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ANALYSIS OF A TUNNEL -DIODE DELAY -LINE REFLEX 

MEMORY CELL 

I. INTRODUCTION 

Purpose of this Study 

The search for a computer memory with shorter access and 

cycle times becomes increasingly important as the number, com- 

plexity and magnitude of the problems vying for computer time 

increase. Because of the inherently high switching speed and low 

power consumption of tunnel diodes, much study is being given to 

their use as the active elements in logic and memory circuits. 

This paper will present an analysis of a novel. tunnel -diode 

delay -line memory circuit originally proposed by Goto et al. (1960). 

A basic analysis of the memory circuit will be made and a simple 

experimental system will be tested. Considerable work has been 

devoted to developing a digital computer program which will simulate 

the basic operation of the memory circuit. The results of this 

simulation will be compared with the experimental results and the 

basic analysis to arrive at some design recommendations. It is 

believed that ideas used in the study of this specific tunnel -diode 
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circuit will also have general applications to the analysis of other 

tunnel -diode delay -line circuits. 

History of Previous Study 

The development of the tunnel -diode delay -line memory cell 

began soon after the discovery of the tunnel diode with a paper by 

Goto et al. (1960) concerned with using tunnel diodes in logic and 

memory circuits. Goto proposed the memory cell of Figure 1 and 

experimentally showed its feasibility by storing 16 bits of information 

at 30 megahertz qn a piece of standard coaxial cable. The balanced 

pair of tunnel diodes used has become known as the Goto Twin. 

Balanced 
Sources 

vZ 

Open -Ended 
Delay Line 

Figure L Delay -line regenerating memory proposed by Goto. 

Wine and Cosentino (1963) published the results of their work 

on both the Goto Twin configuration of Figure 1, which they called 

J 

V' 
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the double -ended unit, and on what they termed the single -ended unit 

shown in Figure 2. The results of their experiments included storing 

Sinusoidal 
Current 
Source " Open -Ended 

Delay Line 

Figure 2. Single -ended storage register. 

digital information on an ordinary 50 -ohm coaxial line at clock fre- 

quencies up to one gigahertz. Up to 180 bits were stored on a single 

line, and a measure of reliability was demonstrated by regener- 

ating a twelve -bit word for several hours without loss of information. 

A clock frequency of only 450 megahertz was attained with the con- 

figuration of Figure 2, but the balanced pair was operated at the 

higher frequencies mentioned. Tunnel diodes with peak currents of 

50 and 20 milliamperes and junction capacitances of about ten pico- 

farads were used in the experiments. 

Perry (1961) also did work on the single -ended cell of Figure 2. 

He termed this type of memory element a reflex memory to distin- 

guish it from the more common recirculating memory configuration. 

I/0 
o 

/ 
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His work was done at clock frequencies below 15 megahertz, but 

construction of a lumped parameter two -terminal network which 

stored 10 bits at 10 megahertz was of special interest. The lumped 

parameter approximation to the open-ended coaxial cable was a two - 

terminal network of the Foster type. With a finite sequence of 

series tuned LC circuits this network approximated the infinite 

series of alternate poles and zeros which makes up the input admit- 

tance of the open -ended delay line. On the basis of these results a 

storage capacity of 20 or 30 bits with such a network was predicted 

if the inductors had a higher Q and the component values were speci- 

fied more precisely. 

Harris and Pricer (1963, 1964) presented at the 1963 Inter- 

national Solid -State Circuits Conference the results of work done 

with both a single cell similar to that of Figure 2 and a two - 

dimensional array of these cells. 

The basic cell used in the experiments is shown in Figure 3. 

It differed from the cell of Figure 2 in two major respects. The 

delay line was short - circuit terminated causing an inverted reflec- 

tion of the information, and the information was stored in non- 

return-to-zero form. The cyclic inversion of the information on 

the delay line permitted reading and writing with the same polarity 

signals coupled through a single diode. This cell was shown to be 

capable of storing 150 bits at 450 megahertz on a 160 -nanosecond. 
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line of RG9A /U coaxial cable when using a five milliampere, five 

picofarad, tunnel diode. The maximum frequency attained was 810 

megahertz. 

A 16 x 16 array of the basic cells was built using printed 

electrical delay lines. Figure 3 shows some of the detail of the 

Bit Rate Clock 
To Other 

Cells 

Figure 3. Basic memory cell used in the array. 

coincidence selection technique. In this array any cell could be 

selected for input or output without disturbing the information in the 

other cells. The clock frequency was 115 megahertz, making the 

read /write cycle time equal to 240 nanoseconds. Each cell con- 

tained an eight -bit word which was read or written serially. Reading 

a cell destroyed the information, so rewriting was necessary. 

Thus, the idea of using the tunnel -diode delay -line memory 

element has been developed to a point where it presently holds 

To Other 
Cells 
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promise of being accepted in some of the high -speed computer 

memories of the future. However, none of these references presents 

an analysis of the basic memory cell or gives specific design cri- 

teria. The analysis of this paper helps to fill this need. 
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II. ANALYSIS 

Operation of the Circuit 

Before constructing a model of the basic memory cell, a brief 

discussion of its operation is in order. The work done in this paper 

is concerned with the single -ended unit pictured in Figure 2. In this 

cell the sinusoidal current source is the clock which establishes the 

bit rate. Referring to Figure 4 for a typical tunnel diode V -I char- 

acteristic and thinking of the clock current source as driving the 

current nearly to Ip at L, it can be seen that an input current pulse 

Figure 4. Typical V -I characteristic for the tunnel diode. 

during the time when the clock current is maximum will cause the 

diode to switch over to the high state or to point H. This switching 

would take place in the very short "tunneling time" if it were not for 

the junction capacitance. This capacitance slows down the switching 

.2 
VP V 

.3 .4 S vo Ys 

VF 
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time and, therefore, has important effects on the operation of the 

circuit. 

Now that it is understood how an initial voltage pulse is formed, 

the storage and regeneration may be easily explained. The diode is 

connected across the coaxial delay line as shown in Figure 2. The 

voltage pulse transmitted down the line is reflected at the open cir- 

cuit, and if the line is chosen to be an integral number of half wave- 

lengths of the clock frequency in length, this reflected pulse will 

reappear in phase with a new clock signal. This returning signal 

then adds enough current to the clock source value as it is dissipated 

in the line termination to switch the tunnel diode and regenerate 

itself. If the returning signal were a zero, no pulse, then there 

would be no switching and a zero would be regenerated. As the clock 

source goes negative, it automatically returns each pulse approxi- 

mately to zero as the diode switches back to the low state. 

Model of the Circuit 

The basic ideas of the operation of the cell, then, are quite 

simple. Figure 5 shows a sketch of the circuit when the parasitic 

inductances are ignored. A voltage source vg(t) and a series resistor 

Rin are used to approximate the constant current source. Ro is 

added to help terminate the reflected voltages on the delay line, and 



Clock 
Sinewave 
Source 

Rin Ro + Rch 

Tunnel 
Diode 

Reflected 
Voltage 

On Line 

r(t) 

Figure 5. Circuit model of the basic cell. 

Rch is the characteristic impedance of the line. The voltage source 

vr(t) is equal to an attenuated and distorted value of the original 

pulse which has been reflected back from the open end of the delay 

line. A Thevenin equivalent for the circuit as seen from the tunnel - 

diode terminals is shown in Figure 6, where the Thevenin voltage 

and Thevinin resistance are given by Equations 1 and 2. 

vth(t) _ 
Rth 
Rin vg(t) + Ro + Rch vr(t) 

Rth 

Rth = Rin (R0 + Rch) 

Rth 

Figure 6. Thevenin equivalent circuit. 

(1) 

(2) 

Tunnel 
Diode 

9 

\/ \Î\A/ f 

+ 

vth(t 
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This equivalent circuit will be used both in the following analysis 

and in the computer simulation. 

Analysis of the Circuit 

The analysis of the circuit parallels the large signal tunnel 

diode analysis of Schuller and Gärtner (1961). The common small 

signal equivalent circuit for the tunnel diode shown in Figure 7a is 

replaced by the large signal equivalent of Figure 7b. The only 

assumption made in using this large signal equivalent circuit is that 

Rs 

Ls 

a . Small Signal 

Vd 

Rs 

Cd(vj) - - v. i ! 

.)( 

Ls 

b. Large Signal 

Figure 7. Tunnel -diode equivalent circuits. 

since the tunneling phenomena is so fast compared to the other times 

of interest, it can be omitted from the current source. 

Now since the external circuit has been expressed in terms of 

a Thevenin equivalent, the complete circuit may be shown as in 

- Rd 

O 1/\Ar---, 

) 
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Rth Rs 
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Figure 8. The complete equivalent circuit of the memory cell. 

Figure 8. Letting L be the equivalent wiring inductance of the cir- 

cuits, the equations representing the total circuit may now be written. 

"th = ld(Rth + Rs) + (L + Ls)d' + vj 

id = ic + i(vi) 

ic = cd(vi)d? 

(3) 

(4) 

(5) 

By combining these equations the complete differential equation 

of the circuit can be written as Equation 6. For the purposes of this 

"th = vj + i(vj)(Rth + Rs) + Cd(vj)(Rth + Rs)áj + 

d2 v + Ls)dá ) + Cd(vj)(L + Ls) át?J (6) 

paper Equation 6 will be simplified by making the following assump- 

tions: 

1 

Cd(vi) ,vi(t) 
V 

I 

i i 

s 

(L 
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1. Cd is constant and not a function of vi. Actually Cd varies 

about 20 percent above and below its value at vd = Vv as the 

voltage vd varied in the range Vp <vd<V f. 

2. Rs is negligible. Rs is only a few ohms and if currents do 

not exceed Ip, the resulting voltage drop will be very small. 

3. L + Ls is negligible. The justification for this assump- 

tion will be that the simplified equation gives satisfactory 

results when compared with the experimental data. 

Equation 6 can now be simplified and rewritten as Equation 7. 

vth(t) = vd(t) + Rth i(vd) + CdRthd-drvd (7) 

The voltage across the tunnel diode can now be obtained by solving 

Equation 7 for vd(t). 

