Osaka University Knowledg

. Ultralow-Power Current Reference Circuit with
Title
Low Temperature Dependence

Author (s) Eé;??eétTgtsuya; Matsuoka, Toshimasa; Taniguchi,

. . IEICE Transactions on Electronics. 2005, E88-
Citation o6y o 1142-1147

Version Type|VoR

URL https://hdl. handle.net/11094/51720

rights copyrighte2005 IEICE

Note

Osaka University Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

Osaka University




1142

IEICE TRANS. ELECTRON., VOL.E88-C, NO.6 JUNE 2005

| PAPER Special Section on Analog Circuit and Device Technologies |

Ultralow-Power Current Reference Circuit with Low Temperature

Dependence

Tetsuya HIROSE®, Toshimasa MATSUOKA *, Kenji TANIGUCHI'", Tetsuya ASAI',

SUMMARY  An ultralow power constant reference current circuit with
low temperature dependence for micropower electronic applications is pro-
posed in this paper. This circuit consists of a constant-current subcircuit
and a bias-voltage subcircuits, and it compensates for the temperature char-
acteristics of mobility y, thermal voltage V7, and threshold voltage Vrpy in
such a way that the reference current has small temperature dependence. A
SPICE simulation demonstrated that reference current and total power dis-
sipation is 97.7 nA, 1.1 uW, respectively, and the variation in the reference
current can be kept very small within +4% in a temperature range from —20
to 100°C.

key words: CMOS, reference, subthreshold, weak inversion, low power,
temperature dependence

1. Introduction

One of the promising areas of research in microelectronics
is the development of ultralow power analog LSIs that con-
sist of subthreshold MOSFETs, or MOSFETsS that are op-
erated in the region of weak inversion. To construct such
LSIs, we must first develop voltage and current references
that can operate with low-power dissipation of a few micro
watts or less. We herein describe one such low power refer-
ence, a current reference that uses a subthreshold MOSFET
circuit and that generates a constant current independent of
temperature and supply voltage.

In the near future, “ubiquitous” network systems will
be created. Such systems require many sensing LSIs, or
smart sensors, that measure various physical data in sur-
roundings, that store the measured data, and that output the
data on demand. These sensing LSIs must operate with
a low-power supply because they will probably be placed
under conditions where they have to get the necessary en-
ergy from microbatteries or from less-than-ideal surround-
ings such as ones with poor sunshine, weak electric waves,
and slight differences in temperature between day and night.
To create an ultralow power LSIs, we designed a circuit in
the subthreshold region. In such an LSI operated in the sub-
threshold region, we need to develop a constant voltage sup-
ply circuit and a constant current reference circuit that has
ultralow power dissipation for these LSIs.
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Many current reference circuits operating with strong
inversion has been reported [1]. A Beta Multiplier Self Bias-
ing circuit is widely used as a current reference circuit using
MOSFET. However, this circuit requires a very large value
of the resistor to generate a small output current, and more-
over, has a problem in which the output current increases
linearly as the temperature increases. A current reference
circuit reported by Oguey and Aebischer [2] generates a
small output current using strong inversion transistors that
operate in the linear and saturation regions. Resistors are
not used. However, the circuit is not enough for the discus-
sion on the temperature dependence on its output reference
current. The circuit is not enough to use as a reference cur-
rent under an environment where the temperature changes
because the output current that they proposed increases pro-
portionally as the temperature increases (see Appendix).

There are few reports on the premise of operating in the
subthreshold region. The purpose of this work is to offer a
design method for a constant current reference circuit that
works at the subthreshold region over a large temperature
range. This paper is organized as follows: circuit config-
urations and operation principles are described in Sect. 2,
simulation results are presented in Sect. 3, and we conclude
the paper in Sect. 4. Note that all the simulations were per-
formed using SPICE BSIM3 level 49 model and 0.25 yum
TSMC-CMOS parameters.

2. Circuit Configuration

The current reference circuit we describe consists of a
constant-current subcircuit and a bias-voltage subcircuit.
The latter supplies a bias voltage to the former.

2.1 Constant-Current Subcircuit

Figure 1(a) shows the constant current subcircuit. It is based
on the S-multiplier self biasing circuit (Fig. 1(b)) and uses a
MOS resistor M instead of an ordinary resistor R. We oper-
ate all MOSFETs in this circuit in the weak-inversion region
except for the MOS resistor in the strong-inversion and tri-
ode region. This circuit has two advantages compared with
the basic § multiplier: the first is that it needs no resistor
of high resistance that occupies a large area on an LSI chip,
and the second is that it can achieve a zero temperature co-
efficient of current for an appropriate bias voltage Vg5 for
the MOS resistor. This circuit works as follows.

