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The Design of a Low-Voltage Bandgap Reference

Most integrated circuits incorporate
bandgap references (often simply
called bandgaps) to define certain dc
voltages or currents that serve vari-
ous building blocks. In this article, we
introduce a step-by-step procedure
for the design of low-voltage band-
gaps. As presented in Figure 1, a typi-
cal power-management environment
employs a low-dropout (LDO) circuit
that, from a global supply of 1.2 V,
generates a moderately regulated
voltage around 1 V. This voltage acts
as a local supply for the bandgap cir-
cuit and some other building blocks.
It is desirable for the bandgap to pro-
vide substantial supply rejection to
minimize corruption in its output due
to the electronic noise produced by
the LDO and the transient perturba-
tions caused by the switching activi-
ties within the other building blocks.

We target the following specifi-
cations:
= output voltage=0.5V
= output voltage variation <5 mV

from 0°C to 100°C
m supply rejection > 40 dB
m power consumption <1 mW
= supply voltage =1V +5%.

We design the circuit in 28-nm
CMOS technology. The reader is
referred to [1]-[12] for background
information.

Basic Operation

We wish to generate a voltage that
is nominally independent of the
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FIGURE 1: A typical power-management
environment.

temperature. This can be accom-
plished by summing two voltages
that have opposite temperature coef-
ficients (TCs), as practiced in [1], [3],
and [11]. Alternatively, we can first
sum two currents of opposite TCs
and then allow the result to flow
through a resistor [9]. We pursue the
latter here.

The bandgap core is typically
realized as illustrated in Figure 2(a),
where the emitter areas of Q: and
Q; differ by a factor of n, and ampli-
fier A; adjusts the gate voltage of
M; and M. to equalize Vx and Vy.
We thus obtain

Vier = Viez2 + Iz Ry . 1)
Hence,
veiindo —viin 2 iR, (@)
Isi I
where Isi and I, denote the emit-
ter saturation currents of Q: and
Q., respectively. Viewing Q: as a
unit and Q; as n units in parallel, we

have I, =nls1 and

lIp2|R1 =Vrlnn, (3)
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where M; and M, are assumed to be
identical. The voltage across R: is
therefore proportional to the abso-
lute temperature (PTAT) and so are
the drain currents of M; and M, if
R: has a zero TC.

It is possible to make Ip; and Ip;
independent of the temperature by
attaching two resistors from X and Y
to the ground [see Figure 2(b)] [9]. Let
us formulate the circuit’s behavior,
assuming that R, = R3. Since Vx = Vy,
(1) still holds, and the current through
R, is still equal to (Vrlnn)/Ry. Sum-
ming this current and that through
R3, we have

| Vrinn  [Veel|
[Ip1| = Ip2| = R, + Rs 4)

- (Rviinn+Vanl). (5)

The two terms on the right-hand
side of (5) represent currents with
opposite TCs. For [Ip:| to have a TC
of zero, we select (R3/R1)Vrlnn to
be approximately 17 Vr [12]. Now, as
depicted in Figure 2(c), this current
is copied and applied to a resistor to
yield a nominally constant output
voltage [9],

Vout=§—'3'<§—fVTll’ln+|VBEl|>- (6)
The key to the circuit’s low-volt-
age operation is that Vou can be
arbitrarily small even though

[Vee| +17Vr=1.2V at T=25°C.

Design Issues
The topology of Figure 2(c) entails sev-
eral issues. First, noting that the TC of
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FIGURE 2: (a) A basic bandgap core. (b) The addition of resistors to create constant currents. (c) The addition of an output branch.

the base-emitter voltage, daVse /9T, is
around —1.5mV/°C, we expect |Vae1]
to be relatively large at low tempera-
tures. With a worst-case Vpp of 0.95 V,
this leaves little voltage headroom for
M and M,. We must therefore select
relatively large bipolar transistors
and low collector currents to ensure a
moderate |Vge|=VrIn(Ic/I5).

Second, as T goes from 0°C to
+100° C, |Vse1| in Figure 2(c) drops by
roughly 150 mV, whereas Vou: remains
relatively constant. The resulting dif-
ference between the drain-source
voltages of M1, and Ms leads to a
substantial error in Ip3 and, hence, a
large variation in Vou.. We will resolve
this issue through the use of a regu-
lated cascode structure.

