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ABSTRACT: In the design of a precision operational amplifier (OPA), cancellation of the input bias current is a challenging issue, which
is primarily limited by the current mirror mismatch and the low /3 value of the PNP transistors. This article proposes a new base current
compensation design, which enables zero input-bias-current theoretically. The input stage of the circuit is an active load differential pair
with a new common-mode feedback (CMFB) circuit based on the current reuse technique, which can provide a stable common-mode
voltage for the amplifier without additional power consumption and area occupation. The proposed OPA is designed in a bipolar process
with a core area of 2.85mm x 1.5mm. Simulation results show that this OPA achieves a 134 _dB open-loop-gain, 50 pA input-bias-
current @25°C, and a low supply current of 0.9 mA, which suggests a concise architecture of the OPA for low offset, low noise, low

input bias current, and high gain.

1. INTRODUCTION

recision operational amplifier (OPA) has the characteristics
Pof low input offset voltage, low temperature drift, and low
noise, which make it capable of acquiring weak signals and
then complete amplification. It is widely used in sensors, in-
strumentation amplifiers, precision filters, etc. [1]. Its perfor-
mance has a direct impact on the overall system and can even
become a bottleneck that hinders significant advancements [2].
In addition, it is usually fabricated in a bipolar process with the
advantages of designing high-performance operational ampli-
fiers, because the bipolar process can achieve greater transcon-
ductance and lower noise than the standard CMOS process [3].
In addition, the bipolar process has the advantages of high gain,
wide bandwidth, and low offset. However,the bipolar process
may reduce the input impedance of the OPA, resulting in an
increase of the input bias current [4].

To address these shortcomings, a base current compensation
circuit has been proposed to decrease the input bias current.
However, the resulting residual current is typically one-fifth to
one-twentieth of the original uncompensated base current [5].
Furthermore, a modified base current compensation structure
that mainly consists of a resistor-adjustable current mirror and
an improved Wilson current mirror has been proposed. How-
ever, the accuracy is insensitive to the value of 3 (the ratio of the
collector current to base current) [5, 6]. In particular, cancella-
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tion of the input bias current is challenging, primarily limited
by the current mirror mismatch and the low 3 value of the PNP
transistors. Thus, this study proposes an innovative input bias
current compensation structure, which can theoretically reduce
the bias current to zero.

For a higher gain and stable common voltage of the out-
put [7], a common-mode feedback (CMFB) loop was pro-
posed, which can also improve the common-mode rejection ra-
tio (CMRR) [8]. However, another OPA for a CMFB loop cir-
cuit requires a large area and consumes more power [9]. Thus, a
new (CMFB) circuit based on current reuse technology is pro-
posed, which can provide a stable common-mode voltage for
the amplifier without additional power consumption and area
occupation.

Based on the above, a high-gain precision operational am-
plifier was designed for the bipolar process. The remainder of
this paper is organized as follows. The system architecture is
described in Section 2. Section 3 introduces the circuit design
of the three-stage OPA with the proposed CMFB loop and base
current compensation structure. Simulation results of the pro-
posed OPA are presented in Section 4. Finally, the conclusions
are presented in Section 5.

2. SYSTEM ARCHITECTURE

The system architecture of the proposed amplifier is shown in
Fig. 1. It is mainly composed of a differential input stage with a
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FIGURE 2. Differential input and gain stages.
CMFB loop and base current compensation structure, a middle lows [10]:
gain stage, an output stage, and a bias. The working principle
is as follows. First, the external input signal is amplified by the Coy = 4 <Gm1 > Cr )
differential input stage. The amplified signal is converted into Gm3
a current signal at the middle-gain stage, and the current signal ) a
was amplified. Finally, the current signal was converted into Coo = = (mz) Cr, 3)
a voltage signal through the output stage, and amplified once 1= G

again. Through this process, the OPA obtains gain from the
analog input signal to the output signal. The role of the CMFB
loop is to stabilize the differential output voltage of the input
stage, and the base current compensation structure reduces the
bias current and increases the input impedance.

The overall gain of the OPA is expressed as follows:

Ay = GiGmaGmsRo1Ro2Ror (D

where G,,1, Ge, and G, 3 represent the transconductances of
AMP1, AMP2, and AMP3, respectively. Ro; and Rp9 repre-
sent the equivalent output impedances of AMP1 and AMP2, re-
spectively, and Ry, represents the equivalent load impedance
of AMP3.

Cc1 and Coo are Miller capacitors that compensate for the
overall frequency response, and their values are designed as fol-
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where C', represents the output load capacitance.

3. CIRCUITS DESIGN AND IMPLEMENTATION

3.1. High Gain Differential Input and Gain Stages

The internal circuit diagrams of the input and middle-gain
stages are shown in Fig. 2. The input stage is an N-type dif-
ferential pair stage composed of Q| and Q,, Q3, Q4, Qs, Qs,
Ry, and R,. A common loop provides a bias voltage to the base
of 3, Q4, Q7, and Qg [5]. The working principle is as follows:
when the base voltage of (3 increases, the collector voltage of
@) increases. Then, ()7 detects the change and decreases the
base voltage of (3. Through this negative feedback loop, the
base voltage of ()3 was decreased.
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FIGURE 3. Traditional base current compensation scheme.

