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Abstract—This paper describes an instrumentation amplifier for
bidirectional high-side current-sensing applications. It uses a mul-
tipath indirect current-feedback topology. To achieve low offset,
the amplifier employs a combination of chopping and auto-zeroing
in a low frequency path to cancel the offset of a wide-band ampli-
fier in a high frequency path. With a 60 kHz chopper clock and
a 30 kHz auto-zero clock, this offset-stabilization scheme results
in an offset voltage of less than 5 1V, a CMRR of 143 dB and a
common-mode input voltage range from 1.9 to 30 V. The input
voltage-to-current (V-I) converters required by the current-feed-
back topology are implemented with composite transistors, whose
transconductance is determined by laser-trimmed resistors. This
results in a less than 0.1% gain inaccuracy. The instrumentation
amplifier was realized in a 0.8 um BiCMOS process with high
voltage transistors, and has an effective chip area of 2.5 mm?.

Index Terms—Auto-zero, chopper, CMOS analog integrated cir-
cuits, current-sense, instrumentation amplifier.

1. INTRODUCTION

N MANY sensor systems, there is a need to amplify weak

differential signals that are often accompanied by strong
common-mode (CM) signals. In the high-side current-sense ap-
plication discussed in this paper, the voltage drop across a cur-
rent-sensing resistor results in differential signals ranging from
10 1V to 100 mV with a CM voltage ranging from 1.9 to 30 V.
Amplifying such weak signals requires an amplifier with an
offset below 10 'V and a CMRR in excess of 130 dB, which
is quite challenging.

There are three general approaches to implement instrumen-
tation amplifiers that tackle the above-mentioned challenge.
The first approach involves the use of operational amplifiers
(opamps) with resistive feedback. The three-opamp instru-
mentation amplifier is probably the most well-known example
of this approach [1]. In this topology, two opamps are used
to implement a fully differential buffer, which is followed
by a single opamp configured as a differential amplifier. The
amplifier’s CMRR is determined by resistor mismatch, and as
a result cannot be very large. The second approach involves
the use of switched capacitor techniques to overcome the CM
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voltage [2], [3]. However, not many monolithic processes have
capacitors capable of handling 30 V CM voltages. The third
approach involves the use of current-feedback instrumenta-
tion amplifiers, in which the use of isolation and balancing
techniques has more potential to obtain a high CMRR [4]-[6].
In this paper, chopper offset-stabilization techniques used
in opamps [11], [12] will be extended to current-feedback
instrumentation amplifiers. Although this paper focuses on a
high-side current-sense application, similar techniques can be
used to design general-purpose instrumentation amplifiers with
high CMRR and low offset.

In Section II, the current-sensing application will be de-
scribed. In Section III, the concept of direct and indirect
current-feedback instrumentation amplifiers will be discussed.
In Section IV, the design of a current-feedback instrumentation
amplifier will be discussed, with emphasis on the various
dynamic offset compensation techniques used to achieve low
offset. Section V describes the transistor-level design of the
amplifier’s input stages in more detail, since these stages deter-
mine the amplifier’s gain accuracy. The measurement results
are presented in Section VI.

II. CURRENT-SENSING

Sensing supply currents is a fundamental requirement in
many electronic systems, and the applicable techniques are as
diverse as the applications themselves. Typical applications
include: over-current protection, programmable current sources
and current integration, or so-called Coulomb counting circuits
used to monitor the charge level of a battery.

In battery supply-current sensing, the current is typically de-
termined by measuring the small voltage drop across a current-
sense resistor in series with the battery and the load as shown
in Fig. 1. The sense-resistor can either be implemented between
the negative power supply and the load, a technique called low-
side current-sensing, or between the positive power supply and
the load, called high-side current-sensing. A so-called current-
sense amplifier is then used to amplify the small voltage drop
across the sense resistor. In low-side current-sensing, the CM
voltage is low and a regular instrumentation amplifier can be
used to amplify the voltage across the sense resistor.

