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Investigateyourbrain’s Alpha, Betaand Thetawavesorjustlearn
aboutinstrumentationamps.

A biofeedback system is normally
used tomake some normallyimper-

ceptible body function apparent toits user,
often so that it can be strengthened or sup-
pressed. The GSR (Galvanic Skin
Response) monitor, which measures skin
conductivity, is quite well-known. Skin
surface resistance rises during relaxation,
so someone who learns to increase skin
resistanceisinfactreducingstress.
Similarly, migraine sufferers have
been taught to increase the temperature of
their palms, as resulting changes in blood
flow can apparently alleviate the
headache. The ultimate objective for most
amateur enthusiasts, however, is the con-
struction of an EEG (for Electro-
EncephaloGraph) brain-wave monitor.

EEG

The study of EEG patterns is a relatively
new science. The presence of various
electrical signals within the brain was first
discovered in 1924 by a German scientist,
HansBerger,now generallyregardedasthe
father of the art. Berger discovered Alpha
and Beta waves with the aid of electrodes
placedon the head of his son, Klaus.

Use ofthisknowledge was limited for
many years simply to clinical diagnosis.
In 1958, however, an American
psychologist, Joe Kamiya, began experi-
ments to discover whether subjects con-
nected to an EEG machine could learn to
increase production of various brain sig-
nals, especially alpha, and so the use of the
EEG asatrue biofeedback tool began,
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In American simple, inexpensive EEG
training machines were promoted as a way
toinstantNirvana. Sadly, itseemsthey can-
not achieve this for their users, but there is
little doubt that Alpha training through
biofeedback can assist the attainment of
deep relaxation. This is valuable by itself in
these stressful times, and for some it may
prove a springboard into deeper meditation
and spiritual progress.

Brain Activity

The brain produces various frequencies of
electrical activity, most of which have
been classified and named by researchers.
Thebestknownis the Alpharhythm,about
7 to 14Hz, normally produced when the
subject is awake but relaxed with eyes
closed. Below this are Delta, 4Hz or less,
found in sleep and in babies up to abouta
yearold,and Theta,4to 7Hz.

Theta is attracting some attention, as
training inithasenhanced visualizationand
creative abilities for some subjects. It has
also been detected in some Zen masters
during deepest meditation. Beta, from
14Hz upwards and usually strongest
around 20Hz, is indicative of normal con-
scious activity. You will be producing Beta
rightnow as youread thisarticle.

By means of electrodeson the scalp, all
these electrical signals may be detected,
and displayed to the user. The only difficul-
ty is that they are of very low voltage, typi-
cally 5 to20 microvolts, and most users will
be trying to detect them in the presence of
several volts of induced 60Hz AC power-

line hum.

Electronics

Until recently the electronics design was
difficult, as the amplifier required a high
input impedance coupled with a very low
noise figure. Noise is a problem at low fre-
quencies. Below the audio spectrum the
noise generated by most semiconductors
increases dramatically and opamps suchas
the 741, and many discrete transistors, ar¢
quite useless for the task.

One wonders how Berger coped all
those years ago. Apparently he used a type
of galvanometer, without benefit of
amplification at all. Recently, however, the
appearance of specialized low- noise op
amps such as the OP-07 has made it pos-
sible to produce a simple and effective EEG
monitordesign forhomeconstruction.

Instrumentation Amplifier
Ablockdiagram of the Monitorisshownin
Fig. 1. The first stage is aninstrumentation
amplifier withavoltage gainofa thousand
and a very high rejection of unwanted
common-mode signals such as hum. This
is followed by a notch filter to remove
remaining traces of 60Hz noise, and an
opto-isolator. This provides a safety if the
project is coupled to mains-driven equip-
ment such as computers or amplifiers.
With electrodessited on the user’s head
safetyisobviously of paramountimpor-
tance. At the same time, the isolation
preventspossibleentry of hum through the
output. Thispartofthecircuitisassembled
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on a separate PCB and carefully shielded
inthe finished assembly.

With the minute EEG signals now
raised to useable levels and stripped of
mains hum, the remaining circuitry, on a
second PCB is concerned with processing
and output. Three filters extract Beta,
Alpha and Theta signals, which are avail-
able simultaneously. They could be inter-
faced to a computer for graphical screen
presentation, though there are obviously
many interesting possibilities. A switch
selects one of them to control a VCO, for
an audio outputon headphones. The VCO
is driven either directly or through an in-
tegration circuit that gives an output cor-
responding to average level. Users will
quickly establish their own preference
fromthese twooutputs.

