IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 37, NO. 10, OCTOBER 2002 1339

Op-Amps and Startup Circuits for CMOS Bandgap References
With Near 1-V Supply

Andrea Bonj Member, IEEE

Abstract—The design of bandgap-based voltage references
in digital CMOS raises several design difficulties, as the supply
voltage is lower than the silicon bandgap in electron volts, i.e.,
1.2 V. A current-mode architecture is used in order to address \_<

the main issues posed by the low supply, but the implementation

of the operational amplifier and of dedicated startup circuits
deserves some attention. Even if nonstandard devices such as ¢}
depletion-mode MOS transistors may be helpful to manage the 2@
supply scaling, they are seldom available and poorly character- ( )k | 4A|

ized. Therefore, they must be avoided in a robust design featuring ~®'f X+ i“‘

a high portability. This paper proposes some circuit solutions
suitable for very low-supply-voltage operation and addresses the
main issues of achieving the correct bias point at the power on. SUP
A few bandgap references were implemented in digital 0.35- and
0.184m technologies featuring a nominal output voltage of about
500 mV and minimum supplies from 1.5to 0.9 V.

B |STARTUP |

_________

Fig. 1. Low-voltage current-mode CMOS bandgap reference. Either startup
circuit A, right, or B, left, must be included for achieving the correct bias point

Index Terms—Bandgap-based voltage reference, CMOQS 2t Poweron.
integrated circuits, low-voltage design, voltage reference.
II. CMOS BANDGAP REFERENCES

|. INTRODUCTION In a bandgap reference, an output voltage with a low sensi-
) _. . tivity to the temperature is obtained as the sum of a forward
R EFERENCE voltage generators with low sensitivity tQ|tage drop on a p-n junction and a contribution proportional to
I\ the temperature and supply are commonly required boffyso|yte temperature (PTAT). By setting the output volféige
in analog and digital circuits such as DRAM or flash memoriegyroximately equal to the silicon bandgap measured in electron
Since the conventional implementation of the bandgap voltaggits it is possible to nullify its temperature sensitivity [4], [5].
reference provides an output voltage almost equal to the silicgpcpmos technology, substrate vertical p-n-p bipolar junction
energy gap, measured in electron volts, it cannot be used in {ighsistors (BJTs) implement the p-n junctions [6]. Since the
latest deep-submicron technologies whose supply voltagepigtput voltage is about 1.2 V, this architecture cannot be used
already in the 1-V range [1]. A recently reported current-modgith the latest CMOS technologies, where the supply voltage
(CM) realization of the bandgap reference in CMOS technolog¥nges from 1.8 (0.18m) to 1.2 V (0.13:m), and is expected
has the potential of circumventing the supply-voltage limitatiog drop to 0.9 V with the next technology scaling [1]. Use of
[2]. However, the reported implementation requires a minimuAbnstandard devices instead of p-n diodes might help to cope
supply voltage of about 2 V, makes use of nonstandard deviggigh the reduced supply voltage [7], [8], but at the cost of low
(depletion-mode MOSTSs), and requires an external powgsproducibility, poor portability of the design, and the need for
on-reset signal (POR) seldom available in analog and mixegtcurate models of nonstandard devices. On the contrary, by
signal circuits. A CM voltage reference with sub-1-V supply ifeans of resistive division, a reference voltage of about 0.7 V
BiCMOS technology was recently reported, but the low-voltageith sub-1-V supply has been demonstrated [9]. However, this
operational amplifier (op amp) cannot be implemented in digitedchnique is not suitable for high-precision reference working
CMOS [3]. In this paper, the design of bandgap referencesa large temperature range, since the lowering of the output
with low supply voltage is discussed and some useful circuibltage obtained through resistive division greatly increases the
techniques are proposed. Moreover, a few implementationigvature error. In the low-voltage CM bandgap reference of
with minimum supply voltages from 1.5 to 0.9 V in 0.35Fig. 1, the voltages ak’ andY nodes are kept equal by the
and 0.18zm CMOS technologies are presented. op amp, and sinc&l = R2, I1b = I2b. Since the currents
in M1 and M2 are also equallla = I2a, and the voltage
drop onR3 is (kT/q)In(N). The current inM 2 is, therefore,
Ig = (1/R3)(kT/q) 111(N) + VDl/R2, whereVp; = Vx is
the voltage drop oD1. The first contribution is PTAT, while
Manuscript received December 18, 2001; revised June 26, 2002. This wie second decreases with the temperature: by chod&irtg,
was supported by CNR, Progetto Finalizzato MADESS-II under Contra@t3 so thatdls/dT ~ 0 and mirroring/s by means ofi/3,
Olgggii;f)ﬁs with the Dipartimento di Ingegneria dell’ Informazione, Unifan arblt.raryVREF with a very low temperature sensitivity Can
versity of Parma, 143100 Parma, Italy (e-mail: andrea.boni@unipr.it). be _Obta'ned as the voltage drop on low-temperature coefficient
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I1l. B ANDGAP REFERENCES FOR/ERY LOW SUPPLY VOLTAGE a)

