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LOW LEVEL D-C DETECTION USING 
A PHOTOCONDUCTIVE MODULATOR 

INTRODUCTION 

The main purpose for this thesis is to find a low level, long 

lifetime, inexpensive d-c detector. Low level d-c is defined as 

voltages in the order of 100 microvolts or lees terminated in 10 

kilohm, which gives a power of 1O watts or less. 

There are today several circuits and devices available for 

d-c detectors, however, only a very few can be used for low 

level d-c detection. Most of the detectors have serious limita- 

tions because of drift with temperature, mechanical shock-sen.. 

eitivity, and relatively short lifetime. Another disadvantage 

most detectors have is high cost. 

The thesis will be arranged into three essential parts, d-c 

amplifier., d-c modulatorß, and the photo-conductor ueed as a 

chopper for a d-c detector. The d-c amplifiers include only di- 

rect coupled amplifier., chopper stabilized amplifiers are indu- 

ded in d-c modulators. 
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DIRECT COUPLED D-C AMPLIFIERS 

Tube and Transistor Amplifiers. 

The design of a stable d-c amplifier is a very difficult task due 

to variations of parameters with temperature variations, time, and 

variations in supply voltages. The direct coupled differential ampli- 

fier is the most commonly used d-c amplifier. Figure 1 shows a di- 

rect coupled amplifier using transistors. 

Tubes have a rather high drift. A practical lower limit for tubes 

used in direct coupled d-c amplifiers is an input voltage of 10 mv. 

For lower Input voltages drift becomes a problem. 

Transistors are sensitive to changes in temperature, in parti- 

cular the base-to-errltter voltage (VUE), the collector-to-base leak- 

age current (Iç) and the forward current gain fe are sensitive 

to temperature changes. A change in temperature will cause the 

operating point to drift and since the amplifier le direct coupled, 

drift cannot be distinguished from the d-c si3nal. !t is common to 

specify the drift in volts referred to the Input in vols/°C tempera- 

ture change. By careful selection of transistors the cIrcuit hvn in 

Figure 1 has been reported to have drft of 20 microvo!.te/°r . . (2, Z7). 

However, by s. nore elaborate differential amplifier (Figure 2), a 

drift of 10 microvolte/°C has been obtained (2, 29). The circuit in 

Figure 2 does not require very close matching of 
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Figure 1, Transistorized Direct Coupled Differential Amplifier. 
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Figur.. 2. Low Drift Direct Coupled Differential Amplifier. 
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transistors, however, a homogeneous temperature in the components 

is required. A small temperature difference in the junction of tran- 

sistors Tj and T2 will result in a high drift voltage. With 2N1613 

transistors for I and T2 a junction-temperature difference of 0. 01 

°C will result in 22 microvolts drift referred to the input of the am- 

plifier. Consequently the main disadvantage of using transistors in 

low level direct coupled d-c amplifiers is their high temperature 

sensitivity. 

Electromechanical Amplifier. 

The light-beam galvanometer can also be considered to be a d-c 

amplifier, the light-beam can be thought of as being a long weightless 

pointer, the sensitivity is proportional to the angular deflection of the 

coil and of the length of the projected light-beam. A typical high-sensi- 

tivity light-beam galvanometer has a sensitivity of 15 na per mm dial 

deflection, with an internal d-c resistance of the coil of 300 ohms and 

a critical damping resi8tance equal to 2. 2 kilohms. 

The behavior of the galvanometer is dependent upon the external 

resistance of the meter, the fastest response is obtained when the 

system is critically damped. If the external resistance is less than 

the resistance value for critical damping the galvanometer becomes 

overdamped and the coil movement is sluggish. For external resis- 

tances higher than the critical damping value, the coil-movement is 

underdamped causing the coil have an oscillatory response before 
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settling down. 

The galvanometer can always be made critically damped by 

connecting a compensating resistor either in parallel or in series 

with the galvanometer, however, any resistor, in series or parai- 

lei with the galvanometer, will absorb power making the galvano- 

meter less sensitive. A sensitivity curve for a light-beam galva- 

non-xeter is shown in Figure 3. 

There is a limit on how small angular deflections can be de- 

tected by a light-beam galvanometer. The light-beam cannot be 

made infinite long because of optical problems and space require- 

ments, and as angular deflections get smaller the galvanometer 

becomes more susceptible to mechanical vibrations, causing the 

light-beam to jitter. 

