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Abstract

Objective: Peripheral nerves carry neural signals that could be used to control hybrid bionic systems.
Cuff electrodes provide a robust and stable interface but the recorded signal amplitude is small (<3
MVrus 700Hz - 7kHz), thereby requiring a baseline noise of less than 1 pVgus for a useful signal-to-
noise ratio. Flat Interface Nerve Electrode (FINE) contacts alone generate thermal noise of at least 0.5
MVrus therefore the amplifier should add as little noise as possible. Since mainstream neural amplifiers
have a baseline noise of 2 pVgrus Or higher, novel designs are required. Approach: Here we apply the
concept of hardware averaging to nerve recordings obtained with cuff electrodes. An optimization
procedure is developed to minimize noise and power simultaneously. The novel design was based on
existing neural amplifiers (Intan Technologies, LLC) and is validated with signals obtained from the
FINE in chronic dog experiments. Main Results: We showed that hardware averaging leads to a
reduction in the total recording noise by a factor of 1/vN or less depending on the source resistance.
Chronic recording of physiological activity with FINE using the presented design showed significant
improvement on the recorded baseline noise with at least 2 parallel operation transconductance
amplifiers (OTAs) leading to a 46.1% reduction at N=8. The functionality of these recordings was
guantified by the signal-to-noise ratio improvement and shown to be significant for N=3 or more. The
present design was shown to be capable of generating <1.5 uVgws total recording baseline noise when
connected to a FINE placed on the sciatic nerve of an awake animal. An algorithm was introduced to
find the value of N that can minimize both the power consumption and the noise in order to design a
miniaturized ultralow-noise neural amplifier. Significance: These results demonstrate the efficacy of
hardware averaging on noise improvement for neural recording with cuff electrodes, and can
accommodate the presence of high source impedances that are associated with the miniaturized
contacts and the high channel count in electrode arrays. This technique can be adopted for other
applications where miniaturized and implantable multichannel acquisition systems with ultra-low noise

and low power are required.
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l. INTRODUCTION

There is a growing interest in the field of peripheral nerve interface as an approach to deliver bio
electronic medicines [1] and to revolutionize prosthetics. Several studies have been aimed at enhancing
the number of extracted voluntary command signals from peripheral nerves over the traditional muscle-
driven systems to match the required degrees-of-freedom of advanced robotic arms [2,3, 4]. These
approaches include interfacing with cuff electrodes (Spiral [11] and split-cylinder [34]), Interfascicular
electrode (slowly penetrating Intrafascicular nerve electrode (SPINE) [5]), intrafascicular electrodes
(Longitudinally implanted intrafascicular electrodes (LIFES) [6], transverse intrafascicular multichannel
electrode (TIME) [35]) penetrating electrode (Intraneural Utah Multielectrode Array (MEA)) [7], and
regenerative electrodes (Silicon and Polyimide Sieve electrodes) [8]. A particular implementation of the
cuff electrode is the flat interface nerve electrode (FINE) [9]. The predefined cross-section the FINE
reshapes the nerve to a more flat structure with a larger interface surface, which allows the placement of
a larger number of contacts for selective recording of individual fascicle activity within the peripheral
nerve trunk. The feasibility of this approach was demonstrated by acquiring two independent signals
generated by individual fascicles within intact nerves with a 16-contact FINE [10].

Recording neural activity with nerve cuff electrodes provides several advantages in terms of
safety, non-invasiveness and selectivity. However, the neural signals are attenuated by the resistance
of the perineurium reducing the magnitude of the detected activity which translates into intrinsically low
signal-to-noise ratios (SNR). In-vivo, whole-nerve recording studies using single contact cuff electrodes
showed that recorded physiological nerve activity has a magnitude range of 0.5 and 3 ulVgpys.
Recording baseline was 0.2 to 0.5 pVzys (2 to 4 uVp_p) with contact impedances up to 1 kQ at 1 kHz
[11,12].

