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Abstract—This paper describes an ultralow-power neural
recording amplifier. The amplifier appears to be the lowest power
and most energy-efficient neural recording amplifier reported to
date. We describe low-noise design techniques that help the neural
amplifier achieve input-referred noise that is near the theoretical
limit of any amplifier using a differential pair as an input stage.
Since neural amplifiers must include differential input pairs in
practice to allow robust rejection of common-mode and power
supply noise, our design appears to be near the optimum allowed
by theory. The bandwidth of the amplifier can be adjusted for
recording either neural spikes or local field potentials (LFPs).
When configured for recording neural spikes, the amplifier yielded
a midband gain of 40.8 dB and a 3-dB bandwidth from 45 Hz
to 5.32 kHz; the amplifier’s input-referred noise was measured
to be 3.06 Vrms while consuming 7.56 W of power from a
2.8-V supply corresponding to a noise efficiency factor (NEF) of
2.67 with the theoretical limit being 2.02. When configured for
recording LFPs, the amplifier achieved a midband gain of 40.9 dB
and a 3-dB bandwidth from 392 mHz to 295 Hz; the input-referred noise was 1.66 Vrms while consuming 2.08 W from
a 2.8-V supply corresponding to an NEF of 3.21. The amplifier
was fabricated in AMI’s 0.5- m CMOS process and occupies
0.16 mm2 of chip area. We obtained successful recordings of
action potentials from the robust nucleus of the arcopallium (RA)
of an anesthesized zebra finch brain with the amplifier. Our experimental measurements of the amplifier’s performance including
its noise were in good accord with theory and circuit simulations.
Index Terms—Action potentials, brain–machine interfaces, local
field potential, low-powe low-noise design, neural-recording amplifier, subthreshold operation.

I. INTRODUCTION

L

ARGE-SCALE chronic multi-electrode neural-recording
systems are being built to enable us to understand how
the brain works [1], [2]. With the help of such systems, a
number of experiments have shown that it is possible to predict
intended limb movements by simultaneously recording from
many neurons, and interpreting their cortical activities [3],
[4]. For example, brain–machine interfaces are being built to
help a paralyzed patient move a computer cursor by thoughts
alone. Portable, chronic use of such interfaces may eventually
play an important role in treatment of paralyzed patients, and
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enable large-scale monitoring of the brain in experimental
neuroscience.
One of the most important parts in the development of
brain–machine interfaces is the neural signal amplifier. Neural
signals from extracellular recording are very weak (typically
between 10 and 500 V). As a result, amplification is needed
before such signals can be processed further. Next generation
multi-electrode recording systems will be entirely implanted
within the skull and incorporate a large number of neural amplifiers (on the order of 100-1000, one for every electrode). For
such applications, ultralow-power operation is very important
to minimize heat dissipation in the brain, preserve long-battery
life, and maximize the time between recharges. To get clean
neural signal recordings, it is important that the input-referred
noise of the amplifier be kept low. Practically, the input-referred
noise of the amplifier should be kept below the background
noise of the recording site (5–10 V) [2]. However, designers
must address the tradeoff between low-noise and low-power
designs of the amplifier. For an ideal thermal-noise-limited amplifier with a constant bandwidth and supply voltage, the power
where
is the input-referred
of the amplifier scales as
noise of the amplifier. This relationship shows the steep power
cost of achieving low-noise performance in an amplifier.
Many designs of neural amplifiers have been reported in the
literature [5]–[9]. Most amplifiers consume about 100 W of
power to achieve low input-referred noise
5 V
for
bandwidths of 5–10 kHz. As an example, the most energy-efficient prior design [8] in term of the power–noise tradeoff
with 7.2 kHz of
achieves an input-referred noise of 2.2 V
bandwidth while consuming 80 W of power. If such amplifiers
are to be used in a multi-electrode array, with a power near
100 W per amplifier for most designs, the power required
for the neural amplifiers can become the limiting factor for
the whole multi-electrode system. To address this problem, we
present a new micropower neural recording amplifier design.
With our design, the power consumption per amplifier is low
enough such that the total power consumption of a multi-electrode array may no longer be the bottleneck for the design of
brain–machine interfaces.
The design in [8] presents many useful techniques for designing a neural amplifier. The use of an MOS-bipolar pseudoresistor element as a high-resistance element [10] and on-chip
dc-coupling capacitors enable the amplifier to reject large dc offsets at electrode-tissue interfaces while being able to pass the
neural signals of interest. Since high-resistance elements can be
implemented in a small area on chip, large off-chip components
are not needed. The amplifier in [8] uses a standard wide-output
swing operational transconductance amplifier (OTA) with capacitive feedback to realize a gain of approximately 40 dB,
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Fig. 1. Overall system schematic of the neural amplifier.

