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Abstract 

This thesis describes a bridge detector designed to operate 

between 2 kilocycles and 100 kilocycles per second. 

The detector is an electronic device which beats the incoming 

signal with a local oscillator signal. This effect is due to the 

heterodyne principle. The local oscillator is of the Wein Bridge 

type which utilizes a Wein Bridge C-R feedback circuit to produce 

stable harmonic-free oscillations. 

The beat-frequency signal is filtered by a two-section tuned 

amplifier tuned to 1000 cycles per second. The amplifiers are of 

the parallel-T feedback type which use a C-R degenerative feedback 

network to produce selective amplification. The output signal is 

detected by means of earphones. 

Good sensitivity is obtained by the use of high gain through­

out the circuit. 

Several capacitors were measured at frequencies up to 20 

kilocycles on a Schering bridge using the instrument. Balances of 

five significant figures were easily obtained. 



Section A 

Introduction 

I. Foreword 

This thesis is a description of a bridge detector designed to 

operate in the region of the frequency spectrum between 2 kilocycles 

and 100 kilocycles. The detector amplifies the sigial obtained from 

the bridge and comvearts it to a 1 kilocycle signal through a hetero­

dyning process, thus enabling the bridge to be balanced by the use 

of earphones. 

II. Some Reasons for the Operation of a Bridge at High Frequencies 

There are many reasons why it might be desirable to operate a 

bridge at an ultrasonic frequency. 

The effective resistance, capacitance, and inductance of circuit 

elements is a function of frequency, and therefore these quantities 

1,2 
should be measured at the frequency at which they are to operate. 

In the investigation of such frequency-dependent effects, it would 

be advantageous to be able to make measurements at any frequency. 

The frequency range chosen for this instrument is particularly 

important since the carrier frequencies used in telecommunication 

T.;ork lie in this region of the frequency spectrum. Therefore, it is 

important that ease of measurement of electrical quantities be achieved 

in this frequency range. 

III. Available detectors for bridges 

The simplest way to examine the types of detectors available for 

1 Harnwell, G.P. "Principles of E lec t r i c i ty and Electromagnet ism" 
McGraw-Hill, p . 433 

2 Morecroft, J.U. "Principles of Radio Communication", J . Wiley & Sons, 
1944, p. 184 
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bridge measurements at am*- given frequency is to construct a chart 

of the frequency spectrum and available detectors as has been done 

in fig. 1. 

fig. 1 Available Detectors Over the Frequency Spectrum 

frequency in cycles per second 

0 100 1 kc. 10 kc. 100 kc. 1 Mc. 10 Mc. 

Galvanometer Vacuum tube voltmeter Cathode ray oscilloscope 

Earphones Radio receiver 

IV. The Evaluation of Detectors 

In the evaluation of the quality of a detector the following 

considerations are of importance. 

1. sensitivity 

2. range of s ignals which give a nu l l reading 

3 . frequency discrimination 

4. cost and size 

In the examination of the detectors on the above chart, some 

recommend themselves in all the points mentioned above, others do not. 

V. An Investigation of Available Detectors 

For example, let us consider the earphones. The sensitivity of 

the earphones may be increased almost indefinitely through the use 

of suitable amplifiers. By the same considerations, the range of 

signals which give a zero reading can be narrowed very greatly through 

amplification of the signals. 
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The operator may train his ear to distinguish very accurately 

between fundamental and harmonics in the signal. In addition, in 

the low frequency region, low pass filters may be used to partially 

eliminate harmonic content in the output of the bridge. Thus the 

bridge could easily be balanced at any one frequency, and therefore 

the frequency discrimination of the detector may be said to be good. 

The last requirement, that of reasonable size and cost is well 

met by the earphones and accompanying amplifiers. 

In the region above 100 kc. a radio receiver may be used as a 

detector. Since a radio is essentially a detector of low voltage 

signals, and is tuneable to any desired frequency, it is ideally 

suited to bridge signal detection. Good radio receivers are available 

at a reasonable cost. 

However, upon examining the chart in fig. 1, it will be seen that 

there is a frequency range where only a limited number of types of 

detectors are available. The sensitivity of the human ear declines 

rapidly above 2 or 3 k c , while radio sets are not made which operate 

much below 100 kc. Thus between 2 kc. and 100 kc. there are only 

vacuum tube volt-meters and cathode ray oscilloscopes available as 

detectors. Both of these fail to meet fully all the oualifications 

set up for a good detector. 

The sensitivity of a vacuum tube voltmeter is a function of the 

quality of the instrument. High quality instruments usually have low 

-6 
voltage scales where signal differences of 20 X 10 volts may be 

detected. 
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The vacuum tube voltmeter has the major disadvantage that it 

reads the total voltage of all the frequencies together which are 

applied to it. Filters may be used to partially eliminate unwanted 

frequencies, but complete elimination of harmonics in this way is 

difficult. A point will eventually be reached where the harmonic 

signals will mask the fundamental sigial: and. prevent further sensi­

tivity of reading from being obtained. Furthermore, if readings are 

to be made over a range of frequencies, the elimination of harmonics 

by the use of filters necessitates a filter with a variable cut-off 

frequency. This is a clumsy and difficult piece of apparatus to build 

and operate. 

A vacuum tube voltmeter is an expensive instrument, and its cost 

increases as greater sensitivity is required. 

In the cathode ray oscilloscope, the cathode ray tube is inherently 

an insensitive method of detecting voltages, due to the high voltage 

necessary on the deflecting plates of the tube to cause unit deflection 

of the beam. Thus great amplification of the signal, with all its 

accompanying difficulties must be employed to obtain sensitivity. 

The cathode ray oscilloscope suffers from the same disadvantage 

as the vacuum tube voltmeter in that it detects all the applied 

frequencies. However, by the use of lissajous figures,- using the 

voltage input to the bridge as the horizontal sweep voltage on the 

cathode ray tube,- it is possible to distinguish quite well between 

fundamental and harmonic frequencies. 

Here again the cost of the detecting instrument may become quite 

large as good sensitivity is demanded of it. 
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From the above cons ide ra t ions , i t was f e l t t h a t a de t ec t i ng 

instrument t o operate between 2 kc . and 100 kc . which would combine 

high s e n s i t i v i t y , good frequency d i sc r imina t ion , ease of ope ra t i on , 

and low cos t would be a decided a s se t in E l e c t r i c a l Measurement work. 

Sect ion B 

The Bridge Detector 

I. Form of the Proposed Instrument 

It was proposed to build an electronic device to act as a bridge 

detector between 2 kc. and 100 kc. meeting the requirements set up 

in Section A. 

In order to give maximum ease of operation of the instrument, as 

well as good sensitivity, it was decided to use earphones as the 

ultimate detecting device. Since the human ear has its maximum 

sensitivity in the region of 1000 cps, an output signal of this 

frequency was desired from the instrument. 