A limiting factor in minimizing the baseline noise level is the ohmic noise generated by the
source resistance. Multiple channel cuff electrodes have high source impedance because of the small
contact surface area [13]. Platinum-Iridium contacts with 1 mm? surface area have an approximate

impedance magnitude of 3-6 kQ at 1 kHz.
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Several models have described and quantified the noise generated at the electrode-tissue
interface [14]. Nevertheless, assuming that the interface is in redox equilibrium, the noise generated is
entirely thermal noise [15]. The range of FINE contact impedances would generate thermal noise
between 0.4 - 0.7 uWWxys (3 and 5 pV pp) which represents the smallest, possible value for the recording
baseline. Therefore, the noise added from the acquisition electronics should be minimized in order to
keep the recording baseline below 1 pVgys for a useful SNR.

There are two main noise reduction approaches that have been used for neural recording with
cuff electrodes. The first technique is power-noise matching by adjusting the optimum noise resistance
to match the device’s input resistance with an induction transformer [16, 17]. The parameter of interest
in this method is the noise figure of the amplifier, which is a practical measure of the degradation of
SNR when connected to a non-zero source resistance. It is determined by the ratio of the device-
generated noise power to the thermal noise of the source resistance. The best operating condition with
the highest SNR will occur when these two noise sources are matched leading to a minimum noise
figure. This technique was used in recording neural activity chronically with noise levels as low as 0.2
MVzusUsing contacts impedance of 1kQ [18]. The main drawback of this technique is the size of
transformers (the smallest transformer that is currently available is 8.1 x 6.7 x 5.4 mm3 (EPCOS EP5
SMT pulse transformers series by TDK)). Although this technique was explored for single channel
recording, further investigation is needed to study its efficacy for implantable multi-channel recording
with the rapidly improving fabrication methods for miniaturized transformers. The second method is
noise reduction with averaging parallel input devices (hardware averaging) described in [19]. This
method was applied to the measurement of the magnetic field generated by neural activity in peripheral
nerves [20], and for evoked neural activity recording (and propagation speed) with longitudinally
arranged, multi-contact cuff electrodes [27, 32, 33]. The recorded noise was observed to be reduced by
(1h/n).

Here we apply the concept of hardware averaging to the design of ultra-low noise amplifier to improve

the SNR of nerve cuff recordings such as multi-channel FINE. This design has been tested and
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validated in chronic recordings of physiological neural activity from the sciatic nerve of a freely moving

animal.

Il. METHODS

A. HARDWARE AVERAGING PRINCIPLE

Neural action potentials generate electrical potential gradients along the nerve surface as they

propagate inside the nerve. Detecting these signals requires differential recording between different
points along the propagation pathway. Figure 1A shows a demonstration for multi-contact cuff electrode
(FINE) and the distribution of the recording points on the nerve. The potential difference between the
center contacts (we) and the shorted outer reference contacts (re) is corresponding to the activity
generated only inside the cuff. This recording configuration is known as the quasi-tripolar configuration
[25, 30].
The most common way to measure this potential gradient is differential recording with instrumentation
amplifiers. Any practical instrumentation amplifier generates an intrinsic noise that consists mainly of
three components, input voltage noise (e,), current noise at each input terminal (i,), and noise at the
output of the amplifier (e,, which is divided by the gain of the input amplifier when referring it to the
input).

The electrode-tissue interfaces of the FINE contacts add additional noise sources upon connecting

Z we
B) ®

A)

Figure 1: Noise model of hardware averaging for FINE recording. (A) A
cartoon of FINE structure and placement around a flattened nerve. The
potential difference between the center contact (we) and the shorted outer
reference contacts (re) corresponds to the activity generated inside the cuff.
(B) Equivalent noise model of FINE connection to N parallel instrumentation
amplifiers. Averaging the outputs can be performed by a cascaded averaging
stage or off-line. Zy is much smaller than Z;, (<10 kQ in comparison to
13MQ for the investigated devices), hence the portion of i, passing throw Z;,
is negligible and virtually all of it will pass through Z e ang Zre.
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them to the amplifier. This interface noise is usually higher than the thermal noise of the interface
impedance due to two effects that cause additional voltage fluctuations; first is the random microscopic
ionic movement at the electrode surface due to irregularities and impurities of the electrode material,
second is the instability of the fluid film impedance [26]. For the present analysis, it is assumed an
ideally polarizable electrode with no net Faradic current and the interface is at redox equilibrium,
therefore the noise generated at the interface are assumed to be purely thermal.

Considering the two types of contacts used in the FINE, the thermal noise generated by the contacts
equal to e = V4 kTZ and denoted by ety and eqg).