Both high-side and low-side current sensing are used in com-
mercial applications. On the one hand, low-side current sensing
has the disadvantage that the load is not directly connected to
ground, which may be a problem in systems where the current
through multiple loads must be sensed, or where, for practical
or safety-related reasons, all such loads must be connected to a
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Fig. 3. A high-side current-sense amplifier based on (a) a current follower; (b)
an indirect current-feedback instrumentation amplifier.

common ground. On the other hand, a high-side current-sense
amplifier must be able to suppress a large input CM voltage,
while also generating a ground-referred output voltage.

Focusing on the specific application of monitoring load cur-
rents in laptops, a few specifications can be derived. Nowa-
days, laptop battery voltages range up to 15 V and are expected
to increase in the future. Considering that during charging a
higher voltage is applied to the battery, it is reasonable to de-
sign for a 30 V maximum input CM voltage. Furthermore, the
current through a laptop battery can range from a standby cur-
rent of about 10 mA to peak currents of up to 10 A. To mini-
mize the sense-resistor’s value, and reduce its power dissipation,
to preferably less than the power loss in the supply chain, two
specifications for high-side current-sense amplifiers are critical:
input offset voltage and CMRR. For instance, if a sense resistor
of 1 m€ [18] is used, the input voltage V;,, can range from 10 1V
to 10 mV. Therefore, the input offset should be less than 10 'V
and the CMRR should be higher than 130 dB.

The circuit shown in Fig. 2 can be used to monitor the charge
level of a battery. The current-sense amplifier Ag monitors the
battery current via sense resistor 5. The output voltage V¢
is greater than V,..; for load currents, and less than V,.; for
charging currents. The ADC digitizes the output of the current-
sense amplifier Ag, and a microprocessor then integrates the
result to determine the remaining charge in the battery. This
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application requires the current-sense amplifier to have a gain
error of less than 0.5%.

Many topologies can be used for implementing a current-
sense amplifier; amplifiers with resistive feedback, switched-
capacitor amplifiers, current followers, or true instrumentation
amplifiers. Examples of the last two are shown in Fig. 3. In
Fig. 3(a), a current follower topology is shown [10]. Here, the
opamp A; forces the sense voltage V;,, over the input resistor
R, . The current through this resistor equals the output current.
For a positive V;,,, the gain of the current-sense amplifier can be
expressed as

Vvout _ Rout (1)

This topology is unipolar, i.e., it only works for a positive
V;n. Transistor , separates the high input voltage from the low
output voltage. The input CM voltage should always be higher
than the output voltage, for proper biasing of transistor @,. To
realize a low-offset current-sense amplifier, the opamp A; can
be designed for low offset [10].

A current-sense topology based on a current-feedback instru-
mentation amplifier is shown in Fig. 3(b). This topology isolates
the input and output CM voltages. This implies that the input
CM voltage can be lower than the output CM voltage. The input
transconductance G; amplifies the input voltage V;,,, while a
feedback transconductance GG, amplifies the feedback-voltage
Vi across resistor divider Rz and R,4. The difference in their
output currents drives an opamp Ag. If this has sufficiently high
gain, the output currents of G; and G5 will effectively cancel
each other. The opamp A3 will then adjust the output voltage in
such a way that

V:)ut_vvref _ R3+R4&
Vi Ry Gy

@

Unlike the current follower, the current-feedback topology
can handle bidirectional currents. But its offset is the sum of
the offsets of both G1 and G5.

III. CURRENT-FEEDBACK INSTRUMENTATION AMPLIFIERS

A distinction can be made between direct current-feedback
(DCF) and indirect current-feedback (ICF) instrumentation am-
plifiers [6]. In Fig. 4, both topologies are sketched. In both of
them, transistors M7, M5 and resistor R; form a V-I converter
with a transconductance of 1/R;. Another V-I converter con-
sisting of M3, My and R, with a transconductance of 1/Ra,
provides feedback from the output.

