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A completely implantable three channel pulse 
modulated transmitter and corresponding external 
receiver has been developed t o  telemeter, from 
, free ranging animals, body temperature and 
.internal temperatures of an intracorporeal radio-, 
;isotope heat source cooled by flowing blood. -- 'Temperatures ranging from 4 t o  80° C can be _ *Litelemetered over a range of 4 meters. Life 

"L\h!expe~tancy of the device exceeds 10 months with ' :k"r : y +; 
&>Y;_ 'calibration accuracy maintained t o  within 0.2' C. 

Over the past s ix  years t h i s  laboratory has been 
conducting research on the long-term physiologic 

n ~ ; ~ ~ e f f e c t s  of added endogenous heat i n  the miniature . 
&,rdiswine, relat ive t o  the a r t i f i c i a l  heart programr1'. 
.$b.;i:Electrical heaters were implanted i n  the porcine 
b.;, thoracic aorta, using circulating blood as 
# a ,  a coolant, with heater power inputs of up t o  80 
JY 5. :;,. ; va t t s  or more. Beater power input and temperature 
1 ., transducer output were measured via percutaneous Ane leads, a source of continuous problems due primarily 
,?I t o  subcutaneous breakage. In the current . ,- $ programf21, heat is supplied by a 50-watt radio- 

It," isotope heat source, thus eliminating percutaneous 
-'r-!= power leads. To obtain interndl temperature 

measurements without Pntroaucing percutaneous 
leads, a three channel temperature telemetry system 
was designed and fabricated which transmits, over 
distances up t o  4 meters, temperature data related . 
t o  the heat exchanger. 

DISCUSSION 

Desiun Considerations 

In the p r e s ~ n t  heat exchanger deslgn, tempera- 
tures are sensed by thermistors a t  the heat 
source-heat e~changer interface, the blood-heat 
exchanger interface and the body tissue-heat 
exchanger interfece. The telemeter system had t o  

!@ This work was perforned under the United States 
Atoxdc Energy Comnission Contract ~~(45-1) -1830. 

accomodete transmission of these three tempera- 
,, 

tures from each of s ix  animals i n  the same room, 
IG 

and i f  separate transmitters were used for each 
measurement, identification of the 18 separate 
measurements would necessitate very stable trans- 
mission frequencies, a requirement which 'would 
unduly complicate each transmitter. Thus a 
@ti-channel telemeter was necessary, preferably 
with a transmission frequency i n  the range of 88 
t o  108 bE?# t o  allow the use of standard FM 
receivers. 

Past experiments have demonstrated numerous cases 
of eventual fai lure of the heat exchange7 and 
death of the animal due t o  reduction or  messation 
of blood flowthrough the exchanger as a resul t  
of slow thrombus formation near the junctions of 
aorta and heat exchanger blood tube. This 
phenomenon may be detectible prior t o  animal 
death by monitoring the increase i n  interface 
temperature between the exchanger w a l l  and the 
blood as flow i s  reduced. Since t h i s  situation 
i s  slow t o  develop, however, it i s  necessary that 
the l i f e  of the temperature telemeter be a t  l eas t  
6 months. The c i rcu i t  t o  be described sat isf ies  
t h i s  specification without resort t o  transcuta- 
neous power transmission or remote switching 
techniques. 

Prior t o  implantation of the heat exchange, the 
temperature of the exchan~er blood tube w a l l  must be 
maintained below 55 O C  t o  minimize damage t o  the 
blood and prevent breakdown of the anticoagulent 
coating deposited on the tube w a l l .  The wall 
temperature would rapidly exceed th i s  maximum temp- 
erature i f  the heat exchanger were stored in a i r .  
Consequently, the ent ire  heat exchanger and incorpor- 
ated telemetry package i s  placed in a cooling bathf2' 
a t  4 OC. This low temperature extreme allows suff- 
ic ient  time for transfer i n  a i r  from the bath t o  the  
surgicxl. s i t e  before the w a l l  temperature cliabs 
beyond the allowable 55 OC. Once implanted, the 
maximum monitored temperature w i l l  be about 80 O C  

a t  the  interface between the heat source and ex- 
changer. The temperature telemeter thus must tolerate  
rapid temperature excursions and, for the purposes 
of studying transient and steady s ta te  heat transfer . 
phenomena, maintain calibration during and following 
RI:C~ c x c u r ~ i o ~ s  . 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Telemeter C i r c u i t  D e s c r i ~ t i o n  