For noise analysis of multiple parallel input devices connected to a FINE (Fig. 2B), the total input

referred noise is given by (Equation 24 in [21]):

— 2 2 1 2 . 2 2 . 2 2 1 (eno 2
Vn IR - eT(we) + eT(re) + ﬁen + Nln |ZT€| + Nln |ZW€| + N (T) (1)
The conditions for this analysis are: 1) the voltage and current noise sources for each device are
uncorrelated, 2) the intrinsic noise is random with a mean of zero, and 3) the mean noise power is

consistent among the parallel devices.

Note that the electrodes’ thermal noise (erwe and erqe) and the cumulative current-noise effect

( /Nin2 |Z-.|? and /Nin2 |Z,e|? ) are not affected by averaging because they are seen as identical and

non-random observations (zero variance) among the parallel devices.. However, the input and output

voltage noise sources (e, ande"T0 ) are random among the parallel devices hence they are reduced by

1/7/N upon averaging.

B. IMPLEMENTATION OF HARDWARE AVERAGING FOR NOISE REDUCTION.

To implement hardware averaging in the design of an ultra-low noise bioamplifier for FINE
recording, we selected a miniaturized multi-channel CMOS (to ensure low current-noise) amplifier with
the lowest voltage-noise available. One design that meets this criterion is the OTA amplifier described
in [22]. This design is commercially available in 32-channel analog and 64-channel fully digitized chips

(RHA2132 and RHD2164, Intan Technologies, LLC.). These chips have single-ended (unipolar)
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instrumentation amplifiers with one input terminal of
each OTA connected to a single common reference
input.

The noise performance of the selected CMOS OTA
is adequate for most of biopotential recording
applications (theoretical V, = 1.7 UWVrus at 700Hz-
7kHz with 4kQ source, e,=20nV/vW/Hz) but this
intrinsic noise is considered high when targeting
neural activity of 1-2 uVgus with cuff electrodes.
Starting with the RHA2132 chip, four groups of
parallel OTAs were constructed by connecting 8

consecutive OTAs to the same input (Fig.2). The
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Figure 2: Schematics of the multi-channel amplifier
using hardware averaging. The averaging technique was
applied by connecting the inputs of parallel channels
together off-chip, and then average the de-multiplexed

outputs of the corresponding channels off-line.
output of each OTA was independently recorded

(32 in total), and then these recorded outputs were averaged off-line in a manner that reflects varying
the count of parallel OTAs that is included in the averaging from 1 through 8 OTAs per input.

In order to obtain the current noise for RHA2132 chip, the parameters in Equation (1) were initially
isolated with Z,,.= Z,,= 0 to measure e,. Then, the current noise impact (Ni2|Z|?) was increased
relative to the other terms by connecting a 200kQ source resistance (Z,,.) while keeping Z,.= 0. N was
varied from 1 through 8 by physically connecting 1 through 8 OTAs in parallel followed by measuring V,
for each N. i,, was then calculated by interpolation. These measurements were conducted in a very

low-noise environment at a remote location using a portable recording setup.

C. Data analysis

The OTA outputs were digitized (20kSamples/s) and recorded using the evaluation board and
the interface software for the RHA series ship. ENG bandwidth of interest is 700Hz-7kHz and filtering
the raw recordings over this bandwidth was performed at two stages; hardware filtering and off-line

computational filtering. The hardware filters are internally integrated in the chip (3™ order Butterworth
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low-pass filter and 1** order high-pass filter). Digital filters were applied off-line using MATLAB R2012b
software (MathWorks, Inc.).

To quantify the input referred baseline noise, the root mean power of the noise referred to the
input is recorded over the ENG bandwidth in uVrus. The noise power density is calculated from the raw
signal by applying Fourier transform, then bin-integrated with 200 points (10 ms) window as described
in [28].

Statistical tests on the recorded signals are conducted to determine whether or not the means of
recording groups are significantly different. These tests consist of one-way ANOVA to determine if there
is significant differences within a set of recordings, then post-hoc t-tests is performed to determine with
95% certainty (0=0.05) which recording groups are different from which groups. These tests were

conducted using Minitab 17 software (Minitab Inc.).

