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A 1.2-V 4.2-ppm/°C High-Order Curvature-
Compensated CMOS Bandgap Reference

Quanzhen Duan and Jeongjin Roh, Senior Member, IEEE

Abstract—This study presents a high-precision CMOS bandgap
reference (BGR) circuit with low supply voltage. The proposed
BGR circuit consists of two BGR cores and a curvature correction
circuit, which includes a current mirror and a summing circuit.
Two BGR cores adopt conventional structures with the curvature-
down characteristics. A current-mirror circuit is proposed to im-
plement one of the BGR cores to have the curvature-up character-
istic. Selection of the appropriate resistances in the BGR cores re-
sults in one reference voltage with a well balanced curvature-down
characteristic and another reference voltage with an evenly bal-
anced curvature-up characteristic. The summation of these refer-
ence voltages is proposed to achieve a high-order curvature com-
pensation. This curvature correction circuit causes the proposed
BGR circuit without any trimming to show a measured tempera-
ture coefficient (TC) as low as 4.2 ppm/°C over a wide tempera-
ture range of 160 °C (—40 ~ 120 °C) at a power supply voltage
of 1.2 V. The average TC for 8 random samples is approximately
9.3 ppm/°C. The measured power-supply rejection ratio (PSRR)
of —30 dB is achieved at the frequency of 100 kHz. The total chip
size is 0.063 mm? with a standard 0.13-pm CMOS process.

Index Terms—Bandgap reference, high-order curvature com-
pensation, high-precision, low voltage, temperature coefficient.

I. INTRODUCTION

ANDGAP reference circuits have broad applications in

purely analog and mixed-mode circuits. As reference volt-
ages, their accuracy plays a vitally important role in determining
the performance of subsequent circuits. For example, BGR cir-
cuits are utilized in analog-to-digital converters (ADCs) and
digital-to-analog converters (DACs), which require high-accu-
racy reference voltages to provide high-resolution and high-
speed data conversion. Therefore, the fabrication of high-pre-
cision BGR circuits has become a great concern, and several
high-order curvature-compensation techniques have been de-
veloped to improve the accuracy [1]-[7].

The increasing demand for portable equipment has led to
scaling down of supply voltage due to the reduction in size of
the CMOS transistors. However, the threshold voltages are not
scaled down to the same extent as the supply voltage. The con-
ventional BGR circuits have an approximate reference voltage
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Fig. 1. Bandgap reference circuit with low power supply voltage [13].

of 1.25 V [8]-[10], so that use of the conventional structures
with a power supply voltage lower than 1.2 V is not possible.
This significantly increases the difficulty of designing a high-ac-
curacy BGR circuit with a low supply voltage.

This study presents a new high-order curvature-compensated
BGR circuit with low supply voltage. The proposed BGR circuit
has stable output reference voltages approximately 0.73 V and
a TC as low as 4.2 ppm/°C at a 1.2-V supply voltage.

II. CONVENTIONAL BANDGAP REFERENCE

In general bandgap topologies, a diode-connected bipolar
transistor (BJT) is chosen as the main element due to its
good temperature-dependent characteristics, as presented in
Fig. 1. When BJTs are biased in the forward active region, the
base-emitter voltage Vg g can be expressed as [10]-[12]

Vee(T) = Vao(T3) — [Vao(Tr) —Ver (1) T /T,
n-oviin (7).

where Vizo(T,.) is the bandgap voltage at reference temperature
T., ¢ is the order of temperature dependence of collector current,
and 7 is a temperature-independent and process-dependent con-
stant. Vp = kT'/q is the thermal voltage, k is Boltzmann's con-
stant, and g is the charge of an electron. In (1), Vigo(7.) is con-
stant at the temperature of T, [Vigo (T} — Ver(T,)]T /T, is the
first-order temperature-dependent part, and (n— &) Vpln(T/T,)
is the high-order nonlinearity. Thus, a correction voltage is re-
quired to cancel, or at least reduce, the temperature dependence.
Vr with a proper coefficient A is generally used as the correc-
tion voltage and Vrgr = Vg + M Vry. Vg can be expanded
by the Taylor series as

Ve = ag + arT + (asT? + -+ +a,T), )

where ay is —3.05 x 107 V/K2 to 0 in the range of 150 K
(—123°C) to 400 K (127 °C) [10]. Therefore, the conventional
structure has a curvature-down characteristic.
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As mentioned in the introduction, the conventional struc-
ture cannot work with a supply voltage lower than 1.2
V, so the topology shown in Fig. 1 is developed [13],
and Vggr = R3/R1 - [R1in(N)Vp/R0O + Vgg|, where
R1/R0 - In(N) is the temperature-independent factor of
M mentioned above. In order to obtain high accuracy, the
high-order compensation is expected. Fig. 2(a) shows an effi-
cient high-order compensation technique that has two reference
currents, Irgr1 and Irgps [S]. They are realized by NPN
BJTs and PNP BJTs, respectively. Irgrs — Irgr1 is used to
obtain the high-order compensation, and the reference voltage
is expressed as