Analysis of the Delay Line 

The electromagnetic delay line is used to delay the series of 

pulses created by the tunnel diode and, thus, store them for later 

reference. Ideally, the only effect the delay line would have on the 

pulses would be to delay them in time. The line would produce no 

distortion or attenuation. This ideal situation will be approximated 

only when storing a small number of bits on low -loss delay cable. 
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The attenuation of a pulse waveform on the line is complicated 

by the fact that the losses are a function of frequency and the pulse 

is made up of many frequency components. For RG -type cables, 

curves giving the decibel losses per foot as a function of frequency 

are available (Westman ed. , 1956), so that the initial pulse can be 

broken down into its Fourier series and then, with appropriate atten- 

uation factors applied to each frequency term, reconstructed to form 

the reflected wave. 

Similarly, the distortion which is caused by the slight depend- 

ence of delay on frequency can be taken into account if this depend- 

ence is known. Losses due to radiation at the open end of the line 

and distortions due to irregularities in the construction of the line 

are more difficult to take into account and are relatively small. 

For the purposes of this paper the coaxial cables used will be 

assumed distortionless, and the attenuation will be taken into account 

by the Fourier series technique. 

When discussing the operation of the memory cell, it was 

inferred that Ro i s chosen so that the reflected pulses see Rch and 

there is no reflection. This is the ideal situation, at least from the 

point of simplifying the explanation of the operation of the memory 

cell. However, since the equivalent impedance representing the 

tunnel diode is a function of voltage and will be constantly changing 

during the time of the pulse, a compromise of some kind must be 
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made. Thus, the operating conditions should be studied more care- 

fully to determine when the absence of reflections is most necessary. 

The conditions to be noted occur during the simple regeneration 

of a "pulse ", or a "no pulse ", and during the changing of a "pulse" 

to a "no pulse ", or visa versa, by appropriate input signals. First, 

if a pulse is kept from regenerating itself by pulling current out of 

the input, the tunnel diode will stay in Region I of the V -I curve 

shown in Figure 9. But if a large part of the returning pulse is 

Ip 

Iv 

egion Region 
I II 

Region 
III 

I TplOIv 

VP 

Figure 9. 

,s- 
Vf 

Tunnel -diode V -I characteristic related to the 
delay -line termination. 

reflected at this time, enough voltage may return the next time so 

that the tunnel diode cannot distinguish between it and a full size 

pulse. Thus, a proper termination during the time when the tunnel 

diode is operating in Region I of the V -I characteristic seems vital. 

If Ro is chosen as it seems it should be from the first condition dis- 

cussed, then the only other condition which is not taken care of is 

R 

V 

IP P 

VfGRIII4Vv 

TP 

Iv 

.l .2 .3 ,4 
Vv 
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the one which occurs during the regeneration of pulses, and it appears 

to be much less important. 

Figure 9 shows the ranges of resistance which the tunnel diode 

will have in the two regions of operation. For higher peak- current 

tunnel diodes these resistance values decrease so that the percentage 

difference between Ro + RI and Ro + RIII is less, and diodes can be 

matched more effectively to the line. This may have been one of the 

reasons that 50 and 20 milliampere peak- current tunnel diodes were 

used by Wine and Cosentino (1963) in their experiments. 

Harris and Pricer (1963) referred to this problem of matching 

the line and the tunnel diode. They said their "experiments verified 

the fact that for best performance, the impedance level and switching 

speed of the tunnel diode should be compatible with the delay -line 

characteristics." The above discussion sheds some light on what is 

involved in making the tunnel diode and the delay line compatible. 

Approximation of the Tunnel -Diode V -I Characteristic 

In order to solve Equation 7 an analytical expression is needed 

for i(vd). Such an expression which approximates the tunnel -diode 

V -I characteristic within a few percent has been found (Ferendeci 

and Ko, 1962). The expression is given in Equation 8 showing that 

there are four constants to be evaluated. These constants may be 



evaluated easily after the nature of the expression is noted. The 

= AAvde -Avd BB(eBvd -1) (8) 

second term on the right side of Equation 8 will be negligible for 

vd<Vp, and the first term will be approximately negligible for 

vd >Vv. So for the V -I curve of the tunnel diode in 

Region I 

ln v = ln AA - Av, 

and in Region III 

16 

lni = 1n BB +By. 

The transistor curve tracer will easily show these two portions of 

the tunnel -diode V -I characteristic permitting a graphical solution 

for the four constants. 

However, as the expression was evaluated for diodes of higher 

peak currents (10 and 20 milliamperes), the approximation suffered 

in the valley region. It was found that when the peak voltage Vp of 

the approximate V -I characteristic was shifted slightly to the right, 

the valley current was increased, and when shifted slightly to the 

left, the valley current was decreased. In this way an expression 

could be obtained which was everywhere within a few percent of the 

actual V -I characteristic. An explanation of a digital computer pro- 

gram which will calculate the constants for this approximate analyti- 

cal expression may be found in Appendix I. 

, i(vd) 
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III, EXPERIMENTAL PROCEDURE 

Block Diagram of the System 

Figure 10 shows a block diagram of the experimental system. 

The 50 -ohm output impedance of the clock oscillator was matched to 

Clock 
Oscillator _S}0ohm)- 

Transistor 
Am lïfier 

Sampling 
Oscilloscope 

Tunnel 
InpUt Diode 

Open -Ended 
Electromagnetic 

Delay Line 

Figure 10. Block diagram of the experimental system. 

the higher impedance level of the circuit with a single, untuned 

2N709 transistor. The transistor output showed only a slight distor- 

tion at optimum bias settings. R plus the output impedance of the 

transistor was assumed completely resistive when Rin was used in 

the circuit model of Figure 5. 

The sampling unit of the oscilloscope had a risetime of one - 

tenth nanosecond and used special probes with capacitances of less 

than one picofarad. With this oscilloscope operation could have been 

monitored at frequencies above 500 megahertz, but output of the 

oscillator -amplifier combination dropped below the useful range at 

1 
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approximately 200 megahertz and thus limited the range of experi- 

mentation. Appendix II gives more specific information on the 

equipment and components used in the experimental circuit. 

Operation of the System 

To obtain experimental results from the test system a length 

of delay line was connected in the circuit and the frequency and magni- 

tude of the clock oscillator were adjusted to meet the requirements 

of the previous chapter. Random patterns of pulses on the delay line 

were obtained by increasing the amplitude of the clock oscillator until 

complete switching was imminent and then touching the input point 

with a metallic object to discharge the static electricity of the body 

and produce the random switching. 

The points used to observe the voltages of the system are 

shown in Figure 10. Time for each period was measured from the 

point where the voltage at point X was increasing through zero. 

Thus, by displaying the voltage at X simultaneously with the voltage 

vd(t) at Y, vd(t) could be referenced in time. The phase of the 

returning voltage on the delay line was compared with that of vg(t) by 

removing the tunnel diode from the circuit and noting the difference 

in phase of the voltages at X and Y. 
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Limitations of the Experimentation 

The experimentation was hampered by instabilities in the 

amplitude of the oscillator output and in the high frequency trigger 

unit of the oscilloscope. Actual limitations on the range over which 

some circuit parameters could be varied were imposed by the avail- 

able equipment and type of circuit construction necessary to permit 

changing of components. 

The amplitude instability of the clock oscillator limited reli- 

ability tests to short time periods. However, such tests have 

previously been performed to demonstrate that the necessary reli- 

ability is possible (Wine and Cosentino, 1963). 

The output voltage of the oscillator -amplifier combination fell 

below the useful range at approximately 200 megahertz precluding 

any experimentation at higher frequencies. As higher peak- current 

tunnel diodes were tested, Rin had to be lowered because of the 

limited oscillator -amplifier voltage. Thus, the value of Rin used in 

the experimental work was sometimes necessarily lower than the 

value recommended for optimum performance in the analysis. 
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IV, DIGITAL COMPUTER SIMULATION 

Development of the Computer Simulation Program 

The value of a digital computer program which will approxi- 

mately simulate the operation of the memory cell becomes very 

apparent after some of the problems and limitations connected with 

laboratory testing of the circuit have been noted. Such a simulator 

will allow a memory cell design calling for expensive or even non- 

existent components to be tested before money is spent to buy or 

develop these components. Also, it will allow operational data to be 

obtained in an orderly fashion more quickly and perhaps more eco- 

nomically than would be possible in the experimental laboratory. 

The value of vth(t) given in Equation 1 may be substituted into 

Equation 7, the simplified differential equation of the circuit, to give 

Equation 9. The computer simulation will solve Equation 9 for vd(t) 

CdRthdVd + Rthi(vd) + vd(t) = 
Rth vg(t) + 

dt Rin 
Rth 

Ro + R 
vr(t) (9) 

with a guess and try method by approximating the derivative, substi- 

tuting the analytical expression for i(vd), and using the Fourier 

series technique to approximate vr(t). 

The general plan of the computer solution followed the steps 

used in the experimental work. The clock oscillator voltage vg(t) 
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was increased incrementally until the tunnel diode began switching 

and then decreased until the switching could no longer be sustained 

by the extra voltage vr(t) reflected back on the delay line. In this 

way samplings of vd(t) over the entire range of operation could be 

observed. 

The initial program assumed that the successively "better" 

guess would converge on the solution. This assumption was proved 

invalid after the first computer run. Many ideas and combinations 

of ideas were tried before a satisfactory answer to this problem was 

discovered. Appendix III gives more detailed information on the 

development and use of the simulator program. 

Limitations of the Computer Simulation 

The computer simulation will give the waveshapes of vd(t) and 

vr(t) as the parameters of the circuit are changed. Fromthese wave - 

shapes the risetime of the pulse and the discrimination necessary to 

distinguish between a one and a zero can be observed, and the range 

of the clock oscillator voltage which permits operation of the memory 

cell can be approximately determined. 

There will be, however, one area of considerable interest in 

the operation of the circuit which cannot be studied with the above 

computer simulation. No account has been taken of possible voltage 
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reflections on the delay line due to improper termination at the 

tunnel -diode end, so that the effects of improper termination cannot 

be fully evaluated. When using the computer simulation, a value of 

Ro to properly terminate the delay line will be chosen which is con- 

sistent with the analysis. 
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V. RESULTS OF THE STUDY 

Comparison of Experimental and Simulator Data 

This section of the chapter is essentiallydevotedto establishing 

the validity of the simulator data and to showing the usefulness of the 

computer simulation. 

