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THE HELIX PARAMETRIC AMPLIFIER - 
A BROADBAND SOLID -STATE 

MICROWAVE AMPLIFIER* 

BY 

C. LOUIS CUCCIAI AND KERN K. N. CHANG$ 

Summary -This paper describes a parametric amplifier which uses a 
helix as a slow -wave distributed interaction structure and has variable - 
capacitance solid -state diodes distributively coupled to the helix. An ap- 
plied signal and a pump signal are coupled to the input of the helix; inter- 
action occurs with the diodes and provides parametric amplification of the 
applied signal at the output of the helix. The helix parametric amplifier 
has an insertion loss of approximately 30 decibels betwen the input and 
the output of the helix before application of the pump signal; net gains 
as high as 38 decibels have been measured with the pump signal applied. 

Experimental operation of helix parametric amplifiers in the 2200- to 
2300- megacycle and 1800- to 2000 -megacycle frequency bands is described. 
Gains in excess of 30 decibels have been measured over narrow frequency 
ranges. Operating bandwidths from 5 to 10 per cent at substantial gain 
have been achieved at pump frequencies less than twice signal frequency. 
Terminal single -sideband noise figures as low as 4.5 decibels have been 
measured. 

INTRODUCTION 

HE PARAMETRIC AMPLIFIER has recently become the 
object of world -wide research and development. In general, 
the development has been concentrated on two specific types: 

the cavity two -terminal parametric amplifier1 -3 and the traveling -wave 
parametric amplifier.4-'° 

The cavity type has several disadvantages : it has a narrow band- 
width, it requires a circulator, and its gain is very sensitive to 
variations in pump frequency and power. The traveling -wave type 
using a diode- loaded transmission line has shown great promise as 
a wide -band amplifier in analytical studies by Cullen,4 Heilmeier,8 
and others. However, the large number of diodes required for usable 
gain (approximately two diodes per decibel of gain, according to 

* Manuscript received. 
t RCA Electron Tube Division, Los Angeles, Calif. 
# RCA Laboratories, Princeton, N.J. 
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Heilmeier), the close spacings involved, and the tendency for the 
pump power to be dissipated in the first few diodes restricts the 
operation of the device as a microwave amplifier. Other traveling - 
wave structures which use a periodically loaded waveguide° for opera- 
tion and a coupled- cavity traveling -wave structure10 at S -band have 
indicated the feasibility of the traveling -wave approach for the case 
when the pump power is applied at a multiplicity of points in the 
parametric amplifier structure. 

This paper describes an approach to parametric amplifiers which 
uses a unique microwave filter circuit, the diode -loaded helix, first 
proposed by Chang.l' The circuit has exceptional capabilities as a 
microwave -frequency low -noise amplifier including increased band- 
width, a small number of diodes, adaptability to circuit miniaturiza- 
tion, and inherently stable performance. The point of view of the 
paper is one of an experimental study so that circuit characteristics 
and capabilities are pointed out. 

PUMP -+ 
SIGNAL - VARIABLE - CAPACITANCE 

DIODE 
AMPLIFIED SIGNAL 

IDLER - 
PUMP -- 

Fig. 1 -Basic circuit structure of a diode -loaded helix parametric amplifier 
which uses variable -capacitance diodes as shunts for selected helix turns. 

THE HELIX PARAMETRIC AMPLIFIER 

In a basic helix parametric amplifier, varactor (variable- capac- 
itance) diodes are distributively coupled to individual helix turns as 
shown in Figure 1; these diodes act as variable- capacitance shunts. 
The signal to be amplified, together with a pump signal is applied 
to the input section of the helix; the amplified version of the applied 
signal is derived from the output. 

Figure 2 shows the principal components of the helix parametric 
amplifier: a length of helix, a helical coupler capable of coupling to 
the helix over almost two frequency octaves, and variable- capacitance 
semiconductor diodes housed in miniature pill -type structures. These 
structures are especially suitable as shunts for helix turns. 

Figure 3 shows an experimental helix parametric amplifier having 
three diodes in the helix turns, helical couplers for coupling the signal 
to and from the helix, and a direct connection to the helix for the 
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Fig. 2- Typical circuit elements of a helix parametric amplifier; helix, 
helical coupler, and pill -type variable- capacitance semiconductor diodes. 

pump signal. This amplifier is typical of helix parametric amplifiers 
in which as few as two and as many as five or six diodes are used. 
Amplification is provided in the small exposed region indicated by 
the pencil point without the use of tuning stubs, numerous circuit 
structures, or narrow -band elements. 

The small number of shunting diodes in a helix structure can 
develop higher voltages and store more energy than a diode -loaded 
transmission line or waveguide. This feature is due to the unusual 

Fig. 3 -An experimental helix parametric amplifier. The vertical connec- 
tors (left and right) are for pump signal and termination respectively. 
The pencil points to the small portion of the diode -loaded helix in which 

parametric amplification takes place. 
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filter characteristics inherent in a diode -loaded helix structure, and is 
augmented by a pump frequency which is less than twice the signal 
frequency. As shown in the curve of gain as a function of pump - 
power in Figure 4, the gain rises to a maximum value and then 
decreases with increasing pump power. On the other hand, the stand- 
ard two -terminal cavity parametric amplifier has a gain curve in the 
usable -gain regions which continues to rise very rapidly as a function 
of increasing pump power. Such a characteristic indicates the need 
for stringent pump -power stabilization. 

z 
Q 
o 

OSCILLATION LEVEL 

/ TWO-TERMINAL 
PARAMETRIC AMPLIFIER 

HELIX PARAMETRIC 
AMPLIFIER 

PUMP POWER 

Fig. 4 -Gain as a function of pump power for a conventional two -terminal 
parametric amplifier and a helix parametric amplifier. 

The noise figure of the helix parametric amplifier is in the 5- to 
7- decibel range as compared to 2 to 4 decibels for two -terminal cavity 
parametric amplifiers. There is a wide range of applications for 
amplifiers in the 5- to 7- decibel noise -figure category. The high 
degree of miniaturization possible with the parametric amplifier makes 
it very attractive for such applications. 

FILTER -HELIX CIRCUIT 

In the helix parametric amplifier, the applied signal and the pump 
signal interact successively in each diode -loaded helix turn and gen- 
erate an idler signal at the difference frequency. Amplification is 
obtained at the signal and idler frequencies by conversion of power 
supplied by the pump to these frequencies. 

The system interactions which occur in the helix parametric am- 
plifier are different from those which occur in traveling -wave struc- 
tures or two -terminal structures. 

Experimental evidence indicates that the basic circuit of the helix 
parametric amplifier is comparable to that of a filter helix. The diode - 
loaded helix displays the general characteristics of a coupled multiple - 
tuned circuit at each of the three pertinent frequencies. 



HELIX PARAMETRIC AMPLIFIER 223 

In deducing the basic nature of the parametric amplifier circuit, 
the effect of periodic loading of the helix with variable capacitance 
diodes must be considered first. The unloaded helix is a slow -wave 
structure which is nondispersive over wide ranges of frequencies 
encompassing a number of frequency octaves. Such unloaded helices, 
when wound with low -loss materials and supported in nondissipative 
structures, are capable of signal translation at an insertion loss of 
the order of a few decibels. Helix structures periodically loaded with 

(al 

(b) 21 

02 

2 
v2 

22 HT 

HELIX 

BI+B2=Bo 

22 

Fig. 5- Equivalent impedance (b) for a helix with its turns periodically 
loaded with diodes (a). 

electrically nonvariable elements have been used by Dodds and Peter 
to enhance the gain in a traveling -wave tube, and by Siegman and 
Johnson to suppress backward waves in a traveling -wave tube. How- 
ever, the use of periodic loading elements which produce amplification 
is new in the microwave art. 

The helix, when periodically loaded by impedance elements, be- 
comes dispersive and develops a pattern of transmission bands and 
stop bands. In the transmission bands, the stored energy per length 
of helix is greatly increased by periodic loading. A general analysis 
of the transmission characteristics of a periodically loaded helix in 
a traveling -wave tube, published by Dodds and Peter,12 -14 is applicable 
in defining stop and pass bands for the loaded helix shown in Figure 5. 
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In the diode -loaded helix of Figure 5(a), each loaded helix turn 
is a first section of filter having an electrical phase angle 01. The 
length of helix between that loaded turn and the next loaded turn is 
a second section of filter having an electrical phase angle 02. As 
indicated in Figure 5(b), impedances Z1 and Z2 represent, respec- 
tively, the diode -loaded helix turn and the following unloaded helix 
section. 

The phase angles 01 and B., can be related to the lengths, ll and 12, 

and the phase velocities, y1 and y9, of the respective sections by the 
following expressions: 

where (0 is the angular frequency. The sum of the electrical angles of 
the two sections comprising a unit cell may be expressed as follows: 

Bo= -+- , 

_ v1 V9 

where 00 = 01 + 02. 

Dodds and Peter have established a parameter a which determines 
the ratios of the electrical angles in a unit filter cell comprised of the 
impedances Z1 and Z2 ; 

01=a00, 

02=(1-a) 00. 

The phase angle, 0, of an infinite filter chain as related to the elec- 
trical angle, 00, and the ratio parameter, a, is shown to be 

K+1 K -1 
cos 0= cos00 

2 2 
cos [Bo (1 -2a)]. 

The parameter K relates the difference in magnitudes of Z1 and Z9 

and, therefore, the degree of periodic loading. 
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1 K=- 
2 

Z1 Z., -1. 
Z2 Z1 

This equation describes the existence of a pass band when cos O is less 
than one, and a stop band when cos B is greater than one. The limits 
of the bands are 

cos B = ±1. 

Figure 6 shows the pass and stop bands as a function of frequency 

a =0.6 

-IN 
2 

Y 
I 

o 2 

8 

7 

N IN 6 
+ 

NIN 

4 
-IN 3 

II 2 

0 

7r, 

1 

i I 

1 3irl 27/1 5ir 3r 81= 27rf21 2 1 I 

1 1 i PASS AND STOP 
BANDS FOR ¢ =0.6 

K =2 
aziFi'munrin0w 

P 

fl 

a =0.5 
0 

3 ¡if 2r Afr 37/ 81=27rfRl 
vI 

Fig. 6- Loading parameter K as a function of electrical angle B, of the 
diode- loaded helix turn in each unit cell for two values of a. 

and curves of K for a = 0.5 and a = 0.6. For K = 1 or Z1 = Z2, no 
stop bands are developed. As K is increased, stop bands become in- 
creasingly wider; their location depends upon frequency and on the 
ratio parameter, a. 

The equation for K clearly defines the stop and pass bands for an 
infinitely long periodically loaded helix when the ratios of the electrical 
angles and the impedances of the sections of the cells are established. 
In the helix parametric amplifier, only a few unit cells are involved 
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and the loading produced by the variable- capacitance diodes is rela- 
tively light. Therefore, the over -all aggregate of stop and pass bands 
displayed by a length of helix having periodic loading introduced into 
a short length is not as distinct as in the heavily loaded longer struc- 
ture. In addition, there is the practical aspect of including the peri- 
odic- loaded length of helix as the middle of three successive lengths 
of helix, with the first and last lengths acting as input and output 
circuits to the periodically loaded length. The dissimilarity of the 
impedances of the loaded and unloaded lengths provides impedance 
discontinuities and reflections which make coupling to each end of the 
diode -loaded helix difficult. 

Fig. 7- Helix- and -coupling arrangement used for testing the transmission 
characteristics of the helix used in the helix parametric amplifier. 

TRANSMISSION CHARACTERISTICS OF DIODE -LOADED FILTER HELIX 

An experimental study of the transmission and coupling charac- 
teristics of a helix periodically loaded by variable- capacitance diodes 
along a portion of its length was undertaken using the structure 
shown in Figure 7. In this structure, the helix is supported by ceramic 
rods, and a direct connection is made to each end of the helix. 

Semiconductor variable- capacitance diodes of the type shown in 
Figure 8 were used as helix -turn loading elements. These germanium - 
type diodes15 have capacitances of the order of one picofarad. They 
are encapsulated in small cylindrical packages approximately one -tenth 
of an inch in diameter. The helix was similar to those used in RCA 
medium -power S -band traveling -wave tubes. 
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Fig. 8 -The pill type of variable -capacitance semiconductor diode used in 
the helix parametric amplifier. The size of the diode is compared with 

that of a conventional pencil point. 

One end of the helix was terminated in a matched load and the 
input VSWR was measured on a reflectometer over the 2000- to 4000 - 
megacycle frequency range. The diodes were spaced at intervals of 
two, three, and four turns. The periodicity of the low -VSWR regions 
decreased with decreasing diode spacing from an average of approxi- 
mately 1000 megacycles for a diode in every fourth turn to about 300 
megacycles for a diode in every second turn. Figure 9 shows the 
VSWR with diodes positioned in every second turn. The several match 
ranges in the 2000- to 4000 -megacycle frequency range include a 
relatively broad band of very low VSWR in the 2200- to 2300 -mega- 
cycle range, and a narrower band of very low VSWR near 3000 
megacycles. Small shifts in diode position and spacing produced 
substantial shifts in the frequency locations of these ranges of low 

VSWR. 

2000 2500 3000 3500 4000 
FREQUENCY -Mc 

Fig. 9 -Input VSWR as a function of frequency for the helix structure 
of Figure 7 with the structure periodically loaded by three diodes and 

a = 0.5 
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The curves of Figure 10 show insertion -loss measurements on the 
diode- loaded helix structure of Figure 7 under conditions of no diode 
leading, a single diode loading per one helix turn, and diodes loading 
alternate turns. The unloaded helix has an insertion loss of from one 
to six decibels over the entire frequency octave from 2000 to 4000 
megacycles. 

The loading of the helix with a single diode provided only a point 
of impedance discontinuity and did not constitute periodic loading. 
For this case, the measured insertion loss generally occurred in the 
neighborhood of 12 to 15 decibels over the 2000- to 4000 -megacycle 
frequency range. The insertion loss resulting from the insertion of 

lo 

1!1/M111WWW Mang 1MMIC1lw THREE-D ODE PERIODIC 
LOADING a -0.5- - 11/M 

-. , ONE -DIODE 
LOADING IIMMIll -_-` _,_ 1 -., NO DIODE 

LOADING ` 10 

6 

4 

2 

8 1600 2000 2400 2800 3200 3600 4000 4400 
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Fig. 10- Attenuation as a function of frequency for the helix of Figure 7 
for different loading conditions. 

three diodes into the helix (a diode loading alternate helix turns) is 
shown in Figure 10 for the frequency range 860 to 4000 megacycles. 
The general configuration of bands having greater and less attenua- 
tion is evident; bands of relatively low attenuation occur in the UHF 
and lower L -band frequency ranges, and a narrow band of very low 
attenuation occurs near 3000 megacycles. This latter band matches 
a band of very low VSWR predicted by the VSWR measurement. A 
relatively high insertion loss of greater than 20 decibels was measured 
in the 2200- to 2300 -megacycle band where a very low input VSWR 
was observed. 

PASS -BAND SIGNIFICANCE 

The attenuation curve of a diode -loaded helix shown in Figure 
10 provides an important key to the understanding of the helix para- 
metric amplifier. The particular periodic loading used results in a 
relatively narrow pass band of low insertion loss at approximately 
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3000 megacycles and at 6000 megacycles (not shown in Figure 10). 
These pass bands have been found experimentally to present an excel- 
lent load to signals applied to the helix at 3000 megacycles, with the 
result that such signals develop considerable voltages across each of 
the diodes. In fact, sparks have been observed between the diodes 
and helix turns in very dim light (when the contacts between these 
elements were broken) with r -f power of several hundred milliwatts 
applied to the helix in the band. Considerable radiation has been 
detected at a distance from the unshielded helix. The dissipative 
qualities of the structure are indicated by the fact that less than 10 

milliwatts of r -f power was detected at the output of the helix when 
almost one watt of net power was applied to the input of the helix. 
The diode -loaded helix also acted as a harmonic generator at these 
frequencies with an input signal at 3000 megacycles delivering power 
at 6000 megacycles in the output with good conversion efficiency. 

It has been determined experimentally that, at high gain, para- 
metric amplification is possible when the pump signal is passed through 
the highest- frequency pass band and the signal and idler frequencies 
are approximately 70 and 30 per cent, respectively, of the pump fre- 
quency, provided that suitable pass bands are developed by the diode - 
loaded helix at these frequencies. The location of the highest pass 
band and the pass bands used for the signal and idler frequencies 
can be controlled by (1) variation of the spacing between diodes 
(and thus of a), (2) use of an asymmetrical spacing if the helix 
diameter and pitch are maintained constant, or (3) adjustment of 

the helix parameters to provide a mechanical means for adjusting 
the frequency of operation over a range comprising a substantial 
portion of an octave. 

Substantial insertion loss has been encountered in the frequency 
bands used for the signal frequency, but considerably less at the idler 
frequencies. Even in favorable transmission bands, the diode -loaded 

helix, unlike the shunt -loaded transmission line, provides a complex 

coupled band -pass -filter type of circuit's" in each pass band. The 

diode -loaded turns present series components of high impedance in 

cascade to the signals traveling along the helix. This arrangement 
provides improved impedance matching to each diode over wide fre- 
quency ranges because the helix turn shunting each element is a broad- 

band circuit which enhances the signal development to the diodes at 
the principal frequencies. As a result, high gain is achieved with a 

very small number of diodes and circuit elements. 
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EXPERIMENTAL HELIX PARAMETRIC AMPLIFIERS 

Two experimental helix parametric amplifiers are shown in Figure 
11. Two couplings are made to each side of the portion of the helix 
where the diode loading takes place, one by direct connection and the 
other by means of a helical -coupler. 

The helical coupler in the helix parametric amplifier simplifies the 
technique of multiple -signal coupling to and from the helix because 

Fig. 11 -The sizes of two experimental helix parametric amplifiers com- 
pared with that of a conventional pencil. 

(1) it is a very small structure, (2) it may be coupled to a helix over 
a range of several frequency octaves, and (3) it is basically a direc- 
tional coupler. This type of coupler is widely used in traveling -wave 
tubes18 because of its excellent low -VSWR coupling characteristics. 
In the helix parametric amplifier, it couples the pump and input 
signals to the helix with a great degree of mutual signal isolation. 
In addition, it provides a versatile output circuit for the multiple 
processing of the output pump signal, amplified input signal, and 
idler signal, although its insertion loss is higher than that of wave - 
guide or coaxial- cavity couplers. 

The helix parametric amplifiers shown in Figure 11 use diode - 
loaded helix structures which are substantially the same as the struc- 
ture shown in Figure 7. The use of a helix of fixed size and charac- 
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teristics, on which different numbers of diodes are positioned for 
optimum signal- frequency gain characteristics, has resulted in opti- 
mum terminal -to- terminal net gains in excess of 20 decibels for all 
signal frequencies from 1800 megacycles to 3000 megacycles. The 
pump frequencies used for the extreme and median frequencies were 
as follows: 

Signal Frequency Pump Frequency 
(Mc) (Mc) 

1800 2400 

2250 3000 

2800 3800 

A high degree of precision is required in the circuit elements. As 
in the traveling -wave tube, minute eccentricities in pitch of the helix 
can produce substantial changes in the transmission characteristics 
of the helix. The design of the helical coupler imposes very close 
tolerances on all parameters. These tolerances are necessary to main- 
tain coupling in frequency bands located many hundreds of megacycles 
apart. 

In general, three diodes were employed for most broad -band experi- 
ments. Values of a, the ratio of the electrical angle of the diode -loaded 
helix turn to the total electrical angle of one cell of the periodic struc- 
ture, were chosen to give amplification in the 1800- to 2800 -megacycle 
frequency range. 

Neither the number of diodes nor their positioning was arbitrary. 
In the absence of any diodes on the helix, the insertion loss was less 
than 5 decibels from the input helical coupler to the output helical 
coupler at the input -signal frequency. A single diode -loaded turn 
increased this insertion loss to a value in excess of 12 decibels; how- 

ever, the gain furnished by this single diode when the pump signal 
was applied, just overcame this insertion loss. When two properly 
spaced diodes were used, the cold insertion loss was increased. The 
maximum gain, on application of pump signal, was of the order of 
10 decibels from input terminal to output terminal. 

The use of three diodes properly positioned in selected turns pro- 
duced a cold insertion loss of up to 30 decibels. The application of 
pump energy resulted in up to 40 decibels of net terminal -to- terminal 
gain in stable operation. 

More than three diodes in a periodic array produced special gain 
characteristics' in narrow frequency bands, but no determinable advan- 
tage with respect to maximum or wide -band gain. The bulk of the 
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pump power was dissipated by the first three diodes; extra diodes 
produced additional cold insertion loss but contributed very little gain 
in the parametric amplification process. 

The scope of the program did not permit a full -scale evaluation of 
optimum diode characteristics for the helix parametric amplifier, al- 
though optimum characteristics undoubtedly exist for each helix design 
frequency range, and desired gain bandwidth product. On the other 
hand, the operation of the helix parametric amplifiers was not depend- 
ent on critical diode characteristics. Germanium diodes having cutoff 
frequencies ranging from 60000 to 90000 megacycles and capacitances 
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Fig. 12 -Block diagram of the circuit used for testing the gain character- 
istics of a helix parametric amplifier for the frequency band 2200 to 

2300 megacycles. 

of 0.25 to 1.0 picofarad could often be interchanged with only small 
resultant changes in gain. On the other hand, attempts to use diodes 
with cutoff frequencies of less than 50000 megacycles resulted in sub- 
stantial reductions in gain. 

TEST CIRCUIT 

The circuit aspects of the helix parametric amplifier are based on 
a straightforward requirement. Because both input and pump signals 
are applied to the inputs of the amplifier, an amplified input signal, 
a pump signal of reduced intensity, and an idler signal are produced 
in the output of the amplifier. These three output signals must be 
terminated in proper impedances. 

Figure 12 shows the basic circuits and components of a test ar- 
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rangement for gain measurement over the 2200- to 2300 -megacycle 
frequency band. The input signal is applied from a tunable signal 
generator through a low -loss pump- rejection filter to the amplifier 
input. The pump signal is supplied to the amplifier by a tunable signal 
generator which drives a traveling -wave tube and provides pump 
power of up to one watt variable over the 2000- to 4000 -megacycle 
frequency band. 

The output circuit in Figure 12 is a triplexer -type arrangement. 
The output of the parametric amplifier feeds into a power divider 
having three output circuits. One output circuit couples to a band -pass 
filter which passes the amplified band of frequencies to the mixer of 
a receiver. The second output is coupled to a high -pass filter which 
rejects both the amplified input -signal and idler -signal power and 
couples the remaining power at the pump frequency to a matched 
termination. The third output is coupled to a low -pass filter having 
a cutoff frequency between the low- frequency of the idler signal and 
high frequency of the input signal; a matched termination is pro- 
vided at the output of the low -pass filter as a termination for the 
idler signal. 

