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ABSTRACT

Ultrasonic flow sensors to monitor bl ood flow in animal s and humans

have been In use for many years. This study draws on the experience of

past research to s ive some of the recurring probl ems found with Implanted

sensors. Four are $ have been explored, all linked by the contribution

each makes toward he developnent of an improved blood-flow sensor .

In the first , ~he use of transcutaneous power to operate an implanted

ultrasonic blood—fl ow sensor is analyzed. The purpose of suc h a study is

the total el imination of batteries. The theory 0f transcutaneous power is

developed from the basic equations of Maxwel l and Stefan and a basic eff i-

ciency statement Is derived . Design guidel ines and graphs are generated

fr om this statement and basic experiments are conducted to indicate the

• 
• 

val idity of the theory. The conclusion is that a properly designed and

applied transcutaneous power-transfer circuit is capabl e of efficiencies

as high as 90%.

AA high—efficiency low—vo ltage regulator and a low—vol tage referenc e

are developed,in—the—second--area-~. This regulator and referenc e are corn—

patible with existing low—volta ge implantabl e circuits intended initially

to be battery Powered ..”\The regulator is capabl e 0f deliver ing 2.7 V (two

mercury cells In series)\iith better than 85% efficiency; the voltage ref-

erence operates from less\than 100 ~A and has a temperature stability

better than 200 p~n/°C . 
~ 

.

,LAI

~-he-th1-rd--aree -dete4.l~ an extensive program involving the design ,

fabrication and emplo~~ent oi a discrete—component continuous-wave

implanted ul trasonic doppl er blood-flow velocity sensor. ~\The study

~~~~~~~~~~~~~ / .

iii . 
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,

‘ includes circuit design and construction , package encapsulation and

• / 
extensive, clinical results obtained from more than 975 functioning implant

/ hours with 12 different flow sensors. ~nong the conclusions derived Is

the need for an alternative to batteries as a source of power.

~ ) ‘ In—the--feu~t*-t~e~ ~ranscutaneous power, low—vol tage regulator

design and the original ultrasonic blood—flow unit are combined In the

first of its kind transcutaneously powered bl ood-flow velocity sensor.

The details of this sensor are described in addition to the results of

two implants with a prototype unit. ~~he overwhelming conclusion is that

transcutaneous power Is an ininensely ~r~ctical alternative to battery

power for certain c1inica~ experiments.\

Iv
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Chapter I

ItITROO UcTIOrI

A. Background

Medical researchers and physiolo~ists agree that accurate quantita-

tive information concerning animal physiology in disea se and health is

necessary to advance the development of preventive and prosthetic med i-

cine for human patients. The measurement of blood flow is one of the

principal areas in which this information is required . To ensure that

such information is accurate, it must be measured by noninvasive tech-

niques. Currently, blood— fl ow measuring sensors, optimized with respect

to their noninvasive nature, operate in three basic ways -— transcutane-
ously (across the skin), percutaneously (piercing the skin~, or subcutane-

ously (under the skin). Transcutaneous systems are simpl e to maintain and

aff ord easy data col l ection but often lack resolution and require confine-

ment of the subject. Percutaneous systems have the same maintenance and

data-collection advantages in addition to good resolution , but the connec ’~-

Ion through the skin creates problems wi th infection when measurements are

required on a chronic basis. Subcutaneous systems have good resolution and

compl ete subject mobility but are difficult to ma i ntain because battery or

other sensor failures requ ire surgery to correct.

Tht subcutaneous approach has the potential of being the best sensor

for the measurement of bl ood flow. It is capabl e of better resolution than

a transcutaneous system and it el iminates the infection probl ems associated

with percutaneous connections. To realize its full potential , the difficul-

ties associated with Its operating power must be resolved . This investiga-

ti-on centers on an al ternative to batteries as means of power and the

devel opment of a simple blood—flow measuring sensor. The alternative to

1
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batteries is inductive coupl ing where transformer action del ivers power to

the subcutaneous sensor. Induced power for physiological studies dates

back to 1934 when Chaffee and Light [1] used it to stimulate the brain of

a monkey.

This study Is an attempt to devel op the theoretical a:-4d practical

aspects of a transcutaneous power—transmission system designed to be corn-

patibl e with subcutaneous low-power integrated—circuit sensors intended for

chronic application. Such a system should become a basic building bl ock

for a wide range of subcutaneous systems that require long implant duration ,

periodic data collection , freedom of mobility between data-collection pen-

ods, el imination of possible infection and a lack of nonaesthetic surface

encumbrances.

B. Transcutaneous Power Transmission

Figure 1 Is a block diagram of the transcutaneous power-transmission

system . The inductive transfer coils consist of a flat spira l coil exter- H
nal to the subject and a similar coil implanted with the el ec tronic sensor.

_ _ _ _  I_/ 
_ _ _ _  _ _ _ _

HIGH— J INDUCTIVE RECTIFIER ( VOLTAGE
EFFICIENCI 

~~ 
TRANSFER FILTE R REGULATOR

INVERTER COILS 
[ I

_ _ _  
_ _ _  

H

TISSUE

BATTERY BARRIER ELECTRONIC
- 

- POWER SENSOR
-
~ 

- SUPPLY

Fig. 1. TRANSCUTA~EOU S POWER-TRANSMISS:ON SYSTEM.
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The high-efficiency battery-powered inverter drives the external power

coil at a fixed frequency. The interna l power coil absorbs the energy

contained In the time-varying magnetic field thus established . The time-

varying current and voltage is then rectified , filtered and regulated.

The vol tage regulator minimizes the input—outpu t voltage differential ,

thereby maximizing regulator efficiency; it is also temperature compen-

sated and can be adjusted to produce any voltage from 1.35 to 20 V. This

voltage then operates the physiol ogical sensor. Except for the power

coil and a minimum number of discrete components, the subcutaneous system

is to be fabricated in monolithic form for smal l —volume compatibility with -
~~~~

integrated—circuit sensors.

Since 1934 when Chaf-fee and Light used inductive coupl ing to el ectri-

cally stimulate nerves , many medical researchers and biomedical engineers : .

have used Induced power. The great majority of published information

emphasizes two specific appl ications——remote stimulation of the natural

heart (pacemakers) and remote powering of an artificial heart. From the

late 1950’ s through the late 1960’s, several papers appeared , descr ibing

Inductivel y powered artificial pacemakers [2-8), based predominantly on

clinical experiences. The electronics empl oyed were always of secondary

Importanc e, and optimal power-transmission efficiency and frequency were

rarely discussed . Recent advances in battery l ongevity and rel iability

and improved circuit designs for implanted pacemakers have resolved the

problems that the induced pacemaker sought to overcome.

Inductive power transmission for artificial hearts is much discussed

in the literature (9—30). Generally, the techniques are similar . All

systems empl oy pancake—type colls-—afrcore or ferritecore. Operating

3
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frequencies range from 3 kHz to 450 kHz and power level s vary from 30 to

1000 W. Most of these papers d scuss power-transfer efficiency and a few,

notably those by Schuder [21] and Fuller [11), derive an expression for

maximum efficiency In terms of the most significant co’l parameters but do

not IndIcate the relationship between frequency and the parameters that

determine power losses. Operating frequencies are usually determined by

such practical constraints as available transistors , power amplifiers and

RF interference. All support the opinion that i nductive power transfer

for biomedical appl ications is practical . Al though the subjects of heart

pacing and artificial-heart power are the most thoroughl y studied , the

great vol ume of research is based on laboratory exper iences with function- 4-

ing systems. The basic engineering concepts are conta i ned in perhaps four

selected papers.

Other appl ications have al so produced interesting literature. Induc-

tively powered bladder stimulators for patients suffering vesical dysfunc-

tion have achieved clinical success [31 -33]. The engi neering aspects of

such studies are equivalent to the heart-pacemaker studies. The implanted

circu i try consists of a coil , capac i tor and el ectrode for the bladder stim-

ulators and the same elements plus a diode for the heart pacers. More

complex subcu taneous power processing has been used by only a few research-

ers . In 1965 , Ko and Von [34] reported i nductively powered subcutaneou s

EMG and EKG sensors whose power suppl y included simpl e—d iode rectification

and zener-diode voltage regulation. A similar rectification and clamping

circu i t was described by Leonhardt and Hodges ~35) in an inductive power

system to operate a visua l cortex stimulator for bl ind subjects. Fryer

and Sandier [36] used inductive power transfer to recharge nickel -cadm i~.”

4
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batteries In a variety of subcutaneous systems for monitor ing physio-

logical data ; in these systems , the battery provides the necessary vol tage

regulation .

Induced power f or biomedical applications ha s been In use for over 40

years , but most of the literature is appl ication oriented. No singl e engi-

neering study has been made to quantify and characterize all the significant

factors affecting efficient power transfer. No guidel i nes have been gener-

ated for coil design to minimize losses and to maximize coupling . No

attempt has been made to devel op an induced power system that produced a

stabl e regulated output vol tage capabl e of repl ac ing batteries In current

subcutaneous sensors. This report investigates these problems and develops

the necessary theoretical and practical guidel ines to solve then.

C. Blood-Fl ow Vel oc 1~y Sensors

Because nearly one-half of all deaths in the United States result from

disorders of the heart and circulatory system, the analysis of blood fl ow

is significant. The quantity most desired from a blood-flow measurement is

volume of flow; however, many research studies only require a measurement

of bl ood-flow vel ocity near the center of the vessel l umen .

One goal of this investigation is the development of a basic bl ood-

flow vel ocity sensor whose characteristics include l ow-power operat ion,

smal l size , economy of fabrication, simplicity and reproducibility . The

method of flow-veloci ty measurement is based on ultrasonic doppl er pninc i-

pies. The sensor design and principl es of operation are not totally unique;

nowever, the engineering methods and attitudes used in its production have

resulted in a very successful device. Twelve identical sensors have been

5
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fabricated and have been in continuous operation since May 1973. More

recent ly, the basic blood-fl ow vel oc ity sensor has been combined wi th

the transcutaneous power system to produce a package capabl e of chronic

impl antation and unl imited data collection.

D. Approach —

The problem of optimal power-transmission efficiency is discussed

in Chapter II. Various tuning arrangerents for tP~e transmission coils

are reviewed and analyzed , and a-n expression for l oad resistance is

developed. Optimal system frequency is derived in terms of the signi-

ficant physical parameters. The factors affecting coil losses and coil

design are described. Gu idel i nes are established for coil configurations ,

and factors contributing to maximum coil coupl ing are studied .

Power rectification and regulation are the subject of Chapter III. A

vol tage regulator is designed to maximize power efficiency by minimizing

the required inpu t-output vol tage differential . A new l ow—vol tage

temperature—compensated reference is introduced and developed . The recti-

fier , regulator and reference are designed for monol i thic fabrication.

In Chapter IV , a basic discrete-component bl ood-flow vel ocity measuring

sensor is devel oped, including its operating principl es and requ i red cir-

cuits. Package encapsulation techniques are described . The resul ts of

field experiences from a number of un its are reviewed , from whi c h a clear

conclusion concerning sources of power is made.

In Chapter V , transcutaneou s power transfer is combined with the blood-

flow velocity measuring sensor in a singl e package. Because this CW doppler

flowmeter operates with very low level and relativel y wideband signal s, it

6
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provides a most stringent test of the quality of the transcutaneous power

source. The sensor and power—tran sfer system design are detailed , and

field experience with the prototype unit is described . Chapter VI dis-

cusses the conclusions of the investigation.

E. Contributions

The fol lowing contri butions are the results of this investigation in

• the areas of biomedical engineering and sol id-state circuit theory:

• (1) An optimal power—tra nsmission efficiency theory that
includes all the significant contributing factors,
and a practical appl ication of the theory in the con-
struction of a transcutaneous power system to operate
chronically implanted physiological sensors.

(2) A subcutaneous system consisting of a rectifier, ref—
erence and a high-efficiency l ow-voltage regulator
designed for monolith ic fabrication and compatibility
wi th integrated—circuit sensors.

(3) A temperature—stabilized low—voltage reference circuit
for monol ithic fabrication.

(4) A practical and functiona l miniature discrete—component
bl ood-flow veloc ity sensor with over 20 successful
implants.

(5) The first transcutaneously powered ultrasonic blood—
flow vel ocity sensor.

7
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Chapter 11

OPTIMAL POWER TRANSMISSION

This chapter discusses the theoretical and practical aspects of a

transcutaneous power transmission circuit. Expressions for the power-

transfer efficiency of inductively coupl ed external and subcutaneous

coils (modeled with simpl e RLC ladder networks) demonstrate the greater

efficiency of tuned circu its over untuned circuits. From these expres-

sions, equations are derived for optimal l oad resistance. The relation-

ship between coil inductance, coupling coefficient, frequency and optimal

load resistance is developed to facilitate the design of a circuit that

• can achieve maximum efficiency for a given load resistance. The factors

that cause power loss are described and their frequency dependence is

established. The effects of coil capacitance and nonuniform current dis-

tribution on coil Q are analyzed to determine the optimal operating fre— F
quency. The factors affecting coil coupling are also studied. Maxwell ’s

equation for the mutual inductance between two wire circl es is used to

set the max imum possibl e values of the coupl ing coefficient for various

coil spacings and rel ative coil sizes. Guidelines are generated for coil-

winding configurations to maximize the coupling coefficient.

A. Power-Transfer Efficiency

Inductive coupling can transfer power from an externa l coil to a sub-

cutaneous coil . Inefficiencies in this power transfer are the resul t of

coil losses and separation caused by the tissue barrier. Coil losses.

separation and LC tuning can be modeled adequately b ya simpl e RLC~~ dd~~~
- II ~~~~~._&iç p~~~~ ~~~~~~~
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network. The primary coil (external ) and secondary coil (subcutaneous)

- 

can be either paral l el or series tuned (Fig. 2) to maximize efficiency

and to make the power-transfer process more practical. Using network

Rg C1 R13 R23 C2

+ 

~~~~ IF—Si’ J ‘I’ ~ II 
+

- 

- 

v
~:
n 
(.~~~~~) 

Li ~~~~ ~~~~~ 

RL~~~ 
Vout

a. Series—tuned secondary circuit

R C R

I
]

’ 
~~~~ 

! 

~
L
2 T  
i

T} :out

b. Parallel —tuned secondary circuit —

Fig. 2. POWER-TRANSFER CIRCUIT MODEL

• theory and tedious calculations , expressions can be derived for V and

Z1~ ; then, rout and P1,~ are ca lculated from •

Ii 10 
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a 2 
(2.la)

1 2 1  -

and in 
— Re 

[
V i Y~ (2.lb)

or 
P1~ • Re [I~~ Z 1 ) (2. lc) 

--

Power—transfer efficiency is defined as

eff 
(2.2)

For the series-tuned secondary circuit , the ef-9ciency equati on is

eff5 M2c~RL~
4
~~[~~(R2s + RL ) + L2

2 (R15 + Rg )] C2~~ + [C2~R25 + RL)
2

(R ls  + Rg)

- 2C2L2(R15 + Rg)]J + (R 15 + Rg)~~ 
-l 

(2.3) L

which can be manipulated to produce an efficiency ex pression for a non-

resonant circuit by allowing C2 to become infinitel y l arge. In effec t ,

this short circuits C2 and el iminates it from the circuit in Fig. 2a.

Under these conditions , Eq. (2.3) reduces to

11
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Reff (nonresonant ) a$ RL + R zs +
~~~(R~~ +R g) 

+ 

(R~~~+ R ~ ) ( R 25 + R 1)2
L1k2 L1L2k~.~

(2.4)

where k Is the coupling coefficient defined as k2 a M2/L1L2.

The best frequency for the series-tuned secondary circuit Is found by

differentiating Eq. (2.3) with respect tow; the result is

* [c2L2 ~~:(R25 
+ RL)2] (2.5)

Under normal conditions ,

C2L2~ ~C2
2 (R25 + RL) (2.6) H

and a good approximation to~~
2 is

EC 2L~f
1 

(2. 7)

For the circuit configuration in Fig. 2a, Eqs. (2. 3) and (2.5) demonstrate

tha t power—transfer efficiency depends on the secondary rather than the

primary circuit being tuned. Primary—c i rcuit tuning is important only be-

cause it reduces Zj ,, and makes it easier to deliver power to RL; without
such tuning, P~igh voltages are required to achieve reasonable power l evels.

Battery-operated external-power oscillators are more practical because,

with tuning, they operate into a low-impedance l oad (10 to 100n ) and the

voltage and current levels are within reasonable l imits .

12



Substituting Eq. (2.7) into Eq. (2.3) produces the efficiency expres-

sion for Fig. 2a, with the secondary circuit tuned to series resonance.

The resul t is [11)

R
eff 1 

2~ RL +R 2s + (R15 +R g)(R25 +R 1)

L1L2k2J 
(2.8)

which , when compared to Eq. (2.4), indicates that a tuned secondary circuit

improves power-transfer efficiency over an untuned secondary. The tuned

secondary eliminates the primary—circuit resistance term reflected into the

secondary by the transformer action of the coils. This term is significant

because i t  is approximately k 2 X R25 , assuming L1 ~ L2, R15~ R25 , and

R15 >> R9. Because k is typically 0.1 to 0.25, k 2 is 16 to 100.

It ca n be seen in Eq. (2.8) that efficiency is related to all coil and

coupling parameters and to l oad resistance. Each subcutaneous physiological

sensor has a specific vol tage and current requirement which determines the

load resistance seen by the power-transfer circuit. If this relationship is

established for maximum efficiency, It is possibl e to design the circuit for

the vol tage—current requirement of a given sensor. To determine this rela-

tionship Eq. (2.8) is differentiated with respect to the result is

R 1/2
RL opt [ R l5

2
~ R

9
) L

1
L

2
k2

~
2 + R

2~~
] (2.9)

Some good assumptions for practical circuits are

i s  R25~ R15 >> Rg

2. L1~~ ~2

3. RL
2

OPt >> R2~

13
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The optima l l oad resistance for a circuit with a series-resonant second-

ary then becomes

RL opt kL~ (2.10)

where RL Is determined by the physiological sensor and k is determined by

the size of the coils and their separation. As a result, coil inductance

and circuit frequency can be adjusted according to Eq. (2.10) to produce

maximum power-transfer efficiency. ,
- —

For the paral l el—tuned secondary circuit in Fig. 2b, the efficiency

expression is

eff
~ 

a M2 ~ 2 
fc2

2 L2
2 (R15 + Rg)~J + ~2

2 (R15 + Rg) (~~~~~~~~~ 

+ 

2

- 2C
2L2

(R
15 

+ R
g) 

+ + 
~~~~~~~~~ ) 

