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PREFACE

Many design requirements for electronic receivers in
the past have demanded that the receiver be useful over an
extremely wide range of input. amplitudes. Accordingly, much
work has been done in developing receiver gain character-
istics'that are approximately logarithmic in nature., The
primary pﬁrﬁose of this type response, however, has been to
avoid receiﬁer overload and subsequent distortion with high
vlevel siénai input., For this reason, responses that only
approxiée£e‘the logarithmic.curve were developed.

The”design requirements for this receiver required that
an exacﬁ}iogarithmic response. be developed in order that the
output signal be a function of the input, Logarithmic re-
corder peper can be used in the recorder and the whole system:
calibrated to provide e direct readout of the input signal
amplitudeQ

It is‘with the requirement for a purely logarithmic re-
sponse'that‘this investigation is primarily concerned.

This receiver was intended to be a subsystem of an ultra-
sonic eyetem designed for bio-medical research, The entire
system 1n‘speeifically designed for Trans-=Thoracic ultrasonic

investigations and measurement of the Hemodynamic pulse,
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The entire system was conceived and developed by Dr.
Harry D. Crawford, Oklahoma State University. It was he who
provided the interest and support in this undertaking. To
him I am deeply indebted. I am grateful for the help and
guidance provided by Dr. Harold T. Fristoe with the cir-
culitry portion of this investigation as well as Bill Hugh
Terrel, Larry Lee Lowcock, Carl Edward Hittle, Gary Lewis
Johnson, and the rest of Dr. Crawford's research staff. I
also acknowledge the United States Alr Force, who made this
investigation pqssible, and the National Institute of Health
whose grant providéd the financial support for thls under-

taking,
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CHAPTER I
INTRODUCTION

This receivef was designed as an ultrasonic receiver
in the 2.25 to 2.5 me. range for use in bio-medical re-
search. - Many unusual design requirements were imposed
because of the associated electronic equipment and the
nature of the bio~medical investigation., Accordingly, some
of these considerations will not be discussed in this work,

The receiver is required to receive signals from an
ultrasohié ffansducer after passing through a biological
subject;- Thé nature of the specimen determines to a great
degree the amplitude of the incoming signal. For example,
one of the primary areas of investigation is the Thoracic
region»(ah ultrasonic signal is emitted from a transducer
on one éide of the region and received on the other). When
the subjéct'inhales, the ultrasonic beam travels through
the 1uné area, Which is predominately air, greatly atten-
uating the signal. When the subject exhales the uwltrasonic
beam tra&eis through an areas which is predominately tissue,
providing Very'little attenuation, The difference between
these tﬁs éignais is approximately 80 db., Thus the re-
ceiver muét‘accept sighal strength variation over 80 db.

and stili provide a recorder output that is an accurate

1



indication of the input signal. This requires the response
to be as exactly logarithmic as possible in order for the
output to be directly recorded on logarithmic ruled paper.

The ultrasonic system is essentially a closed system;
therefore, immune to atmospheric noise. This added to the
possibility of detecting signals of very low amplitude
places a premium on low internal system nolse and high
sensitivity.

In addition to the amplitude modulation caused by
breathing, other modulations of lesser intensity, such as
FM, have been detected by previous equipment; therefore,
the recorder output circuitry must have a frequency re-

sponse from DC to at least 20 KC.
Parameters and Thelr Measurement

The frequency range of the receiver is 2.25 to 2.5 mc
which is well below the frequency cut-off limits of all
transistors used. All of the circuits in the recelver
system are considered small sighal with the exception of
the audio power amplifier section and will be analyzed
accordingly. The hybrid h parameters and their associated
equivalent circuit seems most useful under these conditions
and will be the predominant means of analysis,

The parameters were obtained by measuring the tran-
sistor under operating conditions with the circuits and
procedures developed by Daniel M. Rukavina 1, The circuit

for measuring h11 and hjyq is shown in Fig. 1-1. Figure 1-2



is the circuit for measuring h21 and h22° Tables 1=1 and 1=2
provide measurement correction data and h,z,y parameter con=

version formulas.,
Method of Design

The design of the reéeiver was approached by deter-
mining the overall design requirements of system then divid-
ing the system into smaller subsystems. The smaller sub-
systems were ﬁhen designed independently with consideration
of the input and output characteristics, available power, etc,
only as design requirements of that subsystem. In this
manner, each subsystem could be considered more or less ine-
dependently yet still be an integral part of the whole re- .
ceiver, — |

Figufé 1;3 shows a block diagram of the receiver with
each block representing a separate subsystem,

The remaining chapters will consider each subsystem in~

dividually;
Design Requirements

Very definite requirements were imposed upon the input
circuitry by the external circuitry and conditions of oper-.
ation; Thefreceiver was desigried for use with a lead metan-
iobate ultrasonic tramsducer especially manufactured for this
application by Automation Industries of Boulder, Colorado. -
The transducer, with 25 feet of RG=59/u coaxial cable, pre-

sented a nominal generator or source impedance of 14=390 ohms
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TaBLE 1-1

h PALAMETER MEASULEMENT CORRECTION DATA

(o)