The receiver includes the mixer mentioned above, a local oscillator, 
a calibrated step attenuator, a 30- megacycle i -f strip, and a detector. 
Gain is measured by a comparison technique; the detector is first 
calibrated without the parametric amplifier between the input -signal 
generator and the power divider and then with the parametric ampli- 
fier in the circuit. The calibrated attenuator in the receiver is used 
to measure power gain. 

Several precautions were adopted to assure the validity of gain 
measurements. First the detector was calibrated while pump power 
of up to one watt was fed into the triplexer to eliminate spurious 
mixer responses caused by pump -power leak -throughs ; in addition, 
the filters in the triplexer arrangement were arranged to provide at 
least 80 decibels isolation between the mixer and the pump termination 
at pump frequency to prevent pump power from effecting the receiver. 

Noise figure was measured at S -band with essentially the same 
circuit. The output of an AIL -70A noise source was applied to the 
pump- rejection filter, and a calibrated receiver and Hewlett- Packard 
304B noise -figure meter (which also powers the noise source) were 
substituted for the receiver used in the gain measurements. 

GAIN PERFORMANCE IN THE 2200- TO 2300 -MEGACYCLE BAND 

For evaluation of the helix parametric amplifier as a wide -band 
amplifier with respect to structure, circuit, and performance charac- 
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teristics, a signal- frequency in the 2200- to 2300 -megacycle band was 
chosen, and extensive measurements of electrical performance were 
made. The following discussion of pertinent performance charac- 
teristics is derived from these measurements. It must be emphasized, 
however, that these performance characteristics are intended only to 
illustrate the basic electrical behavior of the helix parametric amplifier 
and the relationship between the circuit structure and performance, 
and not to establish the design of a particular amplifier. 

Operation in the 2200- to 2300 -megacycle frequency band is con- 
sistent with the existence of a pass band in that region, a higher - 
frequency pass band for the pump in the 3000 -megacycle range, and 
a pass band of relatively low insertion loss in the idler- frequency 
band of 800 to 900 megacycles. Figure 10 shows the pass- and stop - 
band characteristics of a helix structure, similar to that shown in 
Figure 7, when it is loaded by 3 diodes. 

In the circuit shown in Figure 12, the band -pass filter in the output 
circuit passes only the desired 2200- to 2300 -megacycle band. The 
high -pass filter in the output pump circuit has a cutoff frequency of 
2600 megacycles, and the low -pass filter in the idler output circuit 
has a cutoff frequency of 1500 megacycles. 

Signal connections to the helix parametric amplifier consist of the 
input signal and the pump signal which are applied to the input helical 
coupler and the input direct connection to the helix, respectively. The 
triplexer output circuit is coupled to the output helical coupler, which 
was specially designed to couple to the helix at all three principal 
frequencies. The output direct connection to the helix is coupled to 
a circuit arrangement which permits a wide choice of match and mis- 
match terminations at the idler frequency. One advantage of the use 
of pump and idler signals located in relative proximity to the principal 
signal frequency is that helical couplers have sufficiently wide fre- 
quency- coupling characteristics to couple to the helix at all three of 
these signals, thereby simplifying the coupling problem. 

GAIN CHARACTERISTICS 

Gain in the 2200- to 2300 -megacycle band is a function of several 
parameters if the helix characteristics remain fixed. These parameters 
include pump frequency, pump power, and diode spacing as defined 
by a, the ratio of the electrical angle of the diode -loaded helix turn 
to the electrical angle of the entire unit cell in each period. For 
example, when a = 0.5, the diodes are in a row between alternate helix 
turns. 
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The gains achieved were very stable for long periods of time with 
frequent turning on and off of the equipment. In general, the curves 
for gain as a function of pump power were of the type shown in 
Figure 4 and evidenced very little tendency toward oscillation.* The 
broad peak of the curve provides for peak gains with small change 
over a substantial range of pump power. 
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Fig. 13 -Gain as a function of frequency for several fixed values of pump 
power. 

Figure 13 shows gain characteristics with respect to various values 
of pump power for values of a of 0.55, 0.57, and 0.6. These curves 
do not establish optimum or maximum bandwidth values, but indicate 
that for a pump power of 500 milliwatts, peak values of more than 
20 decibels of gain may be obtained. The gain peaks which are located 
in various parts of the 2200- to 2300 -megacycle frequency band are 
dependent on the periodic diode -spacing parameter a. No value of a 

Oscillations were observed only after prolonged tests at very high 
pump powers which resulted in the diodes becoming very hot (although 
not hot enough to cause damage to the diodes) ; once the diodes cooled, 
the oscillations disappeared. 
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shown provides for gain across the entire 100 -megacycle band at any 
value of pump power. 

Figure 13(d) shows gain as a function of frequency when the 
spacing between diodes in the helix turns is made slightly asymmetri- 
cal. This condition corresponds in some degree to the staggered 
tuning used in some intermediate- frequency amplifier strips. The 
peaked narrow -band gain characteristic typical of the true periodic 
diode arrangement is replaced by characteristics having lower gains 
across wider frequency bands. The gain hole at 2275 megacycles is 
primarily due to the VSWR spike -like increase in the input helical - 
coupler coupling produced by the asymmetrical diode arrangement. 

Each family of curves shown in Figure 13 was measured at a fixed 
pump frequency; individual curves correspond to significant values 
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Fig. 14 -Locus of pump frequency over the range of signal frequencies 
from 2200 to 2300 megacycles for a three -diode amplifier operated at 15- 

decibel gain and with a constant pump power. 

of pump power. If the pump frequency is varied until gain is opti- 
mized at each signal frequency, the gain characteristics of symmetrical 
diode -loading arrangements may be broadened. Figure 14, a curve of 
gain at 15 decibels (at fixed pump power) across the 2200- to 2300 - 
megacycle frequency band as a function of pump frequency, shows 
that a decrease in pump frequency of the order of 50 megacycles at 
each end of the band prevents gain drop -off. 

Figure 15 shows parametric -amplifier amplification as a function 
of pump frequency and pump power at the midband frequency of 2250 
megacycles for both the symmetrical periodic diode position arrange- 
ment and the asymmetrical diode position arrangement; these curves 
relate to the midband operation shown in Figures 13b and 13c. 

As indicated in Figure 15a, the gain for symmetrical diode loading 
varies as a sin x/x type of function of pump frequency; maximum 
gain occurs at a pump frequency of 2995 megacycles, the peak of the 
principal lobe. Gain as a function of pump power at 2995 megacycles 
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follows the general curve of Figure 4. In this curve the gain decreases 
as pump power increases beyond 600 milliwatts. 

For asymmetrical diode loading (see Figure 13d), substantial gain 
can be achieved at a number of closely spaced pump frequencies. The 
gain is stable at each of these frequencies, as evidenced by the curves 
shown in Figure 15d. 
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Fig. 15 --Gain as a function of frequency and pump power for both sym- 
metrical and asymmetrical diode spacing. 

A reflection technique was used to study idler -signal information 
reflected back to the diode -loaded helix structure for regeneration. 
Prior to installation of a tuning stub on the output direct -connection 
to the helix, the parametric amplifier was adjusted to a gain of 22 
decibels at 2250 megacycles with the idler properly terminated; after 
installation and tuning of the stub, the gain was increased to 40 deci- 
bels with excellent stability. 

Asymmetrical positioning of the diodes in the helix and idler -signal 
reflection also peak the gain into a narrow frequency band. Figures 
15e and 15f show the curves for gain as a function of pump frequency 
and gain as a function of pump power at each significant pump fre- 
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quency. The asymmetrically positioned diodes were arranged to pro- 
vide peak gains of 30 decibels at 2275 megacycles. The bandwidth 
was very narrow, but the amplifier was stable at all significant pump 
frequencies. 

The gain characteristics were measured under small -signal condi- 
tions with signal inputs at -30 dbm and less. In general, the 3 -diode 
helix parametric amplifier was saturated at power- output levels of 
about one milliwatt and depended upon the types of diodes used, the 
diode arrangement, and the amount of pump power required at the 
frequency of signal amplification. Figure 16, a typical curve of gain 
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Fig. 16-The gain of an experimental helix parametric amplifier as a 
function of the input -power level. 

as a function of input -signal strength for fixed pump power and pump 
frequency, shows amplifier saturation occurring at an output- signal 
level of approximately one milliwatt and the small -signal gain result- 
ing from input -signal levels below the saturation levels. 

NOISE- FIGURE MEASUREMENTS AT 2275 MEGACYCLES 

In measuring the noise figure, a 2200 -2300 megacycle bandpass 
filter was used in the output circuit. The measurement was made with 
the amplifier adjusted to give a gain in excess of 25 decibels at the 
center frequency (2250 megacycles). The representative curve of gain 
as a function of pump power shown in Figure 17 was produced at a 

pump frequency of 3135 megacycles. 
The pump rejection filter at the amplifier input stopped noise 

components at frequencies equal to the pump frequency and at those 
higher frequencies which beat with the pump signal and produce noise 
components at 2250 megacycles. In the output circuit, the local oscil- 
lator of a receiver driving the noise -figure meter was adjusted to 
2280 megacycles. This produced a 30- megacycle component from 2250- 
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megacycles noise which was amplified in the 30- megacycles receiver 
i -f strip. However, the image noise of the midband noise at 2310 
megacycles was prevented from reaching the mixer by the sharp band - 
edge characteristics of the 2200- to 2300 -megacycle filter. 

The curves of noise figure as a function of pump power and gain 
as a function of pump power for the operating frequencies mentioned 
above are shown in Figure 17. In regions of low pump power, the 
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parametric amplifier. 

noise figure is high; the figure decreases as the pump power is in- 
creased to maximum gain. This behavior is similar to that described 
by R. C. Knechtli and R. D. Weglein.19 In the maximum -gain region, 
the terminal noise figure passes through a minimum having a meas- 
ured value of 4.5 decibels.* 

As pump power increases beyond the region of maximum gain, the 
noise figure increases (with decreasing gain). Because the diodes are 
unbiased in the helix, the point of diode conduction cannot be exactly 

This terminal noise figure includes approximately 1.5 decibels inser- 
tion loss due to the input helical coupler and the pump- rejection filter. 
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determined. However, evidence indicates that diode conduction occurs 
beyond maximum gain. 

Figure 17 indicates a useful pump -power range of more than 150 
milliwatts in the vicinity of peak gain where terminal noise figures 
of less than 6 decibels are achieved. This noise figure is in a range 
of stable gain, and is stable itself because of the noncritical mode of 
operation at the high -gain crest of the curve shown as a function 
gain versus pump power. 

The terminal noise figure measured at 2275 megacycles represents 
a noise figure between single -channel and double -channel operation 
and actually comprises contributions from two modes of operation - 
the first- harmonic mode of pump power acting on the square -law 
variation of capacitance charge, and the second -harmonic mode of 
pump power acting on the cubic variation of capacitance charge. For 
pure single -channel operation in either mode, all noise components in 
the idler frequency in each mode must be rejected at the amplifier 
input; in double -channel operation, all idler- frequency components in 
each mode must be accepted. 

In the first -harmonic mode of pump power, the effective pump 
frequency is at the applied pump frequency of 3145 megacycles. The 
idler frequency in that mode, in response to an applied signal at 2275 
megacycles, occurs at 860 megacycles. Experiments showed that ap- 
proximately 8 per cent of the applied signal power was reflected back 
to the signal generator at the input helical coupler and more than 30 
per cent of the idler- frequency power. The noise -figure contribution 
in this mode, therefore, is approximately 1.1 decibels greater than 
that for true single -channel operation where 860- megacycle informa- 
tion is completely rejected. 

The ultimate single -channel noise -figure contribution (NF) in this 
mode may be calculated from the following equation' on the basis of 
the ratio of signal to idler frequencies when the amplifier is operated 
at room temperature and high gain : 

NF 1+ 0)8 

(0L 

where w8 and wL represent the signal and idler frequencies, respec- 
tively. For the frequencies under consideration, 

2275 
NF -1-{- -3.65 

860 

5.62 decibels. 
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This is greater than the value measured. 
Because of the high pump power of almost one -half watt required 

for maximum gain and minimum noise figure, however, it appears 
that the amplifier is operating primarily in the mode where the second 
harmonic20 of the pump signal is the effective amplifier pump. In this 
mode, the idler -signal components occur at the difference between the 
second harmonic of the pump signal and the input -signal frequency 
(3995 megacycles). The minimum theoretical noise figure for the 
amplifier is then approximately 

2275 
NF -1+ 1.568 

3995 

1.95 decibels. 

Thus, the total noise figure of 4.5 decibels is primarily the result 
of contributions of the second -harmonic mode of pump operation and 
includes losses due to the input circuit, helix losses, and losses in the 
diode. The noise -figure contribution due to the second -harmonic mode 
of operation is single -channel because noise components at the idler 
frequency in this mode of operation are entirely rejected by the pump 
rejection filter. 

WIDE -FREQUENCY -RANGE GAIN CHARACTERISTICS 

The 3 -diode helix parametric amplifier was tested for gain over 
frequency ranges other than the 2200- to 2500 -megacycle band. A 

helix of the same size and number of turns per inch was used, but 
the diodes were positioned differently. Measurements of gain over 
the 2650- to 2750 -megacycle band with fixed pump frequency and 
pump power indicate the promising capabilities of an amplifier using 
this helix as a wide -range mid -S -band amplifier. 

Two arrangements of three diodes corresponding to an a of about 
0.4 provided the curves shown in Figure 18. 

Approximately 30 decibels of cold insertion loss was present be- 
tween input and output terminals before application of fixed values 
of pump power at fixed frequencies of 2338 and 2348 megacycles. The 
net gain curves represent the large total electronic gains which over- 
come the cold insertion loss and provide the net terminal -to- terminal 
gains. These gain curves represent gain peaking at 1810 megacycles, 
and the best average point -to -point gain over the entire 10 per cent 
frequency band. The gain was stable at all frequencies in the fre- 
quency range shown in Figure 18. 
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GAIN TESTS USING MORE THAN THREE DIODES 

Amplifier tests were made with a diode -loaded helix using four 
and five diodes in the 1800- megacycle frequency range. The four -diode 
arrangement was pumped at 2310 megacycles, the five -diode arrange- 
ment at 2658 megacycles. With both the four- and five -diode arrange- 
ments, gain of 12 to 14 decibels was achieved at 1800 megacycles with 
pump power of 250 milliwatts and a pump frequency of 1760 mega- 
cycles. The 4 -diode arrangement provided 24- decibel net gain with a 
pump power of only 125 milliwatts at a pump frequency of 2435 
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megacycles. In all cases, the frequency band over which this gain 
could be maintained was only a few megacycles wide; however, the 
pump power was lower than that required for the same gain when 
three diodes were used. 

PUMP FREQUENCY, POWER, AND GAIN STABILITY 

In general, the experimental helix parametric amplifiers tested 
have not been self -oscillatory at any pump frequency or power, except 
under conditions of severe output- circuit mismatch. This tendency 
to remain nonoscillatory persisted in all modes of operation tested, 
including modes requiring as much as one watt and as little as 2.5 
milliwatts of pump power for substantial gains, and during operation 
at pump frequencies in pass -bands other than those providing maxi- 
mum gain characteristics. 
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The characteristic behavior of the helix parametric amplifier (gain 
rising to a peak and then decreasing with increasing pump power) is 
due to many factors. The principal cause is that the diodes start con- 
duction near the peak gain condition. This effect results in increased 
diode conduction and increased resistance shunting of the diode -loaded 
helix turns as pump power is increased. 

However, the absence of self -oscillation, even at electronic gains 
as high as 70 decibels, is due to the nonreciprocal nature of the device. 
With the particular coupler arrangements used, the amplifier is not 
reversible; that is, the inputs and outputs cannot be interchanged 
without severe deterioration in gain. 
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OPTIMUM BAND SHAPE FOR TELEVISION 
INTERMEDIATE -FREQUENCY AMPLIFIER* 

BY 

T. MURAKAMIt 

Summary -In a phase -linearized television intermediate -frequency am- 
plifier, the optimum bandshape is "haystack" or parabolic. With this type 
of bandpass characteristic, the system transient response to a stepped 
carrier has a single precursory undershoot and a single overshoot with 
no associated transient ringing. In such a system, the optimum carrier 
position is approximately at the 40 per cent response point on the selec- 
tivity curve. 

INTRODUCTION 

BOTH theoretical and experimental results have shown that a 
linear phase system exhibits a symmetrical transient response 
with the fastest possible rise time for a given amplitude char- 

acteristic.' The purpose of this paper is to determine the optimum 
amplitude characteristic and the optimum carrier position for a phase - 
linearized television- receiver i -f amplifier. In the past, it has generally 
been assumed that the ideal receiver attenuation (RA) curve for 
vestigial sideband (VSB) transmission of a television signal is the 
standard RA characteristic.2 However, this type of bandshape results 
in considerable transient ringing of the response envelope before and 
after the input- carrier amplitude transition. 

Before determining the optimum i -f bandshape, consideration will 
be given to the transient response of a system with the standard RA 
characteristic. A parabolic bandpass characteristic is then analyzed 
to show the effect of departing from the standard RA curve and 
normal carrier position. The low- pass /bandpass analogy3 is then de- 

* Manuscript received 23 May 1960. 

t Formerly, of RCA Home Instruments Division, Camden, N.J.; pres- 
ently with RCA Defense Electronic Products Division, Moorestown, N.J. 

1 T. Murakami and Murlan S. Corrington, "Applications of the Fourier 
Integral in the Analysis of Color Television Systems," IRE Trans. Circuit 
Theory, Vol. CT -2, No. 3, p. 250, September, 1955. 

2 G. E. Anner, Elements of Television Systems, p. 460, Prentice -Hall, 
Inc., New York, 1951. 

3 T. Murakami and R. W. Sonnenfeldt, "Transient Response of Detec- 
tors in Symmetric and Asymmetric Sideband Systems," RCA Review, 
Vol. 16, p. 580, December, 1955. 
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rived on a simplified basis and used to determine the optimum i -f 
bandshape from a special low -pass system with the desired transient 
response. 

RESPONSE TO STEPPED CARRIER OF VSB SYSTEM WITH 

STANDARD RA CURVE 

The standard RA characteristic as shown in Figure 1 consists of 
region 1 where parts of both sidebands are present, and region 2 
where only the upper sideband is present. If the system phase func- 
tion is assumed to be linear with frequency in the ideal case, the 

T(w) 

'do 

FREQUENCY 

Fig. 1- Standard RA transmission curve. 

response to a suddenly applied sine wave can be expressed as (see 
Appendix I) 

(1) R(t) =Im (exp {jw,t}[P(t) + jQ(t)]), 

1 1 
where P(t) = -+ -Si (o0 -(1)t, (2) 

4 27 

1 2 sin (t)3 -ù0)t 
Q(t) = + Ci (0)l- 0,,)t -Ci (0)2- 0),)t) 

27r (0)3 -(02)t 
(3) 

and Im (x) indicates the imaginary part of x. , is the carrier fre- 
quency and the delay td is omitted in these equations, and Si (x) and 
Ci (x) are defined by 

x sin t 
Si (x) _ dt 

o t 
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°° cos t 
Ci (x) = dt. 

t 

Equations (2) and (3) have been plotted in Figure 2 along with 
the envelope function for the frequencies indicated in Figure 1. It is 
noted that the inphase component, P(t), could be recovered by the use 
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Fig. 2- Envelopes of carrier output from ideal VSB bandpass system with 
step of carrier applied at 50 per cent point. 

of a product detector. P(t) is of the same form as the step response 
of an ideal "brickwall" low -pass system. With 100 per cent modula- 
tion of the carrier, the envelope is made quite unsymmetrical by the 
vector addition of the quadrature component to the inphase component. 
When the modulation index, m, is small, the envelope distortion will 
also be small. If the input carrier is stepped from a finite level 
instead of from zero, the output envelope may be written 

E(t) _ (1-m)T (toa) +m[P(t) ] (4) 

where T (00 = 0.5 for the ideal VSB case. For this particular example, 
let the input carrier be suddenly changed in amplitude from 0.5 to 1.0 
so that m = 0.5. The detected output is as shown in Figure 3 for the 
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envelope, inphase, and quadrature component detectors. Less distor- 
tion is noted in the envelope than in the previous case where the 
modulation was 100 per cent, the envelope being very similar to the 
inphase component. 

.5 

.4 

.3 

.2 

o 

P(t) 
v 

0(t) 

o 
TIME t 

.2 .4 .6 .8 

Fig. 3- Envelopes of carrier output from ideal VSB bandpass system with 
50 per cent step -modulated carrier applied at 50 per cent point. 

RESPONSE OF PARABOLIC BANDPASS SYSTEM TO SUDDENLY 

APPLIED CARRIER 

To show the effect of the band shape and carrier position on a 

linear phase system, let us consider the parabolic bandpass system 
shown in Figure 4. The amplitude function shown in Figure 4 is 

represented by 

T(u,) =1 (5) 

where t oi coo and coo = (0)1 + (02)/2. The response to a suddenly 
applied carrier as shown in Appendix II can be written in the form 
of Equation (1) , where 

r - 
G 

21 1 

P(t) 
2 
rl -( 1L1 + f Si (., -,) t - Si (l - ) t] 
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1 
+ [(w0 -(01) cos (w2 -wo)t 

2Z7rt (w2 - w0) 2 

1 

27rt2(w2 - wo) 2 

LO 

.8 

.6 

.4 

2 

0 

+ (w2 - wc) cos (wi -(0c)t] 

[sin (w2 wo) t - sin (wi - wc) t] (6) 

41 42 43 44 45 
FREQUENCY f 

46 47 48 

Fig. 4- Parabolic bandpass system (wi = 42 mc, wo = 44.25 mc, wo = 46 mc, 
and w, = 46.5 mc). 

and Q(t) _- 
27r L1- _0)0)2J 

[Cl (w2 - (4,) t - Ci (wl t] 
w2 - w0 

1 
+ [(wa - toi) sin (w2 -wc)t 

27rt (w2 - w0) 2 

+ (w2 - wc) sin (w1- w0)t] 

1 
+ [cos (w2 -w0)t - cos (wi -wc)t]. (7) 

27rt2 (w2 - (0o) 2 

Equations (6) and (7) have been plotted in Figure 5 along with the 
envelope function for 

w2- = 7r 

wc - = 87 

w2- coo =4.57r 

wc - w0 = 3.57r 
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Fig. 5- Normalized envelopes of output from parabolic bandpass system 
with step -modulated carrier applied at 39.5 per cent point. 
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Fig. 6- Normalized envelopes of output from parabolic bandpass system 
with 50 per cent step -modulated carrier applied at 39.5 per cent point. 
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where the carrier is applied at approximately the 40 per cent response 
point. The curves shown in Figure 5 have been normalized to unit 
amplitude by dividing the response by the steady- carrier amplitude. 
Considerable asymmetry is developed in the envelope of the output 
carrier. The curves in Figure 5 correspond to a 100 per cent modu- 
lated carrier; for smaller percentages of modulation, the wave shape 
of the envelope will approach that of the inphase component. This is 
illustrated by the curves of Figure 6 which are for a 50 per cent 

1.0 

8 

.6 

.4 

.2 

o 

s 

I 

1 

41 42 43 44 45 
FREQUENCY f 

46 

Fig. 7 -Ideal VSB bandpass system. 

