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0ZET

Bu tezde, girig b8liimlerinde genel olarak Biotelemetri sistemleri

hakkinda

verilmig,

bilgi verildikten sonra 8zel bir Biotelemetri tasarimi Srnegi

cesitli alt bloklarda kaf§11a§11an problemler ve bunlarin ¢Sziimi

incelenmigtir.

Bu tezde tasarimil yapilan ve ortaya gikarilan sistemin belirgin

Ozellikleri:

Solunum sinyalinin torax empedans deZisimi metodu ile alinmasi,

Ekg ve solunum sinyallerinin birlikte gdnderilmesi,

Alici1 sistemin mikroiglemci tarafindan otomatik olarak hastalari takibi,
Meydana getirilen sistemin tasarimi anlatilan birgok neden dolayisi ile

ucuza mal edilmesidir.
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CHAPTER 1

INTRODUCTION

1.1 What is Biotelemetry and radio telemetry?:

Biomedical telemetry, or Biotelemetry ie & special branch of
Bioinstrumentation which provides a means +or transmitting
physiologic information From men or animale to a recording or
data processing station for medical purposes, ususlly with the

{
aims of minimally encumbering the monitored organism.

The transmission medium may bhe either & radio link or & line.ln
the case of a line connection, the term "line telemetry” is used
when the subject and station are in different locations.dith the
gxception of some physiologic data tranmsmissicn and moniiorino by
telephone lines,.biomedical telemetry today mainly uvuses & radio
link betwesen the sites.In this case the term "Radio Telemstry" is
used  and thes described technigues can eazsily be exitrapolated to

by wireg implessntati

me becauvse  the encoding and decoding
technlques are similar

2

I+ we look at the history of bictelemetry, we will see that one

of the marliest recorded uses of telemetry for medical pLirposss

1

ccoured  im 1921, The United States frmy Signel Corps used =&

N .

telemetry  syetem to transmit heart sounds from ships to medical

2
tacilities on shore. Later Holter (1%4%), J4iret used & portable

f1

instrument For transmitting phvsiclogical data(EEGs and ECGs) by



radio.Many  other investigations using radio telemetry ocould be
mentioned such as for intracranial pressure, temperature, FH,
emg. . trespiratory ventilation, oxygen analysis of breath and
bleeding localication.Howesver, most of these are for specific
research investigations and few have been widely applied.

1.3 Uses of Radio Telemetry:

In clinical setting. biatelemetry can provide for total
electrical patient isolation and ambulatory freedom, and is
proliferating in dental research. Fortable emergency care units
now  may communicate with hospital base stations with voice and
phyeiologic data +From remote emergency situstions.bBiotelemetry

ha

i1

also permitted physiclogic monitoring in many research areas
where freedom from restraint and atteached wires i important to

the study both with animal and human subjects.f” broad spectrum of

animal species hasz been monitored by biotelemetry. This incluges
lizargs, shnakes, fish, seals, elk, and birds in the wild as well

as the more common monkey, dog, cat, rat, and rabbit laboratory

snimale.Human studies of the physiclogy of exerciss and physical

ztress, and investigetions of fetal and maternal phvsiclogy have
found fresdom of restraint provided by biotslemetry to be of

{
areast benefit.

1.4 Bictelemetry Svstems:

There are esssentially two classes of telemetry svstems which

I
i
3

be used for both research and patient care.

are primarily used +for lorg  term

i both hLm; e and animals where an external svstem
would be overly cumbersome.For humans & individual iz not

ustally  =zubjected to the trauma of surgery for the sole puwposs

i1



of implanting the unit , unless its use ie necessary for the well
being of the patient. An example of such & procedure would be the
placement of an intracranial pressure telemstry uwunit in  a
hydrocephalic child to help bkeep the accumul ation of
cerebrospinal fluid under control . For some animal studies it is
desirable to place the telemetry unit within the animal to avoid
the possibility of damage caused by normal sctivities of the
animal . A implansble telemetry system offers the Following
advantages:

1-It eleminates the need for percutaneous leads which can result
in itrritation and/or infection.

ES

Z2-By placing the unit within the subject to be studied, it 1

0

protected from physical damage.

Z-Because 1t 1g hidden from view., & pschologicsl Ffactor is
removed.

The disadvantages of implantable systems are:

l-Repairs and design changes cannot be made.

2=Bevere limitations are placed on the power supply.

-4 packaging material which will protect the elsctronics for
ie yvet to be found.

14
biExternal systemsi;This second cless is composed of external

n
in
+
m
=
]
23
-

wich can be placed on & belt, in & shoulder bag., oF on

the back of the animal.The maximum size of such a =vstem is

3

dictated by +the subject which i= to be

monltored. S human could

]
-+

function normally with @ unit coccupving & velume on the order  of

tem intsnded for &

{

f

"
~
i
&

e 3 , . . :
a 100 i and weighing up to 1 kg. while a

rat  would have to be on the order of 10 cc weighing tens of



arams. External  eystems are uwsed primarily for short term tests
and monitoring where the inconvenience of telemetry unit is
easily tolerated.

External systems have the advantages of:

i-Camplex circuits and systems are permissible since space is
normally not a problem.

Z-Freguent calibration, offgset adivetments, and repairse are
possible because all components are readily accesible.
I-Protective packeging is usually not necessary since the unit is
not subjected to the harsh environment of the body.

4-Fower consumption is not & major problem since batteries can
easily be replaced or recharged.

S—Burgery is not required before the system can be used.

&H&—The system can be used more than once.

Bome of the disadvantages of external systems areg

1-The leads can be pulled and/or chewed by animals who do not
understand the importance of or the need for, such & foreign
equipment attached to their bodies.

2=-The measuwrement and transmission of some physiological signals

W
4
i
i
o
iy

such as changes in hegart dimension as measured by
ultrasonic crystals, reguire percutaneous connections which are
susceptable to irritstion and infection.

S—An interesting problem may bhe the psychological effect of the
wiit on a person who {feels unesasy or awkward with such & unit  on

Fig or her body.

=1

S

Lhough there are ein

Nl

e channel and multi-channel biotelemetry

pes

sysltem

]

»  modern  clinical and research telemetry systems are

mostly multichannel systems due to the variety of physiolegic



signals to be transmitted .

These syeteme generally introduce either a time division
multiplex or freguency division multiplex method to achieve
multichannel transmission. Since it will be beyvond the scope of
this thesis, I don't give the discussions on the various
available seystems, however, a collection of Fulse Amplitude
Modulation, Fulse Width FModulstion, Pulse FPosition Modulation and
pulse code modulation systems are briefly introduced and =&
detailed comparison among these systems are carefully examined in
chapter three.

Al thouah most  frequently used signale inm biotelemetry are
electrocardingram {(scg), temperatuwe, respiratory wventilation,
mean blood pressuwe, electromyvogram and electroencephalogram

signrnals, for further research, I present the whole collsction of

physiologic signals from  the human body, the electrical
characteristice and methode Ffor obtasining these signals. (see

appendix A, table I1)

YT
ssvussswnhe

a) Implantable unit (Coin is shown for comparison)

b) external unir.

Fig.l.Implantable and external Biotelemetry systems.



CHAFTER 2

SFECIFICATIONS OF THE BIOTELEMETRY SYSTEM
TO BE FRESENTED IN THIS THESIS
2.1 Generalized Radio Telemestry System:
A radio telemetry system in most general way can be described as

shown in figure Z. telemetry system !

f ]

A .
objcct transducer Submodutator receiver
| transmitter demodulator
for
subcarriers
L
.
I
i
A
i 4
I
. 11 = - ! i ;
amplifier P s dine FEa : display
Rt I I atatebads IR et
H Lold L= }
H }
1 o= N Setuin | i
- Lo_toms flesel TS
LoJ bed

Fig.2. Block diagram of the gesnerilized Biotelemetry System.
Beginning from this simple block dizgram, I am going to give the

specifications of the system presented in this thesie. The design
philosophy eand the implementation will be explained in the next

chapter.

Atter a heart attack, the psatient is normally placed in

h

coranary care unit for & few dayvs.Unfortunately the CCU is  very
expensive  and hase & limited number of beds.Therefore the patient

ig only extensively monitored for a few davs until he or she is

3
g
T
L
r+
Q

h

room where there ig little o ne monitoring. The
cardiole&izt' may aather ECGs Eeéeral timese a day while the
patient 1& in the hospitsl in an attempt te determine exactly
what is wrong with the heart. During this pericd or  aftter an

operation, there comes the use of the Riotelemetry monitoring.
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2.2 System specifications :

#lthoungh  there are several physiological signals, that can  be
monitored, the ECE and respiration signals are chosen for
telemeltry monitoring, since temperature for a Y step down unit ¥
patient can be recorded twice & day, by a nurse, and there are
very rare occasions that the patient s blood pressure or +low
without disturbing the normal heart and respiration rates. In
those cases the patient will feel the discomtfort and/or & psin,
and will call a nurse for care.

Monitoring the ECE and respiration rate hae several applicstions
at othsr Fields such as exercise ECE examination and sports
physiology where the subiect can be monitored without limiting
his capabilities of action.

For monitoring the ECG, in Biotelemstry systems, instead of 12
lead standard comnection, the 3 lead auvgmented configuretion is

vsed to optimize the intormation obtained versus simplicity.

For respiration signal, there are two approaches in  recent

s
m
<
P
il
i
)
m
13
(=]
I
il
[t
anl
-+
il
5
I
i
T
et
-5
{1-
facnd
-
u}
3
0
in
!
{1
-
o
=
[
i
e
3
o

patient breathes, the exhaled air csuses a resistance change in
the thermistoar and therefors the respiration rate is detected.
The second method is to pick up the transthoracic impedance

change to high freguency current due to  the changes in the

limensions of  thorax as the patient bresthes.

To give the leaszt disturbarce to the patient, while 3 electrodes
are connected to pick up the ECG, I found the most convenient way

to obtain the respiration would be to use the transthoracic

i&°



i%pedance change method, since no extra transducers needed.
In the +following page the complete block diagram of both the

transmitter and receiver is shown. (Note Fig.3)

£CG
Elect ro Jf‘
1A ® Voltage
ECG Amplifie > Controlled
RA O Oscillator
RL ©
Resprrgtion
electrodes e . .
LA © A.C. Demodulator Pulse Width R.F. Transmig Transmitter
RL Bridge Amplifier Antenna
Modulator
F.M. Tuner & CRT
FM Demod.
z ® for ECG
Alarm
Narrow -
Band F.M. A/D ' MPU D/A D??ila
y
3 * PWDemod
for Resp.
P.L.L.
Frequency
Synthesizer

Fig.? Complete block diagram of the designed system
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The ECG ig then amplified by an A.C. coupled amplifier having a
gain of 750, CMMR of 35 decibels, very high input impedancef{in
the order of 100 M ohms), and a +reqguency response of 0.6-90 Hz.

The respiration amplifier 1is preceeded by an ac bridge,
amplifier and demodulator, and & filter to detect the impedance

change.The freguency response of this amplifier is 0.07-0.7H=z,

@in 18 approdvimately 470 and the sensitivity range is +/-0.5

1

ohme with a base reszsistance S00-800 ohms.

The ECG signal is then FM modulated where the center +reguency

is 1.2kHz and maximum swing is =200 Hz, due to the voltage
leveles of the ECGE. This waveform is then FPulese Width Modulated by
the respiretion signal that varies the pulse width bestween
O.bmsec and 0.4 msec.

The composite signal is then level shifted and sent to the RF FM
modul atar—transmitter stage.

The composite signal modulates a 35 MHz cryetal opscillator, and
this freguency is doubled twice to obtain a 140 HMHz operating
treguency. This signal i then amplified and then +ed to the
tranamitter antenna. There 1s & second order low pass filter on
the antenns eide to prevent the transmission of higher order

harmonics.

i

The receiver front end ise a down converter block from 140 Mz

to 10.7 FHz , and the secend block is a narrowband FiM demodul ator

with intermediate frequency of 455kHz. The center freguency of

this narrowband FM receiver is controlled by a F.L.L. freguency

=vnthezizer. The cemodulated zignal is then fe2d to a demodulator

r+

block that can demodulate FM and PWM signals to recover the ECG

18



and recepiration signals. The demodulated signals are in the order
of several hundred millivolte and then sent to &an analog to
digital block in order that the microprocessor Qnit can perform
the ftollowing tashks;

-if the charnel is set and the number of active channels are
specitied with their alarm limits, the processor scans the
channels one by one in seguence.