Measured | Source Error Factor | Termination Error Factor Parameter
Value (S.E.F,) (T.E.F.)
vy %81 * %] cal ; hy2 hyy 1 i
1 cal e * My hyy Bl . L 11
hy2 1)
1 --_:EZ_F-
- Y,
v] *s3. " 9% 1 1 .
V2 cal 22 cal 21, 12
sy * 22 cal )
s Zs1 * %1 cal 3 1 .
. > 21
h22 27,
z
S
1 - wz
iz Esg ¥ 1y : ofB2x a2 1 "
v z hoy b zq o4
2 cal 2 cal 44 211 z N2
252 + %5 oal h1;




TABIE 1-2

h, vy, z, PsRAMETER CONVERSION EQUATIONS

l

2, Uy (- T) hyy /(=T )
2 s “Y12/Y1y Y221 - T ) hy2/hg,
= R ULTRETICIUD “hy1/hy,
22, 1/)'22(1 - T.) 1/h,,

1/211(1 -T) yu lfhu
-215/21) 2551 - T) Y12 ~Ryo/hyy
21/ 3 (1 -T) Y21 ho1/hyy

1/222(1 -T) Y22 h22/(1 -T )

ST LA Uy by
212/222 “Y12/Y11 hy2
“%31/%22 Y21/'11 h21
125, Y22/ (1 = T) h,,

1

T = 2p; 212/2)) 23

T= }’21 ylzfyll Y22

T=

1 = hy, hyy/hpy hyy
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at 2.5 me, This impedence must be properly matched by the
receiver input circuitry. The maximum voltage anticipated
was 10 mv and the receiver must be sensitive over a range of
at least 80 db. This required the RF circuitry to have a
minimum sensitivity of at least 1 microvolt.

Since the incoming signal to the transducer is ultra=-
sonlcy the :problem of external noise and antenna nolse is
not present as 1t would be in ordinary communlcatlons re=
ceiversg therefore, low noise circuitry presented a real
advantage in this application, much the same as in receiver
deslign for the UHF frequency range. For this reason, nmuch

thought was given to developing good low noise circultry.



CHAPTER I1
RF AMPLIFIER
Circuits Considered

Primary consideration in the design of the RF Amplifier
portion of the recelver was to develop a low nolse, stable
circuita‘.Three basic circuits were considered; a cascade
amplifier, a cascode amplifier, and a parametric type ampli-
fier, The cascode amplifier consists of two or more common
emitter amplifiers coupled together by transformer coupling
or other means., This type of amplifier, though commonly
used in the iéﬁér frequency ranges, was not considered fur-.
ther becéﬁéeyéf the practical noise figure attainable. The
cascode amplifier is a direct coupled common emitter, common
base amplifier which combines the best characteristics of
both. The theoretical noise figure is the same as that of
a cascade'ciréuit but, the practically attainable noise fig-
ure 1s much lower, It essentially provides a single stage
noise figure with a two stage gain. The cascode amplifier
is traditionally used in the VHF frequencies as RF ampli-
fiers because of their low noise characteristics.

The parametric amplifier is usually employed in the

i0
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micro=wave frequency region because of its low noise char-
acteristics but a few attempts have been used at the 1ower2

3

frequencies around 30 kilocycles~” and at broadcast fre-
quencies;u The parametric amplifier considered is an adap-
tation of an amplifier developed by Planinac,u This circuit
was especlally attractive because of its use of junction
diodes; Fig, 2-1 is a junction diode parametric amplifier
oonsidered.for this application., The lowest attainable
noise figure for the parametric amplifier is 0.9 db.5 Al~-
though the parametric amplifier has a lower noise figure it
is also more complicated, more expensive, and more difficult
to construct, With the availability of extremely low noise,
‘low cost, transistors a cascode amplifier can be designed
with approximately 1 db noise figure, For this reason, the
cascode amplifier was selected for the BRF amplifier portion
of thé recéiver. |

Design of the Input Matching Network

The cascode amplifier was selected because of 1its sim-
| plicity and the low noise figure attainable, The design
input impedance was a nominal 10-j100 ohms to match the

- ultrasonic transducer input.

This required a matching network to match 10-3j100 ohms
required by the cascode amplifier. This was accomplished
by the use of a series inductor and an L matching network,
The series inductor neutralized the capacitive reactance

and the L network matched the impedances. Figure 2-2(a)
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shows the lossless equivalent circuit.
The desgired value of L1 is such that it presents a
reactance of 100 ohms at 2,5 mc in order to offset the

capacitive reactance of the transducer,

Z = jwl = 3100
- % - 1100 -
L, = T JLOY, 6.5 u4h (1)

3(2.5 x 10°%) (27)

The L-matching network was designed with reference to

H. T. Fristoe's "Q Equations"6

By - 1000 = 100
g 10
1
From chart II«-I6
Q =10
L = ,016
Cc
c = ,016 (2)
C
L R
FI"
I = £2016) (1000) = ¢, 4 um (3)
2 2.5
C
cz e 2 X 108 pf,
Fply
o = 016 108 = L.6.x 1072 x 10°
2 ’ (205) (1000) 205 X 10)
3
c = L6x 107 _ 10”0 = 640 pr. (1)
2 255

Inductors L, and L

1 > are combined in one resulting in the
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final matehing network as shown in PFig., 2-2(b),

