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Abstract—A novel voltage reference based on Kujik [1] bandgap
is proposed in this paper. An extra amplifier and bipolar are
used to produce a current of positive temperature coefficient,
which is for compensating the Kujik bandgap reference in high
temperature. The reference finally has a temperature coefficient
of only 10 ppm/℃. A negative feedback loop is introduced to
provide a pre-regulated power supply for the voltage reference,
which has increased the power supply rejection (PSR) of the
voltage reference to -120 dB@dc. The circuit has been designed
with TSMC 0.35 μm CMOS process, and the measurements
agree our design.
Keywords- voltage reference; Kujik bandgap; PSR; secondary
temperature compensation

I.

INTRODUCTION

At present high-performance ADC, DAC and power
management chips need voltage references independent of
temperature and supply. In order to improve the temperature
characteristics of the voltage reference, many temperaturecompensated voltage references [2-8] are proposed. In
addition, to reduce the ripple sensitivity of the voltage
reference, the research of high power supply rejection (PSR)
[9-11] voltage reference is also a hotspot.
As the bandgap reference has a very good temperature
characteristic, more and more voltage references are based on
it. Reference [2] uses the PNP transistor and NPN transistor to
introduce two currents of different temperature coefficients,
which are used to produce a voltage reference of low
temperature drift. With the simultaneous use of the NPN and
PNP transistors, it sets higher requirements for process, and
this structure does not possess a high PSR feature. Voltage
reference in [11] is of high PSR performance but does not
have a secondary temperature compensation, also large power
consumption is needed. Besides, voltage references in [2-11]
are all based on Gray structure, the basic structure and the
improved one of which are shown in Fig. 1(a) and Fig. 1(b),
respectively. The disadvantage of these bandgaps is that an
external resistive load would affect the output of the reference
and its temperature characteristics. One solution is to add an
output buffer. However, because of the limitation of the
buffer, it’s difficult for the reference to get a high PSR.
Another bandgap reference is Kujik structure [1], shown in
Fig. 1(c). It is not sensitive to resistive load, and because
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Figure 1. (a)Original Gray bandgap (b) Improved Gray bandgap (c)
Kujik bandgap

the output of the reference is located in a negative feedback
loop, this structure is suitable for the design of the reference of
high PSR. However, it is hard for Kujik bandgap to introduce
a current for secondary temperature compensation in standard
CMOS technology, thus traditional Kujik bandgap has a poor
temperature characteristic, normally larger than 20 ppm/℃.
Voltage reference presented in this paper is based on Kujik
bandgap and a novel secondary temperature compensation
idea is introduced. The reference is designed with TSMC 0.35
μm CMOS process. Measurement results show the reference is
of good temperature characteristics, high PSR and low power
consumption.
Section Ⅱdescribes the structure of the voltage reference
proposed in this paper. Section Ⅲ introduces a novel method
of secondary temperature compensation and the related
calculation is illustrated. In section Ⅳ the PSR of the
reference is quantized. Section Ⅴ is measurement results and
a comparison between this work and other papers is
remarked.
II.

STRUCTURE OF THE VOLTAGE REFERENCE

The voltage reference presented in this paper is shown in
Fig. 2, it includes bias, pre-regulator, bandgap core, secondary
compensation and start-up. The core circuit is a typical Kujik
bandgap reference; secondary temperature compensation
circuit is composed of an op-amp and a bipolar transistor and
the current INL with positive temperature coefficient is
produced. Pre-regulator circuit provides a pre-regulated power
supply for other sub-circuits, which increases the PSR of the
system.
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in proportion to temperature. INL is used to compensate the
bandgap reference in high temperature. INL can be described as

Figure 3. (a)Temperature curve of Vbg after 1st-order compensation (b)
Temperature curves of INL and Vbg after secondary compensation

I NL = ε u (T − Ton )

(8)
Ton represents the temperature when Veb3=Vebn3, and ε is the
slope of INL.
The simulation results of INL and the bandgap reference Vbg
after secondary compensation are shown in Fig. 3(b). Thus the
temperature coefficient of bandgap reference has been
improved from 13 ppm/ ℃ to 8.6 ppm/ ℃ after secondary
compensation.
Fig. 4(a) and (b) are the internal structure of Amp1 and
Amp2 respectively.

Figure 2. Schematic of the voltage reference proposed by this paper

III.