The gain of both the instrumentation amplifier is then given
by (2), where GG; is the transconductor composed of M, M,
and Ry, and G is the transconductor composed of M3, My,
and Ro. In the DCF approach [Fig. 4(a)], transistors M; and
M5 are always biased at the same drain current I, while tran-
sistors M3 and M, carry a signal dependent drain current. This
difference in bias currents can be a source of nonlinearity. Fur-
thermore, cascading the two V-I converters decreases the input
CM voltage range. In the ICF approach [Fig. 4(b)], transistors
M; and M, and transistors M3 and M, carry a signal-depen-
dent drain current, eliminating this source of nonlinearity, while
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Fig. 4. (a) Direct current-feedback instrumentation amplifier. (b) Indirect current-feedback instrumentation amplifier.

the minimum supply voltage and input voltage range are also
relaxed. In the ICF approach, the input common-mode voltage
and reference common-mode voltage are independent of each
other. This, however, comes at the price of an increased cur-
rent dissipation. Therefore, the DCF approach is often used in
biomedical low-power applications [7], [8]. This work focuses
on gain accuracy and linearity, and therefore, the ICF approach
is adopted.

The next part of this paper presents a low-offset indirect cur-
rent-feedback instrumentation amplifier for high-side current-
sensing applications. A combination of chopper and auto-zero
offset stabilization techniques [11] is used to achieve an offset
voltage of less than 5 'V over a CM input voltage range of
28 V, and a DC CMRR of more than 140 dB. The supply voltage
Vpp can range from 2.8 to 5.5 V, while the input CM voltage
VBat can independently range from 2 to 30 V. The use of sepa-
rate supply voltages simplifies the task of interfacing the cur-
rent-sense amplifier to other systems, e.g., an ADC. Further-
more, the amplifier’s output can be referred to an external ref-
erence voltage V,..y, which can range from 0 to Vpp—1.4 V.
Trimmed gain-setting resistors are used to achieve 0.1% gain
accuracy with a fixed V...

IV. SYSTEM TOPOLOGY

Because a normal chopper amplifier has a limited bandwidth,
a multipath topology is used to implement this amplifier. A
high frequency path determines the amplifier’s gain bandwidth
product, while a low frequency path determines the amplifier’s
DC and low-frequency characteristics such as offset and low
frequency noise. Therefore, the low frequency path is designed
for low offset. A simplified block diagram of the amplifier is
shown in Fig. 5. The high frequency path consists of transcon-
ductor G5 and feedback transconductor (G4. Their differential
output current drives a two stage class AB operational ampli-
fier implemented by stages G2 and 1. The low frequency path
consists of a chopped input transconductor G'7 and a chopped
feedback transconductor G'g, an integrator built around G, an-
other transconductance G5 and the two stage opamp (G2 and
Gh).

Choppers CH; > 3 modulate the offset voltages of G7 and G,
so their offset is negligible. The difference between the output
currents of G; and G'g drives the integrator, which in turn drives
a transconductance G'5. If the transconductances of G; and Gg
are equal, the integrator’s output will converge to a voltage that
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Fig.5. Chopper offset stabilized indirect current-feedback instrumentation am-
plifier.
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Fig. 6. Low-frequency path showing all chopping and auto-zero techniques
used.
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ensures that V;,, and Vy; are equal, i.e., the integrator loop com-
pensates for the input offset of the high-frequency path. The in-
tegrator’s output voltage drives transconductor G5, which com-
pensates the offset voltage of G'3 and G4 by supplying a current
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Fig. 8. Simplified schematics of the input stages.

I5. In order to implement the high-side current sense amplifier,
('3 and (7 are biased via the high-side CM input voltage V¢,
while the other stages are biased via the supply voltage Vpp.
This technique operates in the same way as chopper offset sta-
bilization in an operational amplifier [11], [12].

