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A Piecewise-Linear Compensated Bandgap Reference
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Abstract: A bandgap voltage reference is presented with a piecewise-inear compensating circuit in order to reduce

the temperature coefficient. The basic principle is to divide the whole operating temperature range into some sub—

ranges. At different temperature sub—ranges the bandgap reference can be compensated by different linear func-

tions. Since the temperature sub-range is much narrower than the whole range, the compensation error can be re—

duced significantly. T heoretically, the precision can be improved unlimitedly if the sub-ranges are narrow enough. In

the given example, with only three temperature sub—ranges. the temperature coefficient of a conventional bandgap
reference drops from 1.5X107°/C to 2X 10" */C over the = 40°C to 120°C temperature range.
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1 Introduction

Bandgap voltage references are widely used in
ADCs, DACs, voltage regulators, intelligent sen—
sors, and a large variety of measurement equip—
ments. The precision of reference is a key perfor—
mance that directly determines many performances
of a whole system. One of the main reasons causing
errors is the reference’s temperature dependence.
This characteristic is described by the temperature
coefficient (TC). The purpose of this paper is to
reduce the value of TC as much as possible.

Two kinds of compensating methods are pre—
sented in Refs. [ 1, 2] respectively. In Ref. [ 1],
there are two branches consisting of different num-
bers of series-connected base-emitter junctions.

One is biased by a proportional to absolute temper-
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ature (PTAT) current Jerarand the other is biased
by a temperature-independent current [consr. If two
numbers of base-emitter junctions are properly
chosen, the nonlinear portion of Veecan be approxi-
mately cancelled at the voltage difference between
the two branches. However, there are three disad-
vantages in this circuit. Firstly, a relative high sup-
ply voltage (5.5V in Ref.[ 1]) is required. Second-
ly, a resistance with a null temperature coefficient
is necessary, which makes it difficult to realize the
reference in many processes. Finally, the numbers
of series diodes depend on the process used. So the
circuit configuration has to be changed for different
process. The other curvature—corrected circuit is
described in Ref.[ 2], which also has the disadvan—
tage that the compensating circuit depends on pro-
cess and it is very complicated to trim the circuit.

In this paper, a bandgap reference with a
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piecew ise-dinear compensating circuit is presented.
[ts features are as follows.

(1) The circuit configuration of this kind of
reference is independent on the process parame-
ters. The same configuration of compensating cir—
cuit is suitable for variety of processes.

(2) The precision available is not limited by
the process parameters. It can be further improved
by using more compensating stages.

(3) The trimming procedure can be easily real-
ized. Instead of trimming the size ratio of some
transistors, the optimum compensation can be ob-
tained by trimming some resistors.

In the example of circuit given in this paper,
only two compensating stages are added to a con—
ventional bandgap voltage reference, the tempera—
ture coefficient greatly decreases from 1.5 X
10°/°C to 2.0 X 10" °/°C over the temperature
range of — 40 to 120C.

2 Principle of piecewise linear com-
pensation

At first, a concise review of a conventional
bandgap reference is helpful. Its principle is shown
in Fig. 1(a)"” . For Ri= R, the currents Ici and
Ic2are equal and both are PTAT currents. It holds
that

Inn k
A — w x
Ie lc2 R q

where n{n> 1) is the emitter area ratio of Q2to Q1,

X T (1)

k is Boltzmann’s constant, ¢ is electron charge, T is
absolute temperature.
For the output reference voltage Vrer, we can

derive the following expression.

