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An offset-insensitive switched-capacitor bandgap reference with continuous output”
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Abstract: An improved switched-capacitor bandgap reference with a continuous output voltage of 1.26 V has been
implemented with Chartered 0.35-um 5-V CMOS process. The output offset voltage, induced by non-ideal charac-
teristics of operational amplifier and bias current generator, is suppressed by the proposed sample-and-hold circuit
and self-bias technique. Experimental results show that the proposed circuit operates properly under a supply voltage
varying from 3 to 5 V. The measured temperature coefficient is 112 ppm/°C and the power supply rejection ratio of
output voltage without any filtering capacitor is 40 dB and —33 dB at 100 Hz and 10 MHz, respectively.
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1. Introduction

Voltage reference is a ubiquitous block in modern mixed-
signal systems, such as data converters, to provide a stable
DC voltage insensitive to the variations of supply voltage and
temperature. With the ever-increasing precision of data con-
verters, the robust demand for low-offset voltage reference
keeps growing. Conventional BJT-based bandgap reference
(BGR)!!, unfortunately, suffers from offset voltage resulting
from asymmetry of the amplifier and mismatch between BJTs.
This problem can be alleviated by enlarging the area of the am-
plifier input MOSTs pair!?! or by some trimming circuits'>*!,
These compensation techniques work to some extent, although
they increase the circuit complexity and cost. Still, the mis-
match between BJTs cannot be eliminated.

The switched-capacitor bandgap reference (SCBGR)
with single BIT~"! has been presented to minimize the harm-
ful influence of amplifier offset voltage. Obviously, mismatch
between BJTs is no longer a problem since only one BJT is
adopted. However, output deviation due to imprecise bias cur-
rent still exists and the non-continuous output limits its appli-
cations in continuous-signal systems.

In this paper, an improved SCBGR with continuous out-
put is presented. A novel self-bias technique is adopted to dra-
matically reduce the offset sensitivity.

2. Conventional BGR

Figure 1 shows the typical structure of a conventional
BGR!®!. The output voltage (V) can be written as Eq. (1):

Vour = VER2 + (1 + k) VrInn — (1 + k) Vi, (D

where n is the emitter area ratio between Q, and Q;, and
Vos1 represents the amplifier input offset voltage. Temperature
compensation can be achieved by properly selecting k and n.
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However, as illustrated by the last term in Eq. (1), Vi is am-
plified by a factor of 1 + k, typically about 10, which causes
Vout to deviate greatly.

3. Conventional SCBGR

In order to eliminate the impact of Vg, a single-BJT
SCBGR has been presented in Ref. [5], as shown in the right
block of Fig. 2, where S| and S, are driven by non-overlapping
clocks™.

In the first phase (¢ ), bias current I; flows through Q, to
generate an emitter-base voltage Vg and the output voltage
Vout1 1S given by

1
Voutt = VEB1 = Vios1 = VrIn I_l = Vost- 2)

S

During the second phase (¢5), an additional current /,, together
with I;, flows through Q; and the emitter-base voltage Vgp»
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Fig. 1. Conventional BGR.
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Single-BJT SCBGR Core Circuit
Fig. 2. Single-BJT SCBGR.
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can be found again as:

L +1
VEBZZVTIH IIS 2. (3)

Assuming I} = K;lp and I, = K;I, thanks to the pro-
portional amplifier consisting of C;, C,, and A, the desired
output reference voltage Vi, is produced:

Vour = V1 In

I
(K1 + K>3) I—O
S

C, K>
+Vr—=—In[l+—|—-Vy. (4
TC1 n( Kl) s1. (4)

It can be easily seen that the output offset voltage (V) of
SCBGR is reduced by 1 + k times compared with that of con-
ventional BGR in Eq. (1).