Referring to Figure 2~3, the first two transistors,
Ql and Qz, comprise the cascode RF amplifier., This figure
will be referred to throughout the design analysis of the

cascode smplifier,
Design of the Cascode Amplifier

The L-matching network provided an input impedance of
1000 ohms to the cascode amplifier. This was done in order
to operate the amplifier under minimum noise conditions,

The transistor selected for the Cascode RF Amplifier was
the TI-363, a low noise device manufactured by Texas Instru-
ments, Inc, Under proper operating conditions, this tran-
sistor has a noise figure of 1 db at 2 mec and room temper-
ature,

The design oriteria for minimum noise operation of the

cascode amplifier Was,7

Voo = -6 volts
IE ::“.51113
R = 1000 ohms
g
T = 25°
A 57 C
F = 2,5 mc (5)
S = 7
Where: V., = the collector to' emitter voltage (volts)
IE = Emitter current (ma)
R = generator resistance
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TA = Test temperature (°Q) (6)
F = Frequency
S = 8tabllity factor

The stability factor (S) of 7 was selected to provide a
reasonable temperature stability without too much loss or

gainQ
_ I R R
8 = C = 3 b (7)

I B3+(1~—°<R.b)

R3 ig fixed by emitter current considerations at 2200

ohms. Rb consists of R, and R, in parallel, Since « is ,98

1 2
thgn l-"is approximately zero and we can neglect the term

(1ﬁ-0¢)Rb,\ Solving for R

T b’
s -3+
-
3
By = Ry (8-1) (8)

Substitutingin values we get,

R = (2.2 x 103) (7-1) = 6 (2.2) x 10°

ﬁb = 1302 X 103 ohms (9)

For proper bias, Rb consisted of the parallel combi=-
nation-of 33 K ohms for R
R

19 and 22 K ohms for RZo R4 and

5 were similarly proportioned in order to preperly bias on
Capacitorsyc3 and C4'Were chosen so as to properly bypass |
33 and R5- Bypassing R5 places the base of Q2 at ground

potehtial%as far as the signal is concerned., A guiescent
%oinf«fbr the cascode amplifier was determined by graphical

énalysis. Maximum current considerations set the value of
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R3 at 2200 ohms, This fixed the impedance of the parallel

tuned circuit formed by L, and the series combination of C

2 5

a .«
AR P

In the actual circuit L, is a variable inductor tune-
able over the range from 6.7 to 15 #h to resonate with a
nominal 305 pf capacitor. The design Q is 10, Capacitors
C5 and 06 in series present an equivalent capacity of 305 pf.
The output is taken between the capacitors to provide an out-
put impedance of 900 ohms in order to provide the required
input impedance to the mixer,

The performance of the entire amplifier now was eval-
uated by means of a mathematical model, Nominal values for

common emitter h parameters were found to be,

hie = 3.46 K ohms

hfe = 60

hre = ,0192

hoe = 329 mho (10)

Utilizing the conversion factors of table 1 the common
base h parameters are,

hib = 56,8 ohms

hfb = .98k
hrb = 5.6 x 10””
hob = 329 x 10~® mhos (11)

For purposes of the mathematical analysis the input
matching network was replaced with a voltage source in series

with a generator resistance of 1000 chms.
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The h paz;ameter8 equivalent circuit for the cascade

amplifier is,

hie hib
g I}‘ VYAV : A C
, C heblis
iy < (e o @
7 R'b ' § hob ¢ ZL
> —Cq

The equivalent circuit can be simplified greatly by

combining values and by making certain assumptions, hre

and hr are negligible compared to the rest of the quan-

b
tities, therefore they were neglected., The parallel com-

binations of R. and 03 end Rb and C4 have approximately

3

zero impedance and can be neglected. C1 also presents a

negligible impedance at signal frequencies., With these

assumptions and combining elements the equi%alent circuit

reduced to,

Kg. o | 7
% @br)is T Qi 7




Which can be further reduced to,

ya
Y

A

20

N ¢
Ab Ab

@ ¢ ;gz“ QD(/?kx)""’ % O

AYAVAVAY,

Where;

2!
Z = R - l:lie b
a g hie + Rb

= hib hos
2y, = hib + hoe
- _hob %L
c hob + ZL

Substituting values into these equations we get,

Za = 3,74 K ohms
Zb = 55,4 chms
Zc = 2,08 K ohms

Now solvihg for values of ib, ie, and ic,

v v
ib = 25 = 29 - amp.
> %2 3 04 x 107
u oV

i, = hfe (ib) = 0. & . amp.
3.74 x 10°

i, = hre 1 = (.984) (60) Vg amp,
3,74 x 107

The output voltage (vo) normally would be equal to

(Z,) but, because of impedance matching,

(12)

(13)

(14)

(21)
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The voltage gain was then calculated to be,

Vo = (,984) (60) (2,08 x 103 = 6.56 (22)
Ve 3,74 x 103

Similarly the current gain and power gain is found to be,

Rty (23)
‘b

Po = Jolc = (294) (6.56) = 1928 or 33 @ (24)
Pi glb power gain,

These values were compared with a measured voltage gain
of 5.1 and current gain of 247,

The observed power gain of 31 db compared very well
with the theoretical value and represented a respectable
gain considering the sacrifices made in the interests of

low noise and stability.



