—(VG(TR)—VEB(TR))T— — (Vrin(=)
R Tr
@)
T
Vi1 (T) = Va(T) — (Va(TR) — VEB(TR))T_R
T
-(n— 1)VTln(T—) (8)
R

The emitter current flows from Q3 is approximately tem-
perature independent (§ = 0), while the emitter current from
QI has a positive temperature dependence (6 = 1). Thus, the
difference between these voltages, AVgg; 3, is nonlinear and
can be written as follows:

kT T
AVep13 = Vep1(T) — Veps(T) = —In| — | = Vewp
q Tr
9

As a consequence, the output voltage of the circuit in
Fig. 3 becomes:
AVep12 | Vept | AVEp13
Ve = R : :
bg 6( R + R + R4 )

Re R3
= —(—AVEBl 2+ Vepi + cmp) (10)

where, AVgpi, 3 is a nonlinear voltage with a positive tem-
perature coefficient, and it can be used to compensate for
the transistor emitter-base voltage nonlinear temperature-
dependent term in Vgp described by (6), as long as Ilg—i =
n — 1. The compensation is done by satisfying the following
equation:
—([ c=20~ 1)—]T2> + Vewp 0 (11)
However, since Veup(AVEg:,3) is a curvature compensa-
tion voltage; it is more susceptible to the effects of the fabri-
cation process. Referring again to the circuit of Fig.3, since
a second-order exponential voltage is added to the output
voltage equation, the temperature dependency of the output
becomes similar to an approximately ‘“‘sinusoidal” curvature
corrected shape instead of a concave down parabola. As a
result, a reduced and better TC is achieved. However, the
compensation voltage increases dramatically with the tem-
perature increase and may be problematic if not restricted
to a specific temperature range. This approach may not be
adequate for BGR operating in extended temperature ranges.
The proposed BGR architecture also solves this limitation by
generating a correction current for a specific range of low
temperatures using a piecewise compensation unit. An alter-
native way to generate the PTAT voltage is by using the
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GND

FIGURE 3. Conventional 2" order exponential compensated BGR [21].

difference of gate-source voltage difference (AVs) between
two MOSFETs operating in weak inversion mode. Fig. 2(b)
is an example of architecture that employs this strategy. The
output voltage of this circuit is described by (12). The only
difference between (1) and (12) is the way to generate the
PTAT voltage. The proposed BGR architecture also generates
a PTAT voltage using AVgs as part of the proposed higher-
order temperature compensation, as explained in the follow-
ing section.

nkT  (Ip1($)
Vo= Vg + AVgs = Vg + —In | —L2)  (12)
q IDZ(Z)I

IV. PROPOSED HIGH ORDER COMPENSATION BANDGAP
The proposed high-order temperature-compensated bandgap
reference employs two correction voltages: AVggs and VL.
The first is used for a high-temperature range, and the
last is used for a low-temperature range. Figures 4 (a)-(e)
demonstrate the simulated step-by-step process to achieve
the temperature compensation and its mechanisms. In the
sub-sections, it will be explained how these voltages are
generated.

A. GENERATION OF THE CORRECTION VOLTAGE: AVgg
VOLTAGE

Many studies have been conducted on the weak inversion
region for MOSFETs [7], [8], [9]. Equation (13) for the drain
current of N-channel MOS (NMOS) operating in a weak
inversion region can be written as:

W nkT 2 v
Ip~ Mncoxz(T) expﬁ(VGs—Vrh)(l _ exp_%) (13)

Under the condition of Vpg > E, equation (13) can be
simplified as equation (14):
W nkT ?
I % pyCox (=) expitr Ves =) (14)
q

