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A Low-Power Low-Noise CMOS Amplifier for
Neural Recording Applications
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Abstract—There is a need among scientists and clinicians for | |
low-noise low-power biosignal amplifiers capable of amplifying

signals in the millihertz-to-kilohertz range while rejecting large dc G
offsets generated at the electrode—tissue interface. The advent of
fully implantable multielectrode arrays has created the need for

fully integrated micropower amplifiers. We designed and tested

a novel bioamplifier that uses a MOS-bipolar pseudoresistor

element to amplify low-frequency signals down to the millihertz Vin
range while rejecting large dc offsets. We derive the theoretical
noise—power tradeoff limit—the noise efficiency factor—for Vief
this amplifier and demonstrate that our VLSI implementation

gm Voul
+
approaches this limit by selectively operating MOS transistors o l M I
c

———O
|

in either weak or strong inversion. The resulting amplifier, Cr
built in a standard 1.5-um CMOS process, passes signals from G
0.025 Hz to 7.2 kHz with an input-referred noise of 2.2uVrms

and a power dissipation of 80uW while consuming 0.16 mn¥

of chip area. Our design technique was also used to develop an
electroencephalogram amplifier having a bandwidth of 30 Hz

and a power dissipation of 0.9uW while maintaining a similar

noise—power tradeoff. Fig. 1. Schematic of neural amplifier.
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Index Terms—Analog integrated circuits, biosignal amplifier, L. .
low noise, low-power circuit design, neural amplifier, noise tissue [16], so for small chronic implants, power dissipation
efficiency factor, subthreshold circuit design, weak inversion. should not exceed a few hundred milliwatts. For a 1000-elec-
trode system, this results in a maximum power dissipation
much less than 1 mW per amplifier, and this does not include
power required by other components in the implanted system

HERE IS a great demand for technologies that enable neduich as telemetry.

roscientists and clinicians to observe the simultaneous acDue to electrochemical effects at the electrode—tissue in-
tivity of large numbers of neurons in the brain. Multielectrodeerface, dc offsets of 1-2 V are common across differential
neural recordings are becoming standard practice in basic neseording electrodes [17]. Typical neural action potientials, or
roscience research, and knowledge gained from these studigpikes, have amplitudes up to 5@ when recorded extra-
beginning to enable clinical and neuroprosthetic applicationssllularly, with energy in the 100-Hz—7-kHz band [6], while
Recent advances in MEMS technology have produced smallv-frequency local field potentials (LFPs) have amplitudes
(less than 4 mm in any dimension) arrays of microelectrodgs high as 5 mV and may contain signal energy below 1 Hz
containing as many as 100 recording sites [1], [2]. Next-ge[8]. Some existing VLSI bioamplifier designs use off-chip
eration neural recording systems must be capable of observiiagacitors in the nanofarad range to obtain a low-frequency
100-1000 neurons simultaneously, in a fully implanted unit. cutoff that passes LFP signals while rejecting large dc offsets

While integrated electronics have been developed fpr], [8], [10], [11]. This approach is not feasible for large
small-scale amplification of the weak bioelectrical signalsumbers of implanted electrodes. If we restrict ourselves to
[3]-[15], existing circuits typically have unacceptable noisa 15 mmx 15 mm die for a 1000-channel system, then each
levels or consume too much power to be fully implanted iamplifier must consume less than 0.225 fnofi silicon area.
large quantities. Implantable bioamplifiers must dissipate little This paper reports on the design and testing of a fully inte-
power so that surrounding tissues are not damaged by heatijeited amplifier suitable for recording biological signals from
A heat flux of only 80 mW/crfi can cause necrosis in musclehe millihertz range to 7 kHz. We show that this amplifier rejects

dc offsets at the input and offers the best power—noise tradeoff
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) ) ) ) Fig. 4. Schematic of OTA used in neural amplifier.
Fig. 2. Measured current-voltage relationship of MOS-bipolar element

(M,-M, in Fig. 1) [19]. . , .
time constant, a large change in the input causes a large voltage
10— ‘ , ‘ ‘ k ‘ across the MOS-bipolar elements, reducing their incremental
s resistance and giving a fast settling time. Recent bioamplifier
_— designs have used transistors biased in the subthreshold region
102k ST |/ to approximate large-valued resistors [13], [14]. This technique
. yields similar results but requires additional biasing circuitry.
Another design uses diode-connected nMOS transistors as pseu-
doresistors to achieve an equivalent resistance of greater than
10'° Q, though it is not stated whether a body—source connec-
tion is used to create a diode-connected bipolar transistor [15].
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B. Low-Noise Low-Power OTA Design