—at the end of esach cycle of the recovered signal per channel,
the MPU calculates the rate and compares it with the set alarm
levels.

~i¥ the alarm limits are exceeded or the F.L.L. can not lock to
the patient the MFU activates the alarm circuitry, and displays
the channel that caused the alarm condition.

—-if everything is smooth, displays the channels one by one in 1S
sec. intervals.

The major points of the designed system making it special areg
~The transthoracic impedaence method for detecting the respiration
rate.

-Socanning the patients with the freguency synthesizer.
~The microproceszor system that calculsates and compares all  the
elarm conditions and enabling the system for use with one single

CRT display making the system cost efficient.

¥
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CHAFTER =2

THEORETHICALL. CONSIDERATIONS FOR THE PROFPOSED RIOTELEFMETRY
SYSTEM AND DESIGHN IMPLEMENTATION

Z.1.1 The basic theory of the Electrocardiogram and the ECG
amplifier:

The biopotentials generated by the muscles of the heart result

in the electrocardiogram, abbrevisted ECG. The hegart is divided

into four chambers.The two upper chambers ., the left and right

5
ria, are synchronissed to act together. Similarly the two 1lowser

o
e

chambers, the ventricles, operate together. For the
cardiovascular system to function properly,. beth the stria and
the wventricles must operate in a proper time relationship.

cardiac cycle originates in the sinus node which is high in  the

right atrium.Pacemaker cells in the sinus node initiate & wave of

celiular depelarization that moves across both atiria, which
results in  the contraction of the atris and +illing of the

les with blood. This wave of excitstion penetrates the

il
i
.l
3
sl
T
s
[

ventricles via the atrioventricular node. Here a delasy ise

introduced before the depolarizetion wave i the

i
™
[}
]
in
m
[nB
T
0

0

Bundle of His, bramches and Furkinie $ibere to the ventricular
cardliac muscle.bDuring sinus depolerization both the left and
riaht bundle brahchﬁa will be activated simultarneously., producing
& narrow RS complex of approximately &0 msecs.During the T wave

the ventricles repolarize, ready for  the next ectivation

20



Some normal values for amplitudes and durations of important ECG

parameters are as follows:

Amplitude Flave 0.25 mV
R Wave 1.&60 mY
& Wave 25% of R wave
T Wave ¢.1 to 0.5 mV
Duration F-R interval .12 to 0.20 sec
G=-T interval ©0.359 to 0.44 sec
S-T segment 0,05 to 0.19 sec

F Wave interval 0.11 sec
ORS interval .09 sec

e

PP o] QRS

Fig.4 Normal ECG waveform.
I.1.8 Electrodes:

&l though  there &are suction and plate typsse of  electrodes
available to pick wp the ECGE signal Hor the puwrgoss of
Biotelemstry and clinical practice, the disposable, seld adhesive
type of suwrface electrodes are hest suited. I vused the Ag-agll

tvpe of these electrodes since they were avallable on the market

and not very expensive.

Zel0E Leasd configuration and electrode positioning:

5
The thres bipolar limh leads first introduced by Eindhoven,

shown in the top row of the figure S, are as follows:

=1



Lead 1  :left arm and right arm
Lead Il :Left leg and right arm
lead I1l:sieftt leg and lett arm

Bipolar limb leads

Lead | Lead I Lead 111

{Augmented) Unipolar limb leads Lead aVF

Lead aVR Lead aVL

Vy Fourth intercostal space,
at right sternal margin.

V, Fourth intercosta! space,
at left sternal margin,

V3 Midway between Vg and Vg.

V4 Fifth intercostal space, at
mid-clavicular fine.

Vg Same level as Vy, on an-
terior axillary line,

<
)

Same leve! as Vg, on mid-
axillary fine,

Fig.S Standard ECG Lead configurations.

o agrd
ol



These three leads are bipolar because for each lead the ECG is
recorded Jrom two electrodes and the third electrode is not
connected.

For unipolar leads, the ECG is recorded between & sinale
gxploratory electrode and the central terminal, which has a
potential corresponding to the center of the body.

For the Unipolar chest leads, & single chest electrode is
sequentislly placed on each of the six predesignated pointe on
the chest. These chest positions are called the precordial
unipolar leades and are designated V1 through Vé.

The most widely used madi{icatiqn for ongqoing ECG monitoring is
the moditied chest lesd I (MOL1)Y &lsoc called the Mariotte lesd,
rnamed &fter 1its inventor. This lead seystem simulates the Vi
position with electrode placement as fellows: positive electrode,
fourth intercostal space, right sternal border; negative
electrode just below the outer portion of the leftt clavicle, with
ground just about anywhere, but usually below the right clavicle,
=nd & reglon where muscular activity iz low.

However since we design the systesn to pick up the respiration,
By uwusing the same electrode set, the optimum positioning of the

electrodes i1s shown on Fig. b.

(N

€

Black  Yellow

Fig.é Optimum electrode positioning for pickingf up  both the
respiration and the ECGE signals.

Raw s
ot



For Bioctelemetry MCL1 is the most suitable lead
configuration.However including the probability of applving &
defibrillator during monitoring, the leads are connected as shown
in figure &.

F.1.4 ECG Amplifier:

fs & standard in ELCL amplifiers, 1 used

W

diftferential input

three op-amp instrumentation amplifier configuwation to achieve
. . . 4 )

e high common mode rejection, high input impedance, and

comperatively high gain stage. In order to prevent saturation of

the front stage, because of the ZD0-3Z00 mV d.c. offset dues to the

electrode half cell potentiel, the gain of the first stags is
limited +to 4.5/200mV=1% .The gain of the both stages can be

gspressed as followss

A, = gﬁ&. kl+‘llg;)
R, R,

Zince it wmay be possible to apply the defibriliator +to the
patient while the amplifier is also being connected ,  the
amplifier is preceeded by a protection circuiitry consisting of
two  Zener diodes, resistors and capacitors.Under worst case
conditions the diodes clamp the inpute of the op-amps to Z.9V D
level, the resistors limit the cuwrrent to the diodes for Z00 mi

‘

g the trarmsients and

“+

power dissipation and the capacitore fil

arift. This circuitry protects the inputs up to 4 EV.After that

the dicdes are burned out and may be the capacitors and op-amps

ard third stages

4

ac coupled stage

fu
i
m

it

"

to get rid of the drift and offset problems and actuslly these

are the stages that set the frequency response of the amplifier.
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Wi{h the values shown in the figure 7 , the lower cut off frequency
ie set by the serial capacitor and resistore to 0.6 H=z and the
higher cut off freguency is set by the feedback capacitors and
resistors to approximately 90 Hz.The common mode rejection ratio
depends upon  how well the indicated resistors are matched to
gachother, and in my experimental setup the CHMRR is approximately
35 dE as tested with the ECLG Calibrator of Neurodvne.

Z2.1.% F.M. Subcarrier Modulator:

The output of the ECG amplifier is in the order of a couple
hundred mVs. This signal is used to FM modulate the ECE
subcarrier.The subcarrier frequency shouldn™t be high since we
don®t want to use expensive, high gain bandwidth product
camponents.On the other hand not to cause the sideband faoldover
distortion, the carrier freguency should be kept high enough.lin

order to easily and accurately reconstruct the desired signa

ot

3

the freguency of the pulses should be at least five to ten times

the upper Ffreguency limit of the phyvsiclogical esignal being
i

monitored. I found that the optimum center frequency is & little

bit higher than 1 kHz namely 1.2 to 1.5 Ehe.The two op-amp

circuit forme & good voliage controlled oscillator with @ ®minimum

number of components.The tirst op—amp i1s an integrator which is

control led by the second op-—-amp that zacts as =& voltags
compar-ator.Since this stage 18 followsd by & pulse widith

modulator, the duty cycle is not selected as 50% to be competible
with the next stage.The {frequency of the VLD varies with &

constant of approdimately 1.4Hz/mV.



I.2.1 Basic theory of the electrical impedance measurements:

When an electrode is connected to a biological tissue, becauss

of the double laver at the electrode interface a capacitive
2

effect can be observed. U0On the other hand there 1s a finite

contact area specifying a contact resistance of the

interface.The tiszue also has a certain resistivity per cm. and a

capacitance due to the time varying electrical +ields.

I+ we consider these effects it is possible to draw the
slectrical eqguivalent circuit of the system.The trus ohmic
resistance of the biological specimen is taken to be the constant
value of impedance which is approached as the freguency is
increased. At higher freguencies, the reactance of C will become
significant , and theorethically 1t will eventually effectively
short circuit the electrodes. (Note Fig 23

In the measurement of the transthoracic impedance changes
accompanying respiration, the change in impedance is produced by
a resistive ochange, the magnitude of which is independent‘ oif

frequency over the range of S0-&600kHz.

Rus Rus
R,y R,
A . ;z o .
]
R it — b 0
A R, - B Cu. Ca
e T e | o } i
C E‘: “ £,
C

Equivalent electrical circuit of electrodes in contact with biological material
R, = true ohmic resistance of the biological material

Cy = capacitance formed by the electrodes and the dielectric properties
of the biological material

“Cia. Cip = capacitance of the double layer at electrodes A and B,
respectiely

, Ry 4. Oy g, Ry p. Cy 5 = prralle! équivalents of the Warburg impedance
_ frequency . a1 each electrode

R4 Ryg = pure resistances
E4. Eg = halfcell potential at each electrode

Ria, Rua, Oy pand Ryp, Ryrg, Cipp represent impedances associated with
the electrolytic process

v 2
Fig.9 Electrical equivalent circuit of bioelectrodes.
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Z.2.8 Practical measurement system:
The principle of the operstion is to inject a constant, high
freguency cuwrent to the tissue and demodulate the AM modulated

1
signal due to the impedance change. (Fig 10)

in our system, the oscillator provides a 1006 kHz, Z0 V peak to
peak siagnal to the ac respiration bridge.The current to the
bridge is limited with a 10K ohlhm tresistor and a series capacitor

prevents the application of DC voltages to the tissue.

d.c.
*backing-off”
voltage

demodu- ‘_‘L_\__‘:.o o

vz b4 lator and
filter c recorder

! Pl

A(ve — 1)

Vae = Ve

Fig.10 Two terminal method for respiration detection.

The balance resistore are chosen to a&llow a reasconably  wide
-ange of base chest impedances, since it can vary from one person
to another depending upon the type of the tissue.bith the wvaluess
given, the amplifier can operate with base resistance range from
500 to BEO ohms with the sensitivity of 0.5 chms.The output of
the bridge iz an &M modulated sigrnal and demodulaeted by a
rectifier and é filter. The {following ac coupled stages employ a
gain of 300 in the frequency band of 0.07-0.7Hz.

The output of this amplifier is used to Fulse Width Modulate the
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Table 1.

Values of tissus specific resistance measured at body temperature except where noted

Human Dog
. Sgcciﬁc Specific K
Material resistance Frequency Reference resistance Frequency  Reference
flcm kHz Qcm kHz
Muscle (skeletal) 240 (longitudinal) o-02-3 BVD 760 10 SK
675 (transverse) - 6oo-1200 1o S
Muscle (heart) — — - 456/600 . 100/10 K/SK
L — 1+ — 700-900 1o S
ung — — —- 1345-2100" 100 K
— o — 8o0-1200/950 10/10 SL/SK
Bone 16000 EKG L (temperature not — ’ C— —
. Spectrum  specified)
CSF 646 1-30 R (245 “C) - -— -
Spleen - — _— 885 Induct- G
' orium
K.ldney - - — boo . 100 K
Liver — —_ — 600/685/700-850 100/10/10  K/SK/S
Fat — —_— — 1000-3000 100 K
Blood 154 120 M (36:3 “C) 155 (41 9, hematocrit) 100 K
References

SK: Schwan and Kay, 1956

BVD: Burger and Van Dongen, 1960 SL: Schwan and Li, 1953
G: QGaleotti, 1902

S: Schwan, 1955

140}

120 -

T

1%}

impedance,

o

E ol

K: Kinnen et al., 1964

M: Molnar et al., 1953
R: Radvan-Ziemnowicz et al., 1964
L: Lepeschkin, 1951

L J
.