CHAPTER III
MIXER AND LOCAL OSCILLATOR
Design Considerations

The mixer circuit was designed to provide good mixing,
a modest power gain, and good temperature stability while
having relatively low noise. The local oscillator selected
was crystal‘controlled and provides a stable, low impedance
output_to the emitter of the mixer transistor. The two

portions of the circult will be considered separately.
Local Oscillator

-A necessary condition for osecillation is that the cir-
cuit‘prQVides a power gain at the desired frequency great
enough to overcome circuit losses and to establish unity -
gain around the feedback 1oop,8 A crystal controlled ver-
sion of the Colpitts Oscillator? was selected for this
applicaﬁiohor The output was taken from the base of fhe
oscillator in order to provide a low impedance output. An
oscillator}may be treated as an ordinary amplifier with a

feedback or resonator loop. If K represents the gain of

22
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~

the amplifier and F’is the gain of the feedback loop, then
oscillation occurs when, _

AKX =1 (25)
Arranging the Colpits oscillator in the same configuration
the transistor is the amplifiervwith a gain of K while the
capacitors and crystal form the feedback network with afi
gain of . Referring again to Fig. 2-3, Qys Rygs BRqq» and
312 is the amplifier portion of the oscillator while the
c

crystal, -C and C10 is the feedback loop.

7' Cg» %9
The transistoer selected for this application is the
TI-484, a double = diffused mesa silicon type. A silicon
transistor was chosen to allow the use of degenerative
feedback blasing without sacrifice of temperature stabi-
lity; This type of biasing helps in meintaining a con-

stant amplitude output, Resistors RiO and R12 provide

the bias and temperature stabilization.

-All components were selected for quality and temper-
ature stability. All capacitors have mica dielectric and
the'fixed capacitors are epoxy encapsulated. The crystal

is housed in 2 crystal oven with the temperature controlled
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by a heater - thermostat combination to 85° C.

Capacitors C7 and CB are in series with the crystal in
the feedback loop and their values were determined experi-
mentally to provide a slight frequency adjustment and to
adjust the feedback gain. The entire circult serves as an

extremely stable frequency source for the mixer. and

313
011 couple the base of the oscillator to the emitter of the

mixer and adjust the drive level.
Mixer

A transistor mixer circuit was selected for this appli-
cation primarily because of ease of design and simplicity.
A better choice would have been one of the sheet-beam switch-
ing tube series such as the 7360.10 This would provide a
greater gain and better suppression of the RF and local
oscillator frequencies but would have required the use of a
separate power supply for just one tube. The advantages
did not Jjustify the increased complexity. Accordingly, an
emitter-fed transistor type mixer was selected.

A transistor mixer need not be able to amplify at the
RF frequencies involved because it is equivalent to a diode
mixer followed by a transistor amplifier.,8 The mixing in
this case is accomplished at the base-emitter diode, The
transistor must be able to amplify signals at the IF fre-
quency. Transistors used as mixers must meet the following

requirements:
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1. Efficient base=-emitter diode characteristics,

2., Low emitter input capacitance,

3. Good power gain at the IF frequency.

+The mixing action of the transistor, as previously
stated, takes place over the nonlinear impedance of the
base-emitter diode producing a series of sum snd differ-
ence frequencies, This series of sum and difference fre=~
quenpies ¢;ﬁ?5e expressed in a PFourier Serieso11 Desig=
nating the_BF}signal as ¢jand the oscillator as &% the
Fourier Sef%e;uis,>

F =4 +VB s;n Wyt + C sinét + D sin (W + Wh) t +

Esinw(fﬁ;ﬁgj t + F sin 24t + G sin 2&ht + ... (26)
One of thééé freéuenoies is selected as the IF frequency.
The Iwaréquency gelected for this application was the
E sin iCb;; a%) t term. The RF signal is 2.5 mc and the
desired IF frequency is U455 ke therefore, the local oscil-

lator must be,

2 = 2,5 me - 455 ke = 2,045 me (27)
Nra

All other'frequencies are suppressed by frequency selective
outpﬁt circuitry.

gThe transistor selected for this application was the
2N 2188, a germanium mésa type, which has a useful ampli=
fication up to 150 me,+5 It had a spot noise figure of 4.5
db at 2.5 me with LE = 1,5 ma and Bg = 1K ohms., The trane
sistor was biased to operate under these conditions. A‘

stability factor of 4 was selected for the mixer to provide
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an extremely stable circuit but only at the expense of

considerable gain. Reslstors R6’ R,, and R9 set the bias

7
conditions and stability for the mixer circuit.

Proper operation of the mixer circult required an
oscillator signal of 630 mv to the emitter of Q3,13 The
maximum design BF input to the mixer is 100 mv which gives

an output of 880 mv for conversion voltage gain of 88, RB

is the load resistor for Q3° Its value 1s set by impedance
and matching conslderations and will be descussed in con-
junction with the IF amplifier section. An unfiltered
signal is taken from the collector of Q3 for the autométic

gain control (AGC) circuitry.