. Fig. 4 shows a schematic of the current-mirror OTA used

ol 1 in the bioamplifier. The bias current and cascode bias voltages
were generated by standard circuits [20], and the power con-

sumption of these biasing circuits was not included in our power

incremental resistance [Q]
o,

10 ‘ f : 02 04 oe Measurements since an arbitrary number of OTAs can share

0

AV V] the generated voltages. Although the circuit topology is a stan-
_ _ _ _ dard design suitable for driving capacitive loads, the sizing of

Fig. 3. Incremental resistance of single MOS-bipolar element. For lOWI ¢ ist . itical f hievi | . t

voltages, the incremental resistance exceed? @0 e transistors Is critical for achieving low noise at low cur-

rent levels. The bias curreft;,., is set to 8uA, giving devices

is approximatelyg,. /(A Cr), whereg,, is the transconduc- M;—My drain currents of 4A. At this current level, each tran-

tance of the operational transconductance amplifier (OTA). SIStOI‘. may o_perate n vyeak, moderate, or strong inversion de-
pending on itsW/L ratio. For each device, we calculate the

A. MOS-Bipolar Pseudoresistor Elements moderate inversion characteristic currépf21], given by
TransistordVl,—M, are MOS-bipolar devices acting as pseu- I = 2MCoxU% . E (1)
doresistors. With negativié;s, each device functions as diode- K L

connected pMOS transistor. With positi¥g;s, the parasitic whereUr is the thermal voltagkT'/q, andx is the subthreshold
source—well-drain p-n-p bipolar junction transistor (BJT) is agate coupling coefficient. Note thathas a typical value of 0.7
tivated, and the device acts as a diode-connected BJT [19] (se€ is equivalent td /n, wheren denotes the reciprocal of the
Fig. 2). Each transistor was sizedth x 4 um. For small volt- change in surface potential;, for a change in gate-to-body
ages across this device, its incremental resistangeis ex- voltageVgg [21], [22].
tremely high (see Fig. 3). FdAV| < 0.2 V, we measured  The inversion coefficient (IC) for each transistor may then be
dV/dI > 10 Q. It was difficult to measurdV//dI accurately calculated as the ratio of drain current to the moderate inversion
in this region due to the low current, which was near the limgtharacteristic current, as follows:
of our measurement capabilities. IC = Ip/I @

We use two MOS-bipolar devices in series to reduce distor- - bIAs
tion for large output signals. The low-frequency cutoffofthe A device having IC> 10 operates in the strong inversion re-
ac-coupled amplifier is given by/(2r;,.C>). Despite the long gion and has a transconductance proportional to the square root
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TABLE |
OPERATING POINT OF OTA TRANSISTORS FORNEURAL AMPLIFIER

Inversion Verr =
Devices WIL (um) | I (uA) | Coefficient | g./Ip (V") | Vas- Vi (V)
M, M, 800.0/4.0 4.0 0.43 20.6 -0.076
M, My, Ms, Ms | 12.0/44.8 4.0 110 2.5 +0.770
My, M 6.4/12.8 4.0 171 2.0 +0.960
Mo, Mg 20.0/20.0 8.0 171 2.0 +0.960
Measen 12.03.2 4.0 7.8 8.1 +0.200
Meascr 6.4/3.2 4.0 43 3.9 +0.481

of drain current. A device having IG 0.1 operates in the considerations or finite power-supply voltages may also limit
weak inversion (subthreshold) region and has a transcondthe designer’s ability to decreasgg .
tance proportional to drain current [22], [23]. For devices op- Flicker noise, oil/ f noise, is a major concern for a low-noise
erating in moderate inversion@ > IC > 0.1), both strong and low-frequency circuit. We minimize the effects of flicker noise
weak inversion expressions overestimate transconductance.tiousing pMOS transistors as input devices and by using devices
low-power circuit design, we use the EKV model, which is valiavith large gate areas. Flicker noise in pMOS transistors is typi-
in all regions of inversion [24]. We estimatg, by cally one to two orders of magnitude lower than flicker noise in
nNMOS transistors as long #gs| does not greatly exceed the
Gm & tlp ; (3) threshold voltage [21], [25] and flicker noise is inversely pro-
Ur 14+V1+4-IC portional to gate area. All transistors should be made as large as
g(f)ssible to minimizd / f noise. However, as devicéd;—Ms
are made larget;’; andC; increase, leading once again to a re-
&gced phase margin. A®/; andM, are made larger, the OTA
Input capacitanc€’;, increases. The input-referred noise of the
bioamplifier can be related to the OTA input-referred noise by