PRINCIPLE OF TEMPERATURE COMPENSATION

Assume Vebni is the threshold voltage of the bipolar Qi, and
Vebi is the actual voltage difference between the emitter and
base of Qi. From the core of the bandgap reference and
secondary compensation circuit in Fig. 2 we can conclude
that:
Vbg = Veb1 + I PTAT (2 R1 + 2 R2 + R3 ) + I NL R1
(1)
VT ln N
I PTAT =
R4
(2)
Since Q1 works in the saturation region,
Veb1 = Vebn1
From [13], we have
Vebn1o − Vgo
T
Veb1 = Vgo + T ×
+ (α − γ )VT ln( )
To
To

reg
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(3)
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Vebn1o is the threshold voltage of transistor Q1 at the
temperature of To; Vgo is the bandgap voltage at the
temperature of To.
By setting an appropriate value of R1~R4, we can make
VTolnN(2R1+2R2+R3)/R4=Vgo-Vebn1o,
then
the
bandgap
reference obtains a first-order temperature compensation. Fig.
3(a) shows the simulation curve of bandgap reference vs
temperature after first-order temperature compensation.
Veb3 can be expressed as
V R
R6
Veb3 = ref 6 = [Veb1 + I PTAT (2 R2 + R3 )]
R6 + R7
R6 + R7
(5)
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Figure 4. (a) Schematic of Amp1 (b) Schematic of Amp2

IV.

CACULATION OF PSR

There are two negative feedback loops in the voltage
reference: Loop 1 in the pre-regulator and Loop 2 in the
bandgap core (Fig. 2). To calculate PSR of the voltage
reference, we assume
V
(9)
PSR1 = reg
Vdd
V
(10)
PSR 2 = bg
Vreg
PSR1 represents the supply rejection of the pre-regulator
and PSR2 represents the supply rejection of the bandgap core.
So the PSR of the voltage reference can be written as
(11)
PSR = PSR1*PSR 2
Since Q4 and M20 constitute an emitter follower, the gain
from Vx to Vbg equals to 1. Therefore, Vreg/Vx=PSR2. To
calculate PSR2, we redraw the block diagram of Loop 2 in Fig.
5(a). Assume H is the gain from Vreg to Vbg, and AC2 is the
loop gain of Loop 2. The transfer function can be written as

Since Q1 and Q3 are identical, we can suppose Vebn3 and
Vebn1 are equal (in fact, due to the different emitter currents,
there is tiny difference). Therefore, Veb3 can be rewritten as
R6
Veb 3 = [Vebn3 + I PTAT (2 R2 + R3 ) ]
R6 + R7
(6)
Equation (6) can then be rearranged into
R6
RV
Veb 3 − Vebn 3 = I PTAT (2 R2 + R3 )
− 7 ebn 3
R6 + R7 R6 + R7

(7)
Since Vebn3 is inversely proportional to temperature, from
equation (7) we know Veb3-Vebn3 is proportional to temperature.
When IPTAT(2R2+R3)R6>R7Vebn3, INL is produced and INL is also
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β2 =

1
g mQ1
2 ( R1 + R2 ) + R3 +

1
g mQ1

(23)

With equation (12~21), PSR2 can be written as
⎛ g
g ⎞
g bias ⎜ ma1 + ma2 ⎟
2
g
g
Add1 A2 A3 + Add2 A3
H
ma7 ⎠
⎝ ma5
≈
=
PSR2 ≈
AC2 ( β1 − β 2 ) A1 A2 A3 g m 7 g ma3 ( β1 − β 2 )( roa4 || roa6 )
(24)
To calculate PSR1, we redraw the block diagram of Loop
1 in Fig. 5(b). Add is the gain of M14. Abias is the gain from Vreg
to Vz. AC1 is the loop gain of Loop 1. From [8], we have
⎡
g g g ⎤
(25)
AC1 = ⎢ g m17 − bias m10 m19 ⎥ g m18 × ( ro17 || ro19 ) Rreg
g m 7 g m11 ⎦
⎣
Rreg is the output resistance of Vreg. Add can be written as
⎛
⎞
⎜
⎟
ro12
⎟ Rreg
Add = g m14 ⎜1 −
1
⎜
⎟
+
r
o
12
⎜
⎟
g m13
⎝
⎠
(26)
To simplify expression, we note
V
ξ= z
Vdd
(27)
Thus
V
V
V
ξ = z = reg × z = PSR1⋅ Abias
Vdd Vdd Vreg
(28)
Abias can be written as
−g g g
Abias = bias m10 m12
g m 7 g m11 g m13
(29)