The most sensitive galvanometer (L-N 2290) has a current 

sensitivity of lO picoamperes with 800 ohms coil resistance which 

gives 8 -2O watts input power or 16 10_20 watts delivered by 

a matched source. 
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D-G MODULATORS 

To eliminate the problem of d-c drift, many d-c detectors work 

on the principle of first converting the d-c to a-c and then amplifying. 

After the a-c amplification the a-c may be rectified, or demodulated. 

There are various types of d-c to a-c modulators, some are use- 

ful at lower levels, others are not. This chapter will discuss the vari- 
ous modulators to show what is available for low-level d-c detection. 

The Electromechanical Chopper. 

The best chopper for low Ìevels is the electromechanical chopper. 

With an "onu -resistance of practically zero ohms and an infinite t'off' - 

resistance it is the 'ideal' chopper. The noise level is very low, d-c 

level as low as iO microvolta has been reported chopped with an 

electromechanical chopper. In its present state the electromechanical 

chopper has two main disadvantages compared to electronic choppers, 

the lifetime is relatively short, 5, 000 hours, and low chopping fre- 
quency, ma:; imuin i kc. However, for many purposes i kc is a sul- 

ficiently high frequency and if the chopper is used 7 hours a day 5 

days a week the chopper vijil last 5, 000/7 5 = X40 weeks or almost 

3 years. 

The advantages of the mechanical chopper can be surnmarized 

as follows; it has a very low noise level, the chopper characteristica 
are ideal, the temperature stability is good, -65 to 200 °C, the con- 



struction is rugged, and it is able to take overloads. 

A good electromechanical chopper is rather expensive, a single- 

pole double-throw chopper with the contacts shielded from the drive 

coil costs $ 50 or more. 

Galvanometer Modulators. 

The galvanometer modulator incorporates the movement of the 

galvanometer to produce a parameter change. There are two types 

galvanometer modulators, namely the induction and the capacitance 

modulators, Figure 4. 

The galvanometer modulator is very similar to the light-beam 

galvanometer, the only difference is that instead of optical take-off, 

electrical take-off is used. The equivalent of the light-beam is the 

excitation voltage and frequency, i. e. the sensitivity is proportional 

to the excitation voltage and frequency. The most attractive feature 

about the galvanometer modulator is the high conversion gain, an in- 

put d-c voltage in the order of microvolts may give an output in the 

order of volts. 

The lifetime of the galvanometer modulator should be unlimited 

if not subjected to overloads which will burn out the winding on the coil. 

The disadvantages are the same as for the light beam galvano- 

meter, slow response, response dependent on source resistance, and 

shock and vibration sensitivity. 
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Vacuum Diode aad Tube Modulator. 

Vacuum ttibes whether diodes or multi-element tubes are not 

feasible for d-c modulators with signal levels lower than I mv be- 

cause of noise and drift in the vacuum tubes. 

Semiconductor Diodes. 

Semicorductor diodes cari be used in two ways of operatioa as 

modulators, '3ithe as an on-off switch or as a variable reactance 

element. 

DiodeChopers. Figure shows a basic diode ziodulatcr. The reis- 

rence thput forward biases the diodes for one half-cycle and back 

biases the diodes for the nect half-cyc1e. 

Close matching of diodes is reqüred for low-level appliction. 
As a practical liniit the zrinimum dc signal input is i mv, at lower 

levels drift and nill ofi-et bocome o problem. Silioo diodes are the 

best diodes ir low level operation ecauso of high tempsrattre atabi- 

lity, up to iSO C, and low leakage current. 

VariableeactanceModulatore. The tarrier capacitance of a p-n 

juuction is a £imotion of the reverse bias of the junction. The capaci- 

tance ;)UOws the equation: 
A 

C =E ' (1) 

where A consait, V0 . a constant voltage: and V = the bias of the 

junctior. As a typical exairipie, 1N461 has th ¡ollowing constants: 

A = 45 pf/volt V0 = . 7 volte. The same phenomenon is also 
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Figure 6. Diode Variable Capacitance Modulator. 



12 

found in certain ceramic dielectric8 as barium titanate, however, 

in the ceramic dielectrics voltages in the order of hundreds of 

volts is required. 