and presents design techniques that minimize the input-referred
noise of the amplifier by operating some devices of the OTA
in strong inversion to minimize their noise contributions. Even
though the latter design achieves a power–noise tradeoff near the
theoretical limit of its particular OTA topology, the topology itself is not power-efficient since a large portion of the current in it
is wasted in the current mirrors. A single-ended open-loop amplifier topology with a resistively loaded common-source input
stage could achieve very low noise for a given power and bandwidth if this input stage’s gain is greater than about 5. However, neural amplifiers need differential topologies to maintain
robustness to power-supply and common-mode noise sources.
Thus, we do not implement such a topology. Instead, we adhere
to the use of a conventional differential pair as an input stage
to robustly reject common-mode and power-supply noise. Our
design achieves a very efficient power–noise tradeoff because it
uses a new low-power low-noise OTA topology that makes efficient use of the supply current. Our amplifier may be configured
for either recording neural spikes or local field potentials (LFP)
by altering its bandwidth via a bias-current control.
This paper is organized as follows. Section II discusses the
high level operation of the amplifier. Section III describes the
design principles and noise analysis used in the OTA to achieve a
good power–noise tradeoff. Section IV presents some measured
lab bench and in vivo results of the amplifier configured for
neural spike recording. Section V presents experimental results
when the amplifier is configured for LFP recording. Section VI
concludes the paper.

II. OVERALL SYSTEM DESIGN
The overall schematic of our neural amplifier is shown in
Fig. 1. The topology of our gain stage is similar to that in [8]. Our
design includes a bandpass filter stage following the gain stage

to shape the passband of the amplifier. The low-frequency highpass cutoff of the gain stage is created by the MOS-bipolar pseu–
and the capacitance .
doresistor element formed by
and
sets the midThe capacitive feedback formed by
band gain of the amplifier to approximately 40.8 dB. The highpass cutoff and the lowpass cutoff frequencies of the amplifier
and the bias current of the -OTA in
can be adjusted via
the bandpass-filter stage, respectively. With the addition of the
bandpass-filter stage, our amplifier can be configured to record
either LFPs ( 1–100 Hz) or neural spikes (100 Hz to 1 kHz).
For low-bandwidth LFP recording, the bias current of the OTA
in the gain stage can be lowered to conserve power. It is worth
mentioning that the highpass cutoff frequency of the gain stage
should be kept as low as possible. As reported in [7], placing
to create
a weak-inversion MOS transistor in parallel with
a highpass filter with a cutoff frequency at a few hundred Hz
in power
introduces low-frequency noise that rolls off as
units due to the noise currents at the gates of the input transistors
and the
being lowpass filtered by a parallel combination of
MOS-bipolar pseudoresistor element. This low-frequency noise
appears at the front end and gets amplified by the gain of the amplifier thereby degrading the minimum detectable signal. In our
design as well as in [8], however, the filter pole created by
and the MOS-bipolar pseudoresistor element is at a very low
frequency since the MOS-bipolar pseudoresistor element has a
much higher impedance than a weak-inversion MOS transistor
used in [7]. Therefore, both the noise current due to this element
and the shot noise from the gate leakage current of the input transistor are filtered out well before the passband and do not appear
in the frequency band of interest. The shot noise from the gate
leakage current of the input transistor is very minuscule in the
ultralow-power regime that we are operating in even in the advanced submicron processes.
The operation of our amplifier can easily be understood by
to model parasitic
the block diagram of Fig. 2. We include
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Fig. 2. Block diagram of our neural amplifier including the input noise source of the OTA.