The heterodyne principle was employed. The incoming signal is 

beat with the signal from a variable-frequency beat oscillator. The 

resulting signal is applied to a tuned amplifier T.rhich is tuned to 

1000 cps. Thus, filtering action in the instrument is supplied by a 

single fixed tuned amplifier, rather than a variable frequency filter. 

This means that sharp filtering action may be obtained with a minimum 

of circuitry. At the same time, the tuneable portion of the circuit 

is transferred to the local oscillator circuit where wide variations 

of frequency are more easily obtained. 

By these means the operator of the instrument is enabled to select 

and balance the fundamental of the applied signal, excluding all 

harmonics, with ease and accuracy. 
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In order to obtain high sensitivity, high amplification of the 

incoming signal is employed. To do this a preamplifier is incorporated 

into the circuit. 

In order to conserve space, miniature tubes are employed wherever 

possible, and all tuned circuits employed are of the R-C rather than 

the L-C type. This has the added advantage that there are no stray 

magnetic fields generated by inductors in the circuit which might 

conceivably affect the operation of some bridges employing inductances. 

The absence of coils also greatly reduces pickup due to stray fields 

from the bridge. 

These methods enabled the entire detector including the power 

supply to be built on an &" X 12" chassis. The cost of the apparatus 

was kept as low as possible by using components with wide tolerances 

wherever possible. (The entire apparatus could be built for approximately 

$50.00). 

A block diagram of the apparatus is shown in fig. 2. 

Jf* Szixr JJ/MM/1 orm /fcp/mari/s 

//vpur 
o-

7%£f}rm/F/£7l 

loc/nfls&wm 

tftXER ouriur. 
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II. The Heterodyne Principle 

It is desired to convert the incoming signal, which lies in the 

ultrasonic region of the frequency spectrum, into a 1000 cps. frequency 

which the ear will readily detect. To do this the incoming frequency 

coa will be beat with a local oscillator frequency o)^. 

The plate current of a vacuum tube may be represented by a power 

1 
series 

S ^ o +Klei + K2eg? 1I~1 

where eg is the applied grid signal 

iD is the plate current 

K's are constants of the tube. 

It is known that |KSI decreases as s increases. 

If both toa ani o-j are applied to the ̂ rid (or grids) of the tube 

e. = a Cos (a)at) + b Cos (ooit). 

2 
Taking the f^rst three terms of II-l 

i = iQ + K^ (a Cos a)at + b Cos ujt) 

+ K 2 ( a 2 / 2 ) ( 1 + Cos 2ooat) +(b 2 /2 j ( l + Cos 2to1t) 

+ ab Cos ((jL)a-<A)]_)t + ab Cos (o)a+o)]_)t I I - 2 

Thus the frequencies present due to the f i r s t two terms of the 

expansion a re 

0, a>a, u>l, 2coa, 2o)i, (<% + ^ 1 ^ I w a - ^ l • 

1 Appleton, E.V. "Thermionic Vacuum Tubes" Methuen & Co., 1932, p.81 
2 Morecroft, J.H. "Principles of Radio Communication", J. Wiley & Son, 1944 

D. 585. 
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If the local oscillator is tuned in such a manner that |a)a - cô  

= 1000 cps, then all of the other frequencies present will be in the 

ultrasonic region and be inaudible (assuming cô  is in the ultrasonic 

region). Furthermore, if the output of this tube is filtered with a 

sharp band-pass filter in some manner> (in this case a tuned amplifier 

tuned to 1000 cps is used) the only frequency on the output side of 

the filter will be | coa - o^ I (= 1000 cps). 

The inclusion of further terms of the series II-l will produce more 
i 

d i f f e r e n t frequencies , but most of them wi l l be outside of the audible 

range . All these s igna ls due t o higher terms wi l l be small , s ince Ks 

decreases in s i z e as s i nc reases . Therefore, those ex t ra s igna ls which 

l i e i n the audible range w i l l be el iminated by the following frequency 

f i l t e r . 

Assume t h a t the input s igna l contains harmonics no)a where n i s any 

i n t e r g e r , and t h a t the l o c a l o s c i l l a t o r i s tuned so t h a t | a)a-o^ 1=1000 cps . 

The output of the mixer tube wi l l now contain frequencies 

0 , oh • £ na)a, £ na)a + UH I 
J- -7-,= ; a n-i a. — x 

Of these the following amplifier will only pass |coa - o^ (= 1000 cps). 

Assume that even the local oscillator signal contains harmonics 

ma)-i (where m is any interger), and that the local oscillator is tuned 

so that |o)a - (Jh I - 1000 cps. Then the output of the mixer tube will 

contain frequencies 
°° °̂  °° °° I 

0 , E mcoi, £ no)a , TZ( |ncoa + mco^. 

1 Appleton, E.V. "Thermionic Vacuum Tubes", Methuen & Co., 1932, p.81. 
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Of these the following tuned amplifier will still pass )o)a-o)i| (=1000 cos). 

However it is also possible that | ncoa - mc^ | = 1000 cps at this point 

of tuning. This would introduce unwanted frequencies in the measurement. 

This condition is extremely unlikely for if 

| coa - CO-L I « 1000 cps 

and |nooa - mcô  = 1000 cps 

then n = 1000 + mcoi • 

1000 + c^ 

Thus this condition is possible only for a very few values of a^. 

This unwanted condition may be entirely eliminated if there are no 

harmonics in the local oscillator output. 

Thus the heterodyne process can be employed to produce an audible 

note from a high frequency signal in such a manner that only the 

fundamental of the input signal is detected. 

It is customary to use a multigrid tube as a mixer tube, thus 

enabling the impression of signals coa and u)i on the tube output while 

still isolating the signal inputs from each other. 

Ill The Wein Bridge Oscillator 

1. The Characteristics of the Desired Oscillator 

An oscillator was required which would have a continuously variable 

frequency range from 1 kc. to 100 kc. It was necessary that the output 

be as pure a sine-wave as possible, since harmonics in the oscillator 

would make tuning the apparatus more difficult as well as introducing 

possible unwanted frequencies in the output. In keeping with the rest 

of the apparatus, it was desired to keep the physical size of the 

components used to a minimum. 
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The Wein bridge oscillator was chosen because it best fulfilled 

the above conditions. 

2. The Wein Bridge 

Consider the bridge circuit in fig. 3. The balance conditions for 

the bridge are 

R2 — Rs + Cp 

^1 **p ^s 

wo G s V ^ - 1 IH-2 

It is customary to operate this bridge with Rs = Rp = R 

Then III-l becomes 

^s - Op - C. 

R2 m 111-3 

Rl 

I I I - 2 becomes 

co0CR = 1 I I I - 4 

3. The Wein Bridge Oscillator 

In fig. 4 the components R^, R2, Cs, Cp, Rs, Rp, represent a Wein 

Bridge which is used to cause regenerative feedback from tube 2 to tube 1 

of one particular frequency, o)0, and degenerative feedback of all others. 