Third, the offset of A1, Vosi, in Fig-
ure 2(c) introduces an error in Vour.
We have [13]

R Rs
Vour= R [lVBE1|+ R Vrinn

—<1+%>V051]. (7)

The contribution of Vos1 can be min-
imized by maximizing Inn—a rem-
edy that costs chip area.

Fourth, the 40-dB supply-rejection
requirement imposes a lower bound
on the operation amplifier (op amp)
gain in Figure 2(c). As explained next,
A1 must reach several hundred.

Fifth, the bandgap core of Fig-
ure 2(b) and (c) can indefinitely
remain off after powerup if Vx and
Vy begin from zero and A: loses
the ability to control Ve. The core

must therefore incorporate a start-
up circuit.

Core Design

The design of the core presented in Fig-
ure 2(a) begins with the choice of the

0.8

bipolar transistors’ dimensions and
emitter area ratio, n. From the issues
outlined in the previous section, we
note that the limited voltage head-
room makes it desirable to minimize
|Veel and, hence, maximize the emitter
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FIGURE 3: (a) The preliminary core design and (b) its internal voltages versus T.
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FIGURE 4: (a) A test setup for studying PSRR and (b) the PSRR of the basic core.
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areas. But the op amp-offset issue
demands that n also be large, leading
to an area-hungry solution. As a rea-
sonable compromise, we select four
unit transistors for Q:, each having

FIGURE 5: The bandgap core with a
simple OTA.

0.8

an emitter area of 5um x5 um, and
64 units for Q.. Thus, |Vee|~750 mV
and Vrlnn=~72mV at room tempera-
ture. The weak dependence of Vrinn
upon n suggests that the effect of
offset in (7) cannot be reduced easily
through this variable.

Another approach to lowering the
effect of the op amp offset in Fig-
ure 2(a) involves scaling Ip1 up with
respect to In,. Denoting this ratio by
m, we recognize from (2) that

lIp2|R1 =Vrln(n-m). (8)

This result carries over to (7). Never-
theless, an m value substantially grea-
ter than unity also raises |Vgei|, exac-
erbating the metal-oxide-semiconduc-
tor (MOS) transistor voltage headroom
iss-ue at low temperatures. For exam-
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FIGURE 6: The internal voltages of the bandgap core versus T.
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FIGURE 7: The PSRR responses of the core for different temperatures.
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ple, if m=16, |Ip2|R: is doubled, but
[Vee1| = Vrln(mipi /Is1) = Vrlnm +
Vrin(Ip /Is1) also increases by
VrIn16=66mV at T =0°C. We there-
fore maintain m=1 and target a low
Vos by proper op amp design.

The next task is to select the bias
current in each branch, the value of
Ri, and the dimensions of M; and
M. Anticipating about half a dozen
bias currents in the main branches
and the op amp(s) in the final design
and bearing in mind the I-mW power
budget, we choose |Ipi1|=|Ip2| =35 u A
and hence R;=2kQ. For the PMOS
transistors, the channel area must
be large enough to minimize mis-
match and flicker noise, and the
length must be long enough to
ensure that channel-length modula-
tion does not limit the supply rejec-
tion. Based on these considerations,
we select (W/L)1, =50 um/120 nm.

Figure 3(a) depicts the prelimi-
nary core design. We simulate the
circuit while assuming an ideal
op amp having a gain of 100. Our
objective is twofold: to measure the
extreme values of Vy, Vy, and V» and
to quantify the power-supply-rejec-
tion ratio (PSRR). In Figure 3(b), Vx
and Vp are plotted as a function of
the temperature. (The high op amp
gain guarantees that Vy =~ Vx.) These
results reveal several points. First,
Ve — Vx| =|Ves1 —Vbsi| has a maxi-
mum value of about 230 mV, placing
M; and M: in saturation. That is,
(W/L):2 is adequately large. Second,
the op amp input stage must operate
properly across the common-mode
(CM) range of Vx and Vy—from
around 780 mV to 620 mV. Third, the
op amp output must accommodate
the variation of V» from 550 mV to
640 mV.
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FIGURE 8: The bootstrapping of node P by
the OTA active load.
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Next, we investigate the core’s sup-
ply rejection by constructing the setup
displayed in Figure 4. The supply
voltage varies by a small amount,
AVpp, and Qi and Q. are replaced
with their small-signal resistances.
Note that 1/gm =1/gm: because Qi
and Q; carry equal currents. If In1 and
Ip> change by Alp, we have

