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Abstract: We proposed a novel temperature-compensated, ultra-
low-power current reference based on two [(-multipliers whose resis-
tors are replaced by nMOS devices operated in the deep triode region.
The circuit, designed by a 0.25um CMOS process, produces an out-
put reference current of 13.7nA at room temperature. Simulated re-
sults show that the temperature coefficient of the output is less than
100 ppm/°C in the range from —20°C to 80°C and the average power
dissipation is 0.9 uW.
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1 Introduction

The increasing demand for portable electronic devices, microsensors, and
biomedical sensors makes the power-efficient circuits increasingly important.
As a result, subthreshold circuits are attracting attention because of their
ultra-low-power consumption. One of the main drawbacks of the circuits,
however, is the exponential temperature dependence of drain current, which
makes the design of subthreshold circuits quite difficult. The implementa-
tion of a proper temperature-independent current source into a chip could
significantly suppress the temperature dependence of the subthreshold cir-
cuit performance. Most current references based on PTAT use bipolar tran-
sistors [1, 2], while those using parasitic bipolar transistors available in the
standard CMOS process show poor performances, require a large design area,
and consume relatively large power. Therefore, the current references [1, 2]
based on CMOS-only designs cannot be used in ultra-low-power applications.
Another approach to current reference [3] based on S-multiplier, which re-
quires resistors and consumes several dozen microwatts is still not suitable
for CMOS-only and ultra-low-power designs. To overcome these problems,
CMOS-only current references using subthreshold circuits have been demon-
strated [4, 5]. The CMOS-only current reference proposed by Oguey and
Aibischer [4] consumes very little power, and the circuit structure is very
simple. However, the output reference current of the circuit is proportional
to T4, where T represents the absolute temperature and is not suitable to be
used as a temperature-independent current source. The current reference [5]
has shown reasonable temperature immunity and low-power consumption,
although the circuit techniques are quite complex and the temperature coef-
ficient is not small enough for high accuracy applications.

In this paper, we proposed a new and simple current reference circuit
composed of two current subcircuits that have positive but different temper-
ature coefficients. The operation principle and computer-based simulation
results are presented. The output reference current is fairly insensitive to
temperature and supply voltage variations. The power consumption of the
proposed circuit is less than 1 WW. Therefore, the proposed circuit is ideal to
be used as a temperature-independent current source, which will help circuit
designers overcome the exponential temperature dependence of subthreshold
circuit performance.

2 Proposed current reference

2.1 Operation principle

The schematic of the proposed current reference circuit is shown in Fig. 1.
The proposed circuit consists of two current source subcircuits, a current
subtract stage and an output stage. Each current source generates a differ-
ent current with a different temperature coefficient. In the current subtract
stage, the currents generated by the current sources are multiplied by proper
coefficients and subtracted so that the resultant current has the minimum
temperature dependence. The output stage mirrors the resultant current to
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Fig. 1. Schematic of Proposed Current Reference.

the preferable output reference current.

2.2 Current source subcircuits
The current source subcircuits (subcircuit (A) and subcircuit (B) in Fig. 1)
are based on a well known [-multiplier circuit; their resistors are replaced
by nMOS devices (M5 and M7) operated in the deep triode region. The bias
voltages for My and My are generated by diode-connected nMOS devices,
Mg and Mg, operated in the saturation region, respectively. All other tran-
sistors used in the proposed circuit are operated in the subthreshold region.
The drain current of the MOSFETSs operated in the subthreshold region
is mainly composed of subthreshold leakage current and can be expressed as
follows [5]:

VGS_VTH){ ( VDS)}
Ip = Klyex (— l—exp|——— 1
D 0 €Xp WV p Vi ( )

Iy = pCox (n—1)Vi

where K is the aspect ratio (= W/L), n is the subthreshold slope factor,
Vr = (KgT/q) is the thermal voltage, p is the carrier mobility, Cox is
the gate-oxide capacitance, kp is the Boltzmann constant, and ¢ is the ele-
mentary charge. For values of Vpg > 4Vp (approximately 100 mV at room
temperature), Ip becomes almost independent of Vpg. Therefore, Eq. (1)
can be modified as follows.

(2)

Ip = KIyexp <M)

nVr

In the subcircuit (A) in Fig. 1, the relationship between the gate-source
voltages of Mi, My (Vgsi, Vasz2) and drain-source voltage of Ms (Vpss)
can be expressed as

Vasi = Vpss + Vase (3)

170



IEICE Electronics Express, Vol.8, No.3, 168-174

All pMOS devices in subcircuit (A) share the same aspect ratios, resulting
in equal drain currents through M;, Ma, M5, and Ms. From Egs. (2) and
(3), we have

K
VDS,5 == ’I’]VT In <ﬁ> — AVTH (4)

where AVry (= Vrua — Vra,a) is the difference between the threshold volt-
ages of M7 and Ms. The value of AVrp can be approximated by

AVrg =7 (\/2@1: +Vbpss — V 2‘1)F> (5)

where 7 is the body-effect coefficient, ®p = VyIn(Ngy/n;) is the Fermi
potential, Ny, is the doping concentration of the substrate, and n; is the
intrinsic concentration of silicon. The drain current of M5 operated in the
deep triode region can be given by

w
Ins = nCox (f)s (Vass — Vrus) Vps;s (6)
The temperature coefficient (%g—j{) of the current given in Eq. (6) can be
shown by
1 0Iys _ 10p N 1 0(Vass — Vrus) 1 90Vpss M)
Iys OT uoT (VGS,5 — VTH,5) oT Vpss OT

and the temperature dependence of mobility 1 can be given by

u(r) = o) (1) (®)

where 1(Tp) is the carrier mobility at room temperature and m is a constant.
The drain current of Mg operated in the saturation region is given by

w
Ine = pCox (f)ﬁ (Vass — Vrme)” (9)

