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Abstract: A bandgap reference based on high order temperature compensation and an integrated negative feedback voltage
regulation technique has been designed. The proposed bandgap reference exhibits low temperature drift and high power supply
rejection ratio (PSRR). By employing two pairs of MOS transistors operating in the subthreshold region, exponential
compensation currents are generated in segmented fashion according to the operating temperature, thereby achieving high order
temperature compensation and reducing the bandgap reference's temperature coefficient. Furthermore, leveraging the bandgap
reference's output voltage, an integrated negative feedback regulation circuit is employed to enhance its PSRR. Using 0.18um
BCD process, the design, layout, and post-simulation verification of a low temperature-drift, high PSRR bandgap reference were
completed. The layout area of the bandgap reference is 290umx=200um. Post simulation results indicate that, over the temperature
range of —45°C to 125°C, the temperature coefficient is only 1.15 x 107%/°C, and the PSRR reaches 83.22dB. Under a supply
voltage variation from 2.8V to 5.5V, the average reference voltage is 1.212V, with a line regulation of 0.015%.
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reducing the temperature coefficient of the bandgap reference.

1. Introduction In addition, an integrated negative feedback voltage

The bandgap reference is an indispensable and critical re.:gul.ation circuit is designed to SUPPIYPOWCT to th? core
module in integrated circuit design. It generates a reference circuitry of the bandgap reference, effectively enhancing the
. . . . . . 1 14! : :
voltage that is virtually immune to variations in temperature, overall circuit's power supply rejection performance.

supply voltage, and process parameters, making it widely oype .
used in analog and mixed signal systems. High precision data 2. Traditional First-Order

converters, sensor chips, battery-monitoring chips, and other Compensated Bandgap Reference
applications demand bandgap references with lower
temperature coefficients and higher PSRR to meet system-
level requirements.

Because the VBE voltage of bipolar transistors exhibits a
high order nonlinear temperature coefficient, conventional
first order temperature compensation struggles to achieve a
bandgap reference with a low temperature coefficient[1]. In
recent years, many researchers have proposed bandgap
reference architectures with excellent performance. For
instance, Y. Liu et al. introduced a switched capacitor bandgap
reference with second order curvature compensation for ultra
low power systems; however, its temperature coefficient is
1.76 x 10¢°C. X. Ming et al. employed a piecewise
exponential technique to realize a BiCMOS bandgap
reference featuring higher order curvature compensation,
achieving a favorable temperature coefficient, though its
PSRR performance degrades at high frequencies. O. E. Mattia Velnn  |Vig
et al. implemented an ultra low power bandgap reference by Ipe = T NREALLLEL

Traditional bandgap references exploit the positive
temperature coefficient of the base emitter voltage difference
AVBE between two bipolar transistors to compensate for the
negative temperature coefficient of the base emitter voltage
VBE. By summing these two terms with a specific weighting
factor, a reference voltage VREF with zero temperature
coefficient is obtained[2][3].

Figure 1 shows the circuit structure of a conventional first
order compensated bandgap reference. In this circuit,
transistor Q2 has an area n times that of Q1, and transistors
M3, M4, and M5 have identical dimensions; resistor R2
equals R3. Due to the opamp feedback, voltages X and Y are
equal, so the current IC1 equals IC2. From the relationship
[VBEI1| = [VBE2| + IC2R1, we obtain IC2 = VT In(n) / R1.
IC2 is mirrored through R2 to produce current IR4, whose
expression is:

leveraging a novel resistorless bipolar transistor biasing and i Ry R,
curvature compensation circuit. B. Ma et al. proposed a novel Therefore, the. magnitude of the bandgap reference output
CMOS bandgap reference that utilizes MOS transistors voltage VREF is: R R
operating in the subthreshold region to achieve higher order Vegr = — | Vggy | +—Vylnn
curvature compensation. o R, ' 1

This paper presents a high order temperature compensation By adjusting the values of resistors R1 and R2, VREF can
circuit that employs two pairs of MOS transistors operating in be m?:lde to have a Ze10 temperature coefficient. However,
the subthreshold region to generate an exponential type VBE is not perfectly linear; its temperature characteristics are:

compensation current, which is then passed through resistors
to achieve high order temperature compensation, thereby
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Vge(T) = Vg + [Ve(To) — Ve (To)] x T, (4—n
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As shown by the above equation, VBE exhibits high order
nonlinearity, whereas conventional bandgap references can
only compensate the linear term corresponding to the second
term in the expression. This limitation constrains the
temperature coefficient of the bandgap reference[4][5][6]. To
achieve a bandgap reference with lower temperature drift over
a wider temperature range, it is necessary to implement higher
order compensation for the exponential term in the third term
of the VBE voltage expression.