_ _ 1\ 1
AVy AVX—AID<R1+—gm2> Alp Gt
9
=AIpR1, (10)

and, hence, AVp=A;AIpR;. In a
well-designed circuit, we expect
Alp to be small and Vgs1.2 to be rela-
tively constant, which predicts that
AVp = AVpp. It follows that

Alpxﬁ. (11)
We now ask, which quantity is
the “output” of interest here? Since
the drain current of M; and M: is
eventually copied and applied to
a resistor [e.g., R, in Figure 2(c)] to
generate the reference voltage, we
define the PSRR as

_ AVbp

PSRR = DY (12)
- A1R1
=R (13)

Moreover, if R; sustains a volt-
age of Vrlnn=72mV mV and R; an
output voltage of 500 mV, we have
R1/R.=0.14. It follows that

PSRR=0.14A;. (14)

For 40 dB of rejection, A; must
exceed 700. In practice, the PSRR is
plotted as the inverse of the previ-
ous quantities, i.e., as the magnitude
of the transfer function from Vpp to
the output of interest.

For initial PSRR simulations, we
simply multiply the voltage varia-
tion across Ri by 1/0.14, arriving
at the plot presented in Figure 4(b).
For supply-perturbation frequen-
cies up to tens of megahertz, the
PSRR is around -23 dB, which agrees
with (14). At higher frequencies,
Cas1 + Cgs2 in Figure 4(a) couples the
Vop changes to Cepi and Cep2, caus-
ing Vx and Vy to bounce. The PSRR
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FIGURE 9: A two-stage op amp for use in the bandgap reference.

is far short of the desired value,
necessitating further design efforts.

Op Amp Design

Since the op amp in Figure 3(a) must
operate with input CM levels as high
as 780 mV, we select an NMOS input
stage for it. The simplest implemen-
tation is a five-transistor operational
transconductance amplifier (OTA),
as presented in Figure 5. We assume
W/L=50 um/120nm for all of the
transistors. With a tail current of
50 pA, the op amp provides a gain of
about 20, and Mx and My exhibit a
minimum source voltage of 350 mV
at T=100°C, which is sufficient for
Iss. However, at T=0°C, both [Va|
and |Vrui,2| take on large values,
possibly pushing Mx into the tri-
ode region and lowering the op amp
gain. Figure 6 plots Vx, Vi, and V»
versus T, demonstrating that Vx —Va
keeps Mx in saturation. Figure 7

20

App /7 AVpp /T

FIGURE 10: Paths from V, to the internal
nodes of the two-stage op amp.

presents how the PSRR responses at
T=0°C, 50°C, and 100°C illustrate
a degradation at low temperatures.
An interesting observation in Fig-
ure 7 is that the low-frequency PSRR
is around -35 dB at T =0°C, whereas
(14) would yield 1/(0.14A:)=-9dB
for Ay =20. Why is the performance
better than expected? In the analysis
leading to (14), we assumed that the
op amp must multiply Vy —Vx by A;
to adjust Vp and allow it to track Vpp.
However, in the circuit of Figure 5,
the OTA provides an additional
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FIGURE 11: The PSRR of the core with a two-stage op amp.
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FIGURE 12: (a) The bandgap reference with R, and R, added and (b) the drain current of M, versus T.
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FIGURE 13: The voltages at node Y and at the output of the bandgap circuit versus T.
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FIGURE 14: The bandgap circuit with a regulated cascode.
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tracking mechanism: If Vpp varies
by AVbp, so do Va and Ve (Figure 8).
In essence, the OTA’s PMOS active
load bootstraps P to Vpp.