VBE npn L |\VBE_pn
Vrer = Rrer [(KQ 72?1;13: - K; V5 _pop| gi;;)
kT In(N _ In(N _
BT (Kz n(N _npn) K n( pnp))} ey
q R3_npn RB_pn,p

where Rrgr is the output reference resistor, and Ve g _npyn and
VBE _pnp are the base-emitter voltages of the NPN BJT and
PNP BIJT, respectively. N_npn and N _pnp are the ratios of
the NPN BJTs and PNP BJTs. R3_npn and R3 pn, are resis-
tors flowing the proportional-to-absolute-temperature (PTAT)
currents. Ry _np, and Ry _pnp are resistors flowing the currents
of Ipg for the NPN and PNP BJT, respectively. A7 and K,
are temperature-independent coefficients. By using (2), the first
term in (3) can be expressed as

K3VBE_apn — K1|VBE pypl
= (K30 npn — K1]@o_pnp|) + (K301 _npn —Kila pnpl) T
+ [(Ké@_npn - KHGQ_WLPD T 4
+ (K50 _npn — Kilan_pnpl) T"], 4)

where Ké = KQRREF/Rl_npn, and K| = KlRREF/Rl_pnp-
In order to obtain a reference voltage, K7 should be greater than
K, otherwise Vggr is close to zero. Thus, a constant voltage
Klao_npn — K{lag_pnp| is obtained by selecting proper K’} and
K. The first-order term (K} a1_pn — K1 |a1_pnp|)T is compen-
sated by the term of Rrgr(kT/q)[K2In(N_npn)/R3_npn —
K1In(N _pnp)/Rs_pnp) in (3). However, the compensation of
the high-order part is not as sufficient as that of the first-order
part due to the nonzero coefficient of K} — K7.

The second-order term is discussed in detail here,
since it is the most significant term compared with other
higher-order terms. From (4), the second-order term
(K52 npn — Killaz_pnp|)T? is obtained. Fig. 2(b) shows
the relationship between the output reference current Ipgpr
and K{/K}, where the same absolute coefficients for NPN
and PNP BJTs are assumed. For the relationship of y1, when
K{/K} = 30% (which implies that only 30% of second-order
term is compensated), the reference current is approximately 14
#A.If 0.7 V is the goal of the reference voltage, then reference
resistances of 50 k{2 are required. When K / K, becomes 99%
(which means that 99% of second-order term is compensated),
the reference current is only 0.2 zA. For the 0.7-V reference
voltage, reference resistances of 3.5 M are required. In this
condition, the currents in transistors M2 and M3 are around 20
#A[0.2/(1 —99%) = 20 p1A]. Therefore, we say that the more
sufficient compensation requires significantly large reference
resistances; however, this greatly increases the chip area and
noise. High-accuracy compensation with a reasonable output
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Fig. 2. (a). Curvature-compensation technique [5]. (b). Output reference cur-
rent versus Kj /Kj.

reference current and resistance is achieved using the rela-
tionship of ¥2 shown in Fig. 2(b). For 99% compensation, the
output reference current is 8.2 1A, Nevertheless, huge currents
are necessary in transistors M2 [8.2/(1 — 99%) = 820 pA] and
M3 [99% x 8.2/(1 — 99%) = 811.8 pA]. Consequently, we
propose a more efficient compensation technique in this study
in order to improve the accuracy and achieve more complete
compensation with generic resistance and currents.

III. PROPOSED BANDGAP REFERENCE CIRCUIT

A. Design Consideration of BGR

The BJTs occupy the main area in the BGR circuits, while
the smaller “/N”” of BJTs means that large resistances are neces-
sary to obtain the factor of A mentioned above. The resistor is
another main element that consumes chip area. Since the BGR
circuit is a sensitive block, a slight mismatch may significantly
affect the accuracy of the output reference voltage. Trading off
the area and the matching, /N of 8 is chosen in this study. In addi-
tion, components with a deep n-well layer are chosen, since this
can efficiently separate the p-substrate for different circuits and
then block the noise from other subsequent circuits. Since the
supply voltage is low, two-stage operational amplifiers (opamp)
are selected in this BGR circuit. The advantage of high-DC gain
for the two-stage opamp at a low supply voltage gives BGR cir-
cuit a high loop gain, which makes the nodes V4 and V5 a good
virtual ground in Fig. 1.

