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Abstract. This paper presents a comparative EMC suscep-
tibility study of various integrated bandgap voltage refer-
ence cores. Conventional well-known bandgap references
based on Kuijk, Brokaw and Tsividis concepts with reduced
count of bipolar junction transistors in the core were ana-
lyzed. On top of the EMC susceptibility comparison, basic
parameters like temperature drift, sensitivity to an opera-
tional amplifier input offset and line regulation are also
discussed. The influence of a collector leakage current
compensation at high temperatures is investigated as well.
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1. Introduction

Many mixed-signal integrated circuits (ICs) require
a built-in voltage reference generator, such as a bandgap
voltage reference. This reference can be used for regula-
tors, comparators, analog to digital converters (ADCs),
digital to analog converters (DACs), bias current generators
and for other blocks. The reference cell generates a con-
stant DC voltage ideally independent on temperature,
power supply, loading and manufacturing process varia-
tions.

Many articles focus on temperature dependence of
voltage references usually within a limited temperature
range from —50°C to 125°C [1-6]. With this temperature
range, the reachable temperature coefficients (TCs) are tens
of ppm/°C and even 2 ppm/°C with some more advanced
techniques. But higher current consumption and higher
supply voltage requirements are costs of these very low
temperature variations [7]. In the automotive industry, the
maximum junction temperature can go up to 200°C during
operation. Voltage references designed to handle such high
temperature are often using advanced curvature correction
techniques based on measurement of temperature charac-
teristic and using trimming [7], [8].

The automotive voltage references in sub-micron
technologies are also limited by supply voltage where the
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reference has to be parametric, e.g. from 2V to support
fluctuating supplies [7]. The current consumption from this
on-board power supply can be around 10 pA for a complete
system on chip including voltage reference, regulators,
wakeup blocks etc. [7].

With the increasing advent of high-speed mixed-sig-
nal and radio frequency (RF) devices, the automotive in-
dustry also sets high requirements for very low electro-
magnetic emission (EME) and high immunity to electro-
magnetic interference (EMI). This aggressive EMI can
easily couple from an application ambient to the IC via
cable harness or printed circuit board (PCB) tracks [9].

From the above-mentioned requirements, we selected
the following criteria for the analysis of the basic bandgap
cores: temperature drift over a wide temperature range
from —50°C to 200°C, line regulation for supply voltage
from 2 V to 4V, and low EMC susceptibility over a wide
high frequency (HF) range from 100 kHz to 1 GHz.

The rest of this paper is organized as follows. The in-
tegrated basic bandgap voltage reference core topologies
are described in Sec.2. The bipolar junction transistor
collector leakage current compensation is described in
Sec. 3, including investigated bandgap cores, used opera-
tional amplifier (OPA) model and whole simulation setup.
Section 4 presents simulation results of output voltage
temperature drift, sensitivity to the OPA input offset, line
regulation, noise, mismatch, and EMC susceptibility. Fi-
nally, concluding remarks are outlined in Sec. 5.

2. Integrated Basic Bandgap Voltage
Reference Topologies

The basic principle of creating temperature stable
bandgap voltage is summing of two voltages, one with
negative and one with positive temperature coefficient
(marked as complementary to absolute temperature -
CTAT and proportional to absolute temperature - PTAT)
[10]. The CTAT voltage, which has negative TC, is equal
to base-emitter voltage Vgg of a bipolar junction transistor
(BJT) and the PTAT voltage, which has positive TC, is
equal to a multiple of a base-emitter voltage difference



414 D. KROLAK, P. HORSKY, AN EMC SUSCEPTIBILITY STUDY OF INTEGRATED BASIC BANDGAP VOLTAGE REFERENCE ...

AVgr between two BJTs with different collector current
densities [10]. MOS transistors in a sub-threshold region
can be used instead of BJTs but are usually not used in
automotive bandgap designs due to their weakness in noise
immunity [7]. To be able to compare bandgap core topolo-
gies and not BJT properties we use only NPN bandgap
cores in this study.