CHAPTER IV
AUTOMATIC GAIN CONTROL AND METER DRIVE
Introduction

Since one of the prime design objectives was to
obtailn a good logarithmic response, the automatic gain
control (AGC) forms the heart of the receiver. In this
area-1t i1s felt that the greatest contribution has been
made. -This design is rather unique for the following
reasons:

1, The design is simple and straightforward as
compared to more conventional approaches because no
complicated feedback loops are employed.

2. A feedforward ragﬁér than a_feedback loop was
selected so that the attack and release time constants
can be dictated by the desired operating characteristics
of the receiver rather than the requirements of the cir-
cuitry.

3. The logarithmic voltage=current characteristics
of a germanium diode were utilized to develop the AGC

voltage,

27
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Design Approaches Considered

Several good approaches to the problem of logarithmic
response amplifiers have been made, particularly in
television receivers. One approach is a series of pen-
tode amplifier stages, each one biased at different levels

14 Each stage begins amplifying at

by means of diodes.
different input levels thereby approximating the loga-
rithmic curve by means of a plece-wise linear approach,
Another approach is to vary the blas of the IF strip by
means of the conventional AGC feedback loop with the con-
trol voltage being -developed by means of a non~linear
amplifier,15

The major difficulty with these approaches is that
they are either very critical or difficult to adjust in
order to attain an accurately logarithmic response or they
were originally intended to approximate the logarithmic
curve, The primary interest in most television receiver
circuits is to prevent over«driving the amplifier stages
and not to develop an accurate logarithmic response.
Accordingly several new approaches were tried.

The most interesting approach was to develop a log-
arithmic attenuator. If the center leg of a T-pad atten-
uator is replaced by an active device such as a tube, the
attenuation could be varied while maintaining a relatively
constant input and output impedance. This idea was de=
veloped and subsequently patented by Edwin C. Miller.16

Figure 4-1 is an emitter follower-attenuator developed
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‘around this idea, This is a very good approach for at-
tenﬁation up to 20 db, For greater attenuation several
emitter follower-attenuator stages could be cascaded but
the complexity becomes prohibitive in addition to the large
insertion loss, To attain an attenuation of 80 db, 4 cas=
caded stages of attenuators would be required with an in-
sertion loss of 35 db., This circultry would be in addition
to at least one extra IF stage to make up for the insertion

loss;
AGC Circuitry

In an effort to simplify the circuitry as much as
possible, an effort was made to utilize conventional AGC
line to provide a control bias to the bases of the IF
amplifiers, The logarithmic control voltage was developed
by takiﬁg advantage of the characteristics of the "stabistor®
produced by Texas Instruments, Inc, The stabistor is a
germanium diocde selected for its logarithmic character-
istics; The characteristics of the stabistor approximates

a logarithmic function according to the equatien,17

~ AKT In I

v
D q Iq

Where:

Boltzmann's cornstant

[

ambient temperature in degrees Kelvin

charge on an electron

H o Q = R
i

forward diocde current

-l
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Ié = dlode saturation current

Ig =~ 10”2 amps for V. >KT (28)
: q

KT =~ 25,8 mv at room temperature

4
The;stabistcrr diode selected was the G129.

The following analysis will be referred to Figure 4-2,
The reference signal from which the AGC signal is derived

is taken from the collector of the mixer transistor (Q_ of

Figure 2-3) to the AGC circuitryo This signal is unfiltered
and isbcomprised of all of the components of the Fourier
series, equation (26). If there is no incoming signal

then the only component left in the series is the oscillator
signal; This residual signal 1s used to provide a reference
bias for the AGC circuitry and IF amplifiers., The incoming
reference. signal passes through a voltage doubler-rectifier
. and D

formed by diocdes D then is filtered by the filter

i 2

formed by C and Lza The result is a d-c voltage which

50 S
controls the base of Q3o

The use of the feed=forward control locop eliminates the
probleﬁ of adjusting the attack and releése times in order to
avoid "motof boating.” The attack time of the AFC is deter-
mined in part by the input resistance and Lzo The input
resistance is approximately the output impedance of the

mixer or 5K ohms, The attack time 7/, is,

7, - L=250x 107 = 15.s, (29)
"5 103
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The release time’"]’2 is determined by CS, 06, and L2,

_ - =6 =9
‘72 = L(c1 + C,) = 750 x 107> (2000 x 1077)
7, = 1500 ps. (30)

These time constants are added to the time constant

formed by the AGC line resistors, capacitor 09,and base=

emitter capacitances of the IF amplifiers, 7& end 7; nay
be adjusted as the performance of the cirecult requires, The
values -given in (29) and (30) were found to give the best
overall performance.

T@e d=c voltage from the filter controls the base of‘
Q3, as previously mentioned. This directly controls the

current through Q Since Q3 is operated in its linear

30

range the voltage across D, is a logarithmic function of

3
the incoming signal, The resistor Ru provides an adjuste-
ment of the zero signal bias, The AGC volbtage is taken
as the veltage across the series combination Rh and D30
In practice the meter drive adjustment resistor R3 and Rh
interact slightly, therefore the meter deflection and zero
signal hias must be adjusted simulbtanecusly.