B. Principle of the Proposed Compensation Technique

Fig. 3 shows the new high-order curvature-compensation
technique of the proposed BGR circuit. It contains two con-
ventional low-supply-voltage BGR cores (A and B) and a
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Fig. 3. New curvature-compensation technique of the proposed BGR circuit.

curvature correction circuit, which includes a current-mirror
block and a summing circuit. BGR core A has a reference
current of Iggr1 and BGR core B has a reference current of
Ipgrs. Both Irgp; and Irgrs only cancel out the first-order
temperature-dependent terms and have curvature-down char-
acteristics. Their accuracy is not high due to the high-order
nonlinearity errors. However, when Igzgp; passes through
a current-mirror circuit (M1 and M2), then a new reference
current Iy, 1y , With a curvature-up characteristic, is generated.
I,y With a curvature-up characteristic and Ipgpp, with a
curvature-down characteristic are summed together and their
high-order nonlinearity terms are well compensated for each
other. Therefore, the proposed technique achieves high-order
curvature compensation.

As shown in Fig. 3, the difference in the drain and source
voltage for transistors M1 and M2 causes a difference in the
current AI = I gy —Irgr1. The Al is a function of the tem-
perature-dependent parameters, the carrier mobility p, and the
threshold voltage V. Their temperature-dependent features
and the square law characteristic of transistors result in the gen-
eration of a reference current with a curvature-up characteristic.
In following part, the curvature-up technique will be analyzed
in detail. The drain current of transistors working in saturation
region can be expressed by [14]

1 w 2
Ip = ShCos— (IVas| = [Vrul)” (1 +AVps)), ()

where C,; is the gate oxide capacitance per unit area, and W
and L are the width and length of transistors, respectively. A is
the channel-length modulation coefficient, and it is smaller for
longer channels. u is the temperature function of carrier mo-
bility, and it is given by [15].

By
= p(To) (%) , (©)

where (3, is the temperature coefficient. 3, = —1.2 for
PMOS transistor and 5, = —1.9 for NMOS transistor, when
the concentrations increase above 10'7 em™3. 8, ~ -2
for NMOS devices, when the concentrations are about
10'> — 10'® ¢m—3 [16]. Therefore, for the concentrations of

about 10*® — 10'® cm 3, assuming /3, of —1.3 is reasonable
for PMOS devices. Overall, recent techniques have used the
concentrations of 10*® — 10'® ¢cm ™3, so we can consider 3,
for PMOS devices is approximately —1.3 and 3,, for NMOS
devices is approximately —2. T} is the reference temperature.
The magnitude of transistors threshold voltage is approximated
as a linear function of temperature, and can be modeled as
[15]-{17]

Vrw| = |Veu (To)| + Brua(T — Tp), 7

where 37 is the temperature coefficient, its value is technology
dependent, and the most frequently used figure is —2 mV/°C
[16]. As presented in Fig. 4, according to (5) an ideal current I
flowing transistor M1 is expressed as

1 w .
I~ 5/1'(7090? (Vas| — Vrul)? A+ MVesl),  ®)

where Vps = Vg, due to the diode-connection of M1. For
simplicity of analysis, we assume an ideal current, which does
not vary with temperature, as has been done in [16]. Therefore,
for the given ideal current I, 81/8T = 0. The function of | Vizg|
with (6) and (7) can be expressed as follows:

241 (0|Vra|/0T — 0|Vas|/OT)
Au/OT

2b T

~ Vru(To)| + Bra(T — To) + %7 9)
"

where 3|Vgs|/0T =~ (1 — b)d|Vry|/dT, and b is close to 0.
The output reference current I’ in Fig. 4 is given by

1 w
I'~ —Mcozf (|Vas| — WTHD2 14+ AXVpp — VreF)],

2
(10)
Thus, with (6)—(10), the difference between the output current
and reference current A7 can be presented as

Vasl ~ [Vrm| +

<] 2 92 2

A TN\N* W 4b*34,T
=T -IT~ZC —_ 7 XTHS _

Al =T -1 5Coup(To) <T0> L [(Vbp

2b T

Verr — Vru (To)]) — frua(T — Ty) — %} , (11
1

As mentioned above, frg = —2mV/°C and 8, = —1.3
for PMOS devices. For simplicity, assuming 3, = —1.0, so

0?(AI)/8T? can be presented as

2(AI) 4 Ty Tob? B2 2
o )% ACoo (o) Tob By W {_ﬁTH <1+ b>]>0,

o1 32 L Bu
(12)
since Brp < 0,and 1 + 2b//3, > 0. So we can obtain
A P:I' 9*(AI)
a2 0 = gz X ppr (13)

where VRgr = I' RrpF as presented in Fig. 4. With the ideal
input reference current I and the ideal reference resistor Rggp,
the output reference voltage Vrrr shows curvature-up char-
acteristic and its second derivative, 3?*Vzrgr/8T?, is positive
versus temperature. Therefore, the current-mirror circuit with
PMOS transistors obtains a curvature-up characteristic.

