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ABSTRACT

An analysis of tunnel diode low-level detection is presented
for the purpose of explaining some of the unusual detection char-
acteristics thatoccur under certain bias conditions. For example,
in the vicinity of its inflection bias point, a tunnel diode exhibits
a discriminator-like rectification behavior with two sensitivity
peaks. When biased at one of these peaks, the diode is capable of
unusually high sensitivities, at least an order of magnitude better
than the sensitivity of any other known diode. Itis shown that
these high sensitivities are proportional to (1-?), where I'? is the
RF power gain of the detector viewed as a reflection-type am-
plifier. The resultant gain-bandwidth (or sensitivity-bandwidth)
limitations of the detector are discussed. Unusually high sensi-
tivities are also possible at the lower microwave frequencies when
the tunnel diode is biased at its peak current point.

A knowledge of the diode static characteristics, the reflection
coefficient, and the video circuit permits an accurate analytical
evaluation of the sensitivity performance of any tunnel diode, and
calculations are carried out for an example diode and compared
against measured data. This report also contains a specific com-
parison of the relative sensitivity performance of the example
tunnel diode vs. a hot carrier diode.

ii




CONTENTS

Abstract ... ... . ...ttt i it i e
INTRODUCTION ... ..ttt iveeesnncesoscnncossns
EQUIVALENT CIRCUIT AND DIODE CHARACTERISTICS . .
RECTIFICATION CURRENT SENSITIVITY, 8. .« e v e v e e s«
BANDWIDTH BEHAVIOR OF B« . vt v v vt eiennnenens
NOISE OF TUNNEL DIODE AND VIDEO CIRCUIT.......
TANGENTIAL SENSITIVITY . ... ..0 0t eeceeeenneas

FIGURE OF MERIT, COMPARISON WITH HOT
CARRIER DIODE. . . . . ..t ittt it ietennsnoanennns

CONCLUSIONS .. ...c0tetveroenssosncscsansnsss
References . .. .....c0 it iieeietonneeaancnasns
Appendix A—Derivationof 8. . . . . . it s ittt i s e
Appendix B—Tunnel Diode v-I Characteristic...........

Appendix C—Symbols and Definitions .... ............

iii



TUNNEL DIODE LOW-LEVEL DETECTION

by
W. F. Gabriel
Goddayrd Space Flight Center

INTRODUCTION

Microwave low-level detection, which was entirely dependent upon the rather unpredictable
silicon point-contact crystal rectifier (Reference 1) for so many years, has been advanced consid-
erably by the development of tunnel diode (or back diode) detectors and hot carrier diode detectors.
Both of these solid junction devices have demonstrated advantages of lower noise (particularly 1/f
noise), higher rectification current sensitivity, low temperature variation, high burn-out capability,
high resistance to noise impulse generation under shock and vibration, aging stability, broad
bandwidth capability, and accurate analytical performance evaluation from measured static
characteristics.

The excellent performance of the hot carrier diode under bias conditions has been reported in
the literature (References 2 and 3), together with an adequate analysis. In the case of the tunnel
diode, however, despite numerous references (References 4 to 10) reporting on specific examples
of sensitivity performance, the analyses are found to be restricted and incomplete such that impor-
tant features of the overall behavior of this versatile detector are overlooked. For instance, it is not
generally appreciated that the tunnel diode, when biased in its negative resistance region, is capable
of at least an order of magnitude greater sensitivity than any other diode detector for frequencies
below resistive cutoff. Also, that it is capable of bi-polar amplitude modulation of its video output.
The former capability can be of considerable advantage in sensitive TRF (tuned radio frequency)
receivers (References 11 and 12) such as those employed in compact solid-state transponders for
missiles, spacecraft, and aircraft.

The purpose of this report is to present a low-level detector analysis which is general enough
to cover tunnel diode behavior for any bias condition, and to demonstrate detection features which
are peculiar to the tunnel diode. Super-regenerative detection and converter action are not included
in this discussion; i.e., the tunnel diode detector circuit is assumed to be in a stable condition at all
times.