47 48 

modulated carrier. The single preshoot and overshoot obtained in the 
transient response for this band shape is desirable in television since 
it enhances the picture quality. 

It is of interest to compare the band shapes and transient responses 
of the standard idealized RA characteristic and the parabolic bandpass 
system. Inspection of Figure 7, which shows both characteristics, 
reveals that the standard RA curve has a 3- decibel bandwidth which 
is about 40 per cent greater than that for the parabolic band shape. 
However, a comparison of the rise times of the inphase components 
shows that they are equal. The reason for the improved bandwidth 
rise -time ratio obtained with the parabolic band shape is the high - 
frequency peaking resulting from the parabolic band shape and opera- 
tion with the carrier below 50 per cent. This fact will be more evident 
after the discussion of low- pass /bandpass analogs in the following 
sections. 
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When the carrier position is changed so that the amplitude re- 
sponse at the carrier frequency is .50, the normalized response to a 
suddenly applied carrier is as shown in Figure 8. The amplitude of 

both the overshoot and the quadrature component is decreased as the 
carrier is moved toward the center frequency of the pass band. With 
a 50 per cent step -modulated carrier, the envelope of the output carrier 
approaches the inphase component as illustrated by Figure 9. Figures 

1.2 

io 

.8 

.6 

.4 

.2 

o 

E(t)/ 

i 

P(t) 

I 

/. 

o 
TIME t 

.2 .4 .6 .8 

Fig. 8- Normalized envelopes of output from parabolic bandpass systeir 
with step -modulated carrier applied at 50 per cent point. 

10 and 11 show the corresponding envelopes of the output carrier 
when the carrier is placed at the 60 per cent response point on the 

bandpass characteristic. It is noted that the precursory and following 

overshoots are greatly decreased in amplitude. 

LOW- PASS / BANDPASS ANALOG FOR ASYMMETRICAL SIDEBAND SYSTEM 

By use of the low -pass/bandpass analog it is possible to determine 

the band shape for the bandpass system which results in the most 

suitable transient response for the television signal. For a symmetrical 

double -sideband (DSB) system, the equivalent low -pass analog is ob- 

tained by shifting the bandpass to the origin so that the carrier 

position is at zero, as shown in Figure 12 (a) and (b) . This results 
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Fig. 9- Normalized envelopes of output from parabolic bandpass system with 50 per cent step -modulated carrier applied at 50 per cent point. 
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Fig. 10- Normalized envelopes of output from parabolic bandpass system 
with step -modulated carrier applied at 60 per cent point. 
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in a low -pass system with the same selectivity as the upper side fre- 

quency of the bandpass system. 

In an asymmetrical -sideband system there are two analog filters, 

one for the envelope of the inphase component of the output carrier 

and the other for the quadrature component of the output carrier. 

A relatively simple derivation for these analog filters will now be 

given. Consider the passage of a carrier with sinusoidal amplitude 

modulation through a transmission system with amplitude and phase 

1.2 

Io 

.8 

.6 

.4 

.2 

o 

/ P(t) 

/ 

o t) 

-4 -.2 0 .2 .4 .6 .8 

TIME t 

Fig. 11- Normalized envelopes of output parabolic bandpass system with 
50 per cent step -modulated carrier applied at 60 per cent point. 

characteristics Tc exp [JBc], TU exp [jO ], and TL exp [jOt] for the 

three angular frequencies we, we + corn, and we - w,n, respectively, as 

shown in Figure 13. 

Let the amplitude -modulated carrier e; at the input be 

e% = E (1 + m sin w,t) sin wct 

m m 
=E [sinwct+- cos (wc-w,n)t--cos (wc+wn,)t]r (8) 

2 2 

where E is the carrier amplitude and con, the modulation frequency. 
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Tp(w) 

LO 

(a) BANDPASS SYSTEM 

o 
w --- 

(b) LOW -PASS ANALOG 

Fig. 12- Bandpass system and low -pass analog. 

Passage through the bandpass system will produce the output wave 
ea given by 

mTL 
ea = E Te sin (w(.t + G) + cos [ (w0 - tom) t + O ] 

2 

mTU 
+ cos [ (wc + tum) t + Bzc] r 

2 
(9) 

where each frequency component has been modified in amplitude and 
phase in accordance with the transmission characteristic of Figure 
13. Equation (9) can be rewritten as 

Fig. 13- Transmission characteristic of bandpass system. 
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/ nTL 
eo = E Re I - jTC exp { j (wt - B) } -- exp { j [ (0),-(0,)t + Bt] } 

\ 2 

mTu 
+ exp (j[(&,,± wm)t + Bu]} 

2 

=E Re (exP {j (t,ct + Oc)) [- jTu + 
mTL 

2 
exp {-j (wmt -OL)} 

mT u 
+ exp (9 (wmt + Bu) }1 

2 

mTL mT u 
E ([Tu + sin (wmt - BL) + sin (wmt + Bu) 

2 2 

CmTL 
+ 

2 
cos (wmt - BL) 

sin (w,t + Be) 

mTu 
cos (w,,,t + Ou)] cos ((bet + Oc) 

2 

(10) 

where BL = Bl - Oc and Bu = Ou- B, and Re (x) indicates the real part 
of x. The coefficient of sin (oat + Oc) is the envelope of the inphase 

component of the output carrier, and the coefficient of cos (wet + Be) 

is the envelope of the quadrature component of the output carrier. 
The a -c part of the inphase component, P(t), can be expressed as 

r mTu 
=Im1 

mT 
exp {j(wmt-BL)} + u exp (j(wmt+Bu)} 

L 2 2 

It is thus seen that to obtain the envelope of the inphase component 

of the original modulation, 

m sin wmt = Im [m exp {jwmt }] (12) 

must pass through a system with the transfer function 

1 

TP exp /Op = 
2 

[TL (-A) exp (-) + Tu exp jBu], (13) - 



OPTIMUM BAND SHAPE FOR TELEVISION I -F 257 

where T1. is the amplitude characteristic and Op is the phase charac- 
teristic of the equivalent low -pass filter. Equating real and imaginary 
parts in Equation (13) gives 

1 
Tp cos Op = - (TU cos OU + TL cos 6L) 

2 

1 
Tp sin Op = - (Tu sin 9u - TL sin OL) . 

2 

(14) 

(15) 

Solving Equations (14) and (15) for Tp and Op results in the ampli- 
tude and phase characteristics of the low -pass analog for the envelope 
of the inphase component in terms of the characteristics of the band - 
pass system. Thus 

1 

Tp =- [T U2 + TL2 + 2TUTL cos (OU + OL) ]112 
2 

(16) 

TU sin Oa - TL sin OL 
Op= tan -1 (17) 

TU cos Oa + TL cos OL 

To obtain the associated analog filter for the quadrature component, 
the envelope of the quadrature component Q (t), as given by Equation 
(10), is rewritten in complex form 

mTL jmTL 

/ 
(t) =- 

2 
exp{j(wLt- OL) } 

2 
exp{j(mt+ Ou) } 

(18) 

The original modulation as given by Equation (12) must, by Equation 
(18), pass through a system with a transfer function 

j 
TQ exp jOQ =- [TL exp (-jOL) - TU exp jOU], 

2 
(19) 

where TQ is the amplitude and OQ the phase of the quadrature analog 
filter. In terms of the bandpass characteristics, TQ and OQ are 



258 RCA REVIEW June 1961 

1 
TQ = - [T u2 + TL2 - 2TuTL cos (0u + 0L) 7112 (20) 

2 

TL cos BL - Tu cos Or 
eQ = tan -1 (21) 

TL sin 6L + Tu sin Bu 

LOW -PASS ANALOGS IN LINEAR -PHASE BANDPASS SYSTEMS 

When the system phase is linear, so that BL = -Ou, the low -pass 

analog characteristics for the inphase component in terms of the 

bandpass characteristics reduce to 

1 

TP=- (TL +Tu) 
2 

and 

(22) 

eP = Bu = L. (23) 

The corresponding equations for the quadrature filter are then 

and 

1 

TQ=- (TL-Tu) 
2 

77 

eQ=-+Bu. 
2 

(24) 

(25) 

In an asymmetric sideband system where the carrier is placed on 

the low -frequency side of resonance, T0 will be negative. For this 

case -lr must be added to eQ so that TQ will be positive in agreement 

with the normal convention for amplitude. Thus 

a 
eQ =--+ OU. 

2 

(26) 

To show the use of the low -pass analogs, let us apply the analog 

equations to the standard television RA characteristic shown in Figure 

1. In this case, the low -pass analog filter for the inphase component 

is as shown in Figure 14(a), and the corresponding quadrature -filter 

characteristic is shown by Figure 14 (b) when the carrier is at 50 
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per cent on the sloping characteristic. It is noted that the phase angle 
O is shifted by rr as the response passes through zero at the origin. 

When a unit step of carrier is applied to the bandpass system, this 
corresponds to a unit -step function applied to the analog filters. For 
the inphase component, the response by the Fourier integral is then 

where 

1 
P(t) TP(w)G(w) exp{j[wt+OP(w)]}dw, (27) 

27r 

TP(w) =1, 

TP (w) = 0, 

wG Iwe-w11 

w> 
I 

-wll 

BP(w) --wtd, wÇ Iwc-w1I 

(0) (b) 

Fig. 14- Low -pass analogs of standard television RA characteristic with carrier at 50 per cent response point. 

Using the system characteristics as given above, the response is 

P(t) = 
4 

_(m, -cod 

mowl 
1 exp {jw(t-td)} 

do) 
aj 

1 1 

= + - Si [(w, -wl) (t -td)] 
4 2r 

(28) 

where the steady -state term results from the pole at the origin. 
Equation (28) is seen to be the same as Equation (2) derived by the 
normal method in Appendix I. The quadrature component response 
can be more easily obtained if the system is modified to the equivalent 
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linear phase system shown in Figure 15. The system transfer function 

is represented by 

TQ (0)) = -0.5 

2(f),-(62) 

= 0.5 

a 
00 = - - wtd 

2 

fili) GUIÇ-(U)C-W2) 

-(UIC - fu2) UI U1C - W2 

we - 2 C - 1 

- (we - Ml ) Ç [il G UIC - (U1 

Fig. 15- Equivalent characteristic of quadrature component. 

Using the equivalent system characteristics, the response to a 

unit -step function is 

Q(t) =-TQ(f))G(ol) exp {j[Ult + 9Q(a)])dol 
1 

2a 

r a -1 exp(jo,(t-td)) 1 

7 
dol 

2 ( 47rj a 4a (co, - (02)i 
-(0.7-(ol) 

exp (jal (t - td) )dol + 
1 f exp tie) (t-td)) 

d 
4aj W 

W, 472 
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WC-Wl 
1 ¡' cosw(t -td) 

2aj w 
Wo-W2 

1 

+ w (t - td) dw 
47r (<0, - (02)/ 

f cos 
2)j ) 

d(, 

Wo -(02 

-(wc-w2) 

1 
l Cl [ (we -wl) (t -td)J -Cl [(wc-w2) (t- ta) 2r 

1 \ 
-}- sin [ (w, - w2) (t - td) 7 (29) 

(wc -032) (t - td) 

Since (w3- (02) = 2 (we -(02), Equation (29) is seen to be equal 
to Equation (3), which is derived in the Appendix from the bandpass 
function. The low -pass analog depends upon the carrier position so 
that general equations for the inphase and quadrature responses can- 
not be formally written for an arbitrary carrier position. 

LOW -PASS ANALOG FOR PARABOLIC BANDPASS SYSTEM 

The low -pass analogs for the parabolic bandpass system discussed 
earlier are obtained by use of Equations (22) to (25). In Equations 
(22) and (24), the upper -sideband response Tu and the lower side - 
band response TL are given by 

and 

Ta = 1 - 
=0. 

TL= 1- 

w2 - wQ 

=0 
w2-wo 

0ÇwmÇw-w 

w2-wc-wm 

OÇwmGwe - wl 

w c- w 1 - w m. 

(30) 

(31) 

With the carrier on the high- frequency side of the center frequency 
of the bandpass system, TU will be zero when (0,== w, - WC, so that 
both Tp and TO will follow the lower sideband equation as given by 
Equation (31). Substituting Equations (30) and (31) into Equation 
(22) 
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Tp(wn,) = 
1 

2 

1 - 
2 

1 Wm' 
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0- w,,, G w, - wC 

- wC tom Ç W. - wl 

(32) 

1 

1- 

(ar,-m° - J 

2 

for the inphase analog -filter amplitude characteristic. The phase 

characteristic is linear and is given by Equation (23). 

Use of Equation (24) gives the quadrature amplitude charac- 

teristic; 

TO (0),) = 
2'w,n (We - W°) 

(w2 -wo)- 

1 ( nl.-w»a-wo-j =-11- 
2 

0 w,p, Wo - lilC 

G G w -- (111,! w['-wl. 

(33) 

The corresponding phase characteristic is given. by Equation (25). 

A plot of Equations (32) and (33) are shown in Figure 16 for the 

various carrier positions treated earlier. It is seen that there is con- 

siderable high- frequency peaking in the amplitude of the inphase 

filter when the bandpass has a parabolic or "haystack" shape and the 

system is operated with the carrier below the 50 per cent response 

point. With the carrier at 50 per cent, there is a dip in the inphase 

response characteristic at a relatively low frequency, and the response 

again attains the d -c response amplitude at some higher frequency. 

When the carrier is placed above the 50 per cent response point on 

the bandpass curve, low- frequency peaking of the inphase analog filter 

results, as indicated in Figure 16 where the carrier is at 60 per cent. 

As indicated in Equation (33), the quadrature analog filter charac- 

teristic is linear from the origin to the frequency wm = 0)2 - we, and 

then follows the curve for the inphase analog filter. 

USE OF LOw -PASS / BANDPASS ANALOGY TO DERIVE 

BANDPASS SYSTEM 

A linear -phase low -pass system with amplitude characteristics 

such as those shown in Figure 17 has a desirable transient response 

for television application. The amplitude characteristics shown in 

Figure 17 are mathematically represented by 
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Tp,50$ 
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Fig. 16-Low -pass analogs for parabolic bandpass system under vestigial 
operation. 
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Fig. 17- Cosine minus third -harmonic amplitude characteristic. 
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1 rrco 37rw 
T(c,) = cos --ß 

J 
cos ,0.. <o 1, (34) 

1 -ß 2 2 

where ß is the relative amplitude of the third -harmonic component 

compared to the fundamental. Equation (34) has been plotted in 

Figure 17 for several values of ß. The figure shows the manner in 

which the amount of high- frequency peaking increases with increasing 

values of ß. 
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Fig. 18- Unit -step response of linear phase filter with cosine minus third - 
harmonic amplitude characteristic. 

The step response of this low -pass system, shown in Figure 18, 

has accentuated precursory and following overshoots with minimum 

transitory ringing before and after the main transition. For televi- 

sion, this type of response is desirable, since it tends to improve the 

picture quality by providing better resolution. 

To obtain an envelope response to a stepped- carrier input similar 

to that shown in Figure 18, a bandpass system must have an inphase 

analog filter which is given by Equation (34) . If this condition is 

fulfilled by the bandpass system, the stepped- carrier response will be 

the same as that for the inphase analog filter for small step amplitude 

to carrier amplitude ratios. 

Using the inphase component as defined by Equation (34) and the 
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low- pass /bandpass relation given by Equation (22), a bandpass system 
with an amplitude response such as that shown in Figure 19 can be 
found. In this case, the curve for ß = 1/4 was chosen for the inphase 
component and the amplitude of the carrier frequency was taken to 
be 0.5. The peak of the resultant bandpass characteristic is 1.185, 
so that the carrier is at the 42.2 per cent response point. In accord- 
ance with Equation (24), the corresponding quadrature analog is as 
shown in Figure 20. 

1.2 

1.0 

.8 
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.4 
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o 
41 42 43 44 45 Tc46 
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47 48 

Fig. 19- Bandpass system derived from low -pass analog. 

The response of this bandpass system to a suddenly applied carrier 
is found from the inphase and quadrature components by the method 
demonstrated previously for the idealized VSB system. The analysis, 
details of which are given in Appendix III, results in the envelope 
response plotted in Figure 21. In Figure 21, the response to a unit 
step of carrier applied at the 0.5 response point is shown. When com- 
pared to the curve of Figure 5 for the parabolic bandpass system, the 
two are seen to be quite similar. With a lower per cent step modula- 
tion of the input carrier, the output envelopes are modified as shown 
in Figure 22. These curves are very similar to the curves of Figure 
6 for the parabolic bandpass system. Since the transient response for 
the derived bandpass system is quite close to that of the parabolic 
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Fig. 20- Low -pass analogs for optimum linear phase i -f curve. 
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Fig. 21- Envelopes of output carrier from optimum linear phase tele- 
vision i -f characteristic (step of carrier at 42.2 per cent point). 
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bandpass system for the carrier positions chosen (42.2 and 39.5 per 
cent), the responses for the other carrier positions are probably very 
similar. Thus, the response of the bandpass filter shown in Figure 
19 with the carrier at 50 per cent would be essentially that given by 
Figures 8 and 9 for the conditions indicated. Also, the curves of 
Figures 10 and 11 give the corresponding responses with the carrier 
at 60 per cent. 
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Fig. 22- Envelopes of output carrier for optimum linear phase bandpass 
system with 50 per cent step -modulated carrier at 42.2 per cent point. 

Bandpass analogs for other inphase analog -filter curves can be 
found in the same manner. If the curve for ß = 1/3 in Figure 17 

were chosen, the resultant bandpass system would be as shown in 
Figure 23. The dashed curve in this figure indicates a possible alter- 
nate band shape having the same inphase -analog -filter characteristic. 
Since more high- frequency peaking occurs with the larger value of ß, 
the effective carrier position is lowered to the 35.5 per cent response 
point of the derived bandpass systems. 

The two band shapes shown in Figure 23 under linear phase con- 
ditions would yield the same transient response for small percentages 
of step -modulation of the input carrier. In this case, the envelope of 
the output carrier would correspond to the curve for ß = 1/3 in Figure 
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18. For larger modulation percentages, the quadrature components 
would have to be considered and the envelopes of the output carrier 
would then be different. 

EXPERIMENTAL RESULTS 

The theory of band shaping of the i -f amplifier selectivity curve 
was applied to a standard production television receiver. With factory 
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CURVE 

42 43 44 45 
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Fig. 23- Bandpass characteristics corresponding to inphase component 
curve, ß = 1/3. 

type alignment, the selectivity and response to a square -wave modu- 
lated carrier was as shown in Figures 24(a) and (b), respectively. 
For the case shown, the modulation percentage was approximately 
50 per cent and the carrier placement was at 45 per cent on the 
selectivity curve. The output was measured after the second detector 
in each case. In Figure 24(b), the time -axis deflection sensitivity 
was 2 microseconds per centimeter with each main division corre- 
sponding to 1 centimeter. Skew symmetry it the transient response 
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indicates a phase nonlinearity that can be corrected by linear passive 
phase correctors or by realignment of the tuned circuits in the i -f 
amplifier. 

Details of the rising and falling transients of the square -wave 
envelope are shown in Figures 25(a) and (b). In these figures, each 
centimeter of the time axis is 02 microsecond, and the rise and fall 
times measure approximately 0.23 microsecond. It is noted that the 
trailing edges of the transitions are smeared. Figures 26 (a) and (b) 

(a) (a) 

FIG. 
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FIG. 24 SELECTIVITY AND FIG. 25 DETAILS OF TRANSIENT 

(b) 

26 DETAILS OF TRANSIENT 

RESPONSE TO MODULATED 
CARRIER AT SECOND DETECTOR 

RESPONSE AT SECOND DETECTOR RESPONSE AT OUTPUT OF VIDEO 

AMPLIFIER 

show the corresponding output from the video amplifier driving the 
cathode of the kinescope. The smear noted in Figure 25 has been 
considerably reduced due to the overshoot in the video amplifier. At 
the output of the video amplifier the rise and fall times are about 
0.25 microsecond. 

The amplitude- and square- wave -modulated carrier responses fol- 
lowing the second detector that resulted after realignment of the 
receiver i -f in accord with the theory discussed are shown in Figures 
27(a) and (b) , respectively. It is seen that the selectivity curve is 
quite similar to the band shapes necessary for the single- overshoot 
transient response. The carrier was placed at the 40 per cent response 
point on the selectivity curve to obtain the necessary overshoot in the 
transient response. As in the previous case, the modulation percentage 
was chosen to be 50 per cent. 

Figures 28(a) and (b), showing details of the rising and falling 
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edges, gives a better picture of the improvement obtained in the 
transient response by phase linearization and band shaping of the i -f 
characteristic. As before, the time scale is chosen as 0.2 microsecond 
per centimeter. The rise and fall times are approximately 0.16 micro- 
second with an associated'overshoot of about 15 per cent. After pass- 
ing through the video amplifier, the response is modified as shown in 
Figures 29(a) and (b). The video characteristics are such that the 
following transient ringing shown in Figures 28(a) and (b) are elimi- 
nated as indicated in Figures 29(a) and (b). Modification of the 

MUM 11 
11)1 _ 

(b) 

FIG. 27 SELECTIVITY AND 

RESPONSE TO MODULATED 

CARRIER AT SECOND DETECTOR 

AFTER REALIGNMENT 

(4) 

(b) 

FIG. 28 DETAILS OF TRANSIENT 

RESPONSE AT SECOND DETECTOR 

AFTER REALIGNMENT 

(b) 

FIG. 29 DETAILS OF TRANSIENT 

RESPONSE AT OUTPUT OF VIDEO 

AMPLIFIER AFTER REALIGNMENT 

waveform by the video amplifier results in an over -all rise time of 0.18 
microsecond and a fall time of 0.17 microsecond. 

These experimental results show that a substantial improvement 
in the system transient response can be made by proper alignment of 
the i -f amplifier. Since the "haystack" type of bandpass characteristic 
is closely associated with a linear phase system having a minimum 
net phase shift, the band shape and linear phase requirements are 
compatible. 

CONCLUSIONS 

To obtain an over -all system transient response which does not 
have transient ringing before and after the precursory and following 
overshoot, it is necessary to have a parabolic or "haystack" shaped 
bandpass system. This conclusion is based on the assumption of a 
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linear phase system and, in addition, that the carrier position is below 
the 50 per cent response point on the bandpass characteristic. With 
the carrier below the 50 per cent response point, there is high -fre- 
quency peaking of the equivalent analog filter. The amplitude of the 
precursory and following overshoot is governed by both the band shape 
and carrier position on the bandpass selectivity curve. As the carrier 
position is lowered below the 50 per cent response point, the preshoot 
and overshoot amplitudes increase. At the same time, however, the 
amplitude of the quadrature component increases so that the over -all 
envelope response of the system to a stepped carrier becomes more 
distorted. Thus a compromise must be made in the amount of over- 
shoot desired and the amount of quadrature distortion of the envelope 
at a given modulation level. Theoretical and experimental results 
indicate that a carrier position at approximately 40 per cent results 
in a practical compromise. 

