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DTMOS Based Bandgap Reference Design
in CMOS 28nm Process

Filip Ksiezyc, and Piotr Kmon

Abstract—This paper describes design and simulation results of
the bandgap reference source in CMOS 28nm technology.
Proposed bandgap reference utilizes DTMOS transistors for
providing currents of negative and positive temperature
coefficients and is equipped with various techniques for process
variation minimization such as common centroid element design
and user controlled trimming resistors. This circuit achieves
temperature coefficient equal to -18.87 ppm/(°C) with temperature
ranging from -20°C to 100°C at 1V power supply, occupies
0.38 mm? of silicon area, and consumes 3.66 pW of power.
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I. INTRODUCTION

ANdgap references as a concept are crucial blocks

responsible for providing stable reference (either current or
voltage) for many widely used analog and digital electronic
devices such as filters, memory blocks, oscillators and of course
A/D converters [1] — [4]. Photonic detectors [5] — [7] also need
stable reference immune to temperature, supply voltage, and
process variation as reference is there crucial for precise
correction of main integrated circuit (IC) parameters such as
photons’ energy threshold, setting proper circuit biasing point
or improving the ICs immunity in harsh environment
conditions. Any variation of reference may influence the
recorded data especially when the purpose of circuit is its high
precision.

Based on that fact we decided to design a reference circuit
that will be compatible with modern CMOS processes and its
implementation example is presented in this paper. Presented
bandgap reference circuit uses DTMOS (Dynamic Threshold
Metal Oxide Semiconductor) transistors as a source of positive
and negative temperature current coefficients and achieves -
18.87 ppm/(°C) temperature coefficient of output reference
current.

This paper presents brief introduction to idea of bandgap
reference circuits based on DTMOS devices, design of bandgap
reference circuit with layout floorplan and results of simulations
performed on the extracted model.

II. BANDGAP REFERENCE CIRCUIT

Idea of providing reference voltage, that is independent of
temperature variation is based on four major blocks, that are
shown in Fig.1.
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Fig.1. Voltage bandgap reference circuit idea

In order to obtain a voltage or current independent of the
influence of temperature variations it is necessary to build two
circuits: one with a positive temperature coefficient (PTAT -
proportional to absolute temperature), i.e. one where, as the
temperature increases, the value of the voltage or current output
from the circuit will increase, and a circuit with a negative
temperature coefficient (CTAT - complementary to absolute
temperature). Then, as the CTAT and PTAT values will not be
equal (because different circuits, e.g. a diode and a bipolar
transistor, can be used to obtain positive and negative
temperature coefficients), it is necessary to use an appropriate
multiplier (block *M at the Fig. 1) by which the absolute values
can be made equal. The final step is to sum the output voltages
or currents from the CTAT and PTAT blocks after applying
mentioned N-multiplication, which should allow a reference
value that is much less susceptible to changes due to temperature
variations. Summing can be performed on operational amplifier
circuit.

The abovementioned description could also be presented
using mathematical formalism, i.e. assuming that Vcrar is
voltage from CTAT block, Vprat is voltage from PTAT block,
M is scaling factor, and Vsywm is output of summing block, it is
possible to provide Vsum as:

Voum(T) = Verar(T) + M - Vprur (T)
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After differentiating above equation by temperature the new
equation can be given that shows common temperature relation
of the used voltage sources:

WVsum(T) _ Verar(T) M- OVprar(T)
aT  aT aT

Knowing that (0Verar(T))/0T < 0 and (0Vprar(T))/0T > 0,
and having in mind that the aim is to get (0Vsyp (T))/0T = 0 the
M value for the smallest possible output temperature coefficient
can be found:

aVCTAT(T) — . aVPTAT(T)
oT aoT

which clearly shows that scaling Vprat value with the use of M
multiplier block is crucial to minimise temperature variation of
reference voltage.

In practice, however, it is only possible to achieve such an
effect for very close range around one temperature, and for the
others the resulting temperature coefficient remains non-zero
(but very close to). This is because temperature coefficients also
have their temperature coefficients of higher orders causing
non-linearity, which cannot be removed by using such simple
operations as addition and multiplication. This effect is called
curvature error. As a result, the resulting temperature coefficient
will be non-constant function of a curved (paraboloid) shape
(see Fig. 2).