A block diagram o f ' t h e  t e lemet ry  t r a n s m i t t e r  i s  
'shown i n  F igure  1, and a complete c i r c u i t  diagram 
i s  given i n  Figure 3. The c i r c u i t  c o n s i s t s  o f  an 
a s t a b l e  m u l t i v i b r a t o r  t r i g g e r i n g  t h e  f i r s t  of  
t h r e e  monostable m u l t i v i b r a t o r s ,  each o f  which 
t r i g g e r s  t h e  next  i n  succession.  The on-time o f  
t h e  first monostable [ t h a t  t ime during which 
t r a n s i s t e r  &1 i s  not  conduct ing)  i s  dependent on 

" 

t h e  t ime  cons tan t  R C ,  where R i n  t h i s  c a s e  i s  a 
1 megohm thermis tor* ;  t h e  o t h e r  monostables 
o p e r a t e  s i m i l a r l y .  The equa t ion  f o r  on-time T 
i s  e a s i l y  show1 t o  be :  

For  t h e  c i r c u i t  elements used i n  t h i s  c a s e ,  

Vcc = 1.35 v o l t s  ( b a t t e r y  v o l t a g e ) ,  
; 'VS2 = 0.42 v o l t s  (vo l tage  from p o i n t  P t o  

ground. See F igure  3 ) .  . 
= 0.52 v o l t s  (vo l tage  from base  t o  ' 

i vBE(sA~) e m i t t e r  o f  s a t u r a t e d  t r a n s i s t o r ) ,  

VBE(ON) 
= 0.45 v o l t s  (vo l tage  from base  t o  

e m i t t e r  r e q u i r e d  t o  t u r n  on 
t r a n s i s t o r ) .  

Choosing C = 0.01 p f ,  T w i l l  equal  4 msec a t  body 
temperature (about 3 8 O  C) and w i l l  r ange  from 
about 0.3 t o  20 msec over t h e  temperature,range 
a n t i c i p a t e d  (4 t o  80' C) .  The per iod  o f  t h e  

, a s t a b l e  m u l t i v i b r a t o r  i s  about 65 msec, much 
. l o n g e r  than  t h e  sum o f  t h e  longes t  on-times o f  
: t h e  monostables, a l l o w i n g . i t s  use i n  t h e  r e c e i v e r  
a s  an i d e n t i f i c a t i o n  ( I D )  pu lse  t o  i d e n t i f y  and 
. a s s o c i a t e  each temperature-dependent p u l s e  with 
i t s  r e s p e c t i v e  t h e r m i s t o r .  The wave-forms a t  t h e  
ou tpu t  of t h e  a s t a b l e  and each monostable, t aken  
at t h e  c o l l e c t o r  o f  t r a n s i s t o r  QJ., a r e  shown i n  
F igure  6 .  

