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Abstract: A high precision high-order curvature-compensated bandgap reference compatible with the standard Bi-
CMOS process, which uses a simple structure to realize a novel exponential curvature compensation in lower temper-
ature ranges, and a piecewise curvature correction in higher temperature ranges, is presented. Experiment results of
the proposed bandgap reference implemented with a 0.6-um BCD process demonstrate that a temperature coefficient
of 2.9 ppm/°C is realized at a 3.6-V power supply, a power supply rejection ratio of 85 dB is achieved, and the line
regulation is better than 0.318 mV/V for 2.2-5 V supply voltage dissipating a maximum supply current of 45 nA. The
active area of the presented bandgap reference is 260 x 240 pum?.
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1. Introduction

Precision bandgap references play an important role in
many applications ranging from purely analog, mixed-mode
to purely digital circuits, such as A/D converters, DRAMS,
power converters and flash memory controlling circuits for
their high accuracy and temperature independencel' 3!, The
reference voltage is required to be stabilized over the supply
voltage and temperature variations, and also to be implemented
without modification of the fabrication process!!.

The traditional bandgap reference circuit is first-order tem-
perature compensated. It is a weighted sum of negative TC
voltage Vg, and positive TC voltage Vr which is the thermal
voltage kT /q. With regard to the nonlinearity of the voltage
VgE, the TC of first-order temperature compensated references
is always limited between 20 and 100 ppm/°CBE~¢). In order
to overcome the limitation, many high-order temperature com-
pensation approaches have been developed, such as quadratic
temperature compensation proposed by Song et al.l”), expo-
nential temperature compensation developed by Lee et al.l],
piecewise-linear curvature correction presented by Rincon-
Mora et al.!*8], and temperature dependent resistor ratio with
high resistive poly resistor and a diffusion resistor by Leung et
al.21. Although the temperature stability of the bandgap refer-
ences have been improved with those techniques, it increases
the requirements of precise matching of current mirror, pre-
regulated supply voltage, or high resistive resistance.

In order to attain low TC in a full temperature range, a
novel curvature compensation technique combined with expo-
nential curvature compensation and piecewise curvature com-
pensation is described in this paper. The two compensation
methods are used to improve the performance of temperature
drift in lower temperature and higher temperature respectively.
Based on the compensation technique, a high-order curvature-
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compensated with high performance BiCMOS bandgap refer-
ence is presented by a simple circuit structure in this paper. It
eliminates the impact of resistances’ temperature coefficient on
the circuit by using resistance ratios.

2. Proposed curvature compensation method

The relationship between the collector current and base-
emitter voltage Vg of npn BJTs, which are biased in the for-
ward active region, can be expressed as!%-°]

VBE(T) = VGO — mVT — (7’] - OI)VT In T, (1)

where m is temperature-independent constant, « is the order of
the temperature dependence of the collector current, Vr is the
thermal voltage, and Vg is the bangap voltage of silicon ex-
trapolated to 0 K. = 4 —n, n is the exponent of the relation-
ship between mobility in the base and temperature, 7 is always
between 3 and 4 with the most representative value 3.45[10].
From Eq. (1), the V1InT term demonstrates the high-order non-
linearity of Vg, when it is expanded in Taylor series at T, it
can be represented by

k 1 1
VilnT = 5[(T ~T)+ (T =T) = (T =T’
+ 1/12x (T = T))*]. )

First-order temperature compensation involves the cancel-
lation of the T term while high-order temperature compensa-
tion involves the cancellation of high-order 7" terms. This re-
sults in the realization that a high-order compensated bandgap
reference cannot be achieved only by conversional linear com-
pensation.

The method of proposed curvature compensated bandgap
reference core is shown in Fig. 1. All the resistances are made
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Fig. 1. Schematic of proposed bandgap reference core.

by the same material. For the convenience of description, the
TC of the resistances is ignored temporarily, and the influence
of the resistances’ temperature coefficient on the bandgap ref-
erence will be considered at the end of the analysis. The left part
of the proposed bandgap reference is similar to a conventional
first-order temperature compensated reference. Similarly, the
voltage of node E is a first-order temperature compensated ref-
erence, Vg = Vggs + 11;_; Vrln N, and the voltage of node C is

a PTAT voltage, V¢ = g—; ViinN.

