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Abstract
Circuit random offset, component mismatching and pro- Vid M2
cess deviation cause chip-to-chip bandgap voltage varia- |3
tions which can be minimized considering a proper
design strategy. Moreover, since simulation results can — Vg
not usually be considered completely reliable, a tweak
strategy to center the bandgap voltage across tempera- Ry R
ture must be adopted. The design strategy for temperature
centering and spread reduction of a low voltage bandgap I
circuit in a 0.84m CMOS technology is described here.
Applying this method, the standard deviation of the band- R
gap voltage was reduced to 15mV and the average band- -
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gap voltage variation was less than 14mV for a 0
temperature ranging from -40 to 135 Celsius degrees.

1. Introduction
The design of analog circuits is commonly affected by
offset and mismatching of devices. Quite often, process Fig. 1. The bandgap circuit
are characterized for digital applications only and limited
data is available for matching of components as function is minimized. Moreover, a resistor trimming technique is
of area and size. With the trend for systems-on-a-chip, it also presented. This methodology is generic and can be
is becoming more and more frequent the inclusion of applied to any analog circuit. In this work, a bandgap
analog blocks together with digital cores and blocks. One voltage reference is used to demonstrate its use and
can argue that a process should be completely characterresults.
ized for analog applications as well, but in reality the Bandgap circuits are widely used to generate a stable DC
opposite is true. It has been observed with the use ofreference voltage ideally insensitive to process and tem-
foundries that, in general, focus is just on characterization perature changes. However, such kind of circuits are
for digital designs as it is faster and takes less time andaffected by process variation, devices matching and ran-
resources. dom offset coming from its building blocks (operational
The analog designers faces then the challenge to desigmmplifiers, bipolar devices, resistors, etc.). Mismatching
precision analog blocks without fundamental data. Usu- problems and random offset sources depend strongly on
ally, an analog design takes data and results from previ-the specific circuit architecture and must be judged case
ous designs and tries to do its best guess on the behavioby case.
for a new technology, using the most robust approach for The bandgap circuit generates a reference voltage that is
the circuits. After the prototypes are tested, deviations independent of temperature by cancelling the negative
will show up and adjustments need to be done. temperature coefficient of an junction (or Ve for a
One of the most painful problems to be detected and diode connected bipolar transistor) with the positive tem-
measured is offset resulting from device matching. Mea- perature coefficient of a PTAT (proportional-to-absolute
suring a few millivolts on a top of several volts common temperature) circuit. The PTAT is based on the tempera-
mode in a closed loop circuit is painful and time consum- ture voltage Y7) scaled by a constant which is made up

ing. To aggravate the problem, mismatches are randomof circuit parameters. The derivation of the bandgap
by nature and a large sample of points have to be mea-equations can be found in standard textbooks [1,2].

sured for one to come up with a meaningful conclusion. Referring to the circuit in Fig. 1 with transistok$1 and
A methodology to address the most offset sensitive nodesp2 identical, the bandgap voltage is given by:

and devices and correlation between measurements and

. . . : ) . B #e R
simulations is presented. Using this technique, the num- Vg = Vpet Eln DR— (D
ber of passes to make an analog block meet specifications




whereVyg is the bandgap voltag®, is the base-emitter

voltage of transistog,, andaeis the bipolar emitter area.

When the zero temperature coefficient is imposed
Ry 0Vy

atT = To:
RS

the resistor ratioR,/R3) and the bipolar emitter area ratio
(m=ae/ae) can be adjusted properly (assuming
R, = Ry). In spite of the cancelling in (2) &t = Ty being
not perfect becaus@V+/dT) varies linearly with temper-
ature wherea)/,/0T) has a slightly parabolic tempera-

ture dependence, it is possible to attain typically a few
mV variation in the temperature range. Once again, a
poor matching will cause an inappropriately bandgap
voltage centering with temperature.

This paper is organized in the following manner. In Sec-

oT 2)

T=T,

B!
0T Ry [lae,

ov R
=0= {be+—1|:ln
T=T,

tion 2 is described a method to evaluate the main random

offset sources for a specific bandgap circuit and a tech-
nique to reduce their impact on the reference voltage
spread. In Section 3 is presented a tweak strategy to cen
ter the bandgap vs. temperature curve giving a rapid pro-
totyping tuning. Finally, Section 4 illustrates the
experimental results when these design criteria are
applied to a bandgap circuit in a u®& CMOS process.
The main conclusions are summarized in Section 5.