gate capacitances at input terminals of the gain-stage OTA. The
term added
input referred-noise of the OTA is modeled as a
to the system at the input of the gain-stage OTA. The gain-stage
and
OTA is used as a high-gain amplifier and is modeled by
blocks where
and
represents the transconductance
and the output resistance of the gain-stage OTA, respectively. In
is the resistance of the series pMOS
the bandpass-filter stage,
is set
transistors operating in the triode regime. The value of
by
. The combination of C and
realizes the highpass
cutoff frequency for the amplifier. From the small-signal block
is much higher than 1,
diagram in Fig. 2, assuming that
we can express the transfer function of the neural amplifier as
(1)
. The
The midband gain of the amplifier is
whereas
highpass cutoff frequency is at
. We can
the lowpass cutoff frequency is at
of the gain-stage OTA to the
relate the input-referred noise
input-referred noise
of the overall amplifier as
(2)
The input-referred noise of the bandpass filter stage is insignificant and is not included in the block diagram since the gain
of 40 dB of the gain stage alleviates the bandpass-filter stage’s
input-referred noise requirement. As a result, the power consumption of the bandpass filter stage is much smaller than that
of the gain stage.
Thus, to achieve low-noise performance, it is important to
design the gain-stage OTA to have low input-referred noise.
Section III describes the low-noise low-power design techniques
used in our OTA.
III. LOW-POWER LOW-NOISE OTA DESIGN FOR GAIN STAGE
The schematic of our low-noise OTA is shown in Fig. 3. It is a
modified version of a standard folded-cascode topology shown
in Fig. 5. The OTA in Fig. 3 is biased such that the currents of
–
are only a small
the transistors in the folded branch
fraction of the current in the input differential pair transistors
and
. In our design, the channel current in
–
is
th of the current in
and
.
scaled to approximately
–
makes the noise contributed
The much lower current in

and
. As a
by them negligible compared to that from
result, we simultaneously lower the total current and the total
input-referred noise of the OTA.
To ensure that such severe current scaling is achieved, we
and
through the use
carefully set the bias currents of
,
, and
. The current
of the bias circuit formed by
,
are cascoded to improve their output impedsources
ances and thereby ensure accurate current scaling. They operate
in strong inversion to reduce the effect of threshold voltage vari,
ations. The source-degenerated current mirrors formed by
and
and resistors
and
set the currents in
and
such that the currents in
and
(the difference beand
and between the current in
tween the current in
and
) are a small fraction of the currents in
and
. An
analysis of mismatches in source-degenerated current mirrors is
deferred until Section III-C and is important for robust biasing
performance.
In order to save power in the bias circuit, the current scaling
and
is 16:1
as shown in Fig. 3.
ratio between
,
To set the currents in the folded-branch transistors to be
which is
th of the currents in differential-pair transistors,
and
to be
. Such current
we set the current in
to be
, and
ratioing is achieved by making
as a parallel combination of two unit transisconstructing
tors while
and
are each constructed from 17 unit transistors in parallel. To clarify this scaling further, the current mirror
,
and
,
in Fig. 3 is transformed into an
formed by
equivalent circuit comprised of many source-degenerated unit
transistors as shown in Fig. 4. All source-degenerated unit transistors are identical and have the same gate voltage. For any
gate voltage there is only one source voltage at which a unit resistor’s current equals a unit transistor’s current. Thus, the nominal channel currents in all unit transistors are identical and the
is 17/2 times the current in
as desired.
total current in
For our amplifier to have low input-referred noise, the
of the OTA needs to be maximal for
transconductance
a given current level. For the standard folded-cascode OTA
and
is comparable to
shown in Fig. 5, the current in
and
. Thus, the impedance looking into
the current in
and
is much smaller than the impedance
the sources of
looking into the drains of
– . As a result, the standard
folded-cascode OTA achieves an overall transconductance
near
, the
of
. However, if we lower the current in
–
to be a small fraction of the current in
and
,
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Fig. 3. Schematic of the low-noise OTA used in this design.