The frequency at which the circuit oscillates is determined by the bridge 

network in the following manner. A negative feedback voltage is fed to 

the cathode of the tube by the resistive network R^, R2. This voltage 

is independent of frequency. The network composed of CsRsCpRp applies a 

positive feedback voltage to the grid which is a maximum at the frequency 

1 Terman, F.E. "Radio Engineers Haidbook", McGraw-Hill, 1943, p. 905. 
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0)o given by the br idge balance condi t ions ( I I I - / ; ) . I f the bridge i s 

c o r r e c t l y balanced the pos i t ive feedback is j u s t su f f i c i en t t o over­

come the nega t ive feedback ? t the frequency o)0 and regenera t ive 

1*2 

oscillations take place. A+ frequencies not ne?r oy,, the positive 

feedback is small compared to the negative feedback,- thus keeping the 

harmonic consent of the outm.it + ̂  very small mrop^tion*. 

A more detailed examination of the circuit v? U show that whilp 

this is substantially what happens, the oscillator actually oscillates 
9 

a t a frequency s l i g h t l y below tha t <H.ven by fc£ - 1/C^CSRDRS. (See 
Appendix I). 

2 

4- Automatic Amplitude Control 

In order that the circuit may remain stable from the viewpoint of 

amplitude of output oscillations, the bridge must automatically unbalance 

itself in such a way as to enhance the oscillations if they become too 

weak and tor damp the oscillations if they become too great. This is 

done by varying the amount of negative feedback by varying the ratio 

Rl/R2» This has the effect of varying the amplification, and is done 

by placing a thermally sensitive resistor at either R]_ or R2. 

Assume that R]_ is the thermally sensitive resistor. If the 

oscillations are too strong, too large a current flows in R^, and 

therefore Ri should increase, thus increasing the negative feedback 

voltage and damping the oscillations. If the oscillations are too 
1 Chance, B., Hughes, V., MacNichol, E.F., Sayre, D., and Williams, F.C. 

"Waveforms", (M.I.T. Rad.Lab.Ser.), McGraw-Hill 1949, p. 118. 
2 Terman, F.E., Buss, R.R., Hewlett, W.R.,»Cahill, F.C. "Some Applications 
of Negative Feedback with Particular Reference to Laboratory Equipment" 
Proc Inst. Radio Engrs., N.Y. 27, 10, 649, r 

3 Scott, H.H. "A New Type of Selective Circuit and Some Applications" 
Proc. Inst. Radio Engrs., N.Y. 26, 2, 226. 

http://outm.it
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weak, too small a current flows in R^ and therefore RQ_ should decrease 

in order to enhance the oscillations. This effect may be achieved by 

using an incandescent li^ht bulb for Ri - for as I increases in the 

lamp - R increases, thus producing the desired result of keeping the 

circuit in equilibrium. 

5« Characteristics of the Wein Bridge Oscillator 

The oscillator discussed above has easily variable frequency of 

good stability - the stability being governed by the bridge network. 

As mentioned before, low frequencies may be obtained with small sized 

components, because of the use of the R-C network. In addition, there 

are no inductances present, and therefore no stray magnetic fields are 

generated to interfere with bridge operation. Similarly, the absence 

of coils reduces pickup from fields caused by outside circuits. The 

bridge network automatically discourages harmonics, so that harmonic 
1 ? 

content should be low if the amplifier oroduces little distortion. ' " 

Therefore, high gain may be employed provided the amplifier operates 

in the distortion free region of its characteristic The resulting 

hir-h output signal is advantageous, as maybe seen from equation 2 

of Section B-II on the heterodyne principle, which ^hows that the 

amplitude of the desired signal |coa - ^j\\s proportional to ab where b 

is the amplitude of the local oscillator signal. Howsv.?r, ̂  point will 

be reached where further increase of b will result in a decrease of the 

amplitude of | wa-U)i |. This comes about through a consideration of 

further terms of the output series TI-1." 
1 Chance, et al (See page 12) 
2 Scott (See pa°-e 12, #3) 
3 Appleton, E.V. "Thermionic Vacuum Tubes", Methuen & Co. IQ?O p. %\m 
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IV. The Tuned Amplifier 

1. Negative feedback amplifiers 

It was decided to use a tuned amplifier of the negative feedback 

type to obtain frequency selectivity. 

Consider the amplifier circuit in fig. 5. Without feedback 

e0 = Ae 

where A = amplification 

e = applied signal. 

/fS 
/£EDB/?£Jr /fffFl/r/fX 

Suppose a f r a c t i on P of e 0 i s f°d back from B t o A i n such a 

way t h a t the fed-back por t ion Pe0 tends t o cancel e , i . e . |?e0 i s 180° 

out of phase with e, and there fore p has a (-) s ign . Then 

e i 

©i 

eo 

— 

= 

~ 

e 

-

— 

- Pe( 

2SL 
A 
Ae 
1-AP IV-1 

1 Millman, J., Seely, S. "Electronics", McGraw-Hill, 1941, ?• 607. 
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If a c i rcu i t can be devised with an impedance Zf such that a t 

one frequency, co0, Zf =oO and at neighbouring frequencies Zf has a 

f i n i t e value, then at a)0, 3 = 0, and therefore e0 = -Ae from IV-1 

whereas at neighbouring frequencies p * 0 and thus eQ = -Ae/(l-pA) 

which i s smaller than e 0 . a t co0. A frequency select ive amplifier 

which amplifies frequency oo0 to a greater extent than a l l others 

has thus been devised. 

Since the voltage at B i s already 180° out of phase with that 

of A, the desired network should ideal ly have a zero phase shif t 

cha rac t e r i s t i c . However, i f the phase shif t caused by the network 

i s small a t frequencies not near co0, the input voltage, e will s t i l l 

tend t o be cancelled by the fed-back voltage Peo, so as t o produce 

at tenuation of the output signal a t these frequencies. Near (0o, the 

quantity Pe0 i s small, so that as far as equation IV-1 i s concerned, 

the phase shif t caused by Zf i s of l i t t l e importance, from the view­

point of frequency se lec t ion . . The poss ib i l i ty of regenerative feedback 

due to too large a phase sh i f t in Zf wi l l be dealt with l a t e r . 

2 . The Paral le l -T network 

Consider the general paral lel-T network in f i g . 6. This network 
1,2 

has an i n f i n i t e impedance when the following re la t ions are sa t i s f i ed . 

1 Hil lan, A.B. "The P-ral le l -T Bridge Amplifier", J . Ins t . E l e c Engrs, P t . ITI 
94,27,42. 

2 Valley, G.E., Wallman, H. "Vacuum Tube Amplifiers" (M.I.T. Rad.Lab.Ser.) 
McGraw-Hill, 1948, p. 387. 
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0)o = 

G1C2R3(Ra + Rb) 

Ci + c. 
O • • — 

c l c2GcRaRb 

IV-2 

IV-3 

Av v- femm 7tom£i- T'-NtTwwk: 
rA/VW n. 