In the work described herein, the rectification current sensitivity, 3, is expressed as a function
of the reflection coefficient, I". Itis shown that a knowledge of this quantity, together with the diode
static characteristics and the video circuit, permits accurate analysis of low-level detection per-
formance for any bias condition. Calculations are carried through on an example diode and com-
pared against measured data.



When a tunnel diode detector is biased in its negative resistance region and operated below
resistive cutoff frequency, it is an RF amplifier and must look into an impedance that insures .
stable operation; i.e., it requires a non-reciprocal isolator or circulator to insure stability against
spurious oscillations. As an amplifier, it exhibits the usual gain-bandwidth limitations. Examples
of sensitivity behavior versus RF bandwidth are also discussed. .

The final section of the report discusses diode figure of merit, M, and here a specific com-
parison with the hot carrier diode is made in order to illustrate relative sensitivity capability.

EQUIVALENT CIRCUIT AND DIODE CHARACTERISTICS

Microwave low-level detectors usually consist of a combination of transmission line circuits
and lumped reactances, plus the diode. The complete detailed equivalent circuit can be quite com-
plicated, particularly in the case of broadband designs, but for the purposes of the present analytical
discussion it is preferably to reduce it to the simple equivalent circuit shown in Figure 1. This
circuit is referenced to the diode junction and
is often utilized for diode analysis (References
13 to 17). Circuit elements R, and L are both

/m functions of frequency since they represent the
series equivalent of the impedance that in-
R é cludes the diode series inductance, the diode
c W package capacitance, and the entire external

RF input circuit.

The differential junction resistance, R,

- _'- = *L .
R - DIFFERENTIAL JUNCTION RESISTANCE, (dV/dI), OF may assume either positive or negative values.
DIODE When it is negative, the circuit represents a
C - JUNCTION CAPACITANCE OF DIODE negative-resistance reflection-type amplifier
R, - SERIES RESISTANCE OF DIODE where the voltage gain is simply equal to the

L - EQUIVALENT RF CIRCUIT PLUS DIODE SERIES INDUCTANCE  reflection coefficient, I", referred to R, i.e.,
R,~ EQUIVALENT RF CIRCUIT RESISTANCE

Figure 1—=Equivalent circuit of detector r= (Z-R,)-R, - Z-2R, 1)
referred to diode junction. (Z-R,) *R, z

where Z is the total series impedance of the circuit.

- R g _ReXR)
z= [R3+Rs+ 1+(wCR)2]+ J[QL 1+(wCR)2] ' (2)

This type of tunnel diode amplifier and its stability considerations are widely discussed in the
literature (References 13 to 21). Circuit stability criteria must be satisfied at all frequencies be-
low the resistive cutoff frequency in order to insure finite values for I" and avoid spurious oscillatios




For Figure 1, a safe and sufficient (Reference 18) stability criterion* may be written in the form,
IRl > (R_ +R) > = f i
(R, o) TR]C for negative R . (3)

A small-signal analysis of the Figure 1 circuit is carried out in Appendix A for the purpose of
deriving a general expression for 8. This shows that the basic diode quantities required are G, R_,
C, and G', where G’ is the first derivative of the diode differential junction conductance, G. (Note
that G is the reciprocal of R, so that the determination of either quantity is sufficient. Both will be
utilized freely in accordance with their convenience to the discussion.) Of these quantities, all ex-
cept C can be evaluated from the measured static V-I (voltage-current) characteristic. For purposes
of practical illustration and experimental confirmation, the measured characteristics of an actual
diode example, a selected MS-1012 back diode, will be utilized throughout the discussion.

A back diode (Reference 21) or "backward diode,' as they are sometimes called, is simply a
tunnel diode with a low peak current wherein the "forward voltage' direction is reversed (back-
wards) from the usual tunnel diode polarity. This reversed presentation happens to be very con-

venient for comparison with other types of
diode detectorsbecause it resultsin the same +0.7
direction of rectified current flow for typical
bias conditions, and so it will be utilized
throughout this report. Figure 2 illustrates +°~5k
the V-I characteristic of the example diode
and also that of a typical hot carrier diode. +0.4 |-

HOT CARRIER

+0.6

----..—._—-—-q

Three distinct bias points, labelled o', "p", DIODE
and "i", are denoted on the back diode curve *o.31
because (1) they are often referredto through- +0.2 -