APPENDIX I- RESPONSE OF IDEAL VSB SYSTEM TO 

SUDDENLY APPLIED CARRIER 

For the system response characteristic shown in Figure 1, 

T (w) = 1.0 

w3-w 

(03 - 0)2 

9(w) =- (w- wo)td 

w1 ww2 

w2ÇwGw3 

G L 
(.01 o)3. 

(35) 

Using the approximate form of the Fourier integral, the response 
to a suddenly applied carrier of frequency we is given by 

1 co 

R(t)= ¡ T(w)G(w)exp{j[wt+B(w)]}dw, (36) 
2a x 

1 
where G (w) = 

(w - (do) 

Substituting the proper values for T (w) and 0 (w), 

m.. 

1 dw 

R (t) = f exp tj (tot wtd (ootd) ) 
27rj 

co, 

w- w, 
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W3 

1 ¡' ,3 - , 
+ J exp ( j (t - cota + atd) )dm, (37) 

2r(co3 -0)2)j 0)3 - 0)2 
wa 

where R (t) denotes the complex envelope response function so that 
R(t) =Im [R(t)]. 

In Equation (37) , let x=0)-(0, so that 

R(t) _ 

w2-we 
exp (A) r ¡' dx 

LJ 
exp [jx(t-td)] - 

27rj 

(03-410 

1 f co3 -x - wo 

+ J exp [jx(t-td)] dx 
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0)3-0)2 

w3-wa 

ws-wo 

0)3-coc / 

co3-0)2 
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dx 
cos [x (t -td)] - 

x. 

dx 
sin [x (t - td) ] - 

x 

0)3 -0)2f 
1 

w3-wo 

wa-wC 

exp [jx(t-td)] dx] 
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exp (ft10) 
Ci [(w2 -wc) (t -td)] -Ci [ (col -(dc) (t -td)] 

27rj 

+ j {Si [(w2 -we) (t -td)] -Si [((pl -we) (t -td)]) 
ß%(0)3 - wc) 

+ 
w3 - 0)2 

w3 - wc 

+ {C1 [(w3-00 (t-td)] -C1 [(wc-w2) (t-td)]} 
w3-w2 

w3 - wc +j {Si [ ( 3 -0 ) , ) 0) (t - td) ] - Si [ (0)2 - we) (t - td) ] } 
w3 - w2 

1 
{cos [(til3 -we) (t -td)] 

j(.3 - 0)2) (t - td) 

- cos [ (0)2 - tile) (t - td) ] 

+jsin [(w3 -we) (t - td) -j sin [(w2 -tile) (t- td) ] }1 , 

(38) 

where exp (j12,) =exp { j [we (t - td) + wotd] }. The response R (t) can 
be written as 

R (t) = P(t) sin [we(t - td) + tilotd] + Q(t) cos [we(t - td) + wotd], 

(39) 

where 

1 tilg we 1 

P(t) = 
C1 

+- {Si [(to3 -wo) (t -td)] 
2 w3-w2 7r 

- Si [(w2-we) (t-td)]}J 

1 

+ - {Si [(w2 -wc) (t - td) ] -Si [(wl -we) (t -td)]} 
27r 

1 
+ {cos [ (0)3 - wc) (t - td) ] 

27r (w3 - 0)2) (t - td) 

-cos [(w2 -wo) (t -td)]} (40) 
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1 

Q(t) _-- [(Ci [(w2-wc) (t td)] -CI [(wl-wc) (t td)] 
2a 

(03 - wc 

+ {CI [wg-wc) (t-td)] -ci [(wc-w2) (t-td)]) 
w3-w2 

1 
{sin [(w3 -we) (t -td)] 

-sin [(t02-0),) (t- t0)])l (41) 

If the carrier frequency is placed midway between w2 0)3, so 
that w3 - we = we - w2, then Equations (40) and (41) reduce to 

(0)3 - 0)2) (t - td) 

P(t) = 1 + 
a 

Si [(w,-w1) (t-td)] 
4 

1 2 sin [(0)3-00 (t - td) ] 
Q(t) = Ci [(w2-wc) (t-td)] 

27r (w3-(02) (t - td) 

(42) 

+ Ci [(0)7. - wc) (t -ta)] 1 . (43) 

APPENDIX II- RESPONSE OF PARABOLIC BANDPASS SYSTEM 

TO SUDDENLY APPLIED SINE WAVE 

Let the transfer function for the parabolic bandpass system be 
represented by 

where 

Z(w) = T(w) exp (-jwtd), (44) 

T (w) = 1 
w-tcp \2 

w2 - wp 

wlwÇw.,. 

By the Fourier Integral, the complex form of the response to a 
step of carrier of frequency w, will be 

6'2 

o 1 

El 
w 1 

(t) _ - - exp (jt) do), - w2 - - wc w , 
(45) 
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omitting the delay td. Substituting x = w - we in Equation (45), we 
obtain 

wc 

1 1 (x + we - wo)2 - r1 1exp [j (x + wc) t] dx 
27rj x L (w2-(6o)2 J 
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exp ( jxt) 
dx 

x 

Integrating Equation (46) term by term gives 

exp(jxt) dx 

r 1 1 

A(t) =exP (jwct) 1 -+ [Ci (w2- we) t-Ci (w,-wl)t] 
L 2 27rj 

(46) 
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1 we-wo 1 +- [Si (w2- We) t-Si ((di t] 
2' w2 -wp 27r 

exp {j (w2 - cod t} w2 - wc 1 
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Equation (47) may be rewritten in the form 

È(t) = exp (jwct) [P (t) + jQ (0], (48) 

where P(t) and Q(t) are given by Equations (6) and (7). If the 
time delay td is to be included, t is replaced by t- td. 

APPENDIX III -RESPONSE OF SYSTEM WITH OPTIMUM BAND SHAPE TO 

SUDDENLY APPLIED SINE WAVE 

The amplitude function of the inphase analog filter is given by 
one half of Equation (34) and is redrawn in Figure 30 as an even 
function of frequency. By the Fourier integral, the unit -step response 
is given by 

1 

P(t) = - % 
27r J 

00 

;(w) G (w) exp j [wt + B (w) ] dw 

COS - 
47rj(1-ß) w 2 

-wa 

7rw 

exp (jwt) do) 
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1 1 1 a 
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3iro - cos 
4 47(1 -ß) 0, 

[cos cos 
2 

W2 

2 
sin wt do,, 

(49) 

where the steady -state term is the contribution of the pole at the 
origin. Equation (49) can be rewritten as 

1 1 
m2 

1 ,r 7T 

P(t) _ - r sin 0) t-{-- -!-sin(,) t-- 1 ) 

4 27r(1-ß) L 2 ( 2 
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to 11 27 1- ß) f W C 
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( o \ 

(50) 

Fig. 30- Amplitude curve of inphase analog filter. 

so that the envelope of the inphase component of the output carrier is 

P(t) _- F Si (o2 t } - + Si (0, t-- 1 1 r r 
4 2a(1-ß) C 2 ( 2) 

ß 37r 37r 
Si wz t + -I- Si 2 t-- (51) 

27(1 -fl) 2 2 ) 

In order to obtain the quadrature component of the output carrier, 
an explicit expression must be obtained for the quadrature amplitude 
characteristic. It is found that a fairly good representation of the 
quadrature curve shown in Figure 20 is given by the functions 
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TQ (0.,) = a 
L 

1 + I 

= a [ 

OGC,G o 

0.10 Ç U1 G (09. (52) 

The analog filter for the quadrature component is shown in Figure 
31. To make the integration process simpler, the amplitude and phase 
functions are modified as indicated by the dashed lines in Figure 31. 

Fig. 31- Low -pass analog for quadrature component. 

With this change, the system transfer function becomes 

TQexpjBQ=TQexpL j ( -()tdl1 

The response of the analog to a unit step is then given by 

w 

1 Q ) r ( 1 
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Equation (54) can be integrated and reduced to the form 
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When t = 0, the quadrature component Q(t) reduces to 
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Equation (56) is obtained from equation (55) using the relations 
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SUPPRESSION AND LIMITING OF UNDESIRED 
SIGNALS IN TRAVELING -WAVE- 

TUBE AMPLIFIERS* 

BY 

H. J. WOLKSTEIN 

RCA Electron Tube Division, 
Harrison, N. J. 

Summary -It is well known that a traveling -wave tube will amplify 
signals of more than one frequency simultaneously with negligible inter- 
action as long as the total input r -f power does not drive the tube into 
saturation. Not so well known is the performance of the traveling -wave 
tube in amplifying low -level signals in the presence of r -f power as high 
as 30 decibels over that required to saturate the tube. The drop in gain 
of the low -level signal has been found to be, in general, proportional to the 
input power and inversely proportional to the frequency of the large signal. 
However, the complexity of beam bunching above saturation results, for 
each tube type, in different rates of low -level signal suppression. In some 
cases, when the tubes are overdriven too far, this bunching actually pro- 
duces a tendency for the suppression to decrease. This paper considers 
saturation characteristics in the presence of overdriving signals and the 
effect on gain and power output. 

INTRODUCTION 

RANSMISSION AND RECEPTION of microwave frequencies 
have been considerably improved through the development of 

the traveling -wave tube. The large bandwidth gain product 
(five to six orders of magnitude greater than the best conventional 
gridded tube) makes the traveling -wave tube an exceedingly useful 
circuit component. Microwave literature adequately describes travel- 
ing -wave tube performance, technology, and system usage exploiting 
the octave bandwidth coverage and the attendant high gain available. 

However, most of the literature has been confined to single -frequency 

performance in the octave bandpass and fails to predict adequately 

the behavior of the traveling -wave tube in many applications. 

This paper describes the performance of traveling -wave tubes in 

the presence of multiple signals of varied frequency and power levels 

within the pass band. Signal suppression, cross modulation, and power 

overdrive are also discussed. 

* Manuscript received 28 March 1961. 
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SIMILARITY OF CONVENTIONAL GRIDDED TUBES AND 

TRAVELING -WAVE TUBES 

The traveling -wave tube, like the low- frequency conventional 
gridded amplifier, is exposed to a wide range of signal strengths in 
many applications. The performance characteristic of the gridded 
tube can be adequately predicted for a wide variation of signal input 
by use of appropriate dynamic transfer curves, as shown in Figure 
1 (a) . It is interesting to note that the operating performance of the 
traveling -wave tube can also be predicted from similar transfer curves. 

CONVENTIONAL GRIDDED TUBE 

QUIESCENT 
POINT 

TRAVELING -WAVE TUBE 

Ib OUTPUT EOUT 

GRID 
CLIPPING 
EFFECT 

QUIESCENT 
POINT 

OUTPUT 

+ t=0 

t=0 

CUTOFF t=o 

INPUT 

CURRENT - 
CUT -OFF 
EFFECT 

E INPUT 

POWER -SATURATION 
EFFECT 

GRID DRIVE 

Fig. 1- Dynamic transfer curves of (a) a conventional gridded tube and 
(b) a traveling -wave tube. 

The similarity becomes quite apparent when the usual traveling -wave- 
tube power characteristics are presented in terms of input output 
voltages. This presentation provides a transfer characteristic sym- 
metrical about the operating quiescent point of the traveling -wave 
tube, as shown in Figure 1 (b). Presentation of transfer curves for 
traveling -wave tubes in this manner has been found useful. 

In many applications, linear performance with little amplitude and 
phase distortion is desired. Such performance characteristics obvi- 
ously require operation confined to the small -signal linear -gain transfer 
region. In other applications where strong signals are encountered, 
good output overdrive characteristics are desired. In both methods 
of amplification, however, considerable amplitude distortion and har- 
monic generation is experienced when operation occurs in the non- 
linear transfer regions, as shown in Figure 1. 

Overdrive operation for the gridded tube results in squaring due 
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to grid clipping and current cutoff. The traveling -wave tube produces 
similar amplitude distortion (particularly when exposed to compara- 
tively strong signals) which causes beam -bunching saturation. 

0 SqT\C 
Oo ti 
°O 

4T 
SUPPRESSION 

FREQUENCY (Mc)= 
2200 

QUIESCENT POINT 
NPUT VOLTAGE (3000 Mc) 

RF SAWTOOTH 

-r- 
3000 Mc 

FILTER 

SIGNAL SOURCE 
(3000 Mc) 

CRYSTAL 
DETECTOR 

TRAVELING - 
WAVE TUBE 

RF SUPPRESSION 
SIGNAL (2200 Mc) 

3000 Mc 

Fig. 2- Transfer characteristics of a traveling -wave tube in the presence 
of an extraneous suppression signal at a fixed frequency. 

MULTIPLE- SIGNAL OPERATION 

Operation of the traveling -wave tube in many applications can not 
be predicted on the basis of single- frequency performance when other 
signals exist in the pass band. As an indication of this phenomenon, 
dynamic transfer curves at unique frequencies were obtained in the 
presence of extraneous signals of varied strength elsewhere in the 
band. A set of these measurements obtained from an S -band 10- 
milliwatt traveling -wave tube is shown in Figure 2. 

Individual voltage transfer curves were obtained by use of a recur- 
rent linear varying r -f input signal at 3000 megacycles in the presence 
of a fixed -amplitude extraneous or undesired 2200 -megacycle signal 
passed through the same traveling -wave tube. The detected, positive- 
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output half of the symmetrical voltage- transfer curve is shown in 
Figure 2. As a basis for reference, the upper curve indicates the 
transfer characteristics at 3000 megacycles with no extraneous input 
signal. The additional descending curves were observed for various 
extraneous signal levels starting with -20 dbm of the unwanted 2200 - 
megacycle input signal and increasing to 0 dbm in 5- decibel incre- 
ments. These data show that the small -signal gain, initially of the 
order of 30 decibels as defined by the slope of the linear portion of 
the transfer curve, is suppressed to 12 decibels by an increase in 
overdriving power at some other frequency. Actually, as long as the 
total input power (at all frequencies) is less than that required to 
cause operation in the nonlinear region of the transfer characteristic, 
only negligible gain suppression occurs. However, when one or more 
of the signals cause the total input power to be in the nonlinear region, 
significant gain suppression occurs. The stronger signal in the pass 
band exerts the greater control on the beam and hence causes the 
power output at other frequencies to be suppressed. This suppression 
leads to a reciprocal influence which generally affects the gain every- 
where in the band. 

An interesting aspect of these characteristics is the inference that 
increased gain suppression at an extraneous frequency causes the 
linear portion of the transfer curve to extend and thereby improves 
the dynamic range of the tube. Reduction of amplitude distortion by 
this technique is discussed later. 

Several interesting curves, joined to form a contour plot of sup- 
pression characteristics, are shown in Figure 3. When the ordinate 
displays output and the abscissa input, a transfer plot is formed for 
the data given. In these plots, dynamic transfer curves are obtained 
at a fixed frequency of 3000 megacycles, with the suppression fre- 
quency varied from 2500 to 4000 megacycles. Again, the uppermost 
curve represents the positive- detected half of the voltage transfer 
curve in the absence of overdriving signals; successively lower curves 
depict the degradation in gain due to various suppression -signal levels. 

It should be noted that a suppression signal of a lower frequency 
has a greater effect on the degradation of gain than higher- frequency 
suppression signals of the same power level. This control is apparently 
a result of the increased beam -to -helix coupling and the increased 
depth of bunching across the radius of the beam, both of which are 
a function of wavelength. The difference in suppressed -gain levels is 
of the order of 15 decibels for maximum -suppression signal amplitude 
at both ends of the band. 

The degradation of gain as a result of the aforementioned sup- 
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pression characteristics in the pass band must be anticipated. Such 

degradation is of extreme importance when a wide -open traveling - 
wave tube amplifier is used in microwave receiver front -end operation. 
It becomes increasingly important when jamming signals are encoun- 

tered. There are additional applications, however, in which these 
suppression characteristics can be effectively employed, at the desired 
frequency, to reduce the gain of undesirable signals and thereby en- 

hance single- frequency performance. Furthermore, for this mode of 

operation, in which good suppression characteristics are desired, it 
is felt that a hollow beam and good circuit coupling would provide 
optimum results. 

SUPPRESSION POWER DRIVE 

NO DRIVE 
- 20 DBM 
- 15 - - - - IO 

5 
O 

p0 
we 

ro fOÓ 

p 

,k) 

c 
Oy, N.t 

19' ,5 GaP, 
s\ 

90 

Fig. 3 -A contour plot of the characteristics of a traveling -wave tube in 
the presence of an extraneous suppression signal with varying frequency. 

CROSS MODULATION 

As may be inferred from the previous discussion of suppression 
characteristics, cross modulation must also be dependent on the in- 

stantaneous power elsewhere in the pass band of the traveling -wave- 

tube amplifier. An oscillograph display indicating the effect of cross 

modulation on an S -band, 10- milliwatt tube is shown in Figure 4. For 

these measurements, a square- wave -modulated extraneous r -f signal 

at 2200 megacycles is applied to the traveling -wave tube for operation 



UNDESIRED SIGNALS IN TWT AMPLIFIERS 285 
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Fig. 4 -The effects of suppression signals on cross modulation of a 
traveling -wave tube. 

near saturation. A small -amplitude r -f wave at 3000 megacycles 
modulated at a 20- kilocycle rate, is also passed through the tube. The 
detected output (shown at the bottom of Figure 4) obtained through 
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Fig. 5 -The prediction of cross modulation using the dynamic transfer 
curves in the presence of a suppression signal of varying strength. 
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a 3000 -megacycle filter, displays pronounced cross -modulation effects. 
Results can be analyzed and predicted by use of the previously estab- 
lished transfer curves, as shown in Figure 5. 

As illustrated, a cross plot of the small -signal r -f carrier operated 
in the linear -gain region is made with the appropriate dynamic trans- 
fer curve. This transfer curve, and also the gain degradation, varies 
with the modulation of the suppression signal and results in predict- 
able cross -modulation effects at the small -signal frequency. This 
cross -modulation, manifested by a dependence of the output on the 
modulation signals involved, can be considerably reduced if over -all 

system operation is confined to the linear small -signal region. 

IYIYI'IVYmI 

DETECTED RF CARRIER AT 3000 Mc, 
MODULATED AT 20 -KC RATE. 

CROSSMODULATION OBSERVED AT 
3000 Mc WITH SUPPRESSION SIG- 
NAL AT 2000 Mc, SINE -WAVE 
MODULATED. 

Fig. 6- Cross -modulation effects when a sinusoidally varying extraneous 
overdrive signal is applied to a traveling -wave tube. 

Figure 6 shows an additional oscilloscope display of the qualitative 
effects of cross -modulation when a sinusoidally varying overdrive 
signal is substituted for the square wave previously used. The upper 
curve represents the single- frequency case at 3000 megacycles in the 
presence of the sine -wave -modulated over -driving suppression signal. 
This effect is an extreme example of modulation distortion. 

OVERDRIVE CHARACTERISTICS 

In an attempt to resolve the problems of signal suppression and 

modulation distortion, which are the results of saturation somewhere 

in the pass band, emphasis has been placed on extending the input 
power range of the traveling -wave tube. Particular emphasis has been 

directed toward the low- frequency end of the pass band, where sup- 

pression capabilities of extraneous signals have a decided effect on 

small signals at the high end of the band. The traveling -wave tube 
used to obtain the curve shown in Figure 7 provides more than 50 

milliwatts of peak power, yet has only a 15- decibel range of input 

power that will insure an output over 5 dbm at all frequencies in the 

octave band. This tube uses a single conventional attenuator to isolate 

input from output. 
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Extensive measurements made on a number of traveling -wave 
tubes have indicated that, in general, the rate of power fall -off beyond 
saturation varies with increased wavelength across the band for a 
tube having uniform initial gain conditions. Figure 8 shows a contour 
plot illustrating the power fall -off dependence on frequency in the 
overdrive region. As indicated, there is a pronounced dip and rise 
in power output at low frequencies which virtually disappears with 
increased frequency. Moreover, those same conditions which produce 
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Fig. 7-Power overdrive characteristics of a traveling -wave tube using a 
single lumped attenuator. 

the power dip and gain reduction for low frequencies in the overdrive 
region also cause severe gain suppression for other signals in the pass 
band. 

The factors which have been found to influence the overdrive 
characteristics are numerous. Basically, the penetration of the axial 
electric field emanating from the helix increases considerably with 
increased wavelengths. It is probable that this (preferred) field 
penetration at low frequency causes the decelerated portion of the 
electron beam to re- extract energy efficiently from the amplified helix 
wave beyond saturation. 

The placement of decoupling attenuators is an additional critical 
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Fig. 8 -A contour plot of the power- overdrive characteristics of a 
traveling -wave tube using single lumped attenuation. 

parameter which affects overdrive characteristics. Empirical position- 

ing of several small, external, multiple attenuators on the traveling - 

wave -tube envelope, which was previously described as inadequate for 

overdrive, resulted in greatly improved overdrive characteristics, as 

shown in Figure 9. Considerable reduction in power "fall -off" with 

COLLECTOR VOLTS =700 
HELIX VOLTS =640 
ANODE VOLTS =190 
COLLECTOR MILLIAMPERES =3.1 

20 

S 

w 

o 
a 

MAXIMUM INPUT DRIVE- - 
FOR 5 MW LEVEL 

50 db 

-60 -50 -40 -30 -20 
POWER INPUT- dbm 

-10 0 

Fig. 9- Improved power- overdrive characteristics of a traveling -wave tube 
using segmented lumped attenuation. 
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increased input power has been observed. The tolerable overdrive 
range has been increased from approximately 15 decibels to well over 
40 decibels at the 5- milliwatt output -power level. This improvement 
is attributed to the segmented slow -wave structure which, in effect, 
creates a number of circuits in cascade. R -F coupling is provided by 
the modulated beam which interacts with successive helix sections. 

