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Fan You, Sherif H. K. Embabi,Member, IEEE, J. Francisco Duque-Carrillo,Member, IEEE,
and Edgar S´anchez-Sinencio,Fellow, IEEE

Abstract—A new current source for low-voltage applications
is proposed. This current source is well suited for biasing differ-
ential pairs and source followers. Measured compliance voltage
is slightly smaller than that of a single transistor. Its output
resistance is a factor of 25 larger than that of a single transistor
current source and was measured to be 8 M
: The use of the new
current source improves the common-mode input range and the
common-mode rejection ratio of fully balanced and single-ended
differential amplifiers.

Index Terms—Analog circuits, current source, low voltage.

I. INTRODUCTION

T HE demand for analog circuits which can operate at low
voltage is an established fact and does not need any

further justification. An ideal current source is a two-terminal
element with a parallel resistance which is ideally infi-
nite. Traditional current sources, such as simple, cascode, and
regulated cascode [1] current sources (see Table I), suffer from
a tradeoff between the output resistance and the compliance
voltage (the minimum voltage required for the current source
to operate). Other topologies such as the generalized cascode
[2] and the active regulated cascode [3] have improved
with a relatively low compliance voltage of This,
however, may still be too large to be tolerated in low voltage
circuits. For example, in differential amplifiers, the compliance
voltage of the tail current source must be minimal to maximize
the input common-mode range (CMR). Kreniket al. [4]
proposed a current source which has a high output resistance
and its compliance voltage is one This circuit is also
suitable for biasing low-voltage differential pairs. It requires
an added replica differential pair which is used to sense the
current in the original input differential pair. This, however,
increases the noise level.

In this paper, we are proposing a low-voltage (LV) current
source structure which offers both the low compliance voltage
and the high output resistance [5]. The proposed approach is
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TABLE I
COMPARISON BETWEEN CURRENT SOURCE TOPOLOGIES

Current Source Type Rout Vcompliance

Simple ro VDS
Cascode r2ogm 2VDS + VT

Regulated Cascode [1] r3og
2
m

2VDS + VT

Generalized Cascode [2] r2ogm 2VDS

Active Regulated Cascode [3] Ar2ogm 2VDS

This Work r2ogm VDS

ro is the output resistance of a MOS transistor andVDS is the drain-source
saturation voltage.

based on sensing the voltage across the current source and is
independent of the type of the biased circuits. In the case where
the proposed LV current source is used to bias a differential
pair, it does not require a replica differential pair. This LV
current source can also be used for other types of circuits
such as source followers.

II. CURRENT SOURCE STRUCTURE

A. Principle of Operation

Fig. 1(a) shows the conceptual schematic of the proposed
LV current source. The representation of the proposed structure
is illustrated in Fig. 1(b). A constant current (with a finite
resistance ) is injected into which is mirrored to the
output transistor A change in (the output voltage of
the current source at node X) will force a similar change in

because of the virtual short circuit provided by the error
amplifier A. This implies that the drain-to-source voltage of

tracks that of Since the drain current of is fixed
and is equal to the error amplifier adjusts the gate voltage
to compensate for the change in the drain-to-source voltage of

and The output current remains fairly constant which
implies that the effective resistance of has been enhanced.

B. Circuit Analysis

1) Output Impedance of the Current Source:For the cur-
rent source in Fig. 1(a), a small signal equivalent circuit has
been used to obtain the equivalent output impedance (seen at
the drain of ). The analysis shows that the output resistance
at node X is given by

(1)
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(a) (b)

Fig. 1. A conceptual schematic of the low-voltage current source: (a) archi-
tecture and (b) current source representation.

where are the transconductance and output
conductance of , respectively. is the dc gain of the
error amplifier “A” and is the output conductance
(resistance) of the reference current sourceAssuming that
there is a good match between transistors and so that

and (1) can be simplified as

(2)

Note that the resistance is negative and is equal to the
resistance of the reference source

The proposed realization of the current source is shown in
Fig. 2. The error amplifier is implemented as a single-ended
differential pair with a current mirror load. The reference
current is realized as a cascode source and Thus,
the output resistance is

(3)

where and are the transconductance and
output conductance of , respectively. Note that if
a regulated cascode or an active regulated cascode current
source is used to implement the source [1], [2], the output
resistance of the LV current source will be in the order of

The main strength of the proposed low-voltage current
source is that its compliance voltage will always be less than
one

The proposed current source is meant to provide high output
resistance as proven by the above dc analysis. A rigorous
analysis for the output impedance at high frequencies is too
complicated. Instead, we present a simplified analysis which
yields a good approximation of the output impedance as a
function of frequency.