Copyright © 2005 The Institute of Electronics, Information and Communication Engineers
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Fig.1 Constant-current subcircuit (a) configuration of the circuit we use,
and (b) basic S-multiplier self biasing circuit.

The subthreshold MOS current [3], [4] for a drain-
source voltage Vpg higher than 0.1V is given by

Ves = Vru — VOFF)
nVr
Iy = uCox Vi (- 1),

where K is the aspect ratio (=channel width/channel
length), u is the mobility, Coyx is the gate-oxide capacitance,
Vr is the thermal voltage (Vy = kgT/q), n is the subthresh-
old swing parameter, V7 is the threshold voltage, Vorr is
the offset voltage difference between the threshold voltage
in the strong inversion and that in the subthreshold region,
and I is called the pre-exponential factor. Voltage Vorr
depends on the channel width and can be given by

/= Kloexp( (1)

Vorrw @)
W

where Vorpro is the large-channel-width offset voltage,

Vorrw 1s a positive coefficient, and W is the channel width.
In the circuit in Fig. 1(a), the gate-source voltage Vs 4

in transistor M must be equal to the sum of the gate-source

voltage Vs p in Mp and the drain-source voltage Vpg in

Mg, or

Vis.a = Vgs,p + Vps. 3)

Because the currents I through the transistors M and Mg
are the same, Eq. (3) can be rewritten as

Vorr = Vorro +

K
Vps = asp+nVrln (K—B) , 4
A

where a4 g(= Vorra — Vorr,) is the difference in the offset
voltages, and K4 and Kp are the aspect ratios of transistors
M, and Mg. The resistance Ry, of MOSFET Mg operated
in the triode region is given by

1
= W .
uCox (f) (Vbias — Vru)
We find from Egs.(1),(2),(4), and (5) that the current [
through M and My is given by

Vbs Kp
=2 - +VyIn[=2
Ry, (GA’B T H(KA ))

Ry

R

(&)

w
xuCox (f) (VBias — Vru) . (6)
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Fig.2 Value of TC as a function of temperature, calculated from
Eq. (10), with the overdriving voltage V as a parameter. The dashed curve
shows the TC of Oguey and Aebischer’s circuit.

2.2 Temperature Dependence of the Circuit Current

Equation (6) shows that the temperature coefficient (TC) of
current [ is

1 0 (aA,B +nVrln (%))
QA,B +T]VT ln(%) or

10ou N 1 0 (Vias — Vru)
uoT  Vpias = Vru oT '

)

The temperature dependence on the mobility and threshold
voltage are

T —m
= u(To) (T_o) , (3
Vra = Vruo — kT, )

where u(Ty) is the mobility at room temperature (7), Vrgo
is the threshold voltage at absolute zero, and « is the temper-
ature dependence parameter. For a fixed reference voltage
Vsias, TC can be expressed by equation

nVrin (i—i‘)

T (CYA,B + T]VT In (%))

m K
—_— + _—

T V+«T
where V(= Vpjas — Vrro) is the overdriving voltage. The
first term on the right is almost equal to 1/7 for small a4 g
values, the second term is about —1.5/7 for ordinary MOS-
FETs, and the third term changes from 1/7 to 0 as a function
of V. Therefore, TC can be set to 0 at room temperature by
adjusting V to an appropriate value. Figure 2 shows the cal-
culated value of TC as a function of temperature. In this
example, a zero TC can be obtained at V = 100 mV at room
temperature. The value of TC for Oguey and Aebischer’s
circuit, calculated from Eq. (A -3), is also depicted for com-
parison.

TC[ =

(10)
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Fig.3  Bias voltage circuit. It consists of two diode-connected transistors
and n differential pairs.

2.3 Bias-Voltage Subcircuit

The next part is to construct a subcircuit that supplies bias
voltage Va5 to the constant-current subcircuit. This bias-
voltage subcircuit must generate a constant voltage that is
independent of temperature. Although a bandgap reference
circuit [5] is widely used to obtain a constant voltage, it is
not suitable for our purpose because, for low-current oper-
ation in the subthreshold region, it needs large resistors of
high resistance. However, Buck and others proposed a new
CMOS bandgap reference circuit without resistors [6]. We
modified their circuit to operate in the subthreshold region
and to generate a bias voltage for the constant-current sub-
circuit.