The AGC voltage varies the biasing of the IF ampli-
fiers, Using the figure on the fellowing page, the AGC

5 and R4 in series with the indi-

vidual biasvadjustment potentiometers, The voltage across

line actually places D

the DBfis econtrolled by the external current source, which

is Q3 of Figure k-2, As the incoming signal increases,
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the gain of the IF amplifiers are decreased. The individual
bias adjustment resistors may be adjusted to provide differ-
ent AGC response from each smplifier, thereby permitting
the attainment of an accurate logarithmic response of the

entire receiver.
Meter Drive

The information from the receiver is presented in th:ee
forms, a.differentiasl output for recorder purposes, a con-
ventional audio output, and a meter output, The recorder
and audio outputs will be treated later.

The meter face was calibrated to provide an accurate
indication of the incoming voltage at very low modulation
frequenoies; As the modulgtion frequency increases the
response time of the meter movement dampens the needle
oscillation and the mebter indication becomes the average
value of the amplitude of the incoming signal. Referring

again to Figure 4-2, transistor Q2 provides the current

drive for a 0-=1 millismmeter located on the front panel

of the receiver. Q2 actuallx amplifies the positive por=

tion of AGC reference signal; Since tﬁe meter movement
will not reSbond to the high frequency components, the
meter indication corresponds to the lower frequencies

and the d-=c¢ component of the reference signal. R3 provides
a means for meter current adjustment but must be adjusted

with R4 because of the interaction breviously mentioned.



CHAPTER V
IF AMPLIFIER
Design Conslderations

The design of the IF amplifier section was dependent
upon the method of developing the logarithmic response.,
The initial approach, involving the use of the logarithmic
attenuater cirecuit of Figure 4-1, required an IF amplifier
with linearvcharacteristics-since the receiver response
was determined prior te the IF amplifier. The circult of
FigureiSwi was developed,9 This circuit takes advantage
of the.simplicity offered by complementary circuitry.

The.amplifier utilizes a tuned-emitter direct-coupled
configuration., Stability is - achieved by mismatch,
therefore neutralization is unnecessary. This arrangement
results. in'several -desirable features:

1, The amplifier car be designed so that the operating
frequency. is almost independent of trénéistor property
vafiationswand suppiy voltage changes,

25- Circuit complexity is reduced.

3# ~Alignment procedure is simplified°
The predominant disadvantage is that a lower overall gain

results because of the use of nismatch for gtabilization,

35
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Additional selectivity was achieved by use of a TF-01,
a ceramic by-pass device manufactured by the Clevite Corpo-
ration,18 in place of the series tuned circuit of one emitter,
This type of circuit readlly accepts crystal, ceramic or
mechanicel filters in place of the series-tuned emitter by-
pass networks for frequency selectivity. It is a very simple
straightforward circuit for applications where an AGC loop
is not required. The bias and temperature stability for the

entire stage is provided by Bi and RZ’ since all of succeed=

ing stages are direct coupled.
IF Amplifier Deslign

The decision to incorporate an AGC type of control in
order to.reduce overall complexity necessitated a new
approach to the design of the IF amplifier., In order to
provide.simplioity of aligqment.and long term reliability
a’"Transfilter", manufactured by the Clevite Gorporation19
was chosen.as the frequency selective and interstage cou=
pling devi_ce° The transfilter is composed of two lead
zirconate-lead titanate ceramic disks cut to resonate at 430 ke,
These disks opefate as a.two=-part piezoelectric device and
‘are connected to an L-section filter, Since the resonate
frequency is set at 430 ke the antiresonate fraquency occurs
at 455 ke, the desired IF frequency.

The transfilter selected was the TO0-02Z2 because of its
impedance matching characteristics, It will match a source

impedance range from 3;9K ohms to 15K ohms with an output
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impedance range of 680 to-3,0K ohms.

The transistor selected for the IF amplifier was the
TI~364¥u This transistor is a germanium pnp device express=-
ly design fof low noise IF amplifier applicagtion, It

T

exhibipe its best noise characteristics with a generator
impedance ‘of 1K ohms,

The impedance transformation provided by the trans-
filteris determined by the load resistor of the preceding

stage; The transfilter®s load Q ie determined by the

equation521
Q = JFo
~ Baap | (31)
Where: Fo = The transfilter center frequency
By The . desired band width between the 3db points.

For a 10kc bandpass,

. 455 ¥ 107 - :
Q= HEL = 155 (32)

The load resistor Rg now is determined by the desired

input resis?éﬁéé”tévﬁhe following stage, in this case 1K ohms,

according to“the,equation,

2
R = L. [_wz ] = 5,2K ohms (33)
'q'”'BL“ > % 10-2 ,

This fixes the load resistor for all of the IF ampli-
fier stages, and‘the mixer, with the exception of the first
IF stage. Afhis”cempletes the impedance matching and fre-
quency selecti#itynportion of the analysis.