-

out the report and (2) they are frequently used
as subscripts on the voltage and current;

CURRENT I (ma)
+
e
¥

0" - refers to thediode zero bias point,

"p" - refers to the diode peak current
bias point,

"i" - refers to the diode inflection bias

point, ] ] ]
-0.5 0.4 -0.3 -0.2 =0.1 0 +0.1 +0.2 +0.3 +0.4

DIODE BIAS V, (volts)

Although the low peak current (I, = - 0.286ma)

qualifies the example diode to be called aback ) ] ..
] L . Figure 2-—Static voltage-current characteristics for ex-
diode, it will be referred to as a tunnel diode  ypple diode (MS-1012) and a hot carrier diode (hpa-2350)

throughout this report because (1) it has a ot 25°C,

*In addition to the RF circuit, the detector video circuit and d.c. bias circuit must also satisfy their stability criteria.
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Figure 3—Static characteristics vs. diode junction volt-
age, V: (a)Current 1, vs. V, (b) Differential junction con-
ductance, G vs. V, (c) First derivative of G, G', vs. V.

resistive cut-off frequency of about 9 Gc, and,
(2) it was chosen specifically to demonstrate

the detection behavior that can be obtained when -
biased into the negative resistance region.

A calculation of the derivatives, G and G’
from Figure 2 requires an analytical expres-
sion for the tunnel diode current. This problem
is treated in Appendix B, and the results are
plotted in Figure 3 for the diode voltage range
of greatest interest. Note that the voltage
scale in Figure 3 is the diode junction voltage
instead of the diode bias voltage; i.e.,

Vb:V+IRs, (4)

where Vv is the internal junction voltage and V,
is the external bias voltage across the diode
terminals. The junction voltage is required for
the calculations. The expressions G and G’ for
a tunnel diode behave in a different manner
than the similar derivatives of a hot carrier or
point contact diode in that they do not bear a
constant ratio to one another, they do have a
zero point, and they can assume negative values
as well as positive values.

The diode series resistance, R_, can be
found from the forward conduction character-
istic (a standard technique) as described in
Appendix B, if it is not given as part of the
manufacturer's data. A value of 8 ohms for R_
was measured on the example diode with an
estimated accuracy of 5 percent.

Diode junction capacitance C must be
measured if not given by the manufacturer.
Applicable measurement techniques include the
familiar RF bridge (Reference 22) method,
microwave impedance determination, or resis-
tive cut-off frequency determination. For the
example diode, the latter approach was employed.
The resistive cut-off frequency, f , occurs at




the point where the equivalent series resistance of the diode goes to zero, and it is readily shown
that

f = — 3 f i .
. 2mC|R|  for neeative R (5)

Since the total series resistance is zero at f_, it follows that the diode will look like a short circuit
at resonance whereby I = -1. Thus, the technique consists of tuning the detector to resonance at
any convenient microwave frequency, and recording the bias voltage required to give a reflection
coefficient exactly equal to unity at that frequency. The frequency thereby becomes an f_value; R,
is known; R can be determined from Figure 3b since the bias voltage is known; and this then per-
mits solving for C from Equation 5. A value of 0.3 picofarads was arrived at for the example diode
via this technique.

The f_technique is easy to implement and use, and it has a great advantage in that it is inde-
pendent of the diode package capacitance.

RECTIFICATION CURRENT SENSITIVITY, 8

The rectification current sensitivity, 8, is defined as the ratio of the detector rectified output
current, I_, to the RF power, P,, incident upon the detector, or

I, = 8P, . (6)

A general equation for g is derived in Appendix A on the basis of a small-signal analysis of the de-
tector equivalent circuit shown in Figure 1,

2G'R_|Z.|2
g=——=2& 3 7)
(1+GR_)|z|? (
where
1
Z, =G7jaC ®)

and Z is given by Equation 2. Equation 7 holds for either positive or negative values of G, subject
to the restriction that the tunnel diode circuit be stable. An inspection of the various terms in
Equation 7 shows that 8 will vary principally as a function of three parameters:

(a) diode bias voltage
(b) equivalent source resistance, R,

(c) frequency



A variation in the diode bias voltage causes a variation in G and G’ as illustrated in Figure 3.
Junction capacitance, C, also changes with bias, (Reference 15) but the effect is of minor importance
compared to Gand G'.