Capacitors C'y1, C12, C1 and balancing capacitor Cyo form a
nested-Miller compensation network designed to obtain a GBW
of 1 MHz with a load capacitance C', of 100 pF. Capacitors Cg;
and Cgo are used as integration capacitors. Capacitors C'5; and
balancing capacitor Cj5, are used to implement a multipath hy-
brid-nested-Miller frequency compensation scheme [14]-[16]
with a smooth 20-dB/decade roll-off. Without capacitors Cs;
and C5» the amplifier would only be conditionally stable.

Input transconductors G7 and Gg determine the amplifier’s
low-frequency characteristics, such as its offset, 1/ f noise, DC
CMRR, and DC gain error. The offset and low-frequency noise
is chopper modulated by chopper CH1, while the input and feed-
back signals are chopper modulated and demodulated by chop-
pers CHs, CHj3, and CHy, respectively. This results in a signifi-
cant reduction of the offset and low-frequency noise introduced
by G'7 and Gg. Transconductors G and G4 determine the am-
plifier’s high frequency characteristics, such as its unity gain
frequency. The output currents of G and G'g will cancel due to
the feedback, and when GG; = Gg the DC gain will be

Vout = Vrer _ Ri+ Ry Gz Ri+ Ry
Vi Ry, Gs Rpy

3)

The modulated offset voltage of GG; and Gg gives rise to
ripple, which is filtered by the integrator. This results in a tri-
angular ripple at the output of G, which in turn, gives rise to a
triangular wave at the output of the whole amplifier. The input
referred peak-to-peak voltage of this triangular wave is given by

G73Gs

Voo = Ware Gt

“)
where V7 and V3 are the input referred offset voltages of G
and Gy, respectively, Cg is the value of the integrating capaci-
tors C's1 and Cga, and Fi is the chopper frequency. In this de-
sign G3,4 = G778 = 100 ,U,A/V, G5 =5 [,LA/V, C@ = 32 pF,
and Fo = 60 kHz, which together with a worst case offset V; =

NDMOS HVPMOS

Fig. 9. Chip micrograph.

Vs = 10 mV leads to a26 mV input referred peak-to-peak trian-
gular ripple voltage. To further reduce this ripple, a combination
of auto-zeroing and chopping is used as shown in Fig. 6, where
the implemented low frequency path is shown in more detail.
Controlled by the clock F1, the offsets of G; and G'g are auto-ze-
roed by short-circuiting both their inputs, connecting G'g in a
unity-gain configuration and then storing the sum of their offset
voltages on capacitors C'41 and C45. As stated earlier, G7 and
(g are chopped by clock Fi-, which modulates both the residual
offset of the auto-zero action and the undersampled noise asso-
ciated with auto-zeroing away from DC. The timing diagram of
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Fig. 10. Output noise spectra divided by the gain; gain = 11.

the system is shown in Fig. 7. All switches between V;,, and
G7 are implemented with PMOS switches in a high-voltage
epi-pocket. A level-shift circuit drives the high-side chopper
switches. All other switches are implemented with NMOS tran-
sistors.

The combination of auto-zeroing, chopping and the use of
a multipath topology is quite powerful. Auto-zeroing reduces
the offset, which leads to a reduced ripple due to chopping.
On the other hand, chopping modulates the folded noise associ-
ated with auto-zeroing to higher frequencies. At these frequen-
cies the high frequency path dominates the noise characteris-
tics. However, since the transconductances G7 and Gg only see
the input and feedback voltages half of the time, the signal to
noise ratio of the low frequency path is decreased by at least a
factor /2.