A
\
Aref
) Vptat
-
- -
- -
* - -
’.' g
-
-
- -
- - -
- - -
- -
- + Vctat
N
>
T

Fig.2. Example voltage waveforms at the output of CTAT and PTAT blocks
with the resulting reference voltage

III. DYNAMIC THRESHOLD MOS TRANSISTORS

The one of the most popular solutions adapted in the
voltage/current references is the usage of bipolar junction
transistors (BJT) that in a given configuration may play a role
of positive and negative coefficient voltage source. The main
advantage of using BJTs is that the reference circuit depends on
physical constants and much less on the process however the
BITs downsides are large area occupation and design
restrictions whenever pure CMOS process is used. A possible
alternative proposed by [8], [9], [10] is to use DTMOS transistor
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which is a special type of MOS transistor, i.e. it is created by
connecting MOS transistor’s gate to its substrate. Analysing the
silicon cross section of DTMOS structure shown in Fig. 3, it is
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Fig.3. N-type Dynamic Threshold MOS transistor structure cross section

possible to identify this device as parallel connection of BJT and
MOS transistors.

Thanks to that configuration the DTMOS’s threshold voltage
V1 changes dynamically, i.e. when the gate voltage increase
effective threshold voltage falls resulting in transistor’s current
increase lowering the gate voltage (if transistor is biased via
resistor connected to the supply voltage). Importantly, thanks to
that configuration the operation voltage of the DTMOS
transistor may be very low making it a good choice to
applications working with very low supply voltages.

The payoff that must be fulfilled when it is decided to use
DTMOS instead of classical MOS transistors is the fact that this
device needs deep wells so naturally it will consume more space
on layout (however still less when compared to BJT transistors).

Also building precise reference source based on this type of
transistor is more difficult compared to a solution based on BJTs
due to slightly higher process mismatches especially severe in
weak inversion region. On the other hand using DTMOS
transistors will provide homogeny of transistors used in circuit
which may provide overall benefit to circuit design. Schematic
symbols of complementary DTMOS transistors are shown in
Fig.4.
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Fig.4. n-DTMOS and p-DTMOS schematic symbols

IV. TEMPERATURE COEFFICIENT COMPARISON OF BJT AND
DTMOS DEVICES

Referring to the principles of operation of the system
(described in more detail in Chapter II), a current or voltage
summed by an operational amplifier with a constant temperature
coefficient a (as far as possible not varying with temperature) is
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an indispensable factor ensuring its stable operation, so that the
reference current or voltage at the system output can remain
constant i.e. the effect of temperature can be compensated.

In order to ensure that PTAT and CTAT temperature
coefficients are less susceptible to temperature, it is necessary
to select appropriate components forming PTAT and CTAT

subcircuits.

In preparation for the construction of the bandgap reference
circuit, there was performed a comparison of the temperature
coefficient variation of BJT and DTMOS. This simulations were

conducted for different current densities

and transistor

dimensioning - in the case of BJT transistors, these are the three
sizes offered by the technology node, while in the case of
DTMOS transistors, these are the proposed dimensions that
should offer stable circuit performance.
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Fig.5. Temperature coefficients of different size NPN BJT transistors with
constant current of 10 nA as a function of temperature
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Fig.6. Temperature coefficients of different size NPN BJT transistors with
constant currentof 100 nA as a function of temperature
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Fig7. Temperature coefficients of different size NPN BJT transistors with
constant current of 1 pA as a function of temperature
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Fig.8. Temperature coefficients of different size n-type DTMOS transistors
with constant current of 10 nA as a function of temperature
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Fig.9. Temperature coefficients of different size n-type DTMOS transistors
with constant current of 100 nA as a function of temperature
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Fig.10. Temperature coefficients of different size n-type BJT transistors with
constant current of 1 pA as a function of temperature