D. FINE electrode Fabrication

The FINE was fabricated as two layers of silicon sheet (SSF) enclosing a laser-cut Pt-10%lr
contacts (Part No. 41803 Alfa-Aesar) and fused with a silicon primer (MED-4211 Nusil Silicon
Technology). Multi-strand DFT, Teflon-coated wires (1x7x0.001”; Fort Wayne Metals) were spot-
wielded to the contacts (Fig. 3 A). The exposed area of the center working contacts was 1 mm x 0.5

mm, and for each of the outer reference contacts it was 1mm x 5.5 mm. The distance between the

".

» .

.
.

= = Tibial Branch &
O ! :
& o,

- 10 mm

Figure 3: FINE structure and implant site for neural activity recording. A) The fabricated 16- contact FINE. The inner surface
of the electrode is shown in the opened position. The other two free ends are sutured together to close the cuff around the nerve and
the wires become parallel to the nerve as they exit near the spine of the electrode. B) FINE placement around the sciatic nerve
relative to the branching point. The center contacts are evenly distributed across the main trunk to record from different segments
within the nerve, thus allowing selective recording from the two functional groups inside the sciatic nerve before branching off to the
two main targeted muscles.
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references on the same side was 18 mm center-to-center, and the total electrode length was 21 mm.

E. in-vivo Neural Activity Recording

To test the constructed amplifier for physiological nerve activity recording, a FINE was
implanted on the sciatic nerve of a mongrel-hound dog under chronic preparation (Fig. 3B). The neural
activity of the sciatic nerve was recorded while the dog is walking on a treadmill. The movement of the
ankle joint was simultaneously recorded with an optical tracking system (OptiTrack™, NaturalPoint,
Inc.). These recordings were conducted three weeks post implant. The protocol for these experiments
was approved by the Case Western Reserve University IACUC and the U.S. Army Medical Department

ACURO.

[ll. RESULTS

A) Input referred noise reduction by hardware averaging depends on source resistance values

Equation 1 indicates that hardware averaging reduces the amplifier-induced voltage noise (e,

and eg—" terms) by a factor of VN but does not affect the thermal noise generated by the sources. The

current noise contribution is cumulative and increasing with the addition of more parallel devices,

therefore the reduction in the total noise (V,) equals to VN only if the source resistance is zero.

For a non-zero source resistance, the thermal noise of the source and the amplifier's cumulative
current-noise contribution are not reduced by averaging because their observed values are not random
and do not vary among the parallel devices.

The current noise of the selected CMOS OTA was measured as described in the method section and
found to be 50 fA//Hz. The contribution of this low current-noise is not significant in comparison to the

other factors for FINE source resistance range (0.5 nV/W/Hz at Rs=10k, comparing to e, of 20 nV/V/Hz

and ey of 13 nVA/Hz).
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Figure 4: Effect of source impedance on
hardware averaging improvement. The total
input referred noise was measured for single and 4
parallel OTAs and a VN reduction from the single
OTA was computed. Hardware averaging only
reduces the intrinsic voltage noise term (V, ) as a
result the noise reduction is less than v/N for high

: ; - - source resistance. Source induced noise determine
T i | —e— Measured V,atN=1 the lower boundary for V,.

1
/ [ I o’eene G of V, measured at N=1
; ; v

Input Referred Noise {1V rms)

S —e—  Measured V, at N=4
: P mm—— Calculated Thermal Noise of R,

0 2 4 6 8 10
Source Resistance (kOhm)

To determine the influence of source resistance value on hardware averaging, V, was measured for a
single CMOS OTA (N=1) and parallel CMOS OTAs configuration (N=4) throughout 10kQ source
resistance range, and then reduction in the observed V, at N=1 was computed for comparison with the
expected reduction without a source (Figure 4).

For very small Rs, the noise reduction can be approximated to a VN (Rs=100Q in Fig.4). For higher
source resistances, the source-induced thermal noise becomes more significant factor in determining
V, and unlike the intrinsic voltage noise contribution of the parallel OTAs, it is not reduced by averaging
and reduces the effect on the total V,. This effect is represented by the increasing divergence between
V, at N=4, and the V4 reduction to the original V, at N=1 for higher Rs values.