4 
> 

£ 

AAAAn 

& 

: * * 

•<© 

Thus, in order to achieve balance at any frequency, tô , two components, 

Ro and Cc must be adjusted. 

It is common practice in the use of this network to make 

Ra = Rb = R IV-4 

C-L = C2 = C IV-5 

This is the form used in this apparatus, and hence for simplicity, these 

equalities will be used in all succeeding discussion. 

Eliminating GO0 in IV-2 and IV-3 

RaRb Ci + C2 

%(Ra
 + Rb> 

«• R3 - IT °C " £ 

= n 

IV-6 
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For the case where the load impedance of the network i s i n f i n i t e , 

the network may be t rea ted as a potent ial divider. If p i s the 

transmission parameter of the network, then 1 

p = W ^ o - ̂ o/o)) IV_7 

Wa)0-oo0/a))+2j (n+l)//n 

To find the value of n which would give the sharpest response 

characteristic "i *[ P ' 

dp n+1 
P=l 

d_ d£ 
dn \ dp 

where p = 0)/a)o 
Therefore, n = 1 is the optimum value. However, the slope of 

= 1 - n = 0 
p«l' 

d£ 
dp at n = 1 is a slowly varying function, and thus if n lies in 

p=l 
the neighbourhood of 1, the response characteristic will still retain 

its sharp peak. 

With reference to the method of balancing the network by varying 

Ro and Cc, suggested by IV-2 and IV-3, it will be seen that such a 

variation vail also have an effect on the shape of the response 

characteristic If the value of n set by R3 and Cc is not near 1, 

then the response peak of the network will be relatively broad. 

It will be seen that equation IV-7 is logarithmically symmetric 

in a) about o)0; that is, the interchange of coo/co for CA)/CJL>0 (where 

^o/00 = w/ wo) m k e s no difference. Thus the response characteristic 

of the network is symmetrical about 0)o when plotted on a logarithmic base. 

1 Valley, G.E., Wallman, H. "Vacuum Tube Amplifiers" (M.I.T. Rad.Lab~.Ser.) 
McGraw-Hill, 1948, p. 387. 

http://Rad.Lab~.Ser
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Also, from equation IV-7, P ^ l as co-^0 or co-^-^ 

However, the network will always be operating into a finite 

impedance. If this load impedance is a pure resistance, R^as in 

fig« 7(a), the circuit no longer has a symmetrical selectivity curve. 

For the circuit in fig. 7(b) is the low frequency equivalent of the 

circuit in 7(a) and in this circuit 

0 - Rl/&1.+ 2R)\ 1 

The circuit in fig. 7(c) is the high frequency equivalent of fig. 7(a) 

and in this circuit 3 = 1 . 

//r 

I—\\VVVVS" Jv\AWvV1 

7* 

~f 

zc 

JL 

% 

U'.rup •O 0 * 

-P O—V\/\AV V W V W I *: <> 
7? 7? 

* x 

•Q ^ 

The symmetry may be restored to the selectivity curve by using a 

load composed of a resistance R^ and a capacitance C]_ in series, where 

R^ = mR 

C L = C/m 

IV-8 

IV-9 

1 Hil lan, A.B. "The Paral le l-T Bridge Amplifier", J . I n s t . E l e c Engrs 
Pt . I l l , 94, 27, 42. 
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I t i s found that as m gets l a r g e r , the s e l e c t i v i t y curve of the network 

ge t s sha rper . However, a f t e r m> 5, the a d d i t i o n a l improvement obtained 

by inc reas ing m fu r the r i s small .-1 

In IV-7, i f n = 1 and p = o)/o)0, then 

P = 
l + 4 j p / p 2 - l ) 

I f t h i s equation i s p lo t t ed i n po la r form 

JO P = P 

where 

exp 

1 
l + l 6 p 2 / ( l - p 2 ) 2 

and 9 = tan"*1 —&E— from equation IV-10. 
p2 - 1 

Then a polar plot such as that shown in fig. 8 results. 

IV-10 

"S * Tbl/lpTlOT6T WE f££DBM/C ?/?7V?/f£r£Xp 

1 Hi l l an (See page 18) 
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I t w i l l be seen from f ig . 8 that the phase change caused by the 

c i rcu i t i s small when the frequency i s not near co0. Thus th i s circui t 

s a t i s f i e s the phase change conditions se t up in the discussion of 

negative feedback amplifiers. 

However, i f the network is i n c o r r e c t ^ balanced, the locus of p 

does not pass through the or igin, but may follow a locus similar to 

one of those shown dotted in f ig . 8. Thus, positive feedback may occur 

in the region of nominal balance frequency. This condition wil l enhance 

the output s ignal obtained but wi l l also cause a loss of s t a b i l i t y in 

the c i r c u i t . If the effect i s too great , regenerative osci l la t ions 

wi l l r e su l t . 

A c i rcu i t has now been devised which, if used as Zf, in f ig . 5 

wi l l have the proper frequency select ive character is t ics and phase 

charac te r i s t i c s to make the c i r cu i t shown in fig* 5 a frequency selective 

amplif ier . 

If th i s c i rcu i t i s ana^zed i t wi l l be found that the peak 

amplification varies inversely as m + 1. Thus the se l ec t iv i ty obtained 

and the peak amplification represent a compromise on the value of m. 

Section C 

The Construction of the Apparatus 

I. General Construction Details 

It was desired to produce a finished, self-contained instrument of 

compact size and moderate cost. Simplicity of operation was of prime 

importance. 

1 Hillan (See page 18) 
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The entire instrument including the power supply was built on a 

standard 8 X 12" Hammond chassis. A front panel of Arborite was placed 

on the 8-inch side of the chassis. This permits the completed instru­

ment to be placed on a shelf with other apparatus with the use of a 

minimum of shelf length. 

All controls necessary for the operation of the instrument are 

mounted on the front panel, as are the input and output terminals. The 

input and output terminals are banana plug binding posts mounted on 

3/4" centres. This permits their use with a standard twin banana plug. 

One of each pair of terminals is connected directly to the ground. 

This permits the instrument to be used with a shielded transformer in 

the bridge circuit. 

For ease in tuning a Vernier adjustment is provided on the tuning 

condenser. This is achieved, through a simple pulley system which 

results in a slowing of the direct drive by a factor of four. 

The A-C input enters the chassis at the back. There is also a 

ground terminal at the back of the chassis. 

A circuit diagram of the detector circuit is given in fig. 9 with 

the adjoining Table I containing a components parts list. In addition 

photographs of the apparatus are given in fig. 13. 