There are several well-known basic topologies of
bandgap voltage reference cores. The first chosen one is the
Kuijk bandgap core [10]. This core is shown in Fig. 1.

Kuijk core usually employs two bipolar transistors Q1
and Q2 with the same currents /; and 7, [4]. This means that
the resistors R; and R, have the same value and a ratio n : 1
of bipolar transistor emitter areas Ag/Ag, (also as the
bipolar transistor units’ ratio) is in most cases 8 : 1 in order
to get a common centroid layout with Q2 in the middle. In
a case of ideal BJTs without base currents, the output refer-
ence voltage is described by the following equation

I, \(R
VREFszTln(;nJ{RHLIJ+VBEI (1
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where m is an emission coefficient with a value between 1
to 2, V1 is a temperature voltage kT junction/’q and Vpg; is the
base-emitter voltage of the Q1 BJT.

The second chosen topology is the Brokaw bandgap
core [10]. This core is shown in Fig. 2.

Brokaw core employs two BJTs Q1 and Q2 with the
same collector currents Ic; and /¢, similar to the Kuijk
bandgap core. In case of ideal BJTs without base currents
Ig, the output reference voltage is described by the follow-
ing equation

VREF:VBE2+§4mVTln(1C2nj(l+§]. )

3 Cl 2

Finally, the third chosen topology is the Tsividis
bandgap core [11]. This core is shown in Fig. 3.

Tsividis core employs two BJTs Q1 and Q2 with the
same emitter currents /g, and Iz,. This means that the re-
sistors R; and R, have the same value and the ratio n : 1 of
bipolar transistor emitter areas Ag;/Ag; is in most cases
8 : 1. In the case of ideal BJTs without base currents /g, the
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Fig. 1. The basic Kuijk bandgap core topology [10].
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Fig. 2. The basic Brokaw bandgap core topology [10].
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Fig. 3. The basic Tsividis bandgap core topology [11].

output reference voltage is described by the following

equation
Vg = Vo +mVy ln(?zn][l+1]§1} 3

El 3

3. Investigations of the Bandgap Cores

The investigations of the selected bandgap cores in-
clude reference voltage temperature drift in the wide tem-
perature range from —50°C to 200°C, sensitivity to the
OPA input offset, line regulation, output noise, mismatch
and EMC susceptibility analyzes. Firstly, we present two
methods of collector leakage current compensations with
proposed bandgap cores, an OPA simulation model and
a common simulation setup. Finally, we describe achieved
results and show comparison between proposed cores.

3.1 Collector Leakage Current Compensation

The collector of the vertical NPN type BJT is often
isolated from the IC substrate only by a reverse polarized
junction diode. The leakage current of this diode influences
the accuracy of the bandgap especially when working with
small collector currents (about 1 pA) at temperatures
higher than 150°C [12].

Figure 4 shows a simplified cross section of a vertical
NPN type BJT which is processed in a BCD technology.
The leakage current of the BJT’s collector diode D¢q can
cause error of the collector current. This effect mainly
impacts Kuijk and Brokaw bandgap cores.
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Fig. 5. The collector leakage current compensation principle.

Collector leakages can be compensated by adding
n—1 dummy BJTs in parallel to Q2 in the case Ic;=Ic;
because we want to have the same ratio of leakage currents
as the ratio of collector working currents [12]. This means
adding seven BJTs when # is eight for well-known Brokaw
8:1 core. For this case, it is very difficult to reach full
symmetry for 16 BJTs and the area is significantly in-
creased. To reduce the area and have a symmetrical layout
of the BJTs, we chose n equal to two and the collector
currents /c; and I, in the ratio of 2:3. The chosen BJT’s
ratio requires only two dummy BJTs connected in parallel
to Q2 for the compensation of leakages as we used in [9].
Figure 5 shows the symmetrical layout of five BJTs in one
row.