In order to get experimental data and simulator data which 

could be compared, the oscilloscope photographs of vd(t) were taken 

just after the increasing input voltage caused switching; and, similarly, 

the first set of simulator data after switching was used. Figures lla, 

b, c and d present some of these comparative samples of data. In 

general, the agreement of the simulator data points with the tracings 

of the experimental photographs was quite close. It can hardly be 

fair to attempt to explain the small discrepancies, since several of 

the actual circuit parameters were not precisely known. However, 

Figure 13 showed more than a slight difference in data and indicated 

that the capacitance of the tunnel diode tested must have been con- 

siderably less than the 50 picofarads assumed. 

An interesting phenomena was exhibited in Figure lld. The 

tunnel diode being tested was a high- frequency model which had a 

capacitance of less than ten picofarads. The rise time was observed 

experimentally to be about two nanoseconds, and though under these 
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Diode = 1N3716(5ma) 
Delay line = 100 ft - RG8 
Rin = 500 ohms 
Ro = 15 ohms 
Cd = 20 picofarads 
Freq. = 50 megahertz 
Top - vr(t) is in phase with vd(t) 
Bottom - vr(t) is two nanoseconds ahead of vd(t) 
Computer Data - Appendix IV, Pages 51 and 52. 

Figure lla. Experimental tunnel diode waveshapes with 
simulator data points for comparison. 
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Diode = 1N3716(5ma) 
Delay line = 100 ft - RG8 
Rin = 500 ohms 
Ro 15 ohms 
Cd = 20 picofarads 
Freq. = 100 megahertz 
Top - vr(t) is one nanosecond ahead of vd(t) 
Bottom - vr(t) is in phase with vd(t) 
Computer Data - Appendix IV, Pages 53, 54. 

10 

Figure lib. Experimental tunnel -diode waveshapes with 
simulator data points for comparison. 
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Volts 

NOTE: 

Nanoseconds 

Diode = 1N3718(10ma) 
Delay line = 100 ft - RG8 
Rin = 500 ohms 
Ro = 15 ohms 
Cd = 50 picofarads 
Freq. = 50 megahertz 
Top - vr(t) is in phase with vd(t) 
Bottom - vr(t) is two nanoseconds ahead of vd(t) 
Computer Data - Appendix IV, Pages 54, 55. 

Figure llc. Experimental tunnel -diode waveshapes with 
simulator data points for comparison. 

2 

IG 20 



27 

4 

,2 

0 

Volts 
.4 

.2 

0 

NOTE: 

O 

0 8 12. 

Nanoseconds 

Ib 

Diode = TD253(10ma) 
Delay line = 100 ft - RG8 
Rin = 500 ohms 
Ro = 15 ohms 
Cd = 10 picofarads 
Freq. = 50 megahertz 
Top - vr(t) is in phase with vd(t) 
Bottom - vr(t) is two nanoseconds ahead of vd(t) 
Computer Data - Appendix IV, Pages 56, 57. 
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Figure lld. Experimental tunnel -diode waveshapes with 
simulator data points for comparison. 
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conditions the approximations used in the computer simulation were 

not very good, the computer data agreed quite nicely. But the fall 

time of the pulse was not simulated as well by the computer. It 

appeared as if the simulator was trying to follow the initial falling 

portion of the pulse before it had its final "nanosecond kick ". The 

most important simplifying assumption made in the program was 

that the inductances were negligible. It seems probable that for this 

low capacitance diode the inductive time constant was not completely 

negligible and was causing this discrepancy in the results. The 

approximations of the computer simulation could be easily improved 

by increasing the number of time increments per period, but the 

increased time needed to run the program on the available computers 

became a limiting factor. 

Experimental and Simulator Results 

The combined data from the computer simulation and the experi- 

mental system showed some results which could have been anticipated 

from the analysis. As Rin was increased, the output pulse amplitude 

increased and became more square, This result occurred because of 

the increased slope (Rin) of the d -c load line which allowed switching 

to a higher voltage on the tunnel -diode V -I curve. However, since Rth 

will be primarily determined by the sum of Ro and Rch as Rin is 
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increased, the choice of a delay line will establish a definite maxi- 

murn slope of the d c load. line. 

The slope of the a -c load line will be similarly increased for 

smaller values of capacitance and /or lower values of frequency so 

that a similar increase in pulse height and squareness will be 

observed. These elects of frequency and capacitance on the pulse 

amplitude can be observed by comparing the computer data in Appen- 

dix 1V on pages 51 and 53 and on pages 55 and 57, respectively. This 

computer data also gives an example of the decrease in risetimes 

generally exhibited by lower capacitance tunnel diodes. Since the 

risetime of the tunnel diode will be proportional to the product of 

the junction capacitance and the parallel combination of the tunnel - 

diode resistance and Rth, this result could have been predicted. 

These more obvious results are easily explained, but the effect 

of the delay on the circuit operation, an undoubtedly more important 

consideration in this paper, is less easily understood. The impor- 

tant properties cl the delay line are its character characteristic impedance 

and its attenuation and time delay of the stored voltages. 

From inspection of the circuit model in Figure 5, the relative 

impedance levels for best operation should be Rj 1{( Rch) >Rd 

where Rd is the magnitude of the tunnel -diode negative resistance. 

However, if the sari of Ro and Rch is too much larger than Rd, then 

the portion of the returning voltage on the delay line which appears 

+ 
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across the tunnel diode will be too small to cause regeneration. So, 

using these arguments as a guide to interpret the samples of data 

obtained, the impedance relationship can be more specifically stated: 

Rin should be approximately ten times Ro + Rch, and Ro + Rch should 

be approximately two times Rd. A more exact relationship for opti- 

mum operation could no doubt be obtained from the evaluation of a 

large number of simulation results. 

One question unanswered by the basic analysis is when should 

the reflected pulses return during the clock period for best operation. 

The experimental results showed that it was easiest to trigger a new 

pulse when the returning voltage was exactly in phase with the clock 

voltage. However, the results also showed that the pulses were 

more reliably regenerated and less sensitive to clock amplitude 

changes when the returning pulses arrived slightly before the time in 

the clock period when they were originally formed. Thus, to achieve 

a good combination of these advantages, the returning pulses should 

arrive early by approximately five percent of a clock period. Figure 

11 shows the waveshapes of vd(t) when the returning pulses arrived 

in phase and also when they arrived ten percent early. The wave - 

shape difference is not great, but the experimental results showed 

definite improvement in operation when the pulses returned about 

five percent early. 

The statement was made in the analysis that the magnitude of 
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the attenuation on the delay line increased with frequency. A com- 

parison of the sizes and shapes of the initial pulses with those of the 

pulses after they have traveled one length of the delay line is pre- 

sented in Figure 12. Remembering that the voltage measured across 

Volts 
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NOTE: Tunnel diode = TD253 Delay line = 100 ft - RG8 
Rin = 300 ohms Ro =15 ohms 
Cd = 10 picofarads Freq. = 150 megahertz 

Figure 12. Random pulse waveshapes across the tunnel diode 
(top) and at the open end of the delay line (bottom). 

the open circuit is essentially twice the magnitude of the voltage 

being reflected, Figure 12 gives an idea of the shape and magnitude 

of the returning voltage vr(t) and gives ready evidence that the high 

frequency components of the voltage have suffered more attenuation. 
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It is also interesting to compare the values of vd(t) and vr(t) pre- 

sented in the computer data of Appendix IV. 

If only ones or zeros are to be stored on the line, the attenu- 

ation of the line imposes the upper limit on the number of bits of 

information which may be stored on a single delay line at a given 

frequency. In other words, if the returning pulse has been too 

greatly attenuated, it will not be able to regenerate itself. For 

smaller returning voltages, however, finer control of the clock volt- 

age magnitude must be maintained, until this factor may make the 

system impractical. 

The problem becomes more complex when a random pattern of 

pulses is assumed to be on the line, since the returning pulses tend 

to lose their identity as they are attenuated. The nearby bits of 

information have an effect on the size and shape of one another. The 

period of repetition for a random pattern of information is equal to 

the total delay of the line. Then by thinking of what will happen to 

the Fourier series approximation as the higher frequencies are 

especially attenuated, it may be easily seen how the sharp pulses 

will become smoothed out and how the voltage will tend to assume an 

average value. Zeros next to ones will be increased while ones next 

to zeros are decreased. This phenomena can be observed in Figure 

12 as well as in Figure 13. 
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The problem of matching the delay line to the tunnel diode in 

order to avoid reflections was discussed at some length in the anal- 

ysis , There were essentially no conclusive experimental results 

dealing with this matching problem, and the simulation does not even 

take the reflections into account. Figure 13 shows the tracings of 

two photographs which were taken to see if there was any observable 

difference in the steady -state waveshapes. The only improvement 

noted when the line was matched according to the analysis require- 

ments was that the pulses seemed to be cleaner in appearance. The 

line was only three periods long so that the attenuation was slight. 

Thus, if there were observable results of a poor match on the steady - 

state waveshape, they should have been evident. In order to study the 

effects during switching from ones to zeros, an experimental system 

with a synchronized input pulser could be used, or a more elaborate 

simulation could be developed to approximate these effects. 
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VI. CONCLUSIONS 

The operation of the tunnel -diode delay -line memory cell has 

been discussed and analyzed in some detail. From this analysis a 

digital computer program has been developed which will simulate 

most of the important operational features of the memory cell. The 

approximate solution for vd(t) obtained from the computer simulation 

was shown to agree very closely with the experimental waveshapes 

when compared over the limited range of the experimental system. 

With this computer simulation a proposed design may be tested, 

and its merits easily and quickly compared with a competitive design. 

Also, the parameters of a designed memory cell maybe easily varied 

to establish tolerance specifications. 

From the analysis and from the evaluation of the results 

obtained from the computer simulation and the experimentation, 

several design recommendations can be made. These recommenda- 

tions may be tabulated as follows: 

1. Rin ._. l0(Rch +Ro); (Rch 

2. Cd a minimum for a given peak current. 

3. The voltage vr(t) slightly ahead in phase with respect to 
vd(t) . 

4. The delay -line impedance Rch matched to RI of the tunnel 
diode by Ro. 

Thus, some of the conditions for an operational design have been 
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specified, and a tool for testing and comparing these designs has 

been developed. 