Rewritten and isolating Vgs:

kT I
Vgs = Vi + n—ln b

—_— (15)
2
q Mncox%(nl;T)
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Therefore AVgs can be solved as:

kT~ Ipa(¥) kT
AVgs = = in(2ELs) ~ " vy (16)
q IDS(Z)4 q

where Vg is the gate-source voltage, Vi is the threshold
voltage, k is Boltzmann’s constant, q is the electron charge,
T is the absolute temperature, Vpg is the drain-source voltage,
C,x 1s the oxide capacitance per unit area, i, is the effective
mobility of carriers in the channel, W is the gate width, and L
is the gate length. Equation (16) would be ideally linear with
temperature without the parameter “n”. This parameter is a
function of temperature, and it is one of the limitations of the
first-order temperature compensation of BGRs that employ
MOSFET in weak inversion mode [10]. According to Tsividis
and Ulmer [1], the temperature dependence of “n” can be
modeled as n = E+FT+GT2, where E, F, and G are positive
constants. Cogsider Fig. 5 and substituting n(T) into (16), and
;D4(§)5 = q, for a > 1, the difference AVgg can be
) D5(7 ),

rewritten as:

assuming

2 3
In(a) +

EKT
AVgs = ——In (a) + In(a) (17)
q

If AVgs is converted to a current and injected on two resistors
in series (R4 and RS, shown in Fig.7), the correction voltage
becomes Equation (18):

kT R4 4+ RS

Vios (T) = " keln(k7)(E + FT + GT?)  (18)

The coefficients of the second-order term of (18) are
positive. The previous analysis shows that MOS/BGR and
BJT/BGR have inverse second-order temperature coeffi-
cients. In summary: (i) A Vgp voltage has a positive first-order
coefficient, (ii) Vgp voltage has first-order, second-order, and
third-order coefficients, all negative, and (iii) the temperature
coefficients of the first, second, and third-order of AVgys
are all positive. Therefore, if both second-order temperature
coefficient terms can be added through appropriate weights,
high-order temperature compensation can be performed, and
an improved BGR with a reduced temperature coefficient is
achieved. Combining the output voltage of a first-order BGR
and a voltage generated by AVgg current, (19) is written.

Vsum = Verat + Verar + Vuos (T) (19)

As mentioned before, the third term of the above equation
increases rapidly with the temperature, and thus, it should be
restricted to a specific and short temperature range. It can be
used, for instance, at high temperatures to compensate for
the traditional output voltage reduction caused by the non-
linearities of Vgg. For low temperatures and a reduced range,
a nonlinear current compensation, named as Vy,, generated
by a piecewise-linear circuit is employed, as discussed in sub-
section B.
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FIGURE 4. (a). The proposed curvature compensation main principle.

(b) conventional 15t order BJT BGR (c) 2" order temperature
compensation with AVgs compensation (d) temperature compensation in
addition to nonlinear current compensation unit (e) temperature
coefficient compensation for overall BGR core circuit.

B. GENERATION OF THE CORRECTION VOLTAGE: Vy,
VOLTAGE

Voltage VnL can be used to mitigate the reduction of the out-
put voltage of the typical BGR. The generation of the nonlin-
ear current compensation for low temperatures, as illustrated
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FIGURE 5. AVgg compensation unit for the proposed BGR.

in Fig. 4, can be performed by the circuit shown in Fig. 6.
Now consider currents Iprat and IcTaT as given below:
In(N)

R1
where B1 and f, are the gains of current mirrors formed
by any 1% order BJIT BGR, respectively. From Fig. 6 and
Fig.7, consider that Icgar is from M24 and Ippar is from
M25 for both nonlinear current compensation cells 1 and 2.
The tripping point temperature 7,1, T2 € (~—20°C -0 °C)
is designed by simulation optimization, where there is a
temperature compensation between Ictat and Iptar, such as
ICTAT = IPTAT- Therefore, when T > Trl, ICTAT < IPTAT
and then Iny, = 0. But for T < T,1, Ictar > Iprar, and
Int. = Ictat — IpraT. The current flowing in Mpg_77 can be
written as:

Ves
Icrar = ﬂlﬁ and Ippar = B Vr (20)

VEB1

By % . kTIn (N)
)

Iymo6—27 = < gR1
0 T >Trl
(21

>, T <Trl

The output voltage Vref can be high-order temperature
compensated for by injecting a piecewise-linear compensa-
tion current into the node ““X,” where there is a resistor called
RS connected. The compensation voltage VNL is then given
by:

VEB1 kTIn (N)
R5 x k3 | k1 % —k2x — ),
2 gR1
AL T <Trl
0 T>T1Trl
(22)
VEB1 kTIn (N
RS w ks (k1 YEBL g, KT N) )
VNL2 — R2 gqR1
NL2 = T <Tr2
0 T>Tr2
(23)
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M22

M23

GND

FIGURE 6. Nonlinear current compensation unit for the proposed BGR.