2. The bandgap spread reduction technique
Since the bandgap must operate from a 5V to 1.8V power
supply, it was adopted a low voltage topology for the
operational amplifier (see Fig. 2). It is a high gain, two-
stagen-channel input folded-cascode amplifier able to
drive the bandgap circuit with a reduced power supply of
1.6V. ResistoRg and capacitoCr are used for lead com-
pensation. Bias network is not shown.

As stated before, random offset and mismatch of an indi-
vidual circuit have an intrinsic relation with its topology
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Fig. 2. Low-voltage operational amplifier

and layout. Using transistor quads based on common-
centroid geometry and an unity resistor approach, the lay-
out can be carefully optimized to minimize mismatch. In
regard to circuit topology, in bandgap circuits the feed-
back loop guarantees to keep the amplifier inverting and
non-inverting input voltages equal. However, any circuit
mismatch will appear at the amplifier input as an offset

voltage and translated to the output amplified by the

resistor ratio. Therefore, a random offset will cause a
bandgap voltage shift different from chip to chip. This

fact makes mandatory a plan to reduce the bandgap volt-

age dispersion.

As there was none available and/or reliable data on

device matching for the target technology as a function of
component dimensions/area, it was necessary to deter-
mine that combining bandgap experimental data with its
simulation results. First, it was estimated via simulation
the bandgap voltage sensitivity to the offset sources.
Next, based on measurements and statistics of over 100
samples, it was made a regression to establish each offset
voltage value that would cause the results observed in
real parts.

For the bandgap in Fig. 1 using the operational amplifier

in Fig. 2, the random offset sources are the following: (a)
mismatching between bandgap inverter drivBtsM2,
bandgap resistoiR;-R, and resistor rati®;/Rg; (b) leak-

age and/or low emitter current biasing the bipolar transis-
tors g, anddy; (c) matching error at the input paii3-

M4, current sourcedM6-M7, cascode deviceM8-M9,
andn-channel mirroM10-M11.

In order to establish the bandgap sensitivity it was
adopted a random offset voltage inherent to a MOS tran-
sistor pair as a function of the root square gate transistor

LS
Jag
where Vg is the offset voltageg, is the gate transistor
area an is a empirical constant depending on physical
parameters. Equation (3) is a good fitting of actual behav-
ior, provided MOS transistors W and L are sufficiently
larger than minimum size.
Using a hypothetical 1mV offset voltage for pairl-M2
and scaling that to the remainder mismatch sources since:
Vosl D«/%l = V052 D@ (4)
and also assuming tha€,=2K,, each particular offset
impact on the bandgap voltage shift was simulated. Fig. 3
shows the effect of the individual offset related to the
total bandgap deviation and Fig. 4 exhibits the accumu-
lated error offset contribution. It is evident a mismatch at
the bandgap inverter drivedd1-M2 has the most severe
influence. The offset arising from mismatch betwaéh
M2, current sourceM6-M7 and then-channel mirror
M10-M11 are responsible for 86.5% of the total bandgap
voltage error. The resistor ratio mismatch has a little
impact on the bandgap deviation (<0.1%) being really
important as for temperature centering (see Section 3).

v (3)
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transistor area and decrease mismatch and offset volt-
ages. As offset itM1-M2, M6-M7 andM10-M11 are the

Now the constani, andky must be determined and the {3008 SER 00 g & good global .
root square gate area law in (3) validated. Before apply- 9 gag 9

ing the reduction spread technique, the bandgap referenc ff. After some iterations it was found that increasing

had a large dispersion of 147mV. Since inverter driversf 1;M2,f|\7/l6-l\il_7f§re?h9 t|me_sf{ ar;d!/llof;l_\/llé _zlilreatt bty ath
offset contributes with 50.2% to the total deviation, the actor ot / sauisties the specification. Fig. > iliustrates he

partial bandgap voltage shift considering only W&-M2 'ff“?""'dt“r‘]a' Eﬁsit effe_c: on the tOtﬁl ban?crgai) shlft!ng ?fter
mismatch isAVpqy=0.502x147mV=73.84mV. From (3) '"\d he key transistor areas. Now, ofiset coming from

d li h imulated band hift ted b mismatch in bipolar transistors and bandgap resistors
and cafling the simulated bandgap shift generated by, q approximately 20% of impact on the total deviation.
1mV offset in pairM1-M2 asAVygys; the constanK, is