At this point, it is important to recall that the high gain
of amplifier A facilitates the virtual short circuit between
nodes X and Y (see Fig. 1), which, in turn, causes the output
resistance to track the resistance at node Y. At high frequency,
however, this is no more the case because of the reduced gain
of the amplifier. As a result, the output impedance (at node
X) becomes gradually independent on that of node Y as the
frequency increases.

The output impedance (at node X in Fig. 1) can be
viewed, simply, as the parallel combination of and ,

Fig. 2. Full implementation of the LV current source.

the parasitic capacitance at node X. At low frequencies,
is equal to , and at high frequencies is dominated by
the impedance of the capacitance Simulation results, illus-
trated in Fig. 3 (curve a), show that the normalized impedance,
which is defined as , is close to unity at low frequen-
cies. As the frequency increases, the normalized impedance
falls by a 20 dB/decade indicating that the impedance is
capacitive. If the current source is used to provide tail current
to a P-type differential pair, the behavior of the impedance
at node X is similar to the previously discussed case, except
that the impedance of the capacitance will become dominant at
higher frequencies as demonstrated by the simulation results in
Fig. 3 (curve b). The above analysis is not quite accurate, but
yields good approximation of the actual impedance behavior
and agrees well with the simulations.

2) Stability Analysis:The proposed LV current source con-
sists of two loops; one with a negative feedback (consisting
of the error amplifier A and M1) and the other with a positive
feedback (A and M2). This may lead to instability especially
if the positive feedback dominates the negative feedback. A
detailed and rigorous stability analysis was conducted, and is
presented here, to find the requirements for stability.

First, the analysis was based on the small signal equivalent
circuit, shown in Fig. 4, without The following assump-
tions were made; is the conductance of current source

is the conductance of the circuit biased by the LV current
source, and and are the total parasitic capacitance
at nodes and respectively. It is also assumed that the
error amplifier has a single dominant pole with the following
transfer function:

(4)

where is the capacitance at node z and is the output
conductance of the amplifier, which will be in the order of
(see the implementation of the error amplifier in Fig. 2).

The stability of the LV current source can be tested using the
open-loop transfer function. This was derived by opening the
negative and positive loops at the inputs of the error amplifiers
as shown in Fig. 4. The open-loop transfer function is defined
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Fig. 3. Frequency response of the tail current output impedance (a) without differential pair and (b) with differential pair.

as

It can be shown that

(5)

where is the gain of the negative loop and is given by

and is the gain of the positive loop and is given by

The and account for the transconductance
and output conductance of Equation (5) can be
simplified as

(6)

where

Note that in deriving (6) it was assumed that
and that

Equation (6) indicates that the open-loop transfer function
has three poles and one zero. Two of the poles,and , are
close to each other. The location of the first poledepends on
the value of If the LV current source is used to provide the
tail current of the differential pair (which is the most common
application of the LV source) or is used to provide biasing

Fig. 4. Small signal model of the LV current source.

current for source followers, then will be small (of the order
of ). The pole will be much greater than the other two
poles, and . Having these two poles in close proximity
will probably lead to instability. This has been verified by
the open-loop frequency response of the LV current source
as shown in Fig. 5 curve (a), where phase margin is close
to 0 . The poles and can be split by using a Miller
compensation capacitance connected between nodes y
and z as shown in Fig. 4. The open-loop transfer with the
compensation capacitance in place is given by

(7)
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Fig. 5. Open-loop frequency response of the tail current source.

where

The pole splitting causes to become the dominant pole,
, while moves to a higher frequency (compare the

expressions of and ). The pole will not be affected
by adding the compensation capacitance. Thus, its impact on
the phase margin will be insignificant. It can be observed that

will be comparable to . Assuming that [see
(3)] and that , the gain-bandwidth (GBW)
product can be approximated by