Table | shows the dimensions and operating conditions
each transistor in the circuit. The input devicds and M- are
drawn with identical sizes, and we denote their transcond
tance agy,,; and their width-to-length ratio ad¥/L),. Sim-
ilarly, transistorsMs;—Mg are the same sizgV/L); and have
transconductanag, ;. The pMOS current mirror transistoig; —— C1+Cs + Cin \ -
and Mg have siz§ W/L); and transconductangg,;. Uni,amp = <0—1> " Uni ®)

Analysis of this circuit reveals the input-referred thermal . .
noise power to be whereC; andC; are the feedback network capacitors shown in

Fig. 1. SinceCy, contributes to a capacitive divider that attenu-
R 16kT Gm3 . Gm7 ates the input signal, any increaselp increases the input-re-
v [ <1 +25—+ —ﬂ Af. (4 ferred noise of the overall circuit [26]. An optimum gate area

for M; and M, can be found to minimizé/ f noise.
If we size our devices such that,s, g7 < gm1, We can min- Lateral p-n-p transistors can be built in standard CMOS tech-
imize the noise contributions of devicdg;—Ms. This can be nology for low-frequency applications, and exhibit loweftf
accomplished by making¥V/L)s, (W/L); < (W/L), thus, noise than MOS transistors [27]. We did not use p-n-p devices
pushing deviced/;—Mg into strong inversion where their rel-for the input transistord/; and M, because the base current
ative transconductangg, /I decreases a/\/Ip. As shown would have to flow through the MOS-bipolar devices. This dc
in Table I, by operating/, and/; in the subthreshold regime, current would bias the pseudoresistors toward an operating point
we achieve a high,,, /Ip ratio so thay,,: is much greater than with lower incremental resistance and raise the low-frequency
gms3 andg,,7. We are operating near the maximum achievabtautoff. The inherently highy,, /I ratio of bipolar transistors
gm/Ip ratio ofs /Ut (approximately 27 V1), which is reached makes them unsuitable for devick—My in our OTA design,
in deep weak inversion. as shown in (4).
In practice, we cannot decreagg,s and g,,7 arbitrarily

without danger of instability. If the total capacitance seen Hy- Noise Efficiency Factor
the gate of\/; (or M,) is denoted a€’s, then the OTA hastwo  Since we are interested in minimizing noise within a strict
poles atw, = gm3/C3. Similarly, there is a pole &,7/C7  power budget, we must consider the tradeoff between power

caused by the pMOS mirror. To ensure stability, these pole frgnd noise. The noise efficiency factor (NEF) introduced in [7]
quencies must be several times greater than the dominant pglgantifies this tradeoff:

gm1/CvL. This criterion becomes easier to satisfy(4sis made
larger, so it becomes necessary to consider area limitations and NEF = Vi rous \/ 2ot (6)
bandwidth requirements. In our design, we decred8&L); ’ 7-Ur - 4kT - BW

and (W/L)7 as much as possible, trading off phase margimhereV,,; ... is the input-referred rms noise voltade,; is the
for lower input-referred noise. We designed our amplifier ttotal amplifier supply current, and BW is the amplifier band-
have a phase margin of 52TransistorsMs;—Ms are narrow width in hertz. An amplifier using a single bipolar transistor
devices that require relatively large gate overdrive voltages, @gth no 1/f noise) has an NEF of one; all practical circuits
shown in the last column of Table I, so output signal swingave higher values.

ni, thermal =

3gml gm1 Im1
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Fig. 5. Microphotograph of 2.2x 2.2 mm chip containing six neural
amplifiers. Fig. 6. Measured transfer function of amplifier. Midband gain is 39.5 dB, and
single-pole rolloff occurs at 7.2 kHz. Low-frequency rolloff occurs at 0.025 Hz.