The Pareto chart in Fig. 6 displays the accumulated error

Fig. 4. Normalized Pareto chart of offset contributions

given by: contribution of each offset source. It is more smoothly
3 [ distributed than that in Fig. 4.
Kp = 738410 "Ly~ (5 Other constraints linked to other specifications usually do
g

] ) ] not allow to equalize all errors, as would be desired.
The result in (5) must be fed back in (3) to find the real The inear sum of each offset contribution is not a realis-
offset voltages present in the current circuit and, after yic approach in calculating the total bandgap voltage dis-
that, entered as simulation inputs to check the analysispersion because in real parts all the mismatches will not
consistency. The total bandgap voltage dispersion gyays be at their maximum value and the offsets will not
obtained from simulation was 148mV in average, g\ays have incremental effects, i.e. with same sign.
including temperature and process variations, which is actyally, the offsets will have a combination of positive
pretty close to the experimental results mentioned above.gq negative polarity in a random fashion. A good
It is important to point out the bandgap specification annr0ach to determine the global offset impact is adopt-

allowed for 34mV of total'd.ispersion.' So, tp reduce the ing the root mean square (rms) value of the bandgap volt-
reference voltage spread it is imperative to increment the age given by:
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Avbg = JAngMl +AngM6 + ... (6)
Taking into account 4 of the major error sources (MOS Resistor
transistors only) which contribute with 80.5% of the total \‘ Sliding

shifting, the rms bandgap voltage deviation is contacts Sliding
AVipggs05=27.9mV. As long as the goal is to have a maxi- contact

mum dispersion of 80.5%(34mV)=27.4mV, the solution Default

would be slightly below target. & resistor
Considering the remainder sources, bipolar transistors Metall i

and bandgap resistors, the total rms bandgap voltage fo'n{i;%t

deviation isAV,=29.3mV, which meets the specification.

The experimental results after the described method was
applied will be discussed in Section 4.

3. The tweak strategy for bandgap voltage _ _ _
temperature centering Fig. 7. Bandgap resistor ratio tweak strategy

Prototype results not always correspond to simulation

and some adjustment becomes necessary. In the case tﬁ/ . . . . .
) Y e original circuit had shown a monotonically increasing

the bandgap circuitry, the curve of voltage across temper-band a0 voltage dependence with temperature. requirin
ature is expected to be an inverted parabola with the peak 9ap 9 P P - req 9

centered halfway between minimum and maximum tem- & resistor ratio reduction, it was provided the possibility
vay DS e to increase and decrease this ratio to obtain more flexibil-
peratures defined in the specification. However, proto- ity
es were out of centering in the first iteration. . . .
tg(?r the circuit in Eig. 1 ags modifying the emitter area The adjustment by upper metal layer was still used, but in
. 9 & 9 .a simplified way. A circuitry that allows the increase of
ratio to center the bandgap voltage across temperature I%andgap upper or lower resistors by cutting upper metal
not practical (see expression (2)), a resistor ratio adjust- . T,
ment is needed. A desirable tweak is the one which &S added in the layout. In this simplified approach, the
requires the Iowést number of lavers to be modified. The evaluation of maximum range of adjustable values is still
qui : ay i important to guarantee that the maximum variation would
goal is to achieve the tweak with only one layer change. be covered by the proposed adjustment range, but here
Usually the layer chosen for the tweak is the top most the resolution was secondary. '
metal because it allows partially processed wafers to beChip prototypes were used f;)r experimental evaluation
waiting for the last few layers to be finished. Another rea- Bv cutting the uoper metal tracks tase to idealalue '
son to use the upper metal layer is to make the cut of y g the upp . :

. ; was determined. The resolution was less important
tracks on chip prototypes easier to evaluate the tweakbecause the value to be obtained with the prototypes
results before ordering a new mask and wafer run. : : :

9 would be for orientation purpose only. The ideal tweak

The adjustment by metal layer, though, implies the inser- .
) ; value was expected to be found between two consecutive
tion or removal of component segments so to adjust the : . ) .