In (7), the threshold voltage is approximately modeled as a
linear function of temperature, and the temperature coefficient
By is constant. However, S is actually a function of tem-
perature, and its more accurate model and first derivative are
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Fig. 4. The curvature-up characteristic due to the temperature dependence of
transistors and the simulation results.

given by [17]
Vra :¢ms =+ ¢+ A‘/T(Nl)
1
+y(Ns, tow, L, W) ([Vsp| + ¢+ V)2, (14

0
= o \Pms &
i ¢

1 - bl

2(|Vsp|+ ¢+ V,)2 0T

where the + or — sign refers to n-channel or p-channel devices,

respectively. ¢,,s is the contact potential difference between

gate and substrate, ¢ is the associated band bending, V, is a

correction term for the threshold shift implant, - is the substrate

backbias factor, which depends on the substrate doping Ng, the

gate insulator thickness ¢,, and the channel length L and width

W . Vsp is the source-substrate bias. Therefore, we can assume
that

\Vrr| =~ |Vre(To)|+ Bra (T —To) + Braa(T —Tp)?, (16)

where S g1 and B9 are the first- and second-order tempera-
ture coefficients, respectively. Therefore, (9) becomes

Vas| ~ Ve (To)| + Brai(T — To) + Bra(T — Tp)?
+25 Bra1 + 28127 —1o)] T
B, '

By using (17), Al in (11) can be expressed as

A T\*W 47262 [Bra1t+28ru2 (T_TOHQ
AT ~— (To — —
ZCow/-l( O)<T0> I3 /Bﬁ
{(Vop — Verer — Vrua(10)|) — Bru (T — Tp)
. 2b|8 +2 T—-T)|T
(T — Ty)?— [Bra 521{2( 0)] },
e

Vg
aT

+ (15)

amn

(18)
When 3, = —2, Al can be presented as
N 2/\Comugg UL)TOZsz B+ ArBeea(T — T
+46712(T — To)*| [(Vop — Veer — Veu(To)|)
= Brm(T —Tp) - ?‘bgﬂT — Brua(T — Ty)?
_4bBraa !
Bu

Al

(T —To))T| . (19)
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Fig. 5. Reference current varying with the temperature at different conditions.

The second derivative % (AI)/AT? can be obtained as

(A, { B2 120
—— xapfi,, |44 — ZLHL <5+—>
prz " oPrm Mg 5T,
2% , 2
F2407mdo |14+ — | = 2481w T5 {1+ — )|, (20)
By By
where
ANC o (T2 T2 W b2
o = Aol T)TWE @1

8L
A =Vpp — Vger — ‘VTH(TU)‘ 3

where the higher-order terms are ignored for simplicity. There-
fore, the proper choice of the reference voltage Vg ensures
that 9?(AI)/0T? > 0, even when Br g2 > 0. Thus, for PMOS
transistor, the third-order term is generated, which can be used
to compensate the high-order part in BGR circuit. On the other
hand, even when this 3, is equal to —2, ATl can have a pos-
itive second-order term and achieve a curvature-up character-
istic. For NMOS transistors, 3,, =~ —2, and we can achieve that
9*(AI)/dT? > 0. In other words, the current-mirror circuit
with NMOS transistors also can have a curvature-up character-
istic. Consequently, the current-mirror circuits are proposed to
realize curvature-up characteristic in this study.

As demonstrated in Fig. 3, the given current Irgp; passes
through the current-mirror circuit consisting of the PMOS
transistors M1 and M2, so that I}, 5, in M2 achieves a pos-
itive second-order temperature-dependent term. The balanced
current I With a curvature-up characteristic is obtained
through selection of appropriate resistances in BGR core A. At
the same time, by selecting an appropriate length for the tran-
sistors, different levels of A can be obtained. The summing
circuit is shown in Fig. 3, where the summed current of Ipgr
and the reference resistor of Rrgr produce the output refer-
ence voltage of Vi gr. Thus, summing the curvature-up current
of I ;-‘i pp1 and the curvature-down current of Irgr2 generates
a high-precision reference voltage, as shown in Fig. 3.