The middle gain stage is a folded cascode structure that con-
verts the differential input to a single-ended output. Q9 and Q1o
are N-type differential input transistors of the second-stage am-
plifier, doubling as common-mode sampling transistors. The
CM voltage is sensed by the emitter of ()19 and then flows
through @9, 20, and Q4. The common-mode feedback circuit
proposed in this paper eliminates the need for extra amplifiers
and power consumption. Subsequently, the collector voltage of
the (Q4/Q)3 is biased at Vier — 0.7.

B9 + Tr9 represents the equivalent base input impedance of
Q9, while Cr9 and C,4 denote the base-emitter junction capac-
itance of Q9 and the base-collector junction capacitance of @4,
respectively. Cr9 and Cj14 denote the base-emitter junction
capacitance of Qg9 and J14. The dominant and non-dominant
poles of the common-mode feedback loop are given by Eq. (9).

1
21 % ((rpo +7x9)//(12)) * (Cro + Cpua)
1
27 % 2= % (Crg + Cri9)

P =

P =

“4)

Typically, %% < Tpg + Trg, the common-mode feedback
loop of the amplifier achieves stable operation without diffi-
culty.

Q11 and Q) are folded common-based transistors. Q13—Q1¢
consist of a cascode current mirror. R3, C, R4, C, constitute
the feedback compensation, and Rs and C5 are Miller compen-
sations with the zero-setting resistance.

3.2. Base Current Compensation Circuit

The traditional base current compensation scheme is shown in
Fig. 3. In the circuit, Qq19, Q1110, and (Qq11; ensure that the
emitter voltage of Q115 (Q116) is three diode voltages below

that of Q111 (Q112):

Ve11s = VE111 — 3Vdiode Q)
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Because the emitter voltage of Vg is two-diode voltage above
that of Q115 (Q116), and V4 is one-diode voltage lower than that

of Qiny (an)i

VB = Vii11s + 2Viiode (6)
Va = Vi1 — Waiode (7

then, there is:
Vi Vg @®)

If the /3 of the transistor is large, the collector current of Q13
(Q114) isequal to that of Q111 (Q112). Q115, Q16> Qu17, Qris act
as current mirrors to replicate the base current of Q13 (Q114)
and provide it to the bases of Q111 and @12, thereby eliminating
the input current. The current error ;s is expressed as:

‘ :ICQ113. Bn  IcqQuisPp ~ Ieows 1
T T Bp 148, Bp(l+8p) MU Bp(1+ Bp)

€
where Icgi13 is the collector current of @3, and 3, is the
Common-Emitter Current Gain of Q117. Thus, the elimination
depends on the 3 value of the transistor. Because of the limited
[ value, the replication accuracy of the current mirror is re-
duced, which results in a 5% to 20% error between the compen-
sation current and the base current of (1, /Q1 12, which makes
it impossible to fully compensate for the base current.

For an ideal amplifier, the input bias current is expected to
be zero. For an n-type transistor, the input bias current is I/f.
A wider bandwidth implies a high I~ and input bias current,
which is a lower input impedance and current detection accu-
racy. Therefore, this study proposes a high-performance base
current compensation circuit to make the input bias current near
Zero.

As shown in Fig. 4, the proposed structure includes a bias cir-
cuit composed of R, R7, Rg and a base current compensation
circuit composed of (Q21—Q»4 and current source Is. Here, Q24
and Q1/Q)7, Q25 and Q)7 were identical. I5 is equal to I/,

I
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FIGURE 4. Base current compensation.

and the base current of Q4 is expressed as follows:

(10)

where I is the collector current of Q1. Iy, Ipo, and Igoy are
the base currents of @1, @2, and 24, respectively. @21, @22,
and (3 are identical and simultaneously biased at the same
voltage between the base and emitter. Therefore, the equa-
tion for the collector currents of D1, @22, Q23 is given by the

Eq. (11).

Ipos = Ip1 = Ipo

Icoz = Ic21 = Ic22 (11)
The collector of ()23 is connected to the base of ()24, and the
collector current of (o3 is given by Eq. (12).

(12)

According to Egs. (9), (10), and (11), the following formula
can be expressed:

Ic23 = Ipas

(13)

According to Egs. (13), Q21 and Q22 supply the base cur-
rent needed by transistors ()1 and )2, respectively. The base
current is theoretically completely compensated, and the input
bias current is near zero.

However, due to the dispersion of the transistor’s 3 value dur-
ing the manufacturing process, it is difficult for the base current
to be zero. To evaluate the mismatch in process fabrication, the
paper employed Monte Carlo simulations to assess its impact on
the studied architecture in Section 4. In this study, instead of us-
ing complex current mirrors for current copying, we leveraged
the relationship between transistor current and area for equiva-
lent current compensation. Additionally, resistors Rg, R7, and
Ryg are high-precision metal-film resistors. The design also al-
lows for later resistor trimming to ensure engineering reliabil-

1ty.

