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“

,regenerat1ﬁg nerve fibres is .being developed by a' =

'. . . ' - . .-\
Y ABSTRACT . ' :

.
-~ ) L] we -

wv\‘A new electrode implant method'fof recording,

sxmultaneously, the ‘electrical act1v1ty from several’.

phys1olog1ca1 researchgroup ‘under thé'Ieadershlp of

"'Dr.. R. B. Steln. These implants, called "regeneratlon

2

electrode units" (REUs) haVe been successfully used to E

record nerve 1mpulse activaty from the scxatic nerve ‘of .
the Xenopus 1aev1s during unrestrained leg movement. In
the present arrangement, _now being -tested on cats, several

fine srlver wire leads run from the REU device to a

.biolo icall inert "skin button" containin a multi-pin
og b4 g P

. socket. A.multi-channel amp11f1er arrangement is requ1red

to 1ntefface .the REU to recordlng and/or prosthe51s control

"systems.

,
. .

A detailed|stu&y.of'tﬁe electrode double layer

impedance mechanisms is made to gain data for the amplifier

’

1nput requlreme

An ampllflcat1on method to fu1f111 the . 1nterfac1ng

\ 8 .

requirements\is pro ed and tested The' technlque pro-
v1des a means for low noise, interference free transm1551on

of 51gnals_from the REU, via long unshielded leads from the

'drain and source connections«of a field effect tran51stor-f

connected to the REU at the skin socket.

N

iv
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. . CMAPTER 1 . ' -~
. : ~ [ “ T

g fMPEDANCE.THEORY OF ,METAL ELECTRODES -
. \ i

1 Introducgign : . ,
/2' Netal electrodes are extensxvely used for thé
extra.lular investigation of’ neu‘ral electrical actwity‘
Q}mply speaking. the electrodes are used to- COnduct to the
,recnrding apparatul®,’ the .potential varxations caused by
- exnracellular ionic c;)rents responding to nerve actxon

potqntxa]s The recently deyxséd regeneratxon electrode

'Vunxt (REU) descrxbed in Sectxon 1.2, is a specxalized elec-"

trqdeQinvolving an array of-ten or more silver efcctrodes

' »
the 1nterface between the elcctrode metal ‘surface and the

! &

-

electrolytxc so}utlon surrounding the body tissue. When
the éiectrodc is:placed in‘contdct.witﬁ.the electrolyte,
'eléctrdchemicél rc;ctions'occbr at the interfacé The ’
"passage of charge across the 1nterface produces a charge'
-separatloh causing the 1mpedance to become capaC1t1ve ﬁe-
Caqsq_th; ;urface area of the’ REUs is small (approximatedy
S x’lO'A5 cm?), che interfacc‘impédance will contribute. a
'significant amount to.the total electrode {mpedapce. In
addition’to the‘dforementioned interfacé'capacitancc. there

-

is a diffusion process present when an external elqglifc

'Field 1s app11ed ts.ihq.slectrode As a_result of this .

d1ffu$40n process, the electrode impcdance.resulting will

.

+ Ay A s - . -
display an R-C characteristic that is distributed rather

e -
.

Electrodc nmpedance is sngnlfxcantly compl1cated by

\



. X . . ’

than lu;ped Norma!ly, wlth lgrger electrodc; . these

meehanlsms are less significant in (omparlson to the resis-
“tance Jrom the bulk of th? solutnon and they are ‘ignored, { -

They cannot be |anrcd however in the case 2: small

\.
-clocbrodes

. \d
To furtbercomplnca.te matters. m)c impedance ’

mechanxsns dopend cons1derably upon’ &h; metal. typg .mdﬂhe
electrolytc lngreJients ahd cohcentrat»on Voltage- ..
‘dependent non- linoefities in the nechanisas may also
.‘severel dlstort the externally applied sxgna]s and affect
the rccordxng resu’ts ConSequently, the clectrical '
‘thTdCtCTlStICG of the electrode ptay an important role in
decxdxng upon the recordxng amplexer lnput specxfxcatxons.
Con<1derat1pns of particular importance are thoso of .
.. impg¢dance magnituades, frequency dependence, dmplltude nop -
_ linearities; elec rode shunt capac1tance, eféctrode \
':physqcai requ;rements and also the electrode ampleler‘
noxse requ1rements As an example, the. impedance magnitudev"
will play an 1mportant Part'in determining whether the |
amplifier input dev1ce should be a blpolar transdstor or ;
field effect’ tran51stor

The qubsequent sections of tHs chapter attempt to

bring together much of the w1de1y scattered information on
electrode theory found in electrochemlstry papers and text-
books, hus prov1d1ng a more thorough understandlng of the
electrode- <allne interface. It is hoped that in addltlon

to supplylng 1\format10n needed to specify the ampllfler
T a



1nput requirements to accept the regeneration electrode
unit, the information wili\be of 'value towards providing a
more rat1onal approach to the REU's fabrication and use,
.(i.e. in terms of specifying predlctable and Lons1stent
impedance-;evels_for the electrodes). This will prove ?ﬂNk_
be of pgrticuiar value as far as impedance matching of the
electrodes to the amplifier is concerned. Reproducible and
~re1iéb1e nerve %ignals will be required, particularly if
the REU proves to be a worthwhlle device for neural control
:of ,Aartificial limbs. Con51stenn electrode impedance will"
also be of value durlng differential recordings where
balancing of source 1mpeddnge is necessary to optimize’ the
common mode reJcctlon of the amp11f1er y b
The e}ectrode impedance theory of this chapier will
be qpplied in-ogtaining measurement~informétion on the
fﬁpedances of the REU devices in chapte; 2. Ap equivalent
ciychit of the input source is made in order to specify the
input propérties of the recording amplifier In the remain-
ing Chapters a v1_fle method of ampl1f1catlon of the REU

“

31gnal will be discussed and tested

1.2 'The Rggeneragigg_@)ectrqgg Unit : .

" TMis defice has been developed to‘?ecord impulses
from many nerve fibres simultaneously with the same device.
It 1s célled a Réheneration Electrode because it relies
Solely UpoR the'reqéneratign of peripheral nerves through
1t for its operation. The device basically consists ofva
number of parallel cylindrical holes (10 holes at present)

~

Fe N

)



approximately 100 microns'in‘aiameter dfilfed perpendicu- .
larly through a flat epoxy plate (for construct1on and
structure detalls refer to Mannard Stein and Charlés, '
1974)- A hole is drllled so that ic 1ntersects at rlght
angles through a 76 mlcron dlameter silver wire embedded

m1dway in the th1ckness of the epoxy slab. .. The silver

K

wires are placed as close'together as 1is technfcally
. N ' ; ’ -

possiblé.

-The device is then inserted between the two ends of
a cut nerve so that durdng regeneration some of the nerve
fibres will grow through the.holes; Thus, a passing nerve
spike will generate a‘potentia1~difference'across the |
e~§e§istance of the extracellular fluidS, contained between
the center and the oq;side of the hole; If the fluid ®ut-
side thé hole is‘he}d at ground potential.thqvwire at thg
center of the hole will act as an electrode and recqrds a
triphasic (Stein and Pearson, 1971) action potentijal.

It has been predicted (Stéin, R; B. in private

communication) that the recorded signal strength at the

electrode will be about 50 microvolts peak amplitude. The

triphasic peak ampliFude 1s given by (Stein and Wong, 1970)

L,? .
VS = C(U) . {1.1}

where L is the length of the hole, D is the hole diameter

©

and C is an empirical proporbionaiity constant that is
temperature dependent. Typically L is 1 mm. with optimiza-

. . , N 2 . .
tion between signal strength and ionic diffusion.

N



'111ust

[

A cross- $ect1pnal v1ew of a single hole 1is

i I
rated in Fig 1.1. o

The re51stance across which the recorded potential®

will develop may be predicted for low frequencies from:

1
where

for Ri

kilohms ‘are expected. The ‘impedance, due to the. saline-

sitver
requir
dence

signal

. .
1) - . CE

-.’R . -
R="7
L - . .
7 1 -7 . ’
- = o)
- - z D i
' “(7) -
_giving, R = Jl’)—lz‘- (1.2}
hif . -

o is the fluid resistivity which is near 100 ohm-cm.

nger.solution. Thus, resistances in the order of 30

»

‘interface, however, is much more complicated, and

eé'sbec1al attention as non-linear frequency depen- .

may affect electronic amplification of the electrode

S.

1.3 Historical Preview of the Electric Double Layer.

exist

When a metal is placed into a solution there will

a potential difference across the metal- solution

interface. Nernst in 1889 (discussed in Butler, 1951) exr

plained this phenomenon as being.due_to the differ¥nce

betwee

n the solution pressure of the metal and the osmotic

-

pressure of the ions in the solution. If the difference

favoured the solution, the solution ions w111 be forced to

adhere

proces

to the surface of the metal to form a thin layer (a

s presently -known as adsorptaon).. This w111 continue

7l
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H.t1on as a capac1tor.‘,1f a charge per wait: Aréa o on each

to happen,;untll'the electrlc forces due to the unbalanced o
charges are in equ111br1um thh the pressure dlfference..
Thus,'there will exist at the 1mmed1dte V1c1nrty qf the ]

: Lntemphase a separat1on of ionic charges ‘called an’ IOﬂlC. |
double'layer. Helmhfltz (dlscussed in Butler, 1951,

Chapter 1 .and 2 :D es, 1967) treate} ‘this charge separa- 'f

_plate of the capac1tpr is %eparated by a distance d the

capacitance of the double layer is predlcted\by. : ' "

.. 9 ’ e , » s
C'¢ . 4

', . .

’.@here xk is the diélectric constant of the medium and ¢ is ‘f {:f
.the potent1al dlfferen:e between the plates ‘hls however
‘predlcts capacitances much hlgher than those Ilﬂf\fed
'exper1menta1ly. S

13

) 'The Guoy-Chapman model (Davies, 1967; Butler,

Chapter 2, 1951; Delahay,1965) later compengaced for the

i.thefmal and mechanical mobility of the liquid ions. This
model plctured a r1g1d layer‘of jons on the metal side of
.the 1nterphase and a diffuse layer on the solut1on side. ¢

.The concentration of ions decreased in an exponential
fashion with. distance away from che fgkerphaee. An approxi-
mate éxpre551on for the concentratlon d15tr1but{;n for
ions, which do not d1sp1ay any . spec1f1c preference to the"
metal with which they are placed in contact, follows a

t

Boltzmann dlstrlbutlon (Delahay, 1975), thus:



< .

a

y where C ;s the concentrlnion of !ons.at 8, pdint in the

diffusion’ Iayer where tho potontipl is 0; Cd is thg concen-
trat1on of1ons in the bulk kolution z is the ‘valency of

the 1ons, k is Boltzmann s constant I- l 38 x 10 -23 joules/

. molecule K), T 1s ‘the absolute twmperature and q is thq

14

19

electronic charge ‘(= 1.6 x 10 cOul). In 1924 Stern

.

(Davies, 1967; Butler,'Chapter Z, 1951, Delahay, 1965) ‘com-.

-vP1ned the double.gayer models of Helmholtz, Guoy and

L]

. Chapman. He proposed part of the charge to be f1rmly ‘bound
‘.ﬁto the metal surface and the rest of the charge to be

'“loddely bourid and exist as a diffu;e layer.  This“picture

as modified by Grahame (Grahame, 1947) is the presently

AR , | .
r\‘aqpepted,model.pf,the double layer aand will be, the basis

of the remaining discussion of the subject. There,are many

recent reflnements to the theory, but these will be(@ﬁrgeIY.

. 4

bypassed as they will not offer any dramatic changes in the

theory'needed to descrlbe,the impedance chhraqter1sb1cs of .

an elec'trode. T .

1.4 Modern Description . . ) RN S

The double layer in equilibfium is described in two

regions as shown in.Fig' 1.2. Immedlately adjacent. to Lpe-

solid surface 1s the compact layer; or inner layer, only -a
few molecular dxameters in thlckness Follow1ng this layer«:'

'ls the'dlffuse layer,~or ‘outer layer, of molecules which

decreases in concentration out towards the bulk solutipn.
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~of hydratlon then would

v N T

v

Since the entire interphase system is electrostaticeily
neutrel. there must also exist on the surface’ af the metal

an excess or defxcxt of e1ectron1c charge imposed by the

charge transfer during the adsorption prooqhs..