The output  o f  monostables one and t h r e e  a r e  used 
t o  t u r n  on t h e  g a t i n g  c i r c u i t  which i n  t u r n  a c t i - .  
v a t e s  t h e  t r a n s m i t t e r + ,  a monoli thic  i n t e g r a t e d  
c i r c u i t  tunab le  over  t h e  s tandard FE.1 band (88-108 
MHZ). Thus t h e  t r a n s m i t t e r  i s  on only dur ing  t h e  
p e r i o d  o f  t h e  temperature-deyendent p u l s e s  T1 and 
Tg ( s e e  Figure 6 ) ,  a time which a t  normal opera- 
t i n g  temperatures  is  l e s s  t h a i  7% o f  t h e  t o t a l  
c y c l e  a s  determined by t h e  per iod  o f  t h e  a s t a b l e  
m u l t i v i b r a t o r .  Because o f  t h i s ,  a l thoush  t h e  
.opera t ing  c u r r e n t  d r a i n  o f  t h e  t r a n s m i t t e r  a lone 
i s  450 m i c r o m p e r e s , . t h e  average c u r r e n t  d r a i n  o f  
t h e  e n t i r e  t e l e m e t e r  i s  only 122 microamperes. 
When powered by t h r e e  p a r z l l e l  mercury t y p e  c e l l s  
w i t h  a c a p a c i t y  o f  600 ma-hr, t1l.e t e l e n e t e r  can 
.be expected t o  t r a n s m i t  d a t a  f o r  a per iod  exceed- 
' i n g  1 0  months. This  f i g u r e  inc ludes  a 100% 

* Type 6~61J1. ,  Feilwall E l e c t r o n i c s ,  Inc .  
. Farnin~ham, Mass. 

, c. s a f e t y  f a c t o r  t o  compensate f o r  t h e  f a c t  t h a t  
this t y p e  o f  c e l l  w i l l  no t  d e l i v e r  full r a t e d  
capac i ty  when under l i g h t  load .  

The complete t e l e m e t r y  package, ready f o r  p o t t i n g  
i n  t h e  h e a t  exchanger, i s  shown i n  F igure  5. . .  

Receiver  C i r c u i t  Descr ip t ion  

A block diagram o f  t h e  t e lemet ry  r e c e i v e r  i s  
shown i n  Figure 2 and a complete c i r c u i t  diagram 

. o f  t h e  r e c e i v e r  c i r c u i t  i s  given i n  F igure  4 .  To 
avoid t h e  n e c e s s i t y , o f  c o n s t r u c t i n g  a s i g n a l  
d e t e c t i o n  r e c e i v e r ,  a c o m e r c i a l  FI.1 rece iver*  
was used,  though i n . t h i s  a p p l i c a t i o n  t h e  r e c e i v e r  
must only d e t e c t  t h e  presence o r  absence o f . t h e  
FM c e n t e r  frequency. A square pu lse  s i g n a l  with 
cons iderab le  superimposed n o i s e  appears a c r o s s  t h e  
F'M amplitude v a r i a t i o n  damping c e p a c i t o r  ( ~ 4 2 4 )  o f  

- t h e  FM r a t i o  d e t e c t o r  c i r c u i t  o f  t h i s  r e c e i v e r  ( s e e  
F igure  4 ) .  This  s i g n a l  i s  ampl i f ied  by a common- 
e m i t t e r  a p l i f i e r ,  an a d d i t i o n  t o  t h e  FM r e c e i v e r ,  
and t r a n s m i t t e d  by c a b l e  t o  t h e  Pu lse  Detect ion-  
Separa t ion  (PDS) network. 

. . ' . : 

Typica l  waveforms showing t h e  processing o f  t h e  
s i g n a l  i n  t h e  PDS network a r e  shown i n  F i g m e  7.  
Process ing  o f  t h e  s i g n a l  (F igure  7b) beg ins  i n  
t h e  Pu lse  Height Discr iminator  (PHD) c o n s i s t i n g  
o f  a Schmit t  t r i g g e r  a d j u s t e d  t o  have maximum 
h y s t e r e s i s j  a s s u r i n g  t h a t  t h e  Schmit t  w i l l  not  
change i t s  ou tpu t  s t a t e  un less  changes i n  t h e  
i n p u t  s i g n a l  a r e  o f  maximum excursion.  The PM) 
e l i m i n a t e s  n e a r l y  a l l  o f  t h e  superimposed n o i s e  
s i n c e  t h i s  noi'se i s  r a r e l y  oC maximum excursion 
( ~ i ~ u r e  7 c ) .  