For readers not familiar with the in-
strumentation amplifierused for theinput,
a simplified diagram appears in Fig. 2. It
consists of three op amps. A voltage com-
mon to both inputs will appear, un-
amplified, at the outputs of both Al and
A2. A voltage applied to one input ap-
pears, with a gain of (Ra+Rb)/Ra, at the
output of the appropriate amp. However,
the current drawn through Ra will cause
an almost equal but opposite output to ap-
pearatthe outputof the otheramp.

These signals are combined in A3, a
unity-gain differential amplifier circuit,
The output from this is the difference be-
tweenits inputs, voltages common to both
being rejected. This configuration
provides differential amplification, very
high rejection of common-mode signals,
high input impedance (since both signals
£o to op amp non-inverting inputs), and a
potentially high gain of, approximately,
(Ra+2Rb)/Ra. The circuit is often seen in

industrial applications such as
electrometer amplifiers. In this project the
use of OP-07 amplifiers gives the addi-
tional advantage of very low noise.

Circuit — Front End

The full circuit for the front-end board is
shown in Fig. 3. The instrumentation
amplifier consists of IC1, IC2 and IC3.
This is similar to Fig. 2, but the inputs are
AC-coupled through C1 and C2 withextra
protection provided by R1 and R2. High
frequencyrolloffisintroducedby C3toC6
to reduce gain at unwanted frequencies.
R3and R4 provide input bias, VR 1 allow-
ing adjustment to compensate for op amp
offset voltages. VR2 trims for maximum
common-moderejection.

Remaining traces of 60Hz hum are
then removed by the filter constructed
with dual op amp IC4. This is a modified
twin- T notch filter, with active feedback
to the common point to sharpen the notch.
Clamp diodes D1 and D2 prevent over-
load of the output stage ICS, an op amp
which drives opto-isolator IC6. To avoid
overloading the auxiliary negative supply
this stage draws all its power from the
positiverail.

A splitsupply of plusand minus 5 volts
is provided for this circuit. In order toavoid
a multiplicity of batteries, the output of a
single 9-volt is first reduced to 5 volts by
regulator IC7, then the negative supply is
generated by IC8, an ICL7660 negative
converterchip.

Circuit — Signal Processing

The second, signal processing part of the
circuit is shown in Fig. 4. The input is
developed across R1, a 470 ohm emitter
load for the opto-isolator transistor. The

isolator specified has a transfer ratio of
about 100 percent,sointhiscircuit the out-
put across R1 will about equal the input.
Therawsignal appearsatasocket, forcon-
nection to other equipment if required.
VR1 controls overall gain and is followed
by buffer IC1a, one of four amplifiers in a
TL064 IC The other three form two-pole
bandpass filters, with Q factors of about
6.5,and center frequenciesof19.9,9.8and
5.4Hz for a selection of Beta, Alpha and
Thetarespectively.

Although EEG circuits often use a
single filter with switchable frequency,
there is little extra complication in provid-
ing three separate filters. The outputs are
available simultaneously for recording and
experiments, and switch connections are
simplified. If the filter capacitor values are
reasonably small some of the associated
resistors will have high values, so the
TL064 with FET inputs was picked for the
amplifiers.

Outputs

A project intended for relaxation training
should not sound harsh to the ear. The out-
putfrom thiscircuitisalow hum, withpitch
varied by the input signal. This is produced
by the VCO IC3, a CMOS 4046B phase-
locked loop. As the VCO output is a
squarewave, the harsher components are
filtered out by R23, R24 and C13, C14
before it goes to outputamplifier IC4. This
isa 741 op amp, which is quite capable of
driving headphones at a reasonable level,
especially the miniature type intended for
use with personal stereos.

The filter outputs can drive the VCO
either directly, or through the average
level circuit around IC2, giving an output
pitch that rises with overall input
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amplitude. To avoid arather lumpy output
at the very low frequencies involved, the
level detector is not the usual half-wave
arrangement. Instead an absolute-value
circuit is used, consisting of IC2a and as-
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sociated components. Output t'rom tl'IlS is
buffered and then integrated by IC2d.
IC2¢ and VR2 provide a variable
reference for threshold adjustment. In use
itsetsalevel which the signal mustexceed
before the outputpitch startstorise.