M2]~~
2 

+ (R
15 

+ R
9)} 

-l 

(2.11)

Whic h, by setting C2 0, reduces to an expression for power-transfer

efficiency with the secondary untuned. This is the same as el iminatin g

C1 from F ig. 2b and deriv ing an equation for efficiency,

l/RLeff~ (nonresonant) L1 ÷J~~~~
’ ls + 

~~~~~~~~~~~~~~~ (R + R
L 2p L

1
k2 is g \R

2~ ~L 
~I

- 

. (2.12)

If the secondary circuit in Fig. 2b is tuned wi th C2, then Eq. (2.11) can

be differentiated with respect to t.., equated to zero, and sol ved fore~.

- 
~~2 ~ (C2L2) 

-l 
(2.13)
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This result Is exact, not approximate as in Eq. (2.7) for the series-

tuned secondary circuit. Similar to the circuit In Fig. 2a , the effi-

ciency of the circuit in Fig. 2b depends only on the secondary being

tuned. Equations (2.11) and (2.13) demonstrate that efficiency is

independent of C1 and primary—circuit tun ing.

Substituting Eq. (2.13) into (2.11) produces an equation for effi-

ciency with a parallel resonant secondary circuit
-

eff L
p 

~~

•

~
__

~~~~ ~~~~ 
k
2
L1 

(R 15 + R9) 
~~~~~~~~~~~ ~

) 2 
(2.14)

which, when c ompared to Eq. (2. 12), shows how parallel resonance in the

secondary circuit increases efficiency by elimi nating the (R15 + R
9
)/J

term. Equation (2.14) can be manipulated to yield R1 optimum for the

parallel-tuned secondary circuit:

2 -. 1/2 1
R ( 

R 1~R2p ~
.2 

1

L opt k\ R2~L1 k
2 

+ R15L2 ,) (2.15) J
For approximately similar high—Q coils , L

• 1. 1.1 ~ 1.2

2. R2 k2 >> R15
Then,

R1. opt .~(R is~~
) 

1/2 
(2.16)
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A coil and its losses are model ed by placing a resistor in series

or In parallel R~ with the coil . The series resistor is always sma1~er

than the paral lel res istor , and the two are related by Q2. Coil Q is the

same whether the inductive reactance is cancelled by series or parallel

capacitance. The definitions of Q for the two possible cases are

(2.17)

Then,

R5R~ = (2.19)

Substituting this into Eq. (2.16) yields

RL opt~~~~~

Comparison of Eq. (2.10) to (2.19) reveals that the optimal load

resistance for the series-tuned secondary circuit in Fig. 2a equals k2

times the optimal- for the parallel —tuned secondary circuit in Fig. 2b.

As a resul t, the series-tuned circuit delivers power most efficiently

into loads requiring low vol tages and high currents , and the paralle l —

tuned circuit delivers power most efficiently into loads requiring

higher voltages but l ower current. For example , consider a pair of

approximatel y equal high—Q coils wi th Inductances of 350 ~i}~ and a coup-

ling coefficient of 0.2. If the secondary (subcutaneous) coil is tuned

to series resonance at 500 kHz , the optimal load resistanc e bec omes

• R1. opt (ser ies) kL~~= [0.23t350xl0
6]t2-rv x500x103] 220fl

If it Is parallel tuned, the optimal would be

16 
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opt (parallel ) ~ = 
[350x l0 6

~t2~cx5 00xl 0 31 5500~~ ~
- 

-

-

The ratio between RL opt (series) and R1. opt (parallel ) is k
2 or 25.

Further calculation s indicate typical circuit efficiencies. The measured

series—resonant resistance at 500 kHz is 9!?..

Equations (2.4) and (2.8) are used to calculate the c i rcu it effic iency

for the nonresonant and series—resonant secondary circuits , respectively.

Assuming negligibl e generator resistance , the resul ts are

eff5 (nonresonant) = 0.48

eff 5 = 0.92

The same efficiencies will result if Eqs. (2.12) and (2.14) are used for

the parallel —resonant secondary circuit. The advantage 0f secondary-

circuit resonance over r’onresonance becomes apparent in this example.

With both series— and parallel —tuned secondary circuits , the optima l

l oad resistance is a function of the coupling coefficient (k) between the

external and subcu taneous co i ls , coil induc tances and the power-transfer

frequency. Inductance and frequency are well-controlled parameters. The

coupl ing coefficient, however , depends on the orientation of the two coils;

coil realignment and spacing will change this coefficient and the optima l

load resistance.

Figure 3 plots the relationship of circuit efficiency to load resist-

ance and coupl ing coefficient in a series—tuned secondary circuit having

the above coil parameters. As k is varied , the value of R1. that yields

maximum efficiency varies. If R1. and k are fixed , then Eq. (2.10) yields

17 
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the coil reactance (L..) for maximal efficiency. Over a given range of k

values , an L ...~ exists that will yield the highest efficiency. The selection

of this optima l L~~ls determined by the procedure outl i ned below.

1.0 —

ka .3

0.9 —

0 . 8  —

0.7 —

0.6 —

• ka.05
a 0.5

0.4

0.3
k— .025

-

I.
,

_

0 50 100 150 300 250 300 350 400

RL QI)

Fig. 3. POWER-TRANSFER CIRCUIT EFFIC IEI~CY WITH SECONDARY SERIES T’JNED
VS LOAD RESISTANC E FOR TYPICAL VALUES OF COUPLING COEFFICIE NT .

• The design process begins with a given RL because of the voltage—

current requirement of the subcutaneous sensor. This va l ue of l oad

• resistance Is the best average and is identified as 
~~~~
. Based on the

size limitations of the implanted coil and on the application , the



- - - -~~ —•---~~-- - - -

range of values of the coupling coefficient Is known -- k1 ls the l ower
limit and k2 Is the upper limit. From these val ues of 

~L ’ 
k1 , and k2,

the inductance and operating frequency of the external and implanted

coils are determined in Fig. 4. The arguments necessary are the ratio

k2/k1 and ~L
/Rac~ 

where Rac is the ac resistance of the coil. The exact

value of this resistance need not be known because coil reactance is noc

a strong function of Rac; however, it can be estimated from the proposed

coil size.

Figure 4 produces the ratio k l L~~
/Rac which is solved for L~. An

infinite number of inductance-frequency combinations equal this value of

L~, but only a certain range permits practical appl ication because of coil

size l imitations and the frequency restraints imposed by the character istics

of the sensor. With L~~determined , the coil Is wound and its ac resistance

is measured which , most likely, will be different from the estimated Rac .

The new 
~L/Rac ratio is computed and another value of k 1L /Rac is obtained ;

however , the resulting L~~does not vary greatly from the first value , and

this difference can be corrected by changing~.i.

For examp le , assume that the subcutaneous sensor requires 10 m~ at

2.7 V. Because this is an of 270fl, the secondary Circuit is series

tuned. The largest possible coil set that is compatible with the size of

the sensor has a minimum k of 3.05 and a max imum cf 0.2. If the ac resist-

ance is estimated at 1Oci , then

- - 

~L 270.: k2 0.2and O.2S

From Fig. 4, kiL~
/Rac ~ 16.6 and L~ 3320a. One solution to this 1.....

product Is

19
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• 
Sj L~~ 528 pM

f • 1 MH z

When constructed, If the 528 pH coil measures 500 )iH wi th Rac = 25i? at

l~~I1z,then

I
270ti
25r~. 

z 10.8

and

k1L

~~~~~ 6.5

:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

>

:~~~~~~ 

_ _

_ _ _ _ _ _ _ _ _ _ _ _ _

— 
0 

~~~~~~~ 1 1 1 1 1 1 1 1 ~~~~~ l i i i  l i ii

0 1 2 3 4 5 6 7 S 9 10

k2/k1

Fig. 4. NORMALIZED BEST-AVERAGE LOAD RESISTANCE VS RATIO OF MAX IMUM-
TO-MINIHUM VALUES OF THE COUPLING COEFFIC I ENT FOR VARIOUS
VALUES OF kiL~

fRac •
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Because the new optima l L~~is 3250, ~~must be shifted from 1 to 1.04 MHz ,

which is well wi thin the other design constraints.

S In Fig. 5, percent efficiency is determined over the range from k1 to

k2. With the above parameters, Eq. (2.10) can be used to compute RL opts

5 —

S0%/ 85%
,/ 

90%,~
*
~~~>_~~~

-L //~~~~~:

1

o S i ,
~~~I l t , i , l i i i I l I i t i~~~i~~~I I 1 i ~~~i l _I

0 5 10 15 20 25 30

R JR
I opt/

• Fig. 5. RATIO OF BEST—AVERAGE LOA D RESISTANCE TO OPTIMAL LOAD RES STANCE
VS RATIO OF OPTIMAL LOAD RESISTANC E TO COIL ac RESISTANCE FOR
VARIOUS PERCENT EFFICIENCIES.

Then the arguments RL opt/Rac and ~L
/RL opt 

are required to derive the max-

imum percent efficiency. In thi s example , RL opt (series) for the l ower

limi t  of k (k 1) is l 66n ,

21
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270
6.6 and RL opt 1.63

It can be seen In Fig. 5 that achieves approximately 97% efficiency

at the lower value of k.

Figures 4 and 5 can al so be used to determine the optimal L~~when

the secondary circuit is parallel tuned. The only additional information

required is an estimate of the coil Q from which the paral lel resonant

resi stance R~ can be approximated. In Fig. 4, 
~L

/Rac is replaced by

and , in Fig. 5, RL opt~
Rac is replaced by Rp/RL ~~~ 

All other

arguments and the design process remain the same as for the circuit with

a series—tuned secondary. Combining Eqs. (2.8) and (2.14) with their

appropriate optimal l oad resistance [Eqs (2.10) and (2.19)] produces the

following efficiency expression that can be applied to any primary or

s condary tuning arrangement,

eff • 
kQ 

21 + k Q + (~~ .+ l ) 
(2.20)

from which it can be seen that efficiency is greatest when Q (coil-quality

factor) and k (circuit-coupling coefficient) are maximum . The importance

of individually maximizing both parameters is demonstrated In Fig. 6 where

circuit efficiency is plotted vs the coupling coefficient as a function of

coil Q.

The signi-’icant points in Section A are suninarized as fol lows:

(1) For maximum efficiency, the secondary circuit (subcutaneous
coil , capac itor and load) is capacitively tuned and the
power-transfer frequency Is fixed at

•

22



(2) Assuming the external and subcutaneous coils are approx—
imately equal and have Qs s > 20, the load resistance
for max imum ef fic iency Is

opt [series] kL~

opt [parallel]

(3) When the power—transfe r circuit is operated at the reson-
ant frequency of the secondary circuit ( c~ l/C2L2) andthe load resistance is optimum, the efficiency is gTven
by the general expression ,

kQelf
1 + k Q + [ ~~~. + 1  J’

(4) For a given range of values of k, Figs. 4 and 5 determine
the optimal coil reactance (Lw) and the efficiency range.

0 .1  0. 2 0 . 3  0 .4  0 . 5

Fig. 6 EFFICIENCY VS COUPLING COEFFICIENT AS A FUNCTION OF COIL Q.
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B. Maximizing Coil  Q

To increase efficiency, Eq. (2.20) , coil Q must be maximized. The

following loss factors l imi t Q:

(1) dc coil resistance caused by copper losses

(2) ac coil resistance caused by nonuniform current distribution

(3) parasitlcshunt capacitance that results in an apparent
increase in ac resistance near coil self-resonance

(4) biological tissue losses

Biological tissue losses in l ow— and medium-frequency ((3 MHz) circuits

are generally small compared to coil losses.

The dc coil resistance (Rdc ) Is merely a function of the conductor

material , cross-section area , and length and sets the lower l imi t on the

value of the ac coil resistance. For a given l ength of wire , Rdc can be

reduced by Increasing the cross-section area through the use of a larger I
diameter wire or a number of parallel wires. :

The ac coil resistance Is a complex function of many parameters. It

depends on conduc tor size , coil size and configuration (suc h as number of

turns per layer), and frequency. At radio frequencies, the magnetic fl ux

in the conductor links the current in the center but does not link the

current flowing near the surface. The inductance -
- t the conductor center

is then higher than at the surface , thereby causing the current to dis-

tribu te Itself near the surface. This nonuniform current distribution

(called the “skin effect”) decreases the effective cross-section area of

-
- 

the conductor and increases resistance [37].

Because the skin effect is caused by the magnetic f l u x  in a conduc tor

that resul ts from ac currents , It cannot be predicted except in the sim-

plest circuits. The skin effect associated wi th a straight round conductor

24 
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removed from all other conductors is predictable and sets a lower l imit on

the ac resistance for a given coil wound of that type of conductor. The ac

resistance of a coil is always several times greater than that of a straight

wire (the “proximity effect”) because of the proximity of other conductors

and their associated magnetic flux. Skin effect becomes significant at

lower frequencies as the conductor diameter is increased. A fine wi re cx—

hibits this effect only in the high-frequency range, but its fineness also

means high dc resistance. This problem can be partially solved by parallel -

ling a number of fine separately insulated stranded wires called “l itzendraht ”

(ljtz ) wire. These coils will minimize losses and maximize coil Q in the

power—transfer circuit.

Parasitic shunt capacitance causes power loss because it increases appar-

ent coil resistance near the self-resonant frequency of the coil. The power-

- ~
- 

transfer coil Is modeled by the simpl e RLC circuit in Fig. 7.

o~~~J J - I
C I a1 ac

rc~
o~~~~~~J

FIg. 7. MODEL OF SERIES—TUNED POWER—TRANSFER COIL WITH
PARAS ITIC SHUNT CAPACITANCE AND ac RESISTANCE.

The complex coil impedance is

2 2
Rac + .1 [L1~ (l — C~L1c~ 

) 
- CpRac~~Z(j~ ) =  2 2  2

- 

— p 1  pac’~ (2.21) ‘
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AtJ ~~~
. (L 1C ,i” , the imaginary part of Z equal s zero ; the real part is

Re Z(j~
) ac

(i - ____

(2.22) —

where Jsr Is the coil sel f-resonant frequency, 1/ (C~L1)~
”2. Equation (2.22 )

Is accurate only when ~ is not close tO~~Sr• 
At ~ °5’~r’ 

the effect ive ac

resistance is almost twice that of resistance without parasitic capacitance ,

and this apparent increase sets an upper l imit on the frequency of the series-

resonant circuit.

50~~~

1. FLAT SPIRAL COIL. ~1o. 21 .~ WG. SELF-RESO?Q~~ 1.0 MHz

t .  

- 2. 1flE0~ETICA L COil.. WT~7fOUT SKIN EPTECT . SELP 2

40 
RE3O~~NT 1.0 MHz

3. 3XIN £ITECT ON STRA IGfiT I.E?40T1 OF /
No. 2$~~~ WG

3 0 -

5-.

20 —

:.1L L

FREQUEICY ~1~’~iz~

Fig. 8 ac RESISTANCE VS FREQUENC Y . This plot demonstrates Increases
in ac resistance as a result of prox imity effect (1), sel f-
resonance (2) and sk in effect (3) .
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FIgure 8 illustrates how skin effect and parasitic capacitance increase

ac resistance. A comparison of curves 1 and 2 indicates that increases in

ac resistance at frequencies below 4 MHz are independent of coil self-

resonance but are the result of skin effect. Curves 1 and 3 demonstrate the

proximi ty effect. The ac resistance of the actual coil increases at approx-

imately six times the rate of increase for the straight conductor. It can

be seen that either skin effect must be minimized or higher frequencies must

be avoided.

Add itional Information concerning the relationship between conductor

size, coil configuration and ac resistance is plotted in Fig. 9. These

curves are for five flat spiral coils wound with the copper conductor m di-

cated. Curves 1 and 3 demonstrate the proximity effect and represent two

coils of similar size and inductance but different winding configurations.

• Curve 1 plots a coil that has two turns/layer so that each turn is in prox-

Imity to five other turns; curve 3 is for a coil that has only one turn/

layer so that each turn Is in proximity to only two other turns. As a re-

suI t, the proximity effect causes the ac resistance of the coi l with two

turns/layer to increase more rapidly than the coil with one turn/ layer.