The offset Vi of the integrator together with the parasitic
output capacitance Cpq,7,3 seen between the outputs of G'7 and
G's and chopper CH; will also cause a residual equivalent input
offset [11]. This is because the offset appears as a chopped
voltage that charges and discharges the parasitic output capac-
itance of G'7 and Gg. The required current is provided by G~
and G'g, which means that a voltage must be present at their in-
puts, and hence that there will be a residual offset at the input
of the amplifier. The residual offset caused by this effect can be
expressed as

4‘/6FC Cpar7,8

5
Grs (&)

Vo ff.,res —
In this design, a 10 mV worst-case offset Vi would lead to
a 24 pV residual offset, when Cq,78 = 1 pF. To avoid this,
the integrator is also auto-zeroed. During the auto-zeroing of
G7 and Gy, the integrator’s output voltage is sampled on Cg
by clock F5. This sampling operation also reduces the trian-
gular ripple caused by chopping. Next, the integrating capacitors
Ce1 and Cgy are disconnected from the output of G¢ by clock
F3, after which Gy is configured in unity-gain and its offset
Vi stored on capacitors Cy3 and C44 by clock Fy. To avoid
momentarily short-circuiting the integration capacitors, F3 and
F, are implemented as nonoverlapping clocks.
Referring to Fig. 5, the balancing capacitors Co2 and C'5o are
actually needed to cancel zero’s in the amplifier’s open loop
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gain, which can be found around the bandwidth of the common-
mode feedback control circuits. The resulting pole-zero dou-
blets will not effect the settling of the amplifier, provided that
the bandwidth of the common-mode control circuits is suffi-
cient. The settling behavior of this amplifier is dominated by
the combination of auto-zero and chopping offset stabilization
of the low-frequency path. With a 20 mV input step and a gain
of 100, the measured large signal 1% settling time is 160 ys.

V. INPUT STAGES

To sense the positive rail, the high-side input stages G'5 and
G need to be designed with high-voltage capable NMOS input
transistors. By contrast, the ground-sensing input stages G4 and
G need to be designed with PMOS input transistors. Since
these stages use different types of transistors and are operated
at different CM voltages, their transconductances will be inher-
ently mismatched. To solve this problem, composite transistors
are used, whose transconductances are set by resistors [5], [17].
A simplified schematic of G7 and G'g is shown in Fig. 8.

The high-voltage input transconductors GG3 and G'7 are de-
signed as follows. The input NMOS transistors M; and M, are
always biased at the same drain current. They act as voltage fol-
lowers with a constant gate-source voltage and force the dif-
ferential input voltage across resistors Ry and Ro. Although
M; and My operate at a high input CM voltage, to improve
matching they have been implemented by low voltage transis-
tors. In the high-side current-sense amplifier application the bat-
tery voltage V4 is shorted to one of the inputs, therefore the
drain-source voltage is limited by their gate-source voltage. Fur-
thermore, using a twin-well process the backgate Pwell can be
biased at a high voltage. The drains of M7 and M5 are connected
to high-voltage PMOS folded-cascodes M3 and My, that drive
high-voltage NMOS transistors M5 and Mg functioning as in-
verting amplifiers and as current-followers.

The high gain of this local loop ensures that the transconduc-
tance of G; is accurately defined by the values of R, and Rs.
With the biasing currents shown in Fig. 8, the amplifier’s gain
variation is less than 0.1% over the entire CM voltage range. The
high-voltage devices M3 to Mg can handle CM voltages as high
as 30 V, which is the limit imposed by the process used. With
transistors M to M, biased at a current I = 2.5 pA, the max-
imum input differential voltage range is V4. = 61 R, where
R = Ry = Ry = 10 k€. In this design V4, corresponds
to 150 mV. A similar topology is used for G4 and Gs, using
PMOS input transistors, NMOS cascodes and NMOS current
followers. The resistors in G7 and G are laser-trimmed for an
accurately defined transconductance.
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The output currents of both the input stages are summed in
a folded-cascode stage consisting of transistors M7 to Myg. A
common-mode feedback loop was also implemented to control
the voltage at the output of the combined fully differential am-
plifier. The input stages G7, Gg, G'3 and G4 were each designed
for a noise level of 50 nV/y/Hz, and because the two input
stages work in parallel, the their total noise is a factor /2 higher.
The 50 nV/\/Hz is considerably larger than the noise contribu-
tion of the degeneration resistors R, and R, which set a lower
limit of 18 nV//Hz. The current noise of all the current sources
shown in Fig. 8 is the main source of this increased noise level.