The ideas presented in this paper should help in the evaluation 

of the tunnel -diode delay -line memory cell as a basic memory ele- 

ment for future high -speed computers. 
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I 

COMPUTER PROGRAM FOR CALCULATING CONSTANTS 

OF THE 

TUNNEL -DIODE V -I CHARACTERISTIC APPROXIMATION 

Purpose of the Computer Program 

The analytic approximation of the tunnel -diode V -I character - 

istic which was used in this paper was written in Equation 8 of the 

text. The graphical method of solving for the four constants neces - 

sitated plotting both the natural log of i/v versus v for the voltages 

in Region I and the natural log of i versus v for the voltages in Region 

III. The result can be approximated by two straight lines as shown 

in Figure 14. AA and BB are obtained from the vertical intercepts 

and A and B are evaluated from the slopes of the two lines. 

Because the points through which the lines are to be drawn will 

be very close together, the slopes and especially the intercept for 

evaluating BB will be determined quite inaccurately. In order to 

increase the accuracy and speed of the calculation, a computer pro- 

gram was developed which successfully evaluated the constants of 

the approximate V -I characteristics for the tunnel diodes used in 

this paper. 
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Figure 14. Graphical evaluation of approximation constants. 

Outline of the Computer Program 

The program requires eight separate data points in each of 

Regions I and III as well as the peak current Ip and the current II 

and voltage V1 which specify the leftmost point visible on a curve 

tracer or, less specifically, any visible valley point. 

Using the eight points in each of Regions I and III the computer 

evaluated the points shown in Figure 14. After these points were 

known, a straight line approximation was assumed in each region. 

The slope between each serial set of points was calculated, and the 

points responsible for incremental slopes which varied appreciably 

ItiAA 
rr 

In BB 
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from the average were eliminated. After this more accurate average 

slope was obtained, each of the remaining points was substituted into 

the straight line equation to find the average intercept. When this 

process had been completed for both regions, the four constants were 

known. 

In general the valley region will be too low or too high after 

the initial evaluation. This was why the peak current and a point in 

the valley region were specified. The computer evaluated the V -I 

curve using the calculated constants and compared the maximum 

current with the peak current Ip, and the current at Vi with Ij. If 

the maximum current was too high, a decrease in AA or an increase 

in A reduced this maximum. Similarly, if the valley current at V1 

was too high, a decrease in AA or an increase in A reduced it to the 

correct value. By selecting the order in which these processes were 

carried out, the original curve was changed slightly to accommodate 

these additional specifications of peak current and valley current. 

This change amounted to moving the peak of the approximate curve 

slightly to the left or to the right. 

When the curve had been changed to meet these requirements, 

the final values of the constants were fed out of the computer. Also, 

a table of currents evaluated at a specified number of voltages was 

computed, so that a comparison could be made with the input data. 
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Use of the Program 

The program was written in Fortran II and is suitable for the 

IBM 1620. The program may be found in the Computer Program 

Library of the Department of Electrical and Electronics Engineering 

under the number and title, 0002N -- Analytical Approximation of a 

Tunnel -Diode V -I Characteristic. A complete explanation of the use 

of the program is also in the library. 
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II 

EXPERIMENTAL SYSTEM 

More specific information about the actual equipment used in 

the experimental system of Figure 10 is given below. 

Clock Oscillator: 

A Hewlett Packard (Model 608A) high- frequency sinewave 

generator with 50 -ohm output impedance, 0 to 0. 5v(rms)volt- 

age range, and 10 -500 megahertz frequency range was used. 

Transistor Amplifier: 

An ac- coupled common base transistor (2N709) having an out- 

put capacitance Ccb of about 10 picofarads and an approximate 

output impedance as tabulated below was used for impedance 

matching and voltage amplification. 

Frequency Output Impedance 

25 megahertz 260 ohms 
50 220 

1 00 150 
1 50 100 
2 00 75 

Electro- Magnetic Delay Line: 

Most of the work was done with various lengths of RG8A /U 

cable. 
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Sampling Oscilloscope: 

A X611 Tektronix oscilloscope with a Type X452 dual -trace 

sampling plug -in and a Type 4T1 timing plug -in was used to 

monitor the system. The risetime of the sampling unit was 

less than one -tenth nanosecond. Tektronix low capacity (less 

than 1pf) probes having resistive input impedances of 500 and 

5000 ohms and attenuations of 10 and 100 were used to measure 

the voltages at X and Y respectively. 

Tunnel Diode: 

Several general purpose diodes (1N3712, 1N3716, 1N3718, 

1N3720) with peak currents ranging from one to twenty milli- 

amperes and one high -speed switching diode (TD253) with a 

tern -milliampere peak current were used in the test system. 
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III 

COMPUTER PROGRAM FOR SIMULATING 

THE OPERATION 

OF THE BASIC MEMORY CELL 

Purpose of the Simulator Program 

The digital computer simulation of the memory cell was pro- 

posed as a way to test the circuit without any limiations on the circuit 

component values as might be imposed by laboratory test equipment. 

Thus, it was desired that the program would accept essentially any 

combination of circuit component values and then simulate, as far as 

possible, the complete operation of the circuit under these conditions. 

Development of the Program 

Basically, the approach decided upon consisted of starting the 

program with vg(t) less than the amount needed to switch, then 

increasing vg(t) to initiate switching, and finally decreasing vg(t) 

incrementally until the switching ceased. The whole range of opera- 

tion would then be covered. 
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The simplified differential equation of the system, Equation 9, 

was the equation to be solved by the computer for vd(t). Because 

vr(t) was not a simple function of vd(t), a guess and try method of 

solving the equation was used. Thus, after each change of vg(t) a 

new guess and try solution began and continued until the trail of the 

new guess caused less than a specified percent change in itself. 

The program breaks up the period of the periodic signal on the 

line (in this case considered to be a single pulse) into a number of 

units of time equal to Lit. The voltage at each multiple of Pt is 

denoted in general by VDn where n denotes the number of the time 

increment. Equation 9 may now be written as Equation 10 if the 

VGn VRn VDn + VDriAA e-AVDn + 
Rin Ro + Rch Rth 

BVDn (VDn VDn-1) 
BB. e -BB + Cd pt (10) 

approximate analytic expression for i(vd) is substituted and a one - 

sided approximation to the derivative is used. This equation may 

then be solved for VDn as shown in Equation 11. 

VDn - ¡VGn + VR'n - BB e 
' 

n + BB + 

l R in Ro Rch 

47-t-h-+ AA, e 
-A D n + 

At 
(11) 

CdVDn-1\ 
At 

The primed values were guesses from the previous calculation. 

The main difficulties encountered were caused by the strong effects 

- 

J 

Cd 

+ 
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that these guesses have on the values of the two exponential terms. 

In other words a small difference between the guess and the actual 

solution to the equation caused a large change in the calculated value 

of VDn. Thus, the solution did not always converge on the answer 

as was at first assumed. Several ideas and combinations of ideas 

were tried before a satisfactory method was found which assured 

convergence of the solution. Equation 11 was rewritten in the form 

of Equation 12 in the final program. 

Y = 
VGn 

+ VR'n + BB + Cd VDn-1 
Rin Ro + Rch At 

X 

VDn= 

1 + AA e-A' VD'n + Cd 
Rth at 
Y - BB. e BVD'n 

X 

(12) 

The convergence of the solution was a real problem only for 

higher values of voltage (when the value of BB eB VDn was impor- 

tarit). So, a test was made to establish whether the value of VDn 

was above a certain voltage. If the voltage was above the given 

value, then the calculation, consisted of repeatedly changing the guess 

value in Equation 12 by small amounts until the guess VD'n was 

within a few percent of the calculated value VDn. This process then 

made the convergence quick and sure for all values of voltage. 
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Simplified Flow Diagram of the Program 

Reading of input data 

Preliminary calculations to prepare 
the input data for the computation. 

Initialization and print out of 
VGn and calculation of the first 
guesses for VD'n and VR'. 

Calculation of VDn from VD'n using Equation 
12. (Note: The iteration of VD'n takes place 
here if VD'n is above a certain value and VDn 
differs from it by more than a few percent 

Not 
Satisfied 

Test for convergence. 

Satisfied 

Print out of VDn, VRn, the Fourier 
series components of VRn, and the 
period number at convergence. 

Change and print out of VGn. 

r 
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Use of the Simulator Program 

The input data consists essentially of these quantities: 

1. Ro 

2. Rin 

3. Rch 

4. The per -foot attenuation of the delay line, DB1, at 
the frequency F1 below the operating frequency. 

5. The per -foot attenuation, DB2, at F2 above the 
operating frequency. 

6. The length of the delay line in feet, EL. 

7. The four constants for the V -I curve approximation, 
A, AA, B, and BB. 

8. The capacitance C of the tunnel diode. 

9. The peak current PI of the tunnel diode. 

10. The peak voltage PV of the tunnel diode. 

11. The operating frequency. 

12. The value of At used, DELTAT. 

13. The number of At's by which vr(t) arrives ahead of 
vd(t), PHASE. 

The form of the output data is shown in the reduced copies of 

the computer data presented in Appendix IV. 

The program was written in Fortran II and was developed 

using the IBM 1620 digital computer. The program may be found in 
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the Computer Program Library in the Department of Electrical and 

Electronics Engineering under the number and title, 0001N- -Simu- 

lation of a Tunnel -Diode Delay -Line Memory Cell. A complete 

description of the program and its operation is included in the pro- 

gram library. 
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IV 

DATA FROM THE COMPUTER SIMULATION 

Several examples of the data obtained from the computer 

simulation have been reduced in physical size and presented on the 

next few pages. Several occasions were found in the text to refer 

to this data. Also, the output format of the program can be exam- 

ined by referring to these examples. On a few pages a portion of 

the data has been deleted because of space considerations, but these 

cases should be quite obvious. 



SIM0LA110 UF.iHF 1CN9EL-OIOCE 06141-LINE MEMORV CELL 

Kt' RIN kCH OBI OR2 F1 52 El 
15." 50.,.0 50.0 .0145 .0315 .050 .200 I00.Q0 

A:1 A 00 

6 

C PI FREO DEL/AT 
200.04 15.50 .CC00055C 27.00 .020. 4.70 .050 ' 1.00 

PRCIVM PRCTVf: PV CHANGE PISSE JMAx 
.027. .100 .055 

VC = 2.8280 
t'ïKIO 6 

.00 -.0014 5.00 
1.0C .0086 6.00 
2.C:C .0202 7.00 
3.CC .0342 8..^.0 

4.CC .0506 9.0C 

.CC .0012 5.00 
1.55 .0072 6.0C 
2.0C .0141 7.05 
3.CC .0215 8.00 
4.CC .5300 9.0C 

.500 .000 

VO(T) VS T . 