While the ac resistance of the one turn/layer coil increases at approxi-

mately six times that for a straight conductor , the ac resistance of the

two turns/layer coil increases at nine times tne rate for 3 straight con-

ductor. Curves 2 and 4 demonstrate the proximity effect for a smaller

wire and , when compared to curves 1 and 3, they also illustrate how a

smaller wire reduces skin and proximi ty effects. Note that curves 3 and

4 cross at approximately 800 kHz. In the absence of the proximity effect

(a straight conductor removed from other conductors), the larger conductor

27
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4. No. 36 AWG , 1. TURN PER LAYER 1
40 

~~~, I STRAND No. 41 AWG LIT2, 1 TURN PER LAYER /
4

30 — 

/2

j

o 1 1 1 1 L I I I  1 1 J I I I J L I

.1 .2 .4 1 2 4 10

FREQUENCY (MHz

Fig. 9. ac RESISTANCE VS FREQUENCY FOR SIMILAR FLA T SPIRAL
COILS WOUND WITH VARIOUS SIZE WIRES.

always has the l ower ac resistance. As a resul t, the cross of curves 3 and

4 Indicates the presence of the proximity effect and the proximity effect

becomes more pronouned as the conductor size increases. Curve 5, represent-

ing a litz—wi re coil , shows the improvement possible over s ingle conductors

In maIntaining a low val ue of ac resistance up to reasonably high frequencies.

Figures 8 and 9 contain the fol l owing information :

- (1) Skin and proximity effects increase coil ac resistance to
several times the dc resistance value.
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(2) Operation near the coil sel f—resonant frequency great~ydecreases the efficiency of the series—tuned circuit.

(3) Coil losses are minimized by the use of fine--stranded
litz wire.

No single frequency Is better than another for maximizing power-

transfer efficiency. The frequency used depends on the following factors:

(1) Tissue losses -— as frequency increases so do ti ssue
losses ; however , below 3 MHz, suc h losses account for

-

. 
less than l”~ inefficiency.

(2) Information band —— transfer of power wi thin the sensor
information band severely d’storts information accuracy.

- 
- A buffer band of frequencies is required between the

power-transfer frequency and the information band .

(3) Sensor size —— high efficiency at low frequencies
requires large coils to achieve high Q. If the sensor
is small , the coil must also be small to be size corn-

- . patible. For small co i ls , high frequencies are needed
to maintain maximum power-transfer efficiency .

Equation (2.20) states that power-transfer efficiency depends only on the

circuit coupling coefficient (k) and coil Q. The coupling coefficient is

not a func tion of frequency, as i s Q. As frequency becomes greater , Q

increases because Q = L.VR . At some frequency , however, R3~ 
increases - 

-

more rapidly than~. and Q begins to decrease. It is difficult to predict

theoretically the frequency of maximum ‘~ from the physical charac teristics

of the coil because of the skin and proxinity effects. In the absence of

these effec ts , parasitic capacitance and coil self-resonance limit tne use—

ful upper frequency.

Section A details the selection of coil reactance for achieving maximum

• efficiency for a given load resistance . After the approximate operating

frequency is selected based on the above factors, the coils are wound and

then tested to determine the frequency of maximum Q by means of a standard

Q-meter to measure Q as a function of frequency . A plot of Q vs frequency

29
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results. Figure 10 is an exampl e of such a plot for three litz-wire coi ;s

of similar size but a different number of turns. This plot indicates the

frequency of maximum Q and demonstrates that Q is near maximum over a

reasonably wide range of frequencies ; al so marked are the self-resonant

frequencies of the coils. In eac h case , occurs at approx imately

°25
~~sr 

and general ly between 0.1 and O.4o.,sr . When the skin and prox-

Imity effects are absent, the upper frequency is fixed in a predictable

manner . The coil ac resistance is al tered only by the parasitic capac i-

tance and , as a func tion of frequency, Is

R - 

Rd : -
ac 

[ 1  - (~~2/~ 2 
~ (2.23)

which is similar to Eq. (2.22).

.1 .~ 
FREQUENCY (f~14z )

FIg. 10. COIL Q VS FREQUENCY FOR FOUR LITZ-WIRE COILS SHOWING THE
RELATIONSHIP BETWEEr1~~ AND FREQUENCY OF ~‘AX I~-Iurf Q•
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For<1 /~ < 0.5, the denominator of Eq. (2.23) is approximated by —

~ 1 - 2 (w/ ~) ) 2 ] .  The Q of a coil not subject to skin or proximity

effects is defined by

Q a ~~~~~
-

~~~~~~~[l  _2 (~~4
2 )

dc sr (2.24 )

The maximum Q as a function of frequency is found by differentiating -
~~~

Eq. (2.24) with respect tow. The result is that , at S~ax ’

~~ ~~~ °~
4’
~r

which sets an absolute upper l imi t on the operating frequency of any coil.

Because of skin and proximity effects, the actual frequency l imi t is always

less than °‘4
~~sr this is supported by Fig. 10 where 

~max occurs at approx-

Imately 0•25
~~sr for all three coils.

In Fig. 9, the proximity effect was demonstrated by comparing the ac

resi stance of two simi l ar coils. For standard wire coils , those with one

turn/layer were observed to have a lower Rac and a higher Q than those wi th

mul tiple turns/layer. The three litz-wire coils whose Q’s are plotted vs

frequency in Fig. 10 all achieved approximately the same max imum va lue of Q.

These coils are similar in size but have one, two and four turns per l ayer.

The conclus ions to be drawn are that litz wire is very effective in mini-

mizing the proximity effects and that multiple turns per layer are not

detrimental to coil Q if this type of wire is used .

C. Maximizing Coil Coupling

Power and information transfer between an externa~ and a subcutaneous

coil is possible because of the mutual inductance between the two coils.
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Because ef’lclency sncreases as mutual Inductance increases, the design of

a transcutaneous power and Information system should inc l ude guidelines to

maximize mutual inductance. The coupling between two coils depends on

their size, the distance between them, their orientation , and the magnetic

permeability of the med i um that connects them. The size of the subcutane-

ous coil is determined by the subcutaneous physiol ogical sensor; it should

be as large as possible but still remain size—compatible with the sensor.

The separation between the two coils Is determined by the thickness of the

t issue and the layers of material used to Insulate the coil from Its envi-

ronment. The coil and sensor are enclosed in a thin plastic shel l and

encapsulated Hrst in a special wax and then In medical-grade silastic.

Because the thickness of these three layers (plastic , wax and silastic)

normall y does not exceed 3 to 5 nm , the separation between the external and

subcutaneous coils Is equal to the tissue thickness plus 3 to 5 ~m; th i s

usuall y does not exceed 15 nm.

For flat spiral coils , optima l mutual Inductance for a given size and

separation Is achieved when the coils are arranged coaxially. For maximum

efficiency , therefore, the external coil must be placed accurately over the

Implan ted coil. The subcutaneous coil operates like an air-core coil be-

cause the magnetic permeabili ty of tissue is approxima tely unity ; therefore,

the medium surrounding it does not permit the use of a complete n%agnetic

circuit of ferrite or Iron as found in most transformers. Some researchers

[10, 31, 25) report using ferrite cores with one or both coils; however , no

study Is available that Indicates that such cores consistently improve

power-transfer efficiency. Such improvement must be weighed against in—

creased subcutaneous coil volume which becomes a significant factor when

the system Is Intended to power subminiature integrated-circuit physio-

log ica l sensors.
32
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The mutual inductance between two coaxial coils is derived from the

equation for the mutual Inductance between two coaxial circles developed

by Maxwell [38],

Mo
z 41Y

~rV/~~~~E (~~~~~
h ) F

~~~~
E ]n H (2.25)

where

Pr • relative magnetic permeability

• r , r radii of the circles (in centimeters)
1 2

h
2 2 1/2[(r1 + r 2 ) +d ]

• d distance between the circl es (in centimeters)

F, E a complete elliptic integrals of the first and
second kind , respectively

The integral s are determined by the infinite series ,

1 2 2 1 3  2 h4 + ~ l•3~5 ~2 h6 +F ~~
. [l + (~~- ) h + (

~~
_

~
.)  

‘ 2 .4 •6 ’

(2.26a)
qr 1 2 2 1 - 3 2 1 4 l- 3~5 2 1 6

E 
~ [l - ( 2 - )  h - ( FT ) ~~h ~ 2~46~ 3~~ 

- ... ]

(2.26b)

The mutual inductance between two coi ls is then

• 
-
. M = M0n1n2 (2.27)

where n1 and n2 are the turns per coil.

- When the ratio of the spacing between the coils to the coil cross-

section dimensions is smal l , it is necessary to compute several val ues
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of H0 and then average them. Figure 11 is an example of such an arrange-
ment , where the average mutual inductance between the circles at locations
1 , 2, 3 and 4 is

(2.28)

~~~~~~~~~~~~~3 M 4~~~~~~~~~~~~~~~

11- d
i I coit. L — - — COIL

AXIS AXIS

Fig. 11 . CROSS SECTION OF TWO CLOSELY SPACED COAX IAL COILS.
Circles for computing M0 are l ocated at 1 , 2 , 3 and 4.

- 

- 
For large values of d , the difference between any two val ues of M becomes

negl igib le , and is approximately calculated by using only two circles --
one at the center of each co-f l cross section. Because M depends on the

number of turns of the two coils , it Is easier to calcula te in terms of the
• ratio between M and the geometric mean of the inductances of the two coils.

This ratio is called the coupling coefficient and is defined as

• M
- (L1L2) (2.29)

The inductance of a fla t spiral or short solenoid coil is directly

related to Its mean radius and to the square of the number of turns. If
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its cross-section dimensions are small compared to its mean radius , the

coil inductance Is approxima ted by Stefan ’s formula [39], H

L a D~ ~
2
Pr’ E 1og~ (8r/s) - y ] nH (2.30)

where

a number of turns

r = coil mean radius (-i n centimeters)

• S 
a diagonal of winding cross section (in centimeters)

y a constant related to winding geometry (y = 0.6 for
- - flat spirals and y = 0.8 for square cross sections)

By combining Eqs. (2.25), (2.29) and (2.30), the following expression

for the coupling coefficient is obtained ,

k • (2 /h - h) F - (2/h ) E
L log

e 
(8r1fs 1) — y

1 J [ loge 
(8r

2
/s2) 

— y2 ]
(2.31)

where k is a function of two ratios -— the ratios between coil radii and

spacing and between coil radii and winding diagonal . A plot of k vs coil

separation facilitates the estimation of the coupling coefficient; it is

constructed by assuming that the cross-section diagonals of the external

and impl anted coil are approximately the same (s1 ~ 
Figure 12 Is a

pl ot of the maximum coupling coefficient vs the coil spacing to implanted

coil radius ratio. This plot was developed in terms of the impl anted coil

size because the maximum value of k is a function of d and the ratio be-

tween r
1 
and r

2 
. As the coil spacing widens, the external coil increases

in size to achieve maximum coupl ing. This factor was considered when

plotting Fig. 12 as was the fact that, as r
1 
(for the external coil)

35



-
~

;-- - ___ _ - -
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- -
~~~~~~~~~~~

- -
~~

--- -- ------
~

--- —--
~~

- - ---=----- — - --,

- -----------

IC 5

20 r2/s2
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h.

.1. —

•

•

•

0 . I , I fL . i . I . t i I ,~~~~ , I ,  . 1 . 1 , 1 . 1 . 1 1 1 1 1 . 1 1 1 1 1

0 1 2

dir2

FIg. 12. MAXIMUM COUPLING COEFFICIENT VS COIL SPACING TO IMPLANTED
COIL RADIUS (d/r~) AS A FUNCTION OF IMPLANTED COIL RADI US
TO COIL CROSS—SEeTION DIAGONAL (r2/s2).

increases , L1 increases. Figure 13 plots the optima l ratio between external-

and implanted—coil sizes ( r
1/r2

) vs coil separation ( d/r2
) for max imum ¼ .

From a knowledge of the implanted sensor size the size of the Implanted

(subcutaneous) co il Is determined. The physiological appl ication of the

sensor and its location determine the expected spacing between external and

implanted coils. From the Implanted coil size and the expected spacing ,

. JJ.I

~
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~
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th. proper external coil size and the maxImum coupling coefficient can be

determ i ned using FIgs. 13 and 12, respectively.

3 .. 

-

: 
!~~~~

-L
0 1 1 I I I I I i j  i I I I 1 1 1

0 1 2

d/r 2

Fig. 13. RATIO OF COIL RADII FOR MAXIMUM COUPLING COEFFICIENT
VS RATIO OF COIL SPAC ING TO COIL RADIUS.

The above analysis is based on the approximation that the Dower-
-

- . transfer coils are represented by singl e—turn coils located at the center

of the cross section of the actual coil. To study the extent to which

cross—section dimensions affect coupl ing and power-transfer efficiency.

Eqs. (2.25) and (2.28) were used to analyze some representative coils .
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At various spacings, these dimensions were changed and the resul ting

coupling coefficient computed. The mean radii were held constant at

values determined In FIg. 13. From a series of such computations at

different spacings and number of turns, the following guidelines were

developed.

(1) The closer the coils are spaced, the more critical is
the cross-section geometry.

- - (2) When the spacing between coils is l arge and the
coupl ing coefficient is small (k <0.05), the cross-
section geometry has negligibl e eff ect on k.

(3) As coil coupling increases and spacing decreases,
the cross—section geometry moves from a thin rectangle
(flat spiral ) toward a square (short solenoid).

It can be seen in Fig. 14 that, al though optimal coil cross-section

geometries exist to maximize the coupling coefficient, the actual percent

4 —

U 9Li I
• 

r2 TI

~ 
I I I I c-nt

• 0 1 2 3 4

COIL SEPARATION (cm)

FIg. 14. COIL CROSS-SECTION GEOMETRY AS A FUNCTION OF COIL SEPARATION.
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Improvement over a one turn/layer flat spiral is not large. In the cases

calculated , the difference between the coupling coefficient of a one turn/

layer flat spiral coil and a coil with the optimal cross—section geometry

is less than 5%.

D. Experiments and Conclusions

The equations and figures in the above sections can be verified by

simpl e experiments. Three coils are wound on acrylic plastic forms with

No. 40 AWG wire. The measured coil parameters are

L1, L2: mean coil radius (r2) a 20 r~,n

wind ing diagona l (s) a 1. 1 mm

inductance a 1 360 pH

L3 : mean coil radius (r 1) = 27 mm F:
winding diagonal (s) a 1.1 ~~

inductance 1 367 pH

At a coil separation (d) of 19 ml,

_j. a ~~~~. a 0.95

From this and FIg. 13, the optima l r1/r2 ratio to maximize k is 1.35 , or

• 27 mm. At d • 19 mm, the coupling coefficients between L1 and L3
and then L1 and L2 are measured. The fol lowing resul ts support the sel-

ection of r1 27 mm to maximize k:

kL L  = 0.12 kL L  = 0 1 4
1 2  1 3

The ratio between r 2 and s2 Is 20/1.1 
a 18. At d/r

2 
a 0.95 and r2/s2 

• 18 ,
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Figure 12 gives the expected value of k at approx imately 0.11 which Is

‘ close to the measured value .

The power-transfer efficiency of L1 and L3 Is next measured . The

optimal load resistance is kL~ At 500 KHz.

opt a (O.14)(1360 pH)(500 kHz)21r* 590n

For this load , the measured circuit input resistance is 755ri . Vol tage

measurements yield V 1~ 
a 7.22 V and V0~~ a 5.19 V , and the resulting

efficiency is 67%. The measured values of coil Q at 500 kHz are 40 for

and 31 for L2. The geometric mean Q is

Q =~/(4O)(31) ~35

• With Q a 35 and k a 0.14, Fig. 6 is used to estimate efficiency, and the

result is 67? which agrees wi th the measured value and supports the val-

idity of Eq. (2.20). Li-t z wire would raise efficiency by increasing coil - :

Q. At higher coil Q’s (>100), high-Q tuning capac i tors should be used --
typically silver-mica or variable mica .

The following conclusions are drawn from the study described in this

chapter.

(1) Transcutaneous power tranfer is a practical means of
powering Implanted electronic sensors.

(2) Definite guidel ines are establisned for maximizing
power—transfer efficiency .

(3) A properly designed and applied power-transfer circuit
Is capabl e of efficiencies as high as 90~.
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Chapter III

LOW-VOLTAGE REGULATOR DESIGN

This chapter Investigates voltage regulator design to maximize power

efficiency at low—output vol tages. The regulator is intended to power

subcutaneous physiological sensors and to operate as a repl acement for

batteries. It will be designed for monol ithic fabrication so as to be

size—compatible with current and future miniature implantable integrated-

circuit sensors.

The most commonly used battery is the mercury cell with a nominal

output of 1.35 V; two of these cells are generally arranged in series for

a supply vol tage of 2.7 V. Power efficiency at such a low output
I i ~

requires a special circuit design.

The regulator Is al so designed for temperature stability . This is r
not a critical factor after the regulator has been impl anted because body

temperature is stable; however , certain systems are calibrated at room

temperature before implant. Cal ibration often depends on supply voltage

and , In these cases, the output—voltage variation with temperature must be

min imized .

A. Limits to Efficiency

Voltage regulators are usually designed for outputs greater than 5 V

and for operation from line power. Under such conditions , efficiency is

• 

- 

often reasonabl e but of l ittle importance. If the output is reduced to

the 1 to 3 V range and the primary source of power is batteries , ineff 1-

ciency and battery life become significant. The key to efficiency Is

minimizing the vol tage drop across the regulator. Figure 15 Is a block

di agram of a basi c series pass vol tage regulator , where the difference

41
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IH
between V 1~., and V0~ is defined as ~V. Assuming 1out~ 

1in ’ efficiency

becomes
Vout

eff 
~y + 

(3.1)

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~• DEVICE

+ +

V I

in VOLTAGE ERROR SAMPLING Vout

REPERE~iCE AMPLIFIER CIRCU IT

I I

Fig. 15. BLOCK DIAGRAM OF A BASIC SERIES PASS VOLTAGE REGULATOR .

The need to minimize .IV to achieve higher efficiency at l ow—output

voltages is demonstrated In Fig. 16 where it can be seen that, at low-

output vol tages, ~V affects efficiency significantly.

The two potential sources of inefficiency are the contro l circuit

and the voltage reference. Any vol tage drop required by the control

circuit Immediately l imits the minimum val ue of~~V. The reference has

• a minimum operating voltage that affects efficiency indirectly by limiting

the minimu m value of V.~ and , therefore,j~V. To achieve greater eff i-

ciency , the control circuit must be capabl e of passing 10 to 50 mA with

vol tage drops of less than 1 V. The voltage reference must be abl e to

42

______________________ ~~~~~~~~~~~~~~~~~~ _______ - __________________________



operate from a low voltage (<2 V)1 be temperature stable , and requi re
very little current (< 500 pA).

LI I 1 1 1 1 1 1  1 1 1 L  I t  1 1 1 1 1 1  l I t  I I 1 1 _ I 1 1 1 1 1 ’  1 1 1 1 1 1 1 1 1 1 1
0 0 1. 2 3 4 5

V (v)
out

Fig. 16. EFFICIENCY VS VOLTAGE-REGULATOR OUTPUT AS A FTJNCTtON OF~~V.

B. Vol tage Reference

Two standard types of temperature-stable vol tage references are

used in monol ithic regulators. The first is based on a temperature—

compensated zener diode [403 . This is a relatively noisy circuit and

It requires an Input voltage of 7 to 9 V and tight process control for

good stability . The second makes use of the positive temperature coeffi-

d ent of the emItter-base junction vol tage differential of two transistors

_ _  -  _ _ . _
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operating at different current densities [41]. The stabl e reference

produced is 1.2 V; however, the circuit is relativel y complex , requires

good process control , and operates best above 0.5 mA. It also tends to

produce unstable oscillations under certain load and current conditions.