(8)

where is the transconductance of the error amplifier and
is given by

The effect of the Miller capacitance has been verified
through the simulation. Curve (b) in Fig. 5 demonstrates
that a 45 phase margin can be achieved by using a 1-pF
compensation capacitance Since the LV current source
will be mainly used to provide tail current for circuits with
low input impedance, such as the differential pairs,will be
of the order of This implies that , which is a right-half
plane (RHP) zero, will be close to the unity gain frequency,
thus causing significant reduction in the phase margin. To
overcome this problem, a resistance can be added in series
with to push to higher frequencies (as is the case for
the conventional two-stage CMOS amplifier). It can be shown

Fig. 6. The two-stage amplifier used to test the effect of the LV source on
its frequency response.

that will become

The effect of can be observed from curve (c) in Fig. 5,
where the phase margin is greater than that of curve (b).

To test the impact of the frequency response of the LV
current source on the performance of the circuit to be biased
by the proposed current source, we use the two-stage amplifier
shown in Fig. 6. The frequency response of this amplifier
was simulated for two cases; first with a simple transistor
tail current source and second with the proposed LV current
source. The simulation was performed using HSPICE. The
frequency response of the two-stage amplifier for both cases
is shown in Fig. 7. The solid line shows the frequency response
of the amplifier with a simple current source. The dashed
line represents that with the LV current source. It is observed
that LV source does not cause degradation in the frequency
response of the amplifier. The GBW of the two stage amplifier
is predominantly determined by its output load capacitance.
Hence, it is not affected by the LV current source. A slight
reduction in the phase at frequencies well above the unity-gain
frequency is observed.

C. Experimental Results

The LV current source in Fig. 2 has been fabricated in
the 2- m CMOS Orbit process (through MOSIS). The same
circuit has been used as a simple current source by connecting
node Z to Y and connecting node V to (to disable the
error amplifier A). The aspect ratios of and are
200 m/3 m. Fig. 8 illustrates the measured current sourced
by both circuits. Note that the slope of curve A (of the simple
current source) is larger than that of curve B (of the LV source).
The output resistance of the simple current source is 320 k
while that of the new LV source is 8 M (a factor of 25
improvement in the resistance). The positive slope of curve B
implies that the resistance of the LV current source is negative,
which was predicted by the analysis [see (1)]. The compliance
voltage varies from 120 mV at 20A to 300 mV at 90 A (see
Fig. 9). In comparison, the compliance voltage of the simple
current source is 200 mV at 20A and 400 mV at 90 A.
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Fig. 7. Frequency response of two-stage amplifiers using LV current source (dashed) and simple current source (solid).

Fig. 8. Measured output current of the simple current source (curve A) and
LV current source (curve B).

III. U SING THE LV CURRENT SOURCE FOR

LOW VOLTAGE DIFFERENTIAL AMPLIFIERS

The proposed current source is well suited for low-voltage
differential amplifiers. The increased output resistance of
the source with its small compliance voltage improves the
common-mode rejection ratio (CMRR) and the input CMR.

A. Single-Ended (SE) Differential Amplifiers

1) Circuit Analysis: A detailed small signal analysis for
the SE amplifier, shown in Fig. 10(a), has been carried out.
The mismatching between and is accounted for by
assuming that and
Similarly, for the load transistors and

and The common-mode gain for
the SE differential amplifier has been derived in terms of its
systematic and random components and , respectively

(9)

Fig. 9. Measured I-V characteristics of the LV current source.

(10)

where and are the output conductances of
and , respectively. Recall that is the output
conductance of the tail current source. For simplicity, we
have assumed that The common-mode gain
components of the SE differential amplifier using the simple
current source have been compared with those of an SE
differential amplifier with an LV current source (see Table II).
For the case of the simple current source, is comparable
to and Hence, the random common-mode gain is in
the order of If is 1%, the systematic common-mode gain
dominates over the random gain. For the LV current source,

is in the order of Thus, the random common-mode
gain is the dominant component (see Table II). The use of the
LV current source reduces the common-mode gain by about
four (if and ). This translates into a
12 dB increase in the CMRR.