VI. MEASUREMENT RESULTS

The current-sense amplifier was fabricated in a 0.8 pum
BICMOS process with high voltage transistors and laser-
trimmed thin-film resistors. It has a die area of 2.5 mm?. The
chip micrograph is shown in Fig. 9. The output noise spectral
density for a gain of 11 is shown in Fig. 10. At frequencies
below 10 kHz, the input noise density is around 136 nV/./Hz.
At frequencies above 15 kHz the noise level drops almost lin-
early towards 70 nV/\/Hz, which is the noise level of the high
frequency path. This means that the low frequency path has
almost twice the noise level of the high frequency path. A factor
/2 was expected due to the time-multiplexed operation of the
low-frequency path, as it turns out, however, the low-frequency
noise is 30% higher than expected. At frequencies between DC
and 15 kHz, a slight increase in the noise level can be seen,
which is due to the combination of auto-zeroing and chopping
[11], [12], [14].

Measurements on 10 samples show that the amplifier’s offset
voltage is less than 5 V. In Fig. 12, the offset performance of
two samples is shown versus the input CM voltage Vj,¢. It can
be seen that the offset stays within 2 1V over a 28 V change in
VBat, Which corresponds to a 143 dB DC CMRR. It can also be
seen that the offset changes about 2 1V for a 2.2 V change in
Vb p, which corresponds to a 121 dB DC PSRR. The CMRR as
a function of frequency is shown in Fig. 12.

For a current-sense amplifier, offset is not the only important
specification. The amplifier’s gain accuracy should also be suf-
ficiently high over the input CM range and reference CM range.
Due to the finite gain of the input transistors used in G7 and G,
their gate-source voltage may change as the input CM voltage
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TABLE 1

COMPARISON OF LOW-OFFSET CURRENT-SENSE AMPLIFIERS

LTC6102 [10] This work
Year of 2007 2008
release/publication
Offset 10uV RAY
Bidirectional No Yes
Gain Accuracy External resistor 0.1%
dependent
Isupply shutdown No 1A
Vop VBat 2.8t05.5V
VBat 4 to 60V 1.9t0 30V
Vout 0to 8V 0to Vpp
Isupply VBat 420uA 200uA
() - 650puA

changes, causing gain errors. In Fig. 13 the gain error is shown
as a function of the input CM voltage Vp,; at three reference
voltages levels. It can be seen that this amplifier achieves 0.1%
gain accuracy for a fixed V,.., and 0.2% gain accuracy over the
full V;..r range.

VII. CONCLUSION

An indirect current-feedback instrumentation amplifier for
high-side current-sensing applications has been designed. Its
supply voltage Vpp can range from 2.8 to 5.5 V, while its input
CM voltage Vg, can independently range from 2 to 30 V.
The use of separate supply voltages simplifies the task of in-
terfacing the current-sense amplifier to other systems, e.g., an
ADC. Furthermore, the amplifier output voltage can be referred
to an external reference voltage V,.r, which can range from
0 to Vpp—1.4 V. Chopping and auto-zeroing techniques have
been used to achieve an offset voltage of less than 5 pV at
room temperature over a CM input voltage range from 1.9 to
30V, achieving a more than 143 dB DC CMRR. Furthermore,
trimmed gain-setting resistors are used to achieve 0.1% gain ac-
curacy for a fixed V,..¢. In Table I, this work is compared to a
commercially available precision current-sense amplifier [10].
Although both these amplifiers represent a new level of preci-
sion in current-sensing, the topology presented here has the nat-
ural bidirectional current-sensing capability of an instrumenta-
tion amplifier, and allows the use of independent CM input and
output voltages.

Authorized licensed use limited to: Technische Universiteit Delft. Downloaded on April 29,2010 at 09:23:05 UTC from IEEE Xplore. Restrictions apply.



