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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/°’C. 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 pm CMOS process, and the measurements
agree our design.
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L 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 temperature-
compensated 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/C.
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
um CMOS process. Measurement results show the reference is
of good temperature characteristics, high PSR and low power
consumption.

Section II describes 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 Iy 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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Figure 2. Schematic of the voltage reference proposed by this paper
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Assume Vg, is the threshold voltage of the bipolar Q;, and
Veni 18 the actual voltage difference between the emitter and
base of Q; From the core of the bandgap reference and
secondary compensation circuit in Fig. 2 we can conclude
that:

PRINCIPLE OF TEMPERATURE COMPENSATION

ng =I/cbl+]PTAT(2R1+2RZ+R3)+]NLR1 (1)
_V:InN
PTAT —

% @)

Since Q1 works in the saturation region,
Veor = Vot €)

From [13], we have
Vo=V
Vi =V 4TX 2280 4 (g )V, In()

% L (4)

Vento 18 the threshold voltage of transistor Q; at the
temperature of 7T,; V, is the bandgap voltage at the
temperature of 7.

By setting an appropriate value of R;~R,, we can make
VioInN(2R+2Ry+R5)/Rs=Vgo-Venio»  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.

Veps can be expressed as

R6

V fRG
== [y 4] (2R, +R)|——

eb3 R +R [ ebl PTAT( 2 3)] R6 +R7 (5)
Since Q; and Q; are identical, we can suppose Vey,; and

6
Veon1 are equal (in fact, due to the different emitter currents,
there is tiny difference). Therefore, V.3 can be rewritten as

7

R
Vers :[Vebn3 +Lprar (2R, +R3)] :
R+ R, (6)
Equation (6) can then be rearranged into
R RV,
Vs =Vesns = Lorar (2R, + Ry) T
R+R, R +R ™

Since Vs is inversely proportional to temperature, from
equation (7) we know Veps-Vepns 1 proportional to temperature.
When lprat(2Ro+R3)R¢>R7Vepn3, Inv 18 produced and Iy is also
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in proportion to temperature. Iy is used to compensate the
bandgap reference in high temperature. Iy can be described as
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Figure 3. (a)Temperature curve of V4, after 1st-order compensation (b)
Temperature curves of Iy and V4, after secondary compensation

Iy =eu(T-T,) )

T, represents the temperature when Ve;=Vepns, and € is the
slope of Iyt.

The simulation results of Iy, and the bandgap reference Vy,
after secondary compensation are shown in Fig. 3(b). Thus the
temperature coefficient of bandgap reference has been
improved from 13 ppm/°C to 8.6 ppm/C after secondary
compensation.

Fig. 4(a) and (b) are the internal structure of Ampl and
Amp?2 respectively.

(a)

Figure 4. (a) Schematic of Amp! (b) Schematic of Amp2

Iv.

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

CACULATION OF PSR

v
PSR1=—"¢ ©
vdd
£ 10
PSR2=V—g (10)

reg
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
PSR = PSR1*PSR2 (11)
Since Q4 and My, constitute an emitter follower, the gain
from Vy to Vi, equals to 1. Therefore, V/V,=PSR2. To
calculate PSR2, we redraw the block diagram of Loop 2 in Fig.
5(a). Assume H is the gain from V;, to Vi, and A¢, is the
loop gain of Loop 2. The transfer function can be written as
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Figure 5. (a) Block diagram of Loop 2 (b) Block diagram of Loop 1
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1+ A4, (12)
Loop 2 has three stages: the first stage of Amp2, the

second stage of Amp2 and the emitter follower. Assume the

gain from V., to the output of stage i is A4y, While the open

loop gain of stage i is 4;, and H is shown as
H=A,, A4, + Ay, 4, + 4

dd1 dd2

|4
PSR2 =t —
V

reg

dd3

(13)

While A, is shown as
Ay :(ﬁl_ﬂz)AlAZAS (14)
Loop 2 has two feedback branches, and £, and p, are the
feedback factors of the two.
AsSuming guias=ipias/ Vg, from [14] we have
1+g,0R,

(H'ngRb_ j[ 7” +Rb)]
8 (15)

In this equation, gy;,s represents the supply rejection of the
bias, Ry is the resistor in the bias (Fig. 2), and g, is the
transconductance of MOS transistor M;. In the following
article, gmo; stands for the transconductance of the bipolar
transistor Q,. Therefore,