10

Depending on the eleqtrochemicel properties of the-

different ions in solution, it is generally found'that in

o

most solutions there are specific-ioﬁs and sometfges even

neutral substances that w111 show a specific preference for

'adsorption and will cling tightly to tho metal surface.-

‘cally adsorbed under favorable polarity and magnitude of

charge on the.electrode_surface). The exact reason for this

. (Delahay, 1965, P. S8, states that any ion can be spec1f1- e
[ J

wspecific adsorption™ is still controversial. Normally, an

ion'in'solution'is surrounded by attracted watey molecules s
forming alhydratiOn sheath. ' Forces, other than electroa

static attraction called London Forces, exlst that may act

on the ion cau51ng it torpenetrate the hydrat1on sgg?th

boundary and stick diregtly to the metal ‘surface. The degree

Edeterm1ne whether an ion could, get
o e

ed. It is generally agreed that the spec1f1c adsorptlon

forces are short range forces Gr‘ﬁame has suggested that

the forces may be due to-a form of covalent bonding at the

-close enough to the metal surface to be specifically adsorb-

metal surface. Also iomns with hydrophobic ends would receive

‘less resistance to their approach to the metal surface.

If an ion does not display specific-adsorption

.tendencies. toward the metal, then the forces of attraction

o .
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7

B!

-
-

wili noi be groii énough to separate the ion from its
hydration sheath, and the ions will form a second layer’
behind the specifically attractod ions. This layer is

celled tho outer Helmholt: layer. Thus. the conpadt
layor m\y actually’ eonsist of two sub- layers. Usually
the inner Helnholtz layer tonsists of anions secause of
their greaten polarizability and compressibility

sy In its modern form the compacb layer is modelled ;L.

as two discrete pqrallel layers of opposite charges, the -
innermost layer generally-being a coﬁpact regular array of
anions held in place by strong close range forces.' At the
outermost layer the forces will not act as strongly and
thornul.vibrltion will sonwhnt disrﬁkt the regular arraf®
of eatiéns. Due to this seplration of.charge there w111 be
an*electrxc potent1al appearinﬁ'ﬁqygss the compact 1aye§,
Assuming a uniform d1e1ectr1c constant x'%cross the compact
layer and neglecting the thorlal d1ffus1on of the outermost .
layer, Ershler and Grahame (Delahay, PP. 68 to 75, 1965 | .

!

Grahame, 1947) estimated. th1s potent1al as:

. 4wa(x x,) ’ S ' ' -
Ty, T T . \\\ | (1. 4)

e

The term LIV denotes the poteniial difference between
: X2 ‘ - BN
the Letal surface and the outermost limit of the secend

sublayer of the compact layer. Distance to the locus

i“

connecting the. electrical centers of the inner Helmholtz

layer is x, and to the centers of the outer Helmholtz

layer is x,.

»

The potential is considered to be°éntire1y
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duc to the charge Q of the inner Helmholtz layer, and
the diffuse layer adjoiniq“;i%\compact layer has been

considered ‘as completely o‘;y;’table

When adsorption of ions is nonspecific the forces in-

.

volved will be due to coulombic and chemical

As already mentioned, these ions will not be [ble to approach

the clegtrode surface any closer than the'outﬂt Helmholtz
plane, as-they~w111 be separated from the in e He}mholtz

plane or surface of the megtal by'a layer of r of solvent

M
molecules. At this plane the concentr tﬁ . will be
maximal and compact, Movxng away fré llayer to-
wards the bulk solut1on, ‘thermal ‘agitation will Yyave an in-

creasing tendency to overcome coulombic forces, and will dis-
[ 4

ponding effects. '

rupt the molecular organlzat1on.unt11 f1na ly it is the primary .

‘disturbance. This reg1on is called the d1 use layer

‘The d1ffuse layer ions behave as an \jonic atmos.
phere' surrounding the electrode and ha:: been descrlbed by
the Debye—Huckel.equatlons (Butler, Chapter 2, 1951;
Grahame, 1947). Poissons equation is used to describe the
potential variation ¢ aiohg one direction x perpendicular -

) ) -
to the electroJ%'surface:

. o . | |
——2—’ ‘-c- . . {1.5}

‘The permittivi}y of the solution is € and p the charge per

'unit volume is determined-By. the sum:

p = In z,q ] | {1.6}

where n. is the number of ions per unit volume at the
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'position where the potential is ¢ and 2,9 is thq cﬂarze
of the ion. An expression for n1 is obtninbd from ﬁpe
Boltzhann,Distribution equation as:
.

) S TN T !
where Wi is the-work fequired tadbring an ion from the . \
bulk,jf the solution to the potential ¢, k is the Boltz- |\

mann constant, T is the absolute temperature and nos 1s the

number of ions per unit volume in the bulk of the solution.

Hénce}_ ' LA | z.q¢
e en KT - YT ,
p = In .z;qe -znoiziqe | {1.8)‘

since W‘ = ziqo the electric work done on the 1on. lSubsti-

tution of Eq. {1.8) into Eq. (1 5} nges

_ ' 2 ‘ . c z‘iQO T \ * .
d - kT 3
—_% —% In ;2;€ _ ‘ {1.9)

Solving this equatlon from ¢(x) involves fntogratxon of the

following expre551on (Grahame, 1947):

- -

x T
S dx = -
b'e

S

L o
¢
EF%H— } J- csch %%% de¢ {1.10}
¢

o s .

wheré'x'

s is the distance out to the bulk solutsion and we

define ¢ the potential of the bulk solution as zero

‘potential. Integration gives:

o oy 3
x = x-x_ = -| —KT | 1. tanh | 2 {1.11)
S [ 22%q%n, IE%

Defining the Debye reciprocal length as:

¢

13
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2z q n,
[ L
N DR | 2q- ‘ . |
then, . x i 1n tanh [IF%"] ) {¥.12) .
or, . ‘¢ = ¢ 1%— arc tanh e’fx ‘ : {1.13%)

For low concentration soiutjons tHis expression may be
approximated as: ) .

. . ] .
- 4kT _-2x .- .

(1f tﬂe(solution contains only-nonipegifically adsorbed

‘ions, the charge peér unit area on the metal electrgde

-

surface Qy will be balanced by an é‘;al and opposite charge

'pei.nnit area -QM contaimned in the diffuse layer.” However,

if specific adsorption is present, the diffuse'léygr will

contdin an ‘additional charge density qs'bélahcinﬁ'the‘ex-

cess charge density due to specifically adsorbed ions in

the inner Helmholtz pléne. The charge per unit area of

surface charge density is defifhed as:

Q= f pdx - | {1.15}
X

_and is the total charge contained in a,column of solution

extending from the plane of discontinuity into the bulk
éolution where 0 ='b. '

Potential profiles of the entire double.la&er are
shown in Fig:-l.S. Fig.~1.3(a) is the case where the

adsorbed charge in the compact layer is less than the charge
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on the metal surface, while Fig. 1.3(b) is the case where
very strong adsorptive farces collect a charge that is
greater tﬁah the metal charge. “The poténtill acrpss the
compnct layer is approximated as hauins A linear dependence

(Eq. ‘)Ppnt.he distance from the surf.co. Although this

‘does noty 'rdate a serious error,‘it is Clear tRat the depen-

dence is more complex due to changes’ with distanco of the

dielectric constant of the mediu Parsons, . 169, 1954).
; S |
1.5 Polarlzable and Nonpolarizable Electrode Interfaces

If an 'xxofﬁa otential difference is applied
etween a metal electrode and the 'bulk solution into which
t is immersaf, apd no flow of chargé OCGCUTS across the.

Lnterface bouﬁ!pry, tho olectrodc is snid to be. behaving a8s

an ideally polarizable elpctfode (Moh11‘fr, 1966; Breyer,

. 1963; Davies, 1967 Par§ons, 1954, Parsbnz 1970¢! BockTis

and Redd}, 1970): The behavior is entirely governed by

the separation of charge in the double layer, and the
potential difference gradient across the interface is
easily changed by the external power source. This action

is analogous to charg{ﬁé a non leify capacitor. The equfli-
brium attained ds an eleqtrastatic equilibrium of separated
balanced chakxges. Currént flow will be’éhtirely a dis:
placement current that will irreversibly polarize {he
interface. On the other-hénd, if charge.can freely migrate
across the interface, and despite the current flow the

interface layer does not wander away from its equilibrium

potential gradjent, the electrode will behave as an ideally

14
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nonpolarizable electrode. This action would be similar

*to. that of applying.an edternal potentialadifferenoe to a
B 2

S

‘shorted capacitor.

Real.electrodes which can satisfy either of these
e . »

*deal extremes of course do not exist,. as pelarizable *

. o

electrode intetFaces will leak current to some extent and
S A

ﬂonpolari:able.intérfaces will change their potential
; . . :

"slightly. ' Diftinction is made only in the relative degrees

of polarizability. The degree of'polarizability of an
electrode interface is govejned by electrochemical faradaic

processes in the form of oxidation and reduction.reactions,

[

which control %hf rates at which charges can transfer
acfoss the‘inferface boundary.

Fig. 1.4 sho&s a simplified represeﬁtation.of the
eftivation tnergy barrier that an electron must tunnei
through,during such a charge tdansfer reaction. The height
of the activati&q energy barrier that the electron sees on
the solution side during the oxidation reaction is given by
the product of the metal work functipgn -qa¢ and the‘barrESr
. . &
symmetry factor 8. A¢ is the potential difference required
to remove the electronic charge, q = 1.59 % 10°1° coulomb,

from the metal surface and 8 is defined by

Distance across double layer to energy barrier peak

8 l'otal distance across doggle Tayer

Q
Conversely,vﬂm:energy barrier height the electron sees
during the reduction reaction (seen from the metal side of

the double layer) is (T-B) qa¢. Thus, application of an

2
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Figure 1.4

Distance from Ele'cwode

Double layer energy barrier that electrons
must surmount during electrode reactions.
The symmetry factor 8 is determined by the
ratio:

ol

€ = i —
1 XZ
X1
' ' = ————— = -
and 8' by B8 Xl X3 (1 B).
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external EMF will have the effect of incrééSing the energy

barrier in one reaction direction while decreasing ‘it in
fhe other.

When ' no extérnal EMF is applied to the eleétyode a
stand off condition exists between the oxidation énd re-
duction exchange. current rates, a;H a net compfomising
equilibrium exchange current density Jo will exist g1v1ng
rise to an equilibrium potent1al difference across the
interface. This phenomenon is 51mllar to the coQtact
'bbtent1al difference experlenced at the junction of two
.d1551m113r metals. Upon applicdation of an EMF however,'a
nonequ111br1um current density j is created due to a
difference in the oxidation and reductlon exchange rates,
and the interface potentia% difference will depart from
Tits equilibrium value by an amount E called the nonequili-
brium~overpotential. The relationship between j and E can
be determined by theButler - Volmer equation of electrodics
(Bockris and Reddy, 1970):

(1-8) 53 ppd N
(e -e

) o= jo ) : {1.16}
where q is- the electronic charge, k is Boltzmann's con-
stant and T is the absolute temperature. In most cases

where electrodes display little ctirrent rectification

tendencies (an effect known as faradaic rectification) the

symmetry factor, B, will take on an approximate value of 4,

thus Eq. {1.16} becomes:

e

jo= g (efF e 2K

19
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or, "j = 23, sinh Spp o . aan-
Hence equal positive and negative overpotentials will
produce equal ex%Pange currents, as shown in Fig. 1.5.

~ When eipanded in a series Eq. {1.17} may be reduced

to a linear approximation of the form: .
AN - (1.18)

%T <1 or E<26 mv at ‘room temperature _As an example,

at E = 20 mv, percent error in the 11near approximatlon
will be -2.5%. This linear dependence between current’
den51ty and overpotential andlcates an ohmic behaviour of

the electrochemical reactlon currents at low externally

applied voltages. We M3 Tewrite Eq {1.18} as:

OMSJ ‘
where °MS = 23 is’ etal-solution interface resisti—
V1ty. Close exam1pat10n of thls re51st1v1ty identity:
o 3E _ kT . '
= o T .o 1.19.
°Ms T 33  aj, : : { }

reveals the polarizability of the electrode interface to
depend on. the magnitude of the equilibrium exchange current
[ J .

density j . As j_ increases to very large values:
Y J, Jo . : ge. €

.lim PMs = lim %% = 0
| Jo--nn JO—N’.

the interface becomes ideJiiy conductive and tends towards
ideal nonpolarizable electrode behavior. If on the other
hand j becomes very small:

1im
j 0

PMs
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. "
~ and the electrode interface ?pp:oeches‘ideally‘?olarizable
behavior. - : } o o {i‘

As an example, consider a pufe silver.electrode
immersed in an aqueous solution of potagsium'and ch10ride
ions.™ A conce1vab1e process would be the flow of s1lver
ions into solutlon and the reactlon _

Ag“Ag ee . . {1.20}
E However, the .ctivation cnergy is large so that only a
.small exchange current would: result. The dxscharge of -
sQlution ions 1nto the metal is not lrkely to occur and so
the electrode behaves as a polar1zab1evelectrode.