TABLE I

TEMPERATURE COEFFICIENT OF BJT AND DTMOS DEVICES WITH A

CURRENT OF 10 NA

Type Size a(0°C) a(27°C) a(100°C) Ao
mV/°C mV/°C mV/°C (0-100°C)
mV/°C
2x2 um -2.219 -2.156 -2.126 -0.093
5x5 um -2.339 -2.289 -2.266 -0.074
NPN
10x10 um -2.467 -2.416 -2.391 -0.076
120x120 nm -1.018 -1.005 -0.893 0.124
500x500 nm -1.014 -1.002 -0.937 0.076
1x1 um -1.033 -1.019 -0.954 0.077
n-type R _ R
DTMOS lum x 120nm 1.190 1.174 1.015 0.174
120nm x lum -0.849 -0.835 -0.771 0.078
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TABLE II
TEMPERATURE COEFFICIENT OF BJT AND DTMOS DEVICES WITH A CURRENT
OF 100 nA
Type Size a(0°C) a(27°C) a(100°C) Aa.
mV/°C mV/°C mV/°C (0-100°C)
mV/°C
2x2 um -2.033 -1.954 -1.923 -0.110
5X5 um -2.185 -2.104 -2.070 -0.115
NPN
10x10 um -2.297 -2.220 -2.189 -0.108
120x120 nm -0.827 -0.814 -0.745 0.081
500x500 nm -0.834 -0.819 -0.753 0.080
Ixlum -0.848 -0.834 -0.768 0.080
n-type
DTMOS lum x 120nm -0.992 -0.981 -0.910 0.082
120nm x 1 um -0.656 -0.644 -0.582 0.074
TABLE III
TEMPERATURE COEFFICIENT OF BJT AND DTMOS DEVICES WITH A CURRENT
OF 1 pA
Type Size a(0°C) a(27°C) a(100°C) Aa.
mV/°C mV/°C mV/°C (0-100°C)
mV/°C
2x2 um -1.831 -1.755 -1.725 -0.106
NPN 5x5 um -1.985 -1.906 1.872 0.113
10x10 um -2.097 -2.022 -1.991 -0.106
120x120 nm -0.642 -0.630 -0.563 0.079
500x500 nm -0.635 -0.623 -0.559 0.075
n-type
DTMOS 1x1 um -0.649 -0.637 -0.572 0.076
Tum x 120nm -0.808 -0.795 -0.731 0.076
120nm x lum -0.372 -0.366 -0.315 0.056

According to the simulation results (see. Table I, Table II,
Table III, Figs. 5-10) BJT transistors have bigger (by value)
temperature coefficient compared to DTMOS transistors but
have significantly bigger variation of the coefficient value, that
takes place with temperature change. Having in mind that its
necessary to provide stable temperature coefficient we choose
DTMOS to construct PTAT and CTAT in our system.

V. CURRENT REFERENCE CIRCUIT

Having in mind adaptation of the reference circuit in one of
ours projects [5] —[7] we decided to design the current reference
circuit as it is used there for generating precise control of digital
to analog converters and biasing points of the analog part of the
integrated circuit. The proposed bandgap current reference
circuit using DTMOS transistors is presented in Fig. 11.

The operation of the current reference is supported by the
operational amplifier that thanks to the negative feedback keeps
its both inputs at the same voltage level (branches P and N).
Thanks to the fact that, the DTMOS transistors DT0 — DT4
have the same dimensioning, PMOS P1-P2 transistors have the
same dimensioning, resistors R1A and R1B are equal, and the
number of DTMOS transistor is different for negative and
positive inputs of the operational amplifier, the PTAT and
CTAT currents flow through the R2 and R1A respectively.

The temperature coefficient of current reference Irer in
specified temperature range is defined as follows:

ppm
°C

IREFMAX - IREFM[N
(TMAX - TMIN) ! IREF(27°C)

TCppr = £108 |

]
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Fig.11. Bandgap current reference circuit based on DTMOS transistors

The operational amplifier used in the actual DTMOS
transistor-based reference current system is based on a two-
stage amplifier architecture, where the first stage is a simple
differential pair with transistor based input, and the second stage
is an amplifier built as a common-source circuit with a cascoded
input transistor (see Fig. 12). The obtained voltage gain of the
circuit is equal to 1795 V/V and the bandwidth is equal to 58
MHz (see Fig. 13) with consumption of 3.838 pA current. Basic
parameters of amplifier transistors are presented in Tab.4.
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Schematic idea of the operational amplifier ¢
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Fig.13. Amplifier gain in function of input signal frequency with pointed 3

dB cutoff value
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TABLE IV
BASIC PARAMETERS OF OPERATIONAL AMPLIFIER TRANSISTORS

Transistor gm [pS] rds [kQ] ids [pA]
Ml 22.827 168.211 1.403
M2 20.324 419.973 0.702
M3 20.299 483.803 0.701
M4 11.525 608.219 0.702
M5 11.512 599.891 0.701
M6 37.091 97.383 1.855
M7 39.464 111.584 1.855
M8 29.872 330.223 1.855

In the proposed current reference circuit, the standard
resistors have been replaced with user-controlled resistor arrays.
resistors, which saves space compared to the equivalent solution
with parallel resistors (such resistors would have to have very
high resistance values, which would result in a larger space
occupied on the layout). Correction circuits allow the value of
polarising resistors (R1A and R1B) to be changed by 50 kQ
(with a step of 12.5 kQ from the basic value which is 1.6 MQ.
Resistor R2 used to set the value of the divider, on which the
temperature coefficient of the circuit mainly depends, allow
change value by 20 kQ (with a step of 5 kQ) from the basic value
which is 441 kQ.