Fig. 4. Circuit schematic for analyzing current scaling in the source-degenerated current mirrors of Fig. 3.

the impedance looking into the sources of
and
can be
a significant portion of the impedance looking into the drains
–
such that incremental currents do not almost all
of
and
in the current divider
go through the sources of
formed between the sources of
and the drains of
and
. Therefore,
is significantly less than
. Section III-A
near
even with our extreme
explains how we achieve
current scaling via the use of source-degenerated transistors
and
in Fig. 3.
In the standard folded-cascode topology shown in Fig. 5, the
and
contribute a significant
current sources formed by
amount of noise due to their large channel currents. In our deand
in
sign, we replace the current-source transistors
Fig. 3 with source-degenerated current sources formed by
and
and degeneration resistors
and
as shown in Fig. 3.
With an appropriate choice of degeneration resistance, the noise
contributions from the source-degenerated current sources are
mainly from the resistors and can be made much smaller than
the noise contributions from MOS transistors operating at the
same current level. Another benefit of using source-degenerated

current sources is that the noise from resistors is mainly thermal
noise while nMOS current sources contribute a large amount of
1/f noise unless they are made with very large area. As a result,
the 1/f noise in our neural amplifier is mainly from the input differential pair. Therefore, the input-differential pair is made with
noise than
large-area pMOS transistors, which have lower
similarly-sized nMOS transistors in most CMOS processes.
A. Device Sizing for Maximizing
To achieve low input-referred noise, it is important that the
transconductance of the OTA be maximized for a given total
current. The maximum transconductance of the standard foldedcascode OTA that can be achieved is the transconductance of
. As
one of the transistors in the input-differential pair, say
and
in the suba result, it is advantageous to operate
is maximized for a
threshold regime where a transistor’s
given current level. Therefore,
and
need to have large
ratios. The lengths of
and
then need to be small
such that their widths stay relatively small and the input capacitance of the amplifier is not too large.
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Fig. 5. Schematic of a standard folded-cascode OTA.

In order to make sure that all the incremental current caused
and
by the differential input goes through the sources of
, we cascode the input differential-pair transistors with
and
to increase their output impedances. The source-degenand
and by
and
erated current sources formed by
are designed to have large output impedances as well. The
output impedances of the cascoded input-differential pair and
the source-degenerated current sources need to be much larger
and
such
than the impedance looking into the sources of
is near
.
that
Before we analyze the operation of our OTA in Fig. 3, we
shall briefly review two useful admittance formulas. The first
one is the formula for the admittance looking into the source of
an MOS transistor when its drain is connected to an impedance
to incremental ground as shown in Fig. 6(a). The second useful
formula is the admittance looking into the drain of a cascode
transistor as shown in Fig. 6(b). Using a nodal analysis, we obtain the two admittances to be
(3)
(4)
be the admittance looking into the sources of
and
Let
,
be the admittance looking into the drains of
and
, and
be the admittance looking into the sources of
and
of the OTA in Fig. 3. We can express the transconductance
of the OTA as

Fig. 6. Circuit schematics for obtaining admittance formula. (a) Source admittance. (b) Cascode admittance.