Figure 6 shows the basic circuit and the equivalent circuit of 

the variable capacitance modulator. The diodes have to be matched 

for capacitance and temperature for practical use. External compen- 

sation may be used to compensate for some of the mismatching of the 

diodes. The carrier frequency is in the order of 1 kc to ZOO kc. The 

modulator requires both high source and output impedance for proper 

functioning, however, a high source impedance requires a high source 

voltage. 

The practical limit for minimum input d-c signal is i mv. 

Transistor Switches. 

In its saturated condition the transistor exhibits a very low emit- 

ter-collector resistance and in the off-condition a very high resistance. 

When the transistor is switched between off and saturated conditions 

the transistor parameters don't enter into the picture. The transistor 

should therefore make a good switch. 

The basic transistor switch and its equivalent circuit is shown 

in Figure 7. The drive voltage is sufficiently high to cut one transistor 

off and turn the other on. 

The transistor switch works best around i kc with a square-wave 

drive-voltage of J-2 volts. At low levels the transistor switch has its 
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limitations, a mismatch in collector leakage current in the two tran- 

sistors off-sets the null. The leakage current is temperature depen- 

dent, as the temperature increases the leakage current increases. 

An increase in temperature will therefore increase the possibility 

of current mismatch. 

Transistor switches should preferably be used with source and 

output resistances in the urder of kilohms. Due to the causes men- 

tioned above the transistor chopper can chop d-c levels down to i mv, 

for lower levels, null off-set will become a problem. 

For quality switches, close matching of leakage current of the 

transistors is required. Since silicon transistors have the lowest 

leakage current, these are preferred for choppers. Silicon transis- 

tors are quite expensive. When matching is required, a pair of mat- 

ched transistors costs $ 50 or more. 

Photoconductive Choppers. 

In the recent years developments in solid state physics have 

made high sensitivity photoconductors available. The photoconduc- 

tive chopper is used as the electromechanical chopper in the modula- 

ting circuit. 

A more thorough discussion cf the photciconductive chopper will 

be made in the following chapters. 

The ¡nain disadvantage of the photoconductive chopper is the fre- 

quency limitations, loo cps is the upper, practical frequency limit. 
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The noise level in the photoconductor is very low less than i micro- 

volt. The d-c 'on'-resistance of cadmium aelenide is about i kilohm 

and the d-c tI0fffl -resistance about i megohm. The effective H0T 

and "off'-reslatances at loo cpa are 3 kilohm and 30 kilohm respec- 

tively. 

D-C levels of 10 xnicrovolts have been chopped with cadmium 

selenide photoconductive cells which are relatively inexpensive, 

approx. $ 1. - to $ 3.- per cell. 

The photochopper requires a light source to change the resis- 

tance level. 

Since the photoconductor is a semiconductor, a very long life- 

time should be expected. The temperature stability of cadmium 

sulfide and cadmium aelenide is very good, the photocells can be 

operated up to 100 °C without loss of sensitivity. 

The photoconductive cells can also taLke overloads without any 

serious effects, the cells are normally rated for ÛO volts or more 

input. 

Magnetic Modulators. 

Magnetic modulators utilize the nonlinear characteristics of 

magnetic materials. The magnetic modulators are low impedance 

devices, usually th i kilohme region or lower. 

The modulators require d-c bias for opratlon and very accu- 

rately regulated d-c power supplies must therefore be used at low 
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levels. Other disadvantages are temperature sensitivity and memory 

effects when overloaded. There are four main types of magnetic mo- 

dulators, odd harmonic, even harmonic, flux gates, and bismuth 

alloy modulators. 

The magnetic modulators have a maximum sensitivity of about 

50 mv input d-c. The modulators can therefore not be used for d-c 

levels in the millivolt region. 

Hall Effect Modulators. 

D-C voltages down to 20 microvolts have been reported modu- 

lated ty a Hall effect modulator. A Hall effect modulator, however, 

has a 10W input resistance, in the order of 1 ohm. 20 microvolts 

terminated in 1. ohm gives an input power of 4 i0 watts. The 

power sensitivity requirement is 10 watts or better, the Hall 

effect Is therefore not sensitive enough as a low level d-c detector. 

Conclusions. 