The first stage5of the IF amplifier has an output cir-

cuit which provides a selectable band-pass feature.
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Referring again to Figure 4-2, the band-pass network con-
sists of a parallel tuned circuit, two Collins mechanical
filters, and switching provisions for selecting the desired
output, This feature allows a choice of 2,1 or 6,0 kc band-
pass; .The natural band-pass of the IF stages is approx-
imately 10kc; The mechanical filter is resonated on each

end by.the capacitors Cl’ Cz, C7, and C_, according to design

8
practices suggested by the manufacturer.,22 When the 10kec

switch.position is selected both mechanical filters are
switched Qut of the circuit and replaced by an equivalent

inductance Ll' Then L1 and capacltors C1 and C2 form a
parallel resonant circuit which acts as a load for Ql'

Other than the band-pass selection feature the first IF
amplifier is identical to the following'stages shown in
Figure 5-2,

Referring now to Figure 5-2, resistors R79 RB’ and

R9 are the blas adjustment resistors for the individual
stages*and are connected to the AGC line as previously
described. With zero signal input conditions the AGC
line potential is very nearly equal to =12 Volts. As

the incoming signal increases the AGC line becomes more
positive thereby controlling the gain of the stage., The
temperature stability of each amplifier varies with the
potential of the AGC line and is a minimum at zero signal
conditions, The largest stability factor occurs under

these conditions and is approximately 7.4,
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Because of the non-linear amplificétion character=
istics imposed by the AGC an equivalent_circuit analysis is
quite impractical. The amplifier was analyzed graphically
under several bias conditions. The fina; step was to
ad just-each amplifier individually to obtain the desired
overall response, In actuality each amplifjervis adjugted

to have slightly different amplification characteristics,



CHAPTER VI
DETECTOR
Design Considerations

The detector requirements were not much different from
the nofmal,whowever the design finally arrived at is quite
different than the usual approach., This was done in order
to solve a problem which occurred in the output circulitry.
An excellentuanalysis of the diode detector is contained in
the Electronic Designer's Handbook. 23 Therefore it will
not be covered here.

The diede detector extracts the AM modulation signal
from tnepcanrier, Since the modulation information is
duplicated inleither sideband the detector need detect only
one 51deband in order to obtain all available information.
For thls reason,‘the detector is biased slightly forward
and detects only the positive or negative peaks, depending
on theppelarity of the diocde. In practice the negative
peaks afe selected in the case of tubes and npn type tran-
51stor amplifiers and the positive peaks are selected for
pnp trans1stor ampllfiers in order to provide an AGC feed-
back, _

In this epplioation thevAGC signal was not recovered

from the detector, therefore, it was immaterial which
| b2
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polarity was selected., Advantage of this fact was taken in
order to provide isolation between the audio and recorder
output circuitry. The signal from the detector was required
by both the recorder output and audio output circuitry, but
at the same time the two outputs had to be completely in-
dependent, The recorder circuitry must be unaffected by
drive level changes in the audio system, Moreover the re-
corder output system must have a d-c response and therefore
must be directly connected to the detector output., This
problem was solved by using two separate detectors,
Referring to Figure 5-2 the detector circultry act-
ually consists of two separate diode detectors, one re-
sponding to the positive peaks and the other to the negative
peaks of the incoming signal, Diode Dl and the filter
circultry formed by R10, 312’ R13 and 05 forms a detector
which detects the negative peaks. On all negative peaks
the rest of the circuitry is not conducting and is not a
part of the acting circuit. The output of this detector is
direct-coupled to the differential amplifier which provides

the recorder output. In addition, resistors 811 and le

provide a gain control and d-c biasing for one-half of the
differential amplifier.

During the occurrence of positive peaks diode D4y is cut

off, isolating that portion of the detector circuitry.
Diode D2 and its filter network consisting of 313, 314, R15

and 06 responds to the positive peaks of the incoming signal
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which is supplied to the audio output circuitry. In addition

Ryy, which 1s a front panel control,. serves as the volume or
gain control for the audio system., Since both halves of

the detector circuit conduct alternately, the outputs are

alszt completely isolated from each other. Reslstors R1o

'and'Ris.are part of the IF frequency filter network, In

eddition, they add to the network lsolation characteristics
of the detector although they decrease detection efficienoy.,23

Resistor RiB serves as d=-c balance adjustment for the detector.



CHAPTER VII
RECORDER AND AUDIO SYSTEM
Design Consideratlons

As previously mentioned, three types of information
output were required. One of the circults that was con-
sidered worked very well but was rather difficult to adjust.
This circuit is shown in Filgure 7-1, This approach was
originally consldered because there appeared no other way
that a logarithmic meter output could be obtained. Later
the meter drive was taken form the AGC reférence line and
this circuit was no longer needed. It is an interesting
approach to the porblem, however, so it will be briefly

described here. Transistors QlB’ Q3 and their surrounding

clrcuitry forms a differential amplifier designed to work

with a push=pull detector. Transistor QB is the meter

driver which derives its voltage supply from the potential
difference between ground and the tap setting,of resistor

R2'

The current variation through the meter 1s adjusted by

the positions the wiper arms of R1 and R2 resistors from

the =12 volt ends and the d-c bias for Q. is adjusted by

3
setting the arm of Rl slightly more positive than that of

b5
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32, A signal was picked off from the emitter of Qz to go

to the audio output circuitry. Resistors B5 and Hé provide

a means for cancelling out the zero signal meter current.
In addition to the obvious difficulty of adjustment a

very slight interaction between the recorder and audio cir-
cultry was detected. This was due to changes in input
impedance of the first audio amplifier with change of the
audio gailn control setting.