II. The Wein Bridge Oscillator 

A Wein Bridge Oscillator, such as that described in Section B-III 

was used as the local oscillator in the circuit. A miniature 6AU6 

voltage amplifier pentode was used as the oscillator tube, while a 

miniature 6AK6 power amplifier pentode was used as the output tube. 
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Output frequencies of from 1.2 kc. to 130 kc. a t an RMS voltage of 

35 vol ts are obtained from this o sc i l l a to r . This frequency range i s 

obtained in two over lay ing steps - from 1.2 kc. to 13 k c and from 

12 kc. to 130 kc. These frequency ranges aopr^dmate those predicted 

from equation I I I - 4 , which are 1.2 k c to 13.25 k c and 12.1 kc. to 

132.5 k c , where the f i r s t range i s calculated using R = 100 kilohms 

and C varying from 1320 oicofarads to 120 picofarads. The higi range 

uses the same condenser and an R of 1Q0 kilohms. The change-over from 

low to high frequency i s obtained by subst i tut ing R36 and R39 ( f ig . 9) 

for R37 and R^g by means of a switch mounted in the front panel. The 

frequency i s varied by varying the size of C32 and C33 (in f ig . 9) 

simultaneously by means of a knob on the front panel. The overlapping 

of the ranges i s caused by the fact that the condensers actual ly vary 

in s ize from minimum to maximum by a factor of 11. I t was f e l t that 

t h i s overlapping contributed to the ease of operation of the instrument. 

The variable condenser i s mounted on top of the chassis , and i s 

completely shielded to eliminate variable s t ray capacitances. 

The r e s i s to r s R35, R37, Rj$, R39 (f ig . 9) , which are a l l in the 

frequency determining network, are a l l wirewound for greater frequency 

s t a b i l i t y . 

The amount of negative feedback to the cathode of tube 5 i s controlled 

by a rheos ta t , P^. This rheostat i s a lso wirewound for greater s t a b i l i t y . 

The rheosta t was adjusted u n t i l the output of the o sc i l l a to r was a 

maximum without noticeable d i s to r t ion of the waveform. This point was 

reached when the RMS value of the output was 35 v o l t s . 
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For higher outputs, noticeable distortion of the waveform could be 

detected on a CRO screen. The rheostat ?£ was adjusted to the optimum 

value and locked into position. In the operation of the instrument 

afterwards, it was found that the harmonic content of the output was so 

low that it was difficult to detect its effects. 

From the analysis in Section B-III, it will be seen that maximum 

output is obtained from this oscillator when the associated T'fein Bridge 

frequency determining circuit is just balanced. The condition imposed 

on the bridge was that Rs = Rp and Cs » Cp. If Rs and Rp are out of 

balance, then equation III-l will be out of balance. But the ratio 

RS/RD is still constant, since Rs and Rp are constant. 

Therefore, the amount of unbalance caused will be constant and 

will not vary over the frequency range. But if Cs and CD are unbalanced 

the ratio Cs/Cp will not be constant, sinc^ Cs and Cp are variable. 

The percentage unbalance of the bridge will thus be greatest when the 

condensers are at their lowest value, i.e. at high frequenc3r, than when 

they are at their highest value. Therefore the output of the oscillator 

will be lower at high frequencies than at lower frequencies. It was 

found that a small unbalance of the condensers would cause the output 

to be reduced by as much as 5° percent at high frequencies. 

In discussing the incandescent lamp used as an automatic amplitude 

control in Section B-III, it was shown that as the current through the 

lamp increased, the lamp heated up and its resistance increased, thus 

rebalancing the current. However, this process naturally takes a finite 

time during which the oscillator must operate in some state between 

the initial and final state. It was found that the system operated best 
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when the lamp was kept quite ho t , - in fact i f the output of the 

o s c i l l a t o r was turned down below 20 volts RMS, sudden changes in 

frequency, and consequent a l t e r ing of balance conditions would cause 

sharp increases or decreases of output voltage which would gradually 

disappear as the c i rcu i t returned to normal. 

This effect i s explained by the fact that when the lamp i s 

operated at a high temperature, the resistance varies more rapidly with 

temperature. In addi t ion, i f the lamp i s operated at a high temperature 

in r e l a t ion to i t s surroundings, heat is radiated and conducted away 

from i t more rapidly , and the lamp thus becomes more sensi t ive to 

instantaneous changes of heat generated by the current in i t . Thus the 

lamp should be operated as hot as possible i f the automatic amplitude 

control i s to have a short time lag . 

I I I . The Mixer Tube 

A miniature type 6BE6 pentagrid convertor was used to heterodyne 

the local o sc i l l a to r s ignal with the incoming s ignal . Grid #1 was used 

as the control grid for the local osc i l l a to r s ignal , while grid #3 was 

used for the incoming s igna l . Grids #2 and #4, which are joined together 

within the tube , were used as screen gr ids . This arrangement serves to 

reduce the in tere lect rode capacities involving the two control grids to 

a minimum. In par t i cu la r , the capacity between grid #1 and grid .73 

i s g rea t ly reduced, thus effect ively i so la t ing the input signal from the 

loca l o s c i l l a t o r s ignal . 
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IV. The Tuned Amplifier 

In view of the fact that the tuned amplifier was to be required to 

select a 1000 cos signal obtained by tuning a local oscillator signal 

to beat with a signal which may have a frequency as high as 100 k c , it 

was felt that the amplifier should have a broad maximum of response. 

For this reason, two cascaded tuned amplifiers of the parallel-T 

feedback type described in Section B-IV, and tuned 70 cps apart, were 

used. 

Since it was desired that the response characteristic have a broad 

flat maximum, the response curves of the individual amplifiers could 

not be too sharp. This was accomplished by not tuning the parallel-T 

feedback circuits to their maximum selectivity. By making the value 

of n (Part B-IV 6,7) slightly/- greater than 1, and bj making the value 

of m (Part B-IV 8,9) approximately 2, the selectivity curves of the 

individual amplifiers were made quite broad. Care was taken however 

not to make them too broad, lest beats from harmonics of the signal 

also be amplified, thus spoiling the selectivity of the instrument. 