The implementation of the CM bandgap reference report
in [2] exhibits some relevant limitations. The minimum suppl'
voltage is about 2 V, well above the supply voltage supportt
by the latest CMOS generations. Moreover, the seldom-avelNN
able depletion-mode MOST was used in the op amp, while H‘
design aiming at easy portability should rely on standard CMC
devices only. Finally, a correct startup at power on was achiev
by means of an external POR signal, which may be unavailal
in analog and mixed-signal designs.

From inspection of the CM circuit in Fig. 1 the min-
imum theoretical supply voltage that can be supported
Vi + Vassat—m1, Vassat—a1 being the saturation voltage of b)
M1. ConsideringVy; =~ 0.65 V and Vggsar n1 =~ 0.1V, a
supply voltage as low as 0.75 V can be achieved in principl Vb;q
However, achieving a sufficient gain of the op amp and ¢
adequate stability margin is difficult at such a low suppl F |
voltage.

ouTt

Mé

ouTt

A. Design of the Op Amp INN>_O(

The common-mode input voltage of the op amp in Fig. 1
Vx = 0.65V, independent of the supply voltage, being impose
by the voltage drop across diodel. Neglecting solutions in-
volving switching devices for an easier and less noisy impl:
mentation, the input stage of the op amp may be either a pM( c) vad
or an nMOS differential pair. Three possible solutions are give T
in Fig. 2. All the op amps include @&—Ccompensation network M3 E ME
for achieving a sufficient stability margin. In each configura 2 | E—% M4
tion, the bias current may be derived either from the bandg ¢
reference itself (dashed lines) or from the raw supply throug 8
the V,, pin. The former solution is usually preferred, providingg INN>_{ [:N” M2:] }_
a lower sensitivity to the supply voltage, but it leads to a ve|§ * INP
small voltage gain in the undesired bias point, i.e., whennoct : v T

rent flows in the bandgap core. Furthermore, the input trans }_{ - }j L‘ - V6
tors should be designed with a large gate area and nonminim E 57

:

ouTt

gate length in order to keep offset low. Indeed, the spread of t '~ MoA  MoB

reference voltages at wafer level is mainly contributed by the

op-amp offset voltage, while a minor contribution arises fromg. 2. Low-voltage op amps for the CM bandgap. The bias current may be

the pMOS current mirrors and the substrate p-n-ps. derived eithef from the bandgap core (dashed lines) or from the raw supply
In order to compare benefits and drawbacks of the report@&oug’h thel’s pin.

arrangements, let us consider a digital 0;8B-technology

with typical thresholds¥r) of 0.5-V nMOS and 0.6-V pMOS leading to a higher supply rejection. Nevertheless, due to the

transistors. Note that these values do not change significaridyel shifting, the minimum tolerated supply is about 1.5 V and

in the latest digital CMOS technologies. In the pMOS solutiom higher offset voltage is expected.

Fig. 2(a), a supply voltage lower than 1.5 V pushes the tail-cur-The op amp in Fig. 2(c) is an evolution of the nMOS arrange-

rent generato/0 in triode region and, consequently, causesient aiming at the reduction of the minimum supply voltage

a decrease of the bias currefit and a degradation of the below 1 V. Indeed, the pMOS level shifters have been removed

common-mode rejection ratio (CMRR). At 1.2-V supply, thand the nMOS input devices are biased in weak inversion with a

input devices enter in weak inversion mode andithevoltage gate voltage equal tdy, i.e., 0.65 V. The pMOS current mirror

of M0 is a few tens of millivolts. Below 1.2-V supplyir in the load of the input stage is replaced by a symmetric ac-

