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Abstract: A piecewise curvature-corrected bandgap reference (BGR) with negative feedback is proposed. It features em-

ploying a temperature-dependent resistor ratio technique to get a piecewise corrected current, which corrects the nonlinear

temperature dependence of the first-order BGR. The piecewise corrected current generator also forms negative feedback

to improve the line regulation and power supply rejection (PSR).Measurement results show the proposed BGR achieves a

maximum temperature coefficient (TC) of 21. 2ppm/'C without trimming in the temperature range of —50~125C and a

PSR of —60dB at 2. 6V supply voltage. The line regulation is 0. 8mV/V in the supply range of 2. 6~5. 6 V. It is successfully

implemented in an SMIC 0. 35,m 5V n-well digital CMOS process with the effective chip area of 0. 04mm® and power con-

sumption of 0. 18mW. The reference is applied in a 3,5V optical receiver trans-impedance amplifier.
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1 Introduction

Bandgap references (BGRs) are essential compo-
nents in most purely analog, mixed-signal,and digital
processing systems, and generate voltage reference
with low temperature coefficient (TC) in a large tem-
perature range (TR).To achieve this goal, many cur-
vature-corrected BGR architectures have been pro-
posed. Most of these architectures are designed in bi-
polar or BICMOS processes'!*/. BGR with low tem-
perature drift in a CMOS process is needed to achieve
low cost and to be integrated into a digital processing
system. In 1983,Song and Gray proposed a curvature-
compensation BGR in a 6pm standard digital CMOS
process, which achieves TC of 25. 6ppm/C after trim-
ming over the TR of —55~125C" . The BGR cov-
ered 3. 5mm® chip area and dissipated 12ZmW power
consumption with a * 5V supply voltage, which lim-
ites its application in integrated digital processing sys-
tems. A matched nonlinear correction (MNC) CMOS
BGR was in Ref. [5]. A TC of
16. 7ppm/C was achieved without trimming. Howev-
er the TR was only 85C, which is not suitable for
most industrial applications. Another CMOS curva-
ture-compensated BGR employing temperature-de-

introduced

pendent resistor ratio technique was presented in Ref.
[6],but little attention was paid to improving its line
regulation and PSR. A pre-regulated curvature-correc-
ted BGR with high line regulation and a TC of less
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than 20ppmC after trimming was proposed, which
generates a piecewise-linear corrected current to im-
prove its TC in a 2um MOSIS process” . The piece-
wise-linear corrected current is zero in the lower TR
and is linearly dependent on temperature in the high-
er TR, which is not effective for the correction of the
nonlinear
BGR.

temperature dependence of first-order

2 First-order BGR

Figure 1 shows the schematic of the first-order
BGR. The output voltage of the BGR consists of the
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Fig.1 Implementation of the first-order BGR
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base-emitter voltage of a bipolar transistor with a TC
of approximately —2.2mV/C and a voltage propor-
tional to the absolute temperature (PTAT). Typical-
ly,the base-emitter voltage is expressed as
Vee(T) = Vo = [ Vg — Vee(Tr)] X

TlR— vT<7,—a>1nT—TR (D
where Vg is the diode voltage at 0K, V; is the ther-
mal voltage, T is the reference temperature, and 7
and o are the temperature dependent parameters of
silicon mobility and of the collector current, respec-
tively. As shown in Eq. (1) ,the first term of Vi is in-
dependent of temperature, while the second term and
the third term are linearly and nonlinearly dependent
on temperature, respectively. A first-order BGR is a-
chieved by compensating the linear temperature de-
pendence in Eq. (1) with a PTAT voltage. The bias
voltage Vp and Vg in Fig. 1 come from a high-swing
self-biasing circuit. The AMP ensures the emitter volt-
age of Q1 and QZ is equal, the voltage difference of
base-emitter (AVyg:) for Q1 and Q2 is added across
resistor R;,which is a PTAT voltage. Then a PTAT cur-
rent through resistor R; is achieved,which is

