Design and testing of a CMOS Self-Biased
Current Source

Evandro Bolzan, Elias Biihler Storck, Marcio C. Schneider and Carlos Galup-Montoro
Electrical and Electronics Engineering Department
Federal University of Santa Catarina (UFSC)
Florianépolis, SC, Brazil 88040-900
Email: bolzan.evandro@ gmail.com, elias.storck@gmail.com, marcio.cherem.schneider @ gmail.com, carlosgalup@gmail.com

Abstract—This paper presents the design and testing of a self-
biased current source. The design described in this paper is based
on the concept of inversion coefficient, which allows a direct
calculation of the dispersion in the output current in terms of
the internal bias errors and transistor mismatch. The circuit was
fabricated in a standard CMOS 180 nm technology.

Index Terms—Self-biased current source, Self-cascode MOS-
FET, operational amplifier, inversion coefficient.

I. INTRODUCTION

Current sources are essential biasing circuits [1]. To reduce
power consumption in CMOS technologies, various current
sources based on sub-threshold operation of the MOSFET have
been proposed. Some of them include integrated resistors [2],
or transistors operating in linear region [3], [4] to replace
the passive components. This paper present a very simple
and intuitive design of a modular self-biased current source
using the Self-Cascode MOSFET (SCM) [5], [6] including
the analysis of the errors associated to moderate inversion
operation of transistors and mismatch effects.

The paper is organized as follows. In Section II, the Self-
Cascode MOSFET (SCM) is briefly described and approxi-
mated design equations are derived. In Section III, the design
procedure of the SCM based current reference in terms of the
circuit specifications is presented. Section IV shows simulation
and experimental results. Finally the conclusions are presented
in Section V.

II. SELF-CASCODE MOSFET

The SCM, commonly used as a Proportional-to-Absolute
Temperature (PTAT) low voltage generator, is the core of
several self-biased current sources [5]-[8]. In the SCM of
Fig. 1, M; operates in the triode region and M, operates in
saturation (¢yg > 1,2).

The current flowing through each transistor is

Ipy = Is@S1(if1 —ir1) = Ip (D

Ipy = IsgSaeifs = Ip ()

where iy and 4, are the forward and reverse normalized

currents or inversion levels [9]-[11], Isq is the specific current

dependent on the technological parameters and S; and Sy are

the geometric ratios of the transistors. Since Vp; = Vg and

Va1 = Ve, then i,y = ip9. Thus, from (1) and (2) it follows
that
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Fig. 1: Self-Cascode MOSFET.

Applying the Unified Current Control Model (UICM) to
both transistors [10], [11] results in

Vpst = ¢¢ [F (ig1) — F (ig1/01)] 4)

where

F(i)=VT+i—2+In (VT+i-1) )

In strong inversion (SI), iy; > 1, Egs. (4) and (5) can be

simplified as
V - ;
DSl ip1 —\/ir1/ 0 (6)
ol

whereas in moderate inversion (WI, MI), iy; < 2, and Vpg:
can be approximated by

Vi a; — 1.
DS1 n a1 + L 151 7
t 4oy
Finally, in weak inversion (WI), is; < 1, and
Vbs1
=lna ()
&1 !

III. SCM-BASED CURRENT REFERENCE

The current source of Fig. 2 [7], [8] consists of two SCM
biased by a PMOS current mirror and an operational amplifier
that forces the internal nodes of the SCMs to be at the same
potential.
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If M, and M5 operate in WI, it follows from (4), (5) and (8)
that
lnale(ifg)—F(ifg/ag), a3:1+54/53 (9)

Thus, iys (the inversion level of Ms3) is constant and
dependent only on the geometrical ratios «; and as. The
output reference current oy is

Tour = IsQSe1if1 = I5QSe3if3 (10)

where S¢1 and S.3 are the geometric ratios of the transistors
equivalent to SCM 1-2 and SCM 3-4 given [12] by

1/Se1(3y = 1/S1(3) + 1/So4) (11)

Thus, the output current is proportional to the specific
current of the n-channel transistors. Consequently, the circuit
is useful to bias transistors at constant inversion levels, inde-
pendent of the temperature and technology.

As shown in Fig. 3, the operational amplifier in Fig. 2 can
be replaced by an intermediate branch formed by M5 and Mg,
which imposes the equality of the potentials Vx and Vy [11].

In effect, if Mg is equal to Mo, its source voltage equals
Vx. On the other hand, if M3 equals M5, its drain voltage
equals Vy-. Thus, the series connection of My and Mg forces
Vx = Vy.

Vbp

I

1:1

Fig. 2: Modular Self-Biased Current Source (start-up circuit
not shown).
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Fig. 3: Self-Biased Current
shown) [5].
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A. Error Analysis

To analyze the error in the reference voltage provided by
the SCM operating in WI, we assume that (10) is valid, thus,
we neglect the nonidealities in the p-channel current mirrors.

Consequently, the relative error in the output current is the
same as the relative errors in the inversion coefficients i7; and
1y3. From (7) we obtain the error in Vrgr as a function of
the inversion level ;.