& bias

m9

m8

) 1 X
Addl — gbmsgmal [’;)33 ” Jz gblasgmal
28,, Emas 28,78 s (16)
EbiasEma
Ay = Spmome ( T |l m)
8rias&n 1 8rias &
Ay = u[”azo [ _J ~ Stwonil
m7 gon En718m4 (18)
A;can be written as
4 :gma3(roa4 Hroa()) (19)
4,=80 (Voaz I roa7) (20)
4 =~1 1)
We can also write f; and f, as
R, + !
g/}‘l
IBI = =
2(R+R,)+R,+R, +
8nq2 (22)
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With equation (12~21), PSR2 can be written as
gbias[ Emal " gmaZJ
PSR2 ~£~ AddlA A +Add2A 2gma5 gma7
Ac, (ﬂl ﬂz)AlAzAz gm7gma3(ﬂl _ﬂz)( Vo |I7; oao)

(24)

To calculate PSR1, we redraw the block diagram of Loop
1 in Fig. 5(b). Aqq4 is the gain of My4. Ay is the gain from Vi,
to V,. Ac, is the loop gain of Loop 1. From [8], we have

g iasgm gm
A = |:gml7 _bmlg:| g ( Ll 019)chg (25)
Enr8mi1
R, is the output resistance of V... 444 can be written as
r
Ay =&mal| 1- 1 o2 Rreg
—
Emz (26)
To simplify expression, we note
E=
Vdd (27)
Thus
V.
é: - —= L =PSR1- Ablas
Vdd vdd 7, (28)
Ayias can be written as
A, = " EhiasEm108mi2
En18m1&mi3 (29)
Calculate PSR1
PSR1=—"¢ = (l_f)Add ~ (l_g)Add
vdd 1+ 4., A,
_ (1- §)gm7gm]]gml4 (30)
gmlS (1+gmn 012)( T |l 019)
1
X
(gm7gmllgml7 _gbiasgmlogml9)
Note
_ En18m18mia x 1
Emis (1 + 8uistonz )( Toir 170 ) (gm7gmllgml7 ~ bias8m108m1o )
(31
From equation (31) we know n<<I, and

According to equation (28) and (32), PSRI can be
rewritten as
_n
1+n4

bias

PSRI= n
(33)
With equation (11)(24)(31)(33), we can conclude the

power supply rejection of the reference



Table 1. Comparison between this work and others

Paper|[2] Paper [3] Paper [5] This work
process 0.25um CMOS 0.6um CMOS 0.18um CMOS 0.35um CMOS
area 0.108 mm* 0.136 mm* 0.186 mm’ 0.248 mm’
Power consumption 50 pA <20 pA 43 pA 23 pA
Operating voltage =09V 1.5-2v =09V 22V~55V
Output voltage 536 mV 12525V 657 mV 1210V
Operating temperature range 0~100 C 0~100 C 0~150 C -25~120 C
Temperature coefficient 13.4 ppm/°C 15.2 ppm/°C 10~40 ppm/C 10~30 ppm/C
PSR -25.5 dB@10kHz -70 dB@dc -55 dB@dc -120 dB@dc
-42 dBB@10 MHz -80 dB@10 kHz
Sensitive to resistive load yes yes yes no
PSR = PSR1* PSR2 performance, good temperature characteristics and low power
consumption. In order to save one mask, high resistive resistor
Liias&m11&mia [2g"”‘+g"“2j (34) is not used in our design, so the area of this chip is larger than
= Enas S others.
Zos&uas (B = Bo) (1aa | 7106 ) (14 85731

1

(gm7gml]gml7 _gbiasgmmgmm)(';m | ”019)

In the traditional Kujik bandgap reference, the PSR of the
reference is only PSR2. However, here a pre-regulator has
been introduced which can improve the PSR from PSR2 to
PSR1*PSR2. Fig. 6 shows the simulation curves of PSR1 and
PSR.
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Figure 6. Simulation curve of PSR1 and PSR

V. MEASUREMENTTS AND COMPARISON

The voltage reference is designed with TSMC 0.35um
CMOS process. Fig. 7 shows the photograph of this chip.
Measurements show that the reference has a best temperature
coefficient of only 10 ppm/°C, the PSR is -120 dB@dc and -
80 dB@10 kHz, and the whole consumption is only 23 pA.
Table 1 shows the comparison between this work and other
papers. From the comparison, we can see that the voltage
reference proposed by this paper is of excellent PSR

Figure 7. Photograph of the chip
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