To further optimize the temperature coefficient, the nonlinear
current unit cell is repeatedly used twice to provide more
freedom in terms of optimization.

C. COMPLETE CIRCUIT

The proposed bandgap reference voltage can be written as
follows:

Vref = Vist roder + AVGs + Vr1—2 (24)

The complete circuit shown in Fig.7 contains the sub-circuits
of figures 5 and 6 and implements equation (24). Its circuit
topology is shown in figure 7. The resistor ratio between R3,
R4, and RS was designed to be 1:1:1. Note the node “X** and
“Y”’, where the correction voltages are injected.

D. MONTE CARLO SIMULATION

The temperature performance of the proposed BGR was sim-
ulated over the fabrication process corners and using Monte
Carlo Analysis, including process and mismatch variations,
for 200 samples. Fig.8(a) presents simulated TCs for different
MOSFET corners. The maximum variation in this simulation
is 1.5 mV over the temperature range of —40 °C to 150 °C.
The simulated results indicate that the process variation does
not severely affect the reference voltage, and the proposed TC
compensation robustness is guaranteed.

The Offset voltage Monte Carlo simulation is shown in
Fig. 8(b). The BGR presents a worst-case scenario with a
TC of 5-15 ppm/°. Its average mean value is 11.83 ppm/°.
Figure 8(c) presents the histogram of TC with its average and
standard deviation value.

V. PRE-REGULATOR CIRCUIT DESIGN AND FLICKER
NOISE/OFFSET REDUCTION

The pre-regulator is an essential block that safeguards the
BGR from fluctuations in the power supply line, guaranteeing
a robust line regulation performance, high PSRR, and the
effectiveness of the temperature curvature compensation. The
pre-regulator is shown in Fig. 9 (a).

VOLUME 10, 2022

TABLE 1. Performance summary and comparison.

Parameter This work [18] [17] [5] (4]
Year 2022 2021 2017 2015 2014
Technology 0.18um 0.13um 0.18um 0.13um 0.18um
CMOS CMOS CMOS CMOS CMOS
Temperature Meas: -10- -40-150 -40-140 -40-120 -40-120
range (°C) 110
TC(ppm/°C) 5-15 5.8-13.5 1.67 9.3 3.4-6.9
Supply (V) 3.3-2.7 33 1.3-1.8 1.2 1.2
Reference 1.2 1.16 0.547 0.735 0.767
votlage (V)
Power (uW) <150 396 50 144 45
Line 0.005 0.03 0.08 - 0.054
regulation(%/
V)
Noise 1.42 pv 175 uv 0.35pv 200uV 5.402pV
@320 Hz (average @700 Hz (average @320 Hz
112 pv noise) noise)
(average
noise)
PSRR(dB @ -80 82 | - -30 -80
DC) @100KHz
Silicon Area 0.448 0.08 0.0094 0.063 0.036
mm’

The pre-regulator comprises its own BGR reference, a low-
dropout regulator (LDO) with low quiescent current con-
sumption, and a feedforward compensation to achieve high
loop gain and small compensation capacitor Cp,1_> silicon
area. This solution provides a higher power-bandwidth effi-
ciency when compared to the conventional simple Miller
Rm-Ciy, compensation and successfully generates the power
supply (Voue in Fig. 9 (a)) for the curvature-compensated
BGR. The design equation for the current generation for the
pre-regulator is given below. First, consider that M5 and M6
are operating in weak inversion mode.