AVREF 041—1 . al—lAID,
= Aip = 12
¢t 4&1 ‘n 4a1 ID n ( )
Obviously, for deep weak inversion operation, this error is
negligible.

The current source of Fig. 2 is susceptible to the offset
voltage of the operational amplifier and that of Fig. 3 to the
mismatches between the SCM transistors and the transistors
of the intermediate branch.

As described in [8], an offset voltage Vs ¢ leads to an error
in the inversion coefficient of M3 given by

Aifs/if3 _ 2
Voff/d)t \/1+if37\/1+if3/043

which, using the approximations of Section II, can be written
as

, 1 < ag < ay(13)

i L Jar < as < a; @ WI, MI(14)
Vors /4, Inag —Inag’
Aif3/if3

1< a3 < Jag@ SI (15)

Vors /g, Inoy
The curve of Fig. 4a shows the error in the inversion
coefficient per normalized offset voltage as function of the
geometric ratio a3. Fig. 4b shows the inversion level and the
overdrive voltages as functions of «ag3. Clearly a value of a3
near 1 minimizes the error of the inversion coefficient but
implies operation in strong inversion with a high overdrive
voltage incompatible with advanced technologies. Thus, as a
rule of thumb one can make the choice of a value of a3 which
gives an error of the order of two or three times the minimum
error in SI.

B. Circuit Design

The current source of Fig. 3 has been designed in a standard
180 nm CMOS technology to provide an output reference
current oy = 10 nA with AIOUT/IOUT = 10%. The PTAT
reference voltage is affected by threshold voltage mismatch
and, consequently, should be much higher than the voltage
mismatch, but due to the logarithmic dependence of the
PTAT voltage on «y, a value of Vypgpr much larger than
3¢, is not practical [7]-[9]. We selected Vrpr = 3¢,
and AVggr = 0.5 mV. We can readily calculate «; writ-
ing iy in terms of aq with the help of (12) and solving
F(if1) — F(if1/a1) = 3. We obtain, oy = 16.9
and iy; = 0.808. Once o is determined, we calculate o3
from (14). For an offset voltage of 1 mV a3 = 11.2. Finally
from (9) we obtain iy3 = 2.45.

Fig. 5 shows the operating point (intersection point of the
two curves of the two SCMs) of the projected current source.
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Fig. 4: Accuracy analysis of the current source.
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Fig. 5: Internal voltages of the SCMs as functions of the bias
current.

For the calculation of the aspect ratio S of each transistor
the normalized specific current Igg of the transistor was
extracted. The value of Isg obtained through the g,,/Ip
method was 175 nA [13]. The width W and length L of the
transistors were determined through Pelgrom’s model of the
threshold mismatch [14], since the threshold voltage standard
deviation dependent on the area of the devices, as shown
in (16), we chose the same design criteria used in the current

mirrors with large current gain or attenuation, to keep the
same area for transistors with different geometric ratios [12].
The area A of the transistors was determined using (16) with
the parameters shown in Table I. The width and length of
the devices in terms of the geometric ratios and areas are
simply given by (17). In Table I, the aspect ratios and the
inversion coefficients of the transistors used in the SCMs are
summarized. The transistors were implemented through series-
parallel associations of unitary transistors [12].

A
o(AVro) = EC (16)
W =VAS, L:\/g (17)

TABLE I: Parameters of the SBCS @ Ay = 3.0 mV um,
O'(AVTo) =1 IIlV, C = 4.

Area [pm?] | Transistor S a if ir W [pm] L [pm] Isq [nA]
147.280 My 0079 | oo | 08079 | 0.04685 '(X}j’z‘;z)s "’(Z; 328)0 165
147.280 Mo 1263 0.04685 0 '(T;_ﬁ’;‘f 2<T3 g‘(‘)’)o 169
147.280 Mys | 002769 | |, | 2452 | 02088 1(;3.;)5)0 2?%243'8)50 161
168.726 M 0.2834 0.2088 0 l(zg‘l";f 4@3‘_2?0 169

IV. SIMULATION AND EXPERIMENTAL RESULTS

Fig. 6 shows the approximate PTAT dependence of the
current reference for different process corners.

To verify the initialization characteristics of the current
source, a square wave of 5 Hz was applied. The results of
simulation and experiment are shown in Figs. 7a and 7b,
respectively. The stabilization time is high, since this current
source does not have a start-up circuit.

An analysis of the impacts on the output reference current
Ioyr under process variations and matching through Monte
Carlo (MC) simulation was made. The results of the MC
simulations and the measurements of 33 chip samples are
shown in Figs. 8a and 8b, respectively. The simulation pre-
sented values of standard deviation and mean of IoyT close
to the experimental values, for the small number of available
samples.
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Fig. 6: Current reference at different process corners over
temperature.
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(a) Monte Carlo simulation.
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Fig. 8: Output current dispersion.

V. CONCLUSIONS

A modular self-biased current source has been designed
using a very simple and intuitive design procedure. The
transistors have been seized in order to limit the output current
dispersion. The advantage of using the inversion level as key
variable is clearly show. Experimental results corroborate the
design procedure.
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