Tprar = VITzln " (2)
1

where n =8 is the emitter area ratio between Q2 and
Q1. The PTAT current flows through R, + R;, and
the output voltage ( Vizgr) is expressed as
Vieer = Vieos + Veln(n) (R, + Ry /R, (3)
Adjusting the resistor ratio of (R, + R3)/R, ;the line-
ar temperature dependence of Vy: is compensated to
get a first-order BGR, which leaves the nonlinear
temperature dependence uncompensated. The output
voltage of the first-order BGR can be expressed as
Vier = Voo = ViGg = @ln - (4)

R
The simulated variation of Vg with temperature
is 5.5mV in the TR of — 50 ~ 125C. The TC is
22.5ppm/C ,which is typical for a first-order BGR.
In order to reduce the TC further, a curvature-
corrected BGR is necessary.

3 Proposed curvature-corrected method

3.1 Operation

The proposed curvature-corrected BGR is based
on the addition of a piecewise corrected current to the
first-order BGR, which corrects the second term in
Eq. (4.

Figure 2 illustrates the schematic of the piecewise
corrected current generator. It consists of a PTAT
current given in Eq. (2) ;a resistor R, ,and a transistor
M6. The temperature-dependent resistor ratio tech-
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Fig.2 Piecewise corrected current generator

nique in Ref.[6] is used to achieve a PTAT® voltage.
As a result,the TC of R, must be higher than that of
R, .The output voltage at node ‘A’ is given as
R, V:iinn

R,
Due to the positive TC of R,/R,.a PTAT® voltage is
achieved at the gate-source voltage of transistor M6,

VA = VDD - (5)

which is

Ve = RiValnn g (6)

R,

When Vi v is much lower than its threshold V.,
there will be no current through M6. When Vg 6 is
closing and still lower than its threshold, M6 operates
in weak inversion. But due to the strong temperature
dependence of Vg ys and nearly — 2mV/C TC of
Vi sthe TR for M6 working in weak inversion is nar-
row. So the state where M6 works in weak inversion is
neglected here. When Vg y6 is higher than its thresh-
old,the current through M6 is given as

1 . W/R,V:Inn z
Ivs = 7/1pCOX f(% _| Vlhp|) (7)

where Cox,» W,and L are independent of tempera-
ture. The temperature dependence of electron mobili-
ty is approximately expressed as ;,ocT **/. Extending
Eq. (7) with respect to temperature, we get
Ivs = AT (BT* + CT)* = AB*T* + 2ABCT + AC*
(&)
where A, B,and C are constants independent of tem-
perature. Considering the higher-order temperature
dependence and neglecting the lower one in Eq. (8),
the approximate TC of Iyscc T? is achieved. Figure 3
shows the simulated temperature dependence of [ in
the TR of —50~125C ,which is outlined as
0, Vsoms << ‘ Vlhp ‘
oc T?, Vsoms > | Vinp ‘
Here, the value of R, is set low so that M6 will con-

9

Iy =

duct nearly zero current in the TR of — 50~ 10TC.
When the temperature is higher than 10C, Iy shows
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Fig.3 Piecewise corrected current versus Kelvin degree

its high temperature dependence. To achieve a proper
current for the correction of the nonlinear tempera-
ture dependence in Eq. (4),the W/L of M6 is set as
1. 5ym/5pm. The temperature dependence of [Iys is
like the corrected current in the piecewise-linear cur-
rent-mode technique'™ , but more effective at correc-
ting the nonlinear term of the first-order BGR in the
higher TR.

3.2 Circuit implementation

The circuit implementation of the proposed BGR
is shown in Fig. 4. It consists of the proposed piece-
wise curvature-corrected BGR, the high-swing self-
biasing circuit,and the startup circuit. The high-swing
self-biasing circuit is formed by transistors M7~ M20
and resistor R;, which provides a supply-insensitive
bias voltage for the proposed BGR. The startup circuit
helps to avoid the zero-current state of the self-bia-
sing circuit when supply is provided. When the self-bi-
asing circuit reaches the desired operating point, the
startup circuit turns off,which will not interfere with
the normal operation of the self-biasing circuit. The

