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Abstract: A CMOS voltage reference, which is based on Vs and A Vs in the weak inversion region, has been designed and

implemented in standard 0. 6pm CMOS technology. No diodes and parasitic bipolar junction transistors (BJTs) are used.

The proposed voltage reference uses a current-mode topology by summing a PTAT current and a CTAT current into a re-

sistor to generate the required reference voltage. It can also provide more than one reference voltage output, which is quite

suitable for systems requiring many different reference voltages simultancously. The occupied chip area is 0. 023mm? . The

operation supply voltage is from 2. 5 to 6V,and the maximum supply current is 8. 25:A. The designed three different out-

puts are respectively about 203mV, 1.0V, and 2. 05V at room temperature when the supply voltage is 4V. The circuit

achieves a temperature coefficient of 31ppm/C in the temperature range of 0 to 100C and an average line regulation of
+0.203% /V.The voltage reference has been successfully applied in a white LED backlight driver chip.
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Nomenclature
Cop Depletion capacitance
o Mobility
%4 Transistor channel width
L Transistor channel length
S W/ L ,transistor width and length ratio
V. Thermal voltage,kT/q
A Subthreshold current parameter
Vs Drain-source voltage
Vs Gate-source voltage
Iy Drain current

Vorn Threshold voltage

Vimn  Threshold voltage of nMOS transistor

Vi  Threshold voltage of pMOS transistor

P Fermi potential

b Surface potential relative to the source
Vs Source to substrate voltage

Vo Drain to substrate voltage

1 Introduction

Voltage references with low sensitivity to the
temperature and supply are commonly required both
in analog and digital circuits such as A/D.,D/A.flash
memories, and so on. Since the first bandgap refer-
ence was proposed by Pease in 1971, several

bandgap voltage references have been reported for
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use in a wide range of applications. In these designs,
an output voltage with low sensitivity to temperature
is obtained as the sum of a voltage of a forward-
biased diode having a negative temperature coeffi-
cient and a voltage proportional to absolute tempera-
ture (PTAT), which is realized by amplifying the
voltage difference of two forward-biased base-emitter
junctions'**' .

In CMOS technology,a parasitic vertical bipolar
junction transistor (BJT) formed in a p- or n-well is
commonly used to implement a bandgap reference.
However,BJTs present several problems in the imple-
mentation of bandgap references. For example, the
parasitic BIT in a CMOS process is usually not very
well characterized, the output voltage of the bandgap
voltage reference is always fixed since the base of the
parasitic transistor is grounded, and most bandgap
structures only offer a single output voltage. In Ref.
[4],a low temperature drift reference voltage ob-
tained by mutually compensating the temperature
drifts of threshold voltage and mobility was presen-
ted. Although it was implemented without BJTs and
the output voltage was different from 1. 25V, the tem-
perature dependence was governed by a linear term
and a nonlinear term. In Ref. [ 5], a current mode
voltage reference was developed in which two cur-
rents with different temperature coefficients were
summed into a resistor to create a voltage reference.
The output voltage can be easily changed as the resis-

(©2008 Chinese Institute of Electronics



1524 e

{ZS

2,

¥ iR %29 %

tor changes. References [6,7] also reported a sub-1V
bandgap voltage reference rather than 1. 25V. But in
Refs. [5~7],BITs were used. The work reported in
Ref.[8] developed a voltage reference based on sub-
threshold MOSFETs without any BJTs. The average
output voltage was about 295mV. However,the circuit
structure can only offer a single output with a good
temperature coefficient because it uses a voltage sum-
ming mode topology.

In this paper,a new architecture for a precision
voltage reference in standard CMOS technology based
on Vg and AV in the weak inversion region is pres-
ented to overcome the problems described above. The
voltage reference does not use any BJTs or diodes. It
uses a current-mode topology and derives its tempera-
ture independent characteristic from two temperature
dependent currents that are summed together into a
resistor to generate the reference voltage. Two linear
currents are combined to generate a reference voltage
that is stable with temperature. One is proportional to
absolute temperature (PTAT) associated with A Vs in
the weak inversion region, while the other is con-
versely proportional to the absolute temperature
(CTAT) associated with Vg in the same work re-
gion. The reference circuit has been realized in a
standard 0. 6;m double poly double metal (DPDM) n-
well CMOS process. The detailed circuit principle,
structure, and the experimental results are presented
in the following sections.

2 CMOS voltage reference

The MOS transistor has two primary regions of
operation in which current flows from the source to
the drain: one is the weak inversion region and the
other is the strong inversion region. The weak inver-
sion region occurs when the gate-source voltage Vs is
less than the threshold voltage. In the weak inversion
region, there are two important temperature depend-
ent parameters: Vg and the difference gate-source
voltage between two MOSFETs, A V.