Veer = Veer + Ver(T) (2)
w here
Ve (T) = 2B xmn x B x 7 (3)
’ R q

Vier has a negative temperature coefficient
T Cveer, approximately
- 1. SmV/K[?] ,while Ver(T) is a linear compensat—

which is equal to

ing function with a positive temperature coefficient

4 25 4
T Cver, which is given by
T Cver = aVLg}ET] = Zﬁj X Inn X g (4)

With proper values of R3, R4, and n, T Cver can ap-
proximately cancel T Cvserand then a low tempera—
ture coefficient T Cvreris obtained.

aV REF

TChur= “op' = TCum+ TChr =0 (5)
Vo

Fig. 1 (a)Principle of a conventional bandgap refer—

ence: (b) Piecewise linear compensated bandgap refer—

ence

In fact, the temperature dependence of Ve is
not exactly linear, namely, T Cvieiis not a constant.
So a linear function Ver (T) cannot compensate
Ve completely over the whole operating tempera—
ture range. An error must occur in this way. The
temperature dependence of the base-emitter volt-
age of the transistor Q1, biased by the PTAT cur-
rent /ci, can be represented more accurately by the
following expression'®

kT

Vio — P [(¥- 1)InT - In(EG)] (6)

Ve =

where Vcois the bandgap voltage of silicon'”; E, G,
and Y are three temperature-independent con-
stants. ¥ has a value between 3 and 4. Generally, it

holds that

Ve k T
['Cveer = 3;H=_ q[[Y— 1) + In( EG)J< 0
(7
aEVm-‘.]_ k 1
a: o q(Y— ) <0 (8)

With a linear compensating function Vee(7T), T Cver
can only cancel the first order portion of T Cvser.

The higher order portions of T Cveei could not be
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compensated. In this way, the optimum compensa-
tion is achieved, when

Vier(T1) = Vieer(Tn) (9)
where Tiand Tnare the lowest and highest operat-
ing temperatures. In this case, a certain tempera—
ture Trwith a null temperature coefficient between
Trand Tuexists. Then the reference voltage and its

. . e . 6
temperature coefficient T Crer can be written as'®

Veer(T) = Voo + k{f (Y- (14 In 77:{)
(10)

ar

Equation (11) shows | T Crer| increases with the

TCur(T) = 28 = (y- n-§0n§ﬁ(1n

temperature range being broaden. The farther the
operating temperature from Tr is, the larger the
| TCrer| is. Practically, in order to describe the
voltage deviation of a reference over the whole op-
erating temperature range, AVrer is usually used

and it is defined as
AViger = Max{Veer(T)} = Min{Veee(T)},

T.<=T=<Tu (12)
From Eq.(11),
an[il':F _ _B_ _L
or? = q{Y— l)T<0 (13)

From Eqs.(9),(10),and (13),
AViwer = Vier(Tr) = Veer(T0)

i ol ‘ &
= q(}'— D[Te- Tu(l+ ]nTI_)]
(14)
It follows that
OAV ger _ k., Ty _
aTl. T=Tyg - (Y_ l) q ln Tll Ty =Ty B 0
(15)
TAV ger k
ai -1 qT[,> 0 (16)

Equations ( 15) and (16) indicate that the deviation
of Vrer also increases with the temperature range
being broaden. If little deviation is desired, the al-
lowable operating temperature range has to be nar—
rowed.

To make more accurate voltage reference over
a broad temperature range, one must manage to

compensate the higher order portions of V. It is

difficult to construct a continuous function to can-
cel the higher order portions accurately. In this pa-
per, the piecewise linear function is adopted. T he
principle of piecewise linear compensation is to di-
vide the whole operating temperature range into
some small temperature sub-ranges, and to use dif-
ferent linear compensating slopes over different
sub-ranges, so the optimum compensation can be
achieved in every sub-—range. As an example in this
paper, the temperature range is divided into three
sub-ranges T~ T1,T1~ T2,and T2~ Tu(T1< Ti<
T2< Tu). A piecewise linear function Verr(T) is
adopted. Verr (T) consists of three compensating
functions Vero(T), Veri(T), and Ver2( T)
V('.I‘I‘[T) = V(:l'n(T] + V(:N(T} + V(:I‘E(T}
(17)
where
Veeo( T) = KoT,
Verd(T) = K(T - TW)U(T - Tv),
Vera(T) = KoT - T2)U(T - T2),

and U(T) is the unit step function. It is defined as

“,T<0
ury=112, 7=20
M,T>0
The temperature coefficient of Verr(T) is given by
Ko, T<T,
M:'Ku+ K, T« T=T:

o
T> T

Ko+ Ki+ Ko,
(18)
Thus, at different temperature range, different
compensating slope is achieved. The reference volt—
age can be realized by
Vier(T) = Vig + Ver(T)
Vie + Veo(T) + Ver(T) + Ve(T)