Thus, the current flowing into M5 and M6 are described
by:

W nkT %2 Vas—Va
Ips ~ linCoxf(T) exp "1 (25)

Considering the loop MS5-M6-R1, equation (26) is
obtained:

Viss = Viese + IRy (26a)

Using the equation (16) to describe the gate-source differ-
ence between M5 and M6, current I g is obtained:

_ AVgs _ (Viss — Vass) _ nVrin (K)

I
R R R

(26b)

A. TEMPERATURE ANALYSIS

Fig. 9 (b) shows the output voltage of the voltage regulator.
As can be seen, it is temperature compensated. Fig.9 (c)
shows the BGR temperature performance as a function of
VDD if the temperature-compensated voltage regulator was
not employed. It was possible to see that the high-order
temperature compensation proposed by this work would not
be achieved. This observation is valid for several existing
curvature correction techniques in literature and highlights
one of the contributions of this work. The authors usually do
not show the temperature compensation for different values
of VDD.
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/\/ 2" order pre-regulator

P it [
FLIL philh X
T

N phi’ E notch

BRI

GND

1* order BGR R; 45 (60k)

FIGURE 7. Overall BGR core circuit implementation.

Finally, Fig.9 (d) shows the output of the proposed BGR
when the pre-regulator is included. The circuit can reject
the supply voltage variations (2.7 V — 3.3V), making the
circuit robust to PVT fluctuations. By introducing LHP
zero along with Miller compensation, feedforward com-
pensation improves the power-bandwidth efficiency of the
pre-regulator; Fig.9 (e) illustrates the stability of the pre-
regulator; the proposed pre-regulator has a small area, a high
bandwidth efficiency, and low power consumption when driv-
ing small or moderate capacitive loads.

B. TRANSIENT AND PSRR ANALYSIS

Fig. 10 (a) shows the simulated transient response results of
the proposed BGR assisted by the pre-regulator. It shows that
the regulator improves the line-regulation performance of the
BGR by making it robust against large AC variations in the
supply line. The output voltage only changes by 1-2% for an
input Vpp variation of 400 mV.

Fig.10 (b) presents the start-up process of the BGR ref-
erence and the proposed regulator. It shows that the pre-
regulator’s fast start-up process helps speed up the start-up of
the BGR core. When considering the worst corner case (i.e.,
S.S.), the complete initialization takes just 20 us.

In addition, the frequency domain perspective is shown in
Fig.11. The simulated PSRR for the pre-regulator at 1kHz is
about —77 dB, and the final BGR can achieve an improved
PSRR of more than —100 dB lower than 100 Hz.

C. CHOPPING ERROR OPAMP USED TO MITIGATE OFFSET
AND NOISE

The folded-cascode Opamp, shown in Fig.12, is the error
amplifier used in the BGR core. The random input offset of
this type of Opamp can be described as:

V,
Vos = AVip1 2 + AVth4,5gL4 + AVth8,9% 4otz

8m2 8m2 2
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where AVy, and A% are the threshold voltage mismatch
and the transistor sizes mismatch. From the noise perspec-
tive, the error amplifier (A;_» refer to BGR Circuit in Fig.7)
is the major dominant contributor according to the noise sum-
mary from simulation. The designed folded cascode amplifier
reduces the dominant flicker noise (1/f) and the offset voltage
by using the chopping technique. The method uses switches
at three locations in the schematic: CH1, CH2, and CH3.
CHI1 switches are at Opamp’s input terminal and modulate
the input signal to the odd harmonics of the chopping fre-
quency and then amplify it through the input stage. These
CH1 switches are designed with small transistor sizes to
reduce the impact of charge injection and clock feedthrough.
Switches CH2 and CH3 are located at the low-impedance
node of the cascode stage, and their sizes were increased
to reduce their linear on-resistance and not reduce the volt-
age swing amplitude. Fig.7 also shows that the notch clock
(phi2) is 90° delayed from the chopping clock (phil) but
with the same chopping frequency [25]. The notch filter
is employed using the same structure as Fig. 14. Initially,
the frequency of the noise integration is chosen such that
the chopping frequency is two times the noise integration
bandwidth, i.e., Fcyop > 2FnBw. Flicker noise is reduced
by eliminating the need for degeneration resistance, typically
used with M8-9 & M4-5 (refer to Fig.12) to reduce flicker
noise, providing increased headroom for future technology
advances.