Considering these two temperature factors in the
weak inversion region, we introduce a novel CMOS
voltage reference with a new circuit structure based
on Vg and AVess. The proposed voltage reference
uses a current-mode topology by summing a PTAT
current and a CTAT current into a resistor to gener-
ate the reference voltage. The temperature coeffi-
cients are cancelled and the resulting voltage can also
be adjusted to the desired output reference voltage by
changing the circuit parameters.

The complete schematic of the proposed CMOS
voltage reference is shown in Fig. 1. It is composed of

Voltage reference
generator

nl
-II'_KAIO

CTAT current |
generator

Startup
circuit

r
1

1

1

i

1 I
1 Ll
I

|

I

|

i

I

1

Pl |H M2t |:M5 NE]JM 549

PTAT current
generator

M8 ret (71)
NE] '_I I: B
- M3 |4 e CEr -1
Mq I—' R3 [ :; :
1
R, Rz% ’Q:L' Ve (1)

Fig.1
erence

Complete schematic of the proposed CMOS voltage ref-

four sub-circuits: the startup circuit, PTAT current
generator, CTAT current generator, and reference
voltage generator.

2.1 Startup circuit

A startup circuit is designed to ensure the circuit
works properly,as shown in Fig. 1.1t is formed by two
pMOS transistors P1,P2 and one nMOS transistor N1.
When the circuit operates in the zero-current state,
the gate voltages of M1, M2, and P1 are close to the
supply voltage V4. P1 and N1 function as an invert-
er. The drain voltage of N1 is pulled low, and this
turns on P2 to inject a small current to the PTAT gen-
erator. Thus the startup circuit enables the entire cir-
cuit. Furthermore, as the gate voltage of M1 decrea-
ses,P1 will be turned on and then P2 is turned off.
Thus,the startup circuit is disabled after the reference
works properly. The design of nMOS transistor N1 is
very critical. In order to cut off the transistor P2 com-
pletely after startup, the W/L ratio of N1 must be
chosen to be much less than 1.

2.2 PTAT current generator

The PTAT current generator in this paper is
M3
and M4 operate in the weak inversion region. Assum-
ing the channel length is sufficiently long and Vps >
4V, ,the channel length modulation effects are negli-

made up of transistors M1~ M4 and resistor R;.

VDS

gible and exp( - >%O. As illustrated in Refs. [9,

t
10],the weak inversion currents of M3 and M4 versus
the gate-source voltage are

In; = uS:Chp erXpM (D
and ID4:/MS4CDV%CXPM (2)
Tos _ Ioi _ Sy
where T T S, (3)

Solving Eqs. (1), (2),and (3) for the difference in
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gate-source voltage between M3 and M4 AVisy (T)
gives

AVasi (T) = Vg (T) = Ve (T) = AVag (T4) Tl
0
1)

- kT, (5)

where A Vs (To) = Aq In f,l g;‘ .
For a typical value of A Vg, (Ty) s A Vs linearly
increases with the temperature and is a PTAT volt-
age.
The difference in gate-source voltage between
M3 and M4, which is a PTAT voltage as described
above, flows through R; and generates a PTAT cur-

rent.

AVC,534<T0) T
In, = ——5—— X = (6)
D2 R, T,

2.3 CTAT current generator

Transistors M5 ~ M8 and resistor R, form a
CTAT current generator. M6 operates in the weak in-
version region. M5 is used to copy current from M2
and provides a fixed current to M6. Two equivalent
representations for the drain current of M6 are de-
scribed in Ref.[8],as
AVass = Vi)

IDG = /AgcherXp % 7

and  Tos = 485 Co V§exp¢5;/72¢ﬁ (8)
Comparing Eq. (7) and Eq. (8) results in

A(V(‘,s(; - VTH) - ¢S_2¢F (9)

When the operating temperature is T, , Equation (9)

changes to
‘f’s(To) - 2¢F(To) = A(T())I:VGSG(T()) - VTH(TO):I
(10)

The expression ¢s — 2¢; with respect to temperature T
can be found in Ref.[7]:

$CT) = 28:(T) = [4,(T) = 2. (T T (D)
Hence,combining Eqs. (9),(10) ,and (11) yields
A(T)EVGSG(T> - VTH(T)] =

ACTH[ Vs (To) — VTH<T0>]T1
0

The threshold voltage is a linear function of tempera-
ture as modeled in Ref.[11]:

(12

Vi = VTH(TO)+KT<%—1> (13)

where K is the temperature coefficient of the thresh-
old voltage and K <C0. Assuming that A (T) has
small variations with temperature, that is, A (T) =
A(T,),we get

Vass (T) = Vs (To) + [VGSG(TO> -

VTH(T(.)+KT]<T—T071) (14)

Thus, Vs (To) = Vin (Ty) and Ky are negative

quantities,so
VGSG(T()) - VTH(T()) +KT<O (15)

That is, a voltage Vg that decreases with tempera-
ture linearly for any fixed drain current I,. Vg in
the weak inversion region is a CTAT voltage.