Because Iy5 = Iy and both My and Mg share the same gate voltage, the
temperature coefficient of Ij5 can be calculated using Eq. (9) as follows

1 dlys _ 10u N 2 0(Vass — Vrus)
Iys 0T poT  (Vass — Vrugs) or

(10)

Note that we assume Vrpys = Vrpe.
By using Egs. (4) and (5), the temperature coefficient of Vpgs can be
approximated by

1 6VD5,5 - 1

Vpss OT T

(11)

{ nVTln(Kz/Kl) }

T]VT lIl(KQ/Kl) - AVTH
From Egs. (7), (8), (10), and (11), the temperature coefficient of the output
current of subcircuit (A), Ipss, can be expressed by

1 0lys  1-m 1{ nVrIn(Kz/K)) }

= — 12
IM5 oT T T nVTln(Kz/Kl)—AVTH ( )

The value of m is approximately 1.5 for ordinary nMOS devices. Conse-
quently, the temperature coefficient given in Eq. (12) is positive.
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Since both current sources have the same structure, the temperature co-
efficient of the output current of subcircuit (B), Ip7, can be calculated in
the same manner. From a simple calculation, it can be seen that for a given
temperature, the temperature coefficient given in Eq. (12) decreases with an
increase in the (K2/K1) ratio. In the proposed design, we selected the aspect
ratios of K - Ky, such that (K2/K;) > (K4/K3). Therefore, the current
source subcircuit (A) has a smaller temperature coefficient compared with
that of subcircuit (B).

Assume that the aspect ratios of Mpy:Mpy and My:Mg are 1:a and 1:0,
respectively. Thus, the resultant current of the subtract stage can be given
by

Irgr = adps — Bl (13)

By choosing proper values for o and (3, the temperature dependence of
Irer can be eliminated.

3 Results

The proposed current reference was designed and simulated in the 0.25un
CMOS process at a supply voltage of 2.5V. In the proposed design, the
ratios of (K3/K7) and (K4/K3) were set to 1.55 and 1.45, respectively. The
current mirror ratios Mpi:Mpo and My:Mg were 31:24 and 1:1, respectively.

Figure 2 (a) shows the simulated output current of the two current sources.
As expected, both currents have a positive temperature coefficient, and the
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Fig. 2. Simulation Results: (a) Temperature dependence
of Ins and Iz, (b) temperature dependence of
IrEF, (c) power supply dependence and (d) simu-
lated reference current in different process corners.
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Table I. Performance Summary.

This Work  [4] [5]
Process 0.25 pm 2um 0.35 pm
Temperature Range —20 - 80°C —40 - 80°C 0 - 80°C
Temperate Coefficient 95ppm/°C 1100 ppm/°C 520 ppm/°C
Power Consumption 0.9uW 0.07 uW 1uWwW
IrEF 13.7nA 1-100nA 96 nA

temperature coefficient decreases with an increase in the current. The tem-
perature dependence of the output reference current Irgp is shown in
Fig. 2(b). The temperature coefficient is approximately 95ppm/°C in the
temperature range from —20°C to 80°C. Figure 2 (¢) shows the power supply
dependence of the reference current. As is clear from Fig. 2 (¢), the proposed
current reference operates even at 2V and this voltage could be reduced fur-
ther by using operational amplifiers instead of cascode current mirrors at the
expense of power consumption.

We simulated the proposed circuit using different process corners to inves-
tigate the effect of process variation on the reference current. The results are
shown in Fig. 2 (d). The difference in Irgr at the process corners of TT, SF,
and FS is negligible. In addition, Irgr at each process corner shows almost
the same temperature dependence, because as seen from Eq. (12), the tem-
perature coefficient of Ip;5 and Iy;7 has little process dependence and could
be seen as negligible. Therefore, the temperature coefficient of the reference
current also has little process dependence and could be seen as negligible.

Table I compares the performance of the current reference described in
this paper with that of previously published current references. The current
reference proposed in this paper shows the best performance in temperature
dependence. Although the current reference circuit [4] has demonstrated low
power consumption, our design is 10 times superior in temperature depen-
dence.

4 Conclusion

A novel ultra-low-power current reference using subthreshold circuits is pre-
sented. The proposed circuit uses only CMOS devices; therefore, it can be
implemented in the standard CMOS process without using parasitic bipolar
transistors or resistors. The proposed circuit is designed and simulated in
the 0.25 um CMOS process. The operation principle and the simulation re-
sults are presented. The simulation results show that the output reference
current Irpp is approximately 13.7nA at room temperature, and that the
temperature coefficient of Ipgp is smaller than 100 ppm/°C for the tempera-
ture range from —20°C to 80°C. The average power consumption is 0.9 uW.
Furthermore, the proposed current reference shows temperature independent
characteristics in all process corners. This implies that the proposed circuit
is ideal to be used as a current reference to compensate for temperate depen-
dence in ultra-low-power, subthreshold designs.
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