That AVp=AV, can be seen by
noting that, in the absence of asym-
metries within the op amp, Vp=Va
if Vx=Vy. This property is generally
considered a drawback of the five-
transistor OTA, but it proves useful
here. Since the Vpp perturbation is
directly applied to node Pby M, and
My, the op amp provides only addi-
tional correction.

The PSRR degradation at low tem-
peratures calls for a higher op amp
gain and, hence, a two-stage topol-
ogy. Figure 9 illustrates a simple
design wherein the output CM level
of the first stage is set by R, and R,
to be equal to one PMOS source-gate
voltage below Vpp. This method also
defines the bias currents of the sec-
ond stage by forming current mir-
rors. Thus, the total supply current
is about 100 pA. This op amp offers
a gain of 380 at T=0"C and 320
at T=100°C, improving the PSRR
according to (14).

Does the effect illustrated in Fig-
ure 8 exist in the two-stage op amp as
well? If Vx=Vy and Vpbp changes by
AVpbp, then so do the drain voltages
of M; and M, (Figure 10). We observe
that the gate-source voltages of M.
and M, remain relatively constant,
introducing little change at their
drains and, hence, in Vp. In other
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words, this op amp does not provide
the direct cancelation mechanism
of the five-transistor OTA. Figure 11
plots the bandgap core PSRR in the
presence of the two-stage op amp.

Complete Bandgap Reference

As prescribed by Figure 2(b), we must
attach equal resistors from nodes X
and Y to the ground to change the
nature of Ip1 and Ip, from PTAT to
temperature-independent quantities.
This requires that (R3/R1)Vrlnn be
around 17Vr and R:=R3=~6R; if
n=16. Figure 12 displays the modi-
fied circuit as well as |Ip2| versus T.
Resistors R, and Rz are rounded up
to 13kQ, and the op amp is imple-
mented as the two-stage topology of
Figure 9. We note that |Ip2| changes
by less than 0.4% across our temper-
ature range of interest.

In the next step, we copy Ip. and
apply the result to Ry, forming the ref-
erence voltage, Vour. According to (6),
an output voltage of 0.5 V requires
Ri/R2~0.42 because the quantity
within the parenthesis is around
1.2 V. It follows that R.=5.5kQ.
Plotted in Figure 13 is Vour versus T,
exhibiting a variation of 40 mV.

Why does Vour drift so much even
though Ip; is fairly constant? This
error arises from the temperature-
dependent difference between Vbs:
and Vpsz; and the channel-length
modulation of M, and Ms. From
Figure 13, we note that Vy—Vou
is equal to 200 mV at T=0°C and
85 mV at T=100°C. The relatively
long transistor channels still prove
inadequate in obtaining an accept-
ably small current mismatch between
M- and Ms.

The error due to channel-length
modulation is suppressed if we
guarantee that the drain voltage of
Ms tracks that of M.. This can be
accomplished by a regulated cascode
structure. Figure 14 illustrates the
idea of comparing these voltages by
means of op amp A, and adjusting
the gate voltage of M, accordingly.
As Vy falls with T, so does Vu, leav-
ing less voltage headroom for M,
and requiring that its overdrive volt-
age increase. Even if M4 operates in

the triode region (e.g., at high tem-
peratures), the loop gain provided
by A, still ensures that Vy=Vy. Op
amp A, is realized as in Figure 9
but with W/L=25um/120nm for
all of the transistors. Figure 15 plots
Vour versus T, revealing a variation
of about 2.5 mV. The total supply
current is around 0.5 mA. We have
therefore met all of the specifica-
tions except for the supply rejection.

Figure 16 depicts the PSRR. Owing
to the high op amp gain, the low-
frequency value satisfies our target.
Beyond 10 MHz, however, the PSRR
degrades because the gain of A;
in Figure 14 begins to fall. This is
expected as the op amp’s low-bias
currents yield a high output resis-
tance, about 45 kQ, which, along

0.5155

with Ces1 + Cgs2 + Cass = 0.35 pF, cre-
ates an open-loop pole in the vicinity
of 10 MHz. To improve the PSRR, we
add a simple low-pass filter to the
output node. Figure 17 depicts the
filter and the resulting PSRR.