(22)

C. Two BGR Cores

The proposed technique requires two BGR cores, since the
curvature with a well balanced curvature-up characteristic is
obtained through selection of appropriate resistor values. From
(11), we can obtain the first derivative 3AI/8T +# 0, so the
first-order term error is generated in the current-mirror circuit.
Consequently, new resistances are required to compensate for
this error. As presented in Fig. 5, Irgr is the reference current
of conventional BGR circuit and it has a well balanced curva-
ture-down characteristic. Ir g then passes through the mirror-
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Fig. 6. Implementation of proposed bandgap reference circuit.

current circuit, as mentioned above, and Iggr; is obtained.
However, it has a first-order error from the current-mirror cir-
cuit, and this error makes the peak-to-peak current of Ipgp
obviously larger than the peak-to-peak current of /g . Selec-
tion of appropriate new resistances achieves a new reference
current I, -, with an evenly balanced curvature-up character-
istic and smaller peak-to-peak current. Therefore, we can see
the difficulty in achieving one balanced curvature with a cur-
vature-up characteristic and another balanced curvature with a
curvature-down characteristic when using the same BGR core
with the same resistances.

D. Implementation of the Proposed BGR Circuit

Fig. 6 presents the implementation of the proposed BGR cir-
cuit including two BGR cores and a curvature correction cir-
cuit. BGR core A uses a self-biased, two-stage opamp with
PMOS-input transistors. BGR core B uses a self-biased, two-
stage opamp with NMOS-input transistors. In BGR core A, R1
and R2 have the same resistances, and M0, M1, and M2 have
the same size for the same current flow. The opamp forces the
voltages of V4 and Vg to be equal and the reference current of
Irgr1 can be expressed as

VTln(N) VBEI B 1

1 [Rln(N)
RO Rl

RO

IrprF1 = = 7l Vr + VBE1:| )
where Ipgr1 with first-order compensation has the curva-
ture-down characteristic. With the cascode current-mirror
circuit (M3, M5, M4, and M6), a well balanced curvature-up
reference current of 15, ;- is obtained by selecting appropriate
resistor values. I,z can be expressed as
Ther = % {%SN)VT + Vep1 + [V(T) + Vh]} ;
(24)
where V(T') is the first-order term and V4, is the high-order com-
pensation term from the current-mirror curvature-up technique.
V(T) is canceled out by selecting the appropriate resistances
for RO and R1. The cascode current-mirror structure is used as
one factor to decide the level of channel-length modulation, so
a more appropriate V}, can be achieved. For BGR core B, R5
and R6 have the same resistances and transistors M7, M8, and

TABLE 1
COMPONENTS SIZES OF THE PROPOSED BGR CIRCUIT

Parameter
W=4 pum, L=2 pm
W=20 um, L=2 pm
W=10 um, L=2 ym
1 x(2 pm x 2 pym)
8 x (2 pm x 2 pum)

Component |
MO, M1, M2
M3, M4, M5, M6, M18, M19
M7, M8, M9, M20
QI1, Q3 (NPN BJT, Base Area)
Q0, Q2 (NPN BIT, Base Arca)

Unit resistor R, 9.67 k2
RO, R4 14.51 k§2
(Ry + Ry||R.)

R1, R2 127.36 kQ

(I3Ry+ Ry||Ru|| Rl
Ru||Rul|Ru)
R5, R6 132.52 kQ
(13R,+ Ry Ru+

Ru|| Ru|| BR[| R || o)

R7 38.69 k(2

(4R.)

M9 have the same size. In addition, we choose the same resis-
tances of R0 and R4 to obtain the similar PTAT currents for
BGR cores A and B. The opamp forces the voltages of V> and
Vp to be equal and the reference current I p g2 can be given by

‘/TZH(N) VBE2 - 1 R5ln(N) 7
R4 RS R5| mA T +VBE2]'
(25)

Iper: = = 75

Due to the negative coefficient of high-order nonlinearity
term, Irgro has the curvature-down characteristic. Then,
through the summing circuit in Fig. 6, the proposed reference
voltage VrEgF can be presented as follows:

R7 [ R1in(N
VrEF = Tl {%VT + Ve + [V(T) + Vh}}
R7 | R5In(N
T {41%41 )VT + VBE2:|
R7 R7 R7 R7
= (ﬁVcn + %VCQ) + (EVM + %th>

= (M Vo1 + MaVea) + (Mi Vi + MaVys),  (26)

where My (R7/R1) and M, (R7/R5) are the temperature-
independent factors due to the same type resistors. Vi1 and
Vo are the temperature-independent reference voltages after
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the first-order compensation. Therefore, the first term M Ve, +
M5>Ve4 is a temperature-independent voltage. V3,1 and V;,o are
the high-order nonlinearity terms of BGR cores A and B, re-
spectively. V4,1 contains the high-order term of Vzg and the
term V3, in (24). V2 is the high-order term of Vg in (25). As
mentioned above, an appropriate Vi1 (Vi1 &~ —Vj2) can be ob-
tained by selecting a suitable current-mirror structure and the
proper transistor sizes in the current-mirror circuit. These two
high-order nonlinearity terms with similar amplitudes and dif-
ferent signs are then summed and compensated for each other.
Therefore, the precision of the output reference voltage is sig-
nificantly improved by this efficient method.