From the chosen ratio of collector currents 2: 3 in the
presented bandgap BJT configuration, the PTAT voltage as
difference between two base-emitter voltages of Q2 and Q1
BITs is simplified to the following form

AV =Vigy = Vg, =mV;. 1n[1c2AE1j, 4
C1“"E2
AV, =mV,In 324y =V (%)
214,

This means no basic amplification of the temperature
voltage. The BIT collector leakage currents compensation
is described by the following equations where we assume
collector current as a difference between input current and
the BJT leakage current like for Q1: Ic; =1, — I g1

AV =mV,In (1= 1) 41 , ©)
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where / is unit bias current and /. is unit leakage current.
The equations (6) and (7) show that the additional dummy
BITs add leakage currents in the required ratio and the
collector currents ratio ideally stays the same. Therefore,
the difference between the two base-emitter voltages is not
impacted by the collector leakage currents.

3.2 Investigated Bandgap Cores

We propose nine simple bandgap cores from the three
chosen basic bandgap core topologies with two methods of
the collector leakage current compensation. We chose the
compensation BJT Q3 (see Fig. 5) with a floating emitter
[9] and a shorted base-emitter (BE) junction connected to
emitter of Q2 [12] as two different versions for the leakage
compensation. With the floating emitter, we expect mainly
impact of the collector substrate junction leakage. With the
shorted BE junction connected to emitter of Q2, we add
leakage of closed bipolar to the circuit in emitters of BJTs.
Figure 6 shows the proposed bandgap cores.

The chosen bandgap cores are:
a) Brokaw bandgap 2: 1,

b) Brokaw bandgap 2 : 1 with the collector leakage cur-
rent compensation where the compensation BJT has
shorted BE junction,

¢) Brokaw bandgap 2 : 1 with the collector leakage cur-
rent compensation where the compensation BJT has
floating emitter,

d) Self-supplied Brokaw bandgap 2: 1,

e) Self-supplied Brokaw bandgap 2 : 1 with the collector
leakage current compensation where the compensa-
tion BJT has shorted BE junction,

f) Self-supplied Brokaw bandgap 2 : 1 with the collector
leakage current compensation where the compensa-
tion BJT has floating emitter,

g) Kuijk bandgap 2: 1,
h) Kuijk bandgap 2 : 1 with the collector leakage current

compensation where the compensation BJT has
floating emitter and

i) Tsividis bandgap 2: 1.

We also include well-known Brokaw 8:1 bandgap
core as areference. All proposed bandgap cores are de-
signed to have the same operating point such as bias cur-
rents of the cores and the same ratio of currents and BJTs.
The current consumption of each bandgap core is around
1.3 uA. We choose only one collector current compensa-
tion for the Kuijk bandgap core due to connection of the
BITs like diodes. Only BJT’s intrinsic reverse polarized
diodes between collectors and VSS ground keep collector
leakage currents in the same ratio as the ratio of working
currents /,:[, (Fig. 6 h)). In general, the Tsividis core
doesn’t need the leakage current compensation in collectors
because it uses the emitter currents. Therefore, we firstly
analyze this core without compensation transistors

(Fig. 6 i)).
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Fig. 6. The proposed bandgap cores for investigations.
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Fig. 7. The OPA circuit simulation model.

3.3 Operational Amplifier Model

To be able to investigate impact of the bandgap cores
only, the operational amplifier is modeled by a simple
idealized model with one frequency pole and an output
resistance. The same OPA model (shown in Fig. 7) is used
for each proposed bandgap.

The INP pin is a noninverting (positive) input and the
INN pin is an inverting (negative) input of the OPA. The
OPA consists of two voltage-controlled voltage sources
(VCVSes) with a voltage gain Ay. Between these sources
there is an RC network defining frequency of the dominant
pole. The OPA simulation model has DC open loop gain
100 dB, dominant pole frequency 10 Hz, unity gain band-
width 1 MHz and output resistance 1kQ. These chosen
parameters are very close to a real bandgap OPA. The OPA
model is independent of the supply voltage variations.

3.4 Simulation Setup

All proposed bandgap cores are analyzed one by one
in the same simulation setup within the Cadence Virtuoso
analog design environment. The common simulation setup
schematic diagram is shown in Fig. 8.