In addition to the extension of overdrive capabilities, there is an 
indication that suppression of low -level signals may be minimized by 
the use of multiple attenuators. Figure 10 shows the small -signal 
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Fig. 10 -The power output and gain characteristics of a traveling -wave tube at various frequencies as a function of input at a fixed frequency. 
(The plot is for a multiple- attenuation tube.) 

performance at a constant input power of -20 dbm for several specific 
frequencies in the band. The gain for these various frequencies has 
been observed to decrease linearly when plotted as a function of input 
power. These small -signal gain curves resemble the gain curve for 
the overdriving signal, which in this case is 3600 megacycles. This 
relationship suggests that delaying the onset of power fall -off for the 
overdriving signal will tend to maintain slightly higher gain for the 
low -power suppressed signals across the band. Conversely, tolerating 
a rapid overdrive power fall -off enhances suppression and reduces the 
low -level gain in the band in the presence of overdriving signals. 
Verification of this effect is shown in Figure 11. A comparison of 
the difference in gain with respect to input power, for both the 
narrow -range and wide -range overdrive tubes previously described, 
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is illustrated. The top curve indicates the gain for the narrow- range, 
single -attenuator tube; the additional gain curve shows the perform- 

ance of the multiattenuator tube. The difference in gain for these 

two extreme conditions is shown at the bottom of Figure 11. As 

indicated, the gain difference increases considerably for the multi - 

attenuator tube with large overdriving signal. At an input power level 

of -10 dbm, for example, the multiattenuator tube yields 20 decibels 
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Fig. 11 -The difference in gain with power overdrive for the same traveling - 
wave tube using a single attenuator in comparison with multiple attenuators. 

more gain than the single -attenuator tube. This increase in gain for 

the overdriving signal insures a similar increase for the low -level 

suppressed -signal gain across the band. 
This feature is invaluable in many wide -band microwave -receiver 

applications where exposure to surveillance, countermeasures, and /or 
jamming signals of varied strength is encountered, and where receiver 

sensitivity must be guarded from excessive gain suppression to allow 

reception of weak signals in the band. 
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CONCLUSIONS 

Exposure of the wide -band traveling -wave tube to various signal 
environments requires a critical analysis of expected tube performance. 
It has been shown qualitatively that good reproduction can be obtained 
at small -signal levels only if no overdriving extraneous signals exist 
in the same band. Furthermore, in the presence of large overdriving 
signals which require reduction of signal suppression, improved opera- 
tion can be achieved with the use of multiple attenuators. 

In various other applications in which signal- suppression charac- 
teristics may be desired, single lumped attenuators, a hollow beam, 
and good circuit coupling would undoubtedly yield the best results. 
In any of the aforementioned applications, however, the use of transfer 
curves to accommodate a wide variation of signal environment pro- 
vides a method for predicting output results. 
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THERMOELECTRIC AIR CONDITIONER 
FOR SUBMARINES* 

BY 

J. R. ANDERSEN 

RCA Defense Electronic Products, 
Camden, N. J. 

Summary -The results thus far obtained in a program of design and 
experimental development of a thermoelectric air conditioner for sub- 
marines are reviewed. The basic design concept is discussed in terms of 

performance_, pressurization, sea -water corrosion, and simplicity. A work- 
ing theory which expresses the performance of a "real" thermoelectric 
refrigeration machine leads to a discussion of the design parameters for 
such a machine. The results of design optimization studies are then dis- 
played showing, specifically, the size of the machine and the weight of 

thermoelectric material required as a function of maximum coefficient 
of performance for a variety of thermopile configurations. The final 
design, based on these considerations, is 'presented and its expected per- 
formance is discussed. Experimental performance data obtained from a 

one -ton model, constructed according to this design, is discussed and com- 

pared with predicted performance, and some difficulties in implementing 
the design concepts are mentioned. It is concluded that large -capacity, 
compact thermoelectric air conditioners for special applications are feasible 
at the present state of the thermoelectric art. 

INTRODUCTION 

HE objective of this program was to determine feasibility, 

design, and develop an experimental thermoelectric air condi- 

tioner for use in submarines. In addition to an analysis of 

potential performance, consideration was given to size, weight, sub- 

mergence pressurization, sea -water corrosion, reliability, maintenance, 

control, and serviceability. Specifically, it was proposed to design a 

central refrigeration plant to replace the mechanical unit in an exist- 

ing submarine air -conditioning system. This plant would produce 

chilled water at 50 °F with an inlet temperature of 85 °F. 

BASIC DESIGN CONCEPT 

The design configuration that appeared to best fulfill the require- 

ments was a unit in the form of a modified shell- and -tube heat ex- 

Manuscript received 28 February, 1961. 

292 



THERMOELECTRIC AIR CONDITIONER 293 

changer, the active thermoelectric elements being built into the tubes. 
A cutaway drawing of this arrangement is shown in Figure 1. Chilled 
water flows inside the tubes and the sea water is on the shell side. 
This configuration was dictated mainly by the desire to alleviate seal- 
ing problems and to provide a structure which would support the 
pressurization loads without subjecting the thermopile modules to 
these loads. Subsequent experience has not indicated any necessity 
to alter this basic design philosophy. 

Fig. 1- Thermoelectric air conditioner shell and tube arrangement. 

The final design consists of several identical units, each having a 
nominal capacity of ten tons of refrigeration. Each unit will be con- 
tained in a pressure vessel 20 inches in diameter and 10 feet long and 
will contain 30 identical tube subunits, substantially identical to the 
units used in the model described later. 

IDEALIZED THERMOELECTRIC REFRIGERATOR 

The basic relations for the steady performance of an idealized 
thermoelectric refrigerator are well known. Assuming that the ther- 
moelectric properties are independent of temperature, these relations 
are 

1 k q=- - plie +eTli -- (To -T1) 
2 i 

(1) 

P=pli2+e (To -Ti)i (2) 



294 RCA REVIEW June 1961 

¢ _ - . (3) 
p 

where q = refrigeration density 

p = resistivity of the thermoelectric material 

l = thermoelement length 

i = current density 

e = thermoelectric power 

k = thermal conductivity of the thermoelectric material 

To and T1= hot- and cold -junction temperatures, respectively 

p = power input density 

= coefficient of performance of a refrigeration machine 

The first term of Equation (1) expresses that part of the Joule 

heat generation, caused by the current passing through the thermo- 
element, which is returned to the cold junction. The other half of the 
Joule heat appears at the hot junction. The second term is the Peltier 
cooling at the cold junction. The third term is the rate of heat con- 

duction to the cold junction due to the temperature difference between 

the hot and cold junctions. The first term of Equation (2) is the total 
rate of Joule heat generation. The second term is the power required 
to overcome the Seebeck voltage generated by the temperature dif- 

ferential between the hot and cold junctions of the thermocouple 
circuit. Equation (3) defines the coefficient of performance of a re- 

frigeration machine. 
While Equations (1) through (3) completely describe the perform- 

ance of an idealized thermoelectric refrigeration machine, they are 

not in suitable form to display the performance characteristics in 

terms of convenient experimental parameters. The relevant perform- 

ance parameter is the figure of merit, Z, of an idealized thermocouple. 

The figure of merit is defined as Z = e2 /pk and is arrived at in the 

following manner: the maximum cooling for a given temperature 
differential (To - T1) is obtained with a current density for which 

dq /di =O. This gives i= eT1 /pl. The maximum temperature differ- 

ential obtainable, (To -T l) max, is then obtained by setting q = O. 

The result is 

1 e2 

(To- Tl) max - 
2 k 

T12 

P 

(4) 
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1 

(To-T1)max=-ZT12. 
2 

(5) 

The figure of merit is an experimental measure of the quality of 
thermoelectric materials for refrigeration applications and it is easily 
obtained by a measurement of the maximum temperature differential 
under conditions of no net heat transfer at the cold junction. In a 
similar way, an expression for the maximum coefficient of performance 
of an idealized thermoelectric refrigerator is obtained in the well 
known form 

(Amax = 

To 

T1 

1 

(To-T1)4/1 -Z (To +T1) +1 
2 

(6) 

PERFORMANCE OF A "REAL" THERMOELECTRIC REFRIGERATOR 

Equations (5) and (6) show that the performance of an idealized 
thermoelectric refrigerator is independent of the length of the thermo- 
elements. This conclusion is not true if the contact resistance at the 
thermocouple junctions is considered. If the contact resistance, R, 
is assumed to be equally divided between the hot and cold junctions, 
Equations (1) and (2) become, respectively, 

as 

1 k q=-- 
2 

(pl + 2R) i2 +eT1i- 
l 

(To -T1) (7) 

P - (pl +2R) i2 +e (To -T1) i. (8) 

From these equations, the effective figure of merit, Zeff, is defined 

Z 
Zeff = r 

C 

2R\ 1+- 
pl 

such that the maximum temperature differential obtainable is 

(9) 
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1 

(To- T1) max = - Zeff T12) (10) 
2 

and the maximum coefficient of performance is 

Omax - 
1 

1 -I- - Zeff ( To + T1) - 
2 

To 

T1 

(To - T1) 
1 

1+ -Zeff (To +Tl) +1 
2 

Note that, with the assumption of equal contact resistance at the 

hot and cold junctions, the introduction of the effective figure of merit 

(defined by Equation (9)) leads to expressions identical in form to 

the idealized performance equations. The above relations assume that 

the thermoelectric properties are independent of temperature. How- 

ever, Equation (10) can be used as a definition of a mean figure of 

merit over the temperature range (To - T1) max, and with this under- 

standing, Equation (11) can be used to explore with sufficient ac- 

curacy the performance characteristics of a real thermoelectric re- 

frigerator. 

Making use of the definition of effective figure of merit, Equation 

(9), we can eliminate the current density, i, between Equations (7) 

and (8). The resulting expression can be put in the form 

1 [Vi 
41p 

= Zeff (To + T1) + 
k 4 kZeff (To - Ti) 2 

- (To-T1) 

pl 

k(To-T1) 
1. (12) 

This relation suggests the definition of the following dimensionless 

parameters 

q* 

ql 

k(To-T1) 
(13) 
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P* = 
pl 

k(To-T1) 

1 

O= -Zerr (To +T1). 
4 

(14) 

(15) 

By using these parameters, we can put Equation (12) in the form 

q* +1 p T l 1 p * * 
= /1+ -1. (16) 

O // B To -Tl 2 0 

The virtue of Equation (16) is that the dimensionless refrigerating 
capacity, (q* + 1) /O, can be calculated in terms of the dimensionless 
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Fig. 2- Generalized thermoelectric performance function. 

power input, p * /O, and the operating absolute temperature ratio, 
To/Ti, without explicit reference to any specific properties of the 
thermoelements. Equation (16) is displayed graphically in Figure 2. 

The following expressions for performance at particular operating 
conditions follow from Equations (13) through (16). The cooling 
capacity at maximum coefficient of performance is 
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(17) 

(18) 

1. (19) 

4BWT 12 

(e),.=0 = _1 lt' 
T02 - 7,12 Tl 

where W = 1 - / z[( Toi 

) 
1 

8 

The cooling capacity at zero power input is 

(e)p=0=-1. (21) 

Equations (16) through (21) are in convenient form to explore the 
performance characteristics and control aspects of a thermoelectric 
refrigerator. 

The foregoing performance equations are expressed in terms of 

junction temperatures. Although these equations are adequate for 
some design considerations, one must ultimately consider the effect 
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of the over -all heat -transfer coefficients at the hot and cold junctions, 
ßo and ß1, respectively, in order to adequately determine the perform- 
ance of a real thermoelectric refrigeration machine. As has been seen, 
the performance of a thermoelement module, with known junction 
temperatures, depends only on the effective figure of merit and current 
density. When a module and associated heat -transfer structures are 
operated between fluids of known temperature, the packing density 
of thermoelements in the module, 7/7, becomes an important parameter 
of thermopile design. The over -all heat -transfer coefficient, based on 
unit area of thermoelement material, is inversely proportional to the 
packing density for a given heat -transfer structure. When it is neces- 
sary to express performance in terms of fluid temperatures, two 
additional relations must be satisfied, 

ßl q=- (T1'-T1) 
?lP 

Po 
q (T0 -Ta ), 

and Equation (7) is modified to become 

where 

1 ke q=-- (pl +2R)i2+eT1i-- (To- T1) 
Z l 

keC 1 

kP 
( 

l 
=k -}-- 

k 21P 

(22) 

(23) 

(24) 

and kP represents the thermal conductivity of the encapsulant. ke 
accounts for the back flow of heat through the interstices between 
the thermopile elements. 

We have not yet succeeded in obtaining a compact representation 
of performance in terms of given fluid temperatures such as was 
possible using junction temperature. Therefore, a scheme of succes- 
sive approximations was used to obtain the maximum coefficient of 
performance for a given set of design parameters. 

THERMOPILE OPTIMIZATION 

Of all the parameters appearing in the performance equations, only 
two can be arbitrarily chosen by the designer. These are the thermo- 
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element length, 1, and the thermopile packing density, 77. The hot 
and cold fluid temperatures are given. The properties of the thermo- 
electric material used and the junction contact resistance are deter- 
mined by the state of the thermoelectric art. An extensive experi- 
mental evaluation of the performance of available thermoelectric 
materials and an investigation in depth of thermocouple joint - 
formation techniques led to the choice of the following properties 
as representative mean values of the best that can be achieved at the 
present time. 

Z =2.80 X 10 -3 °K -1 

k = 0.017 watt /cm -°K 

p = 10.0 X 10 -4 ohm -cm 

e= 218 x 10 -6 volt / °K 

R =10 X 10 -6 ohm -cm= 

kp = 0.0003 watt /cm -°K 

The over -all heat -transfer coefficients of the hot and of the cold 

sides require further discussion. The most important of these, as 

well as the one most subject to unavoidable limitation due to the 
environmental considerations of pressure and corrosion is the heat - 
transfer coefficient of the hot, or sea -water, side. The preferred 
material is 70 -30 cupro -nickel, and the calculations given in the paper 
are based on its properties. The thermal resistance of the electrical 
insulation between the thermopile connector bars and the heat -transfer 
structure is another important limiting factor on the over -all heat - 
transfer coefficient. After considerable experimental effort to find the 
best method, it was finally decided to use a layer of aluminum oxide 

(the so- called Martin* hardcoat) formed on an aluminum plate and 

attached to the thermopile by a thin layer of epoxy cement. The heat - 

transfer structure adopted was considered to be a good compromise 

between the thermal and structural requirements. The fluid velocity 

between the finned heat -transfer surfaces was adjusted to give the 

optimum balance between increased surface heat -transfer coefficient 

and pressure drop. The over -all maximum coefficients of performance 

presented include the fluid pumping power as part of the power input 

to the machine. 

The results of these optimization computations are shown in Fig- 

ures 3 and 4. Figure 3 shows the weight of thermoelectric material 
required per ton of refrigeration and the over -all maximum coefficient 

of performance as functions of the two module design parameters, 

thermoelement length and module packing density. Figure 4 shows 

* Registered trade mark. 
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Fig. 3- Thermoelectric material and coefficient of performance versus 
module parameters. 

the volume per ton of refrigeration and the over -all maximum coeffi- 
cient of performance as functions of these same two parameters. It 
is interesting to note the large changes in performance, volume, and 
amount of thermoelectric material required for a given refrigeration 
capacity resulting from relatively small changes in thermopile con- 
figuration. The final configuration chosen as best compromise between 
these values was l = 0.5 centimeter and = 0.5. 

FINAL DESIGN AND MODEL 

The final refrigeration plant will consist of several individual units, 
each having a nominal cooling capacity of ten tons of refrigeration 
at design conditions and containing 30 identical tube subunits in a 
pressure vessel 20 inches in diameter and 10 feet long. 
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Fig. 5- One -ton thermoelectric air conditioner. 

Fig. 6- Thermoelectric air conditioner subunit. 

Fig. 7- Thermopile module. 
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Fig. 8- Apparatus for testing one -ton air -conditioner model. 

A one -ton model of this design has been constructed. It contains 
six tube units (identical in design to that for the final unit) five feet 
long, and contained in a pressure vessel 10 inches in diameter. Figure 
5 shows this model partially assembled. One tube unit partially 
assembled is shown in Figure 6, and a single thermopile module is 
shown in Figure 7. Each five -foot tube of the one -ton model contains 
48 thermopile modules, each module containing 18 thermocouples. 
Each module is 2 X 2 inches in cross -section, with integral heat - 
transfer extended surface on the chilled water side. The thermo- 
elements are 0.7 centimeter in diameter and 0.5 centimeter long. The 
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sea -water tube structure is aluminum bronze 3.06 inches by 2.29 inches 

in cross section. The hot -side fin plates and end bells are pressure - 
sealed with O- rings. The modules are electrically connected in series 
and are of the plug -in type for easy disassembly and maintenance. 
The pressure vessel is stainless steel. 

One tube of the one -ton model has been tested for performance. 
Figure 8 shows the double test loop used for performance evaluation. 

Figure 9 shows the performance data thus far obtained with this 
tube. Figure 9 also shows the performance predicted from the design 

computations. The substantial agreement between the predicted and 

realized performance is gratifying. 
The only difficulties encountered in implementing this design were 

some minor water -sealing problems on the chilled water side and 

unreliability of the electrical insulation on the thermopile modules. 

The sealing problem has been corrected. A short circuit to ground 

through the thermopile insulation on one of the modules occurred 

when the tube was being operated near its maximum cooling capacity 

and after the tube had been under test for about 40 hours. The ade- 

quacy of aluminum oxide films for electrical insulation is being in- 

vestigated. 
It is concluded that large- capacity, compact thermoelectric refrig- 

eration machines having adequate performance can be built utilizing 

present thermoelectric art, and that this performance can be reliably 

predicted. 
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THE HIGH -BEAM -VELOCITY VIDICON* 

BY 

J. DRESNER 

RCA Laboratories 
Princeton, N. J. 

Summary -One of the barriers to the construction of Vidicons with 
high sensitivity and fast response is the phenomenon of capacitive lag 
which, when the scanning beam lands at low velocity, necessitates the use 
of porous photoconductors having generally low sensitivity. It is dem- 
onstrated that this capacitive lag can be reduced to a very low value by 
making use of a scanning beam landing at high velocity. It is then pos- 
sible to utilize glassy photoconductive layers of high sensitivity and large 
capacitance. 

The redistribution problems associated with high -beam- velocity opera- 
tion are studied in detail. Means are described by which they can be 
reduced to the point where their effect on image quality is minimal. 

An experimental tube has been constructed which uses a glassy Sb :S, 
photoconductive layer with a capacitance of 8000 picofarads. The speed 
of response with a high- velocity beam is considerably faster than with 
a low -velocity beam. The image quality is adequate for many purposes. 

INTRODUCTION 

HE VIDICON is a television camera tube in which a photo- 
conductive layer of high resistivity serves both as a light - 
sensitive element and as a storage target.' As in most modern 

camera tubes, the storage target is scanned by an electron beam which 
lands at near zero velocity. This paper considers the operation of a 
Vidicon where the beam lands at high velocity, i.e., the secondary - 
emission ratio from the scanned surface is greater than unity. 

A photoconductive layer suitable for use as a Vidicon target must 
have a high resistivity, the proper spectral response, a high sensitivity, 
and a fast speed of response. One of the best materials available for 
these targets is a glassy layer of amorphous antimony trisulfide. 
While such a thin evaporated layer can be made very sensitive, its 
maximum usable thickness is approximately 2 microns, which results 
in a capacitance of the order of 10,000 picofarads. When a high - 
capacitance layer is used in conjunction with a scanning beam landing 

Manuscript received 16 March, 1961. 
' P. K. Weimer, S. V. Forgue, and R. R. Goodrich, "The Vidicon 

Photoconductive Camera Tube," Electronics, Vol. 23, p. 70 (1950). 
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at low velocity, the phenomenon of capacitive lag occurs because of 

the inability of the beam to discharge the target fully after each 

frame time, and the response time of the device drops below the useful 
limit. To circumvent this limitation, use is made of porous layers 
of antimony trisulfide (evaporated at a pressure of approximately 
1 mm Hg) which have a capacitance of the order of 1000 picofarads 
and, thus, are not subject to serious capacitive lag. However, these 

porous layers are generally of lower sensitivity than the glassy films. 

This is probably caused principally by the large ratio of surface area 

to volume present in the porous structure, which implies a large 

number of recombination centers and a short lifetime for the photo - 

excited carriers. In addition, the target will exhibit photoconductive 
lag which may, in some cases, be so long as to dominate the response 

time of the device. It is shown below that operation of a Vidicon in 

the high- beam -velocity mode makes possible the elimination of capaci- 

tive lag and may open the way for the practical utilization of glassy 

Sb2S3 layers of high sensitivity and high capacitance. 

The phenomenon of capacitive lag has been studied by several 

investigators and is well understood.2 -4 For small values of the target 
voltage, Vt, the current flowing into the target is 

It = a exp {bVt), 

where a is proportional to the total beam current. By setting the 
parameter b = e /kT, an effective temperature can be assigned to the 
electron beam. It is usually found that the measured value of b 

corresponds to a temperature much larger than that of the cathode 
of the electron gun. This difference can be attributed to an additional 
spread in the axial velocities of the electrons introduced by the 
aberrations of the electron -optical systems. The various authors all 

assume an exponential shape for the beam -landing curve and arrive 
at similar results. The methods used differ in the way in which the 
charging of a target element by the scanning beam is treated, or in 

the use of "flood beam" approximations in which the beam is assumed 

to spray the entire target with electrons after each frame time. Their 

2 R. W. Redington, "The Transient Response of Photoconductive 
Camera Tubes Employing Low- Velocity Scanning," Trans. IRE PGED, 
Vol. 3, July 1957. 

3 L. Heijne, Acta Electronica, Vol. 2, p. 124 (1957). 
4 B. Meltzer and P. L. Holmes, "Beam Temperature, Discharge Lag, 

and Target Biasing in Some Television Pick -Up Tubes," Brit. Jour. Appl. 
Phys., Vol. 9, p. 139 (1958). 
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conclusions state that capacitive lag can be minimized by reducing 
the target capacitance and by increasing the value of b. This last 
condition is equivalent to requiring a large value of the beam con- 
ductance, dlt /dVt near the equilibrium potential of the scanned sur- 
face. It can also be shown that the lag behavior cannot be improved 
by increasing the total beam current, at least where the beam -landing 
curve is exponential. 

If the target capacitance is to be large, some means must be found 
to increase the beam conductance. This could be done by reducing 
the energy spread of the electrons in the beam. A reduction of the 
cathode temperature to obtain a narrower distribution of thermal 
energies is not advantageous, however, unless an improvement is also 
made in the optics of the electron gun. It is doubtful, moreover, that 
the improvement in beam conductance obtained in this way would be 
sufficiently large to permit the use of glassy photoconductive layers. 
During the past decade, there have been many other attempts to 
circumvent the capacitive -lag problem. One approach was that of the 
miniature Vidicon,5 where the scanned area was reduced by a factor 
of four, with an equivalent reduction in capacitance. This approach 
has limited use, because the signal decreases with the target area for 
a fixed -scene illumination and because the resolution is reduced by 
miniaturization. Another scheme that has been proposed is the bridge - 
type target, in which the potential of the surface is re- established 
independently of the scanning beam.° This requires the use of an 
intricate electrode structure which is difficult to manufacture and 
which inherently limits the resolution. The differential lag compen- 
sation scheme' requires either the use of two Vidicons, or of a struc- 
ture -type target with two photoconductors having different decay 
times. The RC lag compensation method °.9 is more attractive, since 
it does not require structure in the target. In this method, an auxil- 
iary layer is evaporated on the scanned side of the photoconductor. 
If the resistivity and dielectric constant of this auxiliary layer are 

5 A. D. Cope, "A Miniature Vidicon of High Sensitivity," RCA Review, 
Vol. 17, p. 460, December 1956. 

6 S. A. Cchs and P. K. Weimer, "Some New Structure -Type Targets 
For the Vidicon - Ari Analysis of Their Operation," RCA Review, Vol. 
19, p. 49, March 1958. 

' H. Borkan and P. K. Weimer, "Differential Method of Lag Compensa- 
tion in Photoconductive Devices," RCA Review, Vol. 19, p. 62, March 1958. 