Components of transthoracic impedance against frequency
These curves show the change in transthoracic resistance and capacitive
reactance associated with maximum inspiration and maximum expiration. The

a

b
¢
d

1 I | I L

impedance was recorded from a pair of electrodes placed bilaterally along the
midaxillary lines at xiphoid level.

Resistance at maximum inspiration
Resistance at maximum expiration
Capacitive reactance at maximum inspiration
Capaciiive reactance at maximum expiration

-
-
il

o 2o 300 A0

Frequency, kH7

.12 Components of transthoracic impedance vs.

frequency

Z1



clock generated by the subcarrier oscillator of the ECG.

With this arrangement we havé the minimum power and space
requirement compared with time division multiplesn freguency
divieion multipler svetems or pulse code modulation syvstems

The sigral to noise ratioc of this type of modulation is better
than pulse height modulation systems and the regquired bandwidth

{
is approximately Z times the center freguency.See Fig. 13

) A
A
»/ \\
/ N
/ N
/ AN
J ,/ ! \W /I\v/ﬁ\
/It il
e,%ih fo Zfo 3fo Frequency

f is the min. freq. of the ECG subcarrier
1

f2 is the min. width of the respiration subcarrier

Fig. 13.Freguency spectra of the subcarrier signal.

"

A.E.1 0 The RF transmittion system:

2
While designing the transmitter stage, the following points are

taken into consider

i3]

tiong
I-Maximum simplicity and relaibility
Z-Minimum power consumption
Z-Optd mum adaptatién to Internatiocnal standards
The choice of the transmitter frequency for implentable units
may be dictated by the reglion of the body in which it is to be

placed, <since the attenuation factor in the body increases with

-y

-t




increasing frequency.

The above discussion would tend to suggest that a lower
freguency system would be better . however for a fixed amplituds
radiation source, the antenna gain increases due to the increase
in  the ffective length, therefore the radiaetion distance 1is
increased.

Since our power resources at the transmitter side are limited,
we can not use a double side band AM modulation with carrier.The
noiss  susceptibility of that kind of modulation is alsoc rather
poor compared with other modulation syvstems.55B modulation will

be more efficient for power supply considerations however would

n

reguire more space, also both the transmitter and the resceilver
would be more complicated.

Unfortunately there are no international {freguency for the

i

allocation of Fiomedical telemetry .The United states has a

i

different set of regulaticons, accepted by FCC, and the European
hemisphere has diftferent allocations set by CCITT.In our country

there are gti1ll some  arguments ping  on and "o channel

fin}

allocations  arse set untill now.However it is very possible - that
%5r compatibility with the EBuropsan countries,which we share the
zame standards for communications (CCITT  Standarde), will be
accepted in the futuwre.For this reason I concentrated orn 40 pFHz
151 pH=z , and 470 MHz bands on the following table.With 40 MHz
band, one hag the bulky dimensions of ‘the antenna and the space
problems  with  the tuned circuit inductors on  the transmitter
board. It was aleo impossible for me to design the transmitter and

receiver stages at 470 MHz band, since I don™t have neither the

-
TN



rperience  nor

s

atT

this

bard.

the special components that the design requires

MODULATING SIGNAL
FREQUENCY MODULATION
Af {t)
/ 24 (Thpgax (a)

Flth= A(l-f{dsinw t

A

Af (t)

Flt) = Af(thsinwt

B

Waveform for conventional AM (A) and suppressed carrier AM signal (B).

Fig.14 Comparieon of the different RF carrier signals.
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In the following page, the two versions of the transmitter stage

in shown.

In the old version fig.15 a, after
output stage. With this configuration the
consumption is increased 3 to 5 times.

I presented it here, for the cases
source.

The new version fig.15 b, has less

short range, just for demonstration.

the doubler stages, there is an

range 1is increased but the power

doesn't have a limited power

power consumption so operates in a

i



10n=—— J0uH —=10n TOn:%: -4.5

-4.5
L7 C L8
€3 L5
Q3
XTAL
T00K  10uH CSfE—- 2K2 cé

-4.5 K6 390 5Ké 10n‘ 470 10n
£2,C6~-20-40pF Q1.02,Q3-BF240
{1,C3,04,05-5-30pF For details of inductc construction see appendix.
L1-550nH LE-100nH
LZ2-250nH  L6-300nH
L 3-500nH  L7-60nH
L4-300nH L8-40nH

a) The former version with high power consumption

-8V 100n"L ._[_ /5( —J—Mn \/
I
t[. ’) L1 [ %)
T S
L3
XTAL 10 cl ny
1 A c2
Mod.an. ?5}{6 T 2K2
-4.5v*

BBIO5 02

01,02 BF240
Cl,C2 4-25pF
1] 1.7ud . L2 450nH , L3 180nH

b) The revised version

Fig. 1%

Circuit diagram of the transmitier

6



S50 we are left with the 150 FMHz band for experimenting.However
working on any of these three locations, require a special
permission from TGM, a special government agency responsible from
the wireless communication systems.

fAdvantages of the 40 MHz band;j
s)Reduced capacitive coupling
b)Less retlection from buildings and other obstacles.

Advantages of the 160 MHz band:
atEasier aerial matching
b)Smaller in size

It is obvious that, in order to have a stable frequency. one has
to use a crystal controlled oscillator.Therefore I used & 3Z5.5
FMHz . crystal for oscillation and used two fregquency doublers to
obtain 142 MHz. carrier.{This is less than 151 MHz. however since

the techniques uwused are the same and I only intend to put

+

ogether a demonstration set wp, this is acceptable)

—

hie kind of gircuitry is also more stable since the paragitic
slemsnts are less effective at lower freqguencies.The design of
the doubler stages are made by using the large signal paramesters
of the transistors since the voltage levels are in hundreds of my
or in voltz.The output stage delivers approximately S0ml to  ths
53 ohm  antenna, and thisg power is sufficient at the opersation
frequency for use in the same building.The desiagn detaile and the
inductor specifications are available in appendiy.

TLELE ferial

¢

The aerial presentse several particular problems.It 1s short ~1 th
respect to the wavelength, it is close to an absorbing or re

emitting medium{the human Body) . and the orientation is varying



rnot only in time but also from case to case.See Figlé
I+ we wuse one of the many formulas for field strength E at  the

receiver aerialj

24
&
=21
(o)
-18 | o
* .
-15 o
o .
-2 g
dB 4
gk s, a
“t\ .
- LN
‘\. c
\-.
+ B "..
-3 A,
| I
1 | L 3
G 01 02 3 0-4 G5
Iﬂ/

Aerial*attenuation dependent on ratio between aerial iengt!m 1,
and radio carrier length A for aerial coupling to a large and small transmitter
A portable front: 35 MHz 4 portable front: 150 MHz

O ‘portable side: 35 MHz @ portable side: 150 MHz

[3 pocket: 35 MHz B pocket: 150 MHz
Fig.1&.Effect of asrisl length and frequency on attenuation.
F.od.1 Trensmitter power supply:

Hecause of the structure of the iInstrumentation and the
respiration amplifier stages, we have to use split supply for the
circuitry. Since the difference current drawn from positive and
negative supplies is very small, we used the parallel regulataor
circuitry, with one  opTamp, &as shown in fig.7. This circuitry has
the advantsages §¥ simplicity and eymmelry.The regulator part
consumes very little energy, cauvszes no voltage drops, and the

battery power limits the opersation only. The battery can either



be & long lide 2V mercury cell, or a rechargable NiCad one.

s

2,501 Receiver FM tuner:

The receiver front end is a down converter from 140 MHz. to 10.7
MHz. which consists of an RF preamplifier, mixer, an oscillator
with automatic fregquency control, arnd an IF amplifier.The desian
is achieved by using the small signal v parameter eguivalent
techniqgue. The input sensitivity is approximately 1
microvolt/meter. Since 10.7 MH= is the standard IF fregueny of
the commercial FM receivers it was easy to find parts and the
narrowband FM receiver 10 was designed for the 10.7 MHz input.
Since the bandwidth reguirement of each patient is approximately
2.9 kHz , and they are 10 kHz apart from each other it is obvious
that I had to use a Narrow Band FM demodulator.The IF freguency
of the narrow band FM receiver is 455 kMHz., and has & scan control
output for microprocessor scanner applications. In order to get
the reguired freguency accuracy and stability the most suitable
way is to use a digital frecguency synthesizer for scanning the
patients.The frequency synthesizer consists of a phase lochked
loop, & VOO with a center freq. of 10,245 MMz and & programmable
divider section that is able to divide the veoco freg. by 1000 to
1070 $or comparison with the 10 kHz referance signal, obtained
from a 2 MHz referance oscillator.The active low pass filter is
chosen for better DC gain of the FLL. For simplicity and for the
savailibility of the parts, I used the Integrated circuits shown
o the circwit disgram of the demonstration syatem.

IZ.é.1 ECHE Demodulation Section:

The audio signal obtained Ffrom the NEBFM receiver is firet
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amplified and filtered and then fed to the voltage comparator to
reconstruct the sguare wave .Then this signal is inverted end
level shifted to be connected to the FPLL demodulator.The Fhase
locked loop used here ise & single chip FLL, with the center
freqguency of vco is set by the external resistor and capacitor,
toe 1.% kHe, and the low pass filter of the loop is just a simple
passive +filter. FLL demodulator output is the original ECG
reguiring & little bit amplification and filtering At point BT,

Therefore a one stsae amplifeier with filter is cascaded to the

FLL with gain 10 and cut off frequency of 100 Hz.
3.7.1 Respiration demodulation section:

In order to demodulate the FPWM signal, a capacitor is charged
with a constant cwrent source and the discharge is controlled by
a eswitch according to the input information. The peaks of the
voltage of the capecitor are detected, filtered and amplified to
reconstruct the respiration sigrnal at point C°. This wavetorm is
only useful for respiration rate and aprnea monitoring but not

calibrated Yor respiratory measuremnents.

Z.8.1 MPU control section:

The Ffunction of this block 1s to lock te the patients one by
one,.to convert the incoming sigrnale to digital form o
processing, storage. and displaying of the signals. For disgnosis

&
of  an ECG signal., 100 He bandwith ie the minimum reguirement.In
order to ceollect vreasonable number ot data ftor reconstructicn, if
the Nyaquist rete is cheosen for sampling,this means 200 bytes per

second is used. For diagnosis purposes, at least ten to fifteen

consistent cycles must be displayed. Therefore for each visual

4z
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ECG strip,. 15¥200="Kbytes of memory is required. & similar
discussion Ffor respiration will qgive O.1Hz¥2=0.2 Bytes per
second , 0. 2¥15=3 bvytes per respiration strip.{(A strip is defined
as the cycles of signal dieplaved on the screen at the end of
each scanning period.)

Since one may reqguire to display the waveforms on some other
analog device, an analog output channel must be available for
convenience. Therefore the microprocessor section consistes of &
two channel B8 bits A/D converter chip, 16 Ebytes of memory, one 8
bit D/é converter, two parallel porte, and a CRU.The MPU i able
to input the patient sequence, alarm limits, and other input
commands and data.Via & lock detect logic citrcuitry, the MRU
detects & channel 1s set. Since the time constant of the low pass
filter approdimately Smsec the oscillator locks to the selected
patient. The HMPU sets the A/D for ECG conversion and stores the
result inte that patient’s ram area . Then switches the
multiplexer of the A/D for Respiration signal COnversion,
converts the data and stores the result to that patient’s area.