Ico1 = Icoa = Ip1 = Ip2

3.3. Push-Pull Output Stage

The internal circuit diagram of the output stage is shown in
Fig. 5. The output stage is composed of a buffer, a current
driver circuit, and a class-B push-pull output stage with low
output impedance. The common-collector amplifier (Q7¢, cur-
rent source I¢) is used to realize the impedance transformer.
The current driver circuit (Q39, @31, @27, R0, and Ry) pro-
vide base currents of (0,5 and @Q,9, respectively, and the output
current is 3 times the base current of Q>3 and Q9.

172

: vCC !
| |
| I
| I
| I
| I
I hI%QZS |
| I
| I
: Qu o !
i SRy |
| OuT |
| > |
: <R, |

—
: OUT1 Q33 :
: Qa6 p I
| i<, Qu :
| li |
| Q27 | I
| Ri2 I
| ®, 7 I
| |
| |
: -VEE |
| Output Stage :

FIGURE 5. Output stage.

4. THE SIMULATION RESULTS

The proposed OPA with a new CMFB and base current compen-
sation circuit was designed and simulated based on a comple-
mentary bipolar process. Fig. 6 shows a layout view of the pro-
posed OPA (2.85mm X 1.5mm), and Fig. 7 exhibits a 134 dB
open-loop-gain and 1.7 MHz bandwidth (GBW). The current
consumption of the proposed OPA was 900 HA with a supply
voltage of £15 V. Fig. 8 shows the CMRR of the OPA, which
was approximately 84 dB. Fig. 9 shows the input noise voltage
(0.1 to 10 Hz), and the input-referred integrated peak-to-peak
noise voltage (Vp.p) was approximately 0.4 £Vp_p.

As shown in Fig. 10, the offset voltage of the OPA was
counted. The maximum input offset voltage was approximately
60 pV. Fig. 11 indicates the input bias current from —45° to 85°,
and the maximum input bias current is less than 400 pA. The
simulation results shown in Fig. 11 illustrate the dramatic re-
duction in the input bias current achieved by the proposed base-
current compensation circuit. However, the effects of device
parameters mismatch under temperature variations and slight
differences in V. because IR drops in metal interconnects make
it challenging to achieve perfect compensation for the base cur-
rent of the input stage. The saturation current (Is) of a bipolar
transistor increases with temperature, which causes the input
bias current to also increase with temperature.

The Monte Carlo analysis reveals a mean value about 33 PA
and standard deviation of 200 pA for the base compensation
current, as observed from the statistical histogram in Fig. 12.
This value is low enough to attest to the robust nature of the
circuit. Additionally, a metal-film resistor is employed for Ry,
R7, Rg to enhance the design’s manufacturability and reliabil-
ity.

Table 1 shows the performance of the proposed OPA com-
pared to other previously published three-stage OPAs. The pro-
posed OPA has lower current and input bias current owing to
the current reuse technique of the CMFB loop circuit and the
new base current compensation design.

WWwWw.jpier.org
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FIGURE 11. The simulation results of the input bias current.

Hong et al.
500 4
e Number = 500
400 4 130.0-3 }\::\:\ijiusez;;
AN Std Dev = 210.480p
300+ 1200 Occi
< 1100- ) Q:c
S 200 1000 < 2
é 900 - o
£ 100 A I
3 80.0 = h:
> b
.8 0 1 700 - o
= -}
3 600 = o2
a - E o
ki 100 0 .
-200 400 - f; s
300 4
-300 Lo % L]
200 -
o9 N
-400 T T T T T T T 100 = : Y GFED
-40 -20 0 20 40 60 80 100 00 - \‘\‘!‘Ifwo“f‘|
temp (°C) 100.0 3000 5000 7000 8000
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TABLE 1. Peformance comparison with prior arts.

Parameter This work [12] [11] [13]
Process bipolar bipolar | bipolar | bipolar
Supply voltage (V) 15 15 15 15
GBW (MHz) 1.7 0.3 0.5 1
Supply Current (mA) 0.9 1.7 - 0.928
Input Bias Current (pA) 50 2000 2.891 700
Open Loop Gain (dB) 134 130 113.9 126
Input Offset Voltage (V) 35 10 9.3 30
Input voltage noise @ (0.1 to 10 Hz) (LVp.p) 0.4 - - -
AREA (mm?) 4.275 3.68 - -

5. CONCLUSION

This paper presents a new CMFB loop and a base current com-
pensation structure for an OPA. Compared with traditional ar-
chitectures, the CMFB loop based on current reuse technol-
ogy provides a stable common-voltage with a lower power
(0.9mA). The new base-current compensation structure can
effectively reduce the input bias current. Meanwhile, it pro-
vides a high open-loop gain (134 dB), low input offset voltage
(35 nV) and input-referred integrated peak to peak noise volt-
age (0.4 uVp_p). Our design suggests a concise OPA architec-
ture for a low offset, low noise, low input bias current, and high

gain.
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