If the silver electrode was instead immersed inui
an aqueous solution of silver chloride it.would bethe
quite differently. The reaction {l,ZO} occurs readily and
quickly, and will transfer considerable charga due to the
siIver ions already present in the solution Here the
electrode behaves as a nonpolarlzable electrode.

A polar1zab1e electrode may be converted into a
nonpolarlzable eIectrode by creating .an adherent layer of
salt.on 1ts surface Anaexample of such an electrode is
the silver- s11ver chloride electrode in which a layer of
silver chlor1de is produced on a wire by electro-deposi-
tion. When immersed into a‘chloride solution, and.an
- external potential is applied, the reaction will be: . 3

Ag + C1™ = AgCl + e~ - B {1.21}
If the metal is»placed‘at a nositive ﬁotential,ﬁith

respect to the solution, silver ions on the surface will
yatief



L P %
'ef‘}act chloride jons from tne solution. When the‘potenf
}'tia‘h@s reversed, chloride'ioni will be diséharged into
sola}xon. o o '
1. 6“*he Electrode Impedance

‘Now equ1pped with a better _picture of the electrode
't double layer process, we are 1n a positxon t"formulate the.
1mpedance pathway that xnfluences electrode current flow
'response to externally applied VOltages. Stlrting with the
rdelectrode metal 1nterior the current flow will encounter a ’k"
small resistance ph1ch we w111 denote as RM Then, once
"reachlng the interface boundary, the impedance w111 depend
largely on the polar1zat10n of tne double layer and the
magn1tude of the exc1tat1onovoltage Two pathways are o~

’avallable, these be1ng the capacitive and conduct1ve path-
ways. 'If the electrode is hlghﬁy polarizablezthe impedance
(behav1or will mostly depend on the separation of charge

' across the double layer boundary. Thls capac1t1ve in-

\ fluence, which we will call CDL' is tultage depend&n& if .
the exc1tat1on amplltude is large (Bockris and Reddy, 1970}
but remalns fa1r1y constant at lower amplitudes w1th magni -
tudes in the order of 10 to 20 uF/cm? | Alternatlvely, the
electrode may be highly nonpolarizable_causing the impedance

. to depend on theonndpctive excnange current reactions

"across the déuble layer.  When excztatlon voltage is low

the res1st1V1ty behaves linearly according to Eq. (1. 18):
e ' - _ kT |

PMs ET: » ' {1.22}-
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. e o
thus allowing undistofted passage of exchenge current.
Differentiation of Eq. L1;17} gives the incremental high.
voltage resistivity as: |
‘ - »., : - 3E ‘ ' oo o .
3 DMS ﬂ' . . .

- %}e sech g%f .-
] 4
'.2kr ;&E'IV I -

or, PnS * ET— e “° . L e {1.23)

when ET >>1 or E 5> 26 mv

: which 1ndicates ‘that severe dxstort1on of curre*ﬁnwxll
result at hlgh voltage if the double layer 1mpcd\nce com-
prlses a large port1on of the net e{g;trode 1mpedance
Re51stance due to the exchange current re51st1v1xy W111 be

-

designated as RpL and will be combined in parallel with Cp,
s1née the interface must support both currents 51mu1tan-

eously (especially when behavior is somewhere m1dway between T
the polarizable and nonpolarlzahle extremes).

’ Temporarily bypassing the diffusion zone and focus-
1ng attentlon on the bulk solut1on, the conductxon process
here is a ;esult of electrolyte 1on'dr1ft responding to the
externally applled'electr1c ‘field.  The impedance therefore,'
&ill-demonstrate.ohmicnbehavior (ﬁockris and: Reddy, 192!)

and at low frequencies may be represented as a pure

tance, RS.

. Returning now to the diffusion zone, we fi
due to its frequency dependence the impedance canno

.
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,represenied in anynsinple manner as 1§ is'andistribuied

'parameter system due to the ionic difgusion. - The'charge.u

xransfer process in salt solutions is ffueion controlled

p

+" and 1s descrihed by F1ck s D1ff r large: flat

ddy, 1970;
Grahame, 1952 Bocers, 1954. Randles,:1947)

surfaces (Margaretha, 1970 Bockris.

e
-
PRy

de(,t) . p lelxye) L H{1.24)

. at ,
S ‘ ey ‘33

- where c(x,t) is the ion concentration dependent on the

'distance‘%_from.theAOUter'Helmnoltz Plane of ;he double

layer and on time ¢t, and D is the diffueion coefficient

If we consider a process urrdes ‘the influence of an alternat-

1ng current of. ftequency w such that:

RRTORS = 1l o {1.25)
and further, 1f we assume that (a) at x =0 the rate of
d1ffus1on of ions equals the rate at which ions are used

up in the exchange current process, that is:

c(xzt! . 1 i t) . . {1.26}

x-d
whére'z ='ion‘valency’and Fiis'ééradéy"s'éonstant (96,489 :"
coulombs), the charge on one mole of ions, (b) the current
,grad1ent at the double layer surface is propOrtlonal to
the time rate of change of the ion concentration at the

plane or:

G, = e g .27
. , |

and finally (c) as a result of the applied current there

3
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will be i harﬁPnic variation in the ionic concentration

at the double layer surface such that:

c(x,t) = C(x)edot .. {1.28)
By substitution of Eq. {1.25) and Eq. {1.28) into Eq.
{1.26) and Eq. {1.27), we may convert to phasor notation:

dC(x) . . nf.vl(x) | C(1.29)

d—gi‘)- - -JuzFC(x) | ' (1. 30)
To obtd@h an equation in C(x) only, differentlate Eq. (1. 29}
w1th respect to x and substitute for _%éil from Eq. {(1.30},
then: | 2 ' '
| 4C) 8 c -0 {1.31)
dx .
The general solution of Eq; {1.31} is:

y i _ _
Cx) = Ae'[j?’] . Be[’ﬁ] B
% P
_ Ae-(uj)[z%]x . Be(uj)[n‘;]x . :

where A and B are constants. The second term on the right
is physically impossible a% it causes C(x) to become very
iarge with fdistance, so we may conclude that B = 0. Thus,

Eq. {1.32} becomes:
o -(1+3) [ 48] '
C(x) = C(0)e 12D ( {1.33}
where C(0), the concentration at the double layer, replaces
A. Because of the concentration gradient of ions near the

double layer surface a concentration overpotential will

exist. This overpotential is defined as the difference



botﬁoen the électiade potontial measured while ions flow

" across the interface and the equilibriunm potential of the
electrode. The copcenttration overpotoatia] may be obtafned
via the Nernst Equation (Botkris and Reddy, 1970; Bock(is.
1954; Bockris, 1951) as: '

"_" E(x), RT In (1 + —é}lo . 1. 34)

where C' i;rthe cgncentration of ions in the bulk solution.
. A power sorios ‘expansion of Eq. (1.34) yields a linearized
versxon based on the condition that C(x)<<C This is the

case if the exc1tat1§x voltage is kept low enough, thus

E(x);;;‘g‘—-é—l . {1.35)

Combination of Eq. (1.33} rnd‘Eq. {1.35) gives:

. . : AL
r : -(1+j{L “]x
E(x) = 8 (00 D {1.36)
: 3 _
Differentiating Eq fi 33} w1th respect to x and substltu-
‘tihg the result 1nto Eq. {1.29) yields: .
- i S wl.
- . -(l+J)[ }x
I(x) = (1+j) zF [9§] C(0)e -~ 20§ {1.37)

From Eqs. {1.36} and {1.37} an eéxpression for the diffusion

zone. impedance is ohtained:

v
Z = I
so that: ’ t i
s RT 1 1
<= (1-3) { ] {1.38)
(zr)2 €5 (2Da



er,defining. iy

C o . RT__ 1 [1 ]
okt

Eq.“.ss) becomes:
T 2= (1-3) 0w

Hence we see that the diffusion zone impedance may be

{1.39}

A;‘ctured to behave as.a frequency.dependent-diffu;iog resis-

tance, Rd - ow-k and a capacitive reactanee. Xd_- ow b,

This inpcdance is commonly known as the Harburg I-podance
and w111 be given the notation Z . , .

At this point it is approprlate to examlne the
frequency dependence of the diffusion layer th1ckness, 6;
in view of Eq {1. 26} Extrapolating the 11near part of
the concentrat1on versus distance curve and '‘extending it
to intersect w1th ‘the bulk solution concent ation, Cs, the
diffusion layer th1ckness & may be defxned (Bpckris and

i_ cgog o
oF -D t : {1.40}

Reddy, 1970).

- I
where, §(t) = [nDt] {(1.41)
]
or, 5(w) = [lg] . {1.42) ®

We see that as the frequency decreases, the
diffusion layer thickness must increase. Eventually there
comes a point where one dimensional motion ef diffusion
ions is disrupted by convective electrolyte flow attempt-

ing to compensate'density changes and the diffusion zone

<

\.:‘
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c t beydnd some maximum distance
(Bbckris and Reddy,"1970). The frequency at which
this»transiiion begins to occur will depend upon the

diffusion layer thickness in comparison with

electrode diameter d. Eq. {1.40} is valid only if: N
| - § < d
- |eD b
or » ) [;—J < d 'y
© giving, w > 20 (1.43)
As mentioned earlier, the Warburg Impedance is a ’

distributed parameter system. The voltage drop along the
conductive path towards the bulk solution (x = ®) is in
phase with the current due to a resistance R ohms per unit
distan®®. Associated with the electric field and charge
distribution is a capacitance C farads per unit length
befween the conductive path and the bulk solution. The
-System is equivalent to a transmission line where one of
the conductors has uniform resistance R per unit length and
is coupled By a capacitance_C per unit length to a second
conductor having negligible resistance. Fig. 1.6 shows a
section of such a transmission line.

If we considgr a d‘fferehtial length dz of the

line, the voltage change across it is:

-~ dz = -Rd:zl



Figure 1.6

Transmission line e
Warburg Impedance.

quivalent circuif of the

3



giving, — = -RI {1.44)

Also at any instant the decrease in current is fhe current

that is shunted by the distributed capacity, or:

4
-~ \ a1 ‘_ V. - ,
. \\ -é——z- dz = -Cdx 'a—t' ; ‘_
givAng, Al-c o {1.45)

Differentiating Eq. {1.44} with respect to z _add substitu--
ting Eq. {1.45} into the result for %% giyz&ﬁ
- ’ ' ) - 3
2
3aV_1 3V

5T = RC ;?7 : {1.46}
I} b .

4 Eqs. {1.44}, {1. 45}\an¢ {1.46} are clearly analogous to the

linear diffusion Eqs. \{1 26}, {1.27) and {1.24} respectively,

and by the samé metho g\used to solve the latter equations,

. . ~ .
the impedange the‘EYaxsmissiOn line results as:

\

\ .

_ (1~j)\\[2_R_C] {1.47}
| .

=

All xf the electrode predance components which

where by comparlson with Eq. Xl 38}, o

have been piecewise described to\\ﬁls point may now be
N s

lumped into a net e%u1valent c1rguit as shown in Fig. 1.7.

Due to the frequency {ependence of 50@e elements and the
. Y \
-~ \

dominating magnitudes of others, it is not necessary to

carry out a lumped network analysis unless specific elec-
trode information is desired (eg. Pollak, 1974). The

electrode frequency response behavior may be predicted by

scparate consideration of the elements at low, mid range
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and high frequencies.