Figure 17 Is a schematic of an alternative reference that is a less H

complex circuit and operates at low current. The constant-current

c~ONSTA~T- I
II

CURRENT j
CIRCUIT

~REF
= 1.244 V

I

p

Fig. 17. TEMPERA TURE-STABILIZED LOW-VOLTAG E REFERENCE CIRCUIT.

circuit In the reference has the fol l owing key characteristics: (1)

operation at a single—controlled value as low as 10 ,aA , (2) high dynamic

resistance —— greater than 20 M.2 , and (3) a wel l —defined positive temp-

erature coefficient. The operation of this circuit can best be understood

by examining Fig. 18. Half of the circuIt is a modified Wilson current

mirror. The addition of RE and ii parallel transistors produces an input-

output current relationship wi th one point at which I~ = 121 as shown by

the curve that crosses the 2 12 line. Combining this n-p-n circuit

with a similar p—n—p circuit (Fig. 19), yields a constant-current circuit

that operates at a single current level because there i s only one val ue 

- -- ~--- ~~~~~~~~~~~~~~~~~~~~ ~ ..~~~~~~~~~~~ —
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I

/
l a l

/RE >o
12 n > 1  n

> 0  
VBE2

= BE 1. RE

Ii

Fig. 18. MODIFIED WILSON CURRENT MIRROR AND I~ VS 12 FOR DIFFERENT
CONDITIONS.

of and I
~ 

(other than zero) at which operation is stab le. Thi s current

value is control led by n and by the size of RE; it can be determined 
by 

- 
-

considering Fig. 18. The voltage around the loop produces

V BE1 2 VBE2 + I2RE (3.2) - 
—

if all transistors are assumed to be identical and have reasonab~e betas.

The basic diode equation yields

kT 

I 
-

- -

~~
— loge T (3.3a -

and
kT 12VBE2 

a 
q l~ g 

~~S (3.3b’
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Combining these equations results in

kT n1112 
a 

~ 
1
~~e ~~~ (3.4)

I’-
...

12 
hi~ f

half

Fig. 19. CONSTANT-CURRENT CIRCUIT AND 11 - 12 CHARACTERISTIC.

If both halves of the circuit have the same n and RE. then 11 I,, and the

total current is

Ii 
+ 1~ ~~~ 

loge n (3.5)

Dynamic res istance can be calcula ted by an anal ys i s of one of the two
halves of the circuit. From the literature [42], the output resistance of

the Wilson current mirror is

81r 1— Rout ~ (3.6)

for the parameters shown In FIg. 20 and with R
E 0, n • 1, and R

5
—+ -x~ .
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A more detailed analysis reveals that Eq. (3.6) is correct only when

R5 ~~, r~ . For RE > 0 and n > 1 , the output resistance is

R _ 
B1r01 ( 

1 + R~ng~3 \~
2 2 + R~ng~3 ,) (3 . 7)

Ij  I R1 12
B C

- ‘r—~ 
1 0

kI~~

1 I~~ ~~~~~ 
-
~~

• 

L 
_ _ _ _ _ _ _ _ _

~ T~—~—---—E-E~ ~‘
l
~~~~~I E

- i
Fig. 20. MODIFIED WILSON CURRENT MIRROR AND HYBRID- IT TRANSISTOR MODEL .

The add ition of RE increases the output resistance by 20% to 5O~, depend -

ing on n. It Is Interesting to note that the circuit output resistance

depends primarily on the characteristics of Q1 when the betas of and

— 
are greater than 30. Typically, for the n-p—n half of the circuit,

= 100 M~2 ; for the p-n-p half , using lateral devices , R0~t 10 M.~2.
- The total circuit has an output resistance of approximately twice that of

the p-n-p half . In Fig. 21, the curves of 1
~ 

vs 12 for the n—p—n and

p-n—p halves are plotted for two val ues of VCE. Because the n-p—n half
- 

has high dynamic resistance (
~~ 

100 M~l), its 1
~ 

vs 12 relationship ex—

hib its little change wi th voltage ; because the p—n-p half has lower

H 47
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resistance its 1
~ 

vs 12 relationshI p changes more rapidly. The result Is

a shift In the actual operating point from point 1 to point 2 caused by

a 12

1 -  2
12

Fig. 21. I•~ VS 1
2 

FOR BOTH THE P—N—P AND N—P-N CIRCUITS AT TWO

/ ~
the increase in the values of and 12. The total current is I = I~ + 12.

A perc~~t change In I~ or 12 produces a percent change in I. Because

Ii - ~ 12, a percent change In either current causes a percent change in I 
/4

of one—half that amount; that is , If a varIation in VCE resul ts in a rate

of change to I~ proportional to a resistance of 10 Ma , then I varies at

a rate proportional to 20 Mn , assuming the rate of change of 12 is pro-

portional to a resistance l arge compared to 10 M~~. This actually occurs

in a constant-current circuit where total resistance Is approximately

twice the output resistance of the p—n-p half of the circuit (
~~ 

20 Mfl).

Temperature stability is a function of the actual reference-vol tage

level . From Fig. 17 , the reference voltage Is
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Vref ~BE 
+ 1R 1 (3 8)

Substituting Eq. (3.5) for I produces

H 
- 

2kTR1Vref ~BE qR~ 
lO9e n 

(3 9)

To determine the value of Vref for a zero temperature coefficient,
Eq. (3.9) is differentiated wi th respec t to 1,

~V 
~ ~ V 2kR

AT~~ ~~ 
09e “ 

(3.10)

From the literature [43],

VBE 
2 V

g~ 
- 

~~~
)+ V BEO(~~~

) + m~T lo9
e(~o~~ (3.11)

where

V g0 silicon energy band—gap voltage (1.205 V) —

VBEO V~~ at T0
m a constant dependent on transistor fabrication

(approximately 1.5 for monolithic transistors)

AtT~~ T0,

• 
4gp 

~BEo 1.5k
T0 

+ T0 
- q (3.12)

which substituted Into (3.10) and set equal to zero results in 
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2k T R  kT
+ 0 1_ l og n a V  + 1.5 0

...‘.O qR~ C go q (3.13)

The left-side of Eq. (3.13) is V ref at ~ T~ from Eq. (3.9). At T~ 300°K,

l.5kT
Vref V

90 
+ q ~~ 

a 1.244 V 
(3.14)

-

If R1 and I are adjusted to produce a V ref of 1.244 V , then Vref is stabl e

with temperature to a first approximation. Reference vol tages equal to

integer multiples of 1.244 V can be obtained by arranging a number of

diode—connected transistors in series.

Thi s reference c i rcu it was construct~ from discrete components with

- 

-
- n 2 and RE = 3l6�1 ; R1 was adjusted to produce V ref 

a 1.248 V at 26°C.

Care was taken to ensure that the resistors had very stable temperature

characteristics. At 100°C, Vref increased to 1.253 V which is a change

of 56 ppm/°C. The measured dynamic resistance was 60 MQ. for a current

of 100 hA; this was high because the discrete p—n— p devices were not lat- r .

eral transistors.

The reference circuit can al so be fabricated in monol i thic form.

The advantages of this type of fabrication are close transistor matching

(n can be made greater than 2) and close thermal coupling so that thermal

gradients between transistors cause minimu m circuit imbalance. For normal

- 
processing variations , circuit stability wi th temperature can be deter-

mined as a function of n (the number of parallel transistors). Figure 22

is a pl ot of a set of typical- and worst-case processing variations with

the followIng parameter tolerances:
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Parameter Typical Case Worst Case

VBE (run to run) +36 mV +60 mV

V BE (adjacent devices) +2 mY +6 mV I -

Rl/RE ±2% +5%

For typical-case tolerances, reference stability is better than 200 ppm/°C

for n > 3. Because the reference operates from as low as 3.2 V at 100 hA

and Is stabl e wi th temperature , it is an ideal circuit for a monolithic

high-efficiency vol tage regulator. The p—n-p and n—p—n halves 0f the cir-

cult must be processed separatel y so that the p-n—p devices can al so be
— vertical . Lateral p-n-p devices behave differently with temperature and the

— 
circuit loses its stabil ity.

-

I, . 

500

TYPICAL CASE

100

a (CURRENT RATIO)

0 2 3 4 5* 5* 7 • 5*

Fig. 22 THE NUMBER OF PARALLEL TRANSISTORS (CURRENT RATIO) VS VOLTAGE
CHANGE IN PPM/°C FOR THE VOLTAGE-REFERENCE CIRCUIT IN FIG. 17

- FOR TYPICAL- AND WORST-CASE PROCESSING PARAMETERS.

51

_ _ _  -—-~~~~~~~~~ -~~~~ -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - _ - - - -~~~~~~~ - _-- --



-~~~~~~ 7
C. Volta ge Regulator

Vol tage regulator design for greater efficiency at low voltages

Includes solving the voltage—reference and control -circuit problems.

Section B described the design of a stable low—voltage low—current refer-

ence , and this section details the control circuit and total regulator

design.

Figure 23 presents schematics of three possible control—circuit

designs. In the circuit in Fig. 23a (coninonly used in coninercial mono—

lithic regulators), an n—p—n series pass transistor is controlled by a

p-n-p device. This transistor can handle currents in the 10 to 100 mA

range; however , its princ i pal disadvantage is the high vol tage drop (LV)

required. The minimu m vol tage to operate the two-transistor circuit is

V BE + V CE(SAT ) 
a 0.9 V. It was observed in Fig. 16 that , for AV a 0.9 V ,

regulator efficiency is less than 80% for output voltages of <3.5 V. If

a regulator with this control circuit is used to replace a pair of mercury

batteries (V 0~t a 2 .7  V ) ,  efficiency will be only 75%.

£. V~~(sAT)+Vss b. ~~~~~~~ ~~• ~CE(5A1’)

Fig. 23. THREE CONTROL CIRCUITS FOR A LOW—VOLTAGE HIGH—EFFICIENCY VOLTAGE
REGULATOR .

Figure 23b is a solution to the large ~ V value. In this circuit , a

p—n-p pass transistor is controlled by an n—p—n transistor. The requ i red
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voltage 15 V
CE( 0.2 V for a good vertica l P-n-p transistor In

monolith iC fabr1catio~ hOwever, this transistor is COflstruct~~ as a
lateral device with a much higher VcE( for a 9lven current tha n Its
vertica l counterparts there Is also a parasftf~ Substrate P-n-p trans

istor associat~ with it~ OPerationThe thi~~ Control circuit (Fig. 23c ) is Potentialiy the most satjs_
• fdCtory. It ha~ an fl-p.o pass device that can handle l~ to lO~ SM With

< ~~ V. Its fl-p_a transistor Opera tes in ~ 9round reg~)~~10~
sch

~~ 

Where all dc levels are referenc~~ to the POSItIVe buss The Cir-
cu it Is an effective negative_~01~ regulatorThe voltage reference described in Section B and the COntrol circuit

in Fig. 23c were combined to Produce a simple monolith Ic voltage regu
lator that is temperature stable versatile and efficient at low~~~~~

VOltages The regu 7~~0~ schematic is Sho~~ in Ff 9• 24. The circuit Was

COflSt~Jcted with monolithIC transistor arrays 
Transistors 

~ to q9 are
srna l larea dev ices , and Q10 is a large_ area device with a sa turatlo, resis-
tance of Sa 

• The groU~~ regul~~~0~ and lOw SaturatIon resistance of
al lo~5 a m inimum 

~v (for a load curren~ of 10 SM, 
~~v a 0.17 V). Other

characterist. Include .

(1) load regu)ati0~ a 0.3~ (V a 
2 .8  V ;  n~ load to 27 SM)(2) 1Ine regula~j 0~ a 0.o6~ 

~~ut a 
2 .8  V ; ~~~~~~~~~ 10 mA)

-

~ 
- 

(3) Min imum 
~~ 

a 
3.2 V

(4) mInimum V0~ 
a 1 .35 V

(5)
~~ (~1 - V0~~ differential) ;

(I 70 sM) a 0.17 
~

(I . 27 mA ) a 0.35 Vout
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48 H

NOTES:

1. Ql to Q4 and Q8 are on two Interdesign Monochips , Part No. M0-003
2. Q5 to Q7, Q9, QlO are on one Monochip, Part No. M0—OOl
3. All resistors 1/8 W, 10% tolerance, carbon

Fig. 24. SCHEMATIC OF A VOLTAGE REGULATOR INCORPORATING THE LOW-VOLTAGE
REFERENCE AND CONSTRUCTED WITH MONOLITHIC TRANSISTOR ARRAYS.
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Chapter IV

AN ULTRASONIC BLOOD-FLOW VELOC ITY SENSOR

One of the primary goals of the Integrated Circuits Laboratory at

Stanford University is the fabrication of integrated circuits for medical

applications , incl uding the measurement of blood flow. An attractive

method for measuring blood flow in smal l deep veins and arteries is the

use of miniature low—power totally implanted ul trasonic sensors. Minitature

• size and low power operation can be achieved through integrated circuits ;

however, considerable time is required to produce a properly funct ioning

circuit. As a result , prototype blood-fl ow sensors are often constructed

in discrete component form to verify circuit design and system feasibility.

Such a sensor can be produced more economical ly and rapidly in smal l quan-

ti ties than its monolithic counterpart, and any necessary changes or mod i-

fications are easier to make. For these reasons and because of the

ininediate demands for an implanted blood—flow velocity sensor, an intens ive

effort was undertaken to produce severa l in discrete form.

The bl ood-flow sensor discussed in this chapter is the fourth version

in a line of such sensors developed at Stanford University and is referred

to as the MK IV unit. It is , however , the first to be produced and used

successfull y In quantity. The principal weaknesses of the earlier discrete-

• component blood—fl ow velocity sensors and , therefore , the design goal s of

this fourth—generation system incl uded :

(1) an Improved FM broadcast-band transmitter with greater
signal strength and higher fninunity to frequency shifts
after encapsulation for Implant

(2) higher drive level on the crystal transducer to Improve
the signal—to-noise l evel
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(3) more reliabl e comand transmitter-receiver link with
greater turn—on range

(4) rel iabl e and reproducibl e circuit and system design

(5) overall package volume reduction

Solutions to these probl ems and many others were obtained during the

process of constructing the MK IV unit. Every attempt was made to design

simple circuits and to use available standard tolerance components. The 
- 

-

• entire unit and batteries were placed on miniature printed-circuit boards

to minimize interconnections and volume. The result was a bl ood-flow

velocity sensor that was reproducibl e , rel iabl e and simple to manufac ture

and use.

~ I 
A. Principles of Operation

The blood-flow velocity sensor detects the movement of blood by scat-

tering ultrasonic pressure waves off red blood cells and then comparing

the frequency of the reflected wave to that of the transmitted wave. The

frequency difference Is the result of the movement of the reflector (the

red bl ood cell) ,.and this is called the doppler—shift frequency after the

Austrian mathematician and physicist Christian Doppl er (1803—1853). The

doppl er shift Is a function of red cel l (or bl ood) veloc ity and , al gebra- - -

ically, it is positive or negative depending on whether the blood is moving

toward or away from the source of the pressure waves (ultrasound). This

-I nformation is not retained , however, because of the simplicity of the

electronics; a certain veloc ity toward or away from the ultrasound source

will yield the same doppler frequency. The relationship between bl ood vel-

ocity and doppler-shift frequency is closely approximated by [44] —

-cfDv = 
2f cos~ (4.1)

56

--~~~~~~~~~-~~~-- —•-~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~- •~~~~~~~~-—- - 
~~

-
~~~~-~~~~- -~~~~-—  -

~~~ ~~~—

- — - .— — _~~~~•~~~~ - -

where

v a absolute vel ocity of the reflector along the direction
of flow

c a propagation vel oc ity (1540 rn/sec in human tissue)
a doppl er-shift frequency

f a ultrasound frequency

= angle of attac k (angle between ul trasonic beam and
direction of blood flow)

The algebra ic s ign, in Eq. (4.1) resul ting from f0, i s los t in s imp le
systems and only the magnitude of 

~D 
is retained . The el ements of

Eq. (4.1) are clar ified in Fig. 25.

~~~~2TRA~SD~~lI~TRAKSMIT 1

(R~~EIvE)

BLCCD 1~~SEL

FIg. 25. TRANSDUCER ARR~NG~MENT FOR THE MEASUREMENT OF RED BLOOD .2ELL
VELOCITY USING ULTRASONIC DOPPLER TECHNIQUES.

Al so shown in this figure -is the arrangement of the transducers

(piezoelectric crystals) used to convert the el ectrical signa l into a

pressure wave (transmit) and then back into an electrical signal

(receive). The transmitting crystal Is excited continuously. Red blood

cells passing through the pressure wave (ultrasonic beam) from this crys-

stal scatter a certain amount of their Incident energy toward the
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receiving crystal . The frequency of the scattered wave is different from

the frequency Of the Incident wave because of the motion between the tran-

mitting crystal and the red blood cells.

Figure 26 is a bl ock diagram of the implantabl e ultrasonic blood-fl ow

vel ocity sensor. The ultrasonic frequency (f) is set by the local oscil-

lator and amplified by the tuned RE amplifier . This amplifier exci tes the I
zoc~er~ ___________ 

TUNED RF 
_________

CSCILLATCR 1
BLCCD
V~~ SEL -

.