VDD

Investigated

VREF—O0
bandgap core
VSS i/VREF

|
O

Fig. 8. The common simulation setup.

The Vpp pc is 3 V as a common DC supply voltage
source. The Vpp ac is 0V or 1V peak with a sweeping
frequency fas a common AC sine wave voltage source for
EMC susceptibility investigations. We used analytical tools
of the Cadence Spectre RF simulator for all simulations,
especially an envelope analysis for the EMC susceptibility
simulations.

4. Results

The simulation results include reference voltage tem-
perature drift, sensitivity to the OPA input offset, line reg-
ulation, noise, mismatch, and EMC susceptibility which we
analyzed for each proposed bandgap core.

4.1 Temperature Drifts

The overall reference voltage temperature drifts of all
proposed bandgap cores were simulated for junction tem-
perature from —50°C to 200°C. The reference voltage of
each proposed bandgap core was normalized to the refer-
ence voltage at room temperature 27°C. The resulted over-
all temperature drifts are shown in Fig. 9.

From the overall temperature drifts, we can see that
Kuijk 2:1 and Brokaw 8:1 cores have the highest sensi-
tivity to unbalanced collector leakage currents. The men-
tioned collector leakage current effect is seen as higher
voltage tail in the range from 150°C to 200°C. The self-
supplied Brokaw 2 : 1 core has also high sensitivity to un-
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Fig. 9. The temperature drifts of all proposed cores.
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balanced leakage currents and balancing of leakages does
not help much due to saturation effect of BJTs. The satura-
tion of BJTs is caused by voltage drops on the collector
resistors. The increased voltages on the collector resistors
push the BJTs to the unwanted deep saturation mode which
results in decreasing of the reference voltage. The voltage
drops on collector resistors cannot be very small because
decreasing the voltage drop reduces the operating range at
the OPA input and increases unwanted sensitivity to the
OPA input offset.

The Brokaw 2:1 bandgap core has medium sensitiv-
ity to unbalanced leakage currents and balancing of col-
lector leakage currents shows its essence for both leakage
compensations. For compensation comparison and more
investigation of each version, we prepare additional ex-
perimental leakage compensation setup with the shorted
BE compensation BJT connected through a VCVS to the
ground. This experimental connection cancels the influence
on the resistive divider R3 and R4 and keeps leakage from
collector to base/emitter (Fig. 10 1)). We tried to include the
shorted BE leakage compensation in the Tsividis 2:1
bandgap core (Fig. 10 j)) and improved capacity balance at
OPA inputs (Fig. 10 k)) in the same core as well. The
resulting temperature drifts of Brokaw cores with different
leakage compensations are shown in Fig. 11.

The leakage compensation for the Brokaw 2:1 core
marked as Brokaw 2:1 short. BE comp. shows higher
effect on the temperature drift than the version marked as
Brokaw 2:1 float. E comp. due to higher effect of a col-
lector-base (CB) junction leakage. The CB leakage in the
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Fig. 10. Tsividis 2: 1 j), k) and Brokaw 2 : 1 1) experiments.
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Fig. 11. Comparison of different leakage compensations.

shorted BE compensation version flows directly to the
emitter due to the shorted BE junction. When we connect
this emitter to the emitter voltage divider then the leakage
influences the voltage ratio in the desired way resulting in
a smaller temperature drift for temperatures above 150°C.
We proved this effect by an experiment, where we decou-
pled the emitter of the compensation BJTs from the divider
and maintained the same voltage conditions by the VCVS
(Fig. 10 1)). The resulted temperate drift marked as Brokaw
2:1 short. BE comp. exp. (Fig. 11 1)) shows only one part
of collector leakage compensation effect which is not suffi-
cient. The experiment proved that the leakage also causes
unwanted influence of voltages in the emitter circuit of the
Brokaw bandgap core.