The ou tpu t  o f  thePHD i s  f e d  i n t o  t h e  I D  Pu lse  
Recognition C i r c u i t  (PRC) as w e l l  as t h e  Pulse  
Separa t ion  C i r c u i t  (PSC). The f i r s t  o f  t h e s e  two 
c i r c u i t s  c o n s i s t s  o f  a u n i j u n c t i o n  d e l a y  t i m e r  
which i s  r e s e t  by t h e  l e a d i n g  edge o f  any posi-  
t i v e  pu lse  from t h e  PHD. If a p o s i t i v e  pu lse  does 
no t  occur  f o r  a l e n g t h  o f  t ime equa l  t o  t h e  minimum 
p o s s i b l e  I D  p u l s e  d u r a t i o n  (F igure  7 c ) ,  t h e  
u n i j u n c t i o n  c i r c u i t  w i l l  no t  b e  r e s e t  b e f o r e  it 
t imes  o u t ,  . thus providing a smal l  sp ike  p u l s e ,  
(Figure 7d) j u s t  p r i o r  t o  t h e  end o f  t h e  I D  
p u l s e .  T h i s  sp ike  p u l s e  i s  used t o  r e s e t  t h e  F'SC 
a s  explained below. 

The PSC i s  comprised o f  J - K  f l i p - f l o p s  and nor- 
g a t e  l o g i c ,  designed t o  s e p a r a t e  t h e  p u l s e s  T I ,  
T2, and Tg i n t o  channels  1, 2 and 3 ,  r e s p e c t i v e l y  

' (F'igure 6 ,  7 ) .  Output from a s i n g l e  channel  can 
b e  s e l e c t e d  by a r o t a r y  switch a t  t h e  ou tpu t  o f  
t h e  PSC. The s p i k e  p u l s e  from t h e  PRC r e s e t s  t h e  
PSC l o g i c  j u s t  p r i o r  t o  t h e  p u l s e  T1, a s s u r i n g  t h a t  
t h e  ou tpu t  o f  channel  1 w i l l  t r u l y  be  p u l s e  TI, t h e  
ou tpu t  o f  channel  2 w i l l  be  pu lse  T2, and s o  cn .  
Note t h a t  t h e  l a c k  o f  t r a n s m i t t e r  s i g p a l  between 
p u l s e  T1 and p u l s e  Tg i s  i n t e r p r e t e d  by t h e  r e c e i v e r  
t o  b e  p u l s e  T2. 

+ Blodel 1.1-5, B e l a i r  E l e c t r o n i c  Lebora tor ies  , if Model GR-43A, Heath Company, Benton Harbor, 
--.-- r '  Buwie, blD 227~3. Michigan. 



The s i g n a l  from t h e  s e l e c t e d  channel  i s  f e d  i n t o  
the .Counte r  Control  C i r c u i t .  The output  o f  
t h i s  c i r c u i t  c o n s i s t s  o f  two b-microsecond 
t r i g g e r  pulses  which c o n t r o l  t h e  d i g i t a l  
counter*.  The f i r s t  i s  a r e s t  command p r l s e  
which occurs  a t  t h e  l e a d i n g  edge o f  input  p u l s e  

. (T~, T2 o r  T ~ )  and t h e  second i s  an i n h i b i t  count 
command p u l s e  which occurs  at t h e  t r a i l i n g  edge 
of t h e  input  pu lse .  The output  o f  a 100 KHZ 
c r y s t a l  o s c i l l a t o r * *  is  counted by t h e  d i g i t a l  
counte r  dur ing  t h e  t ime between t h e  r e s t  comand 
and i n h i b i t  comma+, t h u s  measuring t h e  p e r i o d  of  
t h e  input  pu lse .  The magnit~~dt? o f  t h i s  p e r i o d  i s  
i n v e r s e l y  r e l a t e d  t o  t h e  temperature o f  t h e  cor- 
'responding t h e r n i s t o r  i n  t h e  t e lemeter  c i r c u i t .  