Figure 5. (a) Block diagram of Loop 2 (b) Block diagram of Loop 1

PSR2 =

Vbg
Vreg

=

H
1 + AC2

(12)
Loop 2 has three stages: the first stage of Amp2, the
second stage of Amp2 and the emitter follower. Assume the
gain from Vreg to the output of stage i is Addi, while the open
loop gain of stage i is Ai, and H is shown as
H = Add1 A2 A3 + Add2 A3 + Add3
(13)
While AC2 is shown as
AC 2 = ( β1 − β 2 ) A1 A2 A3

(14)
Loop 2 has two feedback branches, and β1 and β2 are the
feedback factors of the two.
Assuming gbias=ibias/Vreg, from [14] we have
1 + g m9 Rb
g bias =
⎛
gm9 ⎞
⎜ 1 + g m9 Rb −
⎟ ⎡ ro 7 || ( ro 9 + Rb ) ⎤⎦
g m8 ⎠ ⎣
⎝
(15)
In this equation, gbias represents the supply rejection of the
bias, Rb is the resistor in the bias (Fig. 2), and gmi is the
transconductance of MOS transistor Mi. In the following
article, gmQi stands for the transconductance of the bipolar
transistor Qi. Therefore,
Add1 =

g bias g ma1 ⎛
1 ⎞ g bias g ma1
⎜ roa3 ||
⎟≈
g ma5 ⎠ 2 g m 7 g ma5
2 gm7 ⎝
g g
Add2 = bias ma2 ( roa2 || roa7 )
gm7

g g ⎛
1 ⎞ g bias g m 20
Add3 = bias m 20 ⎜ ro 20 ||
⎟≈
⎜
gm7 ⎝
g mQ4 ⎟⎠ g m 7 g mQ4
Ai can be written as
A1 = g ma3 ( roa4 || roa6 )
A2 = g ma7 ( roa2 || roa7 )

=

(17)

×

(18)

η=

(19)

(1 − ξ ) Add (1 − ξ ) Add
≈
1 + AC1
AC1

(1 − ξ ) g m 7 g m11 g m14
g m18 (1 + g m13ro12 )( ro17 || ro19 )

(30)

1

( g m7 g m11 g m17 − g bias g m10 g m19 )

g m 7 g m11 g m14
1
×
g m18 (1 + g m13ro12 )( ro17 || ro19 ) ( g m 7 g m11 g m17 − g bias g m10 g m19 )

(31)
(32)
According to equation (28) and (32), PSR1 can be
rewritten as
η
PSR1 =
≈η
1 + η Abias
(33)
With equation (11)(24)(31)(33), we can conclude the
power supply rejection of the reference

g mQ2
1
g mQ2

=

From equation (31) we know η<<1, and
PSR1 = (1 − ξ )η

1

2 ( R1 + R2 ) + R3 + R4 +

Vreg
Vdd

Note

(21)

We can also write β1 and β2 as

β1 =

PSR1 =

(16)

(20)

A3 ≈ 1
R4 +

Calculate PSR1

(22)
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process
area
Power consumption
Operating voltage
Output voltage
Operating temperature range
Temperature coefficient
PSR

Table 1. Comparison between this work and others
Paper[2]
Paper [3]
Paper [5]
0.25μm CMOS
0.6μm CMOS
0.18μm CMOS
0.108 mm2
0.136 mm2
0.186 mm2
50 μA
<20 μA
43 μA
1.5-2V
≥0.9 V
≥0.9 V
536 mV
1.2525 V
657 mV
0~100 ℃
0~100 ℃
0~150 ℃
13.4 ppm/℃
15.2 ppm/℃
10~40 ppm/℃
-25.5 dB@10kHz
-70 dB@dc
-55 dB@dc
-42 dB@10 MHz

Sensitive to resistive load

yes

yes

PSR = PSR1* PSR 2
⎛ g
g ⎞
g bias gm11 g m14 ⎜ ma1 + ma2 ⎟
2
g
⎝ ma5 gma7 ⎠
=
g m18 g ma3 ( β1 − β 2 )( roa4 || roa6 )(1 + g m13ro12 )
×

no

performance, good temperature characteristics and low power
consumption. In order to save one mask, high resistive resistor
is not used in our design, so the area of this chip is larger than
others.

(34)

1
( gm7 gm11 gm17 − gbias gm10 gm19 )( ro17 || ro19 )
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