In the mid-frequency region the electrode-lm‘
pedance will be ch1ef1y controlled by the Warburg Impedance,
Zw. A 10 dB per decade roll-off of the impedance magnltude
may be expected yntil flnally, at some higher frequency,

the impedance of the d1ffuse layer will be neg11g1ble in

comparison to the spreadlng bulk solut1on resistance, Rg. -

Thus, at h1gh frequencies the electrode impedance can be
anticipated to level off atr some value, RS.
At very low frequencies natural convection of the
bulk solution limits the increase in diffusion layer
thlckness with decrea51ng excitation frequency (Bockr1s
and Reddy, 1970) For this reason the Warburg Impedance
will be unable to continue its 10 dB per decade rise in
magnitude but instea&,will be forced to leQel off'?t sohe
constant value with further decreases in frequency |
Electrode surface roughness also affects the
electrode impedance at low solutlon concentrations. Work
along this 1line has been done extenaively by de Levie (de

Levie, 1965; de Levie, 1967). Warborgtimpedance behavior

has been shown theoretically to exist in microscopic pores *

perpendicular to the smooth metal surface. By dec%easing
lhe depth of the pores, a porous electrode may approx1mate
a rough electrode and the’.psults determined for porous
¢lectrodes may be crudely applied. Dpvelopmont in this
area however, has been scarce and Primarily qualitative.

Evidence for the surface roughness effect stems from
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'measurements of frequency dependent double'layer caﬁecif
tance(}rom solidpelafizable electrodes not carrYing a
faradaic current (de Levie, PP. 371 to 389, 1967). - It .
has'been oBsered that the freq ency depenaehce decreaSedy
markedly as the solid electrode: is heated to 1ts melting f o T
p01nt. Whatever the‘resu1t1ng behavior may be, it 1s o
“clear that surface roughness must” affect electrode: 1mped;
ance in some manner. A uniform current dep51ty cannot
exist over a rough surface as cerrent flow would tend to
favor protruding areas over recessed areas. Inhoﬁogeﬁeity‘
‘of the electric field and the-diffusion_flow'must‘alsc
exist. | . ‘
Adsorption‘of neutrallor unionized substances
onto the electrode surface has also been shown to prodyce
a frequency dependence of thé double layer capac1tance
(Parsons, 1961). The cause is attrlbuted to varlat1ons
in the double 1layer charge, affected b presences of‘
neutral substances and thelr, slow rate':dsorpt1on,
compared "to ions, while follgming alternatlng potential -
variations.. The resulting impedance is much more com-
plicated-th;; the Warburg Impedénce, bBut terms contai;ingf

1
5 .
[;U] are present 'in both numerators and denominators of

the impedance expression.
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CHAPTER 2

MEASUREMENT,OF-THE.REGENEBAtIONMELECTROHE-IMPEDANCE

We hawe seen in Chapter 1 that the electrode

‘nterface sign1f1cant1y comp11cates the 1mpedance pathway
W

. of the sxznal sour;e.. Nhenuattelptiug.to.obtain experi-

menlal measurement of this electrode impedance; the mag e
n1tude of the test sxgnal amp11tude is of partlcular
importance. In the case of the regeneratlon_electrodes,e
very. small slgoal amplitudes are expected (iﬁ the order'of‘
S0 m1crovolts), which means it W111 be operating well w1th1n
its. llnear impedance region. Consequently, when performlng
impedance measurements, the test yoltage applied to the |

electrode must be maintained small enough to approximate

.this same linear behavior. - v -

2.1 The'Measuriqgfset-Up |

The measurement of the regeneration electrode 1m-

pedance evolved into two phases. In the initial. phase it

was de51rab1e to gain some preliminary knowledge of what

the 1mpedances of the recently devised electrodes would in

fact be. Sincedifferent fabrication techniques were being

tcstéd, it was also necessary to detect any gross differen-
ces between electrode types and to collect pre-implant data,
so that the best leads could be selected after regenerat&oa
of ‘nerve fibres has occurred - ‘Thus ; initially, the impedance
measured at 1 k Hz, the commonly accepted mean frequency of

extracellular spike ,activity, was adequate to specify the

S
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'electrode properties. o _
In order to specify amplifier input requirements .
for the regeneration electrodes, it was %dventageous to

" seek impedance meesurehdhts over the recordtng bandwidth

of nerve spike act1vity £ron 100 He tojlﬁ?/

g#

rceses the mea!urement bandwidth‘ﬁas extended to‘gain a

. 'complete p1cture of the electrode prOpertles

The set-up ‘used for the 1mpedance measurements
is shown schemat1ca11y in Fig. 2. 1 The electrode was
plaxed,1n¢a glass beaker f111ed with amph1b1an rtnger
solution as the electrolyte A.large bare silver wire
was used as the second or ground electrode S1nce the
surface ayea exposed to the electrolyte from this elec-
trode was-. large, its impedance was consldered neg11g1b1e
) in comparison. Before measurements were made, the beaker
and contents were placed in an ultrasonic cleaner to
vibrate the tiny air bubbles out of the regeneratlon‘ !
electrode holes ~ They were then left alone for a minimum
of thrq5 hours to allo¥ for electrochemical stab111zat10n
of the electrode interface. ] -

‘Resistors Rl.and R, functioned to reduce.the
amplitude of the constant voltage oscillator to a.level
small,enough to operate the electrode in its 11near reglon
t‘Maxlmum peak amplltude applled across the electrode during
measurements ‘was 10 mv. W1th switches S2 closed and’ S
open, the varlable cal\bpd{1ng resistor R was adjusted

-until the voltage amplltude monitored across the electtode
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- was ha}f fhgt of5theisdu:ce-voitage, V;. S‘itch'sé.wai‘
‘then Opeped.dnd Sl'closéd and fhé value of Rc--gasuf;a‘
'withithé~ohmmeter. ThiSAvalue'of:R ‘was then used as iﬁe
approxinate (see Appen;;x 1) value of the nagnxtude of the
-electrode inpedance. '

TR ey nun value of the ‘source ‘signal voltqo
'gausgd slight noise_prpblems at very low frequencles. es-
.peéially when eleétro&e impedanc£$'wére high;"Shteldingb
tﬁa'béaker Qith a grounded sheet metal cylindér'helpgd té
reduce t\}s Problem. Shunt capatifance created problems
only at frequenc1es above ld'kHz. but aga1n this problenm

- was not significant unless the electrode impeddnces were

very high. | ‘ .

—

,4ﬁ2.? Measured Results _

‘ Single frequency impedance measurements at 1 kHz

L wefe made on 15 regenerationvelectrode units. In total,
impedance data from 117 electrode leads was collected.
Leids disregarded were thosé with impedances too low or
1q;£ than }S K ohms, and those with impedances too large
or much:greater than 1 M ohm. A wide variatidn in elec-
trode impedances Qas expected due to fabrication toiérance.
For example, a drilled hoié may not meet breciseiy on center
~with a silvér wire but may nick a corner, thus causing the
impedaﬁce to be higher thgn normal. The mean average
impedance of the 117 electrode leads testéd was 122 K ohnms.
Fig. 2.2 shows the impedance-frequency resbonse
chéracteristic of a single e%estrode lead. A 10 dB per
\._\
]
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;dacadi &écreasa in the mid-frequency region clentiy
'demonstrafes the présence of the Warburg Impedance due
to the 1nterg§ase diffusion layer, as discussed in
Chapter 1. At frequchies of about 10 kHz the curve
begins to level Jff, ind;cating a bulk saline resist;nc§
near &' K. ohla uhich nay be conni4¢rod tho resistlnco of. thc
‘electrode channel This value is considerably below the
theoretical value of 30 K ohms indicated in section 1.2 and
is probably a Tresult of the followingf A wire embedded
off-éepter in the epoxyfslab will sit too close to one side
of the hole, thus reducing the effective channel resistance.
Secondly,'surfaée roughnéss and smearing of the silver wire
,féom dfi}ling could be causing a marked increase in the .
electrodé'surfaceoarea in'contact with the saline. This
second reason can be substantiated by comparing Fig. 2.2'to
Fig. 2.3 whichshows the im;!!énce charactéristic of a single
76 micron teflon coated silver wire with its cross-section
only e%posc@_to saline. The 40 K ohm-value of bulk saline
resistance obtained frdm ‘Fgg. 2.3 is about 5 times hiéher,
indicating é significant.decréﬁse in electrode surface area.
Impedanc®. characteristics of 6 leads from.a single
regenefation unit® are shown ‘in Fig. 2.4; illustrating the
leadlto-leéd variations that are encountered. The 1 kHz
imgfdances vafy from 68 K ohm to 15 K ohm.' An aQerage plot
taken from measurements from 6 leads of another electrode
unit is indicated in Fig. 2.5. Here the average 1 kHz

impedanée is 45 K ohms.

© 4o

-
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micron teflon coated silver wire.
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iImpédance ﬁeasurements of implaﬂted_electrpdes
have not beén routinely tested so far, due to apprehension
that the test currents could seriously disrupt regeneratiné
nervi fibreg. .Some measurements were made on’ an unsuccess <
ful implant still in-situ.. Eiéhteen lead-to-lead measure-
ments at 1 kHz gave an average impedance‘of 345 K ohms or
an averagg&single lead value of about 170 K ohms. Response
from 10 H: %o 10 kHz of one pair of these leads is shown
in.Fig. 2.6. -~ ' .

2.3 Implications for the Record1ngﬁAmpl1f1er

A detalled descrlptlon of the implantation qfwxhc

[

electrode is presented in Mannard Stein and Charles;}1974.

A summary of this descrlptlon is glven here. i '

,~.. i

}
“The object nerve is cut about three- quar;efg'lhrough

the cross .section and a 3 mm length of polyethxlene tuhTﬁg,\

-prepared with a Rotch to. accept the regeneration electrode
unit (REU),is placed around the nérve to form a cuff around
the cut section. Next the REU is placed intol;he'notch in
such a manner as to allow the nerve fibres £o tunnel through
the.holes’gﬁring régener#tion. After 1t is 1in ﬁlace, the
REU is sutured tightly to'the cuff. Leads from éhe elec-
trode.are connectea to a multi—pin gpcket imbedded in a-
biplogically inert skin button which ig lo%?ted at.some
convenient access point on the body surfacé An x- rqy
photograph of one 1mplant in the leg of a cat 1is shown in

Fig. 2.7.

... _Tentative arrangements for recording 3ggnals from

B ¢
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Figure 2.7 X-ray photograph of implant regeneration
electrode unit in the leg of a cat.
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'the Rst in{olve‘connecting'amplifier channels directly
to the skievbutton socket, Running coaxial cable from the
socket to the amplifiers is an unde51rable Situation be-
cause of cable shunt capacxtance, electrostatic noise |
1nduced by mechanxcal v1brat1on, and cable bulk. Con-
sequently, it wauld be far more preferable to place the )
input transistors of a’ recordlng amp11f1er d1rect1y at the
skin socket and obtain’ downward 1mpedance transformatlon
of the source signal so that coaxial cables will no longer .
be. necessary With this arrangement the only matter of con-
cern will be shunt cap.c1tance present in the electrodes'
and leaés

’Slnce the electrode is 51mp1y the tip of the lead .
wire, attention need only be given to the capac1tance be-
t:een the lead core wire and the surrounding electrolyte
'f1u1d The capacitance across insulation of relative
dielecgric constant €r» Separating the'core wire of dia-- -

meter, d, and a concén}ric outer conductor of diameter D

which of course is the electrolyte bath, can be calculated

o b §
from (Robinson, 1968): .
0.245 £
o C = pF/cm
‘ S log,, !D, .
v b .
L4 - .
Using™ €, = 2.} for teflon

o 2@r0045 in. = 1.143 x 10°2
o ’é* F T4 = 0.0030 in. - 7.62 x 1077 cnm

L7 DA
gives”a‘ﬁalue of «2..92 pF/cm. S1nce maximum lead lengths of

LS

o

19 cm are expected, the maximum shunt capacrtance per lead

i

<

£
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‘will be approximately 30 pF . . - o *g.'
An equivalent input network of a s1ng1e electrode
amp11f1er connection is represented in Fig. 2.8. For '
simplicity, the electrode impedance is treated as an - “«
equivalent series combination of.qonductance RE and reac-
‘ ténce-xE,'and the shunt oapacitance as a lumped—;;Tﬁe of
CS.a At a given frequency f the 1nput voltage V seen by -

-an amp11f1er of input res1stance R Wlll be:

}vs {2.1)

i“E™S

: fh : _ i
. Therefore, to assnre max;mum input voltage to the amplifier

‘the bracketed portion of Eq. {2.1} should take on values .

close to_l.
- If the amplifier 1s chosen so that its 1nput
1mpedance is very -much* greater than the electrode 1mpedan

or R >>R and R, >>XE than Eq. {2.1} may be approx1mated as:

V.