Figure 3 shows the circuit configuration. The circuit
consists of two diode-connected transistors (Mp;, Mp;) and
n differential pairs (M;-M,, M3-My, - - - ,Mp,_1-Mj,) con-
nected in a cascade. We set the aspect ratios of transistors
such that

Kp1 > Ko,
K, > K>,
and Ky > Ky;y (i=2,3,---,n). (1

The circuit produces a constant voltage on the output ter-
minal Vggg. The output voltage is equal to the sum of the
voltage across Mp, and the gate-to-gate voltages of the dif-
ferential pairs. As shown later, the Mp, voltage shows a
negative TC, whereas the gate-to-gate voltages show a pos-
itive TC; this enables us to generate a zero-TC voltage. The
details of the circuit operation are as follows.

The diode-connected MOSFETs Mp; and Mp, are op-
erated in the subthreshold region, and their gate-source volt-
ages Vs p1 and Vs pp are given by

) (12)

Ves.pi = Vru + Vorrpi +nVr 111( 2
Kpily

(i=12),
where I is the current through the MOSFETs. The temper-
ature coefficient of this gate-source voltage is given by

0Vis pi _ Vru N mln Ip
oT or T "\ Ko
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Fig.4 Difference in gate-source voltage in two diode-connected transis-
tors. The left portion is the schematic, and the right portion is the simulation
results. The bias current I and the ratio of Kp/Kpy are set to 100 nA and
1.25.

19 1 0Vz
_nVT __ﬂ+__T
uorT vy or

C e e () n
= —Kk+ p (ln(KDiIO) 2 m)). (13)

This equation includes Iy, but the temperature dependence
of Iy can be ignored because I is contained in a logarith-
mic function. For ordinary MOSFET parameters, the gate-
source voltage across Mp, shows a negative TC.

The difference AV p of the gate-source voltages in
Mp; and Mp; can be expressed as

AVgs.p = Ves.p2 — Ves,pi

= oot +nVr ln(%), (14)
D2

where Bp» p1(= Vorr.p2 —Vorr,p1) is the positive offset volt-

age as shown in Fig. 4. This voltage difference is applied to

the left differential pair M;-M,. The resultant currents [,

and I, in the differential pair are given by

Vespi— Vs = Vorri = V;
I = Ko exp( GS.D S,]V OFF, TH)’ (15)
T
(i=12)

where Vs is the common source node voltage of the differen-
tial pair. Current I is copied into My of the next differential
pair. Because the currents in transistors M3 and My are 1,
and I, the gate-source voltages Vs 3 and Vs 4 are given by

1
Vs = Vru + Vorrs +nVrIn —L (16)
K51,
and
L
Ves4a = Vra + Vorra +nVrIn| —]. (17)
Kalo

The gate-to-gate voltage AV, or the difference of the gate-
source voltages (AVge = Vigsi — Vigsa) in the differential
pair M3-My is given by

KiI
AVse = +nVrIn| ——
66 = B3atnVr H(K3[2)

K4K1K02)

— (18)
K3K>Kpy

=[3+7]VTln(
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where

B =PBpap1 + P21+ B34 (19)
We set the aspect ratios such that

K4K1Kpy > K3K>Kpy, (20)

then AV shows a positive TC. In the same way, the suc-
cessive differential pairs generate their gate-to-gate voltages.
These voltages are added together in the array of the dif-
ferential pairs. The output of the circuit is the sum of
Vis.p2 and the total of the gate-to-gate voltages. To pro-
duce enough output voltage to drive the MOS resistor in
the strong-inversion region, we used a number of differential
pairs. The output voltage of the circuit can be given by

Verer = Vgs,pa + (n — 1)AVgq. 21

We can obtain a constant voltage with a zero TC, adjusting
the size of transistors and the number of differential pairs.
Figure 5 shows the simulated results for the output volt-
age of the circuit. In the simulation, the ratio of each of the
transistor pairs shown in Table 1 was assumed, and the num-
ber of differential pairs was set to 5 (i.e., n = 5). An almost

750 T T T T T T

< 740 —

Vger (M

| | | | | |
250 275 300 325 350 375
Temperature (K)

720

Fig.5  Output of bias-voltage circuit as a function of temperature, simu-
lated with parameters given in Table 1.

Table 1  Example of MOSFET's ratios.
22| '] Fa=3579
106 | 125 | 3 3
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constant voltage can be obtained in the temperature range,
and the TC of the voltage is zero at room temperature. The
voltage variation with the temperature can be suppressed
within + 1%. This variation is mainly ascribed to the non-
linearity of the gate-source voltages of the diode-connected
transistors. Though both voltages of Vg pr and AV in
Eq. (21), where Vs pp is negative and AV is positive, are
nearly proportional to the temperature, they still have little
nonlinear temperature dependence. Therefore, the output
voltage changes nonlinearly as shown in Fig. 5.