I¥+ one cycle iz completed, calculates the period and compares the

result with th

M

zet alarm limits, and acts accordingly. Then gets

i

sz nmew channel and repeats the same procedure. I it is reguivred
to have a replay of the last 1% seconds records, the MPU uses the

/G for generation of the analog signal.
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START

Initialize 1/0 ?

Input Data Give Alarm Identify Alar

Set First

Channel

> WAIT

Calculate

Period

4

Compare
Alarm
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Convert ECG Stoii

N

Convet Resp. Sto.

If exceeded

15 cycles com.

Get new Patient

Display Patient

if last Pt,

Fig. 20 Flowchart of the main program
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CHAFPTER 4

SYSTEM EVALUATION AND DISCUSSIONS

4.1 Electrode Flacement:

Our xperiments showed that the electrode placement positions

are not very critical within +/-Z2cm range. However, the
coupling to the surface and the cleaning process do effect
gquality of the ecg signal picked up with this system.

On the other hand, the electrode placement +or cbtaining
respiration signal is very critical, as one can observe

impedance change values from ftig. 22,

42.Q 4Z,0 47,0

0 2 4 6 8’0]..14]6]8 02 4 > 4 i
- 6 8 10 0 -

T T TrrTrm—™

SO 2 i

ST —DnY Sm—minw ——ts g
Sendad GaniiE  SIZEne
v o
4V, litres 4V, litres A4V, litres
a b c

AZ against thoracic level for subjects representative
of three somatotypes
A pair of electrodes (sil

ver discs of diameter 3- : :
ity T 3'5 cm) were moved along the

and Al” were measured at the levels indicated
Spacing between the thoracic levels = 3'5¢cm

a Sub,iect: LEB,sftioin1501b ectomorph
b §ub_yect: O0.G, sftroin 175 1b mesomorph
¢ Subject: 1.D.M., 6ft21in 220 1b endomorph

Fig. Z22Z. The impedance change ranges vs electrode placement.
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Anocther problem pccured during experiments, is the base
impedance varies from one person to another depending uwpon the
humidity ot the skin and the fatty tissues of the
patient. Therefore, for some people a variable resistor must be
placed on one branch of the respiration bridge and should be
adjusted before use.

4.2 ECG section 3

The amplifier and the voltage controlled oscillator of this
section works properly with the given figures in chapter 3.Here,
the timing and voltage waveforms of the subcarrier modulation

zignal is presented for illustration.

VASAIA]
)
%45 ——1
i 2 3 (\n)u)
o © , ——] 5 lo- L3 0
wh5V ] L_—-
P J——

Fig.23 Subcarrier modulator waveform

4.7 Respiratipn section :

14 one takes care of the points mentioned in section 4.1,.the
transmitter ampli?ierﬂ and the receiver demodulator presents no
problems. However the offset potentiometer must be adiusted
properly for not ’cauging the Gverlapping of the +m and pwm
periods.

4,4 RF transmitter :

The rf trensmitter board is realised in a really small area,and

48



in the beginning the unwanted couplings caused problems.With the
configuration shown in the circuit diagram, I was able to operate
it in the freguency range of 88 MHz to 160 MHz by achieving
different tuning points with the doubler and tripler stages. The
output waveform could be controlled from EV peak to peak, to SV
peak to peak, howsever, the power consumption of the stange was
varying from 10 mf to 20 mA also.

4.5 The receiver +ront end:

The contiguration of the FM tuner is guite & standard one,
however since the transmitter-receiver alignment sets were not
available, I couldn™t mamnage to tune the receiver to transmitter
properly.Theretore in the beginning, I used & standard TV ftuner
to pick up the transmitted signal.d narrowband commercial
recei ver bosrd would Ffollow this tuner and recover the
tranemitied signal.However, after I worked on this system for
more than a month, I saw that, practically it is impossible to
realise thiese system. Therefore, I changed the design to a
standard FHM tuner ssction and set up the demonstration part with

it.

4.6 Freguency synthesizer:

The circuit shown in fig. 18 is breadbosrded  and ehown  that
operating well.
4,7 Sianal demodulation and microprocessor boards:

The demodulator Ee;tion also is working properly.Howsver since
there are many microprocessors available on the market, I planned

to use a personel computer . having all the specifications that

the board we presented on chapter 2.,1 used a CEM &4 for
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generating most of the signals.
4.8 Fackaging and power supply :
The packaging specificationss

~ e

welght: 235 gr. nominal

HT: 2.2 cm. Lth:14 cm, Wdth:8.5 cm.

With these specifications, one can easily see that the
transmitter packaging i1s completely ergonomic and suitable for
o pQrposeg.The weight can be decreased more, since it was the
prototype, we used sockets for every IC.

The accesories are kept minimum, by wusing the leads for the pick
up of both the respiration and ecqg signals and as the anternna for
the transmitter.The electrode jack is alsoc used for power monitor
and battery switch.

I+ we check the power consumption of the stages:

Fower monitoring : Zmé
Transmitter : 15meay
ECE & Resp.Ampl 1 Z.3md
Modulators : Z2mA

Al

These values add up to Z2.2mA. (Since they were rather expensive,
I didn™t use the low power op amps in the transmitter, that are
pin competible to the ones 1 used.The calculations, howsver are
done according to ths low power versions.)

So with & 75 méHr rechargable battery, the unit can safely
monitor a patient for three hours.

4.9 Range :

Our dempnetration systenm, &l thouah it has many diffefences
compared to the designed system, worked well, in the came

building the range was approximately S0 m on the same flat.



CHAFTER 5

FUTUREWORE AND COMCLUSION

The history of the Biotelemetry is not very old in the area of
bBioinstrumentation and covered a long way since it first started.

I+ we look at the changes in Turksy in the last few vears, the
release of CE equipment and the new import regime. one can expect
that & useful area of bioinstrumentation, namely the biotelemstry
may be adequetly come into use in many hospitals, perhaps
according to the CCITT standards. Furthermore & ling telemetry
svyetem in Istanbul city, has Jjust getting started .

Taking these points into consideration the designed system is
kept Flexible enough to allow cormnections to a line telemetry

system or an ambulatory arrythmia monitoring system easily.

£  the designed syvstem i1s rewleved, one can Jjudge that this
system is a comperatively simple and low cost system, reguiring
no  special or extra components other than the ones available on

the market, and most of the expensive research is done.

ful

The disadvantages of the svstem i1 common to all other

Biotelemetry systems such as the reguirement of an  allowsd

standard channel, composition of many different blocks of
glectronics, etc.
However 1 think throochout the thesis 1 wae able to emphesize

—the measurement of respivration signal, with the impedance change

method.



~the scanning of the patients eauthomatically under the control of

the microprocessor card.,.

-to check and analyze patient data with the use of the software

written on the microprocessor system,

-tinally the cost efficiency of the system due to the use
simple and stanaard design of the circuitry and the advantage
the ability of using one CRT display for the display of both

respiration and ECG signsls of five patients.

of

of

the



AFFENDIX A

Some useful design equations and analysis of the special blocks,
used in the design of the system.

ECG Amplifier:

The gain of the first stage, as explained in chapter three,
cannot exceed 15.

So 1¥ we choose Ri=10K, then RF1;15DH.

Inorder to get rid of the D.C. offset and drift problems, when we
a.c. couple the second stage to the first stsge,. the lowgr cut
of+ freguency is set by Cl and RZ. For obtsining & lowesr cut off
frequency, RZ must be large since Cl cannot be larger than 1 uF
practically as & nonpolar capacitaor.

However the gain of the second stage decresses it HZ2
increasses.For the selected lower cut off freguency as 0.6 Hz. the

values are RIZ=3%90K and Cl=&80nF.

Fe= i F= 1
DRI REHC 23T RERCE
The higher cutof+t freguency is set by the feedback capacitor

resistor  branch of the sscond and third stages as  approximately

tao 90 Hz.



Voltage controlled oscillators:
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Oscillator stages, design and analysis:

For the general circuit configuration as shon in  the figure
below, the center freguency is set by the formula w=1/ LC

The eqguivalent capacitor must be at least 10 timese grezater than
the transistor®s and other parasitic capacitors, that effect the

freguency.

C =C +C1//CZ
tleo Ci/CZ2 approximately sets the tramsformation ratio of the

feedback network, n.

r
r
4]

For stability conditions, the signal sent back must be in
order of several hundred mVs.

For this level of input, the tramsistor’s large signal parameters

5]

are  valid. The lar

it

~

e sigrnal gain is related to the small zignsl

]

transconductance as shown in figure below. Ornce the small sional
transconductance is determined, thé stage gain and therefore the
lozs ratio n is known. Therefore Cl, 2, and L ie found from the
freguency information and the set bias current IED must satisfy
the small =ignal gsin. fn excellent discussion can be found i

reft.7

um
i



RF transmitter stages

am

The design of the rf transmitter section is rather standard and
the only requirement is the special care taken in the design of
the pcb and the component layout. For all of the Frequency
doubling stages and to the agutput stage the coupling network

shown below is used.

For R, > R,
R,
) X, =—
5o
- — -
(@] /& — 1
R, R
| 2 X, = =+, 5-5——2~—_-
(of R
e, -
' Q¥ |
i
= + 2 = R
> v v > 1 — s
e, Interstag 11 tworks, R ! R
n e coupling ne OrKs (3) /",(v‘ _ ~_2' L /\ .l
QL _Rl
[
x
/' R
(4) X('g M ’\ 1




The freqgquency synthesizer:

The block diagram of the freguency synthesizer is  shown below.
Althcugh a very good design guide is shown in bibliography, ref.
1%, T wanted to give the main'degign formulas here. fAs 1t can be
seen from the equations, one of the most important parameters of
the FLL is the loop gain. The loop gsin of the VCD ie dependent
upon the specific design of the stage.However if & standard OCMOS
circuit  is gDiné to be uzed in the system such as 4046 o 4044
454682 etc, the loop gain of the vcog ’HG=11#10EévradiEec/v . and

for the phase comparator, HF=0.12 V/rad. can be used.

input ohase low-pass
reference o— v > vco £ =Nf
frequency detector filter o= Nfger
frerF c
fakp = o/ N
+N
N — fO(rxmx)
mex "
frer
R2 c
v YV ’ N o = fu{min)
m
R frer
— NN -
i ) N 1/2
= gmax = cmin (ﬁ::) .
oues = g (13/5)
R,C
KK, (often referred to as the dc
Cn, —_ K¢Ko ]
" NuwsRawo® loop gain)



Parsrvetef or measuring
teeninique

Baltisiocafdiogfphy (3¢ €}
Bladder plessutt '
Biood flo®

Blood premurerfaricrialy
Direat
fndirect
{Venous)
_Blond gases  Fo.
Pco,’

L
Pco

Biood pH

Cardiac oulplf

Electrocardiogeaphy (FCG)

Electrocreephgiography (EEG)
{Elegtrocarticography and
brais depth)

Electrogfistrography

Electrorfyogrinhy (EMG)
Fve potentiale EOG

i skingesponse {GSR)
astric QH

[ A

Gastrointostingl pressure
Gastrointesting! forees
Nerve potentiais
Palcencephalography
Phonocardiography tPCG)

Table

PARAMETERS OF PHYSIOLOGIC QUANTITIES

Principal
mescurement range
or parsmeter

N Tmg

0- 100 um

0- 1 em H.O
1 300 mt sec
10— 400 mm Hp
25 400 mm Hp
050 mm Hg
0- 110 mm Hg

40- 100 mm Hg
I—3 mm Hg
0.1—04 mm Hp

6.8—7.8 pH units
4—25 t/min
05—4mv
§—300 pv
10— 5000 uV

10—1000 uV
0.5—80 mV
01-SmV
503500 pV

G900 u¥

1—500 KN

3—13 pH units

0—100 cm H.0
1--50¢g
0.01--3 mV
02 S0 H7

Dynamic runge 80 dB
Thieshold about 107

dynes cm’
Piethysmogrephy (volume change) Varies with organ
measured
Circulatory ¢ Wme
Respiratory funcuions: .
Pnecumotachography (flow raw) 0 &00Q min
2. % mn '

Respirgtory mate

Tidal volume
Temperature of body

.