Fig.13 presents the results of the Noise Spectrum sim-
ulation (e.g., PSS+Pnoise simulation using Cadence tools)
to prove that the chopping error amplifier (EA) and the
notch filter reduce the noise at the BGR output voltage.
This figure shows two cases: chopper amplifier OFF and
ON. As can be seen, the low-frequency noise is dramat-
ically reduced when the chopper of the EA is ON for
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FIGURE 8. (a). The simulated T.C. simulation results in different MOSFET
corners (b). Simulated curvature compensation untrimmed BGR under
200-point MC, (c). Simulated curvature compensation BGR histogram
statistics.

different values of chopping frequencies. Regarding the
variability of the output voltage, the complete expression
for it considering offset voltages of Aj_p is given by
equation (28):

R34+ R4+ Rs
Vier = Vistroder + AVGs + VL1-2 + Vosi R
1
R3 + R4+ Rs
+ Vos2R—2 (28)

where V,s1_» are the offset voltage of Aj;_, described
by (27). Voltages V,s1—» are amplified by the resistor
ratio, thus increasing the changes at the output volt-
age. Besides applying the chopping technique, a high
DC gain and large input transistors have been employed
to minimize random offset voltages. While a very sym-
metrical and compact layout can reduce the systematic
offset.
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D. CHOPPING RIPPLE REDUCTION USING SWITCHED R.C.
FILTER & OUTPUT BUFFER

To reduce the ripple at the output voltage caused by the
chopping technique, a switched capacitor (S.C.) notch filter
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FIGURE 11. Simulated PSRR enhancement of the proposed BGR with
pre-regulator protection.

GND

FIGURE 12. The Chopping Error Opamp (A;_,) used in the proposed BGR.

was included at the input node of the output buffer. The
notch filter is shown in Fig. 14 (c) and comprises a switched
capacitor resistor shown in Fig. 14 (a).

The two transmission gates (S1 and S2) are controlled
by non-overlapping clock signals, ®1 and ®2 (Fig. 14(b)).
During phase @1, the input voltage is sampled onto Cl,
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FIGURE 16. PSRR enhancement by adding output SC-low pass filtering.

while during phase ®2, this ripple-free sampled voltage is
transferred to C2. The advantage of the S.C. filter compared
with the R.C. filter is that the frequency domain response of
the first will introduce distinct notches at f0p. Moreover, the
harmonics of the S.C. filter can also improve the order of
the LPF, saving a significant amount of area and achieving
higher-order filtering and process-independent cut-off fre-
quency. For an input x(t), the time-domain response y(t) for
S.C. low-pass filter can be described as:

o=y

X(KT)  [u(t —kT) —u(t — (k+ DT)] (29)
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FIGURE 18. The proposed bandgap reference output voltage with
temperature variations.

where T = J% In the frequency (s) domain, (29) becomes:

—skT —s(k+1)T
Y (s) ]

s éx, — €éX
3 x kT % [ P P
k=0 §

1 —exp™T 00 kT
= 7[2}{:& (kT)exp™*T] (30)
Thus, rewriting for the transfer function of the filter H(s)

from (30), we get:

H(s)=—" (€29

The filter loop bandwidth can also be calculated as the
following:

1 Ci
Wegq RunC Sen 32)

G

The transient response of the BGR output voltage before
and after activating the SC filter is shown in Fig. 15. We can
see that a considerable portion of ripples due to the chopper
technique is reduced, showing the importance of the output
SC-filter without much area penalty. Fig. 16 shows the PSRR
simulation results of the proposed BGR. The high-frequency
PSRR performance is improved by applying an output S.C.
low pass filter, while the pre-regulator mainly protects the
low-frequency PSRR.
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E. FABRICATED CHIP AND SILICON AREA

Fig. 17 depicts a microphotograph of the proposed BGR
implemented in 0.18 um standard CMOS technology. The
entire chip area is 0.56*0.8 mm?.