Of the d-c modulators discussed the electromechanical chopper 

is the 'best as far as electrical properties go, however, when price, 

lifetime, and ruggedness are concerned the photoconductive chopper 

seems to be the most promising modulator. 

The photoconductive chopper was therefore decided on as the 

best modulating device available for the specifications mentioned. 

The following chapter is therefore based on the photoconductor as a 

modulating device. 
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A D-C DETECTOR USING PHOTOCONDUCTORS 

Cadmium Sulfide and Cadmium Selenide Photocelle. 

Cadmium sulfide and cadmium selenide exhibit very high 

photo-sensitivity, quantum yields are as high as 10, 000 for CdS 

and 100 for CdSe. 

Both CdS and CdSe are relatively slow responding to light, 

it may take milliseconds up to minutes before steady state condi- 

tion is reached after a change in light Intensity. The reason for 

this slow response is explained by Dunlap.: 

When the light of the necessary wavelength is incident, elec- 
tron-hole pairs are produced. The additions, such as silver 
and antimony, introduce states that are probably hole traps. 
These are electron-rich atoms at low energies, which can 
immobilize or trap positive holes that wander near by. There 
is very little tendency for these traps to trap electrons. The 
electrons will therefore remain in the conduction band for 
relatively long periods of time. (3-389). 

CdS has maximum sensitivity around 5, 000 A, which I. in the 

ultraviolet region. The maximum sensitivity for CdSe is around 

7, 000 A, which is in the red region of the spectrum. Even though 

CdS has a much higher quantum yield than CdSe, CdSe may show 

higher sensitivities in the visible range of the spectrum, for ex- 

ample, light from a tungsten lamp. 
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CdS can be heated up to 1000 C without loBs Of sensitivity, 

CdSe up to 75 C. 

Resistance Values and Time Response of Photocells. 

If the photoconductive cell is going to be of any use as a chopper, 

the ratio of off-resistance to on-resistance should be high to make the 

photocell look as much like an Ideal switch as possible. 

Below is shown a table of d-c on and off resistances for different 

photoceils. For the Clairex cells and the Ferroxcube cell, an NE-2 

neon-bulb was used as a light source, the Raysistor had its own neon- 

bulb light source built in. 

D-Con D-C off 
resistances resistances Remarks 

Rayslstor 600 ohms 12 megohms 3 ma through 
neon bulb when 
on 

Ferroxcube 1. 5 kilohms 

Clairex, Cl-4 12 kilohm 

Clairex, Cl-3 150 kilohme 

Clairex, Cl-2P 150 kilolime 

i megohm 1.5 ma through 
neon bulb 

¿00 kilohme - 'I - 

6 megohms - - 

12 megohms 1.5 rna through 
neon-bulb when 
on. Photovoltaic 
effect observed, 
50 microvolt ac- 
ross 10 kilohme. 

Table I. Resistance Values of Photocells. The resistances were mea- 

sured on an ESI 250-DA impedance bridge. 
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As seen from the table, the d-c resistances vary from photocell 

to photocell, a direct comparison between the photoceUs can there- 

fore not be made, what resistance level is the best is determined by 

the external resistance of the photocell. 

In our case, the output resistance of the d-c source Is In the 

order of 10 kilobme and the Input resistance of the amplifier 300 

kilohrns. The Clairex cells would not work satisfactorily In such a 

case because the on-resistance Is more than 10 kilohme. The Ray- 

sistor and the Ferroxcube, however, have a lower on-resistance 

than the source-resistance and a higher off-resistance than the am- 

plifier input resistance. For effective chopping the Raysistor or the 

Ferroxcube should be used. 

As said before, the cadmium sulfide and cadmIum selenide photo- 

cells are rather slow acting devices due to trapping centers in the 

materials. The times involved are in the order of milliseconds to 

minutes. 

To find the turn-on and turn-off times of the photocells, the light 

was switched on and off at a low frequency to release all the trapped 

carriers in the photocell before switching to the other state. The swit- 

ching frequency was 2 cycles per second. 

The rise and fall times of the photocells are defined as the time 

required for the voltage to go from 10 to 90% of rise or fall when the 

light is switched on or off. 



was kept in the range from 0. 1. volt to 0. 6 volt. The rise 

and fall times of the different photoce].ls as a function of source 

resistance, R1, is shown in Figure . Note that the rie-time 

increase for thcreasthg source resistance while the falL-times d3- 

crease for increasing source resistance. 