Table I presents the sizes of components in the proposed BGR
circuit. By and R4 have the same resistances, while R1 (R2)
and R5 (R6) have slightly different values due to the first-order
error generated in curvature-up technique. The unit resistor R,
(9.67 k£2) is utilized to reduce the effect from the variation of
resistances, and all resistors are generated by series connection
and parallel connection of unit resistors, as shown in Table I.

As shown in Fig. 6, two cores are present in the proposed
BGR circuit. According to the input range of the opamps in the
two cores, PMOS-input and NMOS-input opamps are adopted
for BGR cores A and B, respectively. Fig. 7 shows the imple-
mentation of the PMOS-input opamp, which includes a self-bi-
ased current with a start-up circuit. In Fig. 7, K = 4 is chosen in
the self-biased current circuit, and a constant-g,, bias circuit is
achieved to ensure a stable operation [19]. The transistor M0's
body and source are connected together to eliminate the impact
of the channel-length modulation [14]. The self-biased current is
still a function of process and temperature, so different process
corners are considered over a temperature range from —40 °C to
120 °C to ensure that all transistors operate at the correct region
in a stable condition. To prevent the self-biased current circuit
from working in the zero current dead-zone, a start-up circuit is
utilized [19]. In this study, a two-stage amplifier is adopted to
achieve a high DC gain. With a similar consideration, the same
self-biased current circuit with a start-up circuit is applied for
the NMOS-input opamp, as shown in Fig. 8.

As discussed earlier, AVggp = Vrln(N) is controlled by
the opamp, which suffers from the unexpected error from
the offsets of the opamp. Two kinds of offsets are possible:
systematic offset and random offset. The systematic offset is
mainly generated due to the limited gain of the opamp, and the
higher DC-gain opamp can obtain a lower systematic offset
[10]. Therefore, in the present study, two-stage amplifiers with
Miller-compensation are used to reduce the error effects from
the systematic offset, as shown in Figs. 7 and 8. In this design,
at different process corners over the temperature range from
—40 °C to 120 °C, the simulated DC gains of PMOS-input
opamp and NMOS-input opamp are higher than 76 dB and 78
dB, respectively.

The random offset is mainly caused by the mismatch of
components. An effective approach is doing careful layout
to obtain a better matching. The common-centroid layout
[14], [20] technique is adopted for the input transistors of
opamps, and these input transistors are placed in a deep n-well,
which ensures a similar environment as much as possible.
The mismatch of the BJTs, mirror transistor, and resistors also
generates an error for the reference voltage. Therefore, dummy
transistors and BJTs are utilized at the sensitive places [14],

RO

K, MO | I[Ml

3]
i e Qf ﬁ[ivm

7
Self -biased current ' Start_up circuit

s Opamp

Fig. 7. Implementation of the PMOS-input operational amplifier.

_J VDD ,
= RO
! «
C Mlﬂ 3 Mﬂ M8 Mo
K.MO | ‘[Ml ! ‘
L. | ‘ R2 Gy,
R s gfo
| e llwms Msj .
Ml\ﬂ\' Start V1N| ‘ }VIP
L,,\[ ,\E ‘Ln SN
M2| oo | M3 al M13 | I M4 — M10
| | | | |
I \ ‘. | F ‘ j
. O -
Self -biased current | Start_up circuit % VSS Opamp

Fig. 8. Implementation of the NMOS-input operational amplifier.

TABLE II
THE SIMULATED RANDOM OFFSET EFFECT ON REFERENCE VOLTAGE

Votfset,PMOS/ Ref. voltage | Peak-to-peak
Vogtset, Nmos (mV) (mV) voltage (uV)
0/0 734.1 118 (Best)

0/25 7422 248
0/-25 7259 381
25/0 726 287
—-25/0 7421 194

2571 =25 717.8 570 (Worst)
251725 734.1 139
—251/25 750.3 379
-25/-=-25 734.0 221

and the common-centroid layout technique is again widely
used for the critical transistors and BJTs. Unit resistors are used
to ensure an accurate ratio of the resistors, even though the
resistor may have a maximum +20-30% variation, as listed
in Table I. Table II presents the simulated offset effects on the
reference voltage, where Fig. 6 shows two offset voltages for
the simulation. The worst case shows the peak-to-peak voltage
of 570 11V (4.96 ppm/°C), which is still a good result. We can
see that the offset also causes a shift in the reference voltages
from 717.8 mV to 750.3 mV (32.5 mV). This shift of 32.5
mV may explain the voltage shifts in the measurement results
(shown later in Fig. 13). The offset can be further reduced by
using large size transistors at the cost of large silicon area. Since
the matching property depends on the inverse of the square root
of the area [14], the tradeoff between the smaller offset voltage
and the larger chip size should be considered.