° H. Borkan, unpublished work. 
9 J. A. Cksman and M. V. Epifanov, "On the Question of Sluggishness 

of Photoresistive Camera Tubes of the `Vidicon' Type," Radiotechnika i 
Elektronika, Vol. 3, p. 1501 (1958). 
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properly selected, an increase in the speed of response is obtained. 

In practice, however, it has proven very difficult to evaporate auxiliary 
layers with the correct properties. 

(0) 

(b) 

(a) 

TRANSPARENT 
CONDUCTING COATING 

i 

JPC 
Vc = 320 

V'. 300 

TVw =300 V 

11 
I ( Vk=OV 

Fig. 1- Scanning with high -velocity beam: (a) experimental arrangement, 
(b) energy distribution of secondary electrons, and (c) effective beam - 

landing curve. 

HIGH BEAM VELOCITY 

Figure la shows the arrangement of electrodes for high -beam- 

velocity operation, with typical values for the applied potentials. The 

only difference from the standard low- beam -velocity Vidicon that 
concerns us at present is the high voltage, V', applied to the trans- 
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parent conducting electrode. In the following analysis, redistribution 
effects do not come into play; they are discussed later. The beam 
finds the photoconductive layer at Vt V', and hence lands with an 
energy sufficiently high to produce a secondary emission S > 1. The 
energy distribution of the secondary electrons produced at the target 
is plotted in Figure lb, with the collector voltage, V,, taken as refer- 
ence voltage. The figure only shows the general features of the 
distribution of low- energy secondaries and covers a range of kinetic 
energies from 0 to approximately 10 ev. The peak of the distribution 
is, in actuality, closer to the origin than has been shown here. The 
elastically scattered primary electrons which would produce a sharp 
peak in the curve at an energy of about 300 ev are few in numbers 
and are not shown. Figure 1c shows the electron current flowing into 
the target as a function of the target voltage, Vt, under the above 
conditions. When the target is driven very positive with respect to 
the potential of the collecting mesh, the secondary electrons are un- 
able to leave and the current will be that in the incoming beam, In. 
When Vt V,, all secondary electrons can be collected, and the current 
saturates to a value -Ib(8 - 1). The target current is given by 

where 

It= IbL 1-8 N(V)dV I 

Vt J 

n 

N(V)dV=1. fo 

Cl) 

The surface of an insulating target will become charged to a potential 
Vo, such that the net current into it is zero, i.e., all secondary electrons 
in the shaded area of Figure lb are collected by the mesh. According 
to this picture, the surface of the photoconductor tends to stabilize 
at a voltage near Vo, as determined by the collector voltage, Vc, and 
lying a few volts above it. For a fixed V,,, the potential across the 
photoconductor depends on the voltage V' applied to the transparent 
electrode, and the photocurrent can be made to flow in either direction 
according to whether V' is larger or smaller than Vo. For a small 
dark current, the beam will thus find the target at a potential in the 
vicinity of Vo. From Equation 1, one obtains 

dI, 
= SIbN (Vo), 

dVt 
(2) 
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which gives the beam conductance at Vo as a function of the beam 
current and the secondary electron distribution. It is obvious that 
the beam conductance can be made arbitrarily high by increasing lb 

sufficiently. According to the previous discussion, the capacitive lag 
can then be reduced by increasing the beam current. This situation 
is in sharp contrast to that at low velocity where the capacitive lag 
is, to first order, independent of the total beam current.' 

The use of high beam velocity thus offers a simple solution for 
the capacitive lag problem, according to Equation (2) . The require- 
ments for the secondary emission from the scanned target are not 
critical, as long as S > 1. A very large value of S is not necessarily 
desirable because Vo might then be shifted towards higher values of 

Vt (Figure 1c), in a region where N (V) decreases rapidly. Since it 
is desirable to have the greatest values of dIt /dVt occur near the 
equilibrium potential, Vo, it is still helpful to have a scanned surface 
which produces a narrow energy range for the secondary electrons. 
Then, for a fixed S, Vo would be located at the peak of the electron 
distribution curve. In practice, one has no control over the value of 

8 or the shape of the function N (V) , since the material of the sensi- 
tive target is selected on the basis of its photoconductive properties. 
It is shown below that under certain conditions the beam conductance 
can be made to depend on the S and N(V) associated with the second- 
ary emission from the collector mesh. This introduces more freedom 
in the selection of those parameters. 

In the derivation of Equation (2), it was assumed that all second- 

ary electrons were ejected normal to the scanned surface, so that those 
collected by the mesh could be represented by the shaded area in 
Figure 1b. In reality, the number of secondaries emitted per unit 
solid angle follows a cosine distribution. In Figure 2a, we consider 
the path of a secondary electron having an energy V above the col- 

lector potential V, and emitted at an angle O from the normal. The 
requirement for collection is that the axially directed component of 

the kinetic energy 

1 - mv2 cost O V. 
2 

Of all the electrons having an energy V, only those emitted within a 

cone Oo will be collected, where 

' At low velocity, raising the beam current may actually worsen the 
lag because of the concomitant increase in effective beam temperature. 
This effect is not well understood.4 
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The fraction of electrons having an energy V which are collected is 

VT 
F(V) = 1 - 

v 
(0) F(V)=1- 

V 

(b) 

(c) 

V 
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-VC= O 

VT 

P. C. 

Fig. 2 -Effect of a cos O distribution of the secondary electrons on the 
beam conductance. 

Equation (1) must then be corrected to read 

I,=lbr 1-S % N(V) I 1 Jr \ 

CO 

Vt 
l dV 1, (3) 
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and the beam conductance becomes 

dIt N(V) 
=--lbs dV. 

dVt fVt V 

(4) 

The dependence of the beam conductance on the beam current, Ib, is 

the same as in the simpler Equation (2). In the absence of an ana- 

lytical expression for N (V), Equation (4) cannot be solved. However, 

the effect of the angular distribution of velocities on the beam con- 

ductance can be found in a qualitative way. In Figure 2b, we consider 

the case of electron emission normal to the scanned surface, with that 

surface at the equilibrium potential Vo. Upon a change of potential, 

AVt, there will be a current change, Ait = 8NIbAVt. This change is 

given by the contribution of the secondary electrons represented by 

the shaded area. In Figure 2c, the effect of the incomplete collection 

of secondaries is taken into account for a target at Vo. The dashed 

line gives the collection function F (V) . Only those electrons repre- 

sented by the area under the curve Neff will be collected by the mesh. 

The equilibrium potential Vo will then be displaced towards a lower 

value in order to balance the incoming beam current. The change in 

current Mt for a potential change AVt is furnished by the electrons 

represented by the cross -hatched area. It is clear that this area will, 

in general, be smaller than in Figure 2b, and the beam conductance 

will be decreased proportionately. The decrease in the beam conduct- 

ance to be expected because of this effect is not very severe, and is 

probably of the order of 50 per cent. 

Another important effect occurring during the operation in the 

high -velocity mode is that of secondary electrons emitted from the 

collector mesh. We characterize this emission by an effective emission 

coefficient S,, taking into account only those secondaries which are 

emitted towards the scanned surface and can be collected by it. Elec- 

trons emitted in the backward direction can be collected by other 

electrodes in the system and do not come into play. For simplicity, 

rectangular energy distributions of secondaries from the target and 

the mesh have been assumed in Figure 3a. Since the secondaries 

from the mesh are emitted forward, their energy distribution extends 

towards negative values of Vt. The contributions of both sources of 

secondary electrons to the target current are given by the dashed lines 

in Figure 3b. When the scanned surface is driven to large values of 

Vt, the current saturates to lb (1 8,). Towards large negative values 

of Vt, no secondaries from the mesh can land on the target and the 
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current saturates to the same value as previously, Ib(8 -1). From 
inspection of Figure 3b, it is clear that the target surface can stabilize 
itself at a value of Vo < V, provided 8 > 8 -1, a condition that is 
easily satisfied in practice. Measurements on an experimental high - 
beam- velocity Vidicon have shown Vo to lie about 5 volts below V,. In 
this case, the beam conductance in the vicinity of Vo is controlled by 
the energy distribution of the mesh secondaries and by 8 . Some 

(0) 

(b) 

N (V) 

ELECTRONS 
FROM MESH 

ELECTRONS 
FROM TARGET 

V E- V --1 V 
V 

- _ _- 
/ 

/ 
/ 

/ , Ib8c // / / 
e / Vt 

SECONDARY ELECTRONS 
FROM MESH 

SECONDARY ELECTRONS 
FROM TARGET 

Fig. 3 -Effect of secondary electrons emitted from the mesh. When 
Vo < Ve,, the beam conductance is controlled by the secondary elec- 

trons from the mesh. 

control of 8 and N(V) can be achieved independently of the target 
material when the tube is operating in this manner. For example, a 
high value of 8 , could be obtained by using a copper mesh with an 
oxidized surface as the collector. 

THE REDISTRIBUTION PROBLEM 

Before the high -velocity mode of operation can be used in a prac- 
tical tube, there are three problems to be solved. These concern the 
quality of the image. 

When a low- velocity beam is used for scanning, the image quality 
is not very sensitive to small defects in the surface of the target. 
Furthermore, the decelerating mesh need not be placed very close to 
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the target surface, so that it is out of focus and its defects do not 

show in the image. With high beam velocity, however, surface defects, 

particles of foreign matter, or any other conditions which can result 

in local variations in the secondary emission of the scanned surface 

appear in the image. Also, the collector mesh must be placed very 

close to the scanned surface, so that it appears in the image. Thus 

the mesh must also be free of defects and nonuniformities. This 

problem can be solved by exercising proper precautions during the 

fabrication of the tube. 
A more serious problem in maintaining image quality is caused by 

the nonuniform redistribution of the uncollected secondary electrons. 

Since most secondary electrons are ejected at an angle to the normal, 

the uncollected portion returns to the target at some distance from 

the point of origin. This situation is illustrated on the left side of 

Figure 4a for an electron ejected at an angle O. For a velocity y the 
range is given by 

R= 
2md 

e (V7,-V0) 
v° cos B sin 0, (5) 

where d is the target -to -mesh spacing, m the electron mass, and e the 
electronic charge. The secondaries are then sprayed within a radius R 

of the beam's point of impact. The parts of the target within R of 

the edges of the scanned area receive fewer secondaries than the 
center. They thus charge up to a different value of Vo than the center, 
which gives rise to a nonuniformity of the dark current. In a standard 
Vidicon, such as the 7038, the mesh is located about 3 millimeters 

from the scanned surface. For a representative value of Vr - V,. of 

3 volts, a secondary electron of 5 ev emitted at 45° from the normal 

will land 1 centimeter away from the beam's point of impact. The 

nonuniformity in the dark current can thus extend over a large part 
of the scanned area and be so severe as to preclude the use of the 
standard Vidicon geometry in the high -velocity mode. In the case 

where the lag is controlled by the secondary electrons from the mesh, 

and Vo is less than Vc, only these electrons contribute to nonuniformity 
in the dark current, since the secondaries from the target are all 

collected. The mesh electrons of a given energy emitted at an angle O 

will then influence the target potential over a distance R/2 as shown 

on the right side of Figure 4a. The situation for mesh -controlled lag 

is thus more favorable for minimizing redistribution effects. It is 

obvious from Equation (5) that the nonuniformity in the dark cur- 

rent can be reduced by bringing the collector mesh very close to the 



HIGH -BEAM -VELOCITY VIDICON 315 

scanned surface. This is also the situation where the control of lag 
by the mesh secondaries is most likely to occur. If the mesh is to be 
close to the target, it will appear in the image, and must therefore 
be fine enough so as not to degrade the resolution. The finest com- 
mercially available mesh has 750 lines /inch, with the spacing between 
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Fig. 4 -Effect of the asymmetrical redistribution of secondaries on the 
image contrast. 

wires of about 0.001 inch. In order that the field between the scanned 
surface and the collector be determined wholly by the collector poten- 
tial, the mesh must be several times this spacing away from the 
surface. A value of d = 0.005 inch has been found satisfactory. With 
this value of d and assuming that the mesh secondaries control the 
lag, as was found in practice, R is reduced by a factor of 50 compared 
to the standard Vidicon geometry. 
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Another important redistribution effect which makes a large con- 

tribution towards determining the contrast near the edge of an 

illuminated area is associated with the direction of scanning. We 

consider first a tube operating in the positive mode (Vt > Vo). The 

target surface then charges up positively under the influence of light 

or of the dark conductivity. The secondary electrons tend to land 

preferentially on the unscanned portions of the target, which are 

more positive (Figure 4b). As the beam approaches the edge of an 

illuminated area, the fraction of secondaries landing ahead of the 

beam increases. Since the secondaries drawn over the unscanned area 

have a smaller probability of reaching the mesh, the beam must drive 

the target area at the point of impact to a lower value of Vo than 

over the rest of the dark area (see Figure 1). The potential differ- 

ence across this part of the target is larger, and the signal thus 

increases as the illuminated area is approached, reducing the contrast 

at the edge (Figure 4b). As the beam approaches the far edge of 

the illuminated area, the fraction of secondaries which can reach the 

mesh suddenly increases. The beam then brings that area to a higher 

value of Vo and the potential difference applied to the photoconductor 

decreases, thus reducing the signal within the illuminated edge. 

The situation in the negative mode of high- beam -velocity operation 

(Vt < V) is shown in Figure 4c. There the secondary electrons 

tend to be repelled away from the unscanned area and to land behind 

the beam. As the illuminated area is approached, this repulsion in- 

creases. By the same argument as in the positive case, Vo becomes 

lower near the edge. In this case, however, the potential across the 

photoconductor is decreased and the dark current becomes smaller 

outside the illuminated edge. On the far side of the illuminated 

region, the signal current increases just inside the edge. Thus, in 

the negative mode, edge contrast is increased. 

It is clear that these redistribution phenomena affect the signal 

only when the beam is within a distance of the order of R from the 

edge of an illuminated area. The positive mode redistribution has 

the most deleterious effect on image quality. With the standard 

Vidicon geometry (where R may be as much as 1 centimeter), it is 

usually impossible to obtain any image in this mode. In the negative 

mode, the situation is more favorable, although there is a tendency 

for saturation of highlights and dark areas at high levels of illumina- 

tion. As the collecting mesh is brought closer to the scanned area, 

both of these effects decrease. For a 750 line /inch mesh at 0.005 inch 

from the surface, they are reduced to the point where they have only 

a small effect on the image quality except at very high light levels. 



HIGH -BEAM -VELOCITY VIDICON 317 

The solution to most of the redistribution problems encountered in 
the high- beam -velocity Vidicon thus appears to lie in finer collecting 
meshes spaced closer to the scanned surface. The 750 line /inch mesh 
used in the present experimental tubes has proved satisfactory, al- 
though it is probable that an increase in the ultimate resolution 
capability of the tube would be obtained by the use of 1000 line /inch 
mesh. 

There is another effect which must be eliminated before images of 
commercial quality can be produced by the high- beam -velocity Vidicon. 
In the previous discussion, it has been assumed that all secondary 
electrons leaving the surface with the proper energy and direction 
would be collected. As they approach the interstices of the mesh, 
however, the field they see is determined not only by V, but also by 
the potential distribution on the far side of the mesh. In order to 
insure a uniform collection efficiency over the image field, it is neces- 
sary for the equipotentials to be flat on the beam side of the mesh. 
Failure to satisfy this requirement will result in variations of dark 
current at the edges of the field. This effect can be reduced by 
addition of apertures to the wall and collector electrodes, as described 
later in the discussion of the experimental tube. 

EXPERIMENTAL TEST OF THE THEORY 

Experiments were designed to test the validity of Equation 4, and 
to see how much improvement could be effected in the beam conduct- 
ance by high- beam -velocity operation. They were performed either in 
a demountable test set or in a standard Vidicon in which the photo- 
conductor had been replaced by a conducting target. Figure 5 shows 
some of the beam -landing curves obtained in a 7038 Vidicon with a 
tin- oxide- coated glass target. The vertical line at 5 volts indicates a 
change of scale in the target voltage. At low velocity, a value of 
b = 2.9 is obtained in the steepest part of the curve, decreasing for 
lower current values. This curve was taken with a relatively large 
beam current. If the beam current were reduced and the alignment 
of the magnetic field properly adjusted, a value of b as high as 6 
could be measured in the steepest part of the curve. However, it is 
generally undesirable to have dark currents much in excess of 
2 X 10 -8 ampere, and, in this operating range, b would be much 
reduced for a low- velocity beam. Beam -landing curves are shown al 
high -beam -velocity negative operation for two values of the total beam 
current. These give values of b = 7.7 and b = 23 in the region of 
interest. Since the time constant for capacitive lag is inversely pro- 
portional to b, an increase in speed of the order of 10 can be expected 
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by operating at high velocity. The curves show an important char- 

acteristic of the high -velocity beam, namely, that the beam conduct- 

ance has its maximum value near Vo, where it does the most good.* 

The value of V0 shifts slightly as the beam current is decreased. This 

has been observed on surfaces of all the materials tested. The most 
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Fig. 5- Beam -landing curves for low- and high -velocity beams. For the 
latter case, V. has been located at an arbitrary point on the abscissa. 
These measurements were made on a 7038 Vidicon with a conducting glass 

target. 

' In measuring the high -velocity curves, the target was biased near 
300 volts. The value of Vo, where the current changes direction, was located 
at an arbitrary value on the abscissa of Figure 5 to facilitate comparison 
with the low -velocity curve. 



HIGH -BEAM -VELOCITY VIDICON 319 

probable explanation for this effect is a change in the distribution 
function N (V) of the secondary electrons brought about by the in- 
creased amount of transverse velocities in the higher intensity beam. 
This effect does not come into play during the operation of the tube, 
since the beam current is fixed. 

Table I gives the results of some beam -conductance measurements 

Table I -Beam Conductance Measurements 
(Primary Beam Energy = 300 volts) 

( 
dl,l 
dV,/ 

lb 
(amp) (mho) X 100 S 

1.2 X 10 1.3 x 10 -6 10 1.28 Sealed Tube 
Tin Oxide 
Coating 
on Glass 

4.0 X 10 -6 
2.2 X 10 -6 

3.3 X 10 -7 
2.0 x 10 -7 

8.3 
9.1 

1.28 
1.63 

Sealed Tube 
Demountable 
Test Set 

1.1 X 10 -6 1.3 X 10 -7 11 1.63 Demountable 
Test Set 

5.0 X 10 -7 6.3 X 10 -8 12 1.68 Demountable 
Test Set 

2.1 X 10 -6 8.9 X 10 -8 4.3 1.62 Demountable 
Test Set 

Al Foil 9.4 X 10 -7 5.0 X 10 -8 5.3 1.54 Demountable 
Test Set 

2.7 X 10 -7 2.1 X 10 -8 7.9 1.70 Demountable 
Test Set 

near V for targets of SnO0 coated glass and aluminum foil. Accord- 
ing to Equation (4) 

= b]. 

The constant 
77 can be taken as a figure of merit for the high -velocity 

beam and includes the effects of the secondary emission 8, the energy 
distribution of secondaries, and the kinetic energy of the primary 
electrons. In these measurements, the latter quantity was 300 ev. 
For the various tin -oxide -coated targets, the value of n does not 
change much as Ib is varied through a range of 20 to 1, and Equation 
(4) appears to be valid. For the aluminum foil, the beam conductance 
increases with the primary beam current, but less rapidly than pre- 
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dieted by Equation (4). The data of Table I shows that a beam cur- 

rent of 2 X 10 -6 ampere will provide beam conductances of 10-7 

mhos or greater near the equilibrium point on surfaces which are poor 

secondary emitters. This should be sufficient to reduce the capacitive 
lag to a level where it ceases to be objectionable. Another factor of 

10 in conductance can be obtained by using the full output of the 

Vidicon gun, but this should not be necessary. In general, the re- 

distribution effects increase with lb, so that it is advantageous to use 

the minimum beam current which will result in an acceptable value 

of lag. 

TEST OF HIGH -BEAM -VELOCITY VIDICON 

An experimental high- beam -velocity Vidicon has been constructed 
and tested. Since this tube was designed primarily to verify the 
validity of the above theory, no special care was taken to select a 

photoconductor layer of outstanding sensitivity. The photoconductor 

was a glassy layer of antimony trisulfide, of medium sensitivity, suffi- 

ciently low intrinsic photoconductive lag, and having a capacitance of 

approximately 8000 picofarads. This capacitance is so high as to 

preclude its use in a low- beam -velocity Vidicon. The construction of 

the tube is shown in Figure 6. The collector mesh (750 lines /inch) 
is mounted on a rectangular aperture 0.005 inch from the scanned 

area. A similar aperture is mounted at the target end of the wall 

electrode. The purpose of these apertures is to shape the fields prop- 

erly on the beam side of the mesh so that the collection efficiency 

will be uniform over the entire area of the mesh. The mesh aperture, 
M, is mounted on insulating spacers located on the periphery of the 
photoconductor. The tube is otherwise identical to the 7038 Vidicon 

and can be used in a standard camera with the addition of only one 

lead to the base. 
Figure 6 shows typical values of the electrode voltages used in 

the high -velocity positive mode. The actual potential difference across 

the target (in this case, about 15 volts) is determined by the equi- 

librium potential, Vo, of the scanned surface, which must be deter- 

mined by a separate experiment. In order to operate the tube in the 

high -velocity negative mode, it is necessary either to raise the mesh 

potential or to reduce the back -plate potential, V'. 

The decay of the signal with time is shown in Figure 7. The 

procedure used was the same for low velocity as for both modes of 

high -velocity operation. The dark current was 2 X 10-8 ampere and 

the steady -state signal current was 1 X 10 -7 ampere, which required 

a target illumination of 0.5 foot candle. The signal decay was ob- 
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Fig. 6- Construction of experimental Vidicon for high- beam -velocity 
operation. 
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Fig. 7- Signal decay in the low- and high -velocity modes. 
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served by means of a line selector oscilloscope triggered by a mechan- 

ical light chopper. At low velocity, the signal decays to 89 per cent 

of maximum in four scans. This is roughly the capacitive lag to be 

expected from a layer with a capacitance of 8000 picofarads. At high 

velocity, using a beam current of approximately 4 microamperes, the 

residual signal is 20 per cent of maximum after four scans. This is 

slightly higher than the lag performance obtained from a Vidicon 

using a porous type photoconductor. There does not appear to be any 

difference in lag behavior between the positive and negative high - 

velocity modes. 

Figure 8 shows the absolute value of the dark current as a func- 

tion of collector potential, Vc, for a fixed value of the backplate poten- 

i 
H 

0.1 

0.01 

0.004 

NEG. MODE 

Fig. 8 -Dark current versus collector potential. Since the surface of the 
photoconducting film stabilizes at Vo < Vo, the beam conductance is con- 

trolled by the secondary electrons emitted from the collector mesh. 

tial, V' (260 volts). The transition between the two high -velocity 

modes occurs at V, = 265 volts. At this point, there is no potential 

across the photoconductor, and the scanned surface must be at 260 

volts. This point can be determined more precisely by applying a 

light signal to the tube and adjusting V, for no output signal on the 

monitoring kinescope. Since V < V,, the beam conductance is con- 

trolled by the secondary emission from the collector mesh rather 

than from the scanned surface. This situation is favorable for the 

reduction of redistribution effects. Figure 8 also shows a faster rise 

of the dark current with voltage in the positive mode than in the 

negative mode. This indicates that the electron beam makes a better 
contact to the Sb..S3 layer than does the tin -oxide -coated glass electrode. 