The optimum value of R1 would therefore be where the rise 

and fall time curves for a particular photocell intersect, i. e. rise 

and fall times are equal. The different photocells have optimum re- 

sponco tirLle3 at the follovthg source resi3tances. 

Raysistor Ferroxcube Cl-4 Cl-3 

Optimum re- 
sponse tirLle 30 
(millisec) 

Corresponding 
source resis- 5CC 2. 

tance (kilohms) 

Fall-time at 10 
kiloL-rs (muli- 85 60 )O 

(sec) 

Table II. Time responses of photocella. 

As seen, the Raysistor and the Cl-3 photoceils have the fastest 

optimum responses. The time response will depend on the lonest 

response time, either rise or fall, at R3 10 kilobme, the fall 

times are all longer than the rise times. 
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Aa the switching frequency increases the effective fonH_ and 

'offT-re8istances change. Figure 9 explains how the effective re- 

sistances change as switching frequency increases. 

At 100 C8 the Ferroxcube has effective 'on"- and 'off"- re- 

sistances of 3. 3 and 30 kilohma respectively, Clairex Cl-4, 5. 3 

and 12 kilohrns, and the Raysistor 1.3 and 3 kiohms. Ferrox- 

cube has a ratio of off-to-on resistance of approximately 9 while 

both Cl-4 and Raysistor have ratios lesa than 3. Compared to the 

d-c resistance ratios in the order of i,000the a-c ratios of less 

than 10 is a rather large deterioration. 

From the resistance ratios at 100 cpa it is easily seen that 

the Ferroxcube photocell is the best fitted for the d-c chopper 

since It has the most favorable a-c resistance range of the photo- 

cells available. 

Light Sources and Chopping Circuits. 

There are many ways of producing an alternating light source. 

A constant light and an electromechanical shutter could be used, 

however, an electromechanical shutter driven at 100 cpa will be 

rather expensive and the lifetime is limited. 

Probably the simplest and least expensive solution to the pro- 

blem is to use a neon-bulb as a light source. The ionization time of 

neon gas tube is in the order of a micro second and the neon bulb 

should therefore be sufficiently fast for 100 cpa operation. The most 
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attractive feature of a neon bulb light source Is the simplicity of the 

light circuit. The NE-Z neon bulb fires at approximately 75 volts 

and shuts off at approximately 60 volts, for reliable operation a vol- 

tage swing from 100 volts to zero will be preferable. 

If the output voltage of the generator used is not sufficiently 

high to drive a neon bulb, the voltage has to be stepped up through 

a transformer. 

An a-c voltage across the neon bulb would make the light switch 

between the two electrodes and when the two electrodes are not opti- 

cally shielded from each other the output light would look like Figure 

10. 

To obtain a light output only at the positive (or negative) portion 

of the voltage wave,a diode was connected In series with the trans- 

former. The transformer used had an internal resistance of 6Z kil- 

ohms when connected to a 500 ohm source. The leads from the gene- 

rator to the transformer were shielded to prevent coupling to the sig- 

aal circuit. 

Parallel-chopping was used in the signal-circuit because the 

source resistance will always shunt the input to the amplifier. Since 

the input is always shunted with the source resistance the input noi8e 

of the amplifier is kept as low as possible. If a series chopper was 

used instead, the input to the amplifier would be open half of the chop- 

ping cycle and amplifier would be more susceptible to noise than for 
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the parallel chopper circuit. Figure 11 chows the parallel chopper 

circuit, 

Since the chcappera have t0U_ and "off -resisances in the 

order of kilohrr at a choppirg frequency of loo cps, the choppers 

will have max'i'nuri voltage sensitivity for source resistance in the 

order of kilohms. The voltage sensitivity is a maxinxum when Rs 

.J 1on'off (see Appendi;). To extend the maximum voltage sensiti- 

vity range down to low source resietaric3 values, a series resis- 

tance between source and chopper witn a re3ia.nce value ofÇR0 

would make the voltage sensitivity a maximum at zero resistance. 