This part of the circuit has its own
power supply, both for safety isolation
and to prevent the possibility of feedback
through the power rails. With the excep-
tion of IC2 and IC4, everything operates
fromthe S-voltregulatorIC5.

Construction — Front-End,
PCB

Construction should commence with the
assembly of the front-end PCB. The com-
ponent layout for this is shown in Fig. 5.
Both PCBs are lengthened in order to fit
into the moulded slots of the specified
plastic case. For different arrangements
they could be trimmed short, but this
shouldonly bealtered by constructors who
are confident that they understand the
shieldingrequirements,

For ease of construction, the routine
of fitting the components in order of
physical height should be followed. There
are two links on this board. Sockets are
recommended for all chips except 7, to
avoid undue handling of the devices them-
selvesand to assist testing and adjustment.
Note thatICs 5 and 8 are CMOS devices so
the usual precautions should be observed.

The resistors should all be one per-
cent metal film type; these are now stand-
ard from most suppliers. Other types may
result in impaired noise or hum rejection
performance. The four 22n capacitors in
the humfilter, C7to C10, are 1% tolerance
types instead of the usual 5%. Although
opto-isolator IC6 is a 6- pin device and 8-
pin socket is used as 6-pins are rare. IC6 is
fitted atthe top of this socket.

Front-End Checking

The front end PCB can now be checked
and adjusted. It should first be powered
without ICs save for regulator IC7. Fol-
lowing a brief surge as the electrolytics
charge, the supply current should settle to
about2.5mA. and the 5 voltpositive supp-
ly should appear across C17, the upper
100u capacitor. If this seems OK, IC8, the
ICL 7660, can be inserted, the board
powered again, and a check made for the
negative 5 volt supply across C18, the
lower 100ucapacitor.

There should be a total of 10 volts
across both capacitors, of course. The
supply current increase should be negli-
gible as the 7660 draws only 100uA. Fol-
lowing this, IC5 and isolator IC6 can be
fitted. This should raise the drain to about
4.5mA, while pin 2 of IC6 (center, left-
hand side) should have a potentialof 1V.

If all seems well so far, the two inputs
at the left-hand side of the board should be
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Fig 4Circuit diagram of the signal processing section of the Monitor.
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Fig.6.PCB layout and wiring of the signal processing board.
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shorted to the ground point between them,
the 100ohm trimmer VR1 set to about
half-travel, and the first two OP-07s, IC1
and IC2inserted. This willraise the supply
current to about 7.5mA. Their output vol-
tages (pin 6) can be checked, and the effect
of VR1 noted. It should be possible to zero
both outputs with VR 1, though allowance
should be made for the slow response.
(This check initially failed on the
prototype,revealing afaulty OP-07).

AfterthisIC3 canbe fitted, raising the
current to about 9.5mA. Withameter con-
nected to test point 1, IC3 output, VR1
should be carefully adjusted for zero volt-
age. Inserting IC4 should raise the supply
currenttothe final valueof about 10.5mA,
and the test point 2, IC4a output, should
alsobeatQV.,

A fairly tricky adjustment follows,
the setting of VR2 for best hum rejection.
~ To avoid problems of spurious hum pick-
upduring thisadjustment the board should
be placed on an insulated conductive sur-
face, to which its ground rail must be con-
nected. A sheet of kitchen foil overlaid
with cardboard will suffice. The inputs
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should be disconnected from ground but
coupled togetherand a60Hz input applied
tothem.

If a signal generator is available this
input should be about one volt RMS — if
not, a finger placed on them will probably
inject about the right level in most
workshops. A means of monitoring test
point 1 is required, ideally an oscillo-
scope, though a millivoltmeter will do.
Most DVMs have a suitable range (no
serious constructor today should be
without one). VR2 should be trimmed for
minimum AC output at the test point. If the
optimum adjustment is difficult to find,
hum is probably still being induced into
thecircuit from some external source.

This adjustment proved almost im-
possible on the prototype until the
grounded conductive sheet was set up as
described, when itbecame easy. If a scope
and generator are available, test point 2
can be monitored while the frequency is
varied and the effect of the filter observed,
although thisisnotessential. A final check
ontheadjustmentof VR1 isadvisable.