: 1’{:»"
1 _ 9
' T3Z7EX Cg = JwaFEFS' ,
Vi i 1
or v__ = {2.2} )
S

i 3
[(I*ZWfXECS) + (anR CS) ]

A practical estimate of this value~at T kHz can be made
'

Slnce values in the order of 100 K ohms can be- expected

for XE and RE and, us1ng a maximum of 30 pF of pred1cted

shunt capacitance, Eq. {2.2} is evaluated as:

.
1
s

= [{1+2n(1o3)(105)(3x10'113}§{2nc103)(105)(3x10"“)}2]

= 0,98

‘!i‘
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‘Tﬁermil ﬁoiﬁé wili‘also be added to the source
"vb}iigg_gue‘to thé‘coﬁdﬁctive mechanisms in the recording
;Iéctfode.' The RS noise voltage.E producéd from an y
eleqtrode resistance in the.order of 100 K ohns can be

obtazned from the Nyquxst relat1on.

-

a

E, = " JTIRTRGT
" where - R - tﬁe-e}ectrode resistance .
© AXT = 1.61 x 10" 2° a¢ 290°'° x - .
and- ~ af = noise bandwi@th §in Hz ﬁﬁ

" ‘Since a 3dB‘recording bandwidth of § kHz is planned the

--corrésponding noise voltage prbdpéed will be:
R : : o i
ot E, - [(1.61x10'2°)(105)(;Kleoa)]‘

Ey = 3.6 u volts

Nerve signals of about 10 times this value are expected, 1 o

giving an'inpgt signal to noise ratio of 20 dB. If the
recdbrding amp11f1er used were to have a noise f1gure of

3 ‘dB the output signal w111 be 1ncreased to 20 times the =

output noise level. It would be de51rab1e therfore to use

an anplifier with a noise figure of 1e55/fhan 3 dB.
o

=~
-

it
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.. CHAPTER 3
" REGENERATION ELECTRODE AMPLIFIER
3.1 General ; - . ‘

) The REU 1mpedance nchsurements discqpsed in :

Chapter 2 are useful in spocifying the propertles of the
4lrecording amplifier that will be requirod for this device.~f
An averuze impedance n&gnftudo oﬁ.loo K .6hms 1ndicntes
that a high input i-pedance anplifier is nocessary.' Since
‘shimg capscitance §s net- »ignificantly - sent in ‘the

'electrode, ‘the use of input capacity neutralization w111

not be required. The extremely small signal level and .
high noise level of the source electrode dictate the
necessity aof a very low-noise amplifier,- ~
In section‘z,s.it was mentioned that due to
limited space con&itions in the vicinity of the electrode
skin socket, it ‘would be advantageous to place only the
input transistof of the amplifier ;nto the skin éoéke;
This would allow connect1on via long flex1b1e wires to be
'made to the actual amplifier body, placed at some conven-
»1ent distance away from the record1ng site. An ampllflca—
tion method developed by Bergveld 1968, offers a satisfac-
tory means of achieving this set-up, while also satisfying .
the other amplifierrequir.!mentis stated above.

‘3.2 Amplification Method

Placing a field

fect transistor at the test

sight, and havink the'dr source of the device. make

N

T
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connoction via long Iesds to low- thtc points (in the ‘.f*
order of 100 ohns) enubl s relntivoly 1nterferenco free
.signll transmission to be achieved. A set of conditions
_nust be satisfied 80 ‘that an 1nterferonco noiso voltsge
'conmonly introduced to both londs is not allovod to 1n-
fluence thc draxn current of tho FET, (Bergveld 1968).
.Thesecconditxons are ‘that, (l) tho lov oh-ic drain .
.connection must equal the iou oh-ic source connoction,‘
" and [2) the FET must bo biased such thst its snplification.
'1h‘§%iea ‘takes oh & vaind aﬁlt -r !ocood eut‘##ﬁﬁn
ﬁirdquires the FET to be biased in the "ohaic" region whore
'»it‘oill behave as a voltage varxable resxstor (VVR) The
‘infﬁgit of Fig. 3.1 shows the set- up used to achxeve the

.‘proper FET bias and balanced low ohmic COuplxng

3.3 D.C. Ana1y51s

LT The important factors that govern the transistor
current bias levels, entail the following:
1. Vpg of the EE&#M& be such that it will operate
in the "ohm1c“‘§gé10n: Characterhst1c In vs..VDs,curves
Hfor several 2N3819 FETs were tested on a curve tracer. ‘
The dev1ces w1th the lowest ‘knee voltage (500 mv) were
selected for use, as these regu1red low U&as voltage levels

and hence fewer biasing diodes. For best linear operation

it is best to choose an operating voltage such that

L 4
VDS<%vknee’ therefore VDS = 200 mv: was used.

2. . VGS of the FET shoold Be sUch that the device ﬁill

- _operate in a region where g, is subst‘ially large w1thout

-



Figure 3.1
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Amplifier circuit dlagram

QZ = Qs'

=D

4
OAl

¢

Q¢

D

=D, =D

S

1°
6"
= QA2:

_Fa1rch11d ZN3117. blpolar low n01se‘
transistor

Texas Instruments,2N3819 field
effect transistor

Elcom ED4 germanium dlode

Elcom ED21 5111con diode
RCA6741T operatlonal amplifier
{(low noise)
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doncadtu. exetonnly large drain curront levels, Freu'the

-l“- ‘ '

curve tracer chctccteristics a Vcs value of 600 mv. was
}found to be satisfactory. At thil operating point g, "had
ﬂa value of 1.2 mmho and--ID was_about-aso ltcroanps._
3. The.collector current levels of the bipolar transis-
 tors Q2 and Q3 should be such that the devices are’ working

in their louest noise region. ~For reasons to be discussed

later in section 3.6 based on data supplied by the manufac-

iturer. the 2N3117 transistor was selocted on the basis that

. lon noise oporation uhoa td-.ed 4n the neighbor-
hood of*llA Many transistors are available that can ob-
tain Iow noise operation at signxficantly lower current
levels. However in this application larger current levels
are necessary because of - current demands of the FET. \
G1v1ng cons1derat10n to - the above factors the
d c. analy51s of the 1nput stage is as follows. Since both
Q2 _and,Q3 must draw the same current of 1mA: |

Current through RS'- IEZI‘ ID

ImA - 0.5 mA
I

R3 0.5 mA

Current through R

I + 1

E3 - D

= 1mA + 0.5 mA

. IRS = 1.SﬁmA

Thé voltage at the emitter of Qy is deteymined by'VGs of

the FET since VES = VGs = 0.6 v. Hence the value of RS

should be: V53 .
RS’IE'4OOQ

s4
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~In'snct§onv3.z it was cited tirgt the drain an‘ﬁb!uyco of
fhe'FﬁT_au;t both terminate on e;ual lbw.ohmic connections.
Therefore R, lﬁitlulio take on a value of 400 ohms, A
reqﬁired current level of 0.5 mA thrqngh Ry means a corres-
pondingno.z.v. diop'ncross'it. This voftage musi be
sﬁppienen;ed‘bg the 0.6 v. forward bias voltage of.Q'
silicon diode placed in series with Ry to create the

necessary 0.8 v. lével at the emitter of Q,, since:
VEZ - VBS * VDS.' 0.6v + 0.2v'- 0.§v

The required voltage at the base of Q, must then be: '

] VBZ : VBEZ * VEz = 0.6v + 0.8v = 1.4v
which suggeét the use of two 0.6 v. silicon diodes and one
0.2 v. germanium diode. The resistance R, is chosen to seg
the proper current levels through Dl’ D2 andD3 to attain
this voltage. Similarly, the voltage at the base of Qs

must be:

VB3 = Vggp * Vg = 0.6V + 0.6v = 1.2v

A\ ]
which suggest the use of two 0.6 v. silicon diodes. .
The circuit of Fig. 3.1 was qonstfucted using the
closest resistor values available. Measured d.c. values -

from the actual circuit were as follows::

Ic, = 1.17 mA. Icg-= 1.01 maA,
Igg = 0. 72%HA . Ips = 1.46 ma.
I, = 0.45 mA. Vpg = 0.22 v.

Using the latter two measurements for the FET, a working

)
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value for the drain to. source resistance iy gbtained:

: o« &
Ve ) :
Ry -htaf 1»490 o N

-

3.4 A.C. Analysis

1. Representing the FET: Since the FET i¥ qgrréted as a .
voltage variable resistor, changes in VGS will -reguw'i - "
drain resistance and hence drain current. The drain to
source voltdgg VDS is maintained at a constant valuﬁegy

circuit regulating diodes D1 through D6’ and therfore the f

. operation may be specified in terms of its trans-conductance

gm,-as illustrated in Fig. 3.2:

2ip

8y = (3.1}

Vv :
GS VDS = const.

As discussed in the previous section, the FETs used

operated with a constant Vo -of 220 mv. (‘d Vig of 640 mv.

Accoraing to analysis oé‘the curve tracer display of th‘
device I, vs. Vbs characteristics, a value of 1.2 x 10
mho for)gm was obtained.

2. Voltage gain at the FET drain and source: The output

at the FET drain and source can be determined by analysis
. ~ .

of the circuits of Fig. 3.3(a) and (b). Fig. 3.3(b) shows

the PET drain to source pathway represented by a current

generator gmvgs in parallel with the drain resistance T,

The resistance, Ri’ is the equivalent input resistance of
the common base stages of transistors’Q2 and Q3. Replacing
these transistors with their low frequency apiroximatq

hybrid model (Millman and Halkais, 1972, Section 8-13) the



< ' V= constant ‘ Vs

FET transconductance in the '"'ohmicd' .region:
™. S

Figure 3.2
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Figure 3.3

‘N

(a)
&)

I

FET Droin, >

-— -
Connecfion

Figure 3.4

FET representcd in-circuit.
The small sigpal equivalent circuit.

ReSR,)

(a)
(b)

Note:

A.C.
itlust

The low frequency approx1mate hybrid
equivalent circuit. ~

The

to &

pathway of transistor Q%
rating .common base configuration.

Same circuilts would also apply
ransistor Qs.
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‘ P
thisccircuit gives:

v
. _Va
o . BT 1
X, - o . h.y R
, or, R.“ = H’lh__g—
AN - . ib * RE

o

o

cﬁuiyalent circuit of Fig. 3.4 is obtained. dhalysis of

(3.2}

Subsiituting 390°ohms"for the value of RE and 27 ohms for

the hib value of a 2N3117 transistor gives a walue of 2§

ohms for Ri.

.

Applying K.V.L. to the drain circuit of Fig. 3.3

(b) yields:

TgR; + Iy - g VggdTy * I4R; = 0

The voltage from G to S is given by:

Vgs =V, - I4R,
Since fQYd = -I4R.,
vV, = I4Ry

-and the FET amplification factor is given by:
L]
u = gmrd

we may combine'Eq5. £3.3} through {3.7} to give:

VS Vd uRi

vy Vi Tq * (DR

The drain-source resistance, ry» wWas evalued in Section

{3.

{3.

(3.

{3.

{3.

{3.

3.3 as 490 ohms. UYsing the value of 1.2 x 10> mho.as

~easured for g Eq. {3.7} yields u = 0.588. Substitution

3}

4}

5}

6}

7}

8}
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"-of the proper values into Eq. {3.8) gives:

_ .V Vd . :
2 Sy = - g = 0.027 o {3.9) .
This result comparés quiteafavofably with actual measured
5 . S .
values from the circuit, whiqh .
Vd o
UCEEE |l -04840 and = .026
% i ! ‘
The small variation is likely due to differences in hope
3. Input Stqgg voltage gain: Expressions for the voltage

gains at the collectors of Q2 and Q3 may be obtained by
analysis of the-equivaient circuit of Fig. 3.5(b). For the

- FET we have: _ ?

IaRE‘f (Idfgmygs)rd + ISRE =0 (3.;OL
and since  Vgo = VitlsRg L €3.11)
and I, = Id + Iel {§.12}

I, =

5 Ig - Ig,
Eqs. {5.10}'th£ough {3.12) may be combined to give:
Id(rd+(u+2)RE) ‘-u(Vi+Ie2RE) + RE(Iel;Iez) =0 {3.13}
where u E€mTd
Noting the current division at the emitters of Q2 and Q3,

we may write:

L4

1 I R

2 _ _._er E (3.14)
PR P
The output® voltage from Q2 is:
VOl = -hbecICI . {3.15(a)}
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A.C. pathway of amplifjier input stage.