Reproduccd from Ry, C.C.td.

s fou mR breath
1 A
90 1ot F

Standard tramsducer
or method

Accclerometer. strain gaupe

Displacement (1.DVT)

Strain gauge manometer

Flowmcter (cloctromagnetic or
ultrasonic)

Strain gauge manometer

Culff, palpation

Strain gaupe

Specific etectrade. volumetric or
manomctric

Specific electrode. volumetric or
ruinometric

Spectfic electrade. volumetric or
manometric

Specific electrode. volumetric or
manometric ’

Specific electrode

Dhve dilution. fNlowmeter

Skin electrodes

Scalp electrodes }

Brain surface or depth electrodes

Skin surface clectrodes ’
Stemach surface electrodes

* Needic electrodes

Contazt slecirndss

Contaci electrodes

Skin electrodes

pH clectrode. antimony elecirode

v

Strain gauge manometer
Displacement system, LVDT
Surface o needle electrodes
Accclcrometer on scalp
Microphone

Displacement chamber or
impedance change

Displacement chumber or
impodance change

Pncumotachograph head and
differential pressure
Strain gauge on chest,

imprdance, nusal thermistor

Above methods
Thermistor, thermucouple

Signal frequency
range
iz

pCc 40
DC 410
DC o
I 20
DC.- 5o
I 6
pC so
DC 2
pe 2
DC 2
pDCc o2
bC- 2
t- 20
0.61. 250
DC- 150
DC-
DC 1N
DC- 30
DC- 50
0011,
bC—1
DC—1e
DC—t
DC—10.000
0.2-3¢
§—2000
DC—-¥
DC-%
DC—42
6.t1—10
0110
DC-—0.1

Reguirements for

good recording
t7y

as

e
ne

Ale

[RI¢

P

pe.

(W]
02

Q08

0.2

DC-

(i
bC

Meuirul Engincering, Rev., Year Book Medwal Publishers, Chicago. 1974. With permission,

0
i)
th
20

14

20
ton

sn

0.5

RN
5

i
-1

DC—
DC—§
208000 |
-2
2030

pc—-B

DC-¥

0.1-—%

0.1—$%

014
DC—G!



a) The transmitter unit is on the left, the receiver is in

the middle, the frequency syathesizer is

behind the receiver
box.

In front of the transmitter, the cables and electrodes
can be seen.

b) The internal structure and PCB assemblies of both the
transmitter and the receiver is shown.

Fig.A. Photographs of tne prototype of the designed system.



APPENDIX B:
The data sheets of the special components and ICs used in this thesis.
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* Address latchas nasded for 8085 and SCMP interfacing the ADCOBDE 10 a microprocessor ‘

—

GROUND

(21

BECoDE VAEF(
" (AD4-ADI5) VREF(-}
STARY
WRITE ALe
A
' AD§ i 8
Aocosne
(LIRS LEeaven
AD2 =t
s v 1173 SU"LVT
ot . VCCV
GND

ol

1~ > 087
27 e DBE
27 e DB
A [t D84
36 prmsvnnis DB3
Pad ameneenes 4 11+
271 jrrmendp 081
28 p———p DRU

lyy = Viy @

8-ty

INTERRUPT

INTERRUPT

™S8

LS8

. : ANALDC

bt b Vin 1

MICROPROCESSOR INTERFACE TABLE-

INPUT RANGE

PROCESSOR READ WRAITE INTERRUPT (COMMENT)
8080 MEMA VEMW INTR (Thru RST Circult)
8088 RO : WA INTR {Thru RST Circult)
2-80 RD wR INT (Thru RST Circuit, Mode 0)
SCIMP MRODS NWDS SA (Thru Sanse A}
6800 VMA- ¢ 2-AIW vMA- 02 WW IRGA or IRAB (Thru PIA)

1

TEMPERATURE RANGE

—40°C to +85°C

~55°C t0 +125°C
+1/2 Bit Unadjusted ADCOBOBCCN ADCOB0BCCY ADCO0B0BCY
+ 1 Bit Unadjusted ADCQ809CCN

Package Outline

N28A Molded DIP

J28A Hermatic DIP

J28A Hermptic DIP

R i

futls Semlconducmr

ADC0808, ADC0809 8-Bit .P Compatible A/D Converters

With 8-Channel Multiplexer

General Description

we ADC0808, ADC0808 data acquisition component is a
wxolithic CMOS device with an B-bit analog-to-digital
weregrier, 8-channsl multiplexer and microprocessor
«wroatibie control loglc. The 8-bit A/D convarter uses suc-
waave Bpproximation as the convarsion technique. The
wrverter features a high impedance chopper stabilized
wemparator, a 256 vollage divider with analog switch tree
w8 Successive approximation register. The B-channel
auitiplexar can directly access any of 8-single-ended ana-
g signals,

‘na device eliminates the need for external zero and full-
«ake adjustments. Easy intarfacing to microprocessors
» provided by the latched and decoded multiplexer ad-
swss inputs and Jatched TTL TRI-STATE®* outputs.

~a design of the ADCOB08, ADCOB0S has been optimized
= incorporating the mos! dasirable aspects of several
«D conversion techniques. The ADC0808, ADC0809 of-
wt high speed, high accuracy, minimal temparature
mosnidence, excellent long-term accuracy and repeatabl-
wy and consumes minimal power. These features make
».4 davice ideally suitad to applications from process and
waching control to consumer and automotive applica-
wng. For 16-channel muitiplexer with common output
wemple/hold port) see ADC0816 data sheet.

Features

W Resolution — 8-bits

# Total unadjusted etror — + 12158 and £ 11LSB

® No missing codes

B Conversion time — 100 us

@ Single supply — 5 Vp¢

B Operates ratiometrically of with 5 Ve or analog 8|
adjusted voltage reference

W B-channel muitiplexer with latched contvol logic

B Easy interface to all microprocessors, or opers
“stand alone"”

® Outputs meet T2 voltage Iavel spacifications

W OV to 5V analog input voitage range with single
supply

W No zero or fuii-scale adjust required

W Standard hermetic or molded 28-pin DIP package

B Temperature range -40°C to +85°C or ~55°C
+125°C

& L ow power consumption — 15 mwW

W Latched TRI-STATE® output .

Block Diagram

r;l" AR

\

8§ CHANNELS
MULTIPLEXING
ANALOG
SWITCHES

VARALDG 18PUTS —~

COMPARATOR

frereeyt

r

g

NART  CLoCK

- -

["—

[ —
30T ADDRESS ~ O ADORESS
L LATCH

—-]
ADDAESS I

AND
LATCH ENABLE DECOBER

———f——q
£ END OF CONVERSII
CONTROL & TINING © anteanuen)
|
| .
|
AR, 1
| =
.
1 LI S
STATE el
ouTrut LUT OUTIUTY
LAty 0
| BIFEEN PO
oy
| o
PNITCH TREE :
}
l
1 i I
|
| 2s8m nesistoR LAODER
l -
| S, ) outuT

vu; Gnn REF()
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S meomevne v v BOs OB PRGAR (INOTES T AND Z) -
Suaply Voltage (Vi) (Noted) 8.5Y Tamparatura Range (Mote 1) . T sTas w
Voltage at Any Pin 0.3V VoG +0.3V) ADCORORCS ~85CsTyse » T
Excapt Control Inputs ADCO8DBCCY, ADCOB0BCCN,
Voltags at Cantrol inputs 5 ~03Vio + 15V ADCOB09CCN ~40°CsTas.e
(START, OE, CLOCK, ALE, ADD A, ADD B, ADDC) . Rangs of Vi (Note 1) \ asvpgtod: .
Storage Temperature Range ~85°Cto +150°C
Package Dissipation at Tp = 25°C 875 mwW ’ N

Lead Temperature (Soidering, 10 seconds) 300°C

Electrical Characteristics

Converter Specitications: Ve =5 Voc=Vageia) Yagr—)= GND, Ty sTas Tyax and foux = 840 kHz
unless otherwise stated.

Parameter Conditions Min Typ Max
ADC0808 v
Total Unadjusted Error’ 25°C - 12
{Note 5) TMlN to TMAX *3/4
ADCO0809
Total Unadjusted Error 0°Cto 70°C z1
N (Note 5) ’ TMIN to TMAX' +11/4
Input Resistance From Ref(+) to Ref( -} 1.0 25
Analog Input Voltage Range | (Note 4) V(+) or V() GND-0.10 Vee+0.10 | +
Vieri+) Voltage, Top of Ladder Measured at Ref(+) Vee Yee+0.1
"_ﬁﬁﬂi’é’_"_ﬁgﬂj Voltage, Center of Ladder Vee/2-01 | Vo2 | Vo240
Vrer-) Voltage, Bottom of Ladder Measured at Ref(—) -0.1 0
Comparator Input Current fo =640 kHz, {Note 6) -2 +05 2.

-

Electrical Characteristics

Digital Levels and DC Specifications: ADC0808CJ 4.5V <V <5.5V, —~55°C 5Ty < + 125°C unless otherwise noted
ADCOB0BCCJ, ADCOB0BCCN, and ADCOBO9CCN 4.75 5 Ve s5.25V, — 40°C < Ty s + 85°C unless otherwise noted

Parametar ] Conditions T Min ] Typ [ Max TU«»
ANALOG MULTIPLEXER
lore(s) OFF Channel Leakage Current| Voo =5V, Vi =5V,
=25°C 10 200 .
Trmin 10 Tumax 1.0 W
loFr(~) OFF Channel Leakage Gurrent ] Voo =5V, Viy=0,
. =25°C - 200 -10 e
Tuim 10 Traax -10 .,c
CONTROL INPUTS
Viny Logical “1" Input Voltage Vee-1.5 '
Ving Loglical “0" input Voitage 1.5 '
Tingny Logical 1" Input Current Vin= 15V 1.0 .
(The Control Inputs)

4
b
4

31 el W HIAT AT L VWO (L ontinued) coatr ot ot

Lavels and DC Specifications: ADCO8B0BCY 4.5V <V 5.5V, -55°CsTys + 125°C'unless otherwisa n
G8CCJ, ADCOBOBCCN, and ADCOB09CCN 4.75 5 Vi 56.25V, — 40°C s Ty s + 85°C unless otherwise nott

v Parameter l : Conditions i Min l Typ T Ma
M&OUTPUTS AND EOC (INTERRUPT) - : R :
wpy. -, . Logical *1” Output Voltage lo= ~ 360 uA L vee0al .
w4 *° Logical 0" Output Voltage 1o=18mA AR ] 04
i Logical “0" Output Voltage EOC | 1=12ma . o 0.4!
w# ¢ TRISTATE Output Current - Vg=5V ‘ ’ » , 3

' . Vo=0 : -3

b

,%ctrical Charactenstlcs SR P ; '
mépeclflcatlons Vee = Vaer+)= 5V, VREF( y=GND, ¢ -t,_zo ns and T, =25°C unless otherwise noted.

] $pmbol Parameter Conditlons Min Typ Max

- Minimum Start Pulse Width | (Figure 5) ‘ 100 | 200
- Minimum ALE Pulse +idth (Figure 5) 100 ZOQ
. .. 1  Minimum Address Set-Up Time | (Figure 5) 25 50
P Minimum Address Mold Time | (Figure 5) 25 50
4 1 Analog MUX Ijela'y Time Rg=00 (Figure 5) o ’ ‘ o 1 25

) From ALE '

o OE Control to Q Logic State | C =50 pF, R = 10k (Figure 8) 125 250
- Y004 OE Control to Hi-Z C_ =10 pF, Ry = 10k (Figure 8) 125 250
N . Conversion Time f. =840 kHz, (Figure 5) (Note 7) 90 100 116

T Clock Frequency . ' 10 640 1280
£ EQC Delay Time (Figure 5) 0 8424
L™ Input Capacitance At Controf Inputs 10 15
Ty TRI-STATE® OQutput At TRI-STATE® Outputs,{Note 12) 10 15

Capacitance

wap % Absolute maximum ratings are those valuas beyond which the life of the davice may ba impaired.
wiw B Al voltages are measured with respact to GND, unless otherwise specified.
=% A zanar diode exists, internaily, from Vo to GND and has a typical breakdown voltage of 7 VDC

5 wem & Twoon.chip dlodes are tied to each analog input which will forward conduct for anatog input voltages one dlods drop balow ground of or

K
K

1ty than the Vg supply. The spec allows 100 mV forward bias of either diode. This means that as Jong as the analog Y|y does not excee
~tmw by more than 100 mV, the output coda will ba correct. To achleve an absolute 0 Vp to 5 Vpg Input voltagn range will therefora require am
i mtage of 4.900 Ve over tamperature variationa, inftial tolerance and foading.