668 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—I: REGULAR PAPERS, VOL. 62, NO. 3, MARCH 2015

9.4598

9.4595

I,,,=13nA

PPO

]'REFI (I’LA)
1 ="1.7T0A

Tppry (HA)
I,p, =6.5nA

I'REF1+IREF2 W A)
) .
I,p; =1.6nA

-40 -20 0 20 40 60 80 100 120
Temperature (°C )

Fig. 9. Simulated proposed BGR circuit in the varying temperature from
—40 °C to 120 °C with a supply voltage of 1.2 V and a typical CMOS process.

IV. SIMULATION AND MEASUREMENT RESULTS

Fig. 9 presents the simulated results of the reference currents
in the proposed BGR circuit. The temperature dependence of
the resistors is not considered in this analysis, which uses ideal
resistors, since all resistors in the proposed BGR circuit are the
same type, and the variations in the two resistors are the ratio in
the numerator and denominator, as presented in (26). Reference
current Ippr is approximately 9.46 pA and its peak-to-peak
current Ippq is 1.3 nA (1 ppm/°C) over a wide temperature
range of —40 to 120 °C. In BGR core A, passing a current-
mirror circuit gives the reference current, I, 5y, a well bal-
anced curvature-up characteristic. It is approximately 9.59 uA,
and its peak-to-peak current Ippy is 7.7 nA. In BGR core B,
using the conventional structure, the reference current, Ig gz,
has a well balanced curvature-down characteristic. It is around
9.34 piA, and its peak-to-peak current Ipp2 is 6.5 nA. The half
summing current, (I, + IrEF2)/2, shows the same current
level as the proposed reference current Iz, and it also shows
similar curvature characteristics to Izgr. However, the ideal
current summing shows a peak-to-peak current of 1.6 nA, since
a difference exists between the real current summing circuit and
the ideal current summing. We can see that the proposed curva-
ture-compensated technique increases by approximately 5 to 6
times for the precision of reference currents compared with the
BGR cores A and B.

Fig. 10 shows the chip micrograph and the layout of the pro-
posed BGR circuit, which is fabricated in a standard 0.13-pm
CMOS process and the total chip size is approximately 0.063
mm? (275 pm x 230 um). The package is a 64-pin thin-quad-
flat-pack (TQFP). In order to reduce the process mismatch ef-
fect, the common-centroid technique is used for the layout of
BITs and the active MOS transistors, where 1 BIT of Q1 is sym-
metrically surrounded by the 8 BJTs of QO0, and 1 BJT of Q3
is symmetrically surrounded by the 8 BJTs of Q2. In addition,
extra dummy BJTs and MOS transistors are adopted to achieve
better matching for BJTs and the active MOS transistors.

Since the BGR circuit is highly sensitive to the CMOS
process, the variation in resistance may significantly affect
the accuracy of the output reference voltage. In general, a
trimming circuit is required to obtain the best results; however,

Fig. 10. The chip micrograph and layout of the proposed BGR circuit
(275 pm x 230 pm).
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Fig. 11. Measured reference voltage versus supply voltage at room tempera-

ture.

this significantly increases the circuit complexity, the chip area,
and the cost. This study does not use any trimming circuits
and the unit resistance of R,, around 9.67 k2, is chosen for
better matching to achieve higher precision, as mentioned in
Table I. RO and R4 have the same resistances of 14.51 kQ
(9.67 k2 +9.67 k2||9.67 k) and all resistors are generated by
series connection and parallel connection of the unit resistors.