Figure 9 shows a test pattern and a half -tone scene obtained in 
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the high -velocity negative mode. The vertical bars at the left side 
of the field originate in the test equipment and are due to pickup 
from the blanking pulses. They do not indicate any malfunction of 
the tube. The pictures appear to be free of spots due to imperfec- 
tions on the mesh or scanned surface. The resolution is approximately 

Fig. 9- High -velocity negative mode. The vertical bars at the left side of the field originate in the test equipment and are not due to malfunc- 
tioning of the tube. 

400 television lines. Seven steps can be distinguished in the gray 
scale, and the dynamic range is thus somewhat less than in a low - 
velocity tube. There are no severe redistribution effects, and the 
image appears fairly uniform over the entire field. There are still 
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some minor redistribution effects which can be seen at the boundaries 

of the steps in the gray scale and which tend to increase the contrast 
at the boundaries. The general image quality appears to be sufficient 

for many purposes. 

CONCLUSIONS 

The data presented shows that the capacitive lag associated with 

the glassy layers of high sensitivity can be reduced to lower levels, 

as predicted by the theory. The large redistribution effects, which 

heretofore precluded the use of a high -velocity beam, can be much 

reduced. There remain some local redistribution effects of small mag- 

nitude which do not greatly degrade the general image quality. Thus, 

it is possible to construct Vidicons, operating with high -velocity beam, 

which can take advantage of the inherent high sensitivity of the 
glassy photoconductive layers of antimony trisulfide. 

It would be desirable to reduce further the small local redistribu- 
tion effects which affect the contrast at the boundaries between dark 

and illuminated areas. In the positive mode, the contrast is decreased, 

thereby lowering the resolution. In the negative mode, the contrast 
at the boundary is increased. This tends to increase the resolution 

and to decrease the dynamic range of the tube. These effects increase 

with the magnitude of the primary beam current. In practice, there- 
fore, the minimum beam current which will bring the capacitive lag 

down to a tolerable value should be used. Since the beam conductance 

is controlled by the secondary emission from the collector mesh, some 

improvement could be effected by properly selecting the mesh material. 
A mesh with a higher secondary emission would have a narrower 
energy distribution than the nickel mesh used in these experiments. 
An adequate value of the beam conductance would then be obtained 

with a lower primary beam current. Another approach to this problem 

is to bring the mesh closer to the scanned surface. The minimum 

practicable distance is probably of the order of 0.002 -inch, which 

would necessitate the use of meshes of 1000 lines /inch. 
The local redistribution problem is not at present serious enough 

to be an obstacle to the use of the high- beam -velocity Vidicon. A 

more important problem is the preparation of photoconductive layers 

having desirable properties to take advantage of the low capacitive 

lag. With the present state of the art, it is not always possible to 

manufacture such layers with sufficiently uniform properties to pre- 

dict the performance of individual tubes. A discussion of the problems 

of obtaining films with uniform electrical properties or of selecting 

films prior to assembly of the tube is beyond the scope of this paper. 
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Summary -Fuel cells and batteries are devices which convert chemical 
energy directly into usable electrical energy by electrochemical processes. 
They differ only in the methods by which the chemical energy is stored 
and in the physical arrangement of the components. In a fuel cell, the 
chemical energy is stored externally and is fed into the cell at a rate 
determined by the power requirements of the load. In a battery, the 
chemical energy is stored within the cell. Because electrochemical processes 
are not restricted by a Carnot cycle, these devices can provide the most 
efficient method for converting chemical energy into electrical energy. 

This paper discusses the present state of development of fuel cells and 
batteries as energy sources and energy- storage devices. The various types 
discussed are evaluated from a consideration of 'the energy content of the 
reactant materials and the basic methods of handling the reactant mate- 
rials in electrochemical cells. Regenerative electrochemical cells are also 
discussed, with emphasis on 'space applications. 

EFFICIENCY OF CHEMICAL -TO- ELECTRICAL 

ENERGY -CONVERSION PROCESSES 

CHEMICAL ENERGY may be converted to useful electrical 
energy by any of the basic processes shown in Figure 1. 
These processes may be evaluated as primary sources of power 

on the basis of performance characteristics such as energy density and 
energy- conversion efficiency. This paper discusses the relative import- 
ance of these characteristics, as determined by specific application 
requirements, as well as such other factors as reactant -material cost 
and convenience. 

Electrochemical Conversion 
In a fuel cell or battery, direct electrochemical conversion of 

chemical to electrical energy is essentially isothermal. As a result, 
the process escapes the Carnot -cycle limitation. The basic thermo- 
dynamic relationship between the maximum useful energy available 
from an electrochemical reaction and the heat content of the system 
is expressed by the following equation: 

" Manuscript received 6 March 1961. 
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AF = AH - TAS, 

where AF is the free- energy change, AH is the heat -content change, 
AS is the entropy change, and T is absolute temperature. The maxi- 

mum electrical energy available from an electrochemical process under 
reversible conditions is equal to the free- energy change of the reac- 

tion ; the thermal efficiency, m under ideal conditions may be expressed 

as 

CHEMICAL 
ENERGY 

AF TAS 
77t =1 

AH AH 

FUEL CELLS 

THERMAL 
ENERGY 

BATTERIES 

ELECTROMECHANICAL 
THERMOELECTRIC 

THERMIONIC 

MAGNETOHYDRODYNAMIC 

ELECTRICAL 
ENERGY 

THERMAL- REGENERATIVE 

FUEL CELL 

Fig. 1 -Basic processes for the conversion of chemical energy to electrical 
energy. 

Because the maximum thermal efficiency of an electrochemical cell 

is determined by the sign and magnitude of AS, which is usually 

small under normal operating conditions, a fuel cell or battery that 
approaches reversibility has a high theoretical thermal efficiency. In 

practice, this condition is met by cells operated near their theoretical 

open- circuit voltage because - AF = n.TE0, where E0 is standard 

electrode potential (theoretical open- circuit voltage), g is the Faraday 

constant, and n is the electron change of the over -all cell reaction. 

During battery operation, the electrochemical reaction produces 

both electrical energy and heat. The heat produced per mole is ex- 

pressed by the equation Q = -n9 (EG - E) + TAS, where E, is 

the cell operating voltage. Deviations from reversibility result from 

the irreversibility of the electrode reactions and from cell resistances. 

Although the reaction heat can be used to maintain cell operating 

temperatures in some systems, in other systems it may be necessary 

to cool the cell. 
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Fuel -cell efficiency may also be stated in terms of current, voltage, 
and free -energy efficiencies, as shown in Table I. Free-energy effi- 
ciency is a measure of an electrochemical cell as an energy converter 
and may be used in comparing various cell types and constructions. 
Voltage efficiency is used as a first approximation of the free -energy 
efficiency when no side reactions or loss of active material exist (i.e., 
when the current efficiency is 100 per cent) . Thermal efficiency is 
used to compare a fuel cell with an indirect process operating in a 
thermal cycle between the same initial and final states. 

Table I 

Thermal Efficiency 
Electrical- energy output 

- OH 
X 100 per cent 

Electrical- energy output 
Free -energy Efficiency Ili = X 100 per cent 

-AF 

Voltage Efficiency 
Operating voltage 

Theoretical voltage 
X 100 per cent 

Current Efficiency nt = 
Observed current 

Current equivalent of 
reactant materials 

X 100 per cent 

Indirect Conversion 

The efficiencies of the indirect processes shown in Figure 1 suffer 
from the unavoidable thermodynamic limitations imposed by a Carnot 
cycle on processes which convert heat into work. The maximum chemi- 
cal energy that can be converted into electrical energy by a heat engine 
under ideal conditions is given by the expression 

OH 
TH-Tc 

TH 

where TH is the temperature of the heat source of the heat engine and 
Tc is the temperature of the heat sink of the heat engine. Under 
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preferred operating conditions, a central power plant would have a 

Carnot efficiency of approximately 65 per cent and an over -all efficiency 

of approximately 40 per cent. This figure is the highest efficiency 

obtained to date for the indirect conversion of chemical to electrical 

energy. 
The efficiency of other conversion processes under investigation 

or in use are listed in Table II. These data indicate that electro- 

chemical processes are the most efficient methods known for the direct 
conversion of chemical to electrical energy. The relative importance 
of the indirect conversion processes listed in Table II is beyond the 

scope of this paper. 

Table 11- Efficiency of Various Energy Converters 

Device 

Fuel Cell or Battery 

Boiler /turbo Alternator 

Rankine Vapor Cycles (steam, 
mercury, rubidium, and sodium) 

Heat Engine Using Brayton Cycle 

Diesel Engine 

Gasoline Engine 

Thermionic 

Thermoelectric 

Magnetohydrodynamic 

Thermal 
Efficiency 

Conversion Process (Per cent) 

Chemical - Electric 90 

Heat -.mechanical - electric 40 

Heat -.mechanical - electric 38 

Heat - electric 

Heat - .mechanical 

Heat -*mechanical 

Heat - electric 

Heat -.electric 
Heat - electric 

DIRECT CONVERSION OF CHEMICAL ENERGY 

INTO ELECTRICAL ENERGY 

28 

29-34 

15-20 

14 

7 

up to 60 
(estimated) 

The basic components of a typical fuel cell and a typical primary 
cell and their functions are shown in Figures 2 and 3, respectively. 
In chemical terms, anode materials are reducing agents which are 
characterized by the ease with which they give up electrons and are 
oxidized to a higher oxidation state; cathode materials are oxidizing 
agents which are characterized by the ease with which they accept 
electrons and are reduced to a lower oxidation state. Electrical energy 
is derived from simultaneous oxidation of anode material and reduc- 

tion of cathode material by electrochemical reaction; electrons flow 
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ANODE LOAD 
CATHODE MATERIAL 

MATERIAL H2 02 + N2 (AIR) 

FLOW OF 

d 
ELECTRONS 

ANODE OR - 
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ELECTRODE - 

OH 

AQUEOUS KOH 

02 

AIR, N2 

CATHODE 
OR 
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Fig. 2- Electrode reactions and relative flow of ions in a typical fuel cell 
(hydrogen- oxygen). 

anode reaction: H2 + 20H --. 2H20 + 2e 

cathode reaction: 02 + 2H20 + 2e --r 40H- 
over -all energy -producing reaction: 2H2 + 02 -+ 2H20 

from the anode electrode through the external circuit to the cathode 
electrode. 

The anode and cathode electrodes make electrical contact with the 
anode and cathode reactant materials. In the case of nonconducting 
anode and cathode materials, electrodes usually consist of some form 

ANODE OR 
NEGATIVE 
ELECTRODE 

FLOW OF 

'NAN 
LOAD 

FLOW OF ANIONS 

FLOW OF CATIONS - 
AQUEOUS KOH ELECTROLYTE 

ANODE MATERIAL 
ZINC 

CATHODE OR 
POSITIVE 

ELECTRODE 

CATHODE MATERIAL 
MERCURIC OXIDE 

Fig. 3- Electrode reactions and relative flow of ions in a typical primary 
cell (zinc- mercuric oxide) 

anode reaction: Zn + 20H- -+ Zn (OH) 2 + 2e 
1 

ZnO + H2O 

cathode reaction: Hg0 + H2O + 2e -+ Hg + 20H- 
over -all energy- producing reaction: Zn + Hg0 -+ Zn0 + Hg 
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of a porous- carbon or metal matrix. In many electrochemical -cell 

designs, however, metal -anode material may also serve as the electrode. 

An electrolyte which permits the flow of ions between the anode and 

cathode electrodes completes the circuit. 

On a weight and volume basis, the available energy from a fuel 

cell or battery is determined by the basic properties of anode and 

Table Ill-Capacity Data for Complete Oxidation of 
Various Anode Materials 

Anode Material 

Hydrogen 
Methane 
Propane 
Decane 
Pentaborane, stable 
Carbon 

Theoretical Capacity 
Ampere Hours Ampere Hours 

per pound per cubic inch 

12,062 30.6* 
6,030 120. * 

5,450 115. * 

5,250 138. * 

4,450 98. * 

4,049 330. # 
Ethyl Alcohol 

(complete oxidation) 
3,140 88.8* 

Methyl Alcohol 2,250 64.5* 

Lithium 1,751 33.6# 
Formaldehyde 1,600 67.0* 

Hydrazine 1,500 54.0* 

Aluminum 1,352 132.0# 
Ethyl Alcohol 

(partial oxidation) 
1,040 29.6* 

Magnesium 1,000 62.5# 
Carbon Monoxide 860 115.0* 

Iron 653 185. # 
Sodium 528 18.4## 

Zinc 371 96.0# 
Cadmium 216 66.5# 
Lead 118 47.5# 

* Liquid state. 
# Solid state. 

cathode materials. The two most basic properties are the ampere -hour 

capacity of the anode and cathode materials as determined by Fara- 

day's Law and the cell potential as determined by the expression 

-AF = ngEo. Tables III and IV list the theoretical ampere -hour 

capacities for various anode and cathode materials now used or being 

considered for use in batteries and fuel cells. The ampere -hour values, 

which are calculated on the basis of Faraday's Law, are directly 

proportional to the number of Faradays per mole involved in the 
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electrochemical reaction. The ampere -hour capacity values are in- 
versely proportional to the molecular weight and volume of material. 

An examination of the basic properties of anode and cathode mate- 
rials indicates why many approaches are being considered for the 
design of electrochemical cells as energy sources. For example, al- 
though hydrocarbons are promising materials, they are not electro- 
chemically active in aqueous solutions and need high- temperature 
molten -salt electrolytes. This high- temperature problem has led to a 

Table IV- Capacity Data for Various Cathode Materials 

Cathode Material 

Theoretical Capacity 
Ampere Hours Ampere Hours 

per pound per cubic inch 
Oxygen 1510 62.3* 
m- dinitrobenzene 862 49.5# 
Fluorine 640 39.1* 
Hexachloramelamine 436 25.6# 
Chlorine 342 18.5* 
Copper (II) Oxide 306 71.3# 
Silver (II) Oxide 195 52.5# 
Manganese (IV) Oxide 140 25.4# 
Nickel Oxide ** 133 
Mercuric (II) Oxide 110 42.3# 
Lead (IV) Oxide 102 34.2# 

Liquid state. 
*' ̀ NiOOH is assumed to be active material in alkaline 

electrolytes. 
# Solid state. 

consideration of redox systems and partially oxygenated carbon com- 
pounds as anode materials. These systems may be used in aqueous 
electrolytes for cells operated at approximately room temperature. 

The high- capacity metals either operate considerably below their 
reversible potentials or are too reactive to be used in aqueous electro- 
lytes. However, an amalgam electrode apparently has solved the latter 
problem in the case of sodium. It should be noted that the anode 
materials currently used in electrochemical cells (zinc, cadmium, lead, 
and iron) have a fairly low capacity. Although magnesium is used 
in primary cells, it operates considerably below its reversible potential 
and at current efficiencies of 80 per cent or less. A typical borohydride 
compound was included in Table III because of its high theoretical 
ampere -hour capacity. The electrochemical problems associated with 
these materials are unknown. 
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Because oxygen has a high ampere -hour capacity and is readily 

available from the atmosphere, the design of electrochemical cells 

which use air as a cathode material is a desirable goal. In addition, 

oxygen cathodes make possible the design of invariant fuel cells with 

a variety of anode materials. Some of the problems associated with 

air operation are discussed later. 
Fluorine, because of handling problems, and chlorine, because of 

both handling problems and low ampere -hour capacity with respect 

Table V -Free Energy and Theoretical Watt -Hour per Pound for 
Various High- Energy Couples 

Couple 
Anode Cathode Over-all Reaction 

Theoretical 
Watt -Hr./ 

OF lb /for 
at 25 °C Over -all 

K cal /mole Reaction 

Ea 
at 25° 

volts 

H2 02 H,+102--*H2O -56.7 1650 1.23 

C 02 C+02-4CO2 -94.3 1120 1.02 

CH, 02 CH, + 202 --> CO2 + 2H20 -185.5 1220 1.01 

C3H8 02 502 -* 3CO2 + 4H20 -508.8 1280 1.1c 

C,eH22 02 iv10H22 + 151C, --* 100O2 + 11H20 -1,565. 1290 1.1C 

Li F Li + F LiF -136.3 (aq) 2760 5.92 

Li Cl Li + Cl -> LiC1 -102 1260 4.42 

Na 02 2Na + H20 + 102-> 2NaOH -144.6 950 3.19 

NH4 2 02 N,H, + 02-> N2 + 2H20 -143.2 1180 1.5E 

CH,OH 02 CH,OH + 1102 -> CO2 + 2H2O -167.7 1100 1.27 

Formal- 
dehyde 02 CH2O + 02-4 CO2 + H20 -120.0 1010 1.3] 

Zinc 02 Zn + 102 -> ZnO -75.7 490 1.6, 

to oxygen, are not suitable as cathode materials. Oxide and organic 

cathode materials find most application in conventional primary and 

secondary cells. 

Table V lists the theoretical energy content of some possible anode - 
cathode combinations calculated from OF of the over -all cell reaction 

at 25 °C. Although many combinations have a high theoretical energy 

content, only a few can approach these values in practice. The princi- 

pal reasons why electrochemical cells do not approach the theoretically 

available energy content are: 

1. Because of the effects of activation, concentration, and 
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ohmic polarization encountered under load conditions, the 
voltage efficiency of electrodes is never 100 per cent. 

2. The current efficiency is less than 100 per cent because of 
side reactions. 

3. Active material is sometimes unavailable because of cell 
design. 

4. The stoichiometry of the cell reaction requires use of water 
or some other nonenergy -producing component. 

5. The storage containers for the materials and the auxiliary 
equipment represent an appreciable fraction of the total 
system weight and volume. 

6. The electrical resistances in the cell reduce the total avail- 
able energy. 

INVARIANT FUEL CELLS 

ANODE 

} 

(ELECTROCHEMICAL I-- { CELL PRODUCT Ijf 
'CATHODE' 

TYPCIAL SYSTEMS 
ANODE CATHODE 

H2 02 
HYDROCARBONS 02 

ALCOHOLS 02 

ALDEHYDES 02 

HYDRAZINE 02 

CONSUMABLE ELECTRODE 
FUEL CELLS 

JANODE hi 

ELECTROCHEMICALJ 
CELL rjj PRODUCT 

'CATHODE J H20' 

PRIMARY CELLS 

ELECTROCHEMICAL 
CELL 

ANODE t CATHODE 

PRODUCT 

PRODUCT 
TYPICAL SYSTEMS TYPICAL SYSTEM 

ANODE CATHODE PRODUCT ANODE CATHODE 
H2O No 02 NaOH IN) Zn Mn02 

CO2+ H2O Mg C12 MgCl2(aq.) Zn Aq0 
CO2+ H2O Zn C12 Zn C12(aq.) Zn H90 
CO2+ H2O Zn CuO 

N2+ H2O Mg 

Mg 

Mn02 

m- dinitrobenzena 

Mg Cu2Cl2 

Mg AgCI 

Fig. 4- Classification of electrochemical cells based on methods of handling materials. 

TYPES OF ELECTROCHEMICAL CELLS 

The simplified classification of fuel cells and batteries shown in 
Figure 4 is based on the means by which the active materials are 
handled, and indicates some of the important factors which determine 
the performance and energy density of an over -all electrochemical 
system. This method of classification has the advantage of grouping 
together active materials having similar properties. Typical electro- 



334 RCA REVIEW June 1961 

chemical anode -cathode couples are indicated for each type of cell. 

The more conventional classifications, based on electrolyte type or 

operating temperature, are used when the various electrochemical 

couples are discussed. 
In the invariant -type cell, the reactant materials form a product 

which can be removed from the cell without change in the electrolyte. 

The operating conditions of the cell require that there be no side 

reactions, corrosion, or deterioration of the electrodes. The most de- 

sirable anode -cathode couples are those in which H2O, CO2, and N2 

are the sole reaction products because these materials can be removed 

easily from the cell. The invariant fuel -cell systems are important 
because the total available energy density approaches the theoretical 
maximum, and the long operating life with little maintenance provides 

economical long -term operation. 
Consumable -electrode fuel cells are electrochemical systems in 

which the reaction products cannot be removed without a change in 

the electrolyte composition. The anode materials in this class of fuel 

cell are high- energy- content metals (Al, Mg, Li, and Na), and the 

reaction products are materials which cannot be removed by simple 

processes. In the operation of some of these types of cells, the electro- 

lyte may be circulated and the reaction products removed by filtration 
or complexing. In others, water may be added to maintain optimum 

electrolyte concentration. 
A consumable -electrode fuel cell is the optimum physical arrange- 

ment for couples which use the high- energy metals listed in Table 

III. Despite their advantages over conventional primary cells of 

higher theoretical energy content, the full value of most of these 

systems is realized only when water is readily available. On a volume 

basis and under certain conditions of hydrogen storage, the consum- 

able- electrode fuel cells will have a greater capacity than the hydrogen - 
oxygen fuel cell. The consumable -electrode fuel cells will have limited 

application because of availability and cost of reactant materials. The 

only advantage of these cells is their power density, which makes them 

suitable for some specific military applications. 

The sodium -amalgam /oxygen system of the type shown in Figure 

5 is the most highly developed of the consumable electrode cells. If a 

borohydride -anode electrochemical cell is developed, the borates formed 

must be removed by processes similar to those used for consumable - 

electrode cells. 

Conventional primary cells differ from the above electrochemical 

cells in that the active materials are self- contained, and neither the 

active materials nor the electrolyte need be circulated for maximum 
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performance. Because of their simplicity, primary cells are widely 
used as small portable sources of electric power. In general, the theo- 
retical capacity of primary cells is considerably less than that of other 
systems because of the limitations placed on the active materials. 
These limitations are in part due to cell design, shelf life, and the 
cost of materials. The highest capacities of primary cells are approxi- 
mately 80 watt -hours per pound and 7.5 watt -hours per cubic inch. 

The construction and performance characteristics of various pri- 
mary cells have been discussed in detail by Morehouse, Glicksman, 
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Fig. 5- Sodium -amalgam consumable -electrode fuel cell. 

anode reaction: NaHg, Na+ + e + Hg, 
cathode reaction: 02 + 2H20 + 4e --F 40H- 

over -all energy -producing reaction: 4NaHg, + 02 + 2H20 -- 4NaOH + Hg, 

and Lozier (see Bibliography). The recently announced zinc -oxygen 
fuel cell is a variation of the air cell and has characteristics similar 
to both consumable -electrode and primary -cell types. 