Although the previous results show a decreased proportion of noise reduction for higher source
resistances, the resulting improvement is significant across the tested range. Hardware averaging
reduces V, closer to the thermal noise of the source itself which represents the lower boundary for V,,
and can be benificial for cuff recording as it decreased the total noise to less than 1uVgrys in the
presence of 4kQ) source.

B) Cuff recording of physiological neural activity in chronic preparation

To study the efficacy of the parallel amplifier design during chronic recordings, and to determine
if the intrinsic noise of the acquisition device is a significant factor in V,, the neural activity of the sciatic

nerve of dog was recorded with a 16-contact FINE during voluntary walking in a chronic preparation.
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Simultaneous measurements of the ankle joint movement were obtained along with the neural activity
recording. Each FINE contact was connected to 8 parallel CMOS OTAs. The output of each of these
OTAs was recorded simultaneously (total of 128) and then the recorded outputs were averaged in

groups of 1 through 8 per contact for comparison.

©CoO~NOUTA,WNPE

Fig. 5 shows the effect of averaging on the recorded activity in the time domain for 4 contacts equally
13 positioned around the nerve. With N=1, the intrinsic noise of a single CMOS OTA is quite large and
15 completely masks the neural activity. However, the intrinsic noise contribution of the parallel OTAs

17 (N=4 and 8) are significantly reduced by hardware averaging thereby uncovering the underlying low

- Single Device

Contact 3 Contact 3 Contact 3
; ; ; ; 10 ; ; ; ; Il 4 Devices Averaged

- 8 Devices Averaged

28 Contact 7 Contact 7 Contact 7

35 Contact 11 Contact 11 Contact 11

42 Contact 15 Contact 15 Contact 15

47 o 1 2 3 A 5 S N i 5
48 time(sec) time(sec) time(sec)

49 Horizontal Movement of the Ankle Horizontal Movement of the Ankle Horizontal Movement of the Ankle

Horizontal Position

56 time(sec) time(sec) time(sec)

58 Figure 5: Hardware averaging recording obtained 4-week post-implantation in a chronic dog. A) Up to 8 parallel

59 devices per contacts were used to record the neural activity of the sciatic nerve in dog while walking on treadmill. The outputs

60 of a single , four and 8 parallel OTA devices are shown for the same time segment. The corresponding movement of the ankle
was measured and plotted to compare the movement outcome to the recorded activity.
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magnitude neural activity. The ankle movement is synchronized with the alternating ENG activity profile
during rhythmic movement of the ankle during walking.

A parameter of interest in quantifying this effect is baseline noise reduction. It was defined under three
conditions. The “contact” baseline is the noise level calculated as Johnson noise alone for each
contact. The “sedated” baseline is obtained while the animal is sedated and lying down. This noise
includes contact noise as well as intrinsic amplifier noise and low level neural activity. The “functional”
baseline is obtained with the animal standing still on the treadmill and includes additional neural activity
related to maintaining standing position.

As the number of parallel amplifiers is increased, both the functional and sedated noise levels are
decreased significantly towards the lowest possible limit indicated by the contact noise value of 0.69 +
0.13 pVgus (Fig.6A).The sedated baseline reduction (46.1%) is more pronounced compared to the
functional baseline noise reduction (36.2%) at N=8 due to the fact that the sedated baseline includes a

larger portion of the amplifier intrinsic noise. The sedated baseline noise at N=8 is 0.93 + 0.06 UVgrus

Z

[ 1 Sedated
I Functional
D [ 1 Contacts

[A%]
I

Figure 6: The effect of hardware averaging on
recorded neural activity. A) “Sedated” and
“functional” baseline noise levels improve with
increasing number of amplifiers in parallel
compared to the noise of a single “contact”
measured at 1 kHz). B) Power spectral density of
a 10 second segment of the “sedated” baseline for
N=1,4 and 8. C) One second segment of the
“sedated” baseline recorded from the same
contact. B and C shows that the improvement is
more pronounced for higher values of N. ol L