Startup circuit High swing self-biasing

proposed piecewise curvature-corrected BGR s

achieved by adding a transistor M6 to the first-order

BGR. Its output voltage is the sum of the base-emitter

voltage of Q3, the PTAT voltage, and the corrected

voltage , which is

Vrln(n) (R, + R;)
R,

Vrer = Vipos + + Iws R

a0
Another advantage of the proposed BGR is its
improvement in line regulation and PSR, which is a-
chieved by a negative feedback loop formed by the
piecewise current generator. Suppose a AV is genera-
ted at the output node Viygr, then the variation of
node ‘A’ is given as
R,
R, + R, + ry
where rys is the output resistance of M5. The current
variation of transistor M6 is expressed as
R,
R, + R, + rys
where g.s is the transconductance of M6, then the
variation of BGR’s output voltage is approximately
R,
R, + R, + rys
As shown in Eq. (13) ,the variation of reference is re-
duced by the negative feedback loop.

AVay = AV (1D

AIMg :_gm(,'AV (12)

AVier = (1 — g R;;)AV (13)

3.3 Operational amplifier

The schematic of the AMP is illustrated in Fig. 5.
The Vger voltage at room temperature is nearly
1. 2V. The voltage of the emitter for Q1 and Q2 is

Vi == Vinp = Vier + Ve (TR) (14
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Fig.4 Circuit implementation of the proposed BGR
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Fig.5 Circuit of the AMP

Table 1 Simulated performance of the AMP

Parameter Value
Supply 2.6V
DC gain 71dB
Unity bandwidth 8.4MHz
Phase margin 80°

So the AMP uses a two stage operational ampli-
fier with nMOS transistors M1 and M2 as input tran-
sistors. M5 and M9 form the second gain stage. To
achieve a proper phase margin for the AMP,a source
follower M6 and capacitor C are designed to cancel
the zero in the right half plane. This AMP includes a
zero in the left half plane,which is used to cancel the
output pole. The bias voltage for the nMOS and
pMOS transistor comes from the high swing self-
biasing circuit. The simulated performances of the
AMP are listed in Table 1.

4 Verification

To evaluate the feasibility of the proposed BGR,
the schematic is fabricated in an SMIC 0. 35um 5V n-
well digital CMOS process. The threshold of this tech-
nology is V4,~0.8V and V,,&~ — 1.0V at 0C . In this
design, R, ~ R; are made of n-diffusion with the TC
of 1.6 X 10°? and sheet resistance of 81Q/[]. R, is
made of n-well with the TC of 4.6 X 10™° and the
sheet resistance of 1160Q/[]. Figure 6 shows the die

o i

o

B .
—

Bandgap ’

Fig.6 Chip photograph including the propose BGR

Table 2 Simulated performance list of resistor variation

TR/C TC/(ppm/C) PSR/dB
Res_tt -50~125 3.9 -76.5
Res_ff - 55~105 5 - 61
Res_ss -30~130 5 -64.8

microphotograph, including the proposed BGR. The
effective chip area of the BGR including the self-
biasing and startup circuit is 0. 04mm?®.

In order to ensure the stability of the proposed
BGR’ s performance with variation of sheet resist-
ance,the worst cases for the resistors are simulated.
The maximum variation of sheet resistance for n-
diffusion and n-well in this technology are * 15 and
+290 Q/[], respectively. The simulated results are
listed in Table 2. As is given in Egs. (5) ~(7),the im-
provement in TC is mainly dependent on the ratio of
TC of different resistors in the effective TR. So the
simulated TC in different cases is nearly stable,as giv-
en in Table 2. The variation of the resistor ratio will
affect the feedback factor given in Eq. (11) and the
PSR of the proposed BGR. In all,a TC of less than
5ppm/C in the TR of 160C and a PSR of —61dB are
achieved in the worst cases.