¢ wsefly Totalunadjusted arror Includes offset, fult-scale, linearity, and muitiplexer arrors. See Figure 3. Nom of thesa A/Da requires a zero of Tull-

R R

D e I Ty

sommen, I an all 2ero code I8 desired for an analog Input other than 0.0V, or If a narrow full-scale span exists (for exampie: 0.5V 10 4.5V full- scale)
““isiem can be adjusted to achleva this. Sae Figure 13. -

@ Comparator Input current 18 a biaa current Into or out of tha chopper stabilized comparator. The bias current varies directly with clock Ir
w4 4T temparature dependence (Figure §). See paragraph 4.0. . \

% # The outputs of the data register are updated one clock cycle before the rising edga of EOC. -(;



V) Semiconductors -
THHREESTATE ENABLE/DISABLE DELAYS BOX 20912 . PHOENIX, ARIZONA 8%036
PHASE-LOCKED LOOP M
Set, Reset, and Switch Conditions for 3-State Tests.
MC 140438 MC 140448 The MC140468 phase-locked loop contains two phase compara- {Lowpow
TEST| 8 L $1 s2 jaj st $2 Ja to tors, a voltage-controlled osciltator {VCOJ, source followar, and
tEn {VDD| Vss { Open | Closed| A |Closed| Open | 8 Output zener diode. The comparators have two common signal inputs. |
t€n | Vs | Vo | Ciowd | Open | B Opan | Closed | A \i_n.c::v PCAin an‘d PCBin. lr.apu_t PCAjn can be usec.! d|rect|v.coup|ed .to large
: v v Opan | Clossd | A | Cioma | Open | 8 voltage signals, or indirectly coupled (with a series capacitor) to
Dis VDD v S8 Ciowed | Goon TB  Oron [ Giomd TA small voltage signals. The self-bias circuit adjusts small voltage signals .
tois | Vss|Voo i in the linear region of the amplifier. Phase comparator 1 (an exclu- oo
sive OR gate) provides a digital error signal PC1gyq, and maintains oo
90° phase shift at the center frequency between PCAj, and PCBin
= signals {both at 50% duty cycle). Phase comparator 2 {with leading
ss edge sensing logic) provides digital error signals PC25y¢ and PCPoyt,
) and maintains a 0° phase shift between PCA;, and PCBin signals
{duty cycle is immaterial), The linear VCO produces an output signal
VCOqyt whose frequency is determined by the voltage of input
VCOin and the capacitor and resistors connected to pins Cia,Cig,
R1, and R2. The source-follower output SF ¢ with an external re-
sistor is used where the VCOj,, signal is needed but no loading can ba
tolerated. The inhibit input Inh, when high, disables the VCO and
. Voo source follower to minimize standby power consumption. The zener
Enable 50% \K diode can be used to assist in power supply regulation, L SUFF
N . . . . CERAMIC PA
Vss Applications include FM and FSK modulation and demodulation, . CAsE 6
R frequency synthesis and multiplication, fraquency discrimination, ' ’
ten Voo tone decoding, data synchronization and conditioning, voltage-to-
. 00% ° frequency conversion and motor speed control.
Oa 10% ) .
T I D Vou ® VCO Frequency = 1.4 MHz Typical @ Vpp = 10 Vdc
en ® VCO Frequency Drift with Temperature = 0.04%/°C Typical oRD
BO% tDig - VoH @ Vpp = 10 Vde
Qg . .
% ® VCO Linearity = 1% Typical MCI14XXXB ,
Vss ® Quiescent Current = 5.0 nA/package typical @ § Vdc
® Low Dynamic Power Dissipation — 70 uW Typical @ fg = 10 kHz,
Vpp = 5.0Vde, R1=1.0MQ, R2=00 Rgp = oo
® Buffered Outputs Compatible with MHTL and Low-Power TTL
® Diode Protection on All Inputs
, ® Supply Voitage Range = 3.0 to 18 Vdc
® Pin-for-Pin Replacement for CD4048
[ .
’ BLOCK DIAGRAM
oo~ —— e — e — - This devic
) | ot oh the inputs
PCAn 14 i l l Comp:::o' ' 2 PG5yt voltages ¢
i b
} Phase 13 PC2 ::q:::id!%
PCBiy 30 ; |, comparator 2 1 PCPout than max
1loa vco, impedanct
VCOi, 80 i Voltage L 011 ry out it racoms
! Conwotisd [ 012 A2 constraine
Vog = Pin 18 } Oscitlevor 6 Cip Voud <%
Vc;':_ Pin 8 | tveoy \ 7 Cig Unussd ~i
| 1 Appropria
) Yoh so~l 'j;! Soures Follower }-,—Om SFoue :lsss' or
' nl 1 munyg
- - - e en Bom e o] Ve O O Tanar




L O el e oem e s —— ]
input Voltage Al tepots Vin Dbt Vpp*+ BS Ve
oC Currg;\-;u"&-.';v‘\ per Pin t 0 mAdC
Operating Tamperaturs Rlange — AL Davics Ta ~58 0 +125 ‘e _ ‘ ELECTRICAL CHARACTERISTICS® (C|_« 50 pF, T4 = 25°C)
CL/CP Davice ~-40Q t0 +85 —
?, T -85 to +150 oc¢ Minimum Ma;
Starage Temperature Range stg Voo AL CL/CP | Typical Al
Characteristic Symbo! | Vde | Device | Davics | Ali Types | Device
ECTRICAL CHARACTERISTICS Qutput Rise Time [
Voo Tiom” 25°¢C _ Thigh® ty = (3.0 ns/pF) C_+ 30 ns 5.0 - - 180 350
Charscteristie Symbol | Vde Min Wox Min Typ Mox Min Max Unit te= (1.5 m/pF) C 4+ 15ns 10 - - 90 150
te= (1.1 ) + - -
11Ut V ottege "0 Lot Vot 5.0 - 0.05 - [ 0 05 - 008 Vde - ! ntfof) Cy 10 m 15 65 110
Vin*Vpp o 0 10 - 0.08 - [\ 0.05 - 0.05 Qutput Fall Time Y
15 — 0.05 - 0 0.08 - 005 = (1.5 ns/pF) Cp + 25y 5.0 - = 100 178
“t'lewt | Wou | 50 | 498 - 495 | 50 = 498 - Vde te= (0.75 na/pF) C + 12.5m 10 - - 50 75
Vin*0or Vpp : 10 995 - 995 10 - 9.95 - t = (055 ns/pF) Cy_+ 95 ms 15 - - 37 55
18 1498 - 1495 15 - 14.95 - PMASE COMPARATORS 1 and 2
put Voltage® "0 Levil  Vy : Vde Input Resistance - PCA;, Rin 5.0 1.0 10 20 _
Vg = 4.8 or 0.5 Vdc) . 5.0 - 18 - 2.28 18 - 18 . 10 02 02 04 -
Vg » 9.0 or 1.0 Vde} 10 - o - 4.50 :g - :-g 15 0.1 01 0.2 -
(Vg = 13,5 0r 1.8 Vde! - A1) - 40 - .75 : - - PCBy Ain 15 150 15 1500 -
] ) o™ e
(Vo = 05 or 4.5 Vdc) 50 | 38 - s | 298 | - s | - vae "AC oo ety Vin | 50 - - 200|300
(Vo = 1.00r9.0Vdc) 10 70 - 70 550 - 10 - ] C sries = 1000 pF i 50 kM i - - 400 600
(Vo = 1.5 0r 13.8 Vde) 15 11.0 - 110 8.25 - 11.0 - 1750 kHe 15 — —~ 700 1050
stput Drive Current (AL Device) toH mAde DC Coupled — PCA;,, PCB;, - 5to 16 See Noise |mmunity
(Vo = 2.5 Vde) Source 50 | -12 - -1.0 -1.7 - -0.7 - VOLTAGE CONTROLLED OSCILLATOR (VCO}
Vop * 4.6 Vac) . 6.0 :g:;' - j: ‘3)'3: - ig;; : Maximum Frequency Fenax 5.0 050 035 0.70 -
(Vou = 9.5 Vdel :g . - s o C s - (VCOin = Vpp, €1 = 50 pF, 10 10 0.7 1.4 -
(Vo = 13.5 Vdc} 2 nd oiu — R1 =5k, and A2 = =} 15 1.4 1.0 19 -
(Yo = 0.4 Vde) Sink oL 50 0.64 - 0.51 0’53 - R Temperatura — Frequency Stabitity - 5.0 - - 0.12 -
Vg = 0.5 Vde) 10 18 - 13 4 2 - 08 - _ " (R2= =) 10 - - 0.04 -
(Voy * 1.5 Vde) 15 42 - 34 88 - 24 - 5 N - 0615 i
utput Drive Current (GLICP Deviesl | 1oH 08 mAde Linearity (A2 = =1 - :
(VoM *25Vdc)  Saurce 3‘2 :(’)'g - _‘:-1‘; :0“175 - ol (VCO;q = 250V + 0.30 V, BT > 10 k<1 . 50 - - 1 -
Vop = 4.8 Vde) 10 o ‘_ o4 | _os - 03 - (VCOn = 5.00V + 2.50 V, R > 400 k) 10 - - 1 ~
(Vou = 9.5 Vdc) - k - i - (VCO;n = 750V £ 5.00 V, R1 » 1000 k) 15 - - 1 -
(VOu = 138 Vde) 18 -1.4 - -1.2 ~35 - Ry S e =
(Vo » 0.4 Vde) Sink oL 50 052 - 044 088 - 036 - mAde put Duty Cyc p 5 1o = e %0 -
(Vo = 0.5 Vdcl 10 13 - (B 2.25 - [+X:} - Input Resistance -- VCO;y, Rin 15 150 15 1500 -
(Vo = 15 Vel 18 38 - LX) 88 - 24 - SOURCE-FOLLOWER
out Current (AL Devics) lin 15 - 101 . J:000001) +03 - 1.0 | wAdc Offset Voltage -~ 5.0 - - 165 22
out Current (CL/CP Device) [ 15 - £03 - {t0.00001] 203 = 10 | pAdc (VCO;p minus SFq e, Rgr > 50 k1) 10 - - 1.65 2.2
put Capacitance Cin - - - - 50 15 - - pF 15 - - 1.65 22
{Viq = 0 . Linearity —
usscant Current (AL Device) ipo 50 - 5.0 - 0.006 50 - 150 uAde (VCOin =250 V £ 0.30 V, Rgr > 50 kf2) 50 - — 0.1 -
{Pec Packpoe} 10 - 10 - 0.010 10 - 300 {VCO;, 500 V £ 2.50 V, Rgp > 50 ki) 10 - - 08 -
{inh = 17 and PCA = “1") ’ 15 - 20 - 0018 20 - 600 {VCO;, =750 V £ 5.00 V, Rge > 50 kQ) 15 - - 08 -
urscent Current {CL/ICP Device) oo 5.0 - 20 - 0.005. 20 - 150 uAde ZENER DIODE
{Per Package) 10 -~ 40 - g-g:: ;g - 300 Zener Voltage (1, = 50 uA) Vg - 6.7 63 7.0 73
ol yer - - ! -
finh = 71" and PCA = "1") 18 80 890 p Dynamic Resistance (1, = 1 mA) Az - - — 100 -
st Supoly Current t r 50 I =148 uA/kH2) £ + 1ng L - — - —
{toh = “Q, fo= 10 kM, CL-SO pF, 10 17 (2.9 uA/kH2Y 1 + tho ’ The formula given is for the typical characteristics only,
R1 = 1M1, RZ= = Agg == and 15 by = {437 uA/kH2) T+ Ing
50% Duty Cycle)
ow " -557C for AL Davics, -40°C for CL/CP Device.
vigh = +1259C for AL Device, +85°C for CL/CF Davice.
ouse immunity specified for worst-case «nput combination, .
ose Margin for both *1” snd "0 lavel = 1.0 Vde min @ Vg = 5.0 Vde
29 Vde min® Vg = 10 Vde
2.5 vdemin @ Vog « 15 Vde .
n Caiculyts Totsl Current in Generst: \
. -t
ir~222Vpp (VOOM:..‘._-”_J, .__,"00___"3”)3" . 18x (__mvco;,. 65)3" +1%10°2(Cy +3) vpp 1+
Y] a2 Age i
\ - i S 17 inuA, Cy_in aF, VCOi, Vpp in Vde, f In KHz, and:
12 10-1 v {100 % Duty Cydw of PCAm) e1g  Whe:ITinuA.Cying in V0D
00 R1,R2, Rge in M, Cp on VCOgyt.
“T\ RAATLULTAIE B S caewnicccswvafssatore Provelasec-ts Lerer - I TN




FIGURE ¥ — PHASE COMPARATORS STATE DIAGRAMS

PHASE COMPARATOR Y

tnput State

PCA, PCByy,

¥
!
|
!