Output Noise and Offset

In most applications, the noise of
bandgap references proves critical. A
circuit using Ip> or Vou in Figure 14
as a reference can experience perfor-
mance degradation due to their noise.
Figure 18 plots the noise voltage in
Vour. At frequencies up to several
hundred megahertz, it is dominated
by the flicker noise of M, and Ms.
At 1 GHz, these devices and the first
stage of the op amp contribute signif-
icant thermal noise.
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FIGURE 15: The output voltage of the final design versus T.
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FIGURE 16: The PSRR of the final design.
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Avti ~3mV, we obtain Vos~1.7 mV.
From (7), this translates to an error of
about 5 mV in Vout, which is a reason-
To ensure that the reference generator
of Figure 14 reaches the desired state
when the circuit is turned on, we must
examine the initial behavior of the
core and the two-stage op amp. Sup-
pose Vx and Vy are zero at powerup.

able amount.
Start-Up and Transient Response

to reduce the output thermal noise.
This remedy trades noise for area
pass filter can incorporate larger

The op amp offset, Vos, arises
primarily from the first stage in Fig-

capacitors, but at the cost of area.
ure 9. Writing the threshold mismatch

be scaled down by the same factor
and power. Third, the output low-
as AVra=Avm/J/WL and assuming

Whether a bandgap remains off or
not depends on a number of factors.
Capacitive coupling paths from Vpp
Also, the slope of the Vpp ramp and
the temperature may encourage or
impede the start-up process.

To ensure start-up, we can employ
a timing circuit to initially keep node
Pin Figure 14 low. Figure 19(a) illus-
trates the idea of drawing a current
from P by Ms as node G tracks the
Vop ramp and exceeds the transistor
returns to zero. The drawback of
this approach is that if Vpp takes,
for example, 1 ms to ramp up, then
R: and C; must be extremely large

We instead explore a different
line of thought: if the circuit remains
inactive after Vpp rises, then Vout

threshold. After Vpp stabilizes, Vg
to permit G to go high.

Then, Mx, My, M4, and M, in Figure 9
remain off, and so do M. and M,. We
recognize that node P floats, possibly
to the internal nodes, e.g., to Xand Y
in Figure 14, can turn on the circuit.

keeping M and M, off as well. This
add a means to prohibit V» from stay-

degenerate state can be avoided if we
ing high when the circuit turns on.

(continued on p. 16)

in Figure 14 is zero and can be
compared to a reference roughly

representing its desired value. The
result can then enable a mechanism
to draw current from P. As depicted in

Figure 19(b), amplifier As; compares
former is well below the latter. The

amplifier is implemented as the OTA

displayed in Figure 5, except W/L is
chosen to be equal to 5xm/30nm

for all of the transistors. To accom-

Vout to V, and turns on Ms if the
modate the offset of Az, we select

Voo

M,

(b)

r

I

Frequency (Hz)

VDD
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If the output noise is unaccept-
ably high for a given application, we

can pursue three methods to reduce
it. First, to lower the flicker noise,

the channel areas of M,-Ms can be

increased while maintaining their
W/L ratio. Second, the widths and
bias currents of M1-Ms and the areas

of Q1 and Q; can be scaled up, and

the values of all of the resistors can
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FIGURE 18: The output noise voltage of the bandgap reference.
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FIGURE 19: The start-up circuits using (a) a timing mechanism and (b) a high-gain

comparison method.
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of ac coupling attenuates the low-fre-
quency component of the signal, caus-
ing baseline wander, which may result in
the loss of data in wireline communica-
tion. To restore this low-frequency com-
ponent for a random binary sequence
or, equivalently, to remove the base-
line wander, we employ a comparator
with quantized feedback in conjunction
with superposition.
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V,~0.4V and generate it from Vpp
by a resistive divider. Figure 20(a)
and (b) plots Vop, Vb, and Vour for a
900-ns Vpp ramp before and after
the start-up circuit is added, respec-
tively. We note that the former fails
(in fact, it oscillates with a period of
several microseconds) whereas the
latter settles properly. For a 1-ms Vpp
ramp, the bandgap turns on with or
without the start-up mechanism.
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