~~~~ 0~~W~~R 
( T~~ D ~~ L

(MIXER) 
~
‘ ± ~D I

AUDIO -ø MCDULAT!D (Ft4)
A~~I.IFIER I~DI TRAI~SMIT1~ER

Fig. 26. BLOCK DIAGRAM OF DOPPLER-SHIFT IMPLANTABLE ULTRASONIC BLOOD-
• FLOW VELOCITY SENSOR .

transmitting piezoelectric crystal. The scattered pressure wave is

detected by the receiving crysta l , and the signal containing th~ flow

information (f ÷ f0) is amplified by the receiver. In the mixer (first

detector), f is combined with the information signal (f + f0).
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The local oscillator and the first detector form a nonlinear fre-

quency converter whose output contains a large number of frequencies

related to the two input-s ignal frequencies. The two dominant resulting

frequencies are the sum and d i fference frequencies (2f + f0 and + 
~D~

• -
‘

The output of the converter is fed to an audio amplifier that attenuates

the RF portion of the signal (2f + f0) and amplifi es the audio portion

• (t~0). At this point , the al gebra ic sign of 
~D 

Is lost and onl y its

magnitude (I
~~~ DI ) Is retained .

The output of the audio amplifier frequency modulates a VHF oscil-

lator. The center frequency of this oscillator is located in the FM

broadcast band (88 to 108 MHz) so that a standard FM receiver is able to

detect the transm i tted bl ood—fl ow information. This simpl e FM transmitter

forms the data link between the implanted blood -fl ow veloc i ty sensor and

the external apparatus that will be used to process , record and analyze

the flow Information .

Determination of the u trasonic frequency at which the pie :oelec tric

crystal becomes excited has received much attention. In a pulse-echo I:

systems , frequency selection can be theoretically optimized and is an

important aspect of overall system per-f3rmance; on the other hand , con tin-

uou s wave systems (Fig. 26) can be operated over a wide range of frequen-

cies. Practical constraints , however , determine the actual frequency.

Maximum usefu l frequency is l imited by circuit design and tissue attenu-

• ation. At frequencies above 10 MHz there are limits on devices and on t~e

gain—ba ndwidth product. As power gain becomes more difficult to obtain ,

power losses due to tissue attenuation increase. The minimum useful fre-

quency Is l imited by ul trasonic beam spreading and the relationship

between the dopp ler equation (Eq. (4.1)), norma l blood-flow velocities and

circuit design.
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For a given transducer size, the l ength of the Fresnel zone becomes

shorter with decreasing frequency if the ultrasonic wavel ength -is small

compared to transducer size. (The Fresnel zone is the distance normal

to the transducer surface over which the ultra sonic beam is approximately

paral lel.) At the end of the Fresnel zone, the beam begins to spread. A

wel l -defined beamwidth is necessary because the intersection of the trans-

mitting and receiving beams forms the sample vol ume or the volume in which

the movement of the refl ectors i s detected. To obtain an accurate measure—

ment of velocity at a certain point in a bl ood vessel , the sample volume

must be small compared to the vessel cross section. The relationship be—

tween the doppler equation , normal blood-flow velocities (4 to 200 cm/sec),

I and circuit design can be illustrated by the following example. At an -~

ul trasonic frequency of 6 MHz, the audio-amplifier bandwidth required to

cover the flow rates from 4 to 200 cm/sec is 170 to 7500 kHz. A direct

relation exists between capacitor size and the low—frequency end of the

audio bandwidth in simpl e audio ampl i fiers. To achieve a l ow—frequency

roll-off , the capac i tor size must be increased . If the ultrasonic fre— H

quency -Is to be dropped to 1 MHz, the audio bandwidth becomes 28 to 1250 Hz.

A low—frequency roll—off of 28 Hz requires considerabl y larger capac i tors

than does a 170 Hz roll—off ; 28 Hz is also below the aural spectrum , and

further signa l processing would be necessary if the system is intended to

I provide direct aural information. —

Another consideration in the selection of an ultrasonic frequency is

the type of plezoelectric material available. The best frequency for

these crystals is a function of their area and thickness. The piezoelec—

tric crystal s used during this study were designed to operate between 5.5

and 6.8 MHz. This range produces reasonable doppler -shift frequencies ,
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and the currently availabl e discrete transistors have sufficient gain at

6 MHz for simple circuit design.

B. Circuit Design 
- -

The MK IV discrete—component ultrasonic blood—flow velocity sensor

was first constructed on a breadboard , using standard-size components.

After the design was finalized , the unit was constructed wi th miniature

components and on a small printed—circuit board. The c~miand transmitter

and Implan table circuitry are described in this section, as are the key

operating parameters and the source of all components.

1. Coniuand Receiver

The purpose of the command receiver is to conserve battery power .

The flow sensor is powered by two Mallory RM625RT2 mercury cells rated at

1.35 V and 250 mA hours connected in series to produce a supply vol tage of

2.7 V. The 12 designation ind icates that there Is a welded tab on both

the positive and negative battery terminals, used to solder the battery in

place on the printed-circuit board. Figure 27 is a schematic of the corn-

mand receiver. The circuit was developed by earlier Stanford University

researchers, and its operation is unique. Modifications included the use

of standard high—quality transistors in epoxy cases and a l ong ferrite-

loaded soleno id as an antenna for better rece iver “turn-on ’ range. The

standard transistors have stronger l eads for more rel iabl e circuit assem-

bly, lower leakage currents to produce lower “off” supply currents, better

ga in, and reduced saturation vol tages,es pec ially on transistor swi tch Q7 ,

for greater receive efficiency. Q7 exhibits a very low 
~CE(~~T) (approxi-

mately 0.1 V) which reduces the voltage drop across the transistor switch

and maximizes the supply voltage availabl e to the blood -flow sensor.
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NOTES :

1. Q3 , Q6 and Q7: 2N4520 -

2. Qi , Q2, Q4 and Q5: 2113565
3. Capacitors in pF except as noted. pF capacitors are ceramic:

Ser ies ClO , U. S. Capacitor Corp., 2151 No. Lincoln St. , Burbank ,
Cal ifornia 91504

4. ~iF capac itors are tantalum : type HA, Tansitor Electronics Inc.,
West Road , Bennington , Vermont

5. Resistors in ohms: 1/8 W , 10% tolerance, Al len—Bradley
6. Li Is 260 turns No. 40 AWG singl e layer on ferrite rod 25.4 mm long,

6.35 mm diameter, Q—l material , part No. F125— l , Indiana General ,
Vaiparaiso , Indiana 46383

7. Circuit tuned to 460 kHz and 1300 Hz
.

FIg. 27. COMMAND RECEIVER CIRCUIT OF THE MK IV BLOOD—FLOW VELOC ITY SENSOR .

- 
-

- The command receiver is activated by a 460 kHz carrier frequency

that is ampl itude modulated 100% by a 1300 Hz signal . The selection of

this frequency is such that it will not interfere wi th the intermediate
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frequency of AM broadcast receivers (455 kHz) and will not coincide with

H the international distress signal (500 kHz). It was chosen in the MF band

(300 kHz to 3 MHz) because of the reasonable propagation ranges and power

requirements at these levels. The carrier frequency is modulated or coded

at 1300 Hz to provide some immunity t~ spuriou s noise and extraneous RF

energy that would turn the command receiver “on” at unwanted times.

The IC circuit at the base of Ql has sufficient Q to turn on Ql.

The RC collector circuits of Ql and Q2 produce negli ibl e gain at 460 kHz,

but they amplify the 1300 Hz signal Inj ected at the base of Qi; Q3 further

amplifies this 1 300 Hz signal and drives Q4 . The RC time constant of the

emitter circuit of Q4 is sufficiently long (compared to 1 300 Hz) to allow

C2 to charge until Q5 is turned on. The current gain of Q5 , Q6 and Q7 is

high enough to force Q7 into saturation ; Q7 is then “on ,” and the remain ing

circu itry receives battery vol tage minus the VCE(SAT ) of Q7 for a supply

H . voltage- of approximately 2.55 V. C3 and C4 filter out the rema ining 1 300 Hz

signal and minimi ze ripple on the dc supply bus. Tests conducted on three

MK IV blood-fl ow sensors indicated that the optimal carr ier frequency i s

458 to 460 kHz and the peak modulation frequency is 1 300 to 1400 Hz. Using

the command transmitter discussed bel ow, the same three circuits were suc-

cessfully turned “on ” at a max imum range of 2.5 to 2.7 m which is considered

adequat. for most laboratory uses.

The command receiver conserves battery energy because, in the “off”

condition , the total supply current is only 15 iA. Neglecting internal bat-

- : tery resistance , the 250 mAhr battery discharged at the 15 aA rate w i ll las t

1.9 years which is longer than necessary for most laboratory experiments .

Practical battery lifetimes with intermittent operation usually run four to

sfx months.

The following probl ems were encountered with the command receiver.
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NOTES:

1. Q8 to Qll: 2N3565
2. Capacitors in pF except as noted. Notes 3 and 4 Fig. 27 apply
3. Resistors in ohms. Note 5 Fig. 27 applies
4. L2 and 13 in ~aH: Series 1025, Delevan mol ded RF co i ls , Del evan

Electronics Division , 270 Quaker Road , East Aurora , N. V. 14052
5. C5 miniaturized variabl e capacitor range 4 to 18 pF , part No.

9410—4, ThIn Tr im Ca pac itor, Johanson Manufacturing Corp.,
Boonton , 11. 3. 07005

6. Ti center tapped transformer, primary 24 turns No. 34 AWG ,
Secondary 12 turns No. 34 AWG : Toroid core part No. F3O3-l of
Q—l ferrite material . Note 6 Fig. 27 applies

7. Xl is 1.5 x 1.5 mm square piezoel ectric crystal

Fig. 28. ULTRASONIC TRANSMITTER CIRCUIT OF THE MK IV BLOOD-FLOW VELOCITY
SENSOR.

amplifier buffer the oscillator from any variation In l oad across the

secondary of Ti. As seen in Fig. 26 , the output of the transducer-driving
- 

-
~ amplifier provides a reference signal to the mixer. This reference signal
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is connected to the mixer through Ri and C6 which serve to adjust the

signal level at the mixer and block the fl ow of dc current through Ti

to ground.

The oscillator and crystal drive amplifier have the highest

power consumption of all the circuits In the flow sensor; combined , they

draw between 6 and 8 mA. Because of the base-biasing scheme on Ql O and

Qil , supply current is dependent on the supply vol tage level . An increase

of 0.5 V or more from a nominal 2.6 V will cause a rapid rise In supply

current. At 2.6 V , the power delivered to the crystal is approximately

4.5 mW for a power efficiency of approxImately 25%.

3. Tuned RF Receiver and Mixer

Figure 29 is a schematic of the tuned RF ampl i fier that functions

as a receiver and the mixer that detects the doppl er-shift information.

The receiving transducer X2 converts the ultrasonic pressure wave to an

electrical signal and drives the base of Q12 through transformer 12. Q12

amplifies the signal conta1nin~i the information and feeds it to Q13 where

it is mixed with the reference signal to remove the RF portion and leave

only the audio frequency range doppler—shift Information.

By reversing the action of Xl , where an electrical signa l is

converted into a mec hanical vibration to produce a pressure wave , X2

senses the pressure weve scattered from the red blood cells and causes it

to vibra te and produce an electrical signal capable of amplification and

processing. The signal level generated by X2 while sensing blood-flow

veloc ity Is on the order of 1 iiv rms. At such a low signal level , ampl i-

fier and transistor noise become significant. Each transistor has an

optimal source resistance that minimizes noise. Q12 has the lowest noise

when Its collector current Is small and the signa l source Impedance is

66 
- 

-

- - 

~- ~~~~~~~~~~~~~~~~~~~~ •~~~:: - 
- _

_ _
_
:. ~~~

-
~~~~~ ~—~-=—---———-~

-
~~



- 
_______

~~~~
- -.--

~~
- —

~~~~~~~ ~~~

-.-. —

- large. 12 increases the source resistance seen by Q12 by a factor of 25

and, at the same time , mul tiplies the vol tage level produced by X2 by a

factor of 5.

Cl couples the output of 12 to the base of Ql2 so that this

base can be easily biased by a pair of resistors. Without Cl, the base

of Q12 would be at ground potential; however, the selection of C7 is not

— arbitrary because C7 and T2 form a resonant circuit. For certain values

of C7, Q12 acts as an oscillator because of the resonant circuit connec-

ted to its base and collector. Val ues of C7 greater than 33 pF cause an

- 

I 
oscillation problem. Values less than 33 pF unnecessarily attenuate the

2.55 V

• 

~~~~~ T1
‘ .L 5.6 3.3K? J_ d o

LI?! I I 
_ _ _ _  

TO AUDIC
I L’~~~~~~~~~~~~~1 ~

‘A~~LIFI~R
~~~ -

~~~~~ if —{ Q13 O.lpF

I -

~ d F—_- ._.(Q12 100 
FROM

J._. I I C’~ I 
~~~~~~~~ 

4_.........< TRANSMIT
J_ ~,X -

12 f l&?XT 11±11000

NOTES:
1. Ql2: 2113563

2. Q13: 2113565
3. Capacitors in pF except as noted. Notes 3 and 4 Fig. 27 apply
4. Resistors are in orns. Note 5 Fig. 27 applies
5, C8 similar to C5 Fig. 28 but wi th range 7 to 45 pF , part No. 9410-4
6. 14 In ~iH, similar to 12 and 13 Fig. 28
7. T2 transformer, prImary 5 turns No. 34 AWG I secondary 25 turns

No. 34 AWG toroid core F303-1 of Q— 1 ferrite material . Note 6
FIg. 28 applIes

8. X2 same as Xl Fig. 28

Fig. 29. ULTRASONIC RECEIVER CIRCUIT OF THE MI( IV BLOOD—FLOW VELOC TY SENSOR.
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signal received by X2. Originally, this receiver input circuit was de-

signed with X2 as a 4 x 4 in transducer . Later it was reduced to 1.5 x

1,5 in, a factor of 7 reduction in surface area with a corresponding

Increase in transducer impedance. Wi th this rise in impedance, 12 became

less Important and could probably have been removed. Any transformer

vol tage mul tiplication lost by its removal would have been offset by en- 
- -

larging C7 and reducIng its effective attenuation . It remained in the

circuit , however, because the system was already a proven des ign and k

experiments indicated that the overall signal-to—noise ratio would not be

changed by the removal of T2.

The collector circuit of Ql2 serves as a resonant load and a

filter. The combination of C8, C9 and L4 in parallel yields an amplifier

tuning range for Q12 in the 6 MHz region. C8 allows for tuning from 5.6

— 
- 

to 6.6 MHz. When properly tuned this RF amplifier exhibits a typical

vol tage gain of approximately 37 dB. C9 must be sufficiently low loss to

— produce a high—Q resonant circuit. All components should be checked first

wi th the HP 4815A RF Vecto r Impedance Meter to ensure they exhibit low—

loss charac teristics. During production of the flow sensors the USCC

capacitor C9 was substituted with a Republ ic Mucon capac itor. Overal l

system signal—to—noise performance declined , and it took several days of

troubl e—shooting before It was determined that the RF ampl ifier gain had

been degraded by the low-Q capac itor.
After the RF amplifier , the ultrasonic frequency signal con-

taining the doppler—shift information is processed by the mixer stage Ql3.

This information is Injected at the base of Q13 while Its emitter current

is modulated by the unshifted referenc e signal from the local oscillator.