X : ut configurations. Once the best configuration was
tweakable value. The size of each segment defines whal . - .
. ) . . ound, the metal adjust circuitry was abandoned as it had
is the resolution for the tweak. A well dimensioned reso- . . :

. . . : .~ shown by interpolation what was the optimum tweak

lution will allow a good final tweak, while under esti-

. . value. The final adjust would actually be done with the
mated resolutions may return only fairly good results. If

the adjustment resides in a critical and also sensitive cir- contact layer. That layer allows a continuous gdjustment,
cuitry the evaluation of tweak based on steps may be aJUSt like the cursor of a potentiometer. So, in order to

non-trivial task, also risky and time consuming.

cutting metal lines. Although experimental data for

optimize the prototyping tuning, the bandgap resistors
have the possibility to fit the unity resistor value through

In order to allow simpler assessments in the tweak values, . . . ; . .
rototype data acquisition and continuous adjustmentsndmg contacts in both ends of the resistor, as depicted in
P Fig. 7. If the upper resistor was to be increased in the

values, an approach that combined prototype measure-. . ) . .
PP e P yp final layout, contacts in each side of its main bars would
ments and layer modification was adopted. . : :
. A lide equally to increase the overall resistance. If the
The bandgap resistors layout is composed by an array o . : .
) . . . . lower resistor was to be increased, the contacts in each
unity resistor interconnected appropriately to obtain the

. o side of its main bars would slide equally to increase its
designed values. Additionally, a network made up of .
. . ) ) . resistance value. Then, the symmetry loss at the layout
unity resistor is placed in both the upper resisteysand

. : . level in the bandgap resistor is minimized. The maximum
Ry, and the lower resistdRs. The bandgap resistor ratio  ata) |ayer extension to slide the contact must be chosen

can be regulated adding extra resistor either at the uppetcarefully to cover the bandgap voltage dispersion as dis-
resistors (botliR; andR, equally) or at the lower resistor  cyssed in Section 2.



A new contact mask was then designed based on thewhereas for the second one the fluctuation was reduced to
value determined in the experimental procedure, divided 9.3mV. The features of the last pass are summarized in
equally among all unity resistors to be adjusted. No Table 2.

excessive time to estimate tweak values had to be spent,

providing a refinement process less expensive and reduc-

ing the turnaround time. On the other hand, an accurate Table 2: Improved bandgap performance

adjustment based on real chip results could be achieved —

The trade-off was an additional circuitry only used for Bandgap voltage Bandgap voltage variation
dispersion30 with temperature

prototype evaluation. The critical nature of the bandgap
fine adjustment, though, fully justified the approach.

Last pass Target Last pass Target

4. Measurements results 45mV 34mV | lessthan 10mV | 10mV
In order to verify the circuit optimization techniques
described before, a bandgap circuit fabricated using a
conventional 0.am CMOS technology was adjusted.

5. Conclusions
_A systematic spread reduction technique and an adjust-

Table 1 summarizes the bandgap reference circuit perfor
mance from the first iteration and the target required to MeNt strategy for bandgap voltage reference temperature
centering has been developed.

satisfy the specifications. For the bandgap dispersion a i i i
30 was adopted, where is the standard deviation. The After addressing well-known layout techniques to opti-

available experimental data indicated a monotonically MiZz€ matching (common-centroid geometry layout and

increasing bandgap reference with temperature, i.e. the!Nity resistor approach) the spread reduction technique

circuit was not well centered. Temperature ranges from can be straightforward applied to find the main offset
-40 to 135 Celsius degree and the power supply variesSCUrces in a specific circuit but a careful study of its

from 1.8V to 5V. topology should be developed in advance.
The tweak strategy combines simplicity with robustness
Table 1: Prior bandgap performance giving a short turnaround time when evaluating key ana-
log modules.
Bandgap voltage Bandgap voltage variation These techniques were successfully used to optimize a
dispersion30 with temperature bandgap circuit providing a good trade-off between area
and global performance.
First iteration Target First iteration Target Finally, the method described reduces the number of iter-
ations when designing precision analog circuits on tech-
147mV 34mv 100mv 10mv nologies not properly characterized for analog designs.
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