R, determines the reflection coefficient, I', as given by Equation 1.* Because of the familiar
interpretation of I" for tunnel diodes and the fact that it is a readily measured microwave quantity, -
it becomes desirable to convert the series impedance, Z, in Equation 7 to I". Solving for Z from
Equation 1 results in,

2R
2o ()
( 1-C (9)

and substituting this into (7) permits B to be written as

G - |a-D? ‘
2R (1 +GR,) [G? + («O)?] (10)

It will be noted that 8 can increase almost in direct proportion to the RF power gain, || 2, of the
tunnel diode, thus indicating the possibility of very large current sensitivities.

Equation 10 can be manipulated into several interesting forms by applying appropriate re-
strictions upon " and G. If we apply the restriction that I" be real (circuit resonance condition),
then from Equations 2 and 1:

Z=Rg+Rs+r, (11)
and
R, +r =R
r<———
R, +r +Rg (12)
where
- R .
1 +(wCR)? (13)

r is the equivalent series resistance of the diode junction. Solving for R, from Equation 12 and
substituting into Equation 10 results in

5 -z d-T?% Restricti

= I T S ey T estrictions:

1 ( 1+(RS£E_R2) ["is real (14)
R+ R

*This interpretation is dependent upon Rs representing only the generator source resistance. If Rg includes any loss components, then

Equation 1 and Equation 7 must be corrected to incorporate the loss factor.
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where

GI

fo® St ramy
(1+GR,) (15)

If we next restrict G to positive values only, then Equation 14 may be written as,

1-12 ..
ﬁz = ﬁo g Restrictions:
1+ (i) lis real (16)
f. Gis positive
where
E +1
R
fo= e : (17
27CR

Equation 16 applies to hot carrier and point contact diodes as well as tunnel diodes. The frequency
f_ is the usual "cutoff"" frequency defined for diodes. For a positive G, |I'| <1, so that the opti-
mum value of 8, occurs for matched conditions, i.e., I' = 0, whereupon Equation 16 becomes iden-
tical to the usual current sensitivity expressions found in the literature (References 1 and 3).

A special form for 8 occurs when we impose the restriction of biasing the tunnel diode at its
peak current point (Ip s vp) where G goes to zero. From Equations 9, 10, and 11 one obtains the
simple expression

_Ga-ry Restrictions:
CP (wC)? ’ Tis real (18)
S Gis zero
Like B, above, 8, is optimized for I' = 0.
If we restrict G to negative values only, then Equation 14 may be written as
B 1-T2 Restrictions:
Fs = Ao £\2 Iis real ,
1- (f_> G is negative (19)
where
Rl _ 4
R, (20)
" 27C|R|

the frequency f_ will be recognized as the resistive cutoff frequency of a tunnel diode, above
which the diode cannot supply RF gain; i.e., || <1 for f > f_. It follows that for f>f_, 8, will be
optimized when I' = 0.



When f = f_, the §; expression becomes indeterminant and one must go back to the general
Equation 10 to compute 3, utilizing the fact that I = -1 for this particular condition.

Finally, when f < f_, Equation 12 shows that || > 1 and may be made arbitrarily large by ad-
justing R , so that no optimum value for 8; can be defined and it may be increased without limit,
at least in theory. :

A plot of the two frequencies, f_ and f_, vs. bias for our example tunnel diode is shown in
Figure 4. Knowing these values, it is then a simple matter to compute the gross frequency be-
havior of g from Equations 16 or 19 for a givenI". The data points shown in Figure 4 were the
frequencies at which f, measurements were made in order to determine the value of the diode
junction capacitance (refer back to pages 4 and 5 for description of measurement).