So the current through R, is a CTAT current.
Viss (T)

In; = R,

(16)

2.4 Voltage reference generator

The voltage reference generator is made up of
transistors M9, M10 and resistor R;,which is used to
generate a low-temperature-drift reference voltage.
M9 and M10 are used to copy currents from CTAT
and PTAT current generators in order to obtain two
currents with different temperature coefficients. The
currents through M9 and M10, I and I, ,are given by
the following equations.

_ Vs (T) S,
le= 7R "%,

and 1, =70 x BV CD,
These two temperature dependent currents I and I,
are summed together into resistor R;, thus the low-
temperature-drift reference voltage V. is generated.

an

(18)

Vi = e+ IR, = [Vl tey
2 7
S, % R, :|R3 (19

The temperature coefficient of resistors is cancelled if
the resistors are formed with the same resistive layer.
As shown in Eq. (19) ,the temperature dependence of
the proposed voltage reference is governed by two lin-
ear terms. It can be obtained by differentiating Eq.
(19) with respect to temperature and is given by

W _ So Ve (T) . Si  9AVes(T) _
aT RS, aT S, R, aT
So X VGSG(TO) - VTH(T(J) + KT +
RS T,
Sl() A V(;sm ( T, )
X
SR, T, 20)

To demonstrate that the voltage reference is insensi-

. AL .
tive to temperature, we make 2 = () and obtain the

aT
following equation:
SeS. R, - _ AV (To) 2D
S7SmR2 VGSG(T())_ VTH(TO)+KT

Equation (21) shows that the temperature coefficient
can be optimized by circuit parameters. Freedom on
optimization can be done on the circuit design level
and on-chip trimming.

As shown in Fig. 1,the resistor R; can be divided
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Table 1 Sizes of the proposed circuit components
MOSFET |[(W/L)/ (pm/pm)| MOSFET |(W/L)/ (pm/pm)
P1 8/1 M5 10/4
P2 4/4 M6 400/4
N1 1/100 M7 10/4
M1 10/4 M8 10/4
M2 10/4 M9 8/4

M3 100/4
A 200/4 M10 25/4
Resistor Value/kQ Resistor Value /kQ
R1 100 r 65
R, 260 R ry 255
rs 335

Fig.2 Layout of the proposed circuit

into many parts,as ry,7y,"*, 1, ,to get more than one
reference voltage output,such as V (1), V (2),---,
Vit (n). This structure is quite suitable for the sys-
tems requiring many different reference voltages sim-
ultaneously. According to the summing current and re-
quired reference voltages, the value of each resistor
can be calculated. For example,if the system requires
two reference voltages, two proper resistors are con-
nected in series as resistor R;.The high voltage nodes
of both the resistors are reference outputs. As men-
tioned above, the temperature coefficient of resistors
is cancelled in this circuit structure,so each reference
voltage output has a low temperature coefficient. An-
other characteristic of the proposed voltage reference
is that the power dissipation of the whole circuit can
be casily controlled by increasing or decreasing the
PTAT and CTAT currents proportionally.

3 Experimental results

The proposed voltage reference shown in Fig. 1
has been successfully designed and implemented in
standard 0. 6pm DPDM n-well CMOS technology and
the main process parameters are Vg = 0. 728V and
Viwe = — 1.02V. The circuit is designed to provide
three reference voltage outputs (200mV,1V,and 2V)
for a white LED backlight driver chip,so resistor R,
is made up of three parts r,,r;.and r;. The sizes of
the MOSFETs and resistors chosen are tabulated in
Table 1. The proposed voltage reference has been sim-
ulated and the results show that the output voltages
are about 199.6mV, 0.998V, and 1.997V at room
temperature when the supply voltage is 4V. The tem-
perature coefficient is about 10.5ppm/C and the
voltages change about 0.21,1.05,and 2. 1lmV when
the temperature increases from 0 to 100C .

Since the circuit is for a white LED backlight
driver,the layout of the voltage reference is designed
with other parts. In this paper,only the layout of the

reference circuit is shown in Fig. 2. A high-resistive
poly resistor (about 1kQ/[]) is used to reduce the
chip area. The occupied about
0. 023mm?, which is much smaller than the bandgap

circuit area is
reference.