(7)
(5)
and
We can express

,

and

, by using (3) and (4) as
(8)

(6)

and
are the incremental source admittance of
where
with its drain at incremental ground, and the output resistance
, respectively. The expressions from (6)–(8) present the
of
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TABLE I
OPERATING POINTS FOR TRANSISTORS IN THE OTA WITH I

= 2:7 A
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,
, and
The admittances looking into the sources of
are approximately
,
, and
, respectively. Then the current transfer function from each significant current noise source
in the OTA to an incrementally grounded output can be calculated to be

(9)
design constraints for sizing and biasing each device to achieve
close to
. The size, the channel current and the simulated
of each transistor in the OTA are shown in
intrinsic gain
close to
, the ratios
Table I. From (5), in order to make
and
should be made
as close to 1 as possible. The ratio
represents
and
to the
the incremental current gain from the drain of
output. The incremental current gain from the input differential
and
pair transistors to the drain of the cascode transistors
is
.
, we try to
In order to maximize the ratio
. Since
and
have the same channel
make
. Therefore,
and
current,
we have
. In order to make
, we need
. From (8), we can minimize
by making
to minimize
large and also making
. Therefore, we make
and
with large W/L ratios and with long channel lengths to
achieve large
and , respectively. Then we choose
such
.
that
, we need
In order to maximize the ratio
. From (6),
is approximately
if
to make
is much greater than 1. Since
, we have
. Since the current in
is about 1/16 of the
and both transistors are operating in subthreshold,
current in
. From simulation, we achieve
of 119
which results in a
of 7.43. The expression in (6) is thus
. Note that
and
have the
reduced to
and
same currents and the same channel lengths. Thus,
should have
. As a result,
. Therefore, the ratio
is close to 1. As a result, we are able to achieve
close to
even with 16-fold current scaling between the input differential-pair transistors and the folded-branch transistors.
B. OTA Noise Analysis
The noise in cascode transistors typically contributes little to
the overall noise in an OTA [11] because these transistors self
shunt their own current noise sources: A cascode transistor’s
where
current noise is attenuated by a factor of
is its incremental source transconductance and R is the effective source-degeneration resistance, respectively. Therefore,
the only noise sources that are significant in Fig. 3 are due to
non-cascode transistors, i.e., the differential-pair input transisand
, the resistors
and , and the current-mirror
tors
and
. We now perform an OTA noise analtransistors
ysis using a method similar to that described in [11].

(10)

(11)
,
and
Since our circuit is biased such that
as explained in Section III-A, the expressions
from (9)–(11) are reduced to 1. For the following discussion, we
model the MOSFET’s current noise as
(12)
where is Boltzmann’s constant, is the absolute temperais the transconductance of the MOSFET, and
ture,
for above-threshold operation and
for subthreshold
operation. From this noise model, we can calculate the input-referred noise of the OTA as the total output current noise divided
to be
by its transconductance
(13)
where
and
operate in weak inversion and
and
operate in strong inversion. Let IC be the inversion coefficient of
the transistor which is defined as the ratio of its channel current
to the moderate inversion characteristic current where
is given by [12]
(14)
where
is the thermal voltage and is equal to
, where is
the electron charge. Using the EKV model [13], we can estimate
of each transistor to be
the
(15)
We can then rewrite (13) as
(16)
where
, which is less than 1, and
is the inversion coefficient of
and
. Equation
(16) suggests that in order to minimize the input-referred
should be large compared to
.
noise of the OTA,
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Furthermore, the current ratio
should be large compared
. For our implementation, the ratio
is 16.
to
For a total supply current of 2.7 A and 5.3 kHz bandwidth,
and
are approximately 1.18 A and 68 nA, respectively.
k , the second and the third terms in (16) are
For
1.8 10 and 5.4 10 , respectively, assuming a temperaK,
and
. Equivalently, (13) is
ture of
reduced to
(17)
Equation (17) can be interpreted as 2.47 times the input-referred
noise of a MOS transistor operating in weak inversion with a
. This means that our OTA effectively
transconductance of
has only 2.47 subthreshold devices that contribute noise. This
value is close to the theoretical limit of 2 noise sources in any
OTA that uses two subthreshold MOS differential-pair transistors as an input stage. Effectively, our design has minimized aland
.
most all other sources of noise except for that of