Figure 5 illustrates the gross frequency behavior of 3 for the example diode under various
bias conditions and specified values of "'. The optimum curves for zero bias, V = -0.02 volts, and
V= -0.04 volts are calculated from Equation 16 since G is positive, and the (3, f_) product tends to
be constant for these positive conductance bias conditions. The zero bias curve shows good sen-
sitivity capability in the millimeter-wave frequency region,

The optimum curve for the peak current bias point, Vv, = -0.046 volts, is calculated from Equa-
tion 18 since G is zero, and it demonstrates the unique 6 db per octave constant slope obtained for

100 - 10,000 "
o F i
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- L 1
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Figure 4—f_ and f versus junction Figure 5—GCross frequency behavior of 3 for example
voltage for example diode. diode at various bias conditions and specified values of I,




this particular bias condition. Note that this constant slope behavior results in unusually high
sensitivities at the lower microwave frequencies, and full advantage may be taken of this if the cir-

" cuit losses can be kept small; i.e., the detector circuit Q is inversely proportional to frequency

(Q = 1/2 wCRr,) for the v, bias condition.

The dashed-line curve for v= -0.07 volts, I" = -10, and f <f_ is calculated from Equation 19
since G is negative, and it clearly shows the high sensitivities that can be obtained at microwave
frequencies below resistive cut-off when a tunnel diode is biased in its negative resistance region.
An interesting feature of this curve is that 8 tends to approach infinity as the frequency approaches
f_. This behavior is simply the result of assuming a constant value for I", whereby the circuit Q
would increase rapidly as f_was approached. In actual practice, an operation close to f_ requires
such low generator impedances to maintain a given value of I" that coupling circuit losses become
important and the resultant attenuation of the incident RF power must be taken into account.

The importance of f_ in tunnel diode detection cannot be emphasized too strongly, because
detection sensitivity drops rather abruptly beyond f_ and results in poor sensitivity performance.
This behavior is illustrated by the dashed-line optimum curve for v=-0.07 volts, f > f_ which is
also calculated from Equation 19. Note that this curve drops below the zero bias curve by a factor
of about ten in the millimeter wave region.

The calculated curves of Figure 5 have been experimentally verified for the example diode at
spot frequencies of 3, 5, 6, and 7 Gc. Experimental confirmation at many other values of " was
also obtained, but the data has been omitted in the interest of keeping the family of curves as
simple as possible.

From Figure 5 it is evident that there must be a continuous variation in 8 vs. bias under stable
operating conditions, and a typical example of this type of variation is illustrated in Figure 6(a) for
the example diode. The solid curve was calculated from Equation 10 under the conditions of R = 85
ohms and detector circuit resonance at 3 Ge. Note the bipolar behavior of 3 caused by the change
in sign of G' as the diode is biased through the inflection point (Figure 3). The tunnel diode changes
its direction of rectification when biased beyond the inflection point. Figure 6(b) illustrates the
associated variation in || ? vs. bias, which demonstrates the fact that rectification passes through
zero at the peak RF gain point (under single-tuned conditions). This rectification reversal results
in a discriminator-like characteristic with two sensitivity peaks, one above and one below the
inflection bias point. The upper peak point has the highest sensitivity and is generally utilized as
the operating bias point for high-sensitivity detectors. Practical bias adjustment procedure con-
sists of ""rocking' the bias back and forth to find the maximum video output point.

The discriminator-like characteristic can be utilized for bipolar amplitude modulation of out-
put video signals via bias voltage control. This property would be useful, for example, in feedback
control of tunnel diode amplifier operating bias point.

Experimental data points measured at 3 Gc for the assumed conditions are also shown plotted
in Figure 6. The equivalent generator impedance of 85 ohms was initially approximated by adjusting
the detector for an RF power gain of 15.6 db (calculated from Equation12 for R, = 850) with the diode



biased at its inflection point. The discrepancies between the measured data and calculated curves
appear reasonable in view of the R, approximation plus expected error in the values of G, G, and C,

As a practical note, it should be pointed out that the zero rectification point provides an ex-
tremely sensitive means for locating the exact inflection point on a tunnel diode characteristic.

+250
BANDWIDTH BEHAVIOR OF s
+200+
The gross frequency behavior of g shown
in Figure 5 was determined on the basis of @ +150 -

constant values of I" for all frequencies. I T
could be so maintained, then by Equation 16 a
maximum g~bandwidth product equal to (8, f_)
would existwhen the diode isbiased inthe pos-

+100 I~

RECTIFIER CURRENT SENSITIVITY,

+50
itive conductance region, and by Equation 19 a
product in excess of (8, f, (1 - '?)) would exist 0
when the diode is biased in the negative con- )
ductance region. However, practical detector -50
mounts cannot be designed to maintain " con-
stant over the frequency range plotted in Fig- -100 -

ure 5, therefore actual p-bandwidth products
are always less than the above values.