The CB leakage in the Brokaw 2:1 core with floating
E compensation (see Fig. 6 f)) flows only to the base of the
BJTs and impacts the voltage on positive input of the OPA.
This compensation method shows a little bit temperature
drift improvement, and we can say that it is not completely
compensating the leakage effect. Both leakage compensa-
tion methods of the Brokaw 8:1 core also show their es-
sence especially for compensation method marked as float.
E comp. Nevertheless, this method significantly increases
the layout area to 16 BJTs and they are very difficult to
layout fully symmetrically.

We must point out that the proposed Tsividis 2:1
bandgap core has a little leakage current effect caused by
unbalanced CB junction leakage currents. These currents
flow into the emitter circuit through BJT bases and influ-
ence the PTAT voltage. This effect can be minimized by
the shorted BE leakage compensation (Fig. 10 j)). The
Tsividis 2:1 core has low temperature drift and even
smaller drift with the proposed leakage compensation. The
detailed temperature drifts of the Tsividis 2:1 bandgap
core experiments are shown in Fig. 12.

4.2 Sensitivity to the OPA Input Offset

The reference voltage sensitivity to the OPA input
offset is investigated by adding a voltage source in series to
the OPA noninverting input. This voltage source models
the input offset. We choose the input offset from 0 to 10 mV,
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Fig. 12. The temperature drifts of Tsividis 2:1 cores.



418 D. KROLAK, P. HORSKY, AN EMC SUSCEPTIBILITY STUDY OF INTEGRATED BASIC BANDGAP VOLTAGE REFERENCE ...

\

16 ”
14 Rt
9 .
- 12 ./
E‘J -
= 10 ~
€ g
c 8 7~
2o o
& g
> 4 o’
2 - ~
0 =
0 2 4 6 8 10
OPA input offset [mV]
a) Brokaw 2:1 d) Self-supplied Brokaw 2:1
g) Kuijk 2:1 < ) Tsividis 2:1

Fig. 13. The OPA input offset voltage sensitivity of the
proposed bandgap cores at 27°C temperature.

close to real values. We analyzed the relative reference
voltage sensitivities to the OPA input offset of proposed
bandgap cores without leakage current compensations at
room temperature 27°C. The resulted sensitivities are
shown in Fig. 13.

The Kuijk and Tsividis cores show high sensitivity to
the OPA input offset. This behavior is expected due to
direct influence of the PTAT voltage. The self-supplied
Brokaw 2:1 core shows medium sensitivity with a small
nonlinearity caused by the saturation effect of the BJTs due
to influenced voltage drops on collector resistors. For these
bandgap cores an OPA offset cancellation technique is
recommended like e.g., chopping [14]. The Brokaw 2:1
core has low sensitivity to the OPA input offset because the
OPA offset influences only voltage on collector resistors,
which define collector current ratio of the BJTs in the core.

4.3 Line Regulation

We simulated the supply line regulation of proposed
bandgap cores with the OPA model from Sec.3.3. We
choose supply range from 2V to 4 V, room temperature
27°C and we evaluated output voltages of each proposed
bandgap core normalized to the reference values at 3 V.
The resulted line regulations are shown in Fig. 14. When
using real OPA, the resulted line regulations are worse,
because here we see only bandgap core contributors.
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Fig. 14. Line regulations of VREFs at 27°C temperature.

4.4 The EMC Susceptibility

The EMC susceptibility simulation was performed as
transient envelope analyzes with fifteen harmonics by Ca-
dence Spectre RF simulator. The simulation results are
post-processed after circuit settling for the VREF DC and
the first harmonic for each selected bandgap core. We
compared the Brokaw cores with both leakage current
compensations and the Tsividis bandgap cores. The EMC
susceptibility results as relative VREF DC voltage shifts
are shown in Fig. 15.