o
I
H

H

—
I

bt
wn
I

Measured Baseline Noise [ 1V RMS)
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2 which is only 0.2 uVgrus above the lowest possible noise generated by the contacts indicating that this
3
4 new amplifier design contributes little to the total noise. One-way ANOVA with post-hoc t-tests on the
5
6 functional baseline showed significant improvement between N=1 and N=2 (P = 0.008). Further
2
g reduction by increasing N beyond 2 was not statistically significant until N=6 (P = 0.015).
ig Another parameter of interest in cuff recordings is the SNR. To determine the impact of hardware
12 . . . . .
13 averaging on this parameter we introduced the functional SNR (fSNR) to reflect the dynamic range of
14
15 activity that is generated during walking. fSNR is defined as the ratio of the highest and lowest activity
16
17 levels for each gate cycle, then the mean ratio was obtained over 50 gate cycles (Fig.7A).
18
;g Fig.7B shows that values fSNR increases as the amplifier count is increased. One-way ANOVA with
g% post-hoc t-tests showed the first significant improvement at N=3 (P = 0.01). Further improvement by
gi increasing N beyond 3 was not statistically significant until N=7 (P = 0.04).
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S0 Figure 7: Functional SNR. A) The local maxima and minima of the rectified recording within each gate cycle were traced at
51 N=8 to measure the functional SNR, then the time stamp for these points were repeated among all other N count. B) The effect
52 of averaging on the fSNR. The central mark is the median, the edges of the box are the 25th and 75th percentiles, and the
gi whiskers extend to the most extreme data points not considered outliers.
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C) Optimization of the number of parallel devices

14

The minimum for V,, from Equation (1) can be obtained and yields a unique value equal to:

€n

(for |Zyel >> 1Zyel ) 3

NM' i ==
mimum ln |Zwe|

For the RHA2132, Nuinimum= 87. This large number of amplifiers increases the power consumption

significantly and this approach in choosing N is not practical. Here we seek to determine an optimum

value of N for given amplifier design that will minimize both noise and power for a given source. The

noise efficiency factor (NEF) is normally used to quantify power consumption for a given noise level [22,

23]. For N devices in parallel, its value is given:

(N'e:'(we) +e$!+N2i$!|ZWEIZ) 210
NEF = 4)
7 Ur -4kT - BW

where |, is the total supply current for a single
device, UT is the thermal voltage, BW is the
bandwidth of interestt T is the absolute
temperature, and k is Boltzmann’s constant

A plot of both the relative NEF and V, as a function
of N (Figure 8A) shows that the relative NEF
increases while V, decreases with increasing the
value of N. Therefore, an optimization algorithm is
needed to obtain a value of N to minimize both NEF
and V, simultaneously. This is known as a

multivariate optimization problem that can be solved

by minimizing the following objective function:

NEFN—NEF pin
NEF(N=1)

E =W;- (M)Z + W (

Vn(n=1) )2
(5)

where Wy,W, are the weights for each variable.

There is a unique value of N to minimize E for each

Total Input referred Noise with

Ao oo 25
; n A

[E— NEF(N)/NEF(1)

------- Thermal noise of 4kQ source

4kQ Source (nV/A/Hz)
Normalized NEF

2 4 6 8 10 12 14 16 18 20

5
~

: 5 10 15 ]
Parallel device count with 4 kQ sourc

Optimum Parallel Devices Count

Source Resistance (k)

Figure 8: Parallel devices optimization for RHA2132 chip.
A) Effect of increasing N on the total input referred noise and
the normalized NEF. An optimization approach is applied for
to determine the optimal number of amplifiers. B) Optimum
value of N vs source resistance. For each source resistance
value, optimum N minimizes the parameter E that represents
the voltage noise reduction with respect to cost of NEF
degradation. An insert shows that that a value of N=3.5 is
optimum (minimizes E) for Rs= 4kQ.

Page 14 of 19
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value of Rs. These optimal N values were calculated and plotted in Fig 8B. As the value of Rs
increases, the optimum value of N decreases and a lower count of parallel devices is needed to get the
most power efficient amplifier design for a given noise level. Different weights can be assigned to give
more emphasis on either the power efficiency or noise reduction.

Applying this optimization method to the 32-channel RHA2132 with equal weights assigned to
power and noise (W1/W,=1) yields an optimum N of 4. Changing the weights to emphasize noise
reduction over power consumption (W1/W,=4) to the 64-channel RHD2164 yields an optimum N of 8.
As a result, two 16-ch low-noise amplifiers were built using these two options and the measurements
reflect a decrease in noise for N=8 but also an increase in power (see Table 1).