In generé,l, bandwidth will be inversely
proportional to the Q factor of the equivalent

circuit shown in Figure 1, which may be é
written o
£
%
(Fvs) :
Q= Rg+Rs+‘-o ’ (21) NL::
where
B R
Pz — = .
¢ 1 (@ (R)? (22)

. -0,14 -0.12 -0.,10 -0.08 -0.06 -0.04 -0.02 0

passband and r, is the equivalent series re-

sistance of the diode junction at w,. For Figure 6—B8and |T"|2 versus junction voltage for example
0 diode under conditions of R, = 850ohms and detector cir-

purposes of illustration, it is convenient to cuit resonance ot 3 Ge: (a) B vs. diode junction voltage,
calculate the simple case of fixed element, (b) |I"|2vs. diode junction voltage.

10




single-tuned, series resonance* wherein the bandwidth, Af, is given by the familiar ratio of fo,/Q,
. so that from Equation 21 obtains,

fo R, tR +r
_ .0 _Te s [
N T T nanl (23)

Upon substituting for L from the single-tuned resonance condition,
woL = ro(wyCR) | (24)
and expressing R in terms of reflection coefficient, I'), Equation 23 may be manipulated into the

g

Af = m . (25)

form

An inspection of Equation 25 shows that bandwidth becomes inversely proportional to the RF
voltage gain of the tunnel diode circuit. Also, the maximum gain-bandwidth product is equal to
(1/7RC), which is in agreement with derivations
contained in the literature (Reference 13) for 10,000 %
the single-tuned circuit case. \

CALCULATED CURVE FOR

Figure 7 illustrates a plot of 3 vs. band- « \
N a SINGLE - TUNED CIRCUIT
width, with values of Af calculated from Equa- %,
tion 25 for the example diode under conditions 2 00| I
of v =-0.07 volts and circuit resonance at 6 Gc. 2 '
Figure 7 also contains a plot of 3 vs. bandwidth =
as measured on the tuned detector mount that &
was utilized for obtaining the experimental C- 3 100k
[- 4
band data. This particular detector mount de- 2 DATA MEASURED ON
] . . = EXPERIMENTAL C - BAND
sign did not have a bandwidth performance ¢ DETECTOR MOUNT
o

equal to that of a fixed element, single-tuned
circuit because of the variation in R, and L with 1 |
frequency. Note the characteristic slope of ap- 10 100 1000 10, 000
proximately 6 db per octave in 8 vs. Af. RF BANDWIDTH, Af, (Mc)

Figure 7—/5 vs. RF bandwidth for example diode under

. L. . conditions V = -0.07 volts and circuit resonance at 6 Ge,
ent upon the particular circuits that are uti- 1,6 cqlcylated curve assumes that R,» L, and r, are

lized in coupling the generator source to the frequency independent.

Bandwidth performance is always depend-

*It is assumed that the reader recognizes the fact thac the circuit of Figure 1 is not actually a fixed element, single-tuned circuit be-
cause of frequency dependence in Rs, L, and r.

11



diode. In the extensive literature that exists on the gain-bandwidth products of amplifiers (Ref-
erences 23 to 32), Matthaei (Reference 23) and others have pointed out that considerable bandwidth
improvements may be obtained through proper design of more complex impedance transformation )
circuits between the generator source and the diode.