The Brokaw 2:1 and 8:1 cores without leakage cur-
rent compensation has medium EMC susceptibility due to
unbalanced time constants defined by the collector resistors
and BJT collector to VSS capacitances. When we use the
leakage current compensation marked as float. E comp., the
collector RC time constants are balanced for Brokaw cores.
The leakage current compensation marked as shorted BE
comp. shows also influence by the CB junction capaci-
tance. While this version is good for temperature drift, for
the EMC susceptibility causes slightly unbalanced collector
time constants resulting in slightly higher voltage shift.
Both leakage compensations show low rectification effect,
which causes reference voltage shifts due to collector ca-
pacitances balancing at the OPA inputs. We see an effect of
different collector resistors for Brokaw 2:1 with balanced
BJT capacitors (Fig. 15¢c)) in frequency range from
100 kHz to 10 MHz. This is caused by resistor’s parasitic
capacitance between its poly layer and well below, which is
connected to VSS. The Tsividis 2: 1 cores have high EMC
susceptibility caused by the CB junction capacities. These
capacities are effective at higher frequency than 1 MHz.
These capacities together with the BJT capacities and
emitter resistances create unbalanced RC networks, which
are resulting in pass band rectification of the HF interfer-
ence on the VDD supply. The Tsividis 2: 1 improved core
by approximately balanced RC networks shows better EMC
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Fig. 15. Relative VREF DC voltage shifts of the selected
bandgap cores induced by the 1 V peak sinusoidal HF
EMI on the VDD supply with 3 V DC.
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Parameters
Proposed bandgap cores No. of TC Sensitivity to Line Voltage noise | Mismatch | DC shift induced | PSRR,
BJTs | [ppm/ | OPA offset | regulation at1 Hz 6 sigma by HF EMI on min.
[ °C] [%/mV] [%] [nV/V/HzZ] [mV] VDD, max. [%] [dB]
a) Brokaw 2:1 3 18.3 0.07 0.06 4.2 28.5 27.8 44.8
b) Brokaw 2:1, shorted BE comp. 5 10.9 0.07 0.06 4.2 28.5 10.6 77.7
c¢) Brokaw 2:1, floating E comp. 5 10.7 0.07 0.06 4.2 28.5 8.7 73.2
d) Self-supplied Brokaw 2:1 3 46.5 1.19 NA* 5.4 31.6 NA* NA*
¢) Self-sup. Brokaw 2:1, short. BE comp. 5 66.0 1.19 NA* 5.4 31.6 NA* NA*
f) Self-sup. Brokaw 2:1, float. E comp. 5 43.2 1.19 NA* 5.4 31.6 NA* NA*
g) Kuijk 2:1 3 71.8 1.81 NA* 5.6 27.1 NA* NA*
h) Kuijk 2:1, float. E compensation 5 23.1 1.81 NA* 5.6 27.1 NA* NA*
i) Tsividis 2:1 3 11.5 1.82 0.05 5.4 28.5 79.9 10.3
j) Tsividis 2:1, shorted BE comp. 5 11.1 1.82 0.05 5.4 28.5 76.8 9.8
k) Tsividis 2:1 with improvements 5 11.5 1.82 0.05 5.4 28.5 22.3 11.1
1) Brokaw 2:1 leakage experiment 5 15.1 0.07 0.06 4.2 28.5 9.0 78.3
m) Brokaw 8:1 9 57.5 0.05 0.06 3.3 15.7 26.7 38.3
n) Brokaw 8:1, float. E compensation 16 12.1 0.05 0.06 3.3 15.7 0.4 71.4
0) Brokaw 8:1, shorted BE comp. 16 17.4 0.05 0.06 33 15.7 2.2 77.5
p) Brokaw 6:3 9 39.1 0.08 0.06 3.1 18.2 27.3 45.4

Tab. 1. Comparison of proposed bandgap cores (NA* - Not available due to used ideal OPA model).

susceptibility as we expected. We also investigated a power
supply rejection ratio (PSRR) of selected bandgap cores
within EMC susceptibility analyzes. The reference voltage
PSRR of each selected core is calculated from the first
harmonic voltage amplitudes using the following equation

2
ref ref

2
VREF _PSRR = lOlog(AVVDD ] = ZOlog(AVVDDJ ®)

where AVypp is change of the VDD supply and AV is
change of the reference voltage. We consider the changes
as first harmonic voltage amplitudes. The VREF PSRRs of
selected bandgap cores are shown in Fig. 16.