By doing this, power sensitivity will be lost. In many cases, how- 

ever, the source resistance nay vary from low values to high val- 

ues, for e'.an-iple as in a resistance measuring bridge. An overall 

improvement viil be made by connecting the series resistance be- 

tween the source and the chopper. 

Equipment Available. 

The amplifier available was av ESt 860 R G'erterator-Detector. 

The detector part is a sharply tu.red amplifier. There are several 

plug.in units for frequency selection. The 100 cps unit wa used, 

with which the amplifier had a voltage amplification of 250, 000, 

an input noise of 8 n-ticrvolt (peak-to-peak), and an input impedance 

of 300 kilohrn. To niake the results independent of the amplifier 

noise, lo volts (pp) output of the ampliíir was defined as the mini- 
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mum detectable signal, i. e. 40 microvolts (pp) input. The frequency 

response of the amplifier around 100 cps is shown in the Appendix. 

The ESI 860R aleo has an a-c generator working at the same 

frequency as the amplifier, the maximum open circuit voltage of 

the generator is 40 volte (pp) and the internal resistance is 500 ohms. 

The d-c source is a constant resistance, variable voltage 

source with different settings of resistance. The d-c source circuit 

is shown in the Appendix. 

A Tektronix 515 Oscilloscope was used to measure the output 

of the amplifier. 

The Instrumentation set-up is seen in Figure 12. Figure 13 

shows the different photocells, the Raysistor to the left, the Ferrox- 

cube in the middle, and the Clairex to the right. 

Experimental Results. 

With the source resistance, R5, as a variable the curves in 

Figure 14 were obtained. As seen, the Ferroxcube has the highest 

maximum voltage sensitivity. Both the Ferroxcube and the Cl-4 have 

maximum voltage sensitivities around 10 kilohxns and the Raysietor 

around 5 kiohms. 

To talk about power sensitivity In this case is rather difficult 

because the amplifier requires a constant a-c power input to give a 

specified output, and the power delivered from the d-c sources is an 

a-c superimposed on a d-c. One way to describe the power sensitivity 
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Figure 12. Instrumentation Set-lip. 

Figure 11 The Photocells. Raysistor (1fr), 

Ferroxcube (middle), and Clairex (right). 
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is to use the open circuit voltage - short circuit current product of 

the source. The maximum instantaneous power delivered from the 

source is Pmst = E / (R5 + Ron) which can be approximated to 

E when R8 is larger than R0. E8 E5/R8 = (open cir- 

(cuit voltage) (short circuit current), the o-c voltage- s-c current 

product will therefore indicate the maximum instantaneous power de- 

livered from the source. The open circuit voltage - short circuit 

current product will be used as an indication of power sensitivity 

and is shown as the vertical coordinates on the sensitivity curves. 

The table below shows the maximum power sensitivity and for 

which value of source resistance the maximum power sensitivity 

occurs. 

Photocefls 

Ferroxcube 

Clairex, Cl-4 

Raysistor 

power sen- 
sitivity (watts) 

5 . 10.12 

3.2 

7 . 10_11 

R1 (kilohms) 

30 

20 

10 

Table III. Maximum Power Sensitivity for Different Photocells. 

As the source resistance gets small the voltage sensitivity de- 

creases, i. e. the source resistance gets small compared to the 

on-reaistance of the photocells. To obtain maximum voltage 

sensitivity for low source resistances, a resistor with a value cor- 

responding to the maximum voltage point on the sensitivity curve 
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was connected in series with the source i. e. 10 kilohxns for the 

Ferroxcube, 8 kiohma for the Cl-4, and Z kiohme for the Ray- 

sitor. 

The new set of sensitivity curves is shown in Figure 15. As 

seen, the low source resistance part of the curves is straightened 

out giving maximuni voltage sensitivity for low values of source 

resistance. The loss of power sensitivity caused by the series re- 

sistance is small for the Ferroxcube the maximum power sensi- 

tivity was reduced from 5 l0 to 5. 5 l0 watts, for the 

Cl-4 from 3.Z i0 to 7.0 i011 watts, and for the Raysistor 

from 7.0 io to 1.2 i010 watts. 

Also in Figure 15 is shown the eersitivity curve for an ide.l 

chopper (electromechanical chopper) which gives an indication of 

the best possible results that can be obtained with the amplifier 

available. Maximum power sensitivity is Z. 5 . watts for a 

source resistance of 300 kilohms. Maximum voltage sensitivity is 40 

microvolts for R5 = 10 kilohma. Maximum theoretical voltage sen- 

sitivity is 10 volts/Z50, 000 = 40 microvolts. 