WITTE et al.: CURRENT-FEEDBACK INSTRUMENTATION AMPLIFIER

ACKNOWLEDGMENT

The authors would like to thank Maxim Integrated Products
for their cooperation, fabrication of the devices, and support in
characterization.

REFERENCES

[1] P. Horowitz and W. Hill, The Art of Electronics.
Cambridge Univ. Press, 1989.

[2] R.C. Yen and P. R. Gray, “A MOS switched-capacitor instrumentation
amplifier,” IEEE J. Solid-State Circuits, vol. SC-17, pp. 1008-1013,
Dec. 1982.

[3] P. M. van Peteghem, I. Verbauwhede, and W. M. C. Sansen, “Microp-
ower high-performance SC building block for integrated low-level
signal processing,” IEEE J. Solid-State Circuits, vol. SC-20, pp.
837-844, Aug. 1985.

[4] H. Krabbe, “A high-performance monolithic instrumentation ampli-
fier,” IEEE J. Solid-State Circuits, vol. SC-6, pp. 186—187, Feb. 1971.

[5] R. J. v. d. Plassche, “A wide-band monolithic instrumentation ampli-
fier,” IEEE J. Solid-State Circuits, vol. SC-30, pp. 424-431, Dec. 1975.

[6] B.J.vanden Dool and J. H. Huijsing, “Indirect current feedback instru-
mentation amplifier with a common-mode input range that includes the
negative rail,” IEEE J. Solid-State Circuits, vol. 28, no. 7, pp. 743-749,
Jul. 1993.

[7] R. F. Yazicioglu, P. Merken, R. Puers, and C. van Hoof, “A 60 W 60
nV//Hz readout front-end for portable biopotential acquisition sys-
tems,” IEEE J. Solid-State Circuits, vol. 42, no. 5, pp. 11001110, May
2007.

[8] G. H. Hamstra, A. Peper, and C. A. Grimbergen, “Low-power low-

noise instrumentation amplifier for physiological signals,” Med. Bi-

olog. Eng. Comput., pp. 272-274, May 1984.

Linear Technol. Corp., Appl. Note 105: Current Sense Circuit Col-

lection, Feb. 2008 [Online]. Available: http://www.linear.com/ad/ cur-

rent_sense.jsp

[10] Linear Technol. Corp., LTC6102 Data Sheet, Jul. 2007 [Online]. Avail-
able: www.linear.com

[11] J. F. Witte, K. A. A. Makinwa, and J. H. Huijsing, “A CMOS offset-
stabilized opamp,” IEEE J. Solid-State Circuits, vol. 42, no. 7, pp.
1529-1535, Jul. 2007.

[12] R. Burt and J. Zhang, “A micropower chopper-stabilized operational
amplifier using a SC notch filter with synchronous integration inside
the continuous-time signal path,” IEEE J. Solid-State Circuits, vol. 41,
no. 12, pp. 2729-2736, Dec. 2006.

[13] A.T.K. Tang, “A 3 pV-offset operational amplifier with 20 nV//Hz
input noise PSD at DC employing both chopping and auto-zeroing,” in
IEEE ISSCC Dig. Tech. Papers, Feb. 2002, pp. 386-387.

[14] J. H. Huijsing, Operational Amplifiers Theory and Design.
MA: Kluwer Academic, 2001.

[15] R. G. H. Eschauzier, R. Hogervorst, and J. H. Huijsing, “A pro-
grammable 1.5 V CMOS class-AB operational amplifier with hybrid
nested miller compensation for 120 db gain and 6 Mhz UGF,” IEEE J.
Solid-State Circuits, vol. 29, no. 12, pp. 1497-1504, Dec. 1994.

[16] J. H. Huijsing, M. J. Fonderie, and B. Shahi, “Frequency Stabilization
of Chopper-Stabilized Amplifiers,” U.S. Patent 7,209,000, Aug. 2006.

[17] J. H. Huijsing and B. Shahi, “Accurate voltage to current converters for
rail-sensing current-feedback instrumentation amplifiers,” U.S. Patent
7,202,738, Apr. 2007.