Substituting the expression for amplifier thermal noise (£* , -
integrated across the bandwidth BW into (6) and assuming
Im7 < gm1, We find

NEF— \/ Aoy _ \/ 16 (@)

3Utgm1 3Ut \ gm1

wherelp; is the drain current throughty, which is 1/4 of the
total amplifier supply current. From this expression, it is clee
that if we wish to minimize the NEF, we must maximize the

relative transconductangg, /Ip of the input devices\/; and
M. In weak inversiong,,/Ip reaches its maximum value of Ii0® |
x/Ur, so we makéW/L); very large to approach subthresholc &

operation with microamp current levels. Using a more accure
model for thermal noise valid in weak inversion [21] yields
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amplifier noise

referred voltage noise [V/Hz

instrumentation noise

4 7 10 10 10 10 10 10
NEF = o (ﬂ) (8) frequency [Hz]
KU \ gm1 ) . e
Fig. 7. Measured and simulated (smooth curve) amplifier input-referred
In weak inversion, the expression for NEF reduces to voltage noise spectrum. Integration under this curve yields an rms noise voltage
! of 2.2 uVrms.
4 ~Y
NEF=4/—5 =29 (9) A. Testbench Results

Fig. 6 shows the measured amplifier transfer function from
0.004 Hz to 50 kHz. The midband gain is 39.5 dB, which is
slightly lower than our design specification of 40 dB. This
&iscrepancy is likely caused by fringing fields on the small
nCz capacitors, yielding a larger capacitance than drawn. The
low-frequency cutoff fi, is approximately 0.025 Hz. This
corresponds to a MOS-bipolar element incremental resistance
Tine > 1013 Q.

We fabricated the amplifier in the AMI ABN 1.5m two- Fig. 7 shows the measured input-referred voltage noise
metal two-poly CMOS process. We designed the amplifier fepectrum. The thermal noise level is 21 gHz and thel / f
a gain of 100, setting’; to 20 pF and’, to 200 fF. BothC;  noise corner occurs at 100 Hz. Integration under this curve from
and Cy were built as poly—poly capacitors for maximum lin-0.5 Hz to 50 kHz yields an rms noise voltage of 2¥rms.
earity. The bandwidth-limiting load capacit6, was built as This noise measurement was confirmed by recording the
an nMOS capacitor with a value of 17 pF. One amplifier circutiutput noise waveform and dividing by the gain to generate an
uses 0.16 mrof silicon area, and 67% of this area is taken umput-referred noise waveform whose rms value is 22ms
by capacitors. A die photograph of a 2.2 mm2.2 mm chip (see Fig. 8). Surprisingly,/f noise is not the dominant noise
containing six amplifier variants is shown in Fig. 5. source in the circuit. Ifl/f noise were eliminated entirely,

assuming a typical value of = 0.7. This is the theoretical
NEF limit for an amplifier with this circuit topology constructed
from MOS transistors, assuming current mirror ratios of unit
In practice, the NEF will be limited by stability constraints o
gm3 andg,,7, as discussed earlier, and byf noise.

Ill. EXPERIMENTAL RESULTS
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TABLE 1
SIMULATED AND EXPERIMENTAL CHARACTERISTICS OFNEURAL AMPLIFIER

6 Vni,rms =22V
Parameter Simulation | Measured
4 y Supply voltage +2.5V 25V
2 M Supply current 16 pA 16 pA
S 2r Gain 40 dB 39.5dB
2 Bandwidth 7.5kHz | 7.2kHz
8o Low-frequency cutoff 0.130Hz | 0.025 Hz
g Input-referred noise 2.1 pVrms | 2.2 uVrms
o) i Noise efficiency factor 3.8 4.0
2 THD (16.7 mVpp input) not simulated 1.0%
T4 ] Dynamic range (1% THD) | not simulated 69 dB
CMRR (10 Hz - 5 kHz) >42 dB >83 dB
& ] PSRR (10 Hz - 5 kHz) >42 dB >85dB
Crosstalk (f= 1 kHz) not simulated -64 dB
_8 s ‘ . Area (in 1.5-um CMOS) n/a| 0.16 mm’

0 50 100 150 200
time [ms]

Fig. 8. Measured amplifier input-referred noise (i.e., output noise divided b
amplifier gain). The rms value is 2/2V, which agrees with the noise spectrum
measurements in Fig. 7.

the circuit would have an input-referred noise of 2¥rms.  <y¢?
The low noise corner is due partially to the use of pMOS inpug

devices with large gate areas, as discussed in Section I, k5

also to the relatively high thermal noise level of 21 p{Hz. §101 i
This noise level is acceptable because of the low bandwid &
of the circuit and the requirement that the input-referred nois”
only be lower than the typical extracellular neural backgroun _ NEF = 1
noise of 5-1Q.Vrms over this bandwidth [28].