.0670 10.00 
,C683 11.00 
.0481 12.00 
.0270 13.00 
.0119 14.00 

VKTITI VS T 

.G369 10.00 

.0370 11.00 

.0281 12.00 

.0181 13.00 

.0097 14.00 

AF(K) AND 8F(K) 

50 

.0012 
-.0067 
-.0125 
-.0166 
-.0191 

.0037 
-.0013 
-.0047 
-.0074 
-.0087 

15.00 
16.00 
17.00 
18.00 
19.00 

15.00 
16.00 
17.00 
18.00 
19.00 

A0 = 

-.0200 
-.0192 
-.0170 
-.0132 
-.0079 

-.0095 
-.0090 
.-.0079 
-.0060 
-.0061 

.0095 -.5036 .0381 -.0087 -.0091 .0040 .0005 -.0031 .0005 .0000 -.0021 

.,, = 3.1108 
- Pt8100 32 

VD(7) VS T 
.CC .0000 5.00 .3424 10.00 .1979 15.00 -.0206 1.00 .0119 6.0C .4272 11.00 .0138 16.00 -.0199 7.00 .0276 7.0C .4447 12.00 -.0107. 17.00 -.0175 3.00 .0536 4.0C .4225 13.00 -.0167 18.00 -.0133 .4.00 .1892 9.0C .3541 14.00 -.0196 19.00 -.0075 

VRTIT) VS T 
.0C .0239 5.00 .2073 10.00 .1343 15.00 .0099 1.00 .0330 6.0C .2522 11.00 .0533 16.00 .0103 2.00 .0475 7.0C .2627 12.00 .0283 17.00 .0103 3.00 .C71C 8.00 .2508 13,00 .0175 18.00 .0134 4.05 .1364 9.0C .2103 14.00 .0134 19.00 .0135 

AF(K1 ANO BECK) AO s .1110 -.1173 .1810 .0371 -.1047 -.0073 .0314 .0040 .0100 -.0091 -.0181 

VC = 2.8280 
PERIUC 17 

V01T1 VS T 
.CC -.0007 5.0C .1551 L0.00 .0444 15.00 -.0194 1.00 .0098 6.0C .2701 11.00 -.0019 16.Q0 -.0188 2.00 .0221 7.0C .3332 12.00 -.0114 - 17.00 -.0165 3.0C .0384 5.00 .3320 13.00 -.0160 18.00 -.0128 4.0C .0628 9.0C .2599 14.00 -.0184 19.00 -.0073 

VRT(T1 VS T - 

.05 .0126 5.00 .1077 10.00 '.0587 15.00 .0030 1.0C .0216 6.0C .1588 11.00 .0256 16.00 .0014 2.00 .0294 7.0C .1893 12.00 .0127 17.00 .0037 3.00 .0426. 8.00 .1857 13.00 .0080 18.00 .0042 4.0C .5611 9.0C .1468 14.00 .0034 19.00 .0057 

A5(8.1 ANO 85(81 AO = .0702 -.0794 .1174 .0384 -.0757 -.0704 .0429 .0090 -.0172 -.0083 -.0017 

VG = 2.5452 
PEP.I.;C 14 

VO(r1 VS T 
.CO -.5015 5.00 .0462 10.00 .0009 15.00 -.0184 

. 1.00 .0075 6.00 .0449 11.00 -.0061 16.00 ,-.0178 2.00 .C174 7.0C .0346 12.00 -.0115 17.00 -.0157 3.00 .0284 8.00 .0216 13.00 -.0153 18.00 -.0121 4.00 .0393 9.00 .0101 14.00 -.0176 19.00 -.0073 

VKT(11 VS T 
.00 .0001 5.0C .0252 10.00 4021 15.00. -.0093 1.00 .0054 6.0C .0250 11.00 -.0020 16.00 -.0088 2.00 .01.13 7.0C .0199 12.00 -.0049 17.00 -.0079. 3.0C .0169 8.00 .C138 13.00 -.0074 18.00 -.0063 4.10 .0224 9.00 .0073 14,00 -.0085 19.00 -.0069 

' APIA) ANC 81(K1 AO = .0057 -.0J26 .0304 -.0059 -.0050 .0011 -.0003 -.0015 -.0002 -.0005 -.0012 

ENO OF DATA 
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' 

blackp
Text Box
Best scan available for p.51-58.
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15.0 
kt") 

500.0 
RCH 

50.0 
Ohl 08? E1 

.0145 .0315 .050 
F2 EL 

.200 100.00 

AA R C P1 FREO C1LT4f 2C0.00 15.5C .000^.C55C 27.00 .020 4.70 .050 1.00 

PRCfVM PROW, PV CHANr,F pHASC JMAK 
.02C .1CC .C55 

VC n 2.8280 
PCRII;C 4 

.5C0 

VOIT) 

2.000 

VS T 

50 

.CC -.0005 5.0C .C656 10.00 .0003 15.00 -.0198 
1.CC .0098 6.CC .0609 11.00 -.0072 16.00 -.0190 
2.CC .0215 7.0C .C414 12.00 -.0128 17.00 -.0166 
3.C:: .C356 P.CC .0214 13.00 -.016A 18.00 -.0127 4.CC .C526 9.CC .C1C0 14.00 --.0190 19.00 -.0073 

VRTITd VS T 
.C149 5.0C .C313 10.00 -.0076 15.00 -.0076 

1.CC .C211 6.CC .C122 ' 11.00 -.0097 16.00 -.0041 
2.CC .0258 7.CC .0102 12.00 -.0103 17.00 -.0006 
3.CC .03C5 8.00 .0015 13.00 -.0101 18.00 .0021 4.CC .C34C 9.CC -.0043 14.00 -.0073 19.00 .0054 

AFIKI 1010 RFiK) AO = .0088 -.CC19 .C374 -.CC93 -.0073 .0035 -.0006 -.0023 .0008 -.0006 -.0019 .0000 -.0008 -.0000 -.0010 .0003 -.0009 .0006 -.0008 .0008 -.0006 

VC = 3.IIC8 
PFN.101 25 

VC(I1 VS T 

.CC .CC4E S.CC .4528 10.00 .0251 15.00 -.0203 
1.CC .0213 6.CC .4590 11.00 -.0065 16.00 -.0192 2.00 .0533 7.0C .4356 12.00 -.0139 17.00 -.0162 1.00 .2284 8.0C .3722 13.00 -.0175 18.00 -.0115 4.00 .385E 9.CC .2354 14.00 -.0198 19.00 -.0044 

1/8/1 81 VS T 
.CC .0896 5.00 .7721 10.00 -.0230 15.00 .0188 I.CC .1191 6.00 .2378 11.00 -.016R 16.00 .0278 7.CC .1672 7.0C .1891 12.00 -.0101 17.00 .0404 3.CC .2430 8.0C .1237 13.00 -.0003 18.00 .0510 4.CC .2794 9.0C .0403 14.00 .0074 19.00 .0655 

-.1640 .2227 
.0039 -.0049 

AFIKI ANO 80181 
-.0361 -.1095 .0177 .0159 
-.0O22 -.0091. .0047 .0046 

.0189 

.0028 

AO = .1263 
.0009 -.0213 .0082 

-.0030 -.0045 .0033 

VC = 2.8280 
8[ß10C 19 

VOIT) VS T 
.CC .0034 5.0C .3921 10.00 .0173 15.00 -.0189 I.CC .0172 6.CC .4272 11.00 -.0064 16.00 -.0179 7.CC .0376- 7.0C .4094 12.00 -.0128 17.00 -.0152 3.CC .1105 9.0C .3411 13.00 -.0164 18.00 -.0108 4.CC .2803 9.0C .1800 14.00 -.0184 19.00 -.0045 

VRTITI VS T 
.CC .0761 5.0C .2469 10.00 -.0213 15.00 .0145 1.CC .0961 6.0C .2229 11.00 -.0166 16.00 .0231 2.00 .1261 7.CC .1741 12.00 -.009T 17.00 .0335 3.00 .1779 8.CC .1066 13.00 -.0015 18.00 .0429 4.CC .2356 9.0C .0238 14.00 .0058 19.00 .0548 

AFIKI ANO PF(K) AC = .1043 -.0642 .1875 -.0207 -.1076 .02.26 .0320 .0017 -.0023 -.0163 .0018 .0089 -.0072 -.0017 -.0006 .0012 .0025 -.0004 -.0041 .0009 -.0007 

Uf: = 2.5452 
PERICO 3C 

VOIT) VS T 
.CC. -.0007 5.0C .0450 10.00 .0004 15.00 -.0182 1.00 .0084 6.0C .1;424 11.00 -.0065 16.00 -.0176 2.CC .0184 7.0C .0320 12.00 -.0117 17.00 -.0154 3.CC .0293 8.0C .0197 13.00 -.0154 18.00 -.0119 4.00 .C397 9.0C .0009 14.00 -.0176 19.00 -.0068 

VRTITI VS T 
.CC .111(: 5.0C .0208 10.00 -.006P 15.00 -.0071 I.CC 

2.CC 
.0164 6.CC .0158 11.00 -.0090 16.00 -.0047 .0203 .7.0C .CORO 12.00 -.0096 17.00 -.0017 3.CC .0230 8.0C .0016 13.00 -.0096 18.00 .0003 4.CC .0240 9.0C -.0037 14.00 -.0084 19.00 .0028 

. AF/KI ANO BFIK1 A0 = .0054 -.0016 .0258 -.0062 -.0042 .0008 -.0007 -.0013 -.0002 -.0006 -.0012 -.00O2 -.CCII .0008 -.0011 .0003 -.0010 .0006 -.0008 .0009 -.0006 
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',I4ULATiCN OF rh +F TUNNEL -0100E OELAY -LINE MEMORY CELL 

RC 81% MOH UPI 082 F1 F2 EL 15.c 450.0 50.0 .0145 .0315 .050 .200 100.06 
AA A 88 C. P1 FRED DELTAT 2CC.CC 15.5C .00000551 27.00 .020 4.70 .100 .50 

FROTHS PRCTVG PV CHANGE PHASE PIAF 
.C?C 

v0 = 2.5507 

.100 .055 .500 .000 50 

PEP ICC 5 

VU 111 v5 T 

.CC 

.5C 
-.0027 
.007? 