The temperature dependencies of the first-order
and proposed BGR are measured with the operating
temperature varying from — 50 to 125°C . The meas-
ured temperature dependence at 2. 6V supply voltage
is shown in Fig. 7. The TC of the first-order BGR is
51. 4ppm/C . The output voltage variation of the pro-
posed BGR is 4.5mV, which amounts to a TC of
21. 2ppm/C . The TC of the proposed BGR improves
when the supply voltage increases. The TC at 3 and
5.6V supply are 18. 8 and 15ppm/C, respectively.
Figure 8 shows the reference voltage versus supply
voltage at room temperature. The variation of the
first-order BGR is 21mV in the supply range of 2. 6~
5.6V, which amounts to line regulation of 7mV/V.
The variation of the proposed BGR increases linearly
from 1. 2147 to 1. 2171V in the same supply range. So
0.8mV/V. The PSR is
measured by incorporating a sinusoidal ripple on a

the line regulation is

1.225

First order BGR
1.220

e
21215

1.210 Proposed BGR

-40 -20 0 20 40 60 80 100 120
7/C

Fig.7 Measured temperature dependence of the BGR
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Fig.9 Measured PSR of the proposed BGR

2.6V DC offset at room temperature without a filter
capacitor. The frequency of the ripple is swept from
10Hz to 1IMHz. The measured PSR is shown in Fig. 9.
The PSR of the proposed BGR and the first-order
BGR are — 60 and — 42dB under low frequency and
—30 and — 15dB when the frequency is higher than
1MHz. Table 3 lists the measured performance im-
provement of the proposed BGR over the first-order
BGR. The performance improvement for the pro-
posed BGR is obvious. It is achieved by adding only a
transistor with the size of 1. 5pm/5um,which requires
little extra power consumption and chip area. The to-

Table 3 Performance list of the propiosed and the first-order
BGR

TC Line regulation PSR

/(ppm/C) /(mV/V) /dB

First-order BGR 51.4 7 —42
Proposed BGR 21.2 0.8 - 60

tal power consumption including the startup circuit
and self-biasing circuit is 0. 18mW.

5 Conclusion

A novel piecewise curvature-corrected BGR with
improved performance in line regulation and PSR is
proposed. Compared with the temperature-dependent
resistor ratio technique in Ref.[6], the resistor with
higher TC does not affect the temperature depend-
ence of the proposed BGR in the lower TR (=50~
10C) ,which helps to extend the TR to —50C in the
proposed BGR. In the upper TR (10 ~ 125C), the
temperature dependence of the piecewise corrected
current is higher than that of the piecewise-linear cur-
rent technique in Ref. [ 7], which helps to achieve a
lower TC in the higher TR. The negative feedback
formed by the piecewise current generator improves
the line regulation and PSR of the proposed BGR.

Table 4 lists the performance comparison of this
work and that of some state-of-art CMOS curvature-
corrected BGRs. The TC without trimming, TR, and
PSR of the proposed BGR are similar to those in Ref.
[4].But the proposed BGR can operate down to 2. 6V
supply voltage and occupies less chip area. Compared
with Refs.[5~7], the proposed BGR achieves a TC
of 21.2ppm/C in a larger TR without trimming. The
TR for the proposed BGR is 175C , while the maxi-
mum TR for Refs. [5~7] is only 105C . The TC of
5.3ppm/C in Ref.[6] is very competitive, but it is a-
chieved after trimming. In addition, the chip area of
this work is much smaller than that in Ref.[5], and

Table 4 Comparison among the curvature-corrected BGRs

This work Ref.[4] Ref.[5] Ref.[6] Ref.[7]
Without . . Without . . . .
, L. . . After trimming, . . After trimming, After trimming,
TC /(ppm/C) trimming, trimming,
25.6 5.3 <20
21.2 16.7
TR/C -50~125 —55~125 15~100 0~100 -15~90
0.35ym 5V 6pm digital 0.35 0.6pm 5V 2
Technology . pm pm digita pm pm pm
digital CMOS CMOS CMOS CMOS MOSIS
Chip area/mm? 0.04 3.5 0.18 0.057 0.223
Suppl It
UpPPLy voTtage 2.6 +5 1 2 1.1
/V
PSR/dB - 60 - 60 - 40 —47 —
Line regulation
0.8 3.5 1.43 0.4
/(mV/V)
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