Table Il summarizes these and other measurements alo
with simulation results. We achieved noise simulations the , ‘
closely matched experimental data by using SPICE BSIM3v 10 107 10°
Level 49 transistor models with/f noise coefficients of Input-referred RMS noise / root(Bandwidth) [uVrms/HZ”ZI
KF = 6 x 10727 (pMOS), KF = 3 x 10~2°> (nMOS), and
AF = 1 (pMOS and nMOS). The smooth curve in Fig. 719 9- Supply current versus normalized noise for amplifiers in [3]-[11]

. . (cirgles) and the amplifiers described in this paper (triangles). Lines indicate
shows the simulated noise spectrum. The measured NEF:gstant NEF contours.
our amplifier is 4.0, which is near the theoretical limit of 2.9
calculated in (9).

Distortion stays below 1% total harmonic distortion (THD
for inputs less than 16.7 mV peak-to-peak (larger than typic
extracellular neural signals). If we calculate dynamic range as- )
suming a distortion limit of 1% (a conservative definition), ouP- Biological Test Results
dynamic range is 69 dB. We also fabricated an alternate CirCUil\Ne used the b|oamp||f|er described above as a preamp”fier
using only single MOS-bipolar pseudoresistor elements insteath simple neural recording experiment to verify operation of
of two elements in series (see Fig. 2). This amplifier exhibitegle circuit when connected to a neural electrode. We recorded
1% THD for a 12.0-mV peak-to-peak input, resulting in a lowegpontaneous neural activity in rat olfactory cortex using a plat-
dynamic range of 66 dB. inum-tipped extracellular microelectrode (Bionic Technologies,

The common-mode rejection ratio (CMRR) and the poweBalt Lake City, UT). Due to the unshielded wires connecting the
supply rejection ratio (PSRR) were measured and both exceedézttrode array to the amplifier circuit, we observed strong inter-
80 dB. Crosstalk was measured between amplifiers adjacentfering signals at 60 Hz and approximately 50 kHz. We used two
the chip, and was-64 dB or less. The input-referred offsetsingle-pole filters after the bioamplifier circuit to attenuate fre-
voltage was measured for four amplifiers and varied betweguoencies below 300 Hz and above 30 kHz. Fig. 10 shows an ac-
180 and 55QuV. tion potential recorded from this system referred to the amplifier

Fig. 9 shows the power—noise performance of our amplifigrput. The peak-to-peak signal and noise levels recorded with
compared with estimated NEF values from previously publishedrr low-power system match those obtained using a commer-
bioamplifiers [3]-[11]. (Only simulation results were presentedially available rack-mount biosignal amplifier system (Bionic
in [12], and although circuits were built and tested in [13]-[15]Technologies).

NEF =100

0 noise measurements were reported.) The amplifier presented
gre exhibits a significantly better NEF than existing designs.
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TABLE Il
OPERATING POINT OF OTA TRANSISTORS FOREEG AMPLIFIER

Inversion Verr =

Devices WIL (um) | Ip (uA) | Coefficient | g,/Ip (V") | Ves-Vi(V)

M, M, 800.0/4.0 0.032 0.0034 27.1 -0.206

M, My, Ms, M 6.4/470.0 0.032 17 5.8 +0.304

M7, My 6.4/104.0 0.032 11 7.0 +0.242

Moy, Myo 20.0/20.0 0.064 1.4 15.4 +0.059

Measen 12.0/3.2 0.032 0.063 25.7 -0.092

Measep 6.4/3.2 0.032 0.34 21.5 -0.017

30 T T T 4 TABLE IV
SIMULATED AND EXPERIMENTAL CHARACTERISTICS OFEEG AMPLIFIER
201 1 Parameter Simulation Measured
Supply voltage 2.5V 2.5V
= 1o} ] Supply current 128 nA 180 nA
= Gain 40 dB 39.8dB
g Bandwidth 30Hz 30Hz
‘g 0 1 Low-frequency cutoff 2.2 Hz 0.014 Hz
g Input-referred noise 2.4 pVrms 1.6 pVrms
g Noise efficiency factor 6.0 4.8
2101 1 THD (12.4 mVpp input) not simulated 1.0%
Dynamic range (1% THD) | not simulated 69 dB
CMRR (1 Hz - 100 Hz) > 88 dB > 86 dB
-20 1 PSRR (1 Hz - 100 Hz) >80 dB >80dB
Area (in 1.5-um CMOS) n/a 0.22 mm’
-30 : : : :

0 0.5 1 ime [msec]‘[.s 2 25 ol ]

Fig. 10. Action potential from rat olfactory cortex recorded extracellularly
using fully integrated CMOS amplifier. Waveform is referred to the amplifier
input.