2.50 
3.00 

.0542 

.0592 
5.00 
5.50 

.0025 
-.0061 

7.50 
8.00 

-.0198 
-.0191 

1.00. . .0182 3.5C .0480 6.00 -.0121 8.50 -.0170 
1.50 .0105 4.00 .0299 6.50 -.0162 9.00 -.0134 
2.CC .0432 4.5C .014? 7.00 -.0188 9.50 -.0083 

VRTITI VS T 

.0014 2.5C .0270 5.00 .0047 7.50 -.0076 
.50 .0064 3.00 .0286 5.50 -.0023 8.00 -.0069 1.CC .0116 3.5C .0240 6.00 -.0028 8.50 -.0063 1.5C .0171 4.0C .0174 6.50 -.0052 9.00 -.0048 2.CC .0228 4.5C .0105 7.00 -.0073 9.50 -.0040 

AFIKI ANO PF1K) AO = .0081 -.0010 .0355 -.0059 -.0083 .0020 .0012 -.0022 -.0007 .0001 -.0012 -.0003 -.0006 .0001 -.0010 .0004 -.0007 .0004 -.0007 .0007 -.0005 

V6 = 2.8058 
VERIIIC q 

VOIT) VS 7 
.0C -.0025 2.5C .0758 5.00 .0036 7.50 -.0212 .50 .0084 3.0C .0896 5.50 -.0062 8.00 -.0206 1.00 .0210 3.5C .0797 6.00 -.0130 8.50 -.0183 1.50 .0363 4.0C .C473 6.50 -.0176 9.00 -.0144 2.0C .0551 4.5C .0198 7.00 -.0202 9.90 -.0088 

VRT(TI VS T 
.CC .0028 2.5C .0381 5.00 .0076 7.50 -.0070 .50 .0085 3.0C .0426 5.50 .0018 8.00 -.0067 1.00 .0151 3.50 .0382 6.00 -.0019 8.50 -.0056 1.50 .0223 4.0C .0271 6.50 -.0046 9.00 -.0039 2.CC .0304 4.5C .0159 7.00 -.0062 9.50 -.0028 

AFIKI ANO 8F(K) AO = .0141 -.00146 .0465 -.0070 -.0152 .0042 .0046 -.0039 -.0021 .0011 -.0006 -.00c5 -.0007 .0004 -.0010 .0001 -.0006 .0005 -.0007 .0006 -.0004 

VC = 3.0609 
PER11J0 22 

VOIT) VS T 
.CC -.0016 2.50 .1537 5.00 .1596 7.50 -.0221. .5C .0IC7 3.0C . .2305 5.50 .0264 8.00 -.0214 1.0C .0261 3.50 .2822 6.00 -.008R 8.50 -.0190 1.50 .0477 4.0C .2946 6.50 -.0175 9.00 -.0148 2.CC .C84P 4.50 .2607 7.00 -.0709 9.50 -.0087 

54.7)1) VS T 

.00 .0188 2.5C .0974 5.00 .0947 7.50 .0084 .50 .0263 3.0C .1272 5.50 .0486 8.00 .0079 1.CC .0363 3.50 .1467 6.00 .0262 8.50 .0084 1.5C .0493 4.0C .1502 6.50 .0161 9.00 .0103 2.0C .0693 4.5C .1333 7.00 .011? 9.50 .0117 

AFIKI ANO PF1K) -AO = .0715 -.0846 .1095 .0473 -.0528 -.0225 .0171 .0076 .0005 -.0016 -.0078 -.0021 .0041 .0026 -.0021 -.0014 -.0021 .0007 .0012 .0018 -.0013 

VG = 2.8058 
PERM 14 

SUIT) VS T 
.CO -.0026 2.50 .0753 5.00 .0037 7.50 -.0213 .50 .11083 3.0C .0887 5.50 -.0061 8.00 -.0205 1.00 .05204 3.50 .0786 6.00 -.0129 8.50 -.0184 1.5C .0365 4.00 .0464 6.50 -.0176 9.00 -.0144 2.0C .0551 4.50 .0196 7.00 -.0203 9.50 -.0088 

VRT(TI vS T 
- .00 .0033 2.50 .0365 5.00 .0082 7.50 -.0066 .5C .009! 3.00 .0426 5.50 .0034 8.00 -.0062 1.00 .0157 3.50 .0384 6.00 -.0012 8.50 -.0052 1.50 .0237 4.00 .0272 6.50 -.0036 9.00 -.0035 2.00 .0311 4.50 .0160 7.00 -.0058 9.50 -.0024 

AFIKI ANO SEIK1 A0 _ .0141 -.00E7 .0468 -.0069 -.0153 .0042 .0047 -.0038 .0010 -.0008 .0004 -.0010 .2001 -.0006 .0006 
-0,06,22 ..0012 -.0005. 
-.0007 .0005 -.0004 
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SIwULATlON OF 

RU 

THE FUNNEL -0100L 

RIN RCH 

OELAV-I.iNF 

Cal 

MEMUAV CELL 

.a7 F1 F2 EL 

15.1. 450.0 50.1. .0145 .0315 .050 .200 100.00 

AA A 80 0 C PI Fato DELTAT 

200.00 15.50..0000055(' .77.00 .020 4.70 .100 .50. 

PRCfVM PRCfVG PV CHANGE v(IA5E JMAK 

.020 .100 

11l = 2.5507 
PERI.,O 5 

.055 .500 

V01f1 

2.000 

VS f 

50 

.00 +.0021 7.50 .0545- 5.00 .001+. 7.50 -.0198 

.50 .0081 1.00 .0578 5.50 -.0061 8.00 -.0190 
1.00 .0193. 3.50 .0449 6..00 -.0124 8.50 -.0169 
1.50 .0314 4.0C .Uì74 6.50 -.0164 9.00 -.0131 
2.0(l .('444 4.50 .0175 7.00 -.0188 9.50 -.0077 

VRTIf) VS T 

.00 .0171 2.50 .0253 5.00 -.0050 7.50 -.0076 

.50. .0185 3.0C .0212 5.50 -.0023 8.00. -.0033 
1.00 .0709 3.50 .0120 6.00 -.0079 8.50 -.0003 
1.50 .0243 4.0C .0042 E.50 -.0018 9,00 .0021 
2.00 .0242 4.50 -.0014 7.00 -.0073 9..50 .0052 

AF/h) AVll eFIK) AO = .0079 
-.0039 .0353 -.0065 -.0075 .0021 .0007 -.0023 -.COOS .0000 -.0013 
-.0002 -.0007 .0000 -.0011 .0005 -.0007 .0004 -.0007 .0008 -.0006 

Vf, = 2,8058 
PERIuC 8 

VOIT1 VS T 

.CO -.0018 2.5C .0776 5.00 .0027 7.50 -.0211 
.50 .0095 3.00 .0872 5.50 -.0069 8.00 -.0204 
1.00 .0224 3.50. .0711 4.00 -.0133 8.51) -.0180 
1.50 .0383 4.00 .0400 6.50 -.0177 9.00 -.0140 
2.00 .0576 4.50 .0165 7.00 -.0203 9.50 -.0082 

vKr1Tl VS I 

.0C .0162 2.50 .0378 5.00 -.0053 7.50 -.0047 

.50 .0218 3.0C .0320 5.50 -.0075 8.00 -.0020 
1.00 .0273. 3.50 .0196 6.00 -.0082 8.50 .0013 
1.50 .0373 4.0C .0071 6.50 -.0079 9.00 .0045 
2..00 .0363 4.50 -.0010 7.00 -.0061 9.50 .0082 

AFIKI ANO 8PIK1 AO = .0133 
-.0063 .0459 -.0087 -.0136 .0048 .0030 -.0059 -.0010 .0008 -.0013 
-.0006 -.0005 .0002 -.0(11 .0003 -.0007 .0005 -.0007 .0007 -.0005 

V4 = 3.0609 
PERIOC 23 

VOlfl VS f 

.-00 .0009 2.5C ..7589 5.00 .1781 7.50 -.0219 

.50 .0157 3.00 .3350 5.50 .0264 8.00 -.0209 
1.00 .0356 3.5C .3680 6.00 -.0103 8.50 -.0181 
1.50 .0718 4.00 .3559 6.50 -.01343 9.00 -.0135 
2.00 .1561 4,5C .2980 7.00 -.0211 9.50 -.0068 

V8T14) VS t 

.00 ..0643 2.50 .1823 5.00 .0387 1.50 .0134 

.50 .0746 3.00 .1879 5.50. .0009 8.00 .0212 
1.00 .0991 3.56 .1723 6.00 -.0027 8.50 .0293 
1.50 .1253 4.00 .1395 6.50 .0007 9.00 .0386 
2.00 .1582 4.50 .09214 7.00 .0077 9.50 .0484 

AFIK) 45C 8F181 AU = .0975 
-.0976 .t508 .0347 -.0169 -.0138 .0710 .0054 .0048 -.0039 -.0107 
-.0009 .0035 .0035 -.0013 +.0073 -.0074. .0006 .0010 .0026 -.0019 

Vf, = 2.8058 
PERIOD 24 

VOITI V5 f 

.00 -.0018 2.50 .0780 5.00 .0024 7.50 -.0212 

.50 .0095 3.0C .0681 4.59 . -.0069 8.00 -.0205 
1.00 .0225 3.70 .0726 4.00 -.0133 8.50 -.0181 
1.50 .0387 4.0C .0408 6..50 -.0177 9.00 -.0141. 
2.00 .0580 4.50 .0368 7.00 -.0203 9.50 .0082 

VR1111VS t 

.00 .0113 2.5C .0307 5.00 -.005? 7.50 -.0039 

.50 .0227 3.00 ..0334 5.50 -.0074 8.00 -.0012 
1.00 .0788 3.50 .0708 6.00 -.0080 8.50 .0023 
1.50 .0348 4.0C .007E 6.50 -.0075 9.00 .0055 
2.00 .0383 4.50' .00031 7.00 -.0061 9.50 .0092. 

0(81 ANO 87181 AO = .0138 
-.0068 .0467 -.0086 -.0143 .0048 .0035 -.0040 -.0013 .0010 -.00(1 
-.0006 -,C005 .0003 -.0011 .0002 -.0007 .0005 -.0007 .0006 -.0005 
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51800111114 OF 

R)`. 

TNF 100r1'r.'L-01170í. 

RIN RCP 

DEt.AV-LI)aE 

0111 

MEMORY LELA. 