The VREF PSRRs of the selected bandgap cores re-
flect behaviors of relative VREF DC voltage shifts. The
unbalanced collector RC time constants of the Brokaw
cores without leakage current compensation cause a small
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Fig. 16. The PSRR of the selected bandgap cores induced by
the 1 V peak sinusoidal HF EMI.

OPA input differential voltage that is amplified by the
OPA. This amplified AC voltage is added to the voltage
reference resulting in lower PSRR. We noted that the OPA
model has 1 MHz unity gain bandwidth. The leakage cur-
rent compensation balances the collector RC time constants
and results in higher PSRR in a frequency range from
100 kHz to 1 MHz. The Tsividis cores have low PSRR at
higher frequencies above 1 MHz due to VDD coupling to
the output through CB junction capacities. All investigation
results of proposed bandgap cores are summarized in
Tab. 1.

In the summary table of the proposed bandgap cores,
there are temperature coefficients calculated from temper-
ature drifts, relative sensitivities to OPA offset, relative line
regulations in VDD range from 2 V to 4 V, output voltage
noise, mismatch, and relative voltage DC shifts with
PSRRs within EMC susceptibility analyzes.

We must note that the self-supplied Brokaw
and Kuijk cores were supplied from an ideal OPA model,

6.0
_. 50 \
~
~:_E— A
£ 40 \
3 \
N
3 30 AN \\
- N
2 NN
£ 20 \\‘:\\
w -
o« - ~—a
— RRTs —
Z 10 S
— ——— —— — ——— ———
0.0
1.0E+0 1.0E+1 1.0E+2 1.0E+3 1.0E+4
f [Hz]
a)Brokaw 2:1 e b) Brokaw 2:1 shorted BE comp.
c) Brokaw 2:1 floating E comp. d) Self-supply Brokaw 2:1
————— e) Self-sup. Brokaw 2:1 short. BE comp. == = = f) Self-sup. Brokaw 2:1 float. E. comp.
8) Kuijk 2:1 h) Kuijk 2:1 floating E comp.
e o ) Tsividis2:1 0000 eeeeee- j) Tsividis 2:1, short. BE comp.

—--—--— k) Tsividis 2:1, improved «= = == |)Brokaw 2:1 leakage experiment

—— .« = m) Brokaw 8:1

n) Brokaw 8:1 float. E comp.

o) Brokaw 8:1 shorted BE comp. e e ) Brokaw 6:3

Fig. 17. The voltage noises of proposed bandgap cores.
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which is not dependent on VDD supply like a real OPA.
For this reason, the line regulation and EMC susceptibility
with PSRR results are not included in this table because the
results are dependent on parameters of the used OPA (see
Fig. 7).

Figure 17 shows output voltage noises for each pro-
posed bandgap core. The Brokaw 6:3 with Brokaw 8:1
have the lowest noise from proposed cores. The Brokaw
2:1 has medium noise. Kuijk 2:1 and Tsividis 2:1 have
the highest output noise. The 1/f noise is given by collector
current densities of BJTs. If we use higher count of BJTs in
each branch of the core, the output 1/f noise is lower.

5. Conclusion

This paper presents comparative study of Kuijk,
Brokaw and Tsividis integrated bandgap reference cores.
The study includes comparison of two collector leakage
current compensation methods and the leakage compensa-
tion for the Tsividis 2: 1 core. On top of the EMC suscepti-
bility comparison results, basic parameters like temperature
drift, sensitivity to the OPA input offset, line regulation,
output voltage noise and mismatch are presented and dis-
cussed. From the achieved results, the Brokaw 2:1 with
floating E leakage compensation has low temperature coef-
ficient 10.7 ppm/°C in the temperature range from —50°C
to 200°C with further EMC susceptibility improvement
possibility. The well-known Brokaw 8:1 core with the
same compensation has a good matching and EMC suscep-
tibility performance but it is paid by bigger area and not
fully symmetrical layout of the BJTs.
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