PClays

trput State

X X

PCA, PCBi,

PC25u1t

I-State s
o Output Disconnected

PCPouL
(Lock tndicetor)

ot . . ]

Refer to Waveforms in Figure 3.

£ 2 — DESIGN INFORMATION |

Charscteristic

Using Phase Comparator 1

Using Phase Comparator 2

8! on input PCA;n.

VCO in PLL system adjusts to center frequency
(ol quency {fmin).

VCO in PLLU systermn adjusts to minimum fre-

ngle between PCA;, end PCB;p.

90° at center frequency {fg}, approsching 0°
and 180° st ends of lock range (2f ).

Always 0% in lock {positive rising edges).

»n harmonics of center frequency.

Yes

No

nput noise rejection,

Wigh

Low

equency renge (21 ).

initisity in lock. 2f = full VCO frequency range = fray - fmin.

The frequency renge of the input signal on which the 0op will stay locked if it was

» traquency renge {2(¢),

. The frequency range of the input signal on
- out of lock.

which the loop witl tock it it was initistly

Depends on low-pass filter characteristics
{see Figure 3}, fo < f

fc=fy

frequency (fg).

The frequency of VCOq ¢, when VCO; = 1/2 Vpp

stput frequency (7).

- This information is intendad
10 be 8 design guide. Some
atory experimentation may be
red for fixed detigns.

[vooi,, -1.65  Vpp -1.35]
AZ
MHz (st 25°C)

o~

(C1+32) (Vpp + 1.6}
where:
Vpp in Vde; 5.0 Vde < Vpp < 16 Vde
VCOjn in Vdc: 1.65 Vde & VCO;q € {Vpp ~1.35 Vde)
R1end RZin MQ; R1 > 0.005 MO A2 < 10 MR
C1inpF:C1> 50 pF

K=0.95@ Vpp = 5.0 Vde
=095 ® Vpp = 10 Vdc
= 1.08@ Vpp = 15 Vdc

1

1
¥
¥
-6

5

172 vpp {Vobp Voo
-1.35)

VEO;

—ee (m MOTOROLA Semiconductor Products Inc. e e

2 Source 10
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R12 R2
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o i [ g
L _Countar J
Typicat Low-Pass Filters
(O] .
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FIGURE 3 . GENERAL PHASE-LOCKED L.OOP CONNECTIONS AND WAVEEORMS

SFour

Output

tnput O—NWI—-O Output tnput
c2
1 1
T el R4
= " R3 C2

ICZ

Note: for further information, t'ee:

{1} F. Gardner, “Phase-Lock Techniques”, John Wilsy and Son, New York, 1966.

{2)G.s. Maoschytz, "Miniature RC Filters Using Phase-Locked Loop*, BSTJ May, 1065

Waveforms,

Phase Comparator 1

PCA,, —J ‘l l 1 Voo
Vss
VoL

PCloye M—Vou
VoL

VEOin \/\/\/\/\_-VOH

— Vor

Phase Comparastor 2

PCA, ' . I

]
' 1
X —_—
'} Vou
; v
PCPy, J OH
VoL

]
foo H
PC200e n L Vor
: J——— Vot
vCoy, ——/'—-—‘\____: vou

AA MOTOROLA Semiconductor Products Inc.
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Semiconductors

BOX 20912+ PHOENIX, AR

1IZONA 85036

MG145688

Advance Information

=

PHASE COMPARATOR AND

PROGRAMMABLE couU

The MC145688 consists of » phase comparator, a divide-by 4, 16
64 o1 100 counter and a programmable divide-by-N 4-bit binary'
counter (sll positive-edge triggered) constructed with MOS P-channet
and N-channel enhancement mode devices {complementary MOS)

in # single monolithic structyre.
This device can be used with:

® Both counters cascaded and the output of the second counter

NTERS

connected 10 the phase comparator {CTL high).

® Separate use of the programmable divide-by-N counter, for
example cascaded with MC145698 (CTL low), MC145228 or

MC145268. :

The MC145688 has been designed for use in conjunction with a pro-
grammable divide-by'N counter for frequency synthesizers and phase
locked loop applications requiring low power dissipation and/or high

foise immunity.

McMOS MS|

(LOWPOWER COMPLEMENTARY MOS)

PHASE COMPARATOR
AND PROGRAMMABLE
COUNTERS

1

L SUFFIX
CERAMIC PACKAGE

CAasE 620

P SUFFIX
PLASTIC PACKAGE

CASE 648

ORDERING INFORMATION

* Quiescent Current = 5.0 nA typ/pkg € § Vdc MClaxxxs Suftix Denotes
MAXIMUM RATINGS (Voltages referenced 1o Vgl L b pomic Peckese
S P Plastic Peckage
Rating Symbo! Valye Unit A Extendeo Operating
DC Supply Voltage VoL 061~ 18 Vo Temperaturs Range
nout Vo'tage Ali Inputs A 05tV 4 05 Vdc ¢ ;:‘:;"’.gﬁ:':::ﬂ
)C Current Drpin per Pin § 10 mAdc -
dperating Temperaiure Range — AL Device . Ta SEE e Y128 °¢
CL/CP Device -S40 1 <fG TRUTH TABLE
torsgr Temperature Range Vg -65 1 4150 c ¢ G Division Ratio
Pin 10 Pin 11 of Counter Dt
0
BLOCK DIAGRAM 0 ? !;
r e e e - - - -i 1 0 64
1 1 1
PC n 18 Orenfroemntmd A Prgse REERES s CARILE S =
] {Ret) - Comuarator | 12 pee The divide by.7er0 state on the programmable
| b0 out Givide by N 4 bit binary counter, D2, is ittegal
X |
| T !
1 |
i | CTL HIGH
CTLLOW
TG
! i 2
cr 90— O e
| Counter D1
CTL 50—} : —Or0f
t .
i | S S—— P
|
g 3O : oy 4.8t l
Programmabte 1012
*E 2 Counter D2

S U S

OPERATING CHARACTERISTICS

The MC145888 contains a phase comparator, s fixed
divider (+ 4, + 16, + 64, + 100) and a programmable
divide-by-N 4-bit counter,

PHASE COMPARATOR

The phase comparator is a positive edge controlled
logic circuit. It essentially consists of four flip-flops and
an output pair of MOS transistors. Only one nf its inputs
(PCin, pin 14) is accessible externanty. The secand is
connected to the output of one of the two counters D1
or D2 {see block diagram).

Duty cycles of both input signals {at A and B) need not
be taken into consideration since the comparator responds
to leading edges onty,

H both input signals have identical frequencies but
different phases, with signal A {pin 14) leading signa! B
{Ref.), the comparator output will be high for the time
equal to the phase difference,

If signal A lags signal B, the output will be tow for the
same time. In between, the output will be in a three state
condition and the voltage on the capacitor of an RC fiter
normally connected at this point wil have somea 1ater
mediate value (see Figure 4}, When used in a phase ocked
foop, this value will adjust the Voltage Controt -+ Qsert
fator frequency by reducing the phase difference ' “ravoen
the reference signal and the divided VCO frea.vncy to
zero.

FIGURE 4 — PHASE COMPARATOR WAVEFORMS

[1 .
A (PCp) ] | 35
\ Y] -——-—l.
, .
' - e Y OM
| '
! ' Ny
8 (Ref) ¥ i wL
4 ! YoM
'C'ou! U
B e A s 19
It bt
N 1 !
PCout __J'L_______.i_;______ von
vVou

H the input signals have ditferent frequenc
put signal will be high when signal A hes 4
quency than signal B, and low otherwise,

Under the same conditions of frequency dif
output will vary between Vou {or VoL ) and

mediate value until the frequencies of both
equal e~d thoir Phase ditterence equal to zer
locked condition is obtained. ]

Capture and iock range will be determined t
frequency range, The comparator is provided
indicator output, which will stay at logic 1
conditions.

The state diagram {Figure 5} depicts the in
transitions. It assumes that only one transitio
signat occurs at any time. It shows that a ch.
oulput state is always associated with a positiv
of either signal. For a negative transition, the ¢
not change state, A positive transition may no
output to change; this happens when the s
different frequencies.

DIVIDE BY 4, 16, 64 OR 100 COUNTER (D1

This counter is able to Work at an input fr
5 MHz for a Vpp value of 10 volts over tt
ternperature range when dividing by 4, 64 and
gramming is accomplished by use of inputs F .
10 and 11) according to the truth table showt
ing the Control input (CTL, pin 15) to Vpp
cading this counter with the programmable |
counter provided in the same package. |
operation is obtained when the Control in
nected to V3.

The different division ratios have been che
erate the reference frequences corresponding
nel spacings normally required in frequency
spplications. For example, with the divisiol
snd 8 5 MHz crystal stabilized source a re
quency of 50 kHz is supplied to the comm
lower division ratios permit operation with lo
crystals,

tnput State
A3
x X
FIGURE 6 - PHASE COMPARATOR
STATE DIAGRAM A 8
eC 2 State
out ° Output Disconnectad
PCPG Lt .
tLock Inascatar) o !




vypical Periormance LnaraCleriSiics (Continved)
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General Description

These devices are low cost, high speed, dual JFET input o

. Semiconductor

LF353 Wide Bandwidth Dual JFET
Input Operational Amplifier

Operationai Amplinera) «

operational amplifiers with an internatly trimmed input
offset voltage (BI-FET 1TM technology). They require
tow supply current yet maintain a large gain bandwidth
product and fast slew rate. In addition, well matched
high voltage JFET input devices provide very low input

. biss and offset currents. The LF353 is pin compauble
with the standard LM1558 allowing deswigners to imme-.
dietely upgrade the overali performance of existing
LM1658 and LM358 designs.

These amplifiers may be used in applications such as
high speed integrators, fast D/A converters, sample and
hold circuits’ and many other circuits requiring tow
wput offset voltage, tow input bias current, high input
impedance, high slew rate and wide bandwidth. The
gevices also exhibit low noise and offset voitage drift.

IUTIK

BLFET 117 Technology

Features

® Internally trimmed offset voltage f
® Low input bias current t
# Low input noise voltage 16 nV
® Low input noise current 0.01 pA
® Wide gain bandwidth 4
® High slew rate 13
& Low supply current 3
®  High input impedance 1
® Low total harmonic distortion Ay = 10, <

Ry = 10k, Vo = 20 Vp-p, BW = 20Hz-20 k2

® Low 1/f noise cornet ’ |
& Fast settling ume 10 0.01%

Typical Connection

Simplified Schematic

HZ Dudl

i O

MYERNALLY
TRIME D

WYEARALLY
TROaLD

“Hag )

Connection Diagrams

LF353H Metal Can Package (Top View)
v

ouTPuT A suTHT S
WVERTIRG MVERTING
(LAY wPuT 8

HOWINVERTING

BONRVERTIRG
wmruy B

weut A

v-
Grder Number LF353AH or LF3538H
Sea NS Package HO8C .