decreases abruptly and the op amp cannot provide enough Itiep load driven by a common-mode feedback control. Due to

gain and CMRR to keep the bandgap at the correct bias poirthe very low supply voltage, common-mode feedback cannot
The nMOS differential pair with pMOS followers, Fig. 2(b),be implemented with a differential stage, but it can be achieved

allows the input common-mode voltage to be as low as 0 by splitting the tail-current generator into two identical tran-

thus simplifying the design of the startup circuit. Moreover, theistors,M0A and M 0B, whose gate voltages are controlled

bias current/t is almost independent of the supply voltagehy the outputs of the differential stage. The higher the output
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TABLE |
CIRCUIT PARAMETERS OFLOW-VOLTAGE OP AMPS IN FIG. 2

a b c
M1-2 500/1 200/5  500/1
M3-4 100/1 100/10 500/0.5
M5 100/1  50/5  250/2
M6 100/4  30/5 100/1
I 5uA 14 uA 10 pA
Iy 3 pA

common-mode voltage, the higher the tail current. This fee
back control fixes the voltage at the drain &f1 and A12 at
aboutVr,, M0A and M0B being biased in weak inversion. v
However, it should be remarked that any difference between 1 v REF o~ (I1I)
desired common-mode voltage at the outputs of the different —qu F‘Y A sup
stage and the measured common-mode voltage, represente % 0on
theV,, voltage ofM 6, leads to a systematic offset voltage. Thi: T

is easily avoided if the drain current 86 is set tal, i.e., equal \_{ }_}<_‘ }j_{

to the tail current of the differential stage. The minimum suppl

voltage is determined by the load transistéf8 and /4 and

by the pMOS current mirrors in the bandgap core which enter in o _ _

tiode region. Simulations show an open-1oop gain higher thff, & ~roreseq etegy for achieung e conec i pot e pouer on

60 dB at 27°C down to 0.75-V supply. Aspect ratios and biase right. Circuit (1) requires a POR. Circuit (Il) does not require any external

currents for the op amps in Fig. 2 are reported in Table I. signal and forces a constant current into the bandgap core. Circuit (I1l) does not
require any external signal, but is able to remove the injected current as soon as

the correct bias point is established.

B. Startup Issues and Countermeasures

The startup of the CM bandgap of Fig. 1 involves several igyrrent derived from the raw supply, without requiring any POR
sues since it exhibits an operating point with no current flowinggna|. Here, the perturbing currenfs; andIy-, should be as
in the bandgap core aridy = Vy = 0. This point may be |ow as possible in order to minimize the perturbation on the
stable if the op amp does not provide enough gain, as a Ceamdgap circuit at regime, but be effective in moving the bias
sequence of a bias current derived from the bandgap core Q§cint of the circuit away from the wrong bias point. To this aim,
limited input common-mode range. Moreover, startup may fajie op amp must provide enough gain at the wrong bias point
because of the op-amp offset voltage, pushing the bias poingifg only the one in Fig. 2(b) proves to be adequate. The last
the wrong direction. The perturbation caused by the startup Gijution, proposed in Fig. 3 at the bottom, avoids both the POR
cuit in the bandgap core must either be removed as the Circyfinal and the perturbation on the bandgap reference. Here, a
settles at the correct bias point or have a minimal impact on th§mparator compares the output reference voltage: with a
behavior of the reference circuit. Known solutions for convenigygh reference developed from a diode by means of a resistive
tional bandgap circuits cannot be used here, since the outgifider (Vs ~ Vigr/2), and the startup current is supplied as
reference voltage is even lower than a diode voltage drop.  |ong as the output voltage is smaller theis. It is important

Two alternative startup strategies are reported at either sigigt the op amp provides enough gain for overriding the second
of the CM bandgap of Fig. 1. The solution at the right is basggedback loop provided by the startup comparator. Otherwise,

on a switch driven by a POR signal and temporarily closed g&cillatory behavior or settling at a wrong stable bias point may
power on, thus forcing the op-amp output at the low potentighcyr.

and causing some current to flow in the arms of the bandgap
core [2].