Fig. 11 demonstrates the measured reference voltages of 3
samples versus the power supply voltage at room temperature.
We can see that the BGR circuit can properly operate when the
supply voltage is higher than 1 V. Fig. 12 presents the mea-
sured reference voltages as a function of temperature at different
supply voltages. In the temperature range of —40to 120 °C, TCs
are 4.2 ppm/°C at the supply voltage of 1.2 'V, 9.5 ppm/°C at the
supply voltage of 1.15 V, and 9.3 ppm/°C at the supply voltage
of 1.25 V.
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Fig. 13 shows the measured temperature dependence of the
proposed reference voltages for 8 random samples at the supply
voltage of 1.2 V. All samples show stable reference voltages
versus temperature from 717 mV to 743 mV. The random off-
sets would be the major source of voltage shift, as was simu-
lated in Table II. Table III summarizes the performances, where
a TC as low as 4.2-ppm/°C is achieved with an approximately
500-1.V peak-to-peak voltage. Without any trimming circuits,
the proposed BGR circuit from 8 random samples shows an
average TC of 9.3 ppm/°C, which is an extremely efficient
value. In addition, we can see that most of the samples have
TCs around 8 ppm/°C.

The measured results show larger voltage variations than the
simulated results, since the BGR circuit is an extremely sensi-
tive block. As discussed in previous parts, many error sources
exist, such as random offset, mismatch between BJTs, mismatch
of current mirrors, and mismatch among resistors. All of these
can impact the accuracy of the reference voltage. In addition,
there are random noise sources (flicker noise, thermal noise,
and other surrounding noise), and they also cause error in the
reference voltage [21], [22]. The measured errors (the differ-
ence between the reference voltage and the average reference
voltage) over time for three samples are shown in Fig. 14. The

TABLE III
MEASUREMENT OF 8 DIFFERENT SAMPLES FROM —40 TO 120 °C AT SUPPLY
VOLTAGE OF 1.2 V

Sample | TC without trimming (ppm/°C)
1 10.1

42

8.1

15.4

6.2

79

17.4

4.8
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Fig. 14. Measured output reference voltage over time at room temperature.

average peak-to-peak noise is approximately 200 ¢V, which is
much smaller than the best measured peak-to-peak voltage of
approximately 500 iV (4.2 ppm/°C) and the average measured
peak-to-peak voltage of approximately 1100 1V (9.3 ppm/°C).

In frequencies of 100 Hz to 100 kHz, the proposed BGR cir-
cuit without any trimming blocks shows a measured PSRR of
—30 dB. Table IV shows a comparison with the results from
other studies, and we can see that the present study (without the
trimming circuits) obtains the best average TC of 9.3 ppm/°C
and a TC as low as 4.2 ppm/°C due to the proposed efficient
compensation technique. Compared to the circuit in [5], the pro-
posed BGR circuit consumes more current because of the feed-
back loop components. The two opamps use more current in
order to increase the loop bandwidth for the improved high-fre-
quency PSRR. By using more current for the opamps, the pro-
posed BGR circuit achieves a PSRR of —30 dB at 100 kHz,
while the PSRR in [5] is —25.5 dB.

V. CONCLUSION

A high-precision BGR circuit with a low supply voltage is
presented in this study. The proposed curvature-up technique
and the conventional structure with curvature-down character-
istic are used to achieve a high-accuracy reference voltages. The
proposed BGR circuit without any trimming circuits shows a
measured TC as low as 4.2 ppm/°C over a wide temperature
range of 160 °C (—40 ~ 120 °C) at a power supply voltage
of 1.2 V. For 8 random samples, the average TC is approxi-
mately 9.3 ppm/°C, which is the best performance compared
with other published results. The total current is approximately
120 pA at the room temperature. A measured PSRR of —30
dB is achieved at a frequency range from 100 Hz to 100 kHz.
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TABLE IV
COMPARISON WITH OTHER PUBLISHED RESULTS

[ Parameter [ This work | Ref[1] [2011] [ Ref.[2] [2012] [ Ref.[5] [2006] | Ref.[10] [2014] [ Ref.[18] [2013] ]
Supply Voltage (V) 1.2 1.2 2.5 1.0 1.2 0.7/1.2
Current Consumption (uA) 120 40 38 50 36 52.5/100 (nW)
Ref. Voltage (mV) 735 487.6 617.7 540 767 548/1090
Temp. Range (°C) —40~120 —40~110 —15~150 0~100 —40~110 —40~120

Simulated TC (ppm/°C) 1.0 — — 7.5 — —
Best TC (ppm/°C) 42 8.9 39 13.4 11.5 -
(untrimmed)
Average TC (ppm/°C) 9.3 11.8 15.6 134 15.9 114/147
(untrimmed)
Number of samples 8 5 1 8 9
PSRR (dB) -30 —16 —255 -37 —56/—62
@100kHz @100kHz @10kHz @100kHz @100Hz/100Hz
Chip Area (mm?) 0.063 0.1 0.11 0.036 0.025/0.03
CMOS Process (f4m) 0.13 0.5 0.25 0.18 0.18

The total chip size is approximately 0.063 mm? in a standard
0.13-pm CMOS process.
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