Furthermore, the bandgap reference shown in Figure 1 is
highly sensitive to the supply voltage, with a power supply
rejection ratio that typically does not exceed 60dB, which is
insufficient for high precision system applications[7].

VDD

il%%li“‘ AL

=

5

Al

S .
Ry

wf (% []m
4 nA
Rt

Figure 1. Circuit structure of a conventional first order
compensated bandgap reference.

3. Low-Temperature-Drift, High PSRR
Bandgap Reference Circuit Design
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3.1. Reference Core Circuit

The core circuit of the bandgap reference designed in this
paper is shown in Figure 2. It consists of a reference
generation circuit and a higher order temperature
compensation circuit. The reference generation circuit
produces both a positive temperature-coefficient voltage and
a negative temperature coefficient voltage, which are
combined to generate a zero-temperature-coefficient output
voltage Vrer. The higher order temperature compensation
circuit comprises two pairs of MOS transistors operating in
the subthreshold region; depending on the operating
temperature, it generates an exponential compensation
current lcomp. This current flows through the compensation
resistor Rio, producing a higher order temperature
compensation voltage that adjusts the temperature coefficient
OfVREF.

In Figure 2, the area of Q7 is m times that of Qs, and R =
R7. Due to the opamp's clamping effect, the voltages at nodes
V3 and V; are equal, so I = I3. The difference AVgg between
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the base emitter voltages of Qs and Q7 can be expressed as:
kT
AVgg =V -Inm = ?-lnm

Therefore, the current I3 flowing through Rg is:

_AVgg  kTInm
T Rg B q Rg

The current Is is the sum of I, and I5; it flows through Ro
and R0, generating a voltage Vs with a positive temperature
coefficient, whose expression is:

V5 e (Iz + 13) - (Rg + RIO) b 2_—lnm
q Rg

The voltage Vrgr is the sum of the base emitter voltage
Vies of Qe and the voltage Vs, expressed as:
REF = VBE6 —— 3 nm

q Rg

Vies has a negative temperature coefficient, while Vs has a
positive temperature coefficient; by adjusting the ratio of the
resistors, Vrer can be made to have a zero temperature
coefficient.
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Figure 2. Core circuit of the bandgap reference.

3.2. Higher-Order Temperature Compensation
Circuit

As shown in Figure 2, an exponential type compensation
current can be generated by employing a differential pair
operating in the subthreshold region. Figure 3 illustrates the
principle behind the generation of this exponential current:
the differential pair receives input voltages Vrerx (in Figure
2, Vrerx 1s obtained by voltage division across Rii, Ri2, and
Ri3 connected in series) and a voltage Vprar that varies
linearly with absolute temperature (in Figure 2, this is Vs).
The differential pair produces a temperature compensating
current Ieomp, Which flows through resistor Rjo to generate a
compensation voltage, thereby compensating the reference
voltage. Here, the currents Ins and Iys are on the order of
1A, and the width-to-length ratios of Ms—M )9 are designed
to be as large as possible to ensure operation in the
subthreshold regime. The following section analyzes the
underlying mechanism for generating the exponential



compensation current.

=

18

VRrerx
19

Y lcompx

Figure 3. Circuit for generating exponential compensation
current.

For a PMOS transistor, assuming that the voltage Vrgrx >
Vprar, then Iprar = In. The subthreshold current expression for
a MOS transistor is known to be:

IVgs|=IVrHl

ID = Ioe nVr

According to Equation (9), the expression for Vj is:

Im
Vs =nVr- lnl_ + Verar + [Vrue|

o
Then the compensation current Icompx can be expressed as:

Vs—VRrerx—=VTHP
nVr

VpraT—VREFX
nvr

Icmopleo'e =Iy-e

The relationship between the positive-temperature-
coefficient voltage Vprar and Vrerx can be expressed as Vprar
= aPTAT(T — TO) + Vgerx, where aPTAT is the temperature
coefficient of Vprar and Ty is the temperature at which Vprar
and Vggr intersect. Consequently, the compensation current
Tcompx can be simplified to:

apraT,_ AT

aPTAT,A . _
= Iy - e "k/a ToFAT =], - ek1AT

=]M-eT]VT

I cmopx

K. = a pTAT
17 n(k/q)(T + AT)

In the equation, AT = T — Ty. Consequently, within a
relatively small range of AT (AT « Ty), the compensation
current increases exponentially as AT grows.