The chip is encapsulated with a dual in-line pack-
age (DIP) type. There are five bonding pads for the
test, which are Vg, Gnd, V.4 (1), V. (2), and
Vi (3). V4 and Gnd are input pins, and the other
three are output pins. Four items are tested: supply
current, temperature coefficient, line regulation, and
power supply rejection ratio. Throughout the test,
three external operational Amplifiers are used to fol-
low the three output voltages respectively for the lack
of load capacity. Each amplifier is designed as a volt-
age follower. Thus,the output of the amplifiers is test-
ed in order to avoid the distortion of the output load.
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Table 2 Comparison with published voltage reference circuits with a standard CMOS process

This work Leung et al .[" Leung et al .[%] Wang et al .[1?] Qin et al .[3]
Technology 0. 6pm CMOS 0. 6pm CMOS 0. 6pm CMOS 0.18ym CMOS 0. 35pm CMOS
Vran =0. 728V, Vrun =0.9V, Vran =0.9V,
Threshold voltages TN TN TN — —
Viap = — 1. 02V Viap = — 0.9V Viap = — 0.9V
Supply voltage Vaa/V 2.5t06 1.4to3 0.98to 1.5 0.6to1.5 l1tol.4
Supply current (max)/pA 8.25 9.7 18 4.8 160
Reference voltage/V 0.203,1 and 2.05 0.3091 0.603 0.399 0.352
Temperature coefficient
) 31 36.9 15 80 16.7
/(ppm/C)
Line regulation/(%/V) 0.203 0.08 0.73 0.5 0.1
Chip area /mm? 0.023 0.055 0.24 0.045 0.18

When testing the supply current of this chip, a
galvanometer was connected the supply voltage and
V4 pin. A different current result is obtained directly
from the galvanometer when the test conditions,such
as temperature and supply voltage, are changed. An
oven is used to provide different temperatures during
the temperature coefficient test. The encapsulated
chip is put in the oven and the output pins are meas-
ured with a voltmeter to get the output voltages under
different fixed temperatures. With these test data
from the voltmeter,a temperature coefficient curve is
obtained with data processing software. The supply
voltage can also be changed to produce different out-
put curves with temperature. After testing the output
voltage with different supply voltages, the line regula-

AV
AV Vi
waveform generator is needed in the power supply re-

tion is easily calculated to be X 100%. A

jection ratio test. A sine wave with a DC voltage such
as 3V and an amplitude voltage such as 0. 1V in a cer-
tain frequency is used as the supply voltage. The out-
put node is measured with an oscillograph and the
peak-to-peak value is measured. The power supply re-

A‘/ref,pp
AVidm
peak-to-peak value of V.4 and AV, is the peak-to-

jection ratio is 20log, , where AV, is the

peak value of V.

The chip was tested adopting the method de-
scribed above. The measurement results show that the
three typical mean reference voltages are about
203mV,1.0V,and 2. 05V at room temperature when
the supply voltage is 4V. The maximum supply current
is 8. 25, A, which occurs at the maximum supply volt-
age (6V) and the maximum operational temperature
(100C). Lower supply current can be achieved
through decreasing the PTAT and CTAT currents
proportionally,that is, decreasing the W/L ratios of
M9 and M10.

Figure 3 shows the test result of a sample with a
temperature coefficient of about 31ppm/C at 2.5.4,

and 6V supply voltages over the whole measurement
range. When the operation temperature changes from
0 to 20C , these three reference voltage outputs show
themselves as CTAT voltages, while the outputs in-
crease as PTAT voltages when the temperature in-
creases from 20 to 100C . As shown in Fig. 3,over the
whole operating temperature range,the three voltage
outputs, V. (1), Vs (2),and V,; (3) change about
0.62, 3.09, and 6.32mV, respectively. The average
line regulation is £ 0.203%/V. At the supply voltage
of 2.5V ,the measured power supply rejection ratio of
V. (2) at 100kHz is — 26dB. A filtering capacitor to
the output is necessary to improve the power supply
rejection ratio of the high-frequency region. The test
results are similar to, but not as good as, the simula-
tion results. The reason for the difference is the ideal-
ity of the simulation model and inevitable parasitics
of the transistors.

A comparison with published voltage reference
circuits fabricated with a standard CMOS process is
shown in Table 2. All of the results listed in the table
are chip test results. The structure in this work has a
good performance with respect to temperature coeffi-
cient and line regulation. Since no BJTs are used in
this work, it has the smallest chip area. The supply
voltage range is also the largest. Furthermore, only
the proposed voltage reference provides more than
one reference voltage output, which is the main ad-
vantage of this structure. It is quite suitable for sys-
tems requiring many different reference voltages syn-
chronously.

Since the designed voltage reference is for a
white LED backlight driver chip whose supply voltage
range is about 2. 5~6V, the voltage reference struc-
ture cannot operate at a very low supply voltage such
as 1V. This will be solved in a future study.

4 Conclusion

A CMOS voltage reference based on Vg and
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