C a l i b r a t i o n  an3 S t a b i l i t y _  

The e n t i r e  system i s  c a l i b r a t e d  over  a range  o f  
'. 4-80' C by immersion o f  each t h e n l i s t o r  i n  a 

water  ba th  o f  kr.own temperature and record ing  t h e  
corresponding p u l s e  per iod  from t h e  r e c e i v e r  
counte r .  Time s t a b i l i t y  o f  c a l i b r a t i o n  was 
deterlnined by  bench t e s t i n g ;  over  a two-month 
' t e s t  per iod  t h e  d r i f t  o f  any c h a m e l  was l e s s  
t h a n  + 0.17, -O.O°C. 
i 

,S ince  t h e  temperature sens ing  u n i t s  a r e  remote t o  
: t h e  t e lemeter  package it i s  p o s s i b l e  f o r  changes 
' i n  temperature ambient t o  t h e  package t o  cause 
c a l 5 b r a t i o n  changes. However, t h e  package i s  

,con ta ined  w i t h i n  t h e  animal 's  body, l i m i t i n g  such 
ambient changes t o  no more t h a r  about 3' C under 
o r d i n a r y  condi t ions .  Bench t e s t s  have shown t h a t  
'an ambient temperature chenge from 38 t o  43.5' C 

. w i l l  cause a c a l i b r a t i o n  change o f  l e s s  t h a n  
.0.06' C. Such p r e c i s i o n  i s  r e q u i r e d  on ly  follow- 
. i n g  implan ta t ion ,  s o  t h a t  l a r g e r  c a l i b r a t i o n  
s h i f t s  dur ing  t h e  4' C a m b i e ~ t  per iod  i n  t h e  
p re - inp lan ta t ion  coolan t  b a t h  a r e  not  c r i t i c a l .  

The problem o f  c a l i b r a t i o n  dri-rts due t o  long- 
term d e c r e a s e s ' i n  b a t t e r y  vo l tage  ( e f f e c t i n g  
on-t ine o f  t h e  monostables) was avoidea by t h e  
i n c l u s i o n  o f  t h e  1Nb149 d iode  and p a r a l l e l  22,000 
ohm r e s i s t o r  i n  t h e  c o l l e c t o r  c i r c u i t  o f  t r a n s i s -  
t o r  Q2 i n  each monostable. This  r a i s e s  t h e  
e f f e c t i v e  saturation vo l tage  o f  Q2 Srom 0.06 
v o l t s  t o  about 0.42 v o l t s  wi th  r e s u l t s  o f  r e l a t i v e  
i n s e n s i t i v i t y  o f  nonostable  cn-time t o  supply  
w l t a g e  changes ( l e s s  than  1% chmge f o r  b a t t e r y  
vo l tage  changes o f  from 1.1 t o  1 . 6  v o l t s )  (3) .  

COMCLUSIOSS 

'Long-term bench eva lua t ion  a d  p r e l i m i n v y  i n  vivo 
trials i n  a c t u a l  min ia ture  swine pregara t ions  
have i n d i e t e d  t h a t . t h i s  t e l e n e t e r  system performs 

' a s  intended.  It mzy be noted t h a t ,  w i t h  a cor res -  
.pending decrease  i n  b a t t e r y  l i f e t i m e ,  t h e  des ign  i s  

Model D1.1-5000, Technology/Vcr~a t ron ics  , Inc . . 
. . Yellow Spr ings ,  Ohio. 

. - .  