C112 F1 F2 1L 
15.0 500.0 50.0 .0145 .0315 .050 .200 100.00 

A4 A BC 8 PI FREE DEL7AT 
375.7G 13.44 .00000151 29,65 .050 10.20 .056 1.00 

PRCIVM PRCIVÇ. PV CHAN' aF PHASE JM4X 
.021, .100 .070 ,500 .000 50 

VC . 5.7084 
PERIOD 4 

V171T1 V5 T 

.50 
1.00 
2.00 
3.0C 
4.00 

.00 
1.00 
2.00 
3.00 
4.00 

-.001Y 
.0081 
.0208- 
.0346 
.0506 

.0010 

.0072 

.041 

.0216 

.0300 

5.00 .0649 10.0C 
6.00 .0659 11.00 
7.00 .0497 - 12.00 
8.00 .0292 13..00 
9.0C .0134 14.00 

VRTIII VS T 

5.00 .0359 10,00 
6.00 .0358 11,0í' 
7.0C .0284 12.00 
8.00 .0190 13.00 
9.00 .0103 14.00 

APIS) ANO CFO() 

.0017 
-.0071 
-.0137 
-.0182 
-.0209 

.0039 
-.0017 
-.0054 
-,0085 
-.0101 

15.00 -.0219 
16.00 -.0711 
11.00 -.0187 
18.00 -.0146 
19.00 -.0089 

15.00 -.0109 
16.00 -.0104 
17.00 -.0092 
18.00 -.0070 
19.00 -.0063 

AO = .0089 
-.0040 .0397 -.0076 -.0085 .0033 .0005 -.0024 .0002 -.0001 -.0015 
-.00OI -.0006 .0000 -.0009 .0003 -.0008 .0005 -.0006 .0007 -.0005 

VC = 6.2793 
2011.1170 27 

. . 70(1) VS r 

.00 -.0012 3.60 .1973 10.00 .3669 15.00 -.0231. 
1.00 .0109 6.06 .35/5 11.00 .0843 16.00 -.0225 
2.00 .0258 7.00 ..4551. 11.00 -.0054 17.00 -.0199 
3.00 .0454 8.00 .47e4 11.00 -.0183. 18.00 -.0154 
4.00 .0776 9.00 .45013 14.00 -.0220 19.00 -.0090 

VKTITD VS T 

.00 .0226 5.00 .1423 1.0.00 .2111 15.00 .0098 
1.00 .0299 6.00 .1173 11.00 .0441 16.00 .0101 
2.00 .0428 7.00 .1646 12.00 .0400 17.00 .0092 
3.00 .0570 8.00 .1789 13.00 .0210 18.00 .0127 
4.40 .0847 9,00 .2617 14.00 .0149 19.00 .0124 

ABtK) A'JR 1111K) AO.- .1196 
-.1580 .1535 .0936 -.0759 -.0438 .0215 .0055 .0080 .0103 -.0172 
-.0132 .0085 ..0097 .0001 -.0031 -.0083 .0005 .0070 .0058 -.0042 

, VG = 5.7084. 
PERIOD 17 

VDU) VS I 

.00 -.0020 5.00 .0640 10.60 .0017 15.00 -.0220 
1.00 .0087 6.0C .0651 11.00 -.0077 16.00 -.0213 
2.00 .0209 7,00 .0496 12.00 -.0137 17.00 -.0189 
3.00 .0351 8.00 .0291 13.00 -.0183 18.00 -.0147 
4.00 .0507 9.00 .0136 14,00 -.0210 19.00 -.0089 

V8T171 VS T 

.00 .0008 5.00 .0354 10.00 .0039 15.00 -.0108 
1.00 .0072 6.00 .0358 11.00 -.0017 16.00 -.0103 
2.00 .0143 7.00 .0283 12.00 -.0055 17.00 -.0090 
3.00 .0218. 8.00 .0191 13.00 -.0085 18.00 -.0069 
4.00 .0298 9.00 ,0104 14.00 -.0100 19.90 -.0065 

AF19) ANO NFIKI AO = .0089 
-.0039 .0395 -.0076 -.0094. .0030 .0005 -.0023 .0000. -.0000 -.0015 
°,0001 -.0004, -.0000 -.0010 .0004 -.0008 .0004 -.0006 .0007 -.0005 

ENO) OF DATA 
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SIPULA1104 13F T9C tllN'dEL-OIDr) r{LAr-LIN( MckURV CELL 

AU kiy kCF 081 08? EL 
15.0 'CO.) r 50.0 .0145 .0315 .050 6204) 100.00 

AA 4 60 8 PI F11E0 0E11A1 
375.79 13.44 .00000151 29.05 .050 10.70 .050 1.00 

PRC.VP P9T.1V(: PV U+A061 PHASE 1hAK 
.020 .100 0070 .500 2.000 SO 

vr : 5.7084 ' 

PERM 5 

V0(11 VS T 

.00 -.0015 5.00 .0646 10.00 .0011 15.00 -.0221 

1.00 .0093 6.00 .0640 11.00 -.0074 16.00 -.0213 

7.0C .0218 7.00 .0467 12.00 -.0139 17.00 -.0118 

1.00 .0357 8.00 .0279 11.00 -.0103 18.00 -.0143 

4.00 .0514 9.0C .0114 14.00 -.0211 19.00 -.0084 

VPf(T) VS T 

.CC .0141 5.00 .0324 10.00 -.0081 15.00 -.0078 

1.00 .0201 6.00 .0247 11.00 -.0106 16.00 -.0049 

7.00 .0263 7.00 .G127 12.00 -.0113. 17.00 -.0012 
3.00 .0308 8.00 .0026 13.00. -.0116 18.00 .0019 

4.00 .0342 9.04 -.0040 14.00 -.0100 19.00 .0056 

AF181 ANO BfIK) AU = .0089 

-.0011 .0393 -.0081 -.0081. .0011 .0001 -.0024 .0002 -.0001 -.0017 

-.0000 -.0005 -.0001 -.0010 .0004 -.0008 .0004 -.0007 .0007 -.0005 

V. 6.2793 
PERIOD 30 

00111 VS T 

.00 .0008 5.00 .4042 10.00 .3152 15.00 -0232 
1.00 .0147 - 6.00 .4948 . 11.00 .0396 16.00 -.0221 

7.00 .0328 7.00 ,ï095 12.00 -.0113 17.00 -.0193 

3.00 .0647 8.00 .4930 13.00 -.0196 18.00 -.0145 

4.00 .2180 9.00 ..416 14.00 -.0224 19.00 -.0075 

vaTlil vS T 

.00 .0828 5.00 .3046 10.00 .0624 15.00 .0085 

1.00 .1026 6.00 .3022 11.00 -.0264 16.00 .0223 

2.0C .1309 7.00 .2662 12.00 -.02113 17.00 .0327 

3.00 .1784 8.00 .2197 13.00 -.0146 18.00 .0474 

4.00 .2545 9.00 .1557 14.00 -.0001 19.00 .0589 

AFI81 AND BF(K) AO = .1421 

-.1477 .2079 .0530 -.1119 -.0117 .0231 .0015 .0238 -.00)8 -.0284 

-.0021 .0092 .0082 .0011 .0961 -.0072 -.0007 .0055 .0075 -.0055 

VO = 5,7084 
P(RIUO 14 

VD(I) VS T 

.00 .0001 5.00 .2103 10.00 .2807 15.00 -.0217 

1.00 .0122 6.00 .3588 11.00 .0326 16.00 -.0207 

2.0C .0268 7.00 .4427 12.00 -.0107 17.00 -.0181 

3.00 .0462 8.00 .4544 13.00 -.0183 18.00 -.0137 

4.00 .0799 9.00 .4095 14.00 -.0209 19.00 -.0073 

VKTITI VS 1 

.00 .0644 5.00 .2200 10.00 .0542 15.J0 .0040 

1.00 .0789 6.00 .7569 11.00 -.0255 16.00 .0155 

2.00 .1000 7.00 .2512 12.00 -.0227 17.00 .0245 

3,00 .1217 8.00 .2106 13.00 -.0157 18.00 .0360 

4.00 .1605 4.00 -.1468 14.00. -.0036 19.00 .0449 

AFIKI AND 8F1K1 AO = .1112 

-.1379 .154n .0774 -.0863 -.0372 .0325 .0075 .0018 .0037-.0171 
-.0075 .0113 .0063 -.0028 -.0035 -.0069 .0010 .0062 .0046 -.0013 

V, = 8.1376 
P(RIUD 14 

VO111 VS T 

.00 -.4016 5.00 .0479 10.00 .0009 15.00 -.0203 

1.00 .0087 6.00 .0463 11.00 -.0068 16.00 -.0195 

2.09 .0187 7.00 .0363 12.00 -.0127 17.00 -.0172 

3.00 .0101 8.00 .0231 13.00 -.016P .18.00 -.0133 

4.00 .0409 9.00 .0109 14.00 -.0194 19.00 -.0078 

VKT1T1 VS T 

.CC .0119 5.00 .0235 10.00 -.0071 15.00 -.9079 

1.00 .0160 6,00 .0178 11.00 -.0094 16.00 -.0054 

2.00 .0207 7.0C .0046 12.00 -.010T 17.00 -.0022 

1.00 .0235 8.00 .0024 13.00 -.0108 14.00 .0003 

4.00 .0750 9.0U -.0035 14.00 -.0090 13.40 .0032 

AF(K) AND 8FIK1 AO = .005? 