C. Current Mirror Mismatch Analysis
The key techniques for achieving good power–noise tradeoff
in our amplifier are the use of source-degenerated current mirrors and the severe current scaling ratio between the input-differential pair transistors and the folded-branch transistors. The
severe current scaling scheme can work only if the current errors due to mirroring are well controlled: The amplifier would
not work if the error due to current scaling is too large such that
–
in the OTA of Fig. 3. Thus,
none of the current flows in
we address and investigate this concern to ensure the correct operation of our amplifier.
Let us consider the current matching between two unit transistors in Fig. 4 due to variations in the threshold voltage and
variations in the source-degeneration resistance. We shall model
these variations as errors in the parameters of each of the unit
transistors of Fig. 4. Let the nominal current in one of the unit
be
and consider the deviation in current
transistors of
in one of the unit transistors of
from its nominal value
and deviations
due to deviations in the threshold voltage
as shown in Fig. 7(a).
in the source-degeneration resistor
To model the threshold-voltage mismatch, we use the body-referenced current equation in saturation for an MOS transistor operating in weak inversion [12]. Let the nominal current in each
unit transistor be described by
(18)
where is a constant scaling current which is the same for all
unit transistors. Let be the nominal dc voltage drop across
such that
. We define
(19)
(20)

Fig. 7. Circuit schematics for analyzing V and R mismatches in source-degenerated current mirrors.

and

(21)
and
are small, we can use a smallBy assuming that
signal circuit model as shown in Fig. 7(b) to calculate the variawhen
and
are considered
tion in nominal current
as inputs to the system. With some analysis, the variation in the
and is obtained to be
channel current due to variations in

(22)
Combining (22) with the results from (19) and (20) and using
, we obtain the fractional change
the relationship
in channel current as a function of the fractional change in
and to be

(23)
,
, and
are biased in weak-inversion regime,
Since
their
is approximately 40 mV at room temperature. As
seen from (23), the mismatch in threshold voltage as a fraction
and is negof 40 mV is attenuated by a factor of
ligible if
. In our design, we have
, thus, the
fractional mismatch in threshold voltage is attenuated by more
than a factor of 10 and does not play a significant role in current
mirror mismatch. In contrast, the fractional mismatch in channel
current scales almost 1:1 to the fractional mismatch in . However, the matching of passive components in most CMOS processes is much better controlled than the matching of transistors’ threshold voltages. It is reasonable to expect that resistor
values will match to within 1%–2%. This should not degrade
–
is not
the performance of the amplifier if the current in
– . In our deexcessively small relative to the current in
sign, therefore, we try to achieve reasonable resistor matching
with careful layout. Each of the source degeneration resistors
and
in Fig. 3) is built with two matched unit resistors
(
connected in series, each with a designed value of 120 k . Similarly, the bias resistor ( in Fig. 3) is built with seventeen unit
resistors similar to those used for
and . The width of each
unit resistor is made three times the minimum required width to
reduce random mismatches.
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D. Noise Efficiency Factor and Its Theoretical
Limit for Any OTA
To compare the power–noise tradeoff among amplifiers, we
adopt the noise efficiency factor (NEF) proposed in [14] and
widely used to compare neural-amplifier designs

(24)
where
is the total input-referred noise,
is the total
supply current, and BW is the 3 dB bandwidth of the amplifier, respectively. The theoretical limit of the NEF of an OTA
that uses a differential pair as an input stage is when the two
differential-pair transistors are the only noise sources in the circuit. The input-referred noise of the OTA is then
where
is the transconductance
of a single differential-pair transistor. For minimum input-referred noise, the transistors should run in subthreshold, such that
. Assuming a first-order roll-off of the
we have
frequency response, the input-referred noise of the ideal OTA is
expressed as

Fig. 8. Die micrograph of our neural amplifier.