This circuit Is a very crude but effective multiplier. One of its
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fundamental outputs is the doppl er frequency 
~~~ 

which , for average flow

velocities , is between 170 and 7500 Hz. The purpose of ClO in paral l el

with R2 in the collector circuit of Q13 is to rol l off or fil ter out all

signal s with frequencies above 50 kHz. This retains the doppler informa-

tion and suppresses the RF frequencies.

The magnitude of the signal at the emitter of Q13 affects the

sensitivity of the flow sensor. After ensuring that C8 is properly tuned

for highest gain at the chosen ultrasonic frequency, the reference-signal

level at the emitter of Q13 is adjusted for maximum sensitivity and

signal-to—noise ratio. This level ( 950 mV peak—to-peak) is set by Ri

and C6 and is a function of the drive level across Xl. In addition to

functioning as a multipl ier and filter , this stage al so has a vol tage

gain of approximately 10 dB.

4. Audio M~plifier

The audio amplifier circuit (Fig. 30) is a standard design ,

composed of two capacitively coupl ed comon emitter stages. In both

stages, the emitter resistor, which sets the emitter current in conjun—

tion with the two base resistors, is bypassed by a large tantalum

capacitor to achieve adequate gain at low audio frequencies. The col-

lector or load resistor of each stage (Q14 and Q15) Is capacitively by-

passed by a ceramic capacitor to remove stray RF signal s that would be

amplified and interfere with the transmission of the audio-frequency

doppler information. The passband created by this RF filtering and by

the emitter bypass capacitors is from 360 to 13 ,500 Hz. This frequency

range has proven adequate for most blood-fl ow studies of major arteries.

The measured voltage gain of the two—sta ge amplifier is approximately

15 dB for Q14 and 30 dB for Ql5. Combined with the RF gain of the
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NOTES :

1. Q14, QlS : 2N3565
2. Capacitors in pF except as noted. Notes 3 and 4 Fig. 27 apply - -

3. Resistors in olmis, 1/8 W , lO~ tolerance: Allen -Bradley

Fig. 30. AUDIO AMPLIFIER CIRCUIT OF THE MK IV BLOOD-FLOW VEL0C I~Y SENSOR. 
- 

-

tuned receiver and the signal level produced by X2, this audio gain is

sufficient to produce a 1.5 to 2 V peak—to—oeak signal at the coflector of

Ql5 during actual bl ood-flow measurements. Any inc rease in audio gain

would only cause the second—stage ampli fier to be overdriven , resul ting in

distortion in the modulation of the VHF carrier used to transmit the

• doppl er—shift information and in a reduction in the overall signal-to-

noise ratio.

5. Frequency—Modulated Transm itter

The final stage of the implanted ultra sonic blood-flow sensor is

the simple frequency—modulated VHF transmitter (Fig. 31) whIch serves as

70
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the information link between the Implanted package and the external FM

receiver and other data-processing elec tronics. The transmitter has four

basic stages -— the variabl e capacitance diode Dl , VHF osc i l la tor Ql6,

oscillator buffer Q17 and antenna driver Ql8.

2.55 V

i l - I
j  

- 

33X_f6Q0 
Os15

,__I~~~~ 

c~, 

f 

2.7! 2’K

_ _  

J_ c~ ~1~1 I 6 ~ I

-

. 1”” ~~~~ 
27X~ i~ 

f12!
~~‘ AUDI~AMPLIFIER

NOTES:

1. Q—l 6 to Q18 and Dl : 2N3563 (Fairchild)
2. Capac itors in pF. Note 3 Fig. 27 applies
3. 15 in ill. Note 4 Fig. 28 appli es
4. Cll similar to C5 Fig. 28 but wi th range I to 4.5 pF: Part No. 9410--)
5. L6 is 6 turns No. 26 AWG tinned wire sing le layer on ferr ite rod 19 m

long and 6.35 m diameter , Q—3 material : Part b .  F125-1 . Note 6
Fig. 27 appl ies

Fig. 31. FREQU ENCY MODULATED (FM) TRANSMITTER CIRCUIT OF THE MK IV BLOOD-
FLOW VELOCITY SENSOR .

The variabl e capac i tance diode Dl is a diode-connected high-

frequency transistor. It is reverse biased , and a change in junc ti on

voltage will vary the junction width and the diode capacitance. Using a

2113563 transistor as Dl , this capac itance change is approximately

71
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0.0733 pF/V for reverse voltages from 1.5 to 2.4 V. By using a vol tage

divider at the output of the audio amplifier , the vol tage range can be

adjusted to achieve an oscillator frequency change of 150 kHz. Normal

FM broadcast—band transmitters produce a carrier that varies 75 kHz

either side of their center frequency, and standard FM receivers are

designed for this range.

Circuit Ql6 is a modifi ed Colpitts oscillator. Its frequency

can be changed approximately 8 to 9 MHz by the variabl e capacitor Cil.

Using the capacitance val ues for Cl2 , C13 and C14, produc tion osc il la tors

have a minimum and max imum frequency of 93 and 105 MHz , respectively; any

variance in one of these capac i tors wi ll affect this range. The FM broad-

cast band is 88 to 108 MHz. The wax—encapsulation process used to protect

the flow sensor decreases oscillator frequency approximately 5 MHz. As a H

resul t, the preencapsula tion osc i llator frequency should not be less than - - -

93 MHz to avoid shifting the frequency below the broadcast band and out

of the range of the FM receiver.

The buffer circuit Ql7 is a simple comon-emitter circuit with-

out an emitter bypass capacitor. It provides a certain amount of isolation

between the oscillator and the transmitting antenna L2. It has a theoreti-

cal vol tage gain of 8 dB; however , i n prac tice , i t  has approximately unity

vol tage gain because of the frequency of operation .

The antenna drive circuit Q18 is a grounded em i tter circuit with

the transmitting antenna as the only l oad . If is biased just above turn-on

= 
- and, when a signal is present at Its base, -the current drain is reasonabl e

(2 to 3 mA). The signal level across the antenna is approximatley 1.2 V

— peak—to-peak , and the transmitter has an effective range exceeding 10 m.

After encapsula tion in wax for implant , the transmi tted frequency becomes
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ininune to change from capacitive l oading of the antenna by contact with

the receiving anima l or by handling.

The selection of transistors Dl , Ql6 , Ql7 and Q18 is critical .

Experience wi th both Fairchild and National devices revealed that the

Fairchild transistors produce 6 to 8 dB less noise. This decrease reduces

overall signal-to—noise ratios by the same amount.

Al though C13 was connected as shown in Fig. 31 , it coul d also

have been connected directl y from the emitter of Q16 to ground . This

redesign would simplify the printed circuit board .

6. Comand Transmitter

The comand transmitter is not a part of the implanted electronics

package; however, it is a key segment of the system and essential to the

operation of the flow sensor. Figure 32 is a schematic of the carrier and

modulation oscillators and the antenra drive amplifier , and Fig. 33 is the

circu it design of the power suppl ies.

The ampl itude—modulated signal requ i red to turn on the command

receiver is produced by carrier and modulation circuits (Fig. 32). These

are astable multivibrators whose frequency of operation is determ i ned by

the size of Cl and C2; Cl is adjusted fov 460 kHz and C2 is adjusted for

120 Hz. The mul tivibrators then drive a pair of parallel connected tr3ns-

istors Q9 and QlO that are turned on and off at the carrier (460 kHz) and

modul ation frequencies , respectively . The result is a 460 kHz signal

— 
turned on and off at 1200 Hz, and this approximates a 1 00% ampl i tude-

modula ted carrier. This modulated signal becomes the input to a push-pufl

ampl ifier that drives a series-tuned loop antenna . The resulting trans-

m itted signal has sufficient power to activate the command receiver at

approximately 3 m.

73

- —  ~~~~~~~~~~~~~~~~~~~~ 4~~~~.~~I~-— -~~~ ~~~~~~~~~~~~~~~ - - -- — - 



~~‘ 9  ~~~~~~~~~~~ ~~~~~~~~~~~ 

—

CA~RI~~ 
•~o V MODLILA?ICN

~co 6.*~ L~ ~~~~~~~~~~~~ ~~, 390

~ I ~ ?P2 
(_-rJ L~~ 3

12.ZK ~~ 3.9k 3.
94 ~~

+50 V -

I

— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

NOTES:
- - 

1. Q1 to Q3, Q5. Q7, Q8: 211106
2. Q4, Q6: 2113640

— 3. Q9 to Q ll: 2113053 wi th finned heat sink NF-207
4. Ql2: MJE2523
5. Q13 : MJE2491
6. Dl to D3: 111914
7. Resistance in ohms, 1/4 W
8. Capac i tance In pF
9. Cl is carrier frequency adjustment : 10-100 pF
10. C2 is front panel plug for modulation frequency adjus~~ent: 0.1 ~F

for 1 200 Hz
11 . C3 is for antenna tuning : 5.6 to 102 pF
12. Ll is 266 mm diameter l oop antenna 25 turns No. 20 AWG , approximately

700 ~&H13. TP1 is carrier frequency front panel test point
14. TP2 Is modulation frequency front panel test point

~~
g. 32. COMMAND TRANSMITTER CIRCUIT FOR THE Ml( IV BLOOD-FLOW VELOCITY

SENSOR . 
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NOTES :

1. Ql : MJE2523 wi th homemade heat sink of alumi num 1.5 mm thick
~ Dl , D2: 1N5248 (18 V zener diode)-. D3: 1 r15242 (12 V zener diode)
4. 04, 05: 1 115240 (10 V zener diode)
5. 11 and 12: Triad F91X , 300 mAdc , Triad Distributor Division , 305 North

Briant St.. Hunti ngton , Indiana. The secondary of Ti has been split to
form two separate transformers.

6. ResIstances in ohms , power ratings shown in watts
7. B1 : Neon El dema E—Lite power indication lamp , resistance 100 K~

FIg. 33. POWER-SUPPLY CIRCUIT FOR COMMAND TRANSM ITTER .

The power supply (Fi g. 33) is crude but adequate to power the

command-transmitter circuits; however, more effic ient power supplies
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co~ i J  ~e redes~gr-~J. Fi~~.re 34 is a photograph of the c o r n o l e t e  conran d

transmitter w ith  i~ oo artenna , used s ucces sf ul ly for over two years w ith

more t ian a do:e~ ~ plante d b lo od - f l o w sensors.

H

— —~~~~~~ 

- 
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Fig. 34. CO’-’~1AND TQ4NSMITTER WIT~— LOaP A T N ~-~ .

C. Pac kace esiqn

Earlier blood-fl ow veloc ity sensors have f~ i ’~ d ~o prc1uc~ ~:edical

data becau~e they were poor ly packayed or powerec or ~ec~v ise tra nsducer

connec tors or cabl es ~a i1 ed ~rel~a t -~.re1y. Elec~~~n i ~ s ~ac~a~rn~ fo r  ~~
“

~~
-

~s as important as c~rcu f t  Jes i~ n. T~~ pi- cc ’-J~ r-~s use~ t~ ~ic~ a-~e

the ~1K IV d iscrete -co m~onent b lood- f low sensors ~~~~ ~etai1ed ~n tni~

section . S ix nia or are as are d iscussed -— t he printed c i r cu i t  ~oarJ ,

batte ry connections , transth~c~ r cabl e Jes i~ n , ca~ l~ s t ra in  re~ -ef anu ~~
and si las t i c  enca~ su lat io ns .
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1. Printed Circuit Board

A sing le one—sided miniature printed circuit board is the back-

bone of the blood—fl ow veloc ity sensor. Its fabrication begins with a

double-sided fi berglass board ; one side contains the foil circuit and the

other holds the component l ocation gL.ides and values . The first circu it

boards were made from thin stock, 0.762 mm thick (0.030 in.), to reduce

package vol ume and weight; however , so thin a stock tended to warp , and

i t was more difficult to drill holes for component l eads to a size that

would prov ide a snug fit to prevent the components from backing out when

the board is inverted for solder ing. A thicker board offers increased

rigidity . The stock final ly selected was 1.524 mm thick (0.060 in.).

The art work (or mask) was made four times actual board size. Standard

4X layout tape and preformed masks were used for transistors and compon-

ent l ead holes. This art work was then photoreduced to actual board size.

Figure  35 is  a photograph of a printed circuit board after tinning but

before trimming and drilling component-lead and battery—l ocation hol es.

The dimensions are 33.7 x 63,5 mm . An attempt to maximize corn—

• ponent density and to minimize circuit size resul ted in a 73% packing

densi ty. Because the ferrite rod antenna s for the command receiver and

F11 transmitter established the minimum thickness of the finished circu it ,

all componen ts are mounted vertically. Incl uding the thickness of the

solder on the component leads on the circuit side of the boaro, the pack-

age thic kness is 9.65 mm prior to wax and silastic encapsulatio n .

This single—sided circuit board containing all components , bat-

teries and antennas (Fig. 36) incorporates the basic design criteria

required to produce the blood-fl ow sensor. It is simple, makes use of

standard techniques and avai ’ abl e components and parts , and el iminates

all types of socket and pl ug interconnections.

U
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Fig. 35. PRINTED CIRCUIT BOARD FOR MK IV BLOOD— FLOW SENSOR .

Fig. 36. COMPLETE MK IV BLOOD-FLOW ‘IELOCITY SENSOR WITHOUT TR~NSDUCE RS
ATTACHED .
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Al so shown in FIg. 36 are the toroidal transformers used for the

• transmitting and receiving transducers. The transducer cabl es are soldered

to the board Just in front of the transformers. A wire loop is then

pl aced around the cabl e, pulled tight , and each end is also soldered to the

circuit board to anchor the cable. Medical adhesive is applied to the en-

tire connection for initial strain rel ief. The bl ack strip on top of the

batteries Is the shrink-tubing around the negative battery terminal tabs.

The large round bl ack components are the epoxy case transistors.

2. Battery Connections

A key failure mode in all battery—powered implanted electronics

Is battery failure. Earlier versions of discrete—componen t bl ood-flow

sensors used an interchangeabl e battery pack for easy battery renewal ;

however, pl ug and socket interconnections risk poor contact as a result

of corrosion or loose fit. The Mallory RM625RT2 cel l has a tab welded to

each terminal , and the battery can be mounted in a recess on the circuit

board and the tabs can then be soldered directl y to the tinned circuit.

— Experience with a dozen units that have been “turned around ” two, three and

four times apiec e shows this to be a reliable means of connecting the bat-

tertes. The tab on the negative battery terminal is Insulated from the

positive case by sl ipping a short l ength 0f shrink—tubing over It prior to

Installing the battery.

3. Transducer Cable

Transducer cabl e failure is the resul t of mechanical fatigue or

chemical corrosion. A miniature coaxial cable manu factured by Microdot was

selected to connect the electronics package and the transmitting and receiv-

ing transducer. Its Inner connector and shield are tinpiated copper. The
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cable is purchased with a hard Teflon outer insulation which is removed

because it tends to make the cable rigid. A l ength of this cabl e is then

inserted in to a silastic tube that has been enlarged by soaking in toluene .

The tubing with the inserted cabl e is then injected wi th silastic medical

adhesive that has been thinned with tol uene or ICE (trichoroethylene).

This produces a soft and flexi bl e cabl e, and the medical adhesive bonds

the outer conductor or shield to the tube. Care mus t be taken to avoid

air pockets in the adhesive. A properly assembl ed cabl e, void of a ir

pockets, will wi thstand corrosion over a long period of time.

The connection of the cabl e to the transducer and package must

also be sealed with medical adhesive to prevent body fluids from seeping

into the outer shield and i nner conductor. This phase of the implanted

package design still requ ires considerabl e research and development. Con-

trolled assembly of the cable and silastic tubing in a vacuum followed by

curing at atmospheric pressure would hel p to el imina te air pockets and

voids that are sites for corrosion.

Figure 37 is a photograph of a transducer and cable. The cry—

stal holder is made of epoxy, and the small gray square is the piezoelec-

tric material attached to the epoxy holder with acryl ic cement. Additional

epoxy is poured onto the back of the holder to secure the cable after it

has been connected to the crystal . The transducer holder does not have the

taper discussed in the following section. This Is a photograph of a used

transducer, and careful study will reveal a dark discoloration in the coax- 
- 

-

lal shield. This is a result of corrosion and indicates that body fluid

has begun to lea k into the cable and attack the tinned copper shield.

Stainl ess steel cables will prevent such corrosion and improve mechanical

strength as well.

80

______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



.— —~~ — -!- ~~~~~~~~~~~~~ —•- •- ~~ ~~~~~~~ — — ,-_ ~~• _,—• —
----• -•-- ..! 

~~~~~~

~~~~~~~~~~~~

—

~~~~

--- -- 

~~

- -

~~~~~~ 

- - -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. -~~- - - - --~~. -. -.-- - ~-~ - ‘- --

• ~~~~~ - -• • 5 c ~ A - .~. - - • - • -
- , _~ .i•— __.>~~~~~,_.• - _  

•
. - - :  •. :‘:— • 

- ~~
• - - — • — • •. - •

— 
.‘ . 

~~~~~~~~~~~~~~~~~~ ~~:, •~,•~~
-
~~~- -

~~ •? • 
:‘ ~ •~

~ 
‘—_•%

_
.
~ I ~ ~~~~~ ~~~~~~~ 

— 
_ , 

, 

~~~~~~~
— _‘ ••4 _,

• 
~~~~ •
~•i~:~ :

t ‘ ~
-• ) -

- - •. ~• •~~~~~~• ‘_ •- 4_~~~ _

Fig. 37. TRANSDUCER AND CABLE SHOWING THE FIRST SIGNS OF DETERIORATION .

4. Cabl e Strain Rel ief

Mechanical fatigue of the cable al so causes deterioration and

eventually an open circuit. It occurs most often when the cabl e is forced

to flex sharply at one point repeatedly and where the cable attaches to

the printed circuit board and to the transducer. The most effective way

to relieve cable strain at these two points -Is to form a long taper on the

cabl e, beginning with a diameter of approxima tely 7 mm and then tapering

to the size of the silastic tubing over a length of 45 nun. This taper is

made c-f silastic and is part of the outer coating on the unit. To prevent

bend ing the cabl e at the point where it Is attached to the circuit board ,

the tapers are molded at a 45° angle to the edge of the package.

-

~~~~ - 
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Figure 38 is a photograph of a MK IV blood -fl ow veloc i ty sensor