Due to bandgap reference circuit high vulnerability to
resistors value change, such a small change in resistor values
allows even large variations induced by missmatches to be
effectively minimised. Serially connected resistor circuit that is
used to adjust temperature coefficient by dividing values
summed on operational amplifier is more influential for the
correct work of the entire bandgap circuit thus correction
resistors that are switched have to be even smaller that the
resistors used in load that biases bandgap circuit.

Load+

RCallib

Rcallib

Load-

Fig.14. Adjustable resistor build on serial connected standard resistors that
may be joined in chain-like sequence
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Schematic of this adjustable resistor based on serial
connected resistors is shown in the Fig. 14.

Transistors operating as current sources polarising the circuit,
have been connected with two transistors allowing the
construction of a topological mask based on a common centroid
architecture. The DTMOS transistors have an additional keying
(see Fig. 15) system allowing the selection of a bank of
transistors (both in the N branch and in branch 1). Selected
DTMOS dimensioning is 120 nm x 1| um. This size have the
lowest temperature coefficient variation due to temperature
change what is proven by simulation results in Tab.I, Tab.Il and
Tab.II1.

Layout floorplan of the circuit is showed in Fig. 16.

Fig 16. Floorplan of bandgap current reference circuit
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VI. SIMULATION RESULTS

The proposed circuit was designed in the CMOS 28nm
process and its functionality was confirmed based on the
postlayout simulations. The simulations show that circuit works
properly, i.e. amplifier’s output voltage compensates
temperature influence by changing the PMOS current sources
current resulting in current reference variation in the range
of - 340 nA to -339.4 nA (see Fig. 17), resulting in mean 18.87
ppm/(°C) temperature coefficient on entire temperature range
(-20°C, 80°C) which was calculated with equation described
before.

-339.3
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-339.4
-339.5

-339.6 3
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B R R R R St AR
20 -10 0 10 20 30 40 50 60 70 80

Temp (C)
Fig.17. Reference current simulation results in terms of temperature variation

Simulation of circuit work also included Monte-Carlo
simulations, that are useful to show possible mismatches that
designed circuit may experience as a result of process
nonidealities or design itself. Effects of these analysis are shown
in Fig. 18 - resulted mean value of the current reference is equal
to -324 nA with standard deviation equal to 84.4 nA. Histogram
of this simulations shows that in some cases the values centers
near value of -100 nA. Reason of that phenomenon is losing of
the valid operating point, but it could be corrected by adjusting
value of load circuits presented before. Importantly correction
of the mismatches can be realized by the additional control of
resistor banks R1A and R1B.
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Fig.18. Monte-Carlo simulation result (200 runs) of current reference circuit
working at 27°C temperature

The bandgap reference circuit discussed in this paper uses
different techniques to minimize the effects of mismatch, among

F. KSIEZYC, P. KMON

which, in addition to passive techniques (which are good
practices for creating a topological mask plan, that are the use
of common centroid symmetry and the use of redundant
transistors), active solutions based on adjustable value resistors
have been used. By varying the value of the load circuits, the
reference current can be changed as well as the temperature
coefficient value can be minimized if its needed due to process
mismatches.

The first and the most important correction mechanism are
adjustable load circuits that allow user to change the value of
load used to set current that flows through the branches of
bandgap circuit and if necessary load that is used as voltage
divider between branch 1 and N. Using serial resistor ladder
(instead of parallel connected architecture that uses much more
space due to necessity of using 2x times bigger resistors to
maintain expected value) enables the opportunity to adjust
effective resistance of load circuit by fixed step. This feature
may be used to fix outliners that may be observed in Fig. 15.
This values appears when due to mismatches operational
amplifier drops from saturation region which cause drop of
reference current, which could be corrected by re-adjusting load
devices.

As also mentioned before DMTOS circuits are connected to
switching transistors that allows to decide which transistors will
be connected to N branch and which transistor will be connected
to branch 1. By using this architecture its possible to make
redundant DTMOS banks and choose the connection that
provide best results (in layout floorplan at Fig. 13 are eight
DTMOS banks, but effectively its connected 5 transistors at
once — one to branch 1 and four to branch N to maintain 1:4
division, but its possible to make much bigger DTMOS banks
reservoir). Introducing this architecture at this time provides
opportunity to introduce more complex switching policy in the
future (for example — Dynamic Element Matching).

VIL

Bandgap current reference circuit using DTMOS transistors
to generate PTAT and CTAT voltage has been proposed.

This work confirms that DTMOS transistors could be
effectively used to build homogenic bandgap reference circuit
based only on MOS transistors. The proposed reference keeps
its current stable against broad temperature range with much
less area occupation when compared to BJT based references.
We also presented the additional circuitry dedicated to mitigate
downsides of DTMOS based references, i.e. their larger
mismatches compared to BJT based reference.

CONCLUSIONS
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