Equivalent circuit of same.



"‘and “the output from Qz is:

. e
.=v02~-,-hfbnc1e2 o {3.150()1

*

s

el e2

It follows from Eq. {3.}4} that I\ -1 = -] and thére‘

fore V01 = - V0 ‘Eq {3. 13} may now be rewritten as

T4(rg* (ur2)R) + I e (2R = WV, . 3. 16)]

b {

Substltutlng Eq. f3 14}). f1rst and Eq. (3. IS(q)} second:

; Voi -, . vhgR Ry |
A rq(hip*Ryl +-Tu+2)h; Re
or - V01 ) . .uhbec v _ o .
L - o \ | . {3.17)
1 rd(1+R; ) + (u+2)hy,

Whereupon, inserting the'appropriate values, namely

o= 0.588, hg = -0.9975, hib = 27 ohms, Rg = 390 ohms and
R. = 9.1 K ohms gives:
Voa . Vou _ 9:'
R V.
1 B ll . « ! .
Vo, - Vg, " . {3.18})
or 2 =18
e i

Comparison to the actual measured gains of the amplifier

‘are again good, since: . : _ ' il
' v v
01 _ 02 .
Vi— = 10 ana. VT g "‘ .
EY
(measured) (measured)
V.. - V... . T
or 2. 0 .9 /%{3.19}
v i . ' .

(mea suﬁd) L

9.
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A different1a1 a.c.. amp11fy1ng stage uszng one op;
“amp (0A1l) follqw:Dthe bxpolar common base stage as shovn in’
Fig. 3.6. Series re%istors Rz =:R4 = 9.1 K ohms are the.
effective output resistahces from the Q2 and’ Q3 stages.v
.Since the circuit noise is random and uncorrelated,vtht '
'appl1cation of negative feedback w11f’not reduce’ output
noise levels. The feedback resistor itself will however,
inject thermal noise into the circuit. The value for the
feedback resistors R8 and R7 ‘of 1 M ohm therefore, is a
comprom1s1ng value,'h1gh enough to produce,suff;c1ent open
" loop gain, y¢t low enough to add a minimal amount of noise.

-

» Ana1%§;§ of Fig. 3.6 gives the follow1ng voltage ga1n

5 R
p—. - f
. 1 sC .
: / f~ ) ‘ - ' ‘ .
where Rf = R, =-Rg and Ri a R2 - R4i‘ Le§$1ng t = Ricl’ L
. R i
Eq. {3.20} becomes:* - £ st /7 .
- Av T R, T+ st (3.21)

B I -

f)w | A d1agram of the 1nput circuit ingluding over’ﬁﬂ
-feedback is shown in F1g 3.7. - The feedback voltage,€ f,
ois prodqced by tbe voltage divider, 312 and Rls,‘thus the

fcedback- factor, B, is determined as:

R
B * g (3.22)
o ' 13 - 12 ‘
. *Substjtuting Ri3‘= 10 ohms and R;, = 1.1 K the value of
1 2 -
% obtajned is: g = 1
g’ 11

With the fcedback loop opened, the open loop gain is:

4, The op-4amp staggs (OAI ano.OAZ)'and circnl! feeébaci"r*



»

"

-

Figure 3.7 Voltage-series feedback of input circuit

Vi=VS-V



: A = x'-R st o (3 zsi
v 1 T + st J - LT

where.k is the amplification due to the inpht FBT”; Bipolar

N

.stage'obtgined"in Eq; {3.19) as having a value of 19. 1f we

let A s Kﬁi then-Eg.L{S.ZSJ-mix be written: o : e
< vﬂi R ;T .

- e - AV = Ao T+ 37 L {3.24)})
:;;ﬁggpifcho ggggﬁack looy“ﬂggggfvyt*td“?hcﬁ;iasdd~loop gain ¢
as: A - N ’

A g = A4
vf 1+ A8
’ '_ .. ST
[} . = A‘b l*ST
' ' SY ‘ -
1 + B(Ao TTE?)
. o Aof(1+A°8)sr )
and finally . A " T + (IFA_8)s+ _ {3.25)

" o .
. The vealue of the coupling capacitor C1 = C2 may be obtained
using Eq. {3.25}. Since a low frequency, half-amplitude
cutoff frequency of '10Q Hz is proposed:
.A— 'z +‘Ju + B - = ? (3.26} ]
ABogl ~ TLF Jo TR BIRT e
at the‘cutoff frequency w = 2%(100) rad/sec. Thus: _A’
w(l*AOB)RiCI
{1 #‘@2(10A°s)2(nic

.. 1.
E XU
Rk

oy

2 2 2 ' 2 ) 2
or 40" (1+A BT (R;C)T = 1+ ¥ (1eA B (RiC))

© . giving €] = ——1 N & 5 13
“ . , 4 Zlg-'f(1+A°B)Ri ,.i'?;:.:".
bst itk . ‘o L
Substityting f ,.;OP;PZ"Ri = 9.1 K, 8= yy7 and

.,.-
- . ’.l . .
.« - : . . . . .
Ny
.. - . "
‘e . . ’

1]
,'... . .




Bt | :555"

-
-

Ro. . ) _
S . :'- K = ' .-9 R
A X Rf- 2088 gives: ,C, = 5.10 x 107°F. | S

At @jdband Eq. {3.25} '.'uces to: - . L o
. . -'. v'o A . .
Aos I‘T“ix‘ o {3.28)
,giving a closed loop lidband gain of: _ -
= R N —-2-,.,,“ S .
. . . f “1 ’,I-Ir— . ‘ 'T"' .
%' . Or Aof 10S i %u,
. An 1nvenmalt amplifier is used as'the final stage
to provxde an ad‘itxonal gain of 10 and high frequency
roll off (Fxg.,3¢i). ‘The closqd loop gain is given by:
. ' lﬂ‘;' R ' P
HE 11 ;1 £
. .- ‘ {3.29}
.,.4‘f‘ Rg T+ 3uRCy . . r

For the propvused half—amplitude cutoff frequency at 10 K Hz:

. 1 L1
T+ 35R11c3 z
: : “ 5 ‘
or , {1 + (wRy;€5) ] = 2
o 3 /3
giving, C, = = o (3.30)
v 73 ZRIRY gpe10%-100 :
[ ]
_ _ s -
Cy = z.7§ x 107" F : - \\\

3.5 Amplifier Noise Mechanisms

The three main noise mechanisms found in solid
state amplifiers are referred to as thermal noise, excess
or l/f noise and shot noise (Motchenbacher and F1tchen,

. ; )

1973).



Thermal Noise S ‘. ‘?

Thermal no1se, also known as Johnson noise and
Nyquist-noise is present in all conductors as a result
. of the random thermal vibration‘of charge carriers. It
. is therefore the prime‘noise mechanism in resistors, In

bipolor,transistorsﬁthe base spfeading resistance aﬁd

',Hsource resxstance generate tharnal Roise, and in FET;, it

is. aenerated from the channel ?e81stance. The rms noise

voltage Et 6f a rosistance R is given by: -

Et = /IKTRAT ' {3.31)

. . .
where 4KT = 1.61 x 10™2° at 290° x °
| R = pdre.resistonce in ohms
and of = noise bandwidth in hert:z
For qircuit analysis, we may subsfitute ; noisy resistance
by a noiseless resistor of the same ohmic value in series

-

with an rms noise voltage generator E,.

Excess Noise or 1/f Noise o
" As the name impliés, the spe&tr;i power density

of "'this type of-noiso increases limitlessly with docreasing
frequency. Carbon resistors generate excess noise when
direct current is being passed. Current tends to fIOWan
-unevenly through the compresséd carbon granules creat1ng ""

"microarcs" ‘between them. This problem chn be o11m1nated
by using oin‘oxide, wire._wound, or metal film rosistors in

N . . . ’ . 4
low noise d.c. applications. Excess noise

bipolar transistors as a result of base cy
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throhgh‘discontinuities in the base-enitter'depletjoﬂ.
regibn, and inFETs from leakage gate current'f{uctpatiqns.

Surface impurities and dislocations are also a s3urée of -

. ' ’
.transistor excess noise. Because of its 1/f nature, ex-

cess noise need only be coqiideiqd—inAlov frequency or

d.c. amplifier applications.
5 i

Sﬁgtﬁgéise ‘ S : o S | .
- T Shot noise is present at all semiconductor
junctions, and is a fehult of the pulsatile nature of

_ !
quantum bundles .of chhrges flowing atross.the'junction
ﬂogentiél barrier. In bfbplar transistors, shot'hoiSe is
primarify a result of base and collector currents across -
the base-emittegﬁjunction.' EP FETs sho;'goise is generated
from the gate é&rrent flow aﬁioss.the gate-channel

junction barrier. The rms value of shot noise current is

given by: y »
I, = 72qI, AT {3.32)
. where q = electronic charge

-19

.= 1,59 x 10 ! coulomb
IDC = direct current in amps
Af'é noise bandwidth in Hertz

3.6 Active Device Noise Considerations

‘The FET, Q,

FET noise voltage generated at frequencies above
1 K Hz results from the thermal noitse of the channel resis-
tance, Rd. This noise is known as van der Ziel noise and

can be predicted according to:



E "= /¥KTR;aT {3.33)

The value for Rd of the 2N3819 FET was measured experi-

mentally‘in section 3.3 to have a*value of 490 ohms. Using

this value over a 5 K Hz, 3 dB bandwidth, Eq. {3.33) gives:
E =0.25 4V |

The channel resistance may also. be &pﬂroximated from: \q‘

21 .
Rd L 3--3-—- . . . {3.54}.

m
' Again, from section 3.3 the value of Bp " 1.2 x 10°° mho
is obtained, giving:

Rd = 550 phm§

From Eq. {3.33} it is seen that van der Ziel noise is
minimized By decreasing R4y or, from Eq. {3.34}, by increas-
ing ng however, the degree of flexibility is limited
because of the biasing conditions as pér section 3.3.

At frequencigs less than 1 K Hz, FET noise valtage
results from excess e; 1/f noise resulting from the captur-
ing of charge carriers at the generatioen - recombination
sites.in the gate -'chaﬁnél depletion region. The fluctua-
fions of charge at these.sites results in a flickering
_gate - source noise voltdge. Devices with low internal
gate léakage current, IGSS' will have low excess noise,
however, if a high IGSS value is the result of surface
leakage curreqt’only; it wiil not affect the noise level.

Selection of the 2N3819 FET was based primarily

OQ its ability to satisfy the circuit bias conditions, and
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to obtain the largest possible value of g, while operating
'in the VVk region. A max imum ICSS value of 2nA, while not “
being the.lowest availablé, did not appear to result in
significant additional amounts of noise. The choice of a
- JFET over a MOSFET is more preferable, as MOSFETs have.
-.anywhere from 10 to 1000 times the excess. noise level(
 M0§FETs are Bést.used whenvsourcg~fesistanccs are greater
than 500 K ohms, which is above. the average 100 K ohmf
‘regeneration electrode ‘impedance. ' .

The Biﬁolar Transistors Q2 and Q3 -

Unlike the FET,.surface leakage current on a.bi-
polar transistor chip will result in increased 1/f noise
levelss For low noise applications, therefore, it is
desirable to use a low leakage, surface passivated a;d
hermetically sealed transistor.

. In the midband frequency independent region of
transistor operation, shot noise mechanisms»will dominate,
and the noise produced will be highly dependeﬁt on the"
value of source resistance used. The optimuﬁ 6perating
noise factor of the trénsis;or is obtained only when the

source resistance is optimized. Optimum value of source

resistance,Ro,is givyen by (Motchenbacher and Fitchen,A1973):

3 1
Ro = [ eo(zrbb.rewez')r | (3.35)
where B, = short circuit current gain
Thh' = base - spreading resigtance
r, = ehitter resistance



When LN is negligible:

R, = | -
° LN

Investigation of Eq. {3.36} indicates that incrépsing.lcm‘\ i}

Will reduce the optimum sburce resistance requiféd. Loo 3, ‘
ing baék from the base of transistors Q, and Q5 in Fig. 3.5,
a low source resistance value:;f about 400 ohms is seen,

due to_R3 and R5 respectively. Thus, to optimize the

noise performance of Q, and Qs theéey should be operated with
a high collector current. Since the amplifier bias
conditions require that these transistors operate at a
relhkﬁvely high current level of 1mA, meeting this low

noise criterion does not pose any problem.