NOISE OF TUNNEL DIODE AND VIDEO CIRCUIT

From the standpoint of low-level video detection, one of the most important characteristics of
the tunnel diode is its low 1/f (flicker) noise. Investigators (References 4, 33, and 34) have found
that the 1/f noise corner frequency is on the order of 1 Kc when the diodes are operated in the low-
voltage, positive-conductance region. In fact, for this bias region the tunnel diode (or back diode)
has a low-noise performance comparable to the hot carrier (Reference 3) diode. When biased to
the peak current point and beyond into the negative resistance region, the 1/f noise corner frequency
increases steadily (References 22, and 34 to 37) and can deteriorate markedly as the valley region

is approached, apparently because of the noisy
.2 character of the valley region excess current.
/n\ R Valley region excess video noise varies from
\'\J/ b ° one diode to another (Reference 34) but it is
generally always high enough that this region
of operation should be avoided for high-
sensitivity applications. Therefore, the present
video noise discussion will proceed on the as-
sumption that the tunnel diode bias voltage
excursion shall avoid entering the valley region
J in order that 1/f noise may remain reasonably
small *
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If 1/f noise is neglected, then the diode

Ao IDEAL, NOISELESS video noise can be attributed to shot noise and
VIDEO AMPLIFIER thermal noise components which have been

GAIN = A shown (References 17, 38 and 39) to be repre-

g2 T _ sented by the equivalent circuit of Figure 8(a),
BANDWIDTH = B,

J
INFINITE INPUT
IMPEDANCE

where 2 and i2 are given by

e? = 4KTByR, and (26)
Figure, 8—~Equivalent video noise circuits (midband):
{@) Tunnel diode alone, (b) Tunnel diode plus video cir-
cuit resistance, R_, (c) Tunnel diode plus R, plus excess .
amplifier noise e 2, if = 2qI,By , (27)

*Obviously, if the “video bandwidth” upper frequency limit happens to be in the kilocycle range of frequency, then the 1/f noise may not
be negligible and its contribution must be accounted for.
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where 1.0

B, = video noise bandwidth, 0:9-
q = 1.6 - 107 coulombs, 0L
eq = equivalent shot noise current, and

K = Boltzmann's constant.

The equivalent shot noise current, I__, is re-
lated to the actual diode bias current, I, by the
derived expression (Reference 17)

, EQUIVALENT SHOT NOISE CURRENT (ma)

- qVv
I., = Icoth ¢ ° (28)
A plot of 1, for our example diode is shown 2
in Figure9, where it will be noted that 1__ de-
parts considerably from I near zero bias. At
zero bias, I, must equal the value corre-
sponding to the thermal noise of the conduct- T e o i it om0l
ance, G,; i.e.,
DIODE JUNCTION VOLTAGE (volts)
P 2 KTG, 9 Figure 9—Equivalent shot noise current, leqr versus
ing = 4KTGyBy or I, = a (29) junction voltage for example diode.

a1

In addition to the diode noise, a practical video detector is always associated with an equivalent
video circuit resistance, R, which generates the thermal noise voltage 4KTB,R,. The resistance
R, includes the bias circuit for the diode plus the input impedance of the amplifier utilized with the
detector. Figure 8(b) illustrates the midband* equivalent video noise circuit, where R, noise plus
diode noise contributions have been lumped into the equivalent noise current generator, 12. 12 will
be equal to

2qI, B, 4KTB,R 4KIB,
R (30)

12 = +
" (1+GR_) (R+R))?

The output noise voltage, E2, produced by 12 is therefore
g » “n? n

E? = I2R? (31)

*“Midband” refers to the middle of the video passband determined by the video amplifier.

13



where

_(Re(R, *R)
R; " \R, R, *R/ ~ (32)

R, is the total equivalent resistance, being the parallel combination of R, and (R, + R). It should be
pointed out that Equation 32 is particularly significant for a tunnel diode detector because of the
fact that R can become large and may also be negative. Either condition will restrict the maximum
value thatR, can take. For instance, the stability criteria for the video circuit requires that R, be
positive, so that from Equation 32 one obtains the necessary condition that

R, < |Rs +R| for negative R . (33)

Furthermore, it may be necessary to place an upper bound upon R; in order to obtain sufficient
video bandwidth, and this upper bound on R; will, in turn, restrict the maximum value that R, may
have.

Amplifier excess noise, which is always present in high-sensitivity video detection, can be
represented by placing an equivalent noise generating resistance (References 1, and 40) R_ . e-
tween the detector video circuit and an ideal amplifier with an infinite input impedance as shown
in Figure 8(c). The total noise voltage, E2, therefore has e? added to Equation 31, becoming

= 2 .
E;‘: I Rf + 4KTBVReq . (34)

Values of R , are readily determined from'measurements of the amplifier gain, bandwidth, and
r.m.s. output noise under known input circuit conditions.

