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Abstract: This paper presents a novel temperature independent current reference based on the theory of mutual com-
pensation of mobility and threshold voltage. It is completely compatible with standard CMOS-technology. The experi-
ment results indicate that the temperature coefficient of this current reference is less than 290 ppm/°C over a temperature

range from —20 to 110 °C.
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1. Introduction

Temperature-independent current references are one of the
most fundamental blocks in analog integrated circuits. They are
widely applied to analog circuits and power electronic systems.
Inrecent decades, a great deal of literature concerning this issue
has been published. Within it, some examples have advantages
such as supply-independencel!l or resistor-immunity!?!; how-
ever, they have large temperature coefficients of 720 ppm/°C
(measured) and 6000 ppm/°C (measured) respectively. Some
other examples, derived from bipolar bandgap topology, with
low temperature coefficients of 50 ppm/°C (measured)?! and
350 ppm/°C (measured)!), are usually complicated and area-
consuming. More recently, the mutual compensation of mobil-
ity and threshold voltage is widely used for improved temper-
ature characteristics within a standard CMOS technology®~7].
The one performing best achieves temperature coefficients of
130 ppm/°C (simulated) with first-order temperature compen-
sation and 28 ppm/°C (simulated) with second-order temper-
ature compensationl>]. However, it is designed in BiCMOS
technology, which probably increases the cost of the chip.

In this paper, a novel all-CMOS temperature-independent
current reference based on the compensation with mobility and
threshold voltage is put forward. It is completely compatible
with standard CMOS technology and occupies a small silicon
area 0f 0.023 mm?. With first-order temperature compensation,
the proposed current reference presents a mean temperature
drift of 28 ppm/°C (simulated) and 290 ppm/°C (measured)
over a temperature range from —20 to 110 °C.

2. Current reference circuit description

The proposed current reference and the employed OPAMP
are depicted in Figs. 1 and 2 respectively. With V) and Vg equal
and aspects of M4, M5 and M6 identical, the following equa-
tion holds:

InsRe + Vasi = Vass + Vasa, (1

where Ips will be mirrored as the output reference current. It
should be noted that, although Equation (1) has been resented
beforel®], the way of realizing it in our scheme is completely
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different. In Ref. [5], the sources of M1 and M2 are floating,
so they have to be built in separate P-wells to ensure that their
sources are connected to their bulks and thus M1 and M2 have
identical threshold voltages, while in our scheme, the sources
of M1 and M2 are connected to the ground, and thus standard
CMOS technology is applicable. Therefore Equation (1) can
be further modified to

Ips Ips Ips
InsR. + - — — V3 =0, (2
s \/ﬁnKl \/lgnKZ \/ﬂnK3 ™ ( )
where B, = uyCox, Ki = (W/L);; obtaining the first or-

der derivative of Eq. (2) with respect to temperature, we have
Eq. (3)P]

b Vm (kpuy + 2kv) — IpsRe (kpu, + 2kR,) G
fos = VTn3 + IDSRC ’

in which ky,; = (1/Ips)(dIps/dT), k;,, = (1/pn)(dpty/dT’) and
kg, =(1/R;)(dR./dT). The first-order temperature compensa-
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Fig. 1. Structure of current reference.
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Fig. 2. Schematic of operational amplifier.

tion can be achieved by setting kj,,; to zero, therefore

Vs k 2k
R, = Tn3 Ky, + Vs (4)
Ips kun —+ 2kRC

Since an OPAMP is introduced to keep V5 and Vg equal, the
stability of the feedback system has to be ensured. The circuit
works in a DC condition, so a small bandwidth is needed for
the system. At low frequency, we have |l/wCgs7| > 1/gm7,
|[1/wCqs3| > 1/gm7 and |l/wCgs1| > 1/gm1, therefore the in-
fluence of g7, Cgs1 and Cgs7 upon the feedback transfer func-
tion can be neglected. The feedforward gain of the OPAMP is
expressed as follows:

A(s) = gms (Fos || 7o10) &m13 (Fo13 || To14)
x[1—=s5(1/gms3 — Ris5) C¢]

X{ [1 45 (ros Il Fo10) gm13 (Fo13 |l To14) Cc

-1
X1+ (ro13 || ro14) (Casa + Cass + Case)l } ,
)
where R;s is the equivalent resistance of M15 operating in the
linear region. Referring to Fig. 1, we can write the feedback
transfunctions of loop L1 and loop L2 and L3:

F (S) _ E _ gm4a (l/gm] + RC)
H Voo 14+5(1/gm + Rc)Caso’
Va _ 8m6 (1/gm3 + 1/gm7)

Fi(s) = — = .
123 ( Ve o 1+5(ra2 |l 7os) (Cass + Cass)

(6)

Donating the feedback gain of the entire loop F (s), we have

Ve —Va

F(s) = 7

= gma {(Rc +1/8m1 — 1/gm3 — 1/gm7) + 5 (1/&m1 + Rc)
X [(roz || ros) (Cass + Cass) — (1/gm3 + 1/gm7) Casol}
x{[1 +s(1/gm1 + Rc) Casol
X [1+45 (raz || ros) (Cass + Cass)l} ()

and the whole loop gain can be given by

H(s) = A(s)F (s)
_ Ao (1 —s/wz1) (1 + 5/ wz2)
(1 +s/wp1) (1 4 5/wp2) (1 + 5/wp3) (1 + 5/wps)’
in which
Ao = gms (ros || To10) &m13 (To13 || 7o14)
X gma (Rc + 1/gm1 — 1/8m3 —1/gm7),  (9)
1
- (1gmiz — R15) Ce’

wzy = {gm4 (1/gm1 + Rc) [(ro2 || 705) (Cas3 + Cass)