ready for implant. The tapers are evident on each transducer cable. This

photo is of an early version , and the taper at the transducer end of the

cables formed with clear medical adhes ive is not present. Later versions

have tapers tha t extend 15 mm up the cable. The two transducer holders

are inserted into an epoxy and silastic Strip cuff formed from two semi-

circular epoxy pieces hinged at one side. The cuff is then slipped around

~~~~~~~~ :
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_ _ _ _

Fig. 38. COMPL ETE MK IV BLOOD-FLOW SENSOR READY FCR P~PLANT .

the vessel whose fl ow is to be monitored . The other side of the cuff is

sutured close d , using the inner silastic strip, and trie second Duts ide

silastic strip is also sutured closed to s tab i l ize  the transducer holders
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~
in the cuff. This interchangeable cuff is made in a variety of sizes to

accommodate a number of different vessels.

5. Wax Encapsulation

One of the most important steps in preparing the flow sensor

for impl ant is the wax encapsulation . To protect electronic circuits from

body fluids that cause corrosion and shorts, they have been enclosed in

metal cans and cast in clear resin. The can approach , however , requi res

through—can connectors for the antenna and transducers -— a potential
source of leakage. The can must be carefully sealed and unseal ed to re-

place batteries or to repair the circuit, and metal enclosures are usuall y

bulky. Casting in resin makes circuit repair impossibl e and requires that.

the batteries be connected externall y, thereby creating a potential problem

of battery shorts from body fluid. Resin is not waterproof and lea kage

through the resin will degrade circuit performance.

Wax , on the ot her hand , does not interfere w ith an tenna opera tion ,

is easy to remove, and forms a waterproof barrier on the electronic circuit.

The wax , called Paraplast , is a m ixture of parafin and plastic fibers that

toughen -It and make it less brittle. In the MK IV , the entire printed cir-

cuit board wi th batteries and transducer cables attached is cast in a block

of Paraplast. Performance of all circuits remains unchanged except that

the frequency of the FM transmitter shifts down approx imately 5 MHz. A few

Important procedural steps must be followed to produce uniformly reliable

wax encapsulatlons.

Raraplast melts at 68°C. To prevent damage to the mercury bat-

ter ies, the temperature should not exceed 70°C. The flow sensor is placed

in a wax mold and then in a heated vacuum chamber at 7O~C for approximately 
- -
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four hours to evenly heat the circuit and mold. A beaker of wax chips is

mel ted on a hot plate, cooled to 75°C , and poured into the mold. The

chamber is then evacuated to 685 nun-Hg or better, and this vacuum is main-

taIned for 15 mm to produce a wax casting free from bubbl es and voids.

The chamber is then returned to atmospneric pressure and left sealed to

retain the heat. The chamber heater is then turned off, and the mold and

wax are allowed to cool slowly for approximatel y six hours. The wax shoul d

not be cool ed under vacuum or too rapidly because it contracts 5O~ while 
- 

-

S

cool ing and vcids or flaws will result. The casting is then carefully re-

moved from the mold , and all sharp edges are scraped smooth. The flow

sensor is now ready for molding in silicon rubber (medical—grade silastic).

Wax adheres to everything. Although this ma kes it an ideal

material for protecting the bl ood-flow sensor circuits , it is also a dif—

ficult material to cast because of the problems encountered when separating

it  fr~-’ri the mold. Proper mold design will minimize this probl em. The mold

should be made of Teflon and be sprayed with mold rel ease before each use.

The sides and bottom should be constructed in many sections to mini mize -~~~

the surface area in contact wi th the casting that must be separated at one

time. The joints should be tight to preven t the l iquid wax from leaking

out before it cools. One of the large surface areas of the casting must

open on top so trapped air can escape and so the wax will contract evenly

as it cools. Around this large top opening through which the wax -Is poured ,

there must be a built—u p section that increases the vol ume of wax necessary

to fill the mold by 5O°~ above that required to ma ke the desired casting .

This additiona l wax prevents the cooling wax from contracting to the point

• where the flow sensor circuits are not covered wi th the proper thickness of

wax ; a casting should have a minimum thickness of 1.27 nun on all components.

_ _ _  
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Once cool ed, this extra section can be removed, and the excess wax that

extends above the actual casting scraped off before it is removed from the

mold. This procedure was used at least thirty times to encapsulate the

MK IV blood—flow velocity sensor.

This process could be simplified , however , by pl aci ng the printed

circui t board with all its components and batteries in a small plastic box

with an open top. The transducer cables could enter through the side. A - 

- -

holder could be made to act as a “cofferdam ” around the open top to hold

the excess wax necessary to allow for contraction during cool i ng and to

prevent spillage of the “boiling ” wax dur ing the vacuum phase.

After the unit is retrieved from the subject in which it was im—

pl anted, the wax casting can be removed to fit fresh batteries and to attach

new transducer cabl es. The bul k of the wax is removed by heating the unit
I .

-In a beaker and allowing the melted wax to drain of-f through a screen at the —

- 
- 

bottom. A temperature of 80°C is adequate. The remaining film of wax is

L 

removed by boiling the unit in a freon solvent at 40°C; ICE (trichloroethyl-

ene) is not recommended because of its harsh properties and possibl e damage

to the tantalum capacitors. After freon cleaning , the batteries and trans-

ducer leads are unsoldered. When new batteries and transducers are connec-

ted, sufficient amounts of solder flux must be used to produce a rapid and

good qual ity solder bond. Care must be taken to avoid overheating the fine

printed circuit and separating the foil from the board .

6. Si las tic Encapsula tion

The final step in preparing the MK IV blood --flow sensor for im-

plan t is encapsulating the wax casting in medical -grade silicon rubber (Dow

Corning trade name “silastic”). Silastic is the antithesis of wax in

~
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its ability to adhere to different surfaces and the ease by which it can

be released from its mo’d.

The mold used to cast silastic on the MK IV units is a combin-

atlon of Teflon, phenolic and acrylic. Care should be taken , however , with

mold design . The mold should be rel eased with only a small amount of —

appl ied pressure. It should also produce a casting with a minimum silastic

thickness of 1.27 nun; such a thin l ayer of silastic could tear if this mold 
L

design is improper.

The silastic and its catalyst are normally refrigerated . In

advance of Its use , the silastic should be allowed to warm because , at room

termperature , it is easier to pour and mix with its catalyst. Cure times

are very temperature—sensitive , and the mixing tabl e that comes with the

silastic assumes a temperature of 21 °C. The catalyst should be added in

accordance with the directions so as to avoid too long or too short a cure

time. It must be thoroughly mixed with the silastic , or the casting w ill

not cure properly. A uniform l ayer free from voids and air pockets can be

obtained onl y if the silast ic is first de—aired in a vacuum chamber . The

silastic with its catalyst is pl aced in a beaker at least five times larger

than its original amount and is then subjected to 685 mm-Hg vacuum or bet-

ter. It will bubbl e and foam and increase four or five times it volume ,

—1 and then it will suddenly fall or shrink. The vacuum should be continued

for several minutes longer , and then the silast ic is ready to pour into the

mold. Because of its high viscosity , the mold is filled hal f ful l before

the wax casting is inserted in It to ensure that the underside of the cast-

ing Is completely coated . The top of the casting is then covered with

silastic, and the lid is placed over the mold. The lid has suitab l e pressure-

rel ief holes through which excess silastic can escape. The room—temperature
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cure time is 24 hours. This can be shortened to approxima tely four hours

by heating the mold in an oven at 50°C; this temperature will not soften

the wax casting enough to deform It.

The silastic provides a biologically inert covering for the flow

sensor and a tapered strain relief for the transducer cables ; it al so

serves to cushion the hard wax coating . After silastic encapsulation , the

MK IV discrete—component ultrasonic blood-flow veloc ity sensor -is ready

for sterilization followed by implantation.

0. Clinical Experience

Twel ve MK IV bl ood-flow velocity sensors were built between December

1 972 and July 1 973. Units 1 through 6 were ori ginally built as MK IV Mod-l

un its and were later converted to Mod—2 units -— the major difference was

the crystal drive level . The Mod 1 operated with 4 x 4 mm crystals and a

drive level of 1.2 to 1.5 V peak—to—pea k; the Mod 2 used 1.5 x 1.5 mm cry-

stals and a 5.8 to 6.5 V peak—to—peak drive l evel .

More than 19 canine implants were performed wi th these twelve units

between May 1 973 and March 1 975 at Stanford University Hospital , and a few

at NASA Ames. The Stanford implants monitored renal and iliac artery bl ood

flow in control and card iac autograft canines to determine the response to

exercise of the denervated heart in heart transplant subjects. Figure 39

is a section of a strip-chart recording of renal and iliac flow taken with

uni ts 3 and 9 just after Implant.

Table 1 summarizes the experiences through June 1 974 with the twel ve

MX IV un its. The prototype un -It (Unit 1) was never implanted but was re-

tam ed for display. The purpose of unit 2 was to test the effectiveness of

Paraplas t in protecting the electronic circuit from body fluids. It was
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FIg. 39. STRIP-CHART RECORDINGS OF ILIAC AND RENAL FLOW VELOC ITIES.

pl aced in a tank containing a saline solution maintained at 37°C and was

turned on periodically by the conii~and transmitter to determine its opera-

tional status. After six months , the batteries failed ; however, there were

no Indications of corrosion or signs of damage from the saline solution.

Subsequent experience has shown that Paraplast is a nearly perfect insula-

tor for the electronic circuit , and no implanted unit has failed because

of body—fl uid leakage.

FIgure 40 is a photograph of five MK IV units taken from implant sub-

jects. The two on the l eft have had the wax removed , and the three on the

right have had the silastic removed except for the strain rel iefs on the

transducer cables. On the far l eft unit , the white ma terial near the two

toroldal transformers is the medical adhesive applied to the transducer

cable connections to the printed circuit board.
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TABLE 1
SUMMARY OF BLOOD-FLOW VELOC ITY—SENSOR IMPLANTS

UNIT/IMPLANT DAYS DAYS
NUMBER FUNCTIONAL IMPLA ITED FAILURE MODELS) AND COMMENTS —

1 —— -— prototype

2/1 180 -- environmental tank

2/2 unknown 45 perhaps cables; confused with
unit 5

3/1 151 191 first cables, then batteries;
information intermi ttent through-
out; with unit 6

4/1 7 7 dog destroyed due to foot injury

• 4/2 30 150 cables; FM carrier remained good
throughout; with unit 5

4/3 59 59+ batteries

5/1 7 7 dog destroyed due to foot injury

5/2 30 150 cables; FM carrier remained good
throughout; wi th unit 4

5/3 unknown 45 perhaps cabl es; confused wi th
unit 2

6/1 151 191 first cabl es , then batteries ;
Information intermittent through-
out; wi th unit 3

7/1 102 167 cables first, then batteries ;
F w i th unit 10

8/1 2 12 cables

• 9/1 unknown 12 batteries

9/2 30 30 dog died of pneumonia; FM and
• information good

9/3 7 7 sutures opened; dog died

10/1 88 167 cables; with uni t 7; FM carrier
still good when removed
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TABL E 1

CONhI~1UED

UNIT/IMPLANT DAYS DAYS
NUMBER FUNCTIONAL IMPLA f~1TED FAILURE MODE(S) AND COMMENTS

li /I 31 124 batteries ; cables stil l good
when removed

12/1 59 124 batteries

12/2 43 43 unit removed intact; dog used
as a heart donar

12/3 unknown unknown imDlanted at NASA Ames

• - .. . 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ . .: /

H

V

Fig. 40. MX IV UNITS AFTER REMOVAL FROM IMPLANT SUBJECTS.

The packaging techniques discussed in the previous section were

devel oped as a result of the clinical experience obtained from these

twelve MX IV bl ood-fl ow sensors. It can be seen in Table 1 that eight

un its failed because of cabl e probl ems and four failed because of

go
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batteries. The solution to the cabl e failures is a more careful assembly

under controlled conditions and better strain—relief tapers at both the

transducer and the package to extend the life of the average implant to

eight or ten months. The solution to the battery failures is to replace

the batteries wi th a transcutaneous power systen; improvement in cable

design and construction will extend cable life to the point where battery

failure becomes the primary failure mode. The next chapter discusses the

details of such a transcutaneously powered discrete—component blood-fl ow
velocity sensor -— the first of its kind.

• V
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Chapter V

A TRANSCUTANEOUSLY POWERED ULTRASONIC BLOOD-FLOW VELOC ITY SENSOR

This chapter describes the fabrication of a discrete—component ultra-

sonic blood—flow velocity sensor (the MK V) that operates wi thout batteries.

It receives power through a pair of inductively coupled coils. The driving

(or primary) coil is external to the subject, and the driven (or secondary)

• coil Is part of the implanted package. The external coil Is placed over

the impl anted package and power is transferred to the Impl anted coil at

radio frequencies. The RF power is then rectified and regulated and used

to supply a bl ood—flow sensor that Is approximately the same as the unit

described in Chapter IV. The details and theory of transcutaneous power

transfer were presented in Chapter II.

A. Circuit Design

• The theory of operation of the MK V transcutaneously powered sensor

is identical to that Of the MK IV; however, the MX IV operated by means

of a command—receiver antenna and batteries, but the MK V has a very thin

pancake coil and rectifier and regulator circuits. El imination of the

batteries and command-receiver antenna reduces vol ume, and further reduc-

tions are achieved through the use of smaller toroidal transformers and a

smaller FM transmitter antenna. The vol ume of the MK IV is 43.7 cm3 and

the MX V i s only 15.5 cm3; this is a vol ume reduction of 64%.

Figure 41 is a photograph of the first MX V unit. The circuitry is

housed In a round plastic package only 8.3 mm deep. This plastic case

- . adds strength and simplifies wax encapsulation . There is no need for a

complex mold. A simpl e retaining ring around the top of the case contains

93



Fig. 41. T~E MK V TRA 4SCUTANEOUSL’f POWERED BLOOD-FLOW SENSOR.

the excess wax required during cooling to ccmpensate for contraction and

to prevent spillage during the vacuum phase of the casting.

Figure 42 is a schematic of the first stage of the implanted cir-

cuitry -- the rectifier . The secondary coil (Li) is series tuned by

capacitor Cl. A full-wave bridge composed of diodes Di through D4 recti-

fies the RF signal received by Li , and capac i tor C2 connected across the

input of the voltage regulator (Fig. 43) filters the rectified si gnal.
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NOTES:

1. Dl to 04: lMl48
2. Cl is ceramic. C2 is tantalum .
3. Li is 47 turns of 7—41 AWG litz wire In a single layer pancake,

I. D. 13 nun, 0. D. 44 nun. Coil wound between two acrylic discs
0 79 nun thick.

FIge 42. POWER RECEIVING COIL , RECTIFIER AND FILTER FOR THE MX V
TRANSCUTANEOUSLY POWERED BLOOD-FLOW VELOC ITY SENSOR.

- 

The vol tage regulator uses five monol ithic transistors in a 14—pin dual

inline package. The VBE of these monolithic transistors are more closely

matched than are those of the randomly selected discrete-component trans-

istors. Close VBE matching of Qil and Q12 and Ql4 and Q15 is necessary

because of their conmion-emitter connections. Diodes 010 and 011 at the

bas. of Q12 act as a vol tage reference. By adj usting R16 to produce an

output vol tage of 2.87 V at room temperature (21°C), the output vol tage

at body temperature (37°C ) will be approximatel y 2.7 V which Is equivalent

to two 1.35 V mercury cel ls In series . This regulator has an output

resistance of O.5~~ at V 1,~ • 3 V and O.24~2 at V 1,~ • 6 V.
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NOTES:

1. QlO: 2N4250
2. Qll to Ql5: CA3046 14 pin dual inline package
3. R16 Is selected to give 2.87 V output at 21 °C ,

- 4. Resistances in ohms , 1/8 W , 10% tolerance, Allen—Bradley
5. ClO is ceramic , series dO, U. S. Capac itor Corp., 2151 North

Lincoln St., Burbank, CA 91504.
6. Cli is tantalum, type HA, Tansltor Electronics Ir~c., Wes t Road ,

Bennington , VT
7. 010 and Dll : lN4l48

Fig. 43. VOLTAGE REGULATOR FOR TH E MX V TRANSCUTANEOUSLY POWERED BLOOD-
FLOW VELOCITY SENSOR.

The regulation factor over a 30 V V 1~ range is better than 0.1%. One

discrete transistor (QlO), used in the circuit as the pass transistor ,

produces a 2.7 V output with only a 2.9 V input for a load current of

22 to 26 nA.
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FIgure 44 is a schematic of the ultra sonic transmitter . The modified

- 
: Colpitts oscillator formed by Q20 produces a variab ’e frequency range of

6.22 to 6.91 11Hz. A transforr~er—coupied input and output are provided by —

2 . 7 V

1

100 ut

- 
)~

_ _ _  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ IJ~~~

NOTES:

1. Q20 and Q21 : 2143565
2. Q22 to Q24: 2N39C4
3. Capacitances in pF except as noted, ceram ic series ClO , Note 5

Fig. 43 applies
4. uF capac i tors are tantalum , Note 6 Fig. 43 applies
5. Resistances in ohms , 1/8 W , 10% tolerance - . Al len-Bradl ey
6. C22 variabl e capac i tor 4 to 18 pF, Thin Trim capac itor , Part No.

9410—4, Johanson Manu facturing Corp., Boonton , NJ 07005. C22
gives tuning range of 6.2 to 6.9 MHz

7. 120 and 121 are identical except primary and secondary reversed
• Primary 45 turns No. 34 AWG, secondary 15 turns No. 34 AWG bifilar

on ferrite toroid of Q— 1 material , Part No. F2062-i , Indiana General ,
Va lpara iso, m d.. 46383

3. 120 in uK , delevan molded RF coil , series 1025 , Delevan Electronics• DivIs ion, 270 Quaker Rd., East Aurora, NY 14052
9. R27 selected to give 14 V peak-to—peak Output at a supply current of

• l8 mA.
10. 121 selec ted to give an impedance of 1000 ohms at 0° phase in parallel

wi th X20.

Fig. 44. ULTRASONIC TRANSMITTER OF THE MX V BLOOD—FLOW VELOCITY SENSOR.
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120 and 121 for the power amplifier formed by Q22 and Q23. The bias

level for the push—pull output transistors is set by Q24 and R27. 121

is chosen in connection with the transmitting piezoelectric crystal X20

to produce an impedance of 1000ri at a 0° phase shift. The amplifier

yields a 14 V peak-to—peak signal across X2O for a power output of 25 mW.

The signal from X20 is attenuated and connected to the mixer circuit In

the ultrasonic receiver by R28 and C29.
• Figure 45 is a schematic of the ultrasonic receiver, mixer and aud io

• amplifier . The input crystal X40 is capacitivel y coupl ed to a tuned RF

ampl ifier 040, and C42 is varied to produce the greatest output at the

collector of Q40. The mixer circuit that multiplies the received ul tra-

sonic waves containing the doppl er shift wi th the reference signal from

S the transmitting ampl ifier is formed by Q41 and Q42. The output of the

mixer at the collector of Q41 is capacitively coupled to a two—stage

• audio amplifier whose output is connected to the reversed-bias diode in

the collector circuit of the VHF oscillator in the FM transmitter .

Figure 46 is the MX V FM transmitter which Is identical to the FM

transmitter in the MK TV except for the size of its antenna . It is a

ferrite rod 3.17 mm in diameter instead of 6.35 mm as in the 11K IV .

This smaller size allows a thinner overal l circuit profile and reduces

package vol ume. There is no noticeabl e decrease in transmitter range or

signal quality.

• B. Transcutanecus Power Transmitter

FIgure 47 is a schematic of a battery-powered medium-frequency oscil-

lator and amplifier designed to drive the external or primary coil for

transcutaneous power transfer. The oscillator Is a variable—frequency
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NOTES:

1. Q40: 2113563
2. Q41 to Q44: 2N3565
3. Notes 3, 4 and 5 of Fig. 44 apply
4. 140 in uH, Note 8 of Fig. 44 applies
5, X40 is a 1.5 x 1,5 mm square piezoelectric crystal
6. C42 variabl e capacitor 7 to 45 pF, Part No. 9410-4, Note 6 of

FIg. 44 applIes

Fig. 45. ULTRASONIC RECEIVER , FIRST DETECTOR AND AUDIO AMPLIFIER OF THE
MX V BLOOD—FLOW VELOCITY SENSOR.

modifIed Colpitts that operates at 400 to 500 kHz. The power amplifier

uses PNP and NPN Darl -lngton pairs in a push-pull output arrangement. The

output between the emitters of Q5 and Q1 Is balanced by Rl. The external

99

— ~~~~ - ..>__S__~
._ 

~~~~~~~~~~ ~__ ~~~~~~~~~ —.•~•-._ 
— .-. S—a

~ 

~~~
JI_



w~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ 
-- 

-
~~~

-- --
~ 

-
~~~

-
~~~~~~~~~

-—--

2.7 V

J—~oo

~~~~~~~~~~~~~~~~~~~~~~~~~

r-

~~~~~~~~~ 

‘~p ~ 
H-

_L~~~~
?!

12X

NOTES:

1. Q70 to Q73: 2N3563 manufactured by Fairchild
2. Notes 3, 4, 5 and 8 of Fig. 44 appl y
3. C72 var iabl e capac itor 1—4.5 pF , Part No. 9410—0, Note 6 of

Fig. 44 applies
4. L72 antenna is 12 turns No. 26 AWG tinned wire on ferrite rod of

Q—3 material 3.18 mm diameter and 19.05 mm l ong . Part No. F172-l ,
Indiana General , Valpara iso , md. 46383

5. Supply current 1.5 to 2.5 mA depending on frequency
6. Tuning range 97 to 105 MHz
7. Range of transmission greater than 10 m

Fig. 46. FREQUENCY-MODULATED TRANSMITTER CIRCUIT OF THE 11K V BLOOD-FLOW
• VELOCITY SENSOR.

or primary coil (U) is wound of lItz wire, ser~es tuned by Cl and trans-

• former coupl ed to the ampl ifier output. Cl must be a l ow-loss capacitor ;

silver mica is recommended , and ceramic should be avoided . The circuit

supply current varies between 25 and 70 mA , depending on antenna

1 100
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NOTES :

1 . Ql to Q5: 2N3904
2. Q6 and Q7: 2113906
3. Q5 and Q7 use homemade aluminum heat sink
4. Dl to 03: 1N4143
5. Ti isa toroid of Q—l material , 12.7mm 0. 0., primary 36 turns

No. 24 AWG , secondary 9 turns No. 24 AWG , Part No. F627—8, Indiana
General , Valparaiso , Ind. 46383

6. Li is 47 turns Of 7-41 AWG litz wire , singl e layer panca ke, 43 mm
0. D. wound between two acrylic discs 0.79 mm thick

f 7. Ri is selected to give a dc output of 15 V with transmitter operating
• 8. R2 is selected to give maximum output (ac) without spurious oscilla-

tions
9. Cl is silver-mica for maximum Q of Cl -Li at series resonance
10. Suppl y current is 60 to 70 mA with antenna (Li ) unloaded
11. Supply current is 25 to 70 mA with antenna l oaded dependinq on the

distance between Li and the Im planted pancake coil ~coi1 Li of Fig. 42’

Fig. 47. TRANSCUTAFZEOU S POWER-T~A 4SFER TRANSM ITTER FOR THE MX V BLOOD-FLOW
S 

VELOCITY SENSOR .
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l oad’”;; in free a~r and unloaded , this current is 70 mA. When the prir~arv

coil is brought into the prox ’mity of the implanted secondary co il in the

blood— fl ow sensor p~ckaye , the current drain decreases as the cou pling co-

efficient between the coils increases.