(25)
Combining (24) and (25) and setting
, we obtain the
theoretical limit for NEF of any OTA that uses a subthreshold
MOS differential pair to be
(26)
assuming a typical value of
. We now show that our
experimental NEF is near this value, and our theoretical NEF
was computed to be 2.47 from Section III-B.
IV. MEASUREMENT RESULTS
Our amplifier was fabricated in a 0.5- m CMOS process
through the AMI foundry. All the resistors were implemented
with a high-resistance polysilicon layer while all the capacitors
were implemented as poly-poly capacitors. The amplifier was
designed to give a gain of approximately 110 (40.8 dB) by
to 14 pF and
to 120 fF. The OTA in
setting the value of
the bandpass filter stage is a wide common-mode range OTA to
reduce signal distortion in the case of large input amplitudes.
The amplifier occupies a chip area of 0.16 mm . A chip micrograph of our amplifier is shown in Fig. 8.
Our amplifier consumes 2.7 A from a 2.8 V supply, which
,
, and
can be broken down as follows. The bias circuit (
) consumes 132 nA, the bandpass filter consumes 66 nA
and the gain-stage OTA consumes 2.5 A. We do not include
(270 nA) shown in Fig. 3 since it can be shared
the current
by many amplifiers in the array. The 3-dB cutoff frequencies
are adjusted to be at 45 Hz and 5.32 kHz. The amplifier is configured as an inverting amplifier, thus the phase is approximately
180 near the midband frequency. To validate the robustness
of our current-scaling scheme, four chips were tested on the lab
bench. They exhibited very similar gains of 40.8 dB. However,
the lowpass cutoff frequencies deviated appreciably among the

Fig. 9. Measured transfer functions of four neural amplifiers from different
chips configured for recording neural spikes.

four chips (5.32, 5.07, 3.94, and 3.34 kHz). This deviation is
due to the discrepancies among the bias currents of the bandpass
filter’s OTAs, not from our severe current-scaling scheme. Note
that the lowpass cutoff frequency for each chip corresponded
to the highest bias current of its bandpass filter’s OTA achievable by the on-chip digital calibration. The measured transfer
functions of all of our four tested neural amplifiers are shown in
Fig. 9.
Fig. 10 shows the measured input-referred noise spectrum of
one of our amplifiers together with a circuit simulation of the
noise spectrum with a similar noise model to our theoretical calculations (the smooth curve). The input-referred noise spectrum
is obtained by dividing the output noise spectrum by the midband gain of the amplifier. There is good agreement between
the measured and simulated curves. The measured thermal noise
level is 31 nV Hz. Integrating under the area of the measured
curve from 10 Hz to 98 kHz yields a total input-referred noise
of 3.06 V , while the simulated result is 3.1 V . With a
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Fig. 10. Measured and simulated (smooth curve) input-referred noise spectra
of the neural amplifier configured for recording neural spikes.

Fig. 12. CMRR and PSRR measurements of the neural amplifier configured
for recording action potentials. (a) CMRR. (b) PSRR.
Fig. 11. NEF of published neural amplifiers as a function of the total supply
current.

highpass cutoff frequency at 45 Hz, 1/f noise is filtered out and
is not noticeable in the passband.
The NEF of our amplifier is calculated from our achieved
experimental measurements to be 2.67. This value is close to
2.02 which is the theoretical NEF limit that we have calculated
in Section III-D and also near our expected theoretical calculation of 2.47 in (17). The good power–noise tradeoff of our
amplifier is a result of minimizing the effective number of transistors that contribute noise. Moreover, almost all the power is
consumed by the input-differential pair. Therefore, little power
is wasted in less critical parts of the amplifier. Fig. 11 compares NEF of previously reported neural amplifiers as a function of the total supply current. Our amplifier exhibits the best
NEF and lowest power consumption reported to date. Note that
the power of the amplifier in [5] includes the power from the
output stage required to slew large load capacitances as a result
of time-division multiplexing. Also, note that most amplifiers
in
cited in Fig. 11 have the currents in their bias circuits (
this design) excluded from the NEF calculation, except the design in [6].