The broadening of the peaks also had the effect of increasing the 

effective amplification factor of the amplifier at the maximum. In the 

first place it was remarked in Section B-IV that the peak amplification 

of the individual amplifier varies inversely as m + 1. Thus the low 

value of m employed gave high peak amplification. Also, since the second 

amplifier operates with the other's output signal as its input signal, 

the broadness of the peaks means that when one amplifier is operating 

at maximum response, the other is amplifying the same signal more than 

would be the case if the peaks were much narrower. 
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The p a r a l l e l - T ' s were balanced by cut and t r y methods r a t h e r than 

the more tedious matching of components. This method enabled the use 

of wide t o l e r a n c e (+ 10?) components. By t h i s method, response Peaks 

were obtained a t 1000 cps and 1070 CPS. The adjustment of ? 3 and C2Q, 

P£ and C3i, not only tuned the networks t o t h e i r balance po in t s , but 

enabled s l i g h t v a r i a t i o n s of the pos i t i on of these balance points in 

the frequency spectrum. For l a rge r va r i a t i ons (of more than 20 cps) i t 

was found t h a t ad jus t ing the values of R and C in t he "cross" of the T 

was the e a s i e s t method (equations IV-2 and IV-3) . In order to obtain 

two peaks of equal he ight on the ove ra l l response curve, i t was necessary 

to make the peak ampl i f i ca t ion of tuba 0 a lone , whose peak i s a t 1070 

cps h igher than t h a t of tube /£?. a lone , whose peak i s a t 1000 cps . This 

was done by s l i g h t l y detuning the p a r a l l e l - T network of tube # 2 . The 

above e f fec t i s con t ra ry to what would be expected from a considerat ion 

of IV-7 which shows t h a t t h e response curve i s logar i thmica l ly symmetrical 

about i t s maximum. From t h i s , one would expect t h ? t the low frequency 

tube should have t h e h igher ampli f icat ion s ince at maximum response i t 

would be operat ing on a lower por t ion of the response curve of the other 

tube than t h e high frequency tube in s imi la r circumstances. 

Response curves f o r each of the tubes ind iv idua l ly and of the two 

t o g e t h e r a re p l o t t e d in f i g . 1 1 . These curves were obtained by pu t t ing 

a 0 . 1 v o l t s i g n a l on t h e po in t s A and B ( f i g . 9) outs ide t he tuned g r id 

loads of t he i n d i v i d u a l a m p l i f i e r s , and measuring the output of t h e tubes 

with a vacuum tube vo l tme te r . Data obtained in t h i s manner i s contained 

i n Table I I . 
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I t should be pointed out tha t while the curves so obtained 

correspond to the conditions under which tube #3, and the whole 

amplifier must operate , they do not correspond to the conditions under 

which tube ## must operate . For while tube #1 has a constant input, 

and thus operates over a f l a t portion of the tube character is t ic 

(assuming a small input s igna l ) , tube ## in ordinary operation has a 

variable input depending on frequency, which i s much larger than the 

constant s ignal input of tube #2, in the region of 1000 cps, and may 

thus force the tube t o operate for part of each cycle on a non-linear 

portion of the tube cha rac t e r i s t i c s . This would have the effect of 

reducing the effect ive amplification of the tube under operating 

condit ions, thus necess i ta t ing a higher peak amplification of the tube 

under the conditions which were in effect when the curves were taken. 

This condition i s shown by the dotted curve for tube #£ in f ig . 11 

which i s obtained by s u b t r a c t i n g the decibel gain of tube #3 from the 

t o t a l decibel gain of the amplifier. This gives the decibel gain of 

tube #£. The values so obtained are tabulated under calculated gain in 

the l a s t column of Table I I . 

I t w i l l be noted that for input signals above 15 volts the output 

of tube #^ i s markedly different from that at low signal input . The 

major effect i s t o lower the peak amplification to a value of 28 decibels 

under operating condit ions. 

In the construction of th is amplif i-r , d i f f icul ty w*s encountered 

with regenerative osc i l l a t ions (as discussed in section B-IV). If the 

res i s tance R3 in the "upright" of the T was made too small, or the 
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capacitance, Cc, too big, conditions were obtained where regenerative 

oscillations occurred. This difficulty was overcome (l) by careful 

tuning of the feedback networks so as not to go past their balance 

points and reach this condition for positive feedback; (2) by reducing 

the gain of the amplifiers themselves until they were moderate gain 

amplifiers. This is to satisfy the Nyquist criterion1 which states 

that oscillations will occur if the product Ap = 1 (where A is the 

amplification and p is the feedback factor and both are complex 

quantities.) In this case p is small, so that if A is reduced, Ap 

will be less than 1 and the oscillations will cease. (3) A small amount 

of negative feedback to the cathode of each tube was employed. This was 

achieved by using a relatively small cathode bypass condenser. 

Care must be taken in designing an amplifier of this type that the 

components of the feedback network will have a high enough impedance 

2 
that the tube impedance is not shunted by the network. In addition, the 

capacitances of the network should be large enough that the interelectrode 

capacitances will not unbalance the bridge unduly. 

From the curve in fig. 11 it will be seen that the amplifier so built 

has the desired characteristics. A fairly large pass band with a broad 

square top approximately 100 cycles broad is obtained. The high amplifica­

tion obtained,- 43 decibels in the peak,- is a favourable factor, while 

the attenuation caused at low and high frequency is also of great assistance 

1 Terman, F.E. "Radio Engrs Handbook", McGraw-Hill, 1943, p. 398 

2 Hillan, A.B. "The Parallel-T Bridge Amplifier", 
J. Inst. Elec Engrs, Pt. Ill, 94,27,42. 
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V. The Preamplifier 

An experimental setup consisting of the mixer, loca l osc i l la tor 

and tuned arrplifier was bu i l t and tested on a bridge. I t was found tha t 

a preamplifier of 40 decibels gain was necessary in order to balance 

bridges to five s ignif icant f igures, which was the accuracy of balance 

des i red . 

Since the instrument i s to be used over a range of frequencies 

from 2 kc. to 100 k c , the preamplifier must have a 40 decibel-

amplification over th i s frequency range. I t was or iginal ly decided 

to use two moderate gain R-C coupled amplifiers as the preamplifier. 

However, when the c i rcu i t was b u i l t , super-regenerative osci l la t ions 

a t a frequency of 1000 cps occurred with the main feedback loop being 

d i r ec t l y from the output to the input terminals . These osci l la t ions 

occurred when there was no input s ignal , being apparently s tar ted by 

random noise i n the c i r c u i t . A small input signal served to squelch 

these o s c i l l a t i o n s . However since i t was desired t o balance bridges 

to a nu l l s ignal , the osc i l la t ions had to be eliminated. 

These osc i l l a t ions were due to the high gain of the instrument, 

coupled with proper phase re la t ions between output and input, as well 

as some coupling of the various stages through the power supply. Heavy 
f. -

decoupling of the whole amplifier chain was resorted to, as well as 

shielding of the input circuit. At this point oscillations could be 

eliminated by the use of a shielded input terminal. However, it was 

felt that this would complicate the use of the apparatus needlessly. 

Therefore one stage of preamplification was eliminated. This not only 

reduced the gain but it altered the phase relations between the output 

and iripat and thus effectively halted oscillations. 



-30-

By making the preamplifier a fairly high gain amplifier, it was 

still possible to obtain a 40 decibel gain over the desired frequency 

range. This is illustrated in fig. 12, which is a plot on a logarithmic 

frequency scale of the response of the amplifier. This plot was obtained 

by applying a signal of 0.1 volts at various frequencies to the input 

of the tube and measuring the output with a vacuum tube voltmeter. The 

data so obtained is contained in Table III. 