STATUS OF INVARIANT FUEL -CELL SYSTEMS 

The electrochemical systems which meet the requirements of in- 
variant operation fall in three broad classes: (1) hydrogen -oxygen 
systems, (2) direct and indirect cells which use low -cost carbonaceous 
fuels, and (3) low- temperature cells which use special reactant 
materials. 

Hydrogen -Oxygen Fuel Cells 

The hydrogen -oxygen fuel -cell system shown in Figure 2 is the 
most highly developed of all the fuel -cell systems and operates at 
practical power levels and good efficiencies for long periods. The most 
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widely used types of hydrogen oxygen fuel cells include low- tempera- 

ture low- pressure cells, high- temperature high -pressure cells, and ion - 

membrane cells. The electrode design and operating conditions of 

these three types are summarized in Table VI. 

High- temperature, high -pressure fuel cells operate at high current 

densities and are the most compact of the three types. However, 

high- temperature operation limits the life of the cells by rapid deteri- 

oration of the oxygen electrode. The longest operating life reported 

to date is approximately 1500 hours. 

Table VI- Electrode Design and Operating Conditions of Various 
Hydrogen Oxygen Cells 

Operating 
Anode Cathode Temperature Operating 

System Electrode Electrode Electrolyte Degrees C Pressure 

High -Tern- Porous Porous, sin- 6 -14 Molar 200 -240 400 PSI 
perature, sintered tered nickel KOH 
High- nickel pre- oxidized 
Pressure in LiOH 

Low -Tern- Porous Porous 6 -14 Molar 70 Atmospheri, 
perature, carbon carbon KOH 
Low- with with 
Pressure catalyst catalyst 

Low -Tern- Raney Porous nickel 5.5 -7 Molar 85 Atmospheric 
perature, nickel or silver with KOH 
Low- silver 
Pressure catalyst 

Ion- Platinized Platinized Phenol sul- Ambient Atmospheri, 
membrane nickel nickel fonic acid 

gauze gauze formalde- 
hyde resin 

Because these cells operate at a high temperature, they must be 

heated to start operation. When the cells are not operated at maximum 

power, some of the output may be used to maintain the cell tempera- 

ture; a power output of 100 watts is the minimum practical capacity 

that can maintain self- sufficient operating temperature. 

A further disadvantage is that these cells require hydrogen of 

high purity and oxygen which is free of carbon dioxide, because 

carbon dioxide forms a carbonate with an alkaline electrolyte. Al- 

though air can be used if the nitrogen and carbon dioxide are removed, 

the compression of nitrogen reduces the energy content of the system. 

The high- temperature operation permits relatively easy removal of 

the product water. 
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Low- temperature, low- pressure cells are simple, need little main- 
tenance, and are easy to operate. They have a reasonable initial cost, 
and a long operating life. In contrast to the high- temperature cells, 
these cells do not require extremely pure reactants because the carbon 
electrodes are relatively insensitive to the catalytic poisons. Cells 
having anode materials such as carbon monoxide, alcohols, and alde- 
hydes have been operated with good results at low temperatures. For 
long -term operation, however, the carbonate that is formed must be 
removed because the electrolyte is alkaline. The major factor affecting 
the operating life of this cell is the "wettability" of the porous carbon 
electrodes. Up to two years of operating life have been achieved. 

The vaporized water product is passed into the hydrogen and 
oxygen feed gases and removed by circulating the feed gases in a 
condenser. The cell is designed so that this process occurs mainly 
in the hydrogen feed. The water is condensed in a separate unit and 
the feed gases are recirculated. For low -power applications, a consid- 
erable dilution of the electrolyte can be tolerated; because a one - 
ampere cell produces less than a pound of water during 1000 hours 
of operation, recirculation is not necessary. 

The ion -exchange membrane cell shown in Figure 6 uses an ion - 
permeable membrane electrolyte which permits hydrogen ions to 
migrate from the anode electrode to the cathode electrode during 
current flow. Hydrogen ions react with oxygen and the electrons at 
the cathode electrode to form water. Although the water is auto- 
matically rejected, so that no special equipment is needed, the humidity 
on the electrodes must be controlled to prevent drying. Another 
important feature of the ion -exchange membrane is the use of an 
acidic electrolyte, which prevents carbonization of the electrolyte. 
The use of an acidic electrolyte permits operation of the cell in air. 

Table VII summarizes the characteristics and performance data 
of the three types of hydrogen- oxygen fuel cells. The theoretical 
capacity of these cells on a weight basis is determined by the methods 
of handling and storing hydrogen. Theoretical capacities using vari- 
ous methods of reactant storage are compared with primary- battery 
capacities in Table VIII, which shows that high- capacity primary cells 
offer definite advantages for low -power requirements and short -term 
operation. 

Various other methods of supplying hydrogen for large- and 
medium -power cells have been described by B. R. Stein. The most 
attractive methods are those which produce hydrogen by the dehy- 
drogenation of methyl alcohol or similar materials, or which convert 
hydrocarbons, in the presence of steam and various catalysts, to 
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Table VII- Characteristics and Performance Data of 
Various Hydrogen- Oxygen Fuel Cells 

Cell -Size Data 
(Power Output 

Thermal 
Max. Power Output Longest Reported Efficienci 

System Kilowatts) (KW /ft 3) (Watts /lb.) Operating Life (per cent, 

High- Pressure, 1 5 -10 10.7 9.2 1500 hours up to 80 

High- Temperature 5 44 50 

Low -Pressure, 1 1 3 20 2 years 65 -70 
Low -Temperature j 

Ion -Membrane 0.1 0.85 12 over 1 year 65 -70 

hydrogen and carbon dioxide. The carbon dioxide is then removed 

by the Gerbotol process. 

Fuel cells of the hydrogen- oxygen system may eventually compete 

with conventional heat engines because the starting materials are 
both economical and easy to handle. Hydrogen- oxygen systems which 

are most tolerant of impurities in the hydrogen and are capable of 

operation in air at atmospheric pressure could most readily use hydro- 
gen produced in this manner. 

Invariant Fuel Cells Using Low -Cost Carbonaceous Fuels 

The most promising invariant fuel cell is one which uses a low -cost 

carbonaceous material for the anode and which, on reaction with 
oxygen, produces carbon dioxide and water in stoichiometric amounts. 
The use of carbonaceous materials in fuel cells such as that shown 

in Figure 7 has been hindered by the fact that hydrocarbons, which 
are not electrochemically active at low temperatures, require a molten - 
salt electrolyte. Although the molten -salt electrolyte presents several 
serious design problems and makes small units impractical, these 

Table VIII- Theoretical Energy -To- Weight Ratios of Various Hydrogen - 
Oxygen Cells Based on Various Methods of Storing H2-02 and 

Optimum Experimental Capacity of Some Primary Batteries 

Watt -Hours 
per lb. 

Liquid H2 and Liquid 02 1000 

NaBH, and free air 280 

Bottled H2 and 02 100 -125 

Silver -zinc primary cell 80 

Magnesium meta -dinitrobenzene primary cell 90 
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high -temperature cells should find wide application in large power 
stations because of their high thermal efficiency. The performance 
characteristics and composition of various molten -salt fuel cells have 
been summarized by J. Yeager and by B. R. Stein (see Bibliography). 

The following generalizations may be made concerning the material 
limitations and electrode reactions in these fuel -cell systems: 

1. A carbonate electrolyte is required to maintain invariant 
cell conditions. 

H2-^ 

ANODE ELECTRODE 

H+ 

- CATHODE ELECTRODE 

H2O 

ION- EXCHANGE MEMBRANE 
ELECTROLYTE 

Fig. 6- Ion -exchange fuel cell. 

anode reaction: H2 -+ 2H+ + 2e 

cathode reaction: 02 + 4H+ + 4e -+ 2H20 
over -all energy -producing reaction: 2H2 + 02 -+ 2H20 

2. The fuel gas requires some cycling to obtain a maximum Et. 
Free -energy efficiencies up to 78 per cent and thermal effi- 
ciencies up to 60 per cent have been reported for various 
carbonaceous fuels in the temperature range from 550 to 
700 degrees centigrade. 

3. Operational life is short due to loss of electrolyte by vapori- 
zation and corrosion of construction materials. The best 
reported operating life has been six months. 
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4. There is a potential problem of carbon deposition because 
of the Boudouard equilibrium 2 CO -> C + CO2. This reac- 

tion can be controlled by proper choice of electrode materials 
and incoming -gas temperature. 

é 

_J 
CH4, HYDROCARBONS --> 

ANODE ELECTRODE 

CO2+H20 F- 

CO3 

E- 

L- 
E- 02iCO2 

MOLTEN -SALT 
ELECTROLYTE 

CATHODE ELECTRODE 

N2i IF AIR OPERATED 

Fig. 7- Molten -salt fuel cell. 

anode reaction: electrochemical 

H2 +CO2= -H20 + CO2 -I,-2e 

CO + CO3 -4 2CO2 + 2e 

chemical 

CH, +H,0-- NCO +3H2 

CO +H20-- N CO2 +H_ 

cathode reaction: 102 + CO2 + 2e -+ CO :,= 

over -all energy -producing reaction: CH, + 202 -+ CO2 + 2H20 

The accepted cell reactions in a carbonate electrolyte are as follows: 

Cathode: 

Anode: 

102 + CO2 + 2e -> CO3- 

H2+CO3=-4H20+CO2 +2e 
CO + CO3= -> 2CO2 + 2e. 

It should be noted that the 0= ions are transferred almost completely 

in the solvated state of CO3 =. In continuous operation, some CO2 

must be added to the oxygen. 
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The objective in this area is to produce a fuel cell which can use 
these materials at temperatures below 100 degrees centigrade and at 
atmospheric pressure. The problems arising from the handling and 
storage of hydrocarbon anode materials would be considerably fewer 
than those encountered with hydrogen. If the initial cost and size 
can be reduced, the invariant carbonaceous cell would be suitable as 
a power source for a wide variety of applications which now use 
conventional heat engines. 

Some progress has been made toward this goal. One fuel cell has 
been demonstrated which operates on propane under ambient condi- 

Sn'2 

j4.1 
L 

e ---> 
/-\AAN- SEMIPERMEABLE MEMBRANE 

Br2 

OR 

ANODE CATHODE 
ELECTRODE ELECTRODE 

REGENERATION REGENERATION 
Sn +4 +H2O+ 

2 
C-. 

2 
CO2 +Sn +2 +2 H+ 28r- +2H +f02- Br2 +H2O 

Fig. 8 -Redox fuel cell. 

anode reaction: Sn +2 - Sn +4 + 2e 

cathode reaction: Br2 + 2e -+ 2Br- 
over -all energy -producing reaction: C 02 -+ CO_ 

l'L 

H20 

Br- 

tions. Another has been reported to give good performance with a 
fuel gas consisting of propane mixed with 33 per cent hydrogen. 

The fuel cell shown in Figure 8 offers another approach to the 
utilization of coal and cheap hydrocarbon anode materials at near - 
ambient conditions, and avoids the problems encountered in the han- 
dling of fused salts. The construction and principle of operation of 
the redox cells have been described by E. Yeager, B. R. Stein, and 
A. M. Posner (see Bibliography). The basic problems of redox sys- 
tems include a lack of reduction- oxidation couples which provide 
favorable cell voltages and the difficulty in handling bromine. The 
membrane separating the anode and cathode materials must have a 
high electrical conductivity but be impermeable to the active ions. 
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Low -Temperature Fuel Cells 

Some anode materials which can be used in ambient -temperature 
invariant fuel cells are the partially oxygenated organic materials 
such as methanol, formaldehyde, formate ions, and hydrazine. Present 
ambient -temperature fuel cells which use these organic materials use 

alkaline electrolytes and produce carbonates as the reaction product. 

A more detailed discussion has been given by H. Hunger (see Bibli- 

ography). Because hydrazine is reduced to water and nitrogen in 

alkaline electrolytes, it can be coupled to an oxygen cathode to form 

an invariant system. For special applications, the handling properties 
of hydrazine may make it a more desirable anode material than hydro- 

gen. The operating characteristics of this system are not known at 

this time. 

REGENERATIVE FUEL CELLS 

Three primary sources of energy may supply the electric power to 

a space vehicle : chemical, nuclear, and solar. Chemical energy is 

limited as a primary power source in space applications because of 

its low energy -to- weight capacity. Until the reliability problems 

associated with a nuclear- energy source for space applications are 

overcome, solar energy is the only practical source of power. How- 

ever, devices which use solar energy require a secondary power source 

for dark -time operation. 
The high efficiency and simplicity of electrochemical processes has 

led to their consideration for space applications as a part of closed - 

cycle systems in which the chemical energy is continuously regenerated 
by solar or nuclear energy. These electrochemical systems are im- 

portant for the following reasons: 

1. They may be used as secondary power sources. 

2. They can be used as energy converters with special properties. 

3. They can provide, in one system, a combined high -efficiency 

energy converter and energy- storage device. 

The block diagram shown in. Figure 9 shows the over -all processes 

of regeneration. Two primary sources of energy have been considered, 

nuclear and solar energy. 
It is a basic requirement that the reactions in the regenerative 

electrochemical cell be reversible, i.e., the anode and cathode materials 
must react electrochemically to form a product which must dissociate, 

without side reactions, to reform the reactants. Otherwise, the system 

would have a very limited cycle or operating life. Other important 

performance considerations of the electrochemical system include 
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energy density per unit weight and volume, over -all efficiency, and 
power output per unit weight and volume. 

Four methods of regenerating the chemical energy in a regenera- 
tive fuel cell by dissociation of the reactant materials are (1) photo- 
chemical, (2) radiochemical, (3) thermochemical, and (4) electro- 
chemical. Because the direct processes for generating chemical energy 
photochemically and radiochemically are inefficient and offer many 
experimental difficulties, various indirect methods are being consid- 
ered. Some of these methods, which involve the conversion of solar 

SOLAR 
ENERGY 

PHOTOCHEMICAL 

SOLAR 
FURNACES THERMO- 

REGENERATIVE 

PHOTO- 
VOLTAIC 

ANODE 
MATERIAL 

PRIMARY ENERGY 
SOURCES REGEN- REACTION ELECTRO- 

ERATION PRODUCTS CHEMICAL 
PROCESS CELL 

ELECTRICAL 
CELL 

NUCLEAR 
ENERGY 

ELECTRICAL 
ENERGY 

RADIOCHEMICAL 

-ELECTROCHEMICAL 

ELECTROCHEMICAL CELL 

Fig. 9- Regeneration processes. 

or nuclear energy to an intermediate form of energy (thermal or 
electric), are shown schematically in Figure 9. For space application 
in the present and the immediate future, these indirect processes seem 
the most practical on the basis of efficiency and design reliability. At 
present, energy -storage systems using electrochemical regeneration 
(the common secondary or storage battery) are the only systems in 
use. In particular, the nickel- cadmium secondary battery is used, 
although its capacity is as low as one watt -hour per pound under 
certain operating conditions. Other secondary systems either cannot 
be hermetically sealed in present designs or do not have the cycle 
life of the nickel- cadmium system. A possible exception is the 
cadmium -silver (II) oxide battery. 

The disadvantages of conventional secondary batteries have in- 
creased the need for new electrochemical regenerative couples, but the 
requirement of reversibility greatly limits the available reactant 
materials, particularly anode materials. For example, the hydrocar- 
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bons, alcohols, formaldehyde, boron hydrides, and hydrazine cannot 

be electrochemically regenerated under conditions that are reversible. 

Although the hydrogen -oxygen couple shows the most promise for 

the development of an electrochemically regenerative secondary cell, 

the energy efficiency of the cell will probably never exceed 50 per cent 

because of the large difference between the voltage required to elec- 

trolyze water at a practical rate and the operating voltage of the cell. 

Practical use of hydrogen- oxygen cells will also be determined by the 

handling and storage problems of the reactant materials and the 

problems of separating liquid and gases in zero -gravity fields. 

A zinc -oxygen reversible system is also being considered. Feasi- 

bility studies on new secondary couples utilizing alkali -metal or 

alkaline- earth -metal anode materials and various high- capacity cathode 

materials are in progress. However, the irreversibility of the alkali - 

metal and alkaline- earth -metal anode materials in aqueous electrolytes 

require the use of a nonaqueous electrolyte. 
Thermal regenerative systems are attractive because they have a 

relatively high conversion efficiency, require a minimum of mechanical 

devices in high- temperature environments, and can be used in space 

applications where heat rejection from a thermal cycle is a problem. 

Lithium hydride and closely related ionic -hydrides systems are the 

only practical systems proposed to date. The reactions occurring in 

these systems proceed as follows: 

Electrochemical cell: 

Anode: 2Li - 2Li ++ + 2e 

Cathode: 112 + 2e -* 2H- 

Energy Reaction: 2Li + H 2LiH Open- circuit voltage 
0.6 volt 

Regeneration cell: 

Regeneration Reaction : 2LiH -* 2Li + H_. 

Although it is known that the efficiency of practical thermal regenera- 

tive systems will be lower than that of conventional heat engines, 

further investigations will determine their ultimate practicability. 

All the direct photochemical regeneration processes under investi- 

gation have low efficiency ratings. Most of the endothermic photo- 

chemical reactions reported are irreversible, have very small quantum 

yields per low OF, and are physically unsuitable. 
The NOCI system, the best reported to date, has a theoretical 

efficiency of 7 per cent. The over -all reactions in this system are as 

follows : 
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Regeneration Process : 

NOCI - NO + Cl 

Electrochemical cell: 

Anode: NO - NO+ + e 

Cathode: 1C12 + e -> CI 
Over -all cell reaction : NO + Cl --> NOCI 

345 

The efficiency of a silicon photovoltaic converter is approximately 
12 per cent. Photochemical systems that are based on the decomposi- 
tion of water in the presence of cerous ions have an efficiency of approximately 0.1 per cent. 

The radiochemical regenerative fuel cells are also characterized 
by a low efficiency. Efficiencies of three to five per cent have been obtained on systems using gamma rays from a cobalt -60 source to decompose acidified ferrous sulfate solutions to ferric sulfate and hydrogen. The electrochemical cell has a hydrogen anode and a ferric sulfate cathode. Another system uses the alpha decay Po210 to decom- 
pose water into hydrogen and H202; the H2O2 is then catalytically 
decomposed into H.,O and oxygen. The electrochemical cell in this case 
would be a hydrogen oxygen cell. 

CONCLUSIONS 

The use of electrochemical cells as efficient energy sources is 
limited to primary cells. With the possible exception of the hydrogen 
oxygen system, the fuel cells still require considerable development 
before they are ready for use as energy sources. 

The use of electrochemical cells as secondary power sources is 
limited to the well -known secondary battery. 
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EFFECT OF DISTRIBUTED -LOSS NOISE 
GENERATORS ON TRAVELING -WAVE -TUBE 

NOISE FACTOR *t 

BY 

S. BLOOM 

RCA Laboratories 
Princeton, N. J. 

Summary -An estimate is made of the effects on traveling- wave -tube 
noise factor of distributed Nyquist noise generators due to circuit loss. 
The contribution to noise factor is, in a representative case, of the 'order 
of 0.6 decibel. In the present state of the art, this is no longer a negligible effect. 

Pri'l HE CONVENTIONAL EXPRESSION for the minimum noise 
factor of a traveling -wave tube takes account of circuit loss 
only insofar as loss affects the gain. Thus the expression' for 

the excess noise factor, due to beam noise alone, contains the factor 
1 + (d /x1), where d and x1 are the loss and gain parameters, re- 
spectively.'- 

Circuit loss can, however, have a more active effect on tube noise 
factor. This arises from the fact that the circuit distributed resist- 
ance produces a series of Nyquist thermal noise generators. The 
inclusion of circuit -loss noise generators in noise- factor formulas is 
common practice in the parametric amplifier and maser fields. With 
recent traveling -wave -tube noise factors in the range of 2.5 decibels, 
this hitherto neglected source of noise demands consideration. 

The model here analyzed consists of a transmission line which is 
matched at both ends, and which has distributed series resistance, r, 
per unit length. The circuit is of length D, and distance z is measured 
from the input end. The power gain is exponential and at position z 
has the value exp(2ß6Cx1)z, in Pierce's notation. The distributed 
resistance produces a Nyquist thermal noise voltage 

" Manuscript received 22 March 1961. 
t This work was supported by a Signal Corps Contract. 
' S. Bloom, "The Effect of Initial Noise Current and Velocity Correla- tion on the Noise Figure of Traveling -Wave Tubes," RCA Review, Vol. 

16, p. 179, June 1955. 
2 J. R. Pierce, Traveling -Wave Tubes, D. Van Nostrand Co., Inc., Princeton, N.J., 1950. 
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dvz = (4kTOf ) rdz. (1) 

Neglecting interactions between the noise voltage generators and the 
traveling- wave -tube modes (which is a good approximation for small 
noisy losses and which underestimates the effects), one obtains for 
the noise power output due to these generators 

1 1 D 

P,=--4kTOfrexp[2ßeCx1(D-z)]dz (2) 
2 2K 

f 
(kTf 

r G-1 - O 1 (3) 
K / 2ßeCxi 

The factor of 1/2 in Equation (2) is due to half the power flowing 
to the right, the leftward half being harmless. K is the circuit char- 
acteristic impedance and G is the power gain. Since the output noise 
power due to antenna input noise is kToLfG, the noise factor is 

F=1+ 
TC1 ) o G K 

(4) 

This can be simplified as follows. The circuit propagation constant, 
for small loss, is 

r r 
(r + p,L) (jwc) = jw\TLC + - -\/c/L = jw Lc + - . 

2 2K 

Hence the voltage attenuation varies as exp (- r /2K) z. In Pierce's 
notation this takes the form exp ( -136Cd) z. This relates d to r /K, 
and Equation (4) becomes 

F=11-T 
To \ 

1 d ]- 
T G xl 

(5) 

For large gain, then, the complete minimum noise factor, including 

both beam noise and circuit thermal noise, reads 

T d\ T d 
1+ F=1+- /I+--. 

To So xi To xi 
(6) 
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Fig. 1- Ratio, d /x1, of loss parameter to gain parameter as a function 
of QC. 

A tube having, for example, QC = 0.1 and d = 0.15 has d /x1= .22, 
as found from Figure 1 (Figure 5 of Reference 1). With the helix 
at room temperature (T= T0), the noise factor in the absence of 
beam noise would be 1 + .22, or 0.86 decibel. If this tube has a meas- 
ured noise factor of 2.5 decibels, then the beam noise term has the 
value (Te /To) [ (S - H) /So] _ .46. Hence a refrigerated helix 
(T « To) would yield a noise factor (neglecting any reduction of d 
due to lowered temperature), of F = 1 + (.46) (1 + .22), or 1.93 
decibels. Alternatively, the noise factor for a resistanceless circuit 
(d = 0) is F = 1 + .46, or 1.65 decibels. 

The third term in Equation (6) underestimates the contribution 
due to distributed circuit loss since the present model neglects, for 
example, the effects due to mismatch. Furthermore, because the loss 
factor, d, increases with frequency, the use of circuit refrigeration 
could play an important role in extending the low- noise -tube art to 
super -high frequencies. 
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