®)

wz1

(1o + 1/ ) Cal | (10)
wp1 = —1/[gm13 (ro13 || ro14) (ros || ro10) Cel,
wpy = —1/[(Cgsa + Cass + Case) (For3 || ro1a)]  (11)
wps = —1/[(1/gm1 + Rc) Casol,
wps = —1/[(ro2 || ros) (Cass + Cass)]- (12)

Only if Ay < 0 can a negative feedback system be achieved,
therefore the following restraint can be derived from Eq. (9):

Re+1/gmi < 1/gms +1/gm7- (13)

Rc is in the same order of 1/gy,; according to Eq. (4), so a
large aspect for transistor M1 is preferred. Zeros wz; and wz;
can be designed to be infinite in frequency and wp3 is a natural
high frequency pole, therefore they can be ignored in our de-
sign. Thus this current reference is a system with three poles,
the dominant pole w,, the first nondominant pole wp, and the
second nondominant pole wps. The phase margin (PM) of the
loop can be given as

PM = arctan Cc[gm4gm8(r013 ” r014)(RC + 1/gml

— 1/gms — 1/&m7)(Cass + Cass + Case)| - (14)

If we choose PM larger than 45°, the design restraint will be
given by

Ce = gmagms (ro13 || ro14) (Rc + 1/gm1

—1/8m3 — 1/8m7) (Cgss + Cass + Cass) -
(15)

3. Simulation results

This proposed current reference is designed with standard
0.5 pm CMOS technology. For a voltage supply higher than
2.5V, the reference provides a constant output current of about
27.7 nA.

Figure 3 shows the /—T characteristic curve of the pro-
posed current reference. It can be observed that it has a tem-
perature coefficient of 28 ppm/°C between —20 and 80 °C
with first-order compensation, which performs much better
than the current reference with first-order compensation, and
behaves equivalently to the second-order compensated refer-
ence in Ref. [5].

The influence of process variation is shown in Fig. 4. It
can be concluded that, in the worst case, the variance caused
by different process corners is about 20%, and the temperature
coefficient deteriorates from 28 to 259 ppm/°C.
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Table 1. Performance comparison with related current references.

Parameter This work Fiori et al.[’] Cerid e al.16]  Bendali et al.[”]
Output current (LA) 27.7 13.65 51.2 144.3
Technology 0.5 um CMOS  0.35 um BiCMOS — 0.18 um CMOS
Temperature range (°C) —20to 110 -30to 100 0-70 0-100
Temperature dependence (simulated) (ppm/°C) 28 130 (first-order) 948 —

28 (second-order)
Temperature dependence (measured) (ppm/°C) 290 — — 700
Silicon area (mmz) 0.023 0.0042 — 0.075
Minimum supply voltage (V) 2.5 2.5 8 1.1
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Fig. 3. Reference current versus temperature.
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Fig. 4. Process variation influence.

4. Experiment results

The proposed current reference is implemented in standard
0.5 um CMOS technology. Figure 5 shows a photograph of the
chip. The active silicon area is 0.023 mm?. Figure 6 shows the
experimental /-7 characteristic curve of the current reference.

Measurement results show that the proposed current refer-
ence generates an average reference current of 31.5 pA with
a temperature coefficient of less than 290 ppm/°C over a tem-
perature range from —20 to 110 °C. Compared to simulation
results, there are slight discrepancies in average value and tem-
perature coefficient, which are both functions of compensated
resistor R¢ according to Egs. (2) and (3). Thus an unexpected
variation of resistor value is responsible for the differences be-
tween the measurement and simulation results. Besides, refer-

Fig. 5. Microphotograph of current reference..
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Fig. 6. Experimental /T characteristic of current reference.

ence current declines with temperature in a temperature range
of 80—110 °C, indicating that the sign of the first-order temper-
ature coefficient of reference current d/ps/d7T converts from
plus to minus. Referring to Eq. (3), dIps/dT is influenced by
the temperature coefficient of the resistor dRc/dT’, which in-
creases with temperature. Therefore, d/ps/dT turns to minus
because of the sharp increase of dRc/dT at high temperature.
The decline of the current is also due to the large leakage cur-
rent through the parasitic resistor between the active area and
substrate R, at high temperature. R,s has an infinite value
at temperatures lower than about 70 °C, while a small value
at temperatures lower than about 70 °C!8]. In conclusion, the
simulation fails to predict this condition, because of the unex-
pected variation of the resistor and poor modeling of the para-
sitic resistor in the BSIM3v3model. The performance compar-
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ison with related current references is given in Table 1.

5. Conclusion

In this paper, a high performance, standard CMOS-
technology compatible current reference is put forward. The
measured temperature dependence is less than 290 ppm/°C
between —20 and 110 °C, and the occupied silicon area is
0.023 mm?.
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