A gain control on the. preamplifier was desired as a means of 

controlling the output of the Instrument and thus enabling preliminary 

balancing of the bridge when relatively high signals are obtained from 

it. When a 1 megohm carbon potentiometer was placed across the grid 

circuit of the input tube as a gain control a high noise level resulted 

in the instrument. This noise was due partly to thermal noise and partly 

to the noise common to all carbon type resistors caused by granular 

contacts changing.1 This noise voltage varies as the resistance, and 

is a voltage generated directly across the terminals of the resistor. 

This noise was very largely eliminated by placing the 1 megohm 

potentiometer ?1 (fig. 9) in series Hth the grid, "hich then had a 

68 kilohm resistor as a grid leak to ground. This arrangement effectively 

removed a large part of the noise voltage from the circuit. At all 

times the noise voltage was now only that developed in the 68 kilohm 

grid leak, rather than that develop^ in the 1 megohm potentiometer 

which was much higher. This circuit has the disadvantage, however, that 

it is not possible to turn the input signal down to zero. If a bridge 

oscillator with a variable input is used, this difficulty is easily overcome 

1 Terman, F.E. "Radio Engineers Handbook", McGraw-Hill, 1943, p. 477 
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I t was found in using the instrument, tha t osc i l la t ions tended to 

occur due to in terac t ion between the output (earphone) leads and the 

input l e ads . However, the use of a shielded input lead effectively 

eliminated th is d i f f i cu l ty . 

VI. The Power Supply 

A power supply designed to give 300 volts a t 100 milliamperes and 

6.3 vol ts and 4 amperes was bu i l t into the instrument. The supply 

u t i l i z e d a conventional 2-stage choke input f i l t e r to give a high degree 

of f i l t e r i n g . The supply may be switched on and off by a switch in the 

front panel. A c i rcu i t diagram of the power supply is given in f ig . 10. 

Section D 

The Finished Instrument 

From an examination of the data presented, and allowing for a 5 

decibel loss in the converter tube, i t w i l l be seen that the instrument 

has an 80 decibel gain over the operating frequency range when correct ly 

tuned. This means t ha t the instrument has a 5-volt output (which can 

eas i ly be detected by earphones) for a 5 X 10""^ volt input . 

However, an eas ier way to see the effectiveness of the instrument 

is t o consider readings made with i t under actual operating conditions. 

The Schering bridge shown in f ig . 13 was used in th i s t r i a l . The 

balance conditions for th is bridge are given by 

0X = Rl
Gk/R2 D-l 

Rx = K2cl/Ck D-2 

1 Terman, F.E. "Radio Engineers Handbook", McGraw-Hill, 1943, p . 905 
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•fy/3. 
THE $tN£RM $niME 

Rx and C x ^re the resistance and capacitance, respectively, of 

the unknown, C^ is a known standard capacitance, R2 is a fixed resistance 

and Ri and C-̂  are the variable resistance and capacitance respectively. 

The bridge used was a Sullivan bridge, with components accurate to 0.1 

percent. 

Readings were taken on two condensers separately and then of the 

two in series and in parallel at various frequencies. The readings 

were then checked from the formulae 
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CP '" Ca + Cb D^3 

c s = CaCb D_4 
Ca+Cb 

Rs = Ra
 + % D-5 

where the subsc r ip t s r e fe r s to s e r i e s and p to p a r a l l e l . 

The exact formula for D-3 i s given by 1 

ca = 
l+0)2C?Rs2 

n ' __ °b 
l+co2Cb

2Rb
2 

For good q u a l i t y condensers the value Ra or Rb i s small , and there fore 

Thus D-3 

w o 2 C a V « 1-

Cp ~ ^a + Cb 

holds approximately. 

The br idge was f i r s t balanced a t 1 k c , using the ordinary audio 

ampl i f i e r and earphones provided. Then, the de t ec to r was in se r t ed i n t o 

the c i r c u i t and the bridge was again balanced at i n t e r v a l s of 5 kc . 

u n t i l 20 k c , which was the maximum frequency of the bridge o s c i l l a t o r . 

The r e s u l t s of these measurements are given in Table IV. In a l l 

cases the r e s u l t s obtained have er rors which are of the same order as 

those obtained at 1 kc . with standard equipment, and thus must be e r ro r s 

inhe ren t t o t he bridge equipment. 

llvHague, B. "A.C. Bridge Methods", Pitman & Sons, 1946, p . 190. 
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I t i s i n t e r e s t i ng to note the var ia t ion of effective capacity and 

res is tance of the unknown with frequency. The value of capacity decreases 

by 2% in 20 k c , thus giving ample proof of the necessity of measuring 

the values of c i r cu i t components at the frequency at which they are to 

be used. However, i t should be realized that the values obtained are 

not corrected for frequency-dependent effects in the bridge components, 

and are thus not true values. 

In the operation of the bridge using the detector, i t was found 

that the bridge could be balanced with ease to five significant f igures. 

This i s about the l imi t of accuracy of most bridge components. Sharply 

defined nu l l points were observed,- in every case i t was possible to 

adjust R]_ u n t i l there was no doubt as to the correct figure on the fif th 

d i a l . 

Good s t a b i l i t y of tuning was observed, since the i n i t i a l tuning 

appeared to remain s table throughout any ser ies of readings. 

Care must be taken in the operation of the instrument that i t i s 

correc t ly tuned with the fundamental of the local osci l la tor signal 

beating with the fundamental of the input s igna l . This point i s easily 

iden t i f i ed , since subsiduary, or harmonic, beats are necessarily very 

sharp tuning po in t s , whereas the fundamental tuning point i s broader. 

The fundamental beat , being the strongest s ignal , can be heard s ta r t ing 

at a f a i r l y high ^ i tch , decreasing in frequency and increasing in 

i n t ens i ty to 1000 CPS as the instrument i s tuned, then decreasing in 

both pi tch and i n t ens i t y to zero. The process is then reversed as the 

beat |a)a - Ah I passes through zero and begins to increase in frequency 
> 

again. The instrument may be operated with a^ e i ther above or below a)a 
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eqaally well except a t low frequencies where i t i s best t o operate with 

(•>,_ above u>a i n order t o eliminate the loca l osc i l l a to r frequency from 

the output. 

Section E 

Conclusions 

I t has been shown that the instrument constructed had the 

following points to recommend i t 

1) ease of operation 

2) high s e n s i t i v i t y 

3) good frequency discrimination 

4) small s ize and low cost . 

The heterodyne method employed enabled separation of the tuning and 

frequency f i l t e r i n g c i rcu i t s into two separate parts of the c i r cu i t . 

This enabled sharp frequency discrimination while s t i l l permitting ease 

of tuning to a wide range of frequencies. The high gain employed and 

the use of earphones as the ult imate detecting instrument resulted in 

high s e n s i t i v i t y . 