(19)

Properly choosing Ko, K1, and K2, we can get
Veer(T1) = Veer(Th) = Veer(T2) = Veer(Th)
(20)
Then the optimum compensations are achieved at
every small temperature sub-ranges. Considering
Egs. (7),(8),(18),and (19), we know that Ko,
K1,K2> 0 when Eq. (20) holds. Furthermore, T ro,
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Tri, and Tr2 all with null TCs exist in the three
temperature sub-ranges, respectively. Because the
temperature range is narrowed, the deviation AV rer
of the reference decreases. Since any temperature is
closer to a null TC temperature than before, T Crer
is also significantly reduced.

The principle of the reference circuit with a
piecewise linearly compensation is shown in Fig. 1
(b).The reference voltage Vreris given by

Ri+ Rs k
R X Inn X

+ lemRs + [R5 (21)
Properly designing the R, R4, Rs, n, I'cr1, and

Veer + 2 XT

Vier =

Icr2, we can use the last three terms of Eq. (21) to
realize Vero(T), Veri(T), and Ver2(T) . Namely, be

sure that

IeviRs= K(T - T)U(T - Ty) = Veni(T)
(23)

IeaRs = KoT = T2)U(T = T2) = Vero(T)
(24)
By adjusting the parameters we can guarantee
that expression (20) holds. Then a bandgap refer-
ence with a piecewise linear compensation is imple—
mented. The details are described in next sec-

tion.
3 Circuit design

The circuit of a piecewise-linear compensated
reference is shown in Fig. 2. The bias part offers
some biasing signals for the other parts of the cir-

cuit. It can be calculated that

Ri+ Rs k
2 R X Inn X g XT= Kol'= Vero(T) Toias = 2In2 X k1 (25)
qRII)
(22)
Fig.2 Circuit of a piecewiselinear compensated reference
The Bandgap part is the core circuit of the where
voltage reference. Its principle is similar to the con- _ 2In8 X Rsk
ventional bandgap reference except that the /criand Rsq
Ice2flow into Rs. Iceiand Icrzare usually small that The voltage at node B is given by
the voltage at node A can be expressed as Vi = Rs V er (27)
Re+ Ri+ Rs
2In8 X Rsk
Va(T) = Riq T+ IiRs + IcnRs With proper Rs, R7and Rs, we can obtain
Vi = V_s\[T]) = ol (28}
X
. 2In8 RﬁkT: oT (26)

R3q

The Compl and Comp2 in Fig. 2 are two cells
to realize the piecewise compensation. They are

quite similar. Here we discuss Compl in detail. In
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the Compl, Qi and Qui2, Qior, and Q2 form two
pairs of current mirrors, respectively. Thus
I = Tom (29)
where Icinis the collector current of Q. The other
Icxxxbelow has similar meanings. When the temper—
ature is lower than T, it holds that
Va(T)y = oT < o1 = Vg (30)
Hence Icios< Iciwr, the voltage of node M is so low

that Quis off.

Ievv= Ten= 0 (31)
When the temperature is higher than 71, it is holds
that
VA(T) = of > oaf 1= Vy (32)
Thus Icwos> Tcio7, we know that
Teev= Tem = Tcws = Teno= Tews = Tewr
~ V"R_"”V“ = (T T)) (33)

Since fcri flows into Rs, the compensating function
Veri(T) is produced by the IcriRs
Verr(T) = IemRs

Rs . . .
= R XoT - THU(T - T (34

By comparing Eq. (34) with Eq. (17), we know
that K1 = Rsa/Riwi. Then K1 can be changed by
trimming Rior.