Phase Sensitive D-C Detector. 

A direct current signal is characterized both by rnagitude and 

polarity. tT order to recover the polarity after the modulated d-c 

is amplified, the signal has to be rectified, or demodulated. The 
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demodulator may simply by another chopper connected to the output 

of the amplifier. The output chopper works synchronously with the 

input chopper. Figure 16 shows how the demodulator works. The 

phase shift through the amplifier has to be zero or 1800 for opti- 

mum demodulation. 

The amplifier used has a 900 phase shUt. A phase shifting net- 

work was therefore connected to the output of the amplifier. The 

design of the phase shifting network is discussed in the Appendix. 

To obtain synchronous chopping, the same light source was 

used for both photocell.. A picture of the modulator and the demo- 

dulator is shown in Figure 17. The photocells are inside a brass 

tubing with the neon-bulb in the middle. The coax-connector is con- 

nected to the neon-bulb and the two shielded leads one out of each 

end of the tube, are the connections to the photocell.. 

The complete d-c detector is shown in Figure 18. A galvano- 

meter was used as load. The galvanometer acts like a low-pass 

filter and does therefore not respond to 100 cps. Only the d-c corn- 

ponent of the signal is indicated. The demodulator photocell was 

connected in series with the load because highest chopping effi- 

ciency was obtained this way (see Appendix). 

The d-c detector was linear up to an input voltage of 500 micro- 

volts, for higher levels the amplifier goes into saturation. For linear 

operation the input should be less than the input saturation voltage. 
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SOURCE MODULATOR AMPLIFIER DEMODULATOR LOAD 

o- _________________ 

OFF 
DEMOD. 

ON 

LOAD il il 
VOLTAGE 

[ V NJ \J 

D-C 
COMPONENT 

00 PITASE SHIFT 9Ø0 
PHASE SHIFT 1800 PHASE SHIFT 

Figure 16. Phase Sensitive D-C Detector. 

Figure 17. Modulator and flemodulator Photocells with the 

Neon Bulb in the Middle Mounted in a Brass Tube. 
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Figure 18. Complete D-C Detector. 

JT 

Figure. 19. Input - Output Characterisitcs of D-C Detector. 
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As the amplifier was driven farther into saturation the phase-shift 

through the amplifier changed. For 5 millivolts d-c input and using 

Ferroxcube photocells there was no output, which indicates the 

phase-shift through the amplifier had changed 90° from low level 

inputs. The input-output characteristics are ahown in Figure 19. 

Because of the saturation phenomena which might give false nulls 

at relatively high voltages (around 5 millivolts) the demodulator 

should only be used for input d-c voltages up to about 500 micro- 

volts, for higher input voltages a voltage dividing network should 

be used at the input. 
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CONCLUSIONS 

The comparison of the low level d-c detector using a photocon- 

ductive modulator with a detector using an ideal chopper and with a 

light-beam galvanometer is shown in Figure 20. Compared to the 

ideal chopper, the photo chopper is degraded by a factor of 10 for 

power sensitivity and a factor of Z for voltage sensitivity. The high 

sensitivity light-beam galvanometer and the photoconductive modu- 

lator are comparable powerwise with an amplifier voltage gain of 

250, 000. However, by increasing the amplification the photocon- 

ductive detector can be made more sensitive than the galvanometer. 

The advantages and disadvantages of the cadmium selenide 

and sulfide photo choppers can be summarized as follows: 

Advantages. 

1. The noise level is very low, less than i microvolt. 

Z. The temperature stability is good. The cells can 

be heated up to 750 C without loss of sensitivity. 

3. The lifetime is long. Since the photoconductors are 

semiconductors, lifetlmeø higher than 10 hours 

are expected. 

4. The cells can take electrical overloads. The photo- 

cells are rated at about 100 volts. 

5. Cadmium selenide and sulfide photocells are relatively 
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inexpensive. When bought in large quantities, the 

price is about $ 1.- per cell. 

6. The cells e:xhibit high photo-sensitivity. No high 

intensity light source Is therefore required. A 

1/25 watt neon-bulb gives a resietanco change 

ratio of 10 when worked at 100 cps. 