In this way, the BJT Q10 is turned off in the lower tem-
perature range, where the voltage of node C is smaller than the
turn-on voltage of Q10. The output voltage Vggr in the lower
temperature range can be given by

(Rs+ Rs)InN Vrp
R; B(T)

where the term 2(R5 + Rg) VrInN/R, B(T) is the voltage drop
at Rs and Rg due to the base currents of Q4 and Q5, and it
makes a nonlinear curvature compensation voltage. The tem-
perature dependency of 8(T') is an exponential function of tem-
perature, and an inverse exponential function of the emitter
doping level? =131 1t can be expressed as!!3!

R
Vrer = VBEs + R—SVT InN +2 3)
2

AEg
T)= — , 4
B = proenp (-7 @
where A Eg is the bandgap narrowing factor of emitter propor-
tional to the emitter doping level, and k is the Boltzmann’s con-
stant. Combining Eqgs. (3) and (4), the curvature-compensated
bandgap reference can be generated as

R; (Rs + Rg)InN AEg

Vrer = W —VrnN +2——mFF—— .
REF BEs + R, TInN + RaPos T €Xp T

(5)

The high-order curvature-compensation term 2(R; +
Re) Vrexp(Eg/kT)InN/R, B~ expanded in Taylor series at 7
can be derived as

2(R5 + R6) 1IlNV e AEG
_— X
RoRe TP T
=ao+ai(T —T)* —ax(T - T,)* + a3(T — T))*, (6)

where ag, a1, az, and as are temperature-independent con-
stants. Considered with Egs. (1), (2), (5), and (6), the curvature-
compensation term behaves as a somewhat complicated func-
tion of temperature since the term to cancel the curvature of
Vg has many higher order terms in itself. By properly setting
the resistance ratios of R3/R, and (R5 4+ Rg)/R;, the TC of
the proposed bandgap reference can be optimized.

In the higher temperature range, the negative TC of volt-
age Vpg increases greatly, and that can result in the output
voltage Vrgr decreasing with temperature. For the sake of im-
proving the performance of temperature drift in higher temper-
ature range further, a piecewise curvature correction is realized
trough R4, Re and Q10. The turn-on voltage of Q10 decreases
with the temperature rising because of the characteristic of Vg,
and the voltage of node C increases with temperature rising.
The Q10 is turned on at the temperature where the voltage of
node C is larger than the turn-on voltage of Q10, viz. Vgg19(71)
=(R3/R3)VriInN. According to Fig. 1, the output voltage Virgr
in higher temperature range can be given by

R3 (Rs + R6) InN AEG
Vrer = Vi —VrInN +2—————VW;
REF BEs + R, TIn N + RaPos T €Xp T
Re ( R3
—| —VrInN — V] .
+ R4(R2 TIn BEIO)
(7

As a result, an additional positive TC term is added to the
bandgap reference for alleviating the increased negative TC of
VBE.

The output voltage of proposed bandgap reference can be
described by

AEg
Vees + K1Vr + KaVrexp ——,

T < T,
kT !
— AE
f(X) VBES + K1 VT + KzVT exp kTG
=+ K3(K4VT InN — VBEIO)a T = Tl’

®)
where K] = R31HN/R2, K2 = 2(R5 + RG)II‘IN/R2ﬂOO,
K3 = R¢/R4, K4 = R3/R;. By properly adjusting the param-
eters in Eq. (8), the TC of the proposed bandgap reference can
be optimized. Thereby, the high-order curvature-compensated
bandgap reference circuit is realized by a simple structure with-
out many additional circuits shown in Fig. 1, and the TC of
the output voltage is zero at some temperatures. The presented
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Fig. 2. Complete schematic of the proposed bandgap voltage reference.

Fig. 3. Layout of the proposed bandgap reference.

bandgap voltage reference can maintain a low temperature drift
in the full temperature range. Equation (8) indicates that all the
resistances used in the circuit appear in the form of resistances
ratios. Therefore, the temperature coefficient of the resistances
has no influence on the reference output voltage by using the
same type resistances.

BJTs Q7, Q9, and resistances Rs, Rg form a negative feed-
back loop to improve the performance of the proposed bandgap
reference. Q7 is used to improve the output resistance at node
A, and the capacitance C; is added at node A to determine
the dominant pole of the feedback loop for stability. The loop
transfer function can be described as

1.2162
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AE 1.2154
1.2152

1.2150

1.2148 L L L L L
-20 0 20 40 60 80

Temperature (°C)

1
100 120

Fig. 4. Measured temperature dependence of the proposed bandgap
voltage reference.
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3. Circuit realization

The implementation of the overall circuit is illustrated in
Fig. 2. The full temperature-range curvature compensation
method is realized as the same as that shown in Fig. 1. BJT
Q6 is used to compensate the base current of Q7, and make
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Table 1. Comparison of simulation and measurement performances.