Additionally, the accuracy of V., is also affected by the
absolute value of I;. Assume a conventional bias current gen-
erator is applied, as shown in the left block in Fig. 2. Let us
consider the expression of Io!?':

p _;L(I_L)z )
* 7 mCo WILNR2\" VK]

where (W/L)y is the aspect ratio of M;. Practically, a great
deviation, possibly as large as 20%, may be introduced to the
value of Rg during the CMOS manufacturing process. Assume
Rs = (1 + &)Rsp, where Ry and ¢ is the designed value and the
deviation percentage of Rg respectively, and substitute it into
Eq. (5), then Equation (4) can be rewritten as:

C K
+wimb+i)

Vourz = V11
out2 TN C K

I
(K1 + K>) I—O
S

— Vos1 =2VrIn(1 + &). (6)

This shows that an extra offset voltage of 2VrIn(1+¢) is
added. Even so, the total offset voltage is always much smaller
than that of the conventional BGR.

Unfortunately, this SCBGR cannot generate a constant
DC reference voltage, which greatly limits its application.

4. Improved SCBGR

For the purposes of obtaining a continuous output volt-
age and reducing the offset voltage caused by the bias circuit,
an improved SCBGR is proposed, as shown in Fig. 3, which

consists of a sample-and-hold (S/H) circuit, a self-bias circuit,
and a conventional SCBGR core circuit.

4.1. S/H circuit

The output voltage of the conventional SCBGR (V)) is
converted to a continuous voltage (V) through an S/H cir-
cuit. As described in the right block of Fig. 3, switch S; sam-
ples the designed voltage (Voyup) during ¢,. The sampling ca-
pacitor C3 should be chosen adequately such that the stability
and speed of amplifier A; deteriorate slightly.

The ripple voltage on V; is further suppressed by a sim-
ple low-pass-filter (LPF) consisting of Ry and Cy. It is notable
that the LFP bandwidth should be set much smaller than the
clock frequency. In this design, a 10 MQ high-resistance poly
resistor Ry and a 10 pF MOS capacitor C4 are chosen to ac-
complish this.

4.2. Self-bias circuit

A novel self-bias technique is exploited to reduce the out-
put offset voltage arising from resistor deviation in the con-
ventional SCBGR. As shown in the left block of Fig. 3, the
bias current [y is generated by Vi, through a typical voltage-
to-current convertor. Taking all the error sources (Vog1, Vo2,
and ¢ of Rg) into account, we can write the output reference
voltage Vo as:

VOL][ = VT ln

I
(K + K>) 1‘0
S

C, K>
+Vr——In|l+ —
e n( Kl)

VO S.
- m—wma+@+wm@+vﬁ.(ﬂ

out

Since V is usually several mV while Vi is 1.26 V in
this design, the last term in Eq. (7) is always negligible. Conse-
quently, the total output offset voltage is reduced by Vrln(1+¢)
compared with that of SCBGR in Eq. (6). In other words, the
offset voltage due to the bias current deviation is halved. More-
over, from Eq. (5) we can see that the bias current [ in the
conventional SCBGR suffers from variations in technology
parameters, such as p, and Co, while in this design, thanks
to the self-bias circuit, Iy equals Vo, /Rs and is independent of
them.

4.3. Amplifier design

A high-gain fast-settling folded-cascode amplifier A;, as
shown in Fig. 4, is designed to reduce the systemic offset and
obtain a high accuracy Vj. The core circuit of A; consists of
Mi6—Mjys. The area of M7—M;g should be appropriately en-
larged to decrease the input offset voltage. A start-up circuit
formed by M;—Mj5 is necessarily utilized to prevent the bias
circuit from reaching zero-current state. When EN = 0, M5 is
turned on to pull P-node up to Vpp. Thus, the whole circuit is
shut down. When EN is set to Vpp, the start-up circuit pulls
P-node to ground through Mg and M7 for a short period to
activate the amplifier.