2) Experimental Results:The measured output voltage of
the SE differential amplifier versus the common-mode input
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TABLE II
IMPACT OF THE SIMPLE AND LV SOURCE ONAc; Adc; Acc

Simple CS
gos = go

LV CS
gos = g2o=gm

Asimple

ALV

Acs �go=2gm g2o=g
2
m

go=�gm

SE Acr � �=2 (�12 dB)
Ac �go=2gm �=2
Adc 1.5� 0.5� 3 (�10 dB)

FB Accs 0.5 go=gm

Accr �=4 �=4 gm=go � 10
Acc 0.5 go=gm (20 dB)

Each entry gives the order of magnitudes ofAc; Adc andAcc in terms of�
and gm=g0 (�< 1%; gm=go = 25)

(a)

(b)

Fig. 10. Schematics of differential amplifiers: (a) single-ended and (b) fully
balanced.

is shown in Fig. 11. Curve A corresponds to the SE differential
pair with the simple current source, while B corresponds to that
with the LV source. The slopes of the linear portions of the
curves can be used as a measure for the common-mode gain.
From the figure it is observed that the LV source reduces the
common-mode gain by a factor of five, which means that the
CMRR improves by 14 dB (as predicted by the analysis). It is
also important to mention thatwas measured to be slightly
less than 1%.

B. Fully Balanced (FB) Differential Amplifiers

1) Circuit Analysis: First, recall the following equations
for the differential and common-mode output voltages of an

Fig. 11. Measured output voltage versus common-mode input voltage for
an SE amplifier with simple current source (curve A) and LV current source
(curve B).

FB pair [Fig. 10(b)] [6]:

(11)

(12)

where and are defined as the differential and common-
mode input voltages, respectively. Both types of common-
mode gains and have been derived. The first is only
due to random mismatch and is given by

(13)

Table II shows that the common-mode gain of the
FB differential amplifier, with the LV current source, is a
factor of three smaller than that of the same amplifier with a
simple current source. This implies that the CMRR of the FB
differential amplifier, which is defined as , improves
by 10 dB if the proposed LV current source is used instead
of the simple one.

The common-mode gain consists of the following
systematic and random components:

(14)

(15)

Assuming that , the systematic component dominates
when both types of current sources are used (see Table II).
Yet, in the case of the simple current source, the value of
is higher than that of the LV current source by a factor of ten
which corresponds to 20 dB reduction in

2) Experimental Results:Fig. 12 shows the measured dif-
ferential output voltages of the FB differential amplifier
with the simple current source (curve A) and with the LV
current source (curve B). Two observations can be made.
First, the input CMR of the amplifier with the simple current
source is between 250 mV and 650 mV, while that of the
LV current source is between 250 mV and 870 mV. A 200-
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Fig. 12. MeasuredVoc and Vod versus common-mode input for the FB
amplifier with simple current source (curves A and C) and LV current source
(curves B and D).

mV increase in the CMR is significant for low-power supply
voltages. For the 2 V supply used in our measurements, the
CMR improves by 10%. To compare the values of one
can measure the slopes of both curves in the valid input range.
While it is difficult to measure exact values for the slopes
because of the measurement’s resolution, one can show that
the LV current source results in a reduction of by a
factor of six (15 dB). Curves C and D in Fig. 12 show the
measured common-mode outputs of the FB amplifiers
with the simple and the LV sources, respectively. The dramatic
improvement of , which is predicted by the analysis,
has been confirmed by comparing the slopes of curves C
and D. The improvement of is measured to be 31 dB.
The fact that the common-mode output voltages are well
controlled through the use of the LV current source relaxes
the requirement of the common-mode feedback loop needed
to stabilize the common-mode component in the feedback
amplifier.

IV. CONCLUSION

A new low-voltage current source has been proposed. This
source offers both high output resistance (8 Mand low
compliance voltage (200 mV). We have demonstrated that the
proposed current source improves the input common-mode
range and the common-mode rejection ratio of low voltage
differential amplifiers. The analysis has shown, however, that
the CMRR of single-ended and fully balanced differential
amplifiers will be eventually limited by the process mismatch-
ing when the output resistance of the tail current source is
increased. The new LV current source provides very good
control over the common-mode output of the fully balanced
amplifiers, which allows for simple common-mode feedback
circuits.
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