When the voltage Vrerx < Vprar, the input voltages at the
two ends of the differential pair in Figure 3 are swapped. At
this point, the compensation current Icompx can be expressed
as:

VREFX—VpPTAT
nVr

Icmopx =Iy-e

In the temperature compensation circuit shown in Figure 2,
the compensation circuit employs two differential pairs to
generate two compensation currents; the total compensation
current is expressed as lcomp = lcompt + Leomp2. As indicated in
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Figure 2, the relationship between Vprar and the two voltage-
divider Voltages Vrer1 and Vger; 18 as follows: Vrer1 > Vprar,
and Vger2 < Vprar. Consequently, based on Equations (11)
and (14), the expressions for the compensation currents Icompi
and Ieomp2 are:

Vperar-VREFR

Icompl = Im14€ nvr

VRrEF2 —VpTAT

Icompz =1Imise nvr
Among them:
Ri; + Ry
VREF1 = 5% »  VREF
'Ry + Rz +Ry;
RIZ
VReF2 = * VREF

Ry +Riz + Ry

As shown by Equations (15)—(18), Vrer1 > Vrer2, and the
waveform of the compensation current is illustrated in Figure
4. The compensation current flows through resistors,
generating two compensation voltages that respectively
compensate for the low temperature and high temperatur e
regions of the bandgap reference. By trimming the values of
the series voltage divider resistors Ri; and Ry in Figure 2, the
magnitude of the compensation current can be adjusted,
thereby controlling the magnitude of the compensation
voltages and raising the curve of the bandgap reference
voltage in both the low temperature and high temperature
ranges to near the level observed at the mid temperature point.
In this way, by applying two exponential high order
compensation voltages to the exponential term in the third
term of Equation (3) for the Vgg voltage, a higher order
compensation is achieved for Vggr. The compensated
bandgap reference voltage can then be expressed as:

Vrercomp = Vrer + (Icomp1 * L comp2) * R1o
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Figure 4. Waveform of the compensation current.

Therefore, by adding two compensation voltages to the
uncompensated bandgap reference voltage Vrgr, we obtain
the final bandgap reference voltage Vgrercome, thereby
improving the temperature coefficient of the bandgap
reference. The schematic curves before and after bandgap
compensation are shown in Figure 5: the uncompensated
bandgap reference exhibits a sawtooth like curve, whereas
after compensation, both ends of the curve—corresponding to



the low temperature and high temperature regions—are lifted,
resulting in a wavy shaped curve. In general, a conventional
first order compensated bandgap reference can achieve a
temperature coefficient of approximately 1.5 x 1075/°C, while
a higher order compensated bandgap reference can attain a
temperature coefficient of 2 x 107¢/°C or lower.
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Figure 5. Schematic curves of the bandgap reference before

and after compensation.

3.3. Bandgap Reference Overall Circuit

Figure 6 shows the overall circuit of the designed bandgap
reference, which comprises a startup circuit, a voltage
regulation circuit, a biasing circuit, a temperature
compensation circuit, and a reference generation circuit. In
the figure, VDDI is the supply voltage that powers all circuits
except the reference generation circuit; VDD?2 is the output
voltage of the internal negative feedback voltage regulation
circuit and supplies power to the reference generation circuit.

When the circuit is powered on and starts up, R, Q,, and
Qo turn on. At this point, the voltage at node V, equals the
sum of the Vpg of transistors Qp and Q, which is

approximately 1.4 V. Consequently, during startup, Qs turns
on first, followed by the sequential turn on of Qs, Qs, and Q7,
allowing current to flow. Subsequently, under the feedback
action of the amplifier, the bandgap reference raises Vrgr to
around the bandgap reference voltage of 1.2V. At this stage,
Qs turns off, completing the startup process.

In Figure 6, the reference generation circuit is powered by
VDD2. When the supply voltage VDD1 varies or fluctuates,
the magnitude of VDD2 remains nearly constant, thereby
ensuring that Vggr is unaffected by variations in the supply
voltage and effectively improving the power supply rejection
ratio. The operating principle of the voltage regulation circuit
is as follows: when the supply voltage fluctuates or for other
reasons causes VDD2 to change, the base voltage of Q, also
adjusts accordingly, maintaining a constant current through
R (the current through Mg is an exact replica of Irs, with Ipg
=1Irs = (Vrer — Vaes) / Rs). At this point, the negative feedback
loop formed by Qi, Ms, M3, Ma, Mg, Ry, and Mg suppresses
changes in VDD2, keeping it stable. Notably, M must be
sized sufficiently large to provide ample current to the
bandgap reference core circuit. Capacitor C serves as a
compensation capacitor, ensuring adequate phase margin in
the regulation loop and preventing oscillation. VDD2 can be
expressed as:

VDD2 = VREF + VBEl + IDB " Rl
R,y
= Vrer + VBe1 + (Vrer — VBEs) RC
5

Through derivation and subsequent simulation verification,
it can be determined that the value of VDD?2 is approximately
2.5V. As shown in Equation (20), VDD2 depends solely on
the resistor ratio and process parameters, and is independent
of the supply voltage VDD1. Consequently, when the supply
voltage varies, VDD2 remains constant, thereby enhancing
the power-supply rejection ratio and line regulation of the
bandgap reference.
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Figure 6. Overall circuit of the bandgap reference.