A limit to the optimum noise figure, F attain-

opt’,
able froma trangistor is defined by (Motchenbacher and

Fitchen, 1973):

—

(3.37)

(o]
o
+
©
=)

From this expression, we observe that a transistor with
high current gain will produce less noise.

The 2N3117 transistor used as Q2 and 03 1s a
hermetically sealed planar transisto; having low leakage
currents (10nA maximum). Contours of constant natrow band
noise finge shown in Fig. 3.8 indicate a favorable noise

figure of near 4 dB when the device is operated with a 1mA

collector current and a 400 ohm source resistance. A plot
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[} . . . N ' .
of normali:zed current gain versus ‘collector current  of the

2N3117.-is shown in Fig. 3.9. The figure shows that the

&

_— . ) . ) o e
‘transistor will operate near its maximum current gain, '

making it 3 desirable selection as far_as Eq. {3.37} is

-

A

which ié about €50, when its collector current is In&,

concerned. ¢

The Gperational Amplifiers 61. and 0A2

. In.addition to thp ‘normal semlconductor noise

mechanlsms, the operatxom\pf an‘op?ratlonal amp}lfxer

can be sériously affected by any .popcorn noise generated
in its initial amnd second stages; This popcorn"noiSe;
also referred to as burst noise, has a power spectral
dcn51ty with a 1/f% function with l<a<2 and most ofteh
a = 2, The cause of thé noise is believed to be from tho
modulation of junction current oy defects in the junction,
such as a metallic précipiizpe (Motchenbacher and Fitchen,
1973). °

; . The noise'performance of an IC op-amp depends a;‘
lot on the manufacturlng profess and not solely on the type
number. The RCA CA6741T is‘'a low-noise 11near IC op-amp

thdt is free of popcorn noise as a result of -improved

' .

proce551ng develepments and r1g1d popcorn noise inspection
® &
éria. Thls"selectlon process also assures good over-

all éxcess noise performance as well.

3.7 Amplifier Noise Measurements

The inherent internal noise oﬁ/ﬁn amplifier may

.be represented using equivalent;noisé voltage and current

.
<

. - : s



'generators at the amplifier input (Motchenbacher and
Fltchen, 1973). Such a represqptﬁtion is illustrated in
Fxg 3 10 using a zero impedance noise voltage generator, N

En, in series with the input port and an 1nf1n1te 1mpedance

noise current;generator, In’ in parallel. The noise

voltage generator, E represcntd the thermal noise of the

t ’
signal source,

.-

According to superposition theory the mean sguared

2, may be.ob;ained'as:

input noise of the amplifier,‘Ei

E2 = g2 + E2 "

2 :

. E R§ 38} .o
i In _ a Eti’ , e
E_=0 e EaT i T Ll

n ’ Tt Y e »
Eg=0 © 1 1= Injd!;.”u~ -

e . ’
. To determine the affect of In we short circuithn and Et
[ ] . .

giving: . ‘ ‘ . IR
: N o2 .
L s U (s.39) - =
’ In n's Z. _ -3 v :
_ S (Rg+z) ; :

»

‘Similarly, to determine the affect of En we short circuit
o a . - - " R : .

A E}f nqz?gqg ?erU}t’j‘.g_ ‘v

v S e '

o

And finally, to determine Et we short In'and open I

n’
giving: ' 2 - .
| p2 o .l {3.41}
Ft Tt T 2 : .
‘(RS+Zi?
Applyi;g Eq. {3.38} we obtain the 'sum: A
’ [ 4 . '
; 7 2 E .
E? = (EszZ-‘,“IzR 2).____1..____ \/ {3.42}
. i t " n "n’'s (R.+2.32
S 1 L B \'p"'l oy
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Ampiifier
noise

 Figure :3..10 Amplifier equivalent, input noise Madel

»

- (Motchenbacher and Fitchen, 1973).
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From Bq. {3.42} we obta;n a deflnxtxon of the mean squared

equ1va1ent 1nput noise, E:i’ as: . o g
2 2.2 -2 2w .
fni = Et‘En\\Ings o S X {3.43)
: £E .., E and I - |
Measurement o ni* E, an n o

o The thermal no1se E of the. sourcé can be. deter-

mined qulte e3511y by appllcat1on of the Nyquist relation, f“,g.-

Eq. (3 31}. . oo

"The second term f is- 1ndepepdent of ;Source resis-
'tance,.Rs; so that if R is set close to éero q. {3.43)

~ becomes:

. )
{3.44). -

m
L, N
Coen
tm
~

. S ni. n

‘Thus;/ﬁf the ampljf;er optput noise, Eno’ is measured while "

R. = 0 the noise va?tg‘é t <can be oltained fgaﬁ:

S. R .
. L‘
. : A x, ;
A {3.45)
A 3 .
B ’ =
v ' TroS . Tage gain.
‘hlnge- L v sryeportional to Rs’ while

Et';ﬁ Proport: 2l s e, Cmste 7t of Rs. the In’§ term'
of Equ {5.43% wi1: AR LT Y sufficiently
large. How large R avs ._i'f» *’pwu3< on the amount
*of noise current, In; ?; r,,-,; T ter uapiafaer, Consequent- ’
‘ly, if the amplifier R PR . - , ++ .-v measured while ‘
Rs'{s very la;gc_the neisce .:/f-f . AT e megiaed frgm:
o . L . ) .
SI :"- ¢ 346
where Gv is the syﬁtom'gsxn Tae TTTosurie fesistane j’ e



”into sccb;nt. ‘It'the ;hcraal noisd contribution-is etil;‘
51gnificant for latge values of R its effect must be
subtracted ,

A measurement of equivalent‘input nbise E ni* mny
be accompllshed using the sine wave measurement technlque
(Motchenbacher and P1tchen, 1973 .and Vandenbrock, 1969).
The system voltage gain, G, is meésured~at.midband with a
sine wave s1gnal and'then the rms n01se voltage, E

- . B0 .
the amplifier output’ 1‘ measured Finally, the equivalent

p' 3t‘

. input noise ‘is calculeted.es: . - e

« : e

- - . ‘ = DO
RS Eni ™ U;".

’ -

a
. {3.47}

Tib equivalent ihiut hoisefef the REU amplifier ~- @

5 ..

! w‘as' mQ#ured \uth/ the hook—up shown in Fig. 3.11. The
'value of“ the’ﬂu‘ce resistance, Rs’ was var1ed fr. 50 ths

*to 10 M'ohms\to'

f .

'-‘né its 1nf1ugnce. The sine wl;e .

in &er1e4pL1th R and the amp11f1er
_ A -
so that the system gain, 6, #ana ‘ftequenc%andvudth couzd

generatorewas Lﬁsert

N .
be measured. With thzs set-up the signajp level could be -

-~ set 51gn1f1cant1y hlgher than the noise levels to be

measured. F1nally, the output noise is measured on,the 3

i. . e . y , _
oo ouéut meter and the equivalent input noise is calculated

using Eq.,{3.47}. Thermal nojise levels of the source resis-

’ L 4
tanqe~7re determined using the bandW1dth measurements in

-

. "y
. con;unct1onw1th Eq. {3.31}. .
J . \
' The meter used was a true .rms read1ng meter

(Bruel and Kjaer, Type 2409) with a bandwidth 50 times

« . . ° o

7
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',:g::ur.ct t_m;t,bsﬁ\ltput noi gl A .
aapli,ﬂe,r nd source resiscdy \mrn eﬁ:tricany shieldbd -

and connected touground ﬂi' a single 1ine to provont out- '

side intorferonc’“e and ‘ground loops froq entoring into " B
the measur@onts. et _ : - o -Qt% RETET ‘..
s ,%-"‘ A plot of E versus R for the REU a?n}i41f1er is

‘ .‘“n in. Fig 3. 12 'Separate curves ‘for the indiv{flual

N ¢

s functions By P. and I R are also i&:l‘uded to 111ustpte ‘

thqi.v reldtive contributions to tho equivalent input xxois,:. e
ve R

M‘v&v low nfnos of‘R 1m is importane- uti exhibﬂl a.
ol - R o
i"\nn.ue of 1.6 microvgl A 10 M ohu value of R, is not ¢ .".“-'7 *
sufficient to ‘allow the 1 R voltage to dominste the thermal |
“ - ‘noise voltage. At R = 10 M o s\,. values of E T = l7 9 .'4
m1crovolts and E’*-- 30. 2 nncr ‘lts were detemined thus
-,h' a value for I is obta;ned“usi‘ Eq.’{S 43)
. . » k]
» . L. Ez 'f- Ez l’ B
. I = ni t| <. 47.-9 - 30.2°% .
. n. -R: Se | 102;
'Q. N | . . . ,
. < + ' giving - 3 7 plcod\ibs .'.

,The point at whl.cﬁ_'khe‘ E, line 1ntersect’s with
the I"R‘ line at R, = 450 K in Fig. 3.12 is also s1gnif1-'_

cant. At this value of source resxstancg the&l cul‘\re
+ "7

approaches closest to the E line, or, in Other words, :the

t
amplifier adds a minimum zmount of notse in comparison to\ °
t\h\ thermal noise already ‘present from the source. This
opviously_', from a 1ow~no'1se stand po‘ipt..ls ‘the optlmum '
sourcc resistance \vithllli'ch rto"operate the am%lifior. )

fn‘ . . L ‘ . x'a‘
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A value for the optinun source res_&r.ence,- RQ,. may be
. : . 'm“ P I N
predicted matheunticelly from: C

B! N . ‘ ) .

P
. co - 1e6 X IQ - \
. 0 3.7 x 10’“! A. e

giving Ro = 430 X 0

Since an everege electrode impedance of 100 X ohns is

:,expecee . the enplifier will in fact be o;Lrating near - -

. . {t
B Mi“mh . w i .,
oise Fi gure . - .

( Fd

_ 1-e of.-merit for an amplifier, as far as-
mfisea‘*! corc eﬂ,‘is the noise figure NF, expressed in
P

. 1 .

ﬁF = 10 log ;gl ' {3.49)
- Fe o | |

4 ﬂo& af. NF versu$ .R, for the REU amgvfier is shown in
Fig ¢3 l; As can be ap‘preciated th arve dips to re

alue of at’wt 1.5 dB when' the source resistance is about

450 K ohns, the amplifier s optimum source resistance. At

thi§.“m{a‘t the‘mnp‘lifier s noise contribution is only 208

grea%er, mn {he source noise. .

.*" : ".t.. - e
» "X\‘

" The optimum n01se figure, ‘NB opt’ ‘that tW§

oise figure in terms of E_ and I, is do‘\ed as: -

1s C peble of reaching is obtamea by conbxning qu. {3.49}. :

{3 4 } and {3. 31} when B - T R » givmg.

- ET
o NFgpe = 10 192‘[ 1+ prar |  C . 43.50

‘\
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Using En = 1.6 microvolts and In‘-'3.7 piéoamps over a
measured bandwidth Ak = 5.9 K Hz gives:

NFoo = 10 10g™1.13 = Q.53 dB
We see from Fig. 3.13 thit the goise figure is
less than 3 dB for source res ?&“es. of 'value ‘from 30 K
ohms to S.M.othfwhich is well within the electrode
impédhnclﬂfiiits. At 3 dB, half the amplifier output

noise will be from the source. . ’
. “ :

A cqapgrisogige; of E . and_NP gjrsus:l‘ curvos~_g;~
measured for the Grass P15 solid state a-plifier;fanle’%ing
low-noise commercial.physioiogical ampiifﬁer, is shown in

-—:'_ippend_ias,.f’fl .. - @

> F’



. CHAPTER 4

" AMPLIFIER RECORDING TESTS ~ - | .

4.1 Preparation T 3 - ;-
Limited: success 1n obtaxnxng reliable regenera-1¥

" tion elecxg_g;\recordxngs, dictated tRat the amplifier
recording tests be made usxng a conventionﬁl nerve record-

ing technique. | . 5 ’ . g
- A unlpolar measurement preparat1on was set Lp
using the dorsal cufaneous nerve of a frog. As shoun in
Fig. 4.1, the.preparatlon involved the use of a silver

recording wire to lift the nerve out, away from the'tissue
saline bath, into an insulating paraffin oil layer. A second
, éround electrode is piaced into the frog's tissue. This
arrangement produced triphasic nerve action potentxals when .-
the nerve was exc1ted u51ng pressure contact on the sk1n.-

-« o

4.2 Tests nE

Electrode. ;upeoance measurements of the set up
indicated a 120 K ohm'rﬂpedance with very little frequency
dependence due to a small 7° phase angle. This is expected
because of the relatiyely large size of the electrode wire.