3. Constructing the Current Reference Circuit

The current reference circuit we describe can be constructed
by combining the constant current subcircuit and the con-
stant voltage subcircuit. Figure 6 shows the entire configu-
ration of the circuit. We modified the configuration of the
constant-current subcircuit and added a source-coupled am-
plifier, to ensure the same current flowing in M and Mg.
To use the source-coupled amplifier, we adapted a cascode
configuration of nMOSFETs in the constant-current subcir-
cuit. The source-coupled amplifier and the constant-current
subcircuit construct the unity gain configuration. The volt-
age of V, is monitored by the non-inverting terminal of the
unity gain circuit, and then the output voltage of Vj is set
at the same voltage with V4. This ensures the same current
value in transistors M and Mg. AC analysis of this unity
gain circuit shows that the phase margin at the unity gain
frequency is 45 degree, and the circuit is stable.

Figure 7 shows the simulated results for the output cur-
rent Iggpr. In this simulation, the ratio of Kz/K, was set to
1.06. The variation in the current can be suppressed within
+ 4% in the temperature range from —20 to 100°C.

The circuit is insensitive to a change in power supply
voltage because of the feedback control with the source-
coupled amplifier. Figure 8 shows the bias voltage Vggp
and the output current as a function of the supply voltage.
The circuit can operate at a low power voltage of 1.2 V. The
variation in the bias voltage and the output current can be
suppressed within + 0.19% and + 0.60%, respectively, in
the supply voltage range from 1.2 to 3 V. Table 2 summa-
rizes the performance of this current reference.

—Vdd
T L T

L
i I [ [ [

L

&

B Ml Mgy Ij LIREF
[ A [ Vg [ I—

VREF
+ -

Ma Mg

[ Il_l Il_l II_1

| I Il_l I L'REF

Bias-voltage subcircuit

Constant-current Source-coupled
subcircuit amp.

Fig.6  Current reference circuit consisting of bias voltage subcircuit and constant-current subcircuit.
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Fig.7  Output of current reference circuit as a function of temperature,
simulated with parameters given in Table 1.
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Fig.8 Bias-voltage and output current as a function of supply voltage.

Table 2 Performance summary.
Technology 0.25 um, 1-poly 5-metal CMOS
Vop 15V
Irer 97.7nA (T = 25°C)

VREF 727 mV (T = 25°C)

Power 1.1 uW (T =25°C)

AIREF/IREF + 4% (T =-20- 1000(:)
+0.60% (Vpp =1.2-3V)

AVRer/VeRer | £ 1% (T = =20 - 100°C)

+0.19% (Vpp =1.2-3V)

The temperature dependence on the output current is
somewhat larger than expected from Eq.(10). This was
mainly caused by the variation in the bias-voltage with tem-
perature that is shown in Fig. 5. Further improvements will
be made possible by modifying the bias-voltage subcircuit.
Equation (10) shows that the temperature that gives a zero
TC increases as overdriving voltage V increases (see Fig. 2).
Therefore, if we can construct a bias-voltage circuit that pro-
duces a voltage with an appropriate positive TC, then we
will be able to create an improved current-reference circuit
that shows a zero TC over a wide temperate range. We are
now developing such a modified bias-voltage circuit.

4. Conclusion

We described an ultralow power constant current reference
circuit with little temperature dependence. This circuit con-
sists of a constant-current subcircuit and a bias-voltage sub-
circuit. and is useful as a reference current for a microp-

IEICE TRANS. ELECTRON., VOL.E88-C, NO.6 JUNE 2005

ower application in an environment where the temperature
changes. This circuit compensates for the temperature char-
acteristics of mobility u, thermal voltage V7, and thresh-
old voltage Vry in such a way that the reference current
has small temperature dependence. A SPICE simulation
demonstrated that the reference current is 97.7 nA, and the
variation in the reference current and the bias voltage can
be kept very small within = 4% and + 1% in a tempera-
ture range from —20 to 100°C. The total power dissipation
is extremely low, 1.1 uW. Standard CMOS technology can
be used without a resistor.
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Appendix: Temperature Coefficient of Oguey and Ae-
bicher’s Current Reference

The output current in their circuit [2] is given by
I = n*uCoxKViK,g, (A1)

where 7 is a correction factor of low drain-source voltage
(n = Biin/Bsar), and Kp is a function of the geometrical ra-
tios of transistors. The TC is given by

1dl ldu 14dV;i
TICi=—-—=——F7%+——— A-2
"7 1dT " pdr " V2 dT A2
and is reduced to
m 2
TC] = —T + T (A3)

Because the value of m is about 1.5 for ordinary MOSFETs,
the temperature coefficient is always positive, and the cur-
rent will increase as the temperature increases.
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