The alternative strategy, shown on the left side of Fig. 1, is
expanded in Fig. 3. Three controlled-current generators injectCombining the op amps reported in Fig. 2 and the startup cir-
some current at node¥ andY of the bandgap core and alsacuits in Fig. 3 with the basic CM bandgap core, three reference
provide some bias curreifit to the op amp. Note thd is not  circuits were designed withv = 19 (diode ratio) and 1Q:A
required if the op-amp bias is derived from the supply.must of bias current. The first one (BG-A) uses the pMOS op amp
be larger thady in order to drive the circuit toward the correcFig. 2(a)] and the startup circuit with an external PON signal
bias point and to override any offset voltage of the op amp. Thrigrcuit (1) in Fig. 3], the second (BG-B) uses the nMOS op amp
possible ways of driving the pMOS devices are illustrated inith input followers [Fig. 2(b)] in conjunction with the simplest
the right side of Fig. 3. The first resorts to a POR signal. Th&tartup [circuit (1) in Fig. 3]. Both bandgap references were im-
second is the least complex, since it makes use of a constaleimented in a digital 0.35m technology and BG-B also in

IV. EXPERIMENTAL RESULTS
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respectively.

30 T T n T r

Fig. 4. Chip photographs of the BG-A, BG-B (0.36n technology), and » Vigr = 491mV
BG-B (0.18;:m technology). 3 » 4o=17mV 1

0.6:11.1 .w'-l-v--'---n-----v--'--: g
204t ){ l [ R\ 1 BGA (0.35 um) g
B2} . w

- ‘u >o—o'r=so°c ]
ot A dd bt i LleeT=270cLL]
o-0T=0°C

/
08 T

Zé“. ] BGB (0.35 um) L
= 0.2} i 1

AVgg/ Vgq [%]

o
(-]
]
]
=]
4
N
1B
o
O]

So4f . Fig. 7. Measured distribution dfxgr of 0.35:m BG-B over 16 samples at
302 r l 1 BGB(0.18um)  (different supplies (1.8 and 2 V) and temperature3¢027° C, 85°C, 125°C).
> 02¢ ]
0 0.5 1 1.5 2 25 3 35
800m : 122

Fig. 5. MeasuredVrer at different supply voltages and temperatures for 129
BG-A, BG-B (0.35¢m implementation) and BG-B (0.18m implementation). _ 600m , %

z — S
0.18.:m (see Fig. 4)Vrer Was set by design at about 500 mV;, 400m VegF hv 19-4
the measurelirgr at different supply voltages and over a large |dV.mz .
temperature range-40°C -+ 140°C) is reported in Figs. 5 and 200m - 10

s 600m 800m 1.0 1.2

6. The measurements demonstrate a minimum supply voltage Vad V1

of about 1 and 1.5 V for the BG-A and BG-B implementations,

respectively. The measured supply sensitivity is 2 mV/V withig. 8. Simulated reference voltagéker provided by the CM bandgap
a supply ranging from 2.5 to 1 V, and 6.5 mV/V with a suppl*‘tfi';‘g tlzz)ogsafmit?;n':s'%f%? S(ﬂ'ar{‘ocglf;' teogeme' with its supply sensitivity
ranging from 2.7 to 1.5 V, for BG-A and BG-B, respectively. 9 PPy ge:

Fig. 7 shows the distribution of tH&; gy of BG-B (0.35:m im-

plementation) voltage over 16 samples and at different suppliesThe simulated output noise at 100 kHz,%7, is 230 nV4/Hz
and temperatures, highlighting a4value lower than 4%. Re- for BG-A (1.2 V), 205 nVA/Hz for BG-B (1.5 V, 0.35:m), and
garding the 0.18+sm implementation, measurements over mork?70 nVA/Hz for BC-C (0.9 V).

than 1000 samples show a standard deviation of about 3.5 mV at
27°C. Furthermore, areference for sub-1-V supply (BG-C) was
designed in the 0.35m technology, using the nMOS op amp
with fully differential active load [Fig. 2(c)] and the startup cir- The author would like to thank Prof. C. Morandi of the Uni-
cuit (1) in Fig. 3. The simulated reference voltages atZ7are versity of Parma for fruitful discussions and the critical review
reported in Fig. 8, top graph, together with their correspondeusit this paper. The support of A. Marmiroli, M. Vendrame,
supply sensitivities. Taking into account the tolerances affectiagd S. Lucherini of ST Microelectronics for the technology
the devices and a temperature range extending down°®, 0 access and the characterization of the Qub8bandgap is also
BG-C exhibits a minimum supply as low as 0.85 V. acknowledged.
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