Verz(T) can be realized by the same way but

for making the voltage at node C as

Ve= Va(T2) = ol (35)
Then,
Ver2(T) = TeraRs
Rs , \ . ,
= leXn({T— THU(T - T2

(36)

In the same way. K2= Rs0/Rao , and trimming R0
can change K.

In Fig. 2, the output reference voltage Vrercan

be expressed as

X
Vier = Veer + 2ng (Bs+ Ri) X k XT
Rs q
+ Rsleri + Rsler:
X 5 A
= Veer + 2lnd (Rs+ Rs) X k X T
Rs q

P Bsowor - Tyur- T
ol

Rs
Ron

When trimming, firstly, trim R4 to make Vier

+ Xo(T - THU(T - T2) (37)

(T1) equal to Vrer(T1), and the optimum compen—
sation over the temperature range Tv1~ T is ob-
tained. Secondly, trim Rioto satisfy Veer(T1) = Vaer
(T2),and the optimum compensation over T1~ T2
is also achieved. Finally, trim Rx21to make Vrer(T2)
= Vrer(Tu), the optimum compensation is reached

over T2~ Tu.

4 Simulation results and implement

This circuit is designed based on Samsung
BCH4 process. Figure 3 shows the simulation re-
sults with the power supply voltage Vo= 5V.The
first two curves are the output voltages of the con-
ventional bandgap reference and the piecewise-lin-

ear compensated bandgap reference, respectively.

40 20 0 20 40 60 80 100 130
7rc

Fig. 3 Output reference voltages, PN junction volt—

age and compensating functions versus temperature

To compare the conventional bandgap refer—
ence and the compensated bandgap reference, the
temperature coefficient TC here is defined as

AV rer

LC= YV (Tu- T =

V jeFmax = V REFmin

Vier(Tn = Tv)

(38)
where Vier is the mean reference voltage over the
w hole operating temperature.

It can be seen for the conventional bandgap

reference,
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14 25 %

1.249 - 1.246
1.2475 X (120 + 40) ~

and for the piecewiseinear compensated bandgap

TC = 1.5 X 10°°/C

reference,

1.2352— 1,2348
1.235 X (120 + 40) ~

The precision of the reference is significantly im-

TC = 2 X 107 %/C

proved. The deviation of the output voltage de-—
creases from 3mV to 0.4mV over the temperature
range of — 40°C to 120°C.

Figure 3 also shows the base-emitter junction
voltage of Q1and the three compensating functions
of Vero(T), Veri(T),and Vera( T) . Tt is clearly that
Vert(T) begins when temperature is higher than T
and Ver2(T) begins when temperature is higher
than T:. In this way, adding Vero(T), Veri(T) and
Vera(T) together forms the complete piecewise lin—
ear compensating function Vere(T), which compen—
sate Vseimore accurately.

This circuit can work well when the supply
voltage Vo is between 2V and 16V. The minimum
Voo is much lower than that of the circuit in Ref.
[ 1]. Its dissipative current is as small as 30uA.
T his compensated bandgap reference has been used
in a high precision LDO voltage regulator. Figure 4
is the layout of the LDO voltage regulator. It has

been submitted to a foundry to fabricate and test.

Fig. 4 Layout of a LDO regulator with the compen-

sated bandgap reference

5 Conclusion

In this paper, a piecewise-inear compensating

method is used in a bandgap voltage reference. T he
precision is improved significantly and a tempera-
ture coefficient of 2X 10" °/°C is achieved. If more
compensating stages are added to the circuit, the
precision can be further improved and the tempera-
ture coefficient can be further decreased. Theoreti-
cally, the precision can be infinitely improved as
long as enough compensating stages are used. T he
compensating circuit is simple and independent on
the process. So it can be designed as a circuit cell
for multi-application. The trimming procedure can

be easily realized by trimming a few resistors.
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