The completed front-end PCB may be

used on its own for experiments if desired,
though the comments on shielding, givenin
the description of final assembly, should be
noted.

Construction — Second PCB

Assembly of the second PCB is
simpler than that of the first. The layoutis
gieninFig. 6. Again the sockets should be
used for the ICs, and CMOS handling
precautions observed for IC3. Since test-
ing requires mostof the controls to be con-
nected, it is as well to complete it and as-
semble the entire project into the case, an
ABS box, size 190 X 110 X 60mm, before
commencing.

Asthe layoutis fairly compact full case
drilling details are given in Fig. 7. The
layout of controls, sockets and PCBs is
shown in Fig. 8, while their connections ap-
pear in Fig. 9. The Delta/Alpha/Theta
switch S1 has a fourth position, Off, which
controls battery supplies to both printed cir-
cuit boards. The front-end PCB has shields
placed to either side and connected to the
input ground point. Spare pieces of PCB
material, with the copper facing outwards,
are ideal, but suitably insulated sheet metal
or even stiff card and kitchen foil could be
used.

Note that when boards and controls are
placed as shown, there is room for the two
snap-in battery holders to fitbetween them.
Fourstick-onrubber feetkeep these holders
clearof surfaces on which the unitis placed.

Testing — Second PCB
Testing of the second PCB can proceed as
follows. Firstitshouldbe poweredupbyit-
self, without ICs except for the regulator
IC5. Following an initial surge the supply
current should settle to about SmA. The
presence of 5 volts across C19 can be
checked. IC4 should now be fitted, raising
thedrainbyacouple of milliamps. Witha9
voltsupply the voltage at IC4’s output, pin
6,should be about4.5 volts.

If the headphones are connected and a
finger placed on the bottom of the 100n
capacitor C15, a loud hum will probably be
heard. The same finger on the top of the
10uF capacitor C12 (or pin4 of IC3’s sock-
et), should cause a softer hum, adjustable
with volume control VR3. IC3, the 4046B
chip, can now be fitted and S2 switched to
integrate. This should produce a horrible
noise, half hum and half tone. Connecting
pin 8 of IC2’s socket to negative supply
should produce a clear, steady, low fre-
quency tone, while taking it to the 5 volt
positive supply will result in a higher tone,
slightly more thananoctave up.

Nextthe TL064,1C1,canbe fitted,and
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S2 settodirect. All three on positions of the
selector switch S1 should produce clear,
steady tones. IC1’s outputs, pins 1,7, 8 and
14, should be checked as being about 2.5
volts; being the four corner pins they’re

easy to locate. Touching the top of 1u
capacitor C1 to +5 volts on any range
should produce a sharp rise in pitch, fol-
lowed by areturn to the original output tone
during which ringing at the selected Brain-

wave frequency shouldbeclearly audible.

Finally IC2, the LM324, can be fitted,
S2 set to integrate, and the effect of offset
control VR2 tried. About halfway around
itstravel thisshould start to increase the out-
put frequency. Set just below this point, a
finger touched to the top of C1, to inject
hum, should produce a rise in pitch. The
total current drawn by the complete board
should bearound 7 to 8mA, though this will
depend tosomeextentonoutputvolume.

Finally, the front-end board should be
powered, the gain control VR1 turned
rightdown, and the voltage acrossR1 (and
VR1)checkedasbeing aboutone volt DC.
If the circuit is set to integrate, advancing
VR1 should cause arise in output pitch as
noise findsits way into the open-circuit in-
puts. A finger placed over them should in-
crease this output. The final supply cur-
rent drawn by the output board should be
about 10mA, the increase being due to the
current drawn by the opto-isolatorandR1.

The projectisnow operational and can
be put to use as soon as suitable electrodes
havebeenprepared.
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Electrodes

Alarge factorin the successful operation of
this project is the manner in which its elec-
trodes are made and used. It follows that
considerable care should be taken with
these, so they will be covered in some
detail.

Most metals, if placed in contact with
the body, set up a kind of battery action
with acids secreted by the skin. Move-
ment, however small, results in fluctua-
tionof the voltage produced by this battery
which can cause severe interference with
the very low-level signals sought with this
project. Because of this, it is wise to select
the electrode material with the lowest pos-
sible level of this problem, this being sil-
ver with a silver chloride coating, This
isn'tasdifficult orexpensiveasitsounds.