The nerve impulse recordings wer® made inside a
screened room,with a 5 mm length of nerve raised'into.the
péraffin. Osciiloscope-suapshots'of several superiﬁposea
triggered impulses are shown in Fig. 4.2(a), (b) and (c).
Fig. 4. Z(d) 13 a snapshot of the amplifier output noise -

envelope using the 120 X ohm electrode as the source. ‘When

-
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Figure 4.2 Amplifier test recordings.
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Jdivided iny the amplifier gain, the (W]VC]()PC represents
an cquivalent input noise voltage of 3.3 microvolts rms‘.
Comparison snapshots using a commercially constructed

Grass P15 physiological amplificr are included in A;Jmonalix
;] .

Il

nshielded tests outside of the screened room

near a.c. power operated equipment iand open flourcescent

lighting, created some b0 Hz interference problems, as

. .. . ( C s :
shown in Fig. 4.3. l'he tests were done with 10 iMches of
unshiclded connecting leads between the FET and the ampli -
.

fiep main body. Outside interference h()wcv,c/, proved to be
a result éf pick.up from the nerve proparu?ion‘und not thc
FELT lcads. Tests with the source shielded and the FET
leads unshielded® did not detect any significant increase

in noise levels above the amplifiér's internal otse - level!l
4.3 Suggestions for Interference Noise level Reduction
When the REU - pmplifier hook-up is made, one of

the clectrode leads cary be used to serve as an "indifferent

¢clectrode ., This clectrode will be inactive as far as
signal 1s concerned, but will have the same impedance level

. ;
as theother active leads., Thcxﬂndiffcrent electrode can
then be connected to a second amplifier channel, working

.
. L 4

differentially im conjunction with the active recording

amplificer to supply common mode rejection of the interference
signal. A method of accomplishing this may be done by
modifying the sccond op-amp stage, 0A2, of Fig. 3.} from

that of an inverting anplificer to a differential amplifier

e



Single nerve impulse with baseline

disrupted from 60 iz external interference.

ey



v ‘.‘ L

¢ c . - -

circuit as illudstrated in Figyyd.d.:;

-

With the present method, “the REUs have .long leads
lecading to the skin button. Thgsélkchds w1l not only =

. -

pick up outside 60 Hz{intcrfcréhgo'bpf may also pick up
muscle EMG activity. Long cbdctrqdel]vuds‘?an be avoided,
i{ the electrodes are fabricutéd.wi{h Scmi~oonGU'tur FET

chips bonded to the electrode ]cuds in closet pfoximity,
- »‘ .
ad jacent to the electrode ncrvc €hannelhﬂ.in this manner,

]

the long noisy electrode leads could be replaced with the
v : . K ~ B
interference free FET leads. .
L
M >
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5.1 'll?‘ifrf¥t°__'WI?Cd‘{"qu

A model " illmstrating .the impgdance cffects of

the dlectrode double-layer was Q<r1ved in the thecory of
‘s 1 - . N

Chapter 1. It hus been developed from thebory cotlected

books on clectrochemistry, and from
' “

from articles and text
. o

"other investigations in physielogical clectrode theory

-
.

and fabrication techniques.,

| The frequency fcsponsc plots of tﬁc impedance
uhuiuctvristic measurcments obtained for the regeneration
clectrodes, indicufc a -10 dB/decute variation of impedance
magnitude with increasing frequency over a bandwidth of
10 Hz to 16 K Hz. This churactgristic was shown to be

analogqus to the impedance properties of dn R-C transmission

line - (Fig. 1.6). It was concluded that this effect can be
attributed to tﬁe dif fusion zoné¢ layer of the electrode

interface. A methg “paralleling that used to derive the

impedance of én -C transmission ifhe, was used to develop
tho cxpression
lincar (]pw‘Cxcitatioﬁ voltage) conditions (Eq. 1.38):

V. Pollak, (197§a), using a computer model simulating'thc
'c&cctrode impgdance network equivalent to ;he oné used‘in
this thesis, has successfully matched the appropriate para-

meters and physical constants for platinum electrodes in 0.9%

NaCl to produce frequency-response characteristics for



clectrodes by computer cadculation. The cbmputat?d
chwracteris;ics closely parallelqd wizh his mcusgrsg
characteristics, thus demonstrating the &odfl to be
\'iﬂf)lc. ’ | .
‘Comparison'of ¢hg REU impedance chiractcristics
presenpted in Chapter 2 with those -obtained for silver
clectrodes by another investigator (V. Pollak, 1974b) arq‘
quite favourdble, even though a more churdte-technlque
gmploy}ng'an d.c. brldge was used for mcasurement. by the s
latter. The measurcments made by V. Pollak on polished:
sxlver eloctrode< of con51derab1y larger diameter (0.254
cm) than that of the.REUs (0.076 cm), indicate f;;cddnce
levels ncar 90Q_Klohm3 at very low frequencies and near 2
K ohm at high,f;c;uenties. The characteristic diffusion'
layer -10 dB/decade glope is also clearly.present.
Measurements of the REU impedances at 1 yptiz,
indica{ed a wide variatien in magnitudes from devicehto.

device (ranging from 25 K ohms to 1 M ohm with an average

near 100 K ohms).. A greater degrce of impedance consis-

tency wou}d be preferable from th point of view of obtain--

ing predictable recordings and optimizing common -mode
rcjcctign of intefferenqe signals during differential
reccording. Also, as far as low noise operation of the
amplifier is concerned, the elecérodc resistance should be
maintained as near as possible to the optimum source

resistance of the amplifier (section 3.7), particularly

if the REU signal levels prove to be small. The greatest



- factors found to affeca impcdunce~consistcncy,arc the
| surface area and surfike rqughness of  the electrode.
Impedance testing also proved to be Jﬁ assetsrwhen check-
ing for clectrode faults such as'fréciurcd jnsulation

s ‘

causing leakage currents to the grounded electrolyte.

5.2 Amplificatioh Method

Y

A multi-channel arrangcement is'fcquired to obtain
éimultaneous recordings from the REU. liowever, the cramped
condition of the space near the de§ice socket prohibits
the clustering of large amplifying units around it. The
Bergveld amplification method was therefore édopted, a; it
offered a satisfactory, interference free, mcans of being
able to dislocate the.small input FET from the amplifier
circuit prope}, without using shiclded cables, to a remote .
position at the REU socket. Furthermofe, the relatively
smail nusgg; of - circuit components in the amplifier allow
it to be miniaturized quite readily. Manufacturing
techniques in hfbrid intégrated'circuits such as beam lead
construction are also available to permit further miniatur-

ization. Alto ive apﬁroaches'such as using a FET source

follower at the implant site, rcquire more components,
shielded cables #hd exléa power-supply leads, and do not
offer the apabilities of interference resection.
NoiswWymeasurements performed on the amplifier’
show that when the circuit is designed using 16w-noise
components bi%géd to optimize their noise performance, the

amplifier can perform as quietly as. a lcading available

,\

a3

SO
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commercial amplifier whioh is considerably larger in size

~

(scé cbmparison noise measurcments of .the GRASS P15 pre-
amplifier, Appendlx 11). L 4

Further improvements of the ampllflcr circuit can \k,/

be suggested should future requirements indtcate their

»
need. To maximize the 1nterferencé rcjection propertires of
the FET drain. andsource léhds, tfhe bipolar transistors

Q"'z"‘and Q3*Fig. 3.1 can be replaced by matched palr low-
ns

oise tra tors. Doing so will have two’advantages: (1)

the cmitter resistance of Qé and QS will thus

allowing the condition of Section 3.2 to be ‘ed

more prec1sely, Ge. » the source re51stahce  will cqual the
drain resxstance) and (2) thgxcurrent gains of Q, and Q3
will be equal making the output voltage cquallty,

¥o1 = -V

whatever common mode signal that has escaped cancel&ation

02° met more exactly. This will, in effect, allow

thus far to undergo further cancellation by the differential
op-amp, O0Al. .

The scarch for a better FET could be continued to
optimize further the following: it may be possible to
locafe a FET that, while satisfying the circuit bias
conditions, will need less drain curgent and.give a higher
“"ohmic" region trans-conductance. This will mean less
noise and more gadn.

1f greater temperature stability is required for

conditions o:ﬁer than the present experimental conditions

) -
of the room-tempcrature laboratory, a scheme could be

a4

-
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developed to make the emitter currents of Q, and Qg éqyal
to thé*curfcnis ;hfough their base biasing diodes. This
will allow changes in the forward biased base - emitter
junction to track changes invthe diode junctionsﬁ

At this point in time, it is not known whethér_
or not theFET gate leakage-current of 2nA" is sufficient
to disrupt the actién-potential acnivity of regenerated
nerve fibres. If future tests reveal this to be a problem,
a FET wiil haVe to be obtained with a lower, less disrup- F

—~

. 4
tive, leakage level.
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APPENDIX 1
\

The network of Fig. 2.1 may be simplified to the

following:

T

:I;
¢
where Ze is the electrpde impedance. Analysis will
demonstrate that: ’
\Y o
\ € - &
\Y R .+ 7
s c e
If RC is adjusted so that: .
7
lV_e;\ oo ttel 1 _
v R+ 7
S | el
then ‘R + 7 | = 2|Z | {1}
c e e .
Expressing Ze in polar form, we write:
Ze = Ze (cos 0 + j singp) {2}

where 0 is the phase angle between the real and imaginary

parts. Solution of Eqs. {1} and {2} reduces to solving
the quadradic: -
322 ©2 2 R_cos0-R.? =0
¢ e c C
R
or AT — {3}
€ Ycos?C+3 - ¢0s0

AN

100
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o

Tabulated solution of {3} is as fol lows™

&

o e
0° R,
. 390 | 093 R_
45° 0.86 K_ )
) 60° 0.77 R_ o
70° 0.70 R_
80° 0.64 R_
90° { 0.56 R_ .

which demonstrates the error involved should the clecfrode
being measured contain significant capacitance. Phase’
angle measurements of some electrodes, using a vector
impedance meteg, showed phase angles as high” as’60° at low
frequencies, but generally phase angles of.lcss than 45°
were measured.  Since the object here was to gain only an
approximate idea of how the regeneration electrodes would
bechave, the error involved was considered tolerable;
capecially when compared to day to day shifts in electrode
impedance. Other methods of electrode impedance measure-
ments can be lised but these are not without disadvantage as
well,

The above mentioned bridge can Ee modified to
reduce the error involved by keeping Rc fixed.at some value

much greater than the cxpected electrode impedance (Robin-

son, 1968). This value may be as high as 1000 mecgaohms
- S

~when large impedance electrodes are ‘being measured. Thus,

with RC>>ZC expression {1} reduces to:

1]



- | . Ve _ Ze R c

s R
The oﬁprt voltage mcasured across the electrode then is —
directly proportional to the impedance magnitude. .High
values of RC unfortunately create noise pfoblcms which
must be.overcome by using larger input voltages that may
put the olqtt;bdc into non-linear operdation. Also, shunt
Jﬂpapitnnces impose serious lim¥tations on higher
frequency mcasurement;.

A vector impcdance meter gives an instant readout
of both ﬁmpcdancc magnitude and phase angle, and can be
used over a wide range of fréQﬁencies. To overcome noise
problems involved with‘high magnitude impedance, however,
the instrumentg introduce progressively larger input
voltages which drive an electrode well into non-1linear
opecrating rcgions.

A well shielded a.c. bridge arrangement is probably
the best mecans of electrode impedance measurement.. Accurate

measurements using bridge circuits have already been

accomplished by Pollak, 1974, and are proving to be

rcliabl.e. . *'

1n2
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APPENDIX IT | P

COMPARATIVE MEASUREMENTS ON THE GRASS P15
PHYSIOLOGICAL AMPLIFIER
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Figure 1 Oscilloscope ‘photograph of several
superimposed nerve impulses.

=

I YY)
Mt

20mv

4 msec

Figure 2 Amplifier output noise envelope.
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