.0025 .03?2 -.0058 -.0041 .0010 -.0002 -.0013 -.9903 -.0005 -.0011 

.^001 -.0009 .0000. -.0009 .0003 -.0009 .0005 -.0007 .0007 -.01105 

56 
61 U 

C 



SIMULATION OF THE TUNNEL -DIODE DELAY -LINE 

RL 
15.=; 

SIN 
500.0 

RCH 

MEMORY CELL 

081 082 F1 F2 EL 

50.0 .0145 .0315 .050 .200 100.00 

AA A BR 
366.00 13.00 .00000650 

ö C PI. FREO OELTAT 

25.00 .010 10.10 .050 1.00 

PRCT VM PRCTVC: PV CHANGE PHASE JRAK 
.020 .100 .070 

VC: è 5.6584 
PFRI00 7 

.500 

VDU) 

.000 

VS I 

50 

.00 -.0003 5.00 .0782 10.00 .0004 15.00 -.0225 
1.00 .0104 6.00 .0610 11.00 -.0081 16.00 -.0216 

2.00 .0236 7.00 .0434 12.00 -.0145 17.00 -.0191 
3.00 .0395 8.00 .0252 13.00 -.0189 18.00 -.0147 

4.00 .0592 9.00 .0113 14.00 -.0216 19.00 -.0005 

VR1111 VS I 

.00 .0018 5.00 .0411 ' 10.00 .0030 15.00 -.0110 
1.00 .0084 6,00 .0371 11.00 -.0021 16.00 -.0104 
2.00 .0160 7.00 .0266 12.00 -.0058 17.00 -.0090 
3.00 .0243 8.00 .3112 13,00 -.0088 18.00 -.0067 

4.00 .0340 9.00 .0092 14.00 -.0103 19.00 -.0061 

4FIK1 ANO BFIK) 4U = .0097 

-.0017 .0418 -,0104 -.0080 .0046 -.0011 -.0025 .0019 -.0010 -.0026 

.0007 -.0004 -.0006 -.0006 .0004 -.0014 .0008 -.0005 .0005 -.0004 

VG = 6.2)43 
PER1U0 19 

VOITI VS T 

.00 .0009 5.00 .5519 10.00 .0034 15.00 -.0238 

1.00 .0133 6.00 .5578 11.00 -.0078 16.00 -.0224 

2.00 .0313 7.00 .5516 12.00 -.0148 11.00 -.0202 

3.00 .0647 8.00 .5191 13.00 -.0200 18.00 -.0152 

4.00. - .5079 9.00 .0470 14.00 -.0227 19.00 -.0086 

VRTITI VS T 

.00 .0337 5.00 .3224 10.00 .0531 15.00 .0058 

1.00 .0387 6.00 .3361 11.00 .0245 16.00 .0145 

Z.00 .0668 7.00 .3178 12.00 .0251 17.00 .0082 

3.00 .1033 8.00 .2804 13.00 .OlOA 18.00 .0196 

4.00 .2822. 9.00 .0951 14.00 .0158 19.00 .0143 

-.0717 .2550 
.0178 -.0501 

VG e 5,6584 

VG = 5.0926 

VG 4.5267 

-.0532 -.1580 
.0082 .0311 

AFIKI ANO BFIK) 
.0597 .0463 
.0006 -.0024 

AU = .1350 
-.0023 -.0019 -.0359 .0240 
-.0273 -.0002 .0325 -.0236 

VG = 3.9609 
PERIOD 4 

401T) VS T 

.00 .0008 5.00 .4989 10.00 .0020 15.00 -.0166 

1.00 .0082 6.00 .5112 11.00 -.0049 16.00 -.0157 
2.00 .0170 7.00 .5016 12.00 -.0097. 17.00 -.0138 
3.00 .0268 8.00 .4544 13.00 -.0136 18.00 -.0101 

4.00 .3499 9.00 .0296 14.00: -.0156 19.00 -.0056. 

VSTII) VS F 

.00 .0337 5.00 .2811 10.00 - .0531 15.00 .0079 

1.00 .0309 6.00 -.3027 11.00 .0255 16.00 .0144 
2.00 .0499 7.00 .2854 12.00 .0230 17.00 .0091 
3.00 .0734 8.00 .2458 13.00 .0122 18.00 .0179 
4.00 .2108 9.00 .0799 14.00 .0157 19.00 .0118 

cF181 AN0 BFIK) AO = .1150 

-.0717 .2138 -.0379 -.1469 .0562 .0547 -.0157 -.0063 -.0236 .0136 
.01E9 -.0371 -.0005 .0286 .0025 -.0104 .-.0183 .0040 .0239 -.0174 

3.3950 
PERIOD 21 

V0111 VS T 

.00 -.0004 5.00 .0246 10.00 .0001 15.00 -.0149 
1.00 .0058 6.00 .0231 11.00 -.0051 16.00 -.0143. 
2.00 .0122 7.00 .0188 12.00 -.0093 17.00 -.0125 
3.00 .0182 8.00 .0127 11.00 -.0124 18.00 -.0095 
4.00 .0228 9.01) .0062 14.00 -.0142 19.00 -.0054 

VRTII) VS I 

.00 -.0004 5.00 .0135 10.00 .0007 15.00 -.0082 
1.00 .0031 6.00 .0131 11.00 -.0074 16.00 -.0076 

2.00 .0071 7.00 .0106 12.00 -.0046 17.00 -.0069 
3.00 .0101 8.00 .0077 13.00 - -.0066 18.00 -.0056 
4.00 .0128 9.0C .0039 14.00 -.0075 19.00 -.0074 

AF3K1 ANO BFiK) AU = .0016 
-.0015 .0197 -.0032 -.0015 -.0008 -.0004 -.0011 -.0007 -.0007 -.0010 

-.0003 -.0012 .0000 -.0013 .0004 -.00128 .0007 -.0010. .0010 -.0007 
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SIMULAIIUN OF THC TUNNEL -01000 DELAY -LIME MEMORY CELL 

RU RIN RCH 081 082 Ft F2 EL 
15.0 500.0 50.0 .0145 .0315 .050 .200 100.00 

AA A 88 B C P1 FREI) DELTAS 
366.00 13.00 .00000650 25.00 .010 10.10 .050. 1.00 

PRC(VM 
.020 

VG ` 5.6584 

PRC[VG 
.100 

PV 
.070 

CHANGE PHASE 
.500 2.000 

JMAK 
50 

PERiI!0 7 

VOIT) VS T 

.00 .0001 5.00 .0751 10.00 -.0000 15.00 -.0225 
1.00 :.0111 6.00 .0621 11.00 -.0085 16.00 -.0216 
2.00 .0245 7.00 .0409 12.00 -.0147 17.00 .-.0188 
3.00 .0406 8.00 .0239 13.00 -.0190 18.00 -.0144 
4.00 .0600 9.00 . .0105 . 14.00 -.0216 19.00 -.0081- 

VRTITI. VS T 
- 

.00 .0165 
. 

5.00 .0340 10.00 -.0086 15.00 -.0076 
1.00 .0219 6.00 10217 11.00 -.0109 16.00 -.0046. 
2.00 .0284 7.00 .0095 12.00 -.0117 17.00 -.0007 
3.00 .0331 8.00 -,0010 13.00. -.0114 18.00 .0026 
4.00 .0373 9.00 -.0049 14.00 -.0101 19.00 .0066 

AFIKI ANO 8F(R) AO = .0093 
-.0009 .0410 -.0104 -.0070 .0039 -.0016 -.0020 .0018 -.0012 "-.0023 
.0006. -.0007 -.0005 -.0006 .0003 -.0014 .0009 -.0006 .0005 -.0004 

VG 6.2243 
PERIOD 23 

VOITtVS T ' 

_ 

.00 .0043 5.00 .5546 10.00 -.0005 ' 15.00 -.0232 
1.00 .0200 6,00 .5410 . 11.00 -.0088 16.00 -.0222 
2.00 .0521 7.00 .5185 12.00 -.0156 17.00 -.0189 
3.00 .5078 8.00 .0663 13.00 -.0199 18.00 -.0139 
4.00 .5617 9.00 .0126 14.00 -.0228 19.00 -.0062'. 

VRT(T) VS T 
.00 .1170 5.00 .2907 10.00 -.0227 15.00 .0315 

1.00 .1498 6.00 .2314 11.00 -.0024 16.00 .0363 
2.00 .2330 7.00 .1337 12.00 -.0050 17.00. .0556 
3.00 .3650 8.00 -.0316 13.00 .0129 18.00 .0655 

.3229 9.00 -.0161 14.00 .0138 19.00 .0865 

AF(K) AND 8F(K) AO = .1341 
-.0017 .2645 -.1327 -.0993 .0699 -.0201 -.0014 -.0023 .0245 .0362 
-.0528 -.0037 .0194 -.0263 .0001 -.0026 .0291 .0088 -.0325 .0236 

VG _ 5.6594 

VG : 5.0926 

VG =. 4.5267.. 

VG = 3.9609 

VG 3.3950 
PERIOD 12 

VOIT) VS T 
.00 .0018 5.00 .4597 10.00 -.0004 15.00 -.0142 
1.00 .0093 6.00 .4699 11.00 -.0052 16.00 -.0135 
2.00 .0173 7.00 .3821 12.00 -.0093 17.00 -.0I14 
3.00 .0784 8.00 .0254 13.00 -.0121 18.00 -.0082 
4.00 .3095 9.00 .0057 14.00 -.0139 19.00 -.0036. 

VRTITI VS T 
.0C .0602 5.00 .2451 10.00 -.0150 15.00 .0146 
1.00 .0777 6.00 .1963 .11.00.. -.0062 . 16.00 .0191 
2.00 .0960 7.00 .0868 . 12.00 -.0041 17.00 .0288 
3.00 .1477 8.00 -.0275 13.00 .0034 18.00 .0337 
4.00 .2457 9.00 -.0163 14.00 .0067 19.00 .0442 

AFIK1 ANO BF(KI AO _ .0803 
-.0268 .1645 -.0698 .-.1037 .0835 .0213 -.0457 .0214 .0071 -.0151 
-.0083 -.0080 .0225 .0028 -.0206 .0098 .0080 -.0147 -.0033 .0024 

VG 2.8292 
PERIOD 12 

VD(T) VS T 

.00 -.0002 5.00 .0191 10.00 -.0000 15.00 -.0128 .. 

1.00 .0050 6.00 .0180 11.00 -.0044 16.00 . -.0123 _. 

2.00 .0101 
' 7.00 .0145 12.00 -.0080 17.00 -.0106 

3.00 .0146 8.00 .0099 13.00 -.0106 _ 18.00 -.0080 
4.00 .0179 9.00 .0048 14.00 -.0123 19.00 -.0045 

VRTITI VS T 
.00 .0064 5.00 .0087 10.00 -.0045 15.00 -.0058 

1.00. .0077 6.00 .0066 11,00. -.0063 16.00 -.0045 
2.00 .0099 7.00 .0032 12.00 -.0070 17.00 -.0026 
3.00 .0102 8.00 .0003 13.00 -.0073 18.00 -.0021 
4.00 .0104 9.00 -.0025 , 14.00 -.0068 19.00 - -.0014 

- AF(K) AND BF(KI AO = .0008 
-0013 .0162 -.0027 -.0009' -.0011 -.0005 -.0011 -.0007 .-.0008.-.0011 
-.0003 -.0013 .0000 -.0014 ..0004. -.0013 .0008 -.0011 .0011 -.0008 
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