Parameter Simulated results  Measured results
Supply current (LA) 38 (max) 45 (max)

VREF (V) 1.2276 1.2155

TC (ppm/°C) 1.3-2.3 2953

Line regulation (mV/V)  0.034 0.318

PSRR @ DC (dB) —95 -85

the voltages of nodes A and B equal. So the error of current
mirror formed by transistors MP11 and MP12 is almost zero,
the currents /; and I, are equal. The current /4 is used to form
the bias current shown in Fig. 1. The branch composed with
transistors MP10 and MNI acts as a current balancing path to
guarantee that current in transistor MP5 has no influence on
the current /; and /5. The capacitance C, is used to filter some
disturbance signals, and stabilize the bandgap reference output
voltage.

The start-up circuit of the proposed bandgap voltage ref-
erence comprises of MP1, MP§, MP9, QI1, Q2, and Q8. As
the voltage of node C is low at the beginning of start-up pro-
cess, Q2 and QS8 turn on, and there will be current following
into nodes C, F, and G. Therefore, the bandgap reference is
driven towards the desired stable state. The start-up circuit can
be turned off without any influence on the normal operation of
the proposed bandgap reference, when the voltage of node C
excesses some amount.

4. Experimental results and discussion

The proposed bandgap reference shown in Fig. 2 has been
implemented in 0.6-pum BCD technology with minimum emit-
ter size of 2 x 2 um?. 5 x 5 um? pnp transistor and npn tran-
sistor, which are 6.25 times as large as the minimum transistor,
were used as unit transistors to increase matching properties.
The Vryn and | Vrgp| of this process is about 0.665 V, 0.806
V at 0 °C respectively. The layout of the proposed bandgap
reference is shown in Fig. 3, and the active area is 260 x 240
um?. The temperature dependence of the reference voltage is
illustrated in Fig. 4. The output voltage Virgr of the proposed
bandgap reference has a deviation of 0.041% with temperature
ranging from —20 to 120 °C at 3.6-V power supply. The tem-
perature coefficient is 2.9 ppm/°C at 3.6 V and the maximum
temperature coefficient is 5.3 ppm/°C with power supply rang-
ing from 2.2 to 5 V. It should be noted that there is only a small
change on the reference voltage. This is due to the advanced
compensation technology presented in this paper.

The measured supply dependence at —20, 30, and 120 °C is
shown in Fig. 5. The output voltage deviation of the proposed
bandgap reference is within 1.2 mV when the power supply
voltage changes from 2.2 to 5 V, and the line regulation is less
than 0.318 mV/V in the temperature range of —20 to 120 °C.
This profit from the well-matched current branches ensured by
the two branches composed with Q6 and Q7, and the high gain
of feedback loop. What’s more, the transistor MP5 works as
a pre-regulator to stable the voltage of node G to enhance the
stability of the proposed bandgap reference.

The simulation and measurement performances are com-
pared in Table 1. The difference between the mean values of
reference voltage is mainly due to the bipolar transistor model
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Fig. 5. Measured supply voltage dependence of the proposed bandgap
voltage reference at different temperatures.

provided by the foundry. Table 2 summarizes a brief compari-
son on the results of proposed bandgap reference and the other
voltage references reported in literature to show the improve-
ments from the proposed structure.

5. Conclusion

Based on full temperature-range curvature compensation,
a high precision high order curvature compensated CMOS
bandgap voltage reference has been proposed and implemented
with standard 0.6-um BCD technology. Utilizing compensa-
tion items combined with exponential curvature compensa-
tion and piecewise curvature compensation to compensate the
high order TC of Vg, a high-order curvature-compensated Bi-
CMOS bandgap voltage reference dissipating a maximum sup-
ply current of 45 pA is presented by the artful use of simple
circuit structures. With the improvement mentioned above, the
temperature coefficient of the proposed circuit is 2.9 ppm/°C
over the temperature range from —20 to 120 °C at 3.6-V power
supply. The output reference voltage achieves 85-dB PSRR
with a 3.6-V power supply at room temperature, and exhibits a
line regulation better than 0.318 mV/V. The additional circuitry
required for this correction is compact and is easily imple-
mented. The architecture also lends itself to versatile trimming
procedures. The proposed bandgap reference is well suited for
many mixed signal systems for its high precision and high per-
formance.
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