A piece of thin silver sheet about an
inch square isrequired. In the author’s case
this came from an amateur silversmith
friend, though a local jeweller and trophy-
supplier confirmed that they would have no
trouble insupplying suchanitem.

From this, three discs should be cut.
Silver is quite soft and the sheet can be cut
with sharp scissors. Keep the scrap, which
will beneeded forthe chloriding process.

This project was originally designed
to use shielded electrode leads (see
photo), but this was later found to be un-
necessary. The sockets have provision for
shield connections; if for any reason
shielded lead is used it should be the low-
noise type. However, for most users thin,
flexible single-conductor wire will be fine
(see photo). Leads made from this, each
about a metre long, should be soldered to
the center of each disc, and the joint sealed
and insulated with a blob of epoxy resin.
Fig. 10 showsthis.
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The other side of each disc should be
thoroughly cleaned before the chloriding
process. This consists of placing them ina
tumbler of water containing a teaspoon of
dissolved salt, and passing a small current
through them to a common electrode con-
sisting of the remaining scrap silver. This
willcoat them with a black silver chloride.
The arrangement for this is shown in Fig.
11. Each electrode has a 10k series resis-
tor. For keeping them in place around the
tumbler, clothes pegs will be found useful.

The plating process takes an hour or
two. Stop when the electrodes are seen to
have a uniform coating of black chloride,
as an excessively thick coating seems to
have a fairly high resistance. They should
be handled gently to avoid damaging the
coating and, when not in use, kept in a jar
with a tiny polarizing current applied
throughacommon 1Mresistor.

Attaching the Electrodes
Attaching the electrodes to the head
presents problems. Skinheads will not ex-
perience any difficulty of course, but the
rest of us will find that hair tends to get in
the way. Alpha, when present, tends to be
strongest between the occipital (that’s the
back of the head) and temporal (above the
ears)areas,

An electrode siting combination that
seems to work fairly well consists of the
ground electrode below the left ear, just
behind the jawline, one of the two signal
electrodes at the center of the forehead,
justbelow the hairline, and the other at the
back of the head, a bit to the left, a bit
above a line drawn around between the
ears. The first two of these can be attached
with tape, while the last is held with an
athlete’s elastic headband, obtainable

fromsportsequipmentshops.

Keeping impedance between the
electrodes as low as possible is very impor-
tant. As the top layer of the skin is fairly
resistive, it should be prepared by a good
scrub with a pad dipped in alcohol before
the electrode is applied. An electrode gel
should be rubbed into the spot where it is to
be placed, and a blob of it placed on the
electrode before application. This proce-
dure works equally well through hair,
though a larger blob of gel is applied to an
electrode which mustmake contact through
this.

To ensure a good contact, it is really
essential to check the impedance between
the electrodes. Although the author has
never (knowingly) sustained any harm
from the use of an ordinary ohmmeter for
the job, this is not going to be recom-
mended here.

In Use

Ordinaryheadphonescanbe used with this
project, butmay tend to getcaughtupin the
electrode leads. The miniature Lype sup-
plied for personal stereos are better, but
bestofallare the type whichhave nohead-
band and fit right inside the ears. They
don’t have to be high quality; a cheap pair
willdo.

Having secured the electrodes in
place, the next step is the attempt to
generate some signals with its aid. Most
users will wish to begin with Alpha, since
this is the bestknown and most useful of the
signals that can be detected. The difference
betweendirectand integrated output will be
immediately apparent, and the user will
quickly develop a preference for one of the
wo.

Perhaps direct is best for the begin-
ner, whowill wish to hearany bursts of the
sought activity immediately, while more
experienced users may wish to use the in-
tegrated output to try to produce sustained
steady output levels. If the latter is in use,
the offset control should be backed off
until further movement does not produce
any further reduction in the output tone
frequency. It may, in fact, be set slightly
below this pointtoeliminate noise.

For both types of output, the gain
should be set just below the point where
noise causes spurious output. Then, sitting
quietly with eyes closed should soon
resultin the production of some Alphasig-
nals. Paradoxically, trying harder to
produce Alpha will stopit; youreally have
toletgo forresults, Thisis quite hard to do
at first, but a few half-hour daily training
sessionshouldsoon produce theknack m
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