[18] Vishay, SPU Molded Datasheet, Jun. 2008 [Online]. Available: www.
vishay.com

Cambridge, UK.

[9

—

Boston,

2775

Johan F. Witte (S’02-M’03) was born in Ams-
terdam, The Netherlands, on March 16, 1979. He
received the M.Sc. degree in electrical engineering
(cum laude) from Delft University of Technology,
Delft, The Netherlands, in 2003.

He did his internship at Philips Semiconductors,
San Jose, CA, designing analog circuits for auto-
motive applications. He is currently working toward
the Ph.D. degree with the Electronic Instrumentation
Laboratory of the same university, on the subject
of dynamic offset compensated CMOS amplifiers.
His professional interests include sensors; analog and mixed signal design.
Mr. Witte received the ESSCIRC 2006 Young Scientist Award.

Johan H. Huijsing (SM’81-F’97) was born on May
21, 1938. He received the M.Sc. degree in electrical
engineering from the Delft University of Technology,
Delft, The Netherlands in 1969, and the Ph.D. degree
from the same University in 1981 for his thesis on
operational amplifiers.

He has been an Assistant and Associate Professor
in Electronic Instrumentation with the Faculty of
Electrical Engineering, Delft University of Tech-
nology, since 1969, and became a Full Professor in
the chair of Electronic Instrumentation since 1990.
He has been Professor Emeritus since 2003. From 1982 through 1983, he was
a Senior Scientist with Philips Research Labs., Sunnyvale, CA. From 1983 to
2005, he was a consultant for Philips Semiconductors, Sunnyvale, and since
1998, also a consultant for Maxim, Sunnyvale. His research is focused on
the systematic analysis and design of operational amplifiers, analog-to-digital
converters, and integrated smart sensors. He is the author or coauthor of
approximately 250 scientific papers, 40 patents, and 13 books, and coeditor of
13 books.

Dr. Huijsing is a Fellow of the IEEE for contributions to the design and anal-
ysis of analog integrated circuits. He was awarded the title of Simon Stevin
Meester for applied Research by the Dutch Technology Foundation.

Kofi A. A. Makinwa (M’97-SM’05) received the
B.Sc. and M.Sc. degrees from Obafemi Awolowo
University, Ile-Ife, Nigeria, in 1985 and 1988,
respectively, the M.E.E. degree from the Philips
International Institute, Eindhoven, The Netherlands,
in 1989, and the Ph.D. degree from Delft University
of Technology, Delft, The Netherlands, in 2004.

From 1989 to 1999, he was a Research Scientist
with Philips Research Laboratories, where he de-
signed sensor systems for interactive displays and
analog front-ends for optical and magnetic recording
systems. In 1999, he joined Delft University of Technology, where he is
currently an Associate Professor with the Faculty of Electrical Engineering,
Computer Science and Mathematics. His main research interests are in the
design of precision analog circuitry, sigma-delta modulators, and sensor
interfaces. His work has resulted in 10 U.S. patents and more than 70 technical
papers.

Dr. Makinwa is on the program committees of several international con-
ferences, including the IEEE International Solid-State Circuits Conference
(ISSCC) and the International Solid-State Sensors and Actuators Conference
(Transducers). He has given plenary talks and tutorials at several conferences,
including twice at the ISSCC. He is a corecipient of JSSC (2005), ISSCC (2006,
2005), ESSCIRC (2006), and ISCAS (2008) Best Paper Awards. In 2005, he
received the Veni Award from The Netherlands Organization for Scientific
Research and the Simon Stevin Gezel Award from the Dutch Technology
Foundation. He is a Distinguished Lecturer of the IEEE Solid-State Circuits
Society and a fellow of the Young Academy of the Royal Netherlands Academy
of Arts and Sciences.

Authorized licensed use limited to: Technische Universiteit Delft. Downloaded on April 29,2010 at 09:23:05 UTC from IEEE Xplore. Restrictions apply.