VI. EXPERIMENTAL RESULTS

A. OUTPUT VOLTAGE AS A FUNCTION OF TEMPERATURE
For assessments of proposed BGRs, several specific non-
ideal effects, such as thermal electromotive forces (EMFs),
need to be considered. Therefore, it is essential to consider the
equipment’s errors as well. By alternating probes during each
measurement at a given temperature point, each measurement
is repeated ten times in order to reduce systematic error,
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FIGURE 22. (a) Measured low-frequency PSRR of the proposed BGR
without output filter. (b) Measured PSRR of the proposed BGR final
output with the output filter.

including several sources of systematic error, such as random
offsets, mismatched BJTs, mismatched current mirrors, and
mismatched resistors. Wires leading from the temperature
chamber to Vpg are twisted together as differential wires in
order to reduce spur and other common mode noise. (EMFs)
can be reduced by using wires that are made from the same
material and of the same length. The average value is then
calculated from these ten measurements. Fig.18 illustrates the
temperature behavior of the output voltage of the proposed
BGR for nine samples extracted from varying in temperature
from —10°C to 110°C without trimming. The measured tem-
perature coefficient is 5-15 ppm/°C, which is more precise
than conventional 1% order BJT-BGR with concave-down
parabola T.C. (e.g., usually 50-80 ppm).

Note that although the circuit presents some sample-to-
sample variation, high-order temperature compensation is
guaranteed without any trimming technique, which is the

110980

FIGURE 23. Measured functionality of chopper technique for flicker &
D.C. offset the reduction.

(b)

FIGURE 24. (a) The proposed BGR power distribution, (b) The proposed
BGR area distribution.

most important. The voltage variations are caused by the
mismatch of the output resistor. If a very accurate output
voltage is desirable, a simple trimming circuit can be added.
However, two-point temperature calibration is not needed,
and as a consequence, the trimming procedure is significantly
simplified.
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B. OUTPUT VOLTAGE AS A FUNCTION OF VDD VARIATIONS
The output response as a function of supply voltage variations
was also measured and shown in Fig. 19-20. The power sup-
ply voltage was configured to operate as a periodical signal
with 500 Hz and 50 kHz frequencies with amplitude variation
of 2.7 V to 3.3V. The output variation under these conditions
is less than 1%.

Fig. 20 shows a considerable Vpp variation (sawtooth
variation), and its effect on the BGR output is still minimal.
Therefore, the proposed BGR circuits can have strong immu-
nity to power supply variations.

C. OUTPUT SPECTRUM AND PSRR PERFORMANCE

The measured BGR output spectrum and the PSRR perfor-
mance are shown in Fig.21 and Fig.22, respectively. The Vpp
voltage was measured at 3.3 V, and the PSRR value at DC and
1kHz frequency is —80 dB. The worst PSRR is —40.5 dB at
90 kHz.

D. OUTPUT NOISE AND POWER/AREA BREAKDOWN

Fig. 23 shows the measured noise PSD of the BGR for differ-
ent chopping frequencies (fchop = 10KHz, fchop = 10MHz)
at room temperature (27°C) with all noise sources consid-
ered. As can be seen, the chopping technique significantly
mitigates the error amplifier’s 1/f noise, which is dominant
from 10 Hz to about 100kHz. The high chopping frequency
(fenop = 10MHz) shows a very effective chopping ripple
reduction in the frequency domain. The ripple at 1% and 3™
harmonics is also reduced from —40dB to below —60dB,
respectively.

Fig. 24 shows the breakdown of power and area for the
proposed BGR. The pre-regulator, SC filter, and output buffer
will significantly improve circuit performance at the cost of
increased power consumption and area consumption.

Table 1 compares this proposed bandgap voltage reference
with other prior-art curvature-compensation bandgap voltage
references.

VII. CONCLUSION

This paper presents a novel high PSRR, low noise, and high-
order curvature-compensated bandgap voltage reference with
a measured temperature coefficient of 5-15 ppm/°C, and
supply current consumption of 150 wA under a 3.3V power
supply. The output buffer with a switched RC LPF is used
to reduce the BGR noise further, save area and increase
BGR PSRR. The chopping technique is applied in the error
amplifier to significantly reduce the BGR output noise and
input offset to allow the proposed BGR to work in low-
noise applications. Finally, several silicon tests have been
conducted to demonstrate the feasibility of the proposed
curvature-compensated bandgap voltage reference.
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