4. Post-Simulation Results

This design is based on the Dongbu 0.18um BCD process;
the layout of the bandgap reference is shown in Figure 7, with

an area of 290pum x 200um. The designed bandgap reference
has a typical operating voltage of 5V, and the post simulation
results are as follows.
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Figure 7. Layout of the designed bandgap reference.
Figure 8 shows the temperature dependent output

characteristic curve of the bandgap reference without high
order compensation.
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Figure 8. Temperature characteristic curve of the
uncompensated bandgap reference.

Simulation results show that, under the TT process corner
and within a temperature range of —45 to 125°C, the
uncompensated output reference voltage has an average value
of 1.210V and a temperature coefficient of 1.241 x 107%/°C.
In contrast, after applying the proposed high order
temperature compensation, the bandgap reference's output
temperature characteristic curve shown in Figure 9 exhibits
an average output voltage of 1.2122V and a temperature
coefficient of 1.15 x 107¢/°C. As illustrated in Figure 9, the
compensated temperature characteristic curve transitions

1.250 T

from a flat top shape to a wavy profile, with a significant
reduction in the temperature coefficient. Figure 10 presents a
comparison of the temperature characteristics before and after
compensation.
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Figure 9. Temperature characteristic curve of the
compensated bandgap reference.
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Figure 10. Comparison of temperature characteristics before
and after compensation.

Figure 11 shows the post layout simulation results of the
designed bandgap reference under different process corners.
Under various process corners, the adjusted output voltage
varies from 1.191V to 1.228V, while the temperature
coefficient ranges from 1.15 x 107¢/°C to 6.01 x 107¢/°C.
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Figure 11. Temperature characteristic curves of the output reference voltage under different process corners.

Figure 12(a) . shows the transient output waveform of the
designed bandgap reference over a supply voltage range of
2.8 to 5.5V. The simulation results indicate that the designed
bandgap reference can reliably start up and deliver the

reference voltage across this voltage range. Figure 12(b).
presents the simulation results for the line regulation of the
designed bandgap reference, which is 0.015%.
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Figure 12. Output waveform and line regulation of the

Figure 13 shows the power supply rejection ratio (PSRR)
characteristic curve of the bandgap reference designed in this
paper. Thanks to the integrated negative feedback voltage
regulation circuit that supplies power to the reference's core
circuitry, the PSRR of the proposed bandgap reference
reaches 83.22dB at low frequencies; moreover, over the 1—
10kHz frequency range, the PSRR remains above 80dB.
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Figure 13. PSRR characteristic curve of the bandgap
reference voltage.

Table 1 presents a summary of the parameters of the
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bandgap reference under different supply voltages.

bandgap reference designed in this paper, along with a
performance comparison to other references. As the
comparison shows, the proposed bandgap exhibits a low
temperature coefficient and a high power supply rejection
ratio, making it suitable for high precision system
applications.

5. Conclusion

This paper presents a bandgap reference with high PSRR
and low temperature coefficient, designed based on the
Dongbu 0.18um BCD process. It employs segmented higher
order temperature compensation and PSRR enhancing
techniques. By utilizing MOS differential pairs operating in
the subthreshold region and adopting a segmented higher
order temperature compensation scheme, the bandgap
reference achieves a low temperature coefficient.
Additionally, an integrated negative feedback voltage
regulation technique is employed to attain a high power
supply rejection ratio. Post layout simulation results indicate
that the proposed bandgap reference exhibits a PSRR of
83.22dB and a temperature coefficient of 1.15 x 107¢/°C,
demonstrating both high PSRR and low temperature drift,
making it well suited for applications such as high precision
analog-to-digital conversion circuits.

Table 1. Summary of Parameters of the Designed Bandgap Reference and Comparison with Relevant Literature

Parameter [8] [9] [10] [11] This work
Process/um 0.18 0.18 0.18 0.5 0.18
VDD/V 1.2 5 1.8 5 2.8~5.5
Reference /V 0.767 1.3 0.6 1.24 1.212
TC(x10-6/°C) 34 4.46 0.94 14.2 1.15
Temperature range/°C -40~120 0~145 -40~125 -50~125 -45~125
PSRR/dB@10Hz 84 73.75 63.67 80 83.22
PSRR/dB@100Hz 84 73.75 63.67 62 83.22
PSRR/dB@1kHz 75 73.75 54.87 33 83.22
PSRR/dB@10kHz 55 73.20 36 7 83.09
66(9), 3457-3466.
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