1100

201
IV. ELECTROENCEPHALOGRAM(EEG) AMPLIFIER DESIGN

[dB]

ok
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As a further demonstration of our amplifier design techniques
we redesigned the neural signal amplifier demonstrated abc”
for low-frequency biosignal applications such as EEGs ¢ o
brain-surface electrodes. Electrical recordings from the sca
or brain surface show signal energy primarily below 30 H.
since individual neural action potentials cannot be observe
from this distance. We modified our previous amplifier desig!
to achieve a bandwidth extending from below 1 Hz t0 30 H 2%° 102 100 10° 10 1 10°  10°
while maintaining a low NEF and a gain of 40 dB. frequency [Hz]

In order t.O lower the ampln‘ler bandwidth, we mcreas_ed thIgg. 11. Measured transfer function of EEG amplifier. Midband gain is
load capacitancé’, from 17 to 50 pF. Layout area considerasg.g ds, and single-pole rolloff occurs at 30 Hz. Low-frequency rolloff occurs
tions prevented us from increasidg, beyond this value. The at 0.014 Hz.
low value of g, required to produce a 30-Hz bandwidth dic-
tated a bias current of 32 nA for the differential pair transistorgput differential pair and low;,,, /Ip operation for the current
Table 111 lists the dimensions and operating point of each tramirrors. Fig. 11 shows the measured transfer function of this am-
sistor in the OTA. Transistor8/3—Mg were drawn extremely plifier. Fig. 12 shows the measured input-referred voltage noise
long and narrow so that strong inversion operation could lspectrum. The /f noise corner frequency occurred at 2.3 Hz
achieved in the current mirrors at nanoampere current levelsdue to the relatively high thermal noise levels.

This amplifier was fabricated in the same LB CMOS The chip area consumed by the EEG amplifier (0.222nm
process described in Section Ill. Table IV summarizes the simuas slightly greater than the neural amplifier since a larger
lated and measured results for this amplifier. The EEG amplifiealue of Cr, was used. The measured dynamic range of 69 dB
exhibited a bandwidth of 30 Hz at a power dissipation ofifd/® matches the performance of the neural amplifier, and the
and an input-referred rms noise voltage of L\ms. Despite CMRR and PSRR exceeded 80 dB. The input-referred offset
low-frequency operation wherg/ f noise power is high, an voltage was measured for four amplifiers and varied between
NEF of 4.8 was achieved by using high;/ I operation forthe 110 and 38QuV.
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(1]

(2]

input-referred voltage noise [V/Hz”g]
o

(3]

10 L I L !
-1 0 101 2 3

[4]

frequency [Hz]

Fig. 12. Measured EEG amplifier input-referred voltage noise spectrum.
Integration under this curve yields an rms noise voltage ofM/fns.

(5]

(6]

V. CONCLUSION 7]

An 80uW fully integrated CMOS biosignal amplifier
with an input-referred noise of 2.2Vrms over a 7.2-kHz  [8]
bandwidth has been demonstrated. The amplifier rejects dc
offsets commonly encountered in microelectrode recording[g]
applications, but passes low-frequency signals in the milli-
hertz range while using no off-chip components. By taking
advantage of the higly,,,/Ip ratio of devices operating in [10]
subthreshold, we were able to achieve the best power—noise
tradeoff reported among biosignal amplifiers. A 1000-channel
amplifier would consume only 80 mW and fit on a 13-mm
x 13-mm silicon die in a 1.5#m process (pads excluded), [11]
allowing for large-scale implantable neural recording systems.
We applied the same design approach to an EEG amplifie[ﬁz]
application and achieved a similar NEF at a much lower
bandwidth and power dissipation.

A complete multichannel recording system will also require
an analog multiplexer (MUX) and analog-to-digital converter
(ADC) with milliwatt power dissipation. For systems with large [14]
numbers of channels, the hardware required for serialization
and digitizing of neural signal data may become the domiy{is)
nant source of power consumption. Low-power MUX and ADC
design will be essential for fully implanted neural recording
systems.

The low-frequency ac coupling provided by the MOS-bipolar
element may also have applications in the baseband circuitry
of direct-conversion RF receivers. The direct-conversior;7
architecture is attractive for low-power fully integrated re-
ceivers, but device mismatch and substrate coupling lead fdel
large dc offsets that may be much larger than the received
signal [29]. The amplifier presented in this article achieves ul{19]
tralow-frequency ac response while completely rejecting large
dc offsets, and may be of use in integrated direct-conversio&o]
systems.

(13]

(16]
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