X V w d d e  ~ 1 4 ~  Cofiaar-llinficld Corp. Winficld , 11. 
60190. 

amenable t o  expansion f o r  a p p l i c a t i o n s  requf r ing  
a d d i t i o n a l  channels of  temperature d a t a ,  s t i l l  us ing  
b u t  a s i n g l e  c a r r i e r  without  mul t ip lex ing .  Physio- 
l o g i c  informst  i o n  o t h e r  than  temperature could 
conceivably be  t r a n s m i t t e d  i n  l i k e  manner by s u i t a b l e  
condi t ion ing  o f  any t ransducer  ou tpu t .  Frequency. 
modulation o f  t h e  c a r r i e r  could provide y e t  ano ther  
ch-nel o f  i n f o r n a t i o n  w i t h  few o r  r.0 a d d i t i o n s  t o  
t h e  t r a n s m i t t e r  ; however, t h e  r e c e i v e r  would r e q u i r e  
s u b s t a n t i a l  a t d i t i o n s .  
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Figure 4. Circui t  diagram of  thee-channel temperature telemetry receiver.  



~ i g u r e x  ~hoto&a~ki of complete telemetry transmitter prior t o  potting i n  radioisotope heat exchanger for 
enimaL implant at ion. 



.. -- 

-- 

. . 

- - . . 

I D  PULSE 

1 1 1 1  I 'I y////- - - 
* 

COMPLUE CYCLE ' r  88T01081iYII 
TRANSMISSION PULSE 

-Figure 6. Telemetry t r a n s m i t t e r  wal-eforms : 

( a )  Output waveform a t  t h e  c o l l e c t o r  o f  Q1 o f  
t h e  a s t a b l e  m u l t i v i b r a t o r  . 

le) 
CHANNEL 1 

CHANNEL 2 

CHANNEL 3 

Figure 7. T ~ i c a l  waveform d e p i c t i n g  t h e  process- 
i n g  o f  t h e  rece ived  s i g n a l  i n  t h e  Pu lse  
Detec t ion-Sepua t ion  (PDS) network. 
( ~ e f e r  t o  Figures  2 and 4 . )  

: (b,e ,do) OiityuL vave~vrms az t h e  c o l l e c t o r  o f  ( a )  
&1 o f  each o f  t h e  temperature dependent mono 
monostable m u l t i v i b r a t o r s .  Length o f  pu lses  
T I ,  Tg, and T3 a r e  i n v e r s e l y  p r o p o r t i o n a l  ( b  1 
t o  t h e  temperature sensed by t h e r m i s t o r s  
1, 2 ,  and 3 ,  r e s p e c t i v e l y .  . (C) 

,. 
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( e )  The ou tpu t  we-reform o f  t h e  g a t i n g  c i r c u i t .  
Pu lse  I D  i s  used a s  i d e n t i f i c a t i c n  p u l s e  
i n  t h e  t e lemet ry  r e c e i v e r .  

(a) 

C 

S i e n a l  waveform rece ived  from Transmi t te r  
by Heath Model GR-43~ p o r t a b l e  F?;I r e c e i v e r .  

--.- 

S i g n z l  e n t e r i n g  PDS network. 
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Tz 

Output waveforn o f  Pu lse  Height Discrimin- 
a t o r  6 

. . - - - 
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- 
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Reset p u l s e  from.ID Pulse Recognition 
C i r c u i t .  

T3 

(f) Output wavefonn o f  t h e  B e l e i r  blodel M-5 ( e )  Chamel  1, 2 ,  and 3 outpu ts  o f  t h e  Pu lse  
1. i n t e g r a t e d  c i r c u i t  Fbl Transmit teq.  . Separa t ion  C i r c u i t .  These s i g n a l s  c o n t r o l  
; t h e  counting per iod  o f  t h e  e l e c t r o n i c  

counter  y i e l d i n g  e  d i g i t a l  readout  d i r e c t l y  

- '. I D  PULSE - 
v > 

C O M P L m  CYCLE 

p r o p o r t i o n a l  t o  t h e  r e s p e c t i v e  pu lse  wid th ,  
Tl T2r o r  T3. 