The same structure is chosen for amplifier A, in the self-
bias circuit to simplify the design. The gain bandwidth product
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Fig. 3. Structure of the improved SCBGR.
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Fig. 4. Structure of amplifiers A, and A,.
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Fig. 5. Die photo of prototype chip.

of A,, however, can be designed to be much lower since the
input of A, is constant and no settling requirement is needed.
As aresult, the proposed self-bias circuit consumes nearly the
same power as the conventional bias current generator does
but improves the accuracy greatly.

5. Experimental results

The proposed SCBGR has been fabricated with Char-
tered 0.35-um 1P4M 5-V CMOS process. The die photo is
shown in Fig. 5. Careful matching, particularly of the current
source MOSTs M;—M3 and capacitors C;—C, in Fig. 3, should
be carried out during the layout design to enhance the output
precision. In order to prevent the digital part from affecting the
analog core circuit, both the non-overlapping clock generator
and the SCBGR core circuit are surrounded by guard rings.

Tek Run Sample 31 Dec 08 13:56:31

Output (1 V/div)
/
[ttt o

IR

Chl 5.0V

Voltage

/ Clock (5 V/div)

LT

Time (1 ps/div)
——

Ch2 1.0V M 1.0 ps 250 MS/s 4.0 ns/pt

A Chl 300 mV
Fig. 6. Waveforms of output and system clock.

In addition, a voltage buffer with class-AB output stage is ap-
plied to drive the test instruments. The chip area excluding the
output buffer is 0.048 mm?.

The output waveforms of this chip and the input clock
signal are shown in Fig. 6. We can see that a constant output
reference voltage of 1.26 V is generated with a 500 kHz clock
signal. The measured temperature characteristic of output volt-
age under three different supply voltages with a temperature
range of 20 to 100 °C is shown in Fig. 7 and the minimal

085006-3



Zheng Peng et al.

August 2009

1.300}

1.290¢

1.280}

1.270}

Output voltage (V)

—=—Vdd=5V
—e—Vdd=4V
1250 A Vdd=3V

20 40 60 80 100

1.260

Temperature (°C)

Fig. 7. Temperature performance under different power supplies.
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Fig. 8. Measured supply sensitivity results at different temperatures.
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Fig. 9. Measured PSR of the proposed SCBGR.

temperature coefficient (TC) is 112 ppm/°C at Vpp =3 V
without any trimming schemes. The large TC may arise from
nonideal S; and variation of Ry with temperature. Figure 8
shows the experimental supply sensitivity results of output
voltage V,, at different temperatures. When the supply volt-
age changes from 3 to 5 V, the minimal variation of the pro-
posed SCBGR output is 25 mV at 100 °C, which means a line
regulation of 0.98%/V. The measured PSR of the proposed
SCBGR without any filter capacitors at room temperature, as
shown in Fig. 9, is —40 dB at 100 Hz and is still less than —30
dB with a frequency up to 10 MHz, which is comparable with
the conventional BGR. Stability is a key consideration in the
design of the two amplifiers. Since the gain bandwidth prod-

Table 1. Measured performance summary.

Performance Value

Technology 0.35-um CMOS

Supply voltage 3to5V

Supply current 34 uA

Output voltage  1.26 V

TC 112 ppm/°C

Line sensitivity  0.98%/V

PSR -40 dB @ 100 Hz, -33 dB @ 10 MHz
Die area 0.048 mm?

uct (GBW) and phase margin of amplifier may be easily in-
fluenced by variations of process parameters, adequate head-
room must be provided during design, which increases the bias
current. The total current draw of this design is 34 uA. The
summary of the measured performances which are close to the
simulation results is given in Table 1.

6. Conclusions

An improved switched-capacitor bandgap reference has
been presented. Thanks to the proposed sample-and-hold cir-
cuit and self-bias technique, a stable output voltage of 1.26 V
is generated and the output offset voltage is greatly suppressed.
The measured temperature coefficient is 112 ppm/°C, and the
power supply rejection ratio of output voltage without any fil-
tering capacitor is —40 dB and —33 dB at 100 Hz and 10 MHz.
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