The output circuitry was subsequently simplified and
redesigned by taking the meter drive from the AGC reference
voltage, previously discussed, and 1solating the recorder
and audio sources with the detector of Figure 5-2,

This simplification resulted in the circultry of
Figure 7=2.

Recorder Driver

The input requirements of the Sanborn Electrocardia-
graph Recorder, which will be used with this equipment,
dictated that a differential output be provided transistors

Ql and Q2 are germanium junction transistors., They were

especially selected to have identical hf‘e and temperature

characteristics and were housed in a common heat sink.
Because of these precautions the recorder output, taken
as a difference between the collector potentials, is
essentially independent of temperature., The resistors

R3 and Hu provide a common emitter resistor and an
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ad justment for current fluctuation reduction. Since matched
transistors were employed a constant current source was not
required.24

Resistor 35 provides a fixed bias and temperature stabi-

lization for Q2 and eliminates the requirement for a push-

pull input. The base of transistor Q1 is directly connected

to the detector circuit and receives both the signal drive
and d-c bias as previously indicated. The maximum output
voltage from the differential amplifier to a high input

impedance recorder is 10 volts peak-to-peak,
Audio Amplifier

The audio amplifier utilizes an emitter=follower as
a driver which is direct-coupled to the power amplifier.25
Resistor R6 provides an adjustable bias for the amplifier.

The output transformer furnishes an output impedance of

4 ohms to a speaker,



CHAPTER VIII
ALIGNMENT AND ADJUSTMENT
Procedures

The adjustment and alignment procedures are quite simple
to describe but rather tedious to perform since the entire
system must be aligned together, The alignment procedure
will be described step by step referring to Figures 2-2 (b),
2-3, 4=2, 5-2, and 7-2:

1. Figure 2-3 adjusts the RF Amplifier, mixer and
local oscillator for maximum output to the first IF amplifier
by adjustment of L1 and L2 and Hian The signal input should

be supplied from the specific transducer to be used with
this receiver in order to insure proper input matching.

There is a definite setting of R for best mixing action,

13
In fact, each of three adjustments will give a definite
amplitude peak when properly tuned.

2. Capacitor C? will vary the frequency slightly to

align the transmitter and receiver frequencies precisely.
The transmitter frequency should first be set by menas of
a frequency counter if available,

3. Figure 4-2, With zero input signal adjust R3 and

50
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R& for minimum meter reading and for approximately -~11.9
volts at the emitter of QB’ This is a rough setting.

4, With about 40 microvolts RF signal input adjust

Ry, 01, end C, for maximum output from the bandpass net-

7
work., The bandpass selector switch should be in the 6.0
setting. Capacitors ql and C? tune the input and output
circuits of the mechanical filters and R2 ad justs the
bias of Q1°

5. Flgure 5-2. Adjust resistors B?, Rg, and_R9 for

proper operation.

6. Adjust gain control R I to maximum volume,

1
7. Figure 7-2, Resistor R6 can be adjusted now for

maximum audio output. This is all the adjustment needed

for the audio output. The audio gain control can now

be adjusted as desired,

8. Figure 5=2, Adjust Rli’ 312 and RS of Figure 7-2

for proper operation of the recorder output,

9. Figure 7-2., Resistor H3 may be adjusted for

maximum common-mode suppression.

10, Figures 4-2, 5-2, and 7-2, All adjustments in
these figures should be reaccomplished to achieve an
accurate logarithmic response for RF inputs up to 0.1
volt. With 0.1 volt to the receiver the meter reading
should be 1 ma, input to the detector should be 2 volts,

and recorder output should indicate 12 volts,



CHAPTER IX

CONCLUSIONS

The objective of this study was to develop an ultra-
sonic receiver with a logarithmic response over at least
80 db. This objective was successfully achieved. Two of
these receivers and one complete unit of supporting equip=-
ment was dellivered to the University of Minnesota Medical
School, Minneapolis, Minnesota and placed in operation.

In all, five receivers will be constructed for use in
medical research.

The design resolved some of the problems encountered
by the medical researchers but, of course, does not repre-
sent the ultimate in design. Several areas have arisen in
which the receiver could be improved. One of these is
that the AGC circuit, while presently adequate for this
application, could be made more versatile by adding an
amplifier in the AGC reference line prior to the meter
drive. This would allow the maximum AGC level to be set
over a larger range than now possible, This and other
possible modifications, particularly in the mechanical
construction area, have been suggested to Dr. Crawford's

Research Staff,
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APPENDIX
SUPPORTING EQUIPMENT

The recelver was designed to operate as part of some
ultrasonic medical research equipment. A complete unit
consisted of:

1 = 2.5 mc receiver

2,25 me receiver

¢

2.5 me transmitter

- 2,25 mc transmitter

R e

]

control and speaker panel
1 = Kepko power supply

The ultrasonic transmitter is of conventiocnal tube
design and is shown in Figure A-=1, It is designed to
deliver up to 15 watts To 50 ohm load. The drive level
control provides a continuously variable output from 0.1
watt to the maximum ocutput set by an internally adjustable
maximum- output contrcl. The maximum output is presently
set at 5 watts due to limitations imposed by the trans-
ducers,

Figure A=2 is the interconnecting diagram for the

entire unit,
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