TABLE II
MEASURED PERFORMANCE CHARACTERISTICS

The measured CMRR and PSRR are shown in Fig. 12. CMRR
is calculated as the ratio of the differential-mode gain to the
common-mode gain. PSRR is calculated as the ratio of the differential-mode gain to the gain from power supply to the output.
The measured CMRR and PSRR exceed 66 and 75 dB (over the
range of 45 Hz to 5.32 kHz), respectively. The measured characteristics of the neural amplifier are summarized in Table II.
The total harmonic distortion (THD) of our amplifier stays
below 1% for input signals smaller than 7.3 mV peak-to-peak.
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Fig. 14. Transfer function of the amplifier configured for recording LFP.

V. MEASUREMENTS OF LOCAL FIELD POTENTIALS

Fig. 13. Neural recording from a zebra finch brain. (a) Zebra finch. (b) Long
time trace. (c) Short time trace.

This level of input signal is larger than both typical action poten500 V and local field potentials ( 5 mV). If a larger
tials
input signal is expected, the amplifier’s supply voltage can be
increased at the expense of higher power consumption.
We verified that our neural amplifier works in a real recording
environment by using it to record action potentials in the robust
nucleus of the arcopallium (RA) of the anesthesized zebra finch.
Data were taken with a carbon fiber electrode (Kation Scientific, Inc.) electrode that had an impedance of approximately
800 k at 1 KHz. A long extracellular trace and a short extracellular trace recorded from our amplifier (normalized by its
gain) are shown in Fig. 13. They were found to be identical to
that recorded by a commercial neural amplifier (A-M Systems,
Model 1800).

Local field potentials (LFPs) instead of action potentials are
often used in some brain–machine interfaces, e.g, those used in
paralysis prosthetics [15]. Therefore, we also measured the performance characteristics of our amplifier configured with lower
bandwidth (and power) for such applications. Since the LFP
contains energy in the frequency range of 1–100 Hz, we can
simply lower the 3-dB lowpass cutoff frequency of our amplifier by lowering the supply current of the OTA in the bandpass
filter stage. The highpass cutoff frequency can also be lowered
to be below 1 Hz by adjusting V
. If we just change the bandwidth in this manner, the input-referred noise of the amplifier
becomes excessively low. From a hand-analysis, if we adjust the
bandwidth of the amplifier to be 0.5–300 Hz while maintaining
the same supply current for the gain-stage OTA, the input-referred noise of the amplifier is less than 1 V . Such low
input-referred noise is unnecessary and is wasteful of power.
From (16), the input-referred noise power is inversely propor, therefore inversely proportional to . Thus, we
tional to
can save more power by lowering the current in the gain-stage
OTA as well.
We adjusted our amplifier to have a highpass cutoff frequency
of 392 mHz and a lowpass cutoff frequency of 295 Hz for LFPsuitable configuration. The total current of our amplifier was
measured to be 743 nA, corresponding to a power consumption
of 2.08 W from a 2.8-V supply and 1.66 V
total inputreferred noise integrated from 0.2 Hz to 1 kHz. The measured
transfer function for the amplifier configured for recording LFP
is shown in Fig. 14. The measured input-referred noise spectrum
and expected noise curve from simulation are shown in Fig. 15.
Our measured NEF for LFP recording is then 3.21, still better
than any other amplifier to date. Note that the NEF is worse
than that of the amplifier configured to record neural spikes.
This degradation in NEF is due to the fact that the thermal noise
from the resistors
and
becomes more significant once
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VI. CONCLUSION
This paper presented a micropower low-noise neural
recording amplifier. Many low-noise design techniques were
employed to enable the amplifier to achieve an input-referred
noise near the theoretical limit of two devices of an input
differential pair. The amplifier appears to be the lowest power
and most energy-efficient neural amplifier reported to date. It
can be configured to record either action potentials or local
field potentials. We obtained successful recordings of action
potentials with our amplifier from a zebra finch’s brain. Our
amplifier may thus be useful in brain–machine interfaces for
paralysis prosthetics, visual prosthetics, or experimental neuroscience systems for chronic monitoring.
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