EFO0IN Dual-tn-Lina Package (Top Viev

W

SUTPUT A I - . v
1 2
MIVERTING INPUT A = LT
R
Hom Ve ATING IVERTING ¢
v L] b NONISVERY
y AT R

Order Number LFISIAN, LFIS3IBN ov LF353
Ses NS Package NOBA



Supply Voltage

£isv

Pawer Dissipation (Nare 1) 500 mW
Operating Temperature Range 0°Cto +70°C | . . i
Titmax) - 115°¢ . : :
Differential lnput Voltage +30V . P ot
Input Voltage Range (Note 2) 15V
Qutput Short Circuit Duration {Note 3) . Continuous R . 3 -
Storage Temperature Range ~65°C to +150°C
;
Lead Temperature {Soldering, 10 seconds) o 300°C “
DC Electrical Characteristics (Note 4
LF353A LF3538 LF353
SYMEOL PARAMETER CONDITIONS UM
: MIN | TYP Emax | min | TYP | max | min | TYP | max
Vos Input Offset Voltage Rg= 10k, TA=25"C 1 2 3 S 5 10
Qver Temperature 4 7 13
AVQs/AT | Average TC of Input Offset Rg = 10kS2 10 20 10 30 10 Y
Voltage
los Input Otfset Current Tj=25°C, (Notes 4. 6 25 100 25 100 25 100
Ti<70°C B 4 4
] Input Bras Current Tj= 25°C, {Notes 4, 5) 50 50 200 50 200
R T 70°C, 4 8 8
RiN Input Resistance ) Ti=25°C 1ot? 1012 1012
AvOL Large Signal Voltage Gain Vg =215V, Ta = 26°C 50 106 50 100 75 100 v
. Vg T 210V, A 7 2kQ2
QOver Temperature 25 25 15 v
vo Output Voltage Swing SYge ISV, R =10k | +12 | -135 212 {4135 £12 | 4138
Ve input Common-Made Voltage Vg 215y " +15 o +15 o +15
Rangs 12 -12 -2
CMRR Common-Mode Rejection Ratio | Rg < 10k 80 100 80 100 70 100 ’
PSRR Supply Voltage Rejection Ratio (Note 6) 80 100 80 100 70 100
ts Supply Current 36 56 36 56 36 85
AC Electrical Characteristics (nowe 4
LF353A LF3538 LF353
$YMBOL PARAMETER CONDITIONS UN-
MIN | TvP P max | min | Tye | Max | miN | Ty | max
Amplifier to Amplifier Coupling | Ta = 25°C, = 1 Hz—- ~120 -120 | -120
20 kHz {toput Referred)
sA Siew Rate Vg7 £16V, Ta = 25°C | 13 12 13
GBwW Gain-Bandwidth Product: Vg =15V, Ta = 25°C 3 4 4 4
en Equivalent toput Noise Voltage Ta = 25°C, Rg =~ 10002, 16 16 16 NV
f=1000 Hz -
in Equivatent Input Noise Current | T} » 25°C. ¢ = 1000 Hz 001 oo1 ¢ 0.01 PA

Nots 1: For operating at alevated temperaturn, the device must be derated based on a thermal resistance of 160°C/W junction to ambient f»
the N package, and 150° C/W junction to ambient for the H packaga.

Nate 2:
Nots 2:
_Note 4;
Note §:

Unlegs otherwise specified the absoluts maximum negative input voltagse is equal to the negative power supply voltage.
The power dissipation limit, hawever, cannot be exceeded, !

These specifications apply for Vg = t15V and 0°C < Ta < +70°C. Vs, g and Igg are measured at Vo = 0.
The input bias currents are junction leakage currents which approximately double for every 10°C increase in the junction temperature

T]; Ouse to limited production test time, the input bias currents measured are correlated to junction temperature, In normal operation the junct -
termperature rises above the ambient temperature as a result of internal power dissipation, Pp. Tj = Ta + F’IA P whers i is the thermal resis

tance frorn junction to ambiant. Use of a heat sink is recommended if input hias current is to be kept to

a minimum.
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BF 229 - BF 230 | WL BF 24
o . Min. Typ. Max. Silizium-NPN-Epitaxial-Planar-HF-Transistor fiir geregelte AM- und
Vierpol KenngréBen - Two port characteristics FM-Stufen in Emitterschaltung.
. Umgebungstemperatur tymp, = 25°C Silicon NPN epitaxial planar RF transistor for controlled AM and FM
Emitterschaltung BF 230 stages in common emitter configuration.
Ucg = 10V,Ic = 1mA, = 100 MHz ‘
KurzschluB-Eingangsadmittanz : Gie 75 mS v R
‘ : Cie 25 ~ pF Abmessungen - Dimensions
KurzschluB-Riuckwartssteilheit . A Yre | 600 - ¥S MaBe in mm
' o ~%re : 93° : M2:1
KurzschluB-Vorwértssteitheit -~ .. .~ |yel 31 mS
: ' ; N e . 30° s |
KurzschluB-Ausgangsadmittanz - : Yoe : 10 T : ‘
Basisschaltung . "~ BF230 o S - E I
Ucg = 10V,Ig = 1mA, f = 100MHz - o . ) - ; V‘?
KurzschluB-Eingangsadmittanz gy - - 33 ..o mS g v e ] 82 bty |
‘ .. -bijp _ 57 .- mS L S c l :
KurzschluB-Rickwartssteilheit . = {ypp| 480 S i P '_
: s % st R o ‘
KurzschluB-Vorwértssteitheit = ° " |y | 3 mS : Kunststoﬂie:gui
ST g oL 1B0° . .
: _ fb _ v e
KurzschluB-Ausgangsadmittanz - -~ - .ggp Stttz s s , Gew'cr':na:"%"i
. : LT Ta GOb : o 1,6_ pF . ) ] . U
~ Absolute Grenzdaten - Absolute maximum ratings o
I , R ‘ Kollektor-Basis-Sperrspannung . Ugso - .. 40
S e T B L SR Kollektor-Emitter-Sperrspannung . Uceo - - 40
T e ‘ .. Emitter-Basis-Sperrspannung Ueso .4
‘ Kollektorstrom Ic 25 n
Rasisstrom N} -2 f
. Y - . Gesamtverlustieistung .
T P PP S tamh = 45°C .. el Py - “@o0 . . m
R T A AR Sperrscmchttemperatur ST e Y L0150 o
PR b " Lagerungstemperatur. © 7 -y LT T 'sfg' R :._55 +150 . ®

- —
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TYPICAL CHARACTERISTICS
Advance Information
t CUTOFF CURRENT FIGURE 2 - COLLECTOR CUTOFF CURRENT
i {Each Transistor) versus TEMPE RATURE (Each Transistor) LOW POWER
0 LOW POWER NARROW BAND FM IF ; FMIF
II ‘3 :
. Z 2 MONOLITHIC SILICON
o2 - — . . . Lo " INTE E T
A z g * o . ..includes Oscillator, Mixer, Limiting Amplifier, Quadrature NTEGRATED CIRCUI
; & = //{1{/ Discriminator, Active Fiiter, Squelch, Scan Controf, and Mute
(=) . . . .
rj’? 3 « 1 VTV 2 Switch. The MC3357 is designed for use in FM dual conversion
A vee-s50v E I; ‘\ communications equipment.
(%) -
= 18 7,’7"‘_\1}35:50\1
g A
3 : o veg = 0V ® Low Drain Current (3.0 mA (Typ) @ Ve = 6.0 Vde)
2 10- -
3 & -
2 ® Excellent Sensitivity: Input Limiting Voltage —
L -3.0dB) =50 uV (T
7 100 125 o % 50 I 100 I { ) uVv {Typ)
‘EMPERATURE (9¢) Ta. AMBIENT TEMPERATURE (90) . P SUFFIX
® tow Number of External Parts Required PLASTIC PACKAGE
. CASE 648
CHARACTERISTICS FOR FIGURE 4 — BASE-EMITTER ANOQ INPUT OFFSET
o VOLTAGE CHARACTERISTICS
T 09 >
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2 1! t 3
A o] I 3
S o8 H
@ i b
A 2 ' =
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w + ++ 1 2 0.7 MHz Input
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P er Sucbty Voitsge e Bt s o
] 1 ‘
Operating Supply Voltage Range 4 —eee = .
Detector input Voitage 5 = =
npur V : -
M““'F oltage (Ve » 6.0 Volts) 16 10 Vo-p
unction o -
. VAMS
Junction Temperature - VN S &
(s)povumg Arnbient Temperature Range - - > e
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LECTRICAL C - ’ —
HARACTER . - .
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bakd i : =+ 3 2,1, -t
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e - in Tve | Max | U
Squelch On ':"
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etactor Output Impedance : . >
rcovered Audw Output V. 3 — \',
otea >
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Vin =5 mvi B *
11er Output Voltage ; : -
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CHACUIT DESCRIPTION

The MC3357 is a low power FM {F circuit designed

srvmanly for use in voice communication scanning

~ecevers.
The mixer-osc:llator combination converts the input
10.7 MHz2} down t0 455 kHz, where,

tequency (2.9
filtering, most of the amplification

e external bandpass
o« done. The audio recovered using 3 conventional
p.adrature FM detector. The absence of an input signal is
~awcated by the presence of noise above the desired
S0 HrEQLENTING. This ‘noise band’’ is maritored by an
actve fiter anQ & <eweciof. A sguetch tngger circuit
~dicates the presence of noise {or 3 tone) by an output
which can be used 10 control scanming. At the same time,

o internal switch is operated which can be used 10

mute the audio.

The osciltator is an internally-biased Colpitts ty
base, and emitter connections at pins 4.1,
used n place ot the

pe with

the collector,
and 2 respectively. A crystal can be
usual coil.

The mixer is doubly-batanced to reduce spurious
responses. The input impedance at pin 16 is set by a
3 k) internal prasing resistor and has low capacitance,
aflowing the circuit to be preceded by 2 crystal filter.
The collector output at pin 3 must be dc connected 1O
B+, below which it can swing 0.5 V.

After suitable bandpass fittering lceramic of LC) the
signal goes 10 the input of a five stage pevter at oin 5.

The output of the limiter at pin 7T drives 2 multiplier, bot!
internally directly, and externally through 8 quadratur
coil, to detect the FM. The output 31 pin 7 is atso used t
supply d¢ feedback 10 Pin 5. The other side of the fir
lirniter stage is decoupled at pin 6.

The recovered audio is partially filtered, then puftere
giving an impedance of arpund 400 £ at pin 9. The sign
still requires de-emphasis, volurmne cantrol and furth
amphification pefore driving 3 loudspeaker.

A simple inverting oP amp is provided with an outp
at pin 11 providing de bie* (externally}) to the input
pin 10 which s referred internatly 10 2 V. A filter can
made with external impedance elements tO discriming
between frequencies. With an external AM detector 1
filtered audio signal can be checked for the presence
noise above the normal audio band, or 2 one signal. T
information is applied to pin 12.

An external positive bias 10 pin 12 setsup the sque
trigger cifcuit such that pin 13 is low at an impeda
Jevel ot around 60 k{1, and the audio mute (pin 14
open circuit. 1f pin 12 18 pulted down 1@ 0.7 V by

e or tone detector. pin 13 will rise to approxima

nois
0.5 Vdc below supply where it can support a load cur

of around 500 uA and pin 14 is internally short-circu
to ground. There is 100 mV ot hysteresis at pin 1!
ent jitter. Audio mutingis accomplished by conne

prev
nd-reference point ir

pin 14 to0 a high-impedance grou
audio path between pin 9 and the audio amplifier.
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