Figure 48 is a laboratory version of the transcutaneous trans~nitter .

The batteries are located under the handle (five 6 V batteries a 3~) V) ,
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Fig. 48. LABOR ATORY V ERSIO~1 OF TRANSCUTANEOUS TRANS ’IT TER .

and the power on-off switc h is in the handle. The transm i tter case is

made of acryHc plastic to avoid loading the output coil. The purpose of

the meter and s1~de switc h is to monitor both supply ~urrent and v~1ta~e.

the supply current is important because it can be used to tune the iscfl-

lator and to determine the best posit ion for tri o e~t~rna~ ~ail . The
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oscil lator frequency can be adjusted throu~h a hole in the bottom of the

acrylic case and in the meta l circuit box insi de; it should be adjusted

for max imum su ppl y current. At this point , the output coil is operating

at resonance. The supoly current Is al so monitored when positioning the

external coil near the Impl anted coil; it will be minimum when coil coup-

l ing is maximum.

Figure 49 is a photograph of the transmitter being pos it~~ned over

• the blood-flow sensor. The transmitter is turned on and off w t ~’ the

• thumb on the spring-loaded pushbutton which minimizes battery usage and

prevents inadvertent battery failure caused by leaving the switc h on when

• 
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.
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Fiq . 49. OPERATION OF TRAIISCUTANEOUS TRANSM ITTER.
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the unit is not in use. This photograph illustrates more cl early the ‘

housing of the oscillator and ampl ifier circuit In a shielded metal box

supported in the case away from the primary coil. The primary coil is

identical to the Implanted secondary coil and is wound from litz wire in

a singl e—layer pancake between two thin acrylic disks to provide mechan-

ical strength.

C. Clinical Experience -

On 22 April 1974, the MX V transcutaneously powered discrete—component

ul trasonic blood—flow vel ocity sensor was implanted in ~ canine at Stanford

University Hospital . It operated satisfactorily for six weeks, and then It

was removed to allow the canine to become a heart donor. The same unit and

transducers were pl aced in a canine at NASA Ames. Throughout both implants ,

the sensor functioned satisfactorily. After several months at Ames, the

transmitted information became intermittent which indicated cable deterior-

atlon . r
Experience with this prototype unit demonstrated the practicality of

RF induced power from the standpoint of flow measurement interference and

coil alignment. As compared with battery powered units in the laboratory ,

the MX V unit exhibited comparabl e signal -to—noise ratios and no aural

indication of RF interference. Alignment of the external and subcutaneous

coils was facilitated by the meter on the transmitter that deflected

noticeably when the coils were aligned for maximum coupling. Coil separa-

tion was smal l with the package Implanted just under the canine ’s skin. A

misalignmen t of the coils equal to their radius was possible without loss

- of information.
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Chapter VI

- 

. CONCLUSIONS AND RECO~?1ENDATIONS

A. Suninary

This report has described the design of a discrete-component blood—

fl ow sensor and a transcutaneous power theory and system. The study has

al so been concerned with the development of a low—voltage regulator and

reference. This work was based on the concept that maximum usage of a

transcutaneous power system would depend on an efficient regulator circuit

to produce a stabl e supply voltage to operate implanted circuits that have

previously been battery operated.

A comprehensive transcutaneous power theory has been developed , and

- 

the major factors contributing to power-transfer efficiency and to power

losses were identified and included in a simple efficiency equation.

Techniques to minimize power losses in actual coil design were described.

Close agreement between theory and experiments has proven the validity of

the derived equations.

A unique prototype low-voltage reference has been constructed . The

efficiency of voltage regulators was Investigated , and the key fac tors

contributing to inefficiency were identified . Solutions to these sources

of inefficiency were demonstrated through a prototype voltage regulator

capabl e of monolithic fabrication.

A major emphasis of this report has been directed toward the design ,

fabrication and use of a miniature ultrasonic bl ood-flow veloci ty sensor.

- 
Th. purpose of this sensor was to meet the urgent demand for a clinical

device to monitor blood flow while the development of an Integrated-

circuit flow sensor conti nued . The basic design goals included package
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volume reduction, circuit reliability , simplicity and reproducibility ,

wider FM transmitter range, increased signal -to-noise ration , and more

reliabl e operation of the coutnand receiver. These goa l s have been
ac hieved, and a new flow sensor (the MX IV unit ) has been developed .

The culmination of this research and the study of transcutaneous —

power was the fabrication of a miniature blood-flow sensor (the MX V)
that is only one—third the size of the ilK IV, contains no batteries and

‘Is transcutaneously powered. The circuit design of this unit has been

discussed, and the results obtained from implants were described .

B. Findings

The following conclusions can be drawn from this report.

(1) Transcutaneous power transfer is a practical and reasonably
: efficient means of powering Imp lanted electronic sensors.

(2) Definite guidel i nes must be established to maximize power—
— - transfer efficiency.

(3) A properly desIgned and appl ied power—transfer circuit is
capabl e of efficiencies as high as 9O~.

(4) A unique vol tage—reference circuit fabricated in monolithic
fo rm yields 1.244 V , is stable to better than 200 ppm/°C,
and operates from less than 100 pA.

(5) A vol tage regulator compatibl e for use wi th implanted cir-
cults designed to operate from two mercury cells can be
designed with 85% power efficiency.

(6) The primary causes of failure among discrete—component
implanted blood-flow velocity sensors are battery and
transducer cable failures.

(7) Implanted circuits properly encapsulated in Paraplast are
• waterproof and ininune to damage from body fluids.

(8) Transcutaneously powered bl ood-flow velocity sensors are
practical .

- ---
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C. Recommendations

As a result of this study, many improvements were conceived for the

operation and longevity of implanted bl ood-flow sensors. The three major

recommendations concern transducer cables, circuit components, and trans—

- 
-
~ cutaneous power. Transducer cabl es will remain the primary “weak link” -

-

when transcutaneous power ‘Is used, and more research is required to improve

cable longevity In the implanted environment. Possible solutions incl ude

more careful assembly of the coaxial cabl e in the silastic tubing , the use

of larger tubing to increase the volume of medical adhesive around the

cable and the use of stainless steel cabl es.

The reliability of circuit components can be improved by replacing

much of the discrete circu itry with standard integrated circuit packages

containing either custom or commercially availabl e circuits . This approach

would el iminate many of the potentially troubl esome soldered joints. Care

must be taken, however , not to sacrifice circuit simplicity and the use of

standard miniature components when components external to the IC packages

are required. The simple but effective printed circuit board could still

be used for mounting all components.

Transcutaneous power should be encouraged because it el iminates the

possibility of battery failure.

a

107

-_ - -5 --- -— - - - -_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



—-5—-- - -  -~~~~~~~
---- — -

~~~~~~~~~~~~~~~~~~~~~
-- —-

REFERENCES

1. E. L. Chaffee and R. U. Light, “Method for Remote Control of El ectrical
Stimulation of Nervous System,” Yale Journal of Biol ogy and Medicine,
7.., 1934, pp. 83—128.

2. W. W. L. Glenn and A. Plauro, “Remote Stimulation of the Heart by
Radio-Frequency Transmission,” New England Journal of Medicine , 261,
1959, pp. 948—951.

3. L. D. Abrams, W. A. Hudson and R. Lightwood , “A Surgical Approach to
the Management of Heart Block Using an Inductive—Coupl ed Artificial
Cardiac Pacemaker,” Lancet, June 25, 1960, pp. 1372-1374.

4. 1... Eisenberg , A. Mauro and W. W. L. Glenn , “Transistorized Pacemaker
for Remote Stimulation of the Heart by Radio-Frequency Transmission ,”
IRE Trans. on Bio-Medical El ectronics, BME-8, 1961, pp. 253—258.

5. 0. M. Hickman et al , “A Portable Miniature Transistorized Radio-
Frequency Coupl ed Cardiac Pacemaker,” IRE Trans. on Bio—Medical
Electronics, BME-8, 1961 , pp. 258-262.

6. .1. G. Davies, “Artificial Cardiac Pacemakers for the Long—Term
Treatment of Heart Bl ock ,” Journal of the British IRE, 24, 1962,
pp. 453—456.

7. P. I. Hershberg et al , “Pathologic Effects of Recharging Nickel —
Cadmium Cells through the Intact Skin - A Prel iminary Report,” Trans.
of the M~erlcan Society of Artificial Interna l Organs, 11 , 1965,
pp. 143—147. 

- 

—

8. G. H. Myers et ai , “Experimental Radio-Frequency Cartoid—Si nus
Pacemaker,” Medical Research Engineering, 7, 1 , First Qtr 1 963, pp . 1 3—16.

9. A. M. Dolan et al , “Heat and El ectromagnetic Energy Transport through
Biological Material at Levels Relevant to the Intrathoracic Artificial
Heart,” Trans. of the American Society of Artificial Internal Orgars,
12, 1966, pp. 275—281.

10. F. W. Fraim and F. N. Huff~nan , “Performance of a Tuned Ferrite Core
Transcutaneous Transformer,” IEEE Trans. on Bio—Med ical Engineering,

• BME—l8, 1971 , pp. 352-359.

* 
11. J. W. Fuller and H. M. Bourland , “Efficient Power Transfer through a

Tissue Barrier,” Proc. of the 19th Annual Conf. on Engineering in
Medicine and Biol ogy, 8, 1966, p. 150.

12. J. W. Fuller , “Apparatus for Efficient Power Transfer through a
Tissue Barrier,” IEEE Trans. on Blo-Medical EngineeringL, BME—1 5, 1 968,
pp. 63—65.

109

—- --5 -5— ---5— ~~~~~~~~~~~~~~~~ t—~~—-- — p,-—— --~ 
- -5— 

~~~~~ 
-- - —

~~~~~~~
—‘-‘ —

~~
- 

~~

‘ 
-
~~



-- ~~~~ 
‘ - - 5 W ~ I

‘----5 —— - ,• -‘- 
~
- - ‘

13. R. J. Harvey et al , “Studies Related to Development of an Implantable
Power Source for Circulatory Assist Devices,” American Journal of
Surgery, 114, 1967, p. 61.

14. L. Heiml ich and F. Christiansen , “Energy Transmission through the
Intact Skin ,” Artificial Heart Proqram Conference, CR. 3. Hegyeli ,
d.), U. S. Government Printing Office, Washington, 0. C., 1969,
pp. 937—944.

15. 6. H. Myers, A. Thumin and G. E. Reed, “Power Transfer Device for
Mechanical Hearts,” ASME - Paper 68, 1968, p. 8.

16. G. H. Myers et al , “A Transcutaneous Power Transformer,” Trans. of
the American Society of Artificial Internal Organs, li~ 

1968,
pp. 210—217.

17. P. M. lewgard, J. R. Woodbury and L. 1. Harmison , “Implantable
Electrical Power and Control System for Artificial Hearts,” Intersoc.
Energy Conversion Engineers Conf.. 7th Conference Proc., San Diego ,
California , Sept. 25—29, 1972, pp. 765—799.

18. P. M. t4ewgard and G. Ei~ers, ~Sk1n Transformer and Power Condition ing
Components,” Artificial Heart Program Conference (R. J. Hegyel i , ed.),
U. S. Government Printing Office, Washington , 0. C., 1969, pp. 927—936.

19. J. C. Schuder and H. E. Stephenson, “Energy Transport through Closed
• Tissue Walls by Capacitive—Conductive Coupl ing ,” Digest of the 1961

International Conference on Medical Electronics, Radio Corporation of

~nerica LaboratorTes, Princeton, New Jersey, 1961, p. 51.

20. J. C. Schuder, H. E. Stephenson and J. F. Townsend, “Energy Transfer
‘Into a Closed Chest by Means of Stationary Coupling Coils and a
Portable High—Power Oscillator ,” Trans. of the American Society of
Artificial Internal Organs, 7, 1 961, pp . )27-331.

21. 3. C. Schuder, H. E. Stephenson and J. F. Townsend, ~High—Leve1Electromagnetic Energy Transfer through a Closed Chest Wal l ,” IRE
International Convention Record (Pt. 9), 9, 1961, pp. 119—126.

22. J. C. Schuder and H. E. Stephenson, “Energy Transport ‘into the Closed
Chest from a Set Of Very Large Mutual ly Orthogonal Coils ,” IEEE
Communications and Electronics, Jan. 1963.

• 23. J. C. Schuder and H. E. Stephenson, “Energy Transport and Conversion
for a Permanently Implanted Artificial Heart,” Trans. of the American
Society of Artificial Internal Organs, 9, 1963, pp. 286-291.

24. J. C. Schuder, “Parametric Motor Energized by Radio-Frequency Field ,”
Proc. of the IEEE, 51 , 1963, p. 399.

25. 3. C. Schuder and H. E. Stephenson, “Energy Transport and Conversion
- In the Artificial Heart,” in Heart Substitutes, by Al bert N. Brest

• (Charles C. Thomas, Publisher), CH. 15, 1964, pp. 1—10.

_ _ _ _ _  

110 

-

~~~~~~~~~ 

- -

-5.- --5 —-.-— ~:: ~~~~. 
:—t

~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~



-

26. 3. C. Schuder, J. H. Gold and H. E. Stephenson , “Transport of Very
High Power Level s through the Skin by Inductivel y Coupled Radio—
Frequency System” Abstract No. 87, Electrochemical Society Extended
Abstracts, Atlantic City , New Jersey, Oct. 4—8 , 1970 , pp. 219—Z20.

27. 3. C. Schuder, 3. H. Gold and H. E. Stephenson , “Ultrahigh Power
Electromagnetic Energy Transport into the Body,” Trans. of the
Mierican Society of Artificial Internal Organs, 17, 1971, pp. 406—410.

28. 3. C. Schuder, 3. H. Gold and H. E. Stephenson, “An Inductively —

Coupled RE System for the Transmission Of 1KW of Power through the
Skin ,” IEEE Trans. on Bio—Medical Engineering , BME—18, 1971 ,
pp. 265—273.

• 29. H. E. Stoc kman, “Parametric Motor Energized by Radio-Frequency Fiel d,”
Proc. of the IEEE, 51 , 1963, p. 1253.

30. A. Thumin et al , “A Power Transformer for Mechanical Hearts,”
Artificial Heart Proyram Conference (R. 3. Hegyel i , ed.), U. S.
G~vernment Printing Office, ~Iashington, 0. C., 1969, pp. 915—926.

31. G. R. Abel l, ~Practica1 Design of an Implantabl e Passive Receiver of
Radio—Frequency Energy,” 20th Annua l Conf. of Engineering in Medicine
and Biology, Boston, Massachusetts, Nov. 13—16, 1967.

32. C. C. Stenberg, H. W. Burnette and R. C. Bunts, “El ectrical Stimulation
• of Hunian Neurogenic Bladders: Experience with Four Patients,” Journal

of Urology, n.,, 1967, pp. 79—84.
33. T. Hald et al , “Clinical Experience with a Radio—Linked Bladder

Stimulator ,” Journal of Urolggy, 97, 1967, pp. 73—78.

34. U. H. Ko and E. Von , “RE Induction Power Suppl y for Implant Circuits ,”
Digest of the 6th International Conf. on Medical El ectronics and
BloTogical E,~gineer ing, tokyo, 1965, pp. 266—267.

35. M. I.. Leonhardt and 0. A. Hodges, “An Inductively Coupled Power
Source,” Report of Research sponsored ‘In part by the Joint Services
Electronics Program, Contract F44620-71—C-0087, Electronics Research
Laboratory, University of California , Berkeley, California, 94720.

36. T. B. Fryer and H. Sandier, “A Rechargeable Battery System for
Implanted Telemetry Systems,” 23rd ACEMB, Washington , 0. C., 1970,
p. 129.

37. F. E. Terman , Electronic and Radio Engineering, McGraw—Hill Book Co.,
- 

1955, pp. 21—24.

38. Bulle tin of the Bureau of Standards, 8, No. 1 , 1912, pp. 1—238.

39. “Radio Instruments and Measurements,” Circular of the National Bureau
- 

of Standards C74, U. S. Government Printing Office, Washington , 0. C.,
1937, p. 257.

ill

- ——~~~~~
----- -- -- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

~~• ~~~~~~~~~



— — -~~~ 
•.

~~~ 
—
~ z;; ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--5-’—— — —~
- —

~~~ ~~—— ~~~
-

~ 
-‘

~
—

~

I 

——

~~~~~

•

~~~~

, --, - - - .-•-,.— -.-•_ —--—- ‘ - — • — - 5 — —- - -

1 40. R. 3. Widler , “Appl ication Notes: Monol ithic Voltage Regulator,”
National Semiconductor Corporation, 1967.

41. R. 3, WIdler , “New Devel opments In I. C. Vol tage Regulators,” IEEE
Journal of Solid-State Circuits , SC—9, 1974, pp. 192—194.

42. R. C. Jaeger, “A High Output Resistance Current Source,” IEEE Journal
of Solid-State Circuits , SC-9, 1974, pp. 192—194.

43. J. S. Brugler, “Silicon Transistor Biasing for Linear Collector
Current Temperature Dependence,” IEEE Journal of Solid-State Circuits ,

- 

SC-2, 1967, pp. 57—58.

44. P. N. 1. Wells, Ph,~sical Principl es of Ul trasonic Diagnosis,Academic Press, 1969, p. 195.

1 •

- 

r

112

________ ___________ ~~~~~~~~~~~~ -~~~~~~~~~~~~ ‘ : -~