Disadvantages. 

1. Cadmium selenide and sulfide are relatively slow 

responding to light. The rise and fail tines of 

resistance are in the order of tens of miUiseconds. 

The cells cannot he worked effectively at frequen- 

cies higher than 100 cps. 
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Qptimai Values of Resistances. 

A simplified equivalent circuit of the d-c modulator is shown in 

Figure 11. The photo-chopper is represented by an effective "off 

resistance, R , and an effective 1ton' resistance, R R . Since off on off 

Roff>R0 the 'on'1 resistance can be approximated to R0. Because 

all frequencies but the fundamental is filtered out through the ampli- 

fier, only the fundamental component of the chopped signal is of in- 

terest. 

The peak-to-peak voltage appearing across the input terminals 

to the amplifier is: 
R0« 

R8 + R0ff RQ 

R0« IRO ¡jRj 

R8 + R0« JJRØ liRin 

where Rin is the input resistance to the amplifier. 

(Z) 

Since R011> Ron and Rin> R. the equation can be simplified to: 
R0ff R Ron 

e = ( ---_______ - ________- ) E8 (3) 
R0+R0ffR1fl R+Ron\R. 

The ratio e/E is called G. If Rth>ROff, the equation can be 

further simplified to: 
R0ff 

G = ( ----____ - -------- ) E8 (4) 
R9 + R011 R8 + 

R8 is the only variable since R0ff and R0 are determined by the 

photocell and R by the amplifier. By differentiating G with respect 

to R8, the optimum value of R0 can be found. 
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dG d R0ff R -e -( - )E8=O (5) 

dR dR Rb + R0ff R + R0 

-R0ff - R0 
- - 

2 = 
° (6) 

(R8 + R0ff) (R8 + R0) 

R = R011. R0 (7) 

R0 ='R0ü R (8) 

The voltage ratio is maximum when R8 

By substituting R = R0ff . R0 into the equation for G, the 

effective values of R0 and R0 C*fl be found. 

1+G 
R0f1 = R0 (9) 1-G 

1-G 
Ron = R5 (10) 1+G 

In the table below are given the G's and R's for the different 

photocells, (from Figure 14). Also the values of R0ff and R0 are 

computed. 

Photocell 
-- 

G R R0ff Ron 

Ferroxcube 40/80 10 K 30 K 3.3 K 

Raysistor 40/200 2 K 3.3 K 1.3 K 

Cl-4 40/200 8 K 12 K 5. 3 K 

Table A-1. Effective t0 and 'off" resistances for the different 

photoceila. 
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Phase Shifting Network. 

The circuit shown In Figure A-3 has the following transfer furic- 

tion: 
e0 s + (RC) - - 

i (il) 
e s + (RC) + (RLC) 

where s = j (A) = jzlrf. 

For C = O. 5 microfarads, R = 4. 5 kilohms, f = 100 cps, and 

R = R0 + RL, The phase shift through the network is 90°. 

Parallel Chopping versus Series Chopping for Demodulation. 

Whether series or parallel chopping will be used for demodula- 

tion is dependent on which chopper efficiency is the highest. The 

following analysis will therefore determine which method is the best. 

The equivalent circuits for the demodulator. are shown in Figure A-4. 

The amplifier has a cathode follower output stage with an output 

resistance of 125 ohms. The off and flon" resistances of the chopper 

are 30 kilohme and 3. 3 Icilohn-is respectively. The load resistance is 

i kiohxn. 

Series Chopper. 

e0 R0ff RL R0 RL 
= 0. 15 (12) 

eA RA + R0ff RL RA + Ron RL 

Parallel Chopper. 

e0 

eA RA+RO+RL 

RL 

RA + R0ff + RL 
= 0. 19 (13) 
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a) Basic Circuit, b) Equivalent Circuit. 

Figure A-3. Phase Shifting Network. 

o 

a) Parallel Chopper Demodulator 

R. 

b) Series Chopper Demodulator. 

Figure A-4. Chopper Demodulators; 

RL 

RL 
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The d-c component of the demodulated signal appearing at RL 

is e0/(eT ). As seen, eo/eA is highest for the series chop- 

per. The series chopper therefore has the highest demodulation 

efficiency. 