Throughout the instrument, c i rcu i t s were chosen with regard to 

compact s ize and possible wide tolerances of components; This factor kept 

size and cost to a minimum. 

The operator of the instrument must be careful to tune i t to the 

fundamental of the input s igna l . This i s easi ly done, as already described 

and provided proper ins t ruct ions are given, no diff icul ty should a r i se here 

I t i s therefore f e l t tha t the instrument i s ideal ly suited for bridge 

detection in the ul t rasonic frequency range. 
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Frequency 

Kilocycles 

0.1 

0.2 

0.3 

0.4. 

0.5 

0.75 

1.0 

2.0 

3.0 

5.0 

7.5 

10.0 

12.5 

15.0 

100 

110 

120 

130 

Input 

Volts 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.2 

0.2 

0.2 

Output 

Volts 

1.80 

4.40 

6.7 

8.6 

10.1 

12.2 

13.2 

15.0 

15.2 

15.3 

15.1 

14.7 

14.7 

13.6 

20.0 

19.0 

18.6 

17,5 

Gain 

18 

44 

67 

86 

101 

122 

132 

150 

152 

153 

151 

147 

147 

136 

100 

95 

93.0 

87.5 

Gain 

Decibels 

25.1 

32.9 

36.5 

38.7 

40.1 

41.7 

42.4 

43.5 

43.6 

43.7 

43-5 

43.3 

43.3 

42.7 

40.0 

39.5 

39.3 

38.8 
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R2 = 200 ohms 

ohms 

c k ! 

> 

= 0 . 2 microfarads 

C c a l c . 
lit 

t e r r o r S 

mg brie 

ohms 

lBS. 

R c a l c . 
ohms 1000 cps • ' 

Ga 
cb 
ca+g 
c a + b s 

234 .6 0 

94.4o 
329.3/, 

67.25 

2.3460 

0.9449 
3-293* 

• 0.6720 

3.2909 

0.6736 
0.07c 
0 .2 4 

0.00445 
0.00900 

0.0030, 
O.OI382 

4.45 
9 .o 0 

3.04 
13.82 

5000 cp<5 

ca 
cb 
C a + b p 

C a + b s 

233.0 5 

327.2 7 

66.79 

2.330c 
0.9390 
3.2727 
O.6679 

3.269c 
O.6693 

O.IQ 
0 .2 i 

O.OOI37 
0.00256 
^.0008 ? 

0.00415 

1.37 
2-56 
0 .8 7 

4. I5 

13 .4 5 

3.93 

10000 cps 

Ca 

Cb 
Ca+bP 
C , + b S 

?32.1x 
93 .6 0 

325.9o 
66.5ft 

?.321i 
0.936n 

3.259o 
0.665g 

15000 cps 

ca 

°b „ 
va+b 

231.3ft 
93.2 3 

? ^ . l r 
:66 .53 

2.31?8 
0.932, 
3.2515 
O.6653 

3.257-, 
0.6670 

o.o8 
O.lg 

0.00080 
0.0016, 
0.00076 
0.00262 

0 . 8 0 
1.6, 
0-7A 
2 ' 6 2 2J.% 

terror 

2.9 

5.3 

6.9 

3.246x 

0.6642 

o . i 7 

o . i 0 

O.OOO67 
0.C013! 
0.00060 
O.OO2I5 

20000 cps 

Ca 

cb 
r D 
'a+b* 

Ca +b s 

230.59 
92.9? 

324.0 7 
66.1]_ 

?.305o 
0.9292 
3.2407 
0.66l{ 

3.235x 
0.660g 

o . i 7 

0 n,' 

0.00056 
0.0011c 
0.0003g 
o.oni8g 

0 . 6 7 

l - 3 i 
0 . 6 0 

2.I5 

0.56 
1.1c 

1-4 

1.98 

1.7! 

7.9 

9.0 

Note: 111 rer.din<?s of Rj , above, are to + 0.01 ohm-. 
\ l l rei-i in^s of Cj , above, are to + 0.00005 microfarads. 
'\11 cmpononts in the bridge used ?ro accurate t o 0 .1 percent . 
s r e f e r s t o s e r i e s readings . 
o r e f e r s t o p a r a l l e l readings . 
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Appendix I 

To show that the T,Iein Bridge oscillator actually oscillate: 

at a frequency slightly below that given by 

/?'+ 

co. 2 _ O ~ VCpRpCgRg A-l 

THE Wt&v T37?w<?£ ^OX/UJTVK-

/fort - T?/ojj£s wt MOW fox s//fw/s/rr 

In f i g . 14 vten conditions ar? ste?dy ( i . e . osc i l la t ions are 

occurring) 

A-2 
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e o H] 

R1+R2 K > " -J. 
P - ° 1 e o Ri + Ro 

K P,o.P- TT > * « =- 3 A-3 
from I I I - 3 

e^ z, e^ = : ° *R 
Zp+Zs 

e 
o 

1 + R s + G p + ^ P R S
+ 1 

Rp Cs J ^ s ^ p 

eo 

r + j x 
A-4 

where 

r = 1 + Rs/Rp + Cp/Gs = 3 A-5 

and 

X = .'jCjCpRg - l/'ojGgRp A-6 

For an a m p l i f i e r , 

e c = e g (A + jB) where B « A 

from A-2, 3, and 4 

e 0 = e 0 ( l / f r + j x ) - 1/K)(A + .IB) 

rK + jxK - (K-r) A + xB + j[(K~r) B-XA] 

I f B i s s m a l l , as i t should be f o r a good a m p l i f i e r ; equat ing i n phase 

and quad ra tu re terms t o 0 

rK =. (K-r) A A-7 

;xK = (K-r) ,B-xA; A-8 

from A-6 

A = rK/K-r 

But from A-3 and 5, 

r = 3 , K = 3 . 
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This vould mean that A aDDroanh**? ^A <PU- . . 
«u A approaches 06 . This i s impossible. 

Therefore K > r - 3 . 

Now subst i tut ing in A-8 from A-7 

(K-r) B = K2x or x . 82B/K2
 A -9 

where 8 and B are both small quantit ies. 

From A-6 

0)CpRg - l/coCgRp o 5 2BA 2 =. 0 

Therefore 

wo2cpCsRpHs = 1 + coCsRp B 52/K2. 

or the o s c i l l a t i o n frequency i s s l i g h t l y different from the value 

given by 

2 
wo CpCsRpRs = 1 # 

O o 

Since co, Cg , Rp, 8 , and K2 are inherently posit ive, the nature 

of the correction wi l l depend upon the siga of B. If B i s negative, 

co w i l l be below 0)o; i f B i s pos i t ive , co w i l l be above co0. 

I t w i l l be seen that the higher A and the smaller B, the closer 

the o s c i l l a t o r comes to f u l f i l l i n g equation A-l . 
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