RHD2164 showed higher noise level than the RHA2132 chip (up to 20%) and most of that extra
noise was spot noise observed at 5kHz. However, the advantage of using this chip is that only 10
interface lines are needed since it has a built-in A/D converter, and the digital LVDS output format
provides superior noise-immunity. Also it is available in 7.3 x 4.2 x 0.2 mm?® bare-die form. These

features make this option a favourable choice for implantable neural recording applications.

Measured Noise
(Rs=4kQ, 700Hz-7kHz)
: Chi W/W : 700Hz-5kHz 700Hz-7kHz | Power/Channel
Option p /W3 | Noptimum (3.3V supply)
1 RHA2132 1 4 0.77+0.02 yVRMs | 0.90+0.03 pVRMS 1.63 mW/ch
2 RHD2164 4 8 0.68+0.02 uVRMS | 0.79 £0.04 pVRMS 4.6 mW/ch

Table 1: Noise measurement and power consumption for 16-channel ultra-low noise amplifiers based on
RHA and RHD series chips. Different noise and power emphasis was used by changing W1/W2 in
equation 5. Note that the 4kQ source by itself generates 0.6 pPVRMS thermal noise, which is included in
these noise measurements.

IV. DISCUSSION AND CONCLUSION
Hardware averaging can provide a practical approach to ultra-low noise amplification for neural
recording with high source resistance cuff electrodes. This approach improves the noise performance
of existing acquisition devices and an alternative of implementing a customized ASIC design flow for

similar applications. The noise levels achieved with this design are comparable to those obtained using
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either an input transformer [11, 16, 18, 29, 31], or a low, voltage-noise solid state amplifier [24, 28] for
single-channel whole nerve recording and contact impedances less than 1Kohm.

The noise reduction effect of hardware averaging at the acquisition system side is prominent for
lower source impedance values (Fig.4) where it can be approximated to a VN reduction. As Rs is
increased, the source-induced noise (V,) becomes the dominating factor, and since the source-induced
noise is not random among the parallel OTAs, it is not reduced with averaging leading to a reduction of
less than +/N in the presence of high source values.

The selected OTA has low input current noise (50 fA///Hz). This criterion is essential in choosing
the device for hardware averaging with high source impedance. High current-noise devices (BJT input
amplifiers in particular) will rapidly shift the resulted V, away from a +/N reduction and can even
degrade the noise performance if the cumulative current noise effect exceeds the original intrinsic
voltage noise. As a result, these devices can benefit from averaging only if Rs is very small and should
be avoided for high source applications.

Connecting one amplifier per contact then averaging the outputs of several of these electrode-

amplifier units will result in a full N reduction regardless of the source impedance value as reported in
[27, 32, 33] since the source-induced noise is random among these units and all the terms of V,, will be
reduced by the same proportion. This scenario can be applied to multiple contact cuff recording by
averaging the recordings from multiple adjacent contacts. Although spatial resolution of these
recordings will be degraded, it can be useful for whole nerve recording or selective recording from small
numbers of neural sources.
The implemented multi-channel amplifier was used to record physiological neural activity from dog
sciatic nerve under chronic preparation. Reducing the intrinsic voltage noise of the amplifier was
sufficient and could reveal neural signals that were originally below baseline noise level with a single
OTA (Fig. 5). Both types of baseline noise (functional and sedated) were reduced significantly and the
majority of the recorded noise at N=8 was induced by the source (Fig. 6A).

The functional SNR was defined as the ratio of maximum and minimum activity during each

gate to represent the usable range of nerve activity that is primarily produced during walking. A
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significant improvement in the fSNR was observed with increasing N. The recorded neural signals can
be processed further with spatial filtering algorithm (i.e. beam forming algorithm [13]) to create an
image estimating the source activity in the nerve’s cross section. The accuracy of these estimations
depends on the SNR of the recorded activity to uncover the underlying activity detected by each
contact.

The impact of hardware averaging is predominant for lower number of parallel devices, and
becomes less significant among higher values of N. Therefore, arbitrarily increasing N to target the
lowest possible V, is not practical and the improvement will not justify the required increase in power
consumption. Therefore, a cost function was introduced (E in equation 5) to balance these two factors.
Equal weights were assigned to the power consumption and the noise. Minimizing E (Fig. 8B) could

provide a unique N for a given source impedance value.
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