Video noise bandwidth has never been satisfactorily standardized and is usually different for
each detector application, so that it is desirable to normalize all noise contributions in terms of
noise per cycle of video bandwidth. Thus, dividing Equation 34 and Equation 30 by B, we obtain,

—=(—=) R? + 4KTR, 35
=) 5 . (35)

and

(12 291, 1 R,
—_ )= —_— +4KT|— + —— | .
B, (1 +GR)? R, (R+R)? (36)

A plot of yxg/Bv versus diode junction voltage for our example diode is shown in Figure 10 under
two R, conditions: (a) R, held constant at 265 ohms for all bias voltages; (b) Maximum R, for each

14




20

20
18— / 18
- //
X - MEASURED DATA A Req =0s
16— R, =265 Q / 16 ::X = 1K, MAXIMUM R,
it D XIMOM R, FOR R, < 1K
-~
¢ b X " FOR R; < 1K ® MEASURED DATA
”~
o i ~%
LRPIS
8L
& MAXIMUM R,
s 10— FOR R; 21K
~ |
5 o - MEASURED DATA
cl > 6L-
— l‘“
-~ F
44—
2p—
0l PR I WS SN TN ST S NN SR R R 1
-0.14 =0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0 +0.02
DIODE JUNCTION VOLTAGE (volts)

-0.11 -0.09 -0.07 -0.05 -0.03 -0.010+0.01
DIODE JUNCTION VOLTAGE (volts)

0
-0.13

Figure 10—12/B, versus junction voltage
for example diode under two R conditions.

Figure ll—)/E—f_/?v versys junction voltage for example
bias voltage subject to the restriction that R, diode under twoR, conditions for R,. = O and R, = 1K,
< 1000 ohms. The 1K upper bound chosen for R;
represents a typical design value for wideband video detector circuits, and the two R, conditions
encompass the resultant design range for R,. For diode junction voltage above -0.04 volts, R, can
be infinite so that this segment of the lower curve (maximum Rv) in Figure 10 represents the noise
current contributed by the diode alone. The measured data points shown in Figure 10 were ob-
tained from r.m.s. noise voltage measurements* on the example diode, and they agree with the cal-
culated curves within the limits of experimental measurement error.

Figure 11 illustrates the total r.m.s. noise voltage per yc.p.s., y’ E:/Bv, versus diode junction
voltage for the same conditions utilized in Figure 10 plus the addition of amplifier excess noise.
The set of curves for R, = 0 give the noise voltage that could be obtained with an ideal noiseless
amplifier, and the set of curves for R, = 1K illustrates the noise voltage that would be obtained
with a typical transistor video amplifier of recent design. Note that the experimental measured
data points* on the example diode are in very close agreement with the calculated curves.

*The video amplifier utilized in conducting the noise measurements on the example diode had the following characteristics: Gain —
10,000; Bandwidth — 2 mc.; Input Impedance — 50 K and 60 pf; Noise Reg— 730 ohms. Noise due to R q Was subtracted out in order
to obtain diode noise data.
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These noise curves point up several interesting features associated with tunnel diode video
detectors:

(a) The considerable variation in noise voltage level versus diode bias reflects the variation
that occurs in R, (Equation 32). Video resistance R, affects the shape and peak value of the R,
variation.

(b) Inthe vicinity of zero bias where R; becomes less than 100 ohms, amplifier noise can
easily dominate the diode noise and thus degrade sensitivity.

{c) When the diode is biased near its peak current point or beyond into the negative resistance
region, R, increases such that the diode noise becomes dominant over the amplifier noise. This
latter situation is very desirable for practical high-sensitivity detection.

TANGENTIAL SENSITIVITY

Tangential sensitivity (References 41 and 42) is defined as that signal level which raises the
noise by its own width on an oscilloscope pulse-plus-noise presentation. This sensitivity criterion
has the disadvantage of being somewhat dependent upon particular receiver conditions and particu-
lar observer interpretation, but it is still the most practical criterion available for measuring the
sensitivity performance of low-level video detectors. It is generally found to be consistent within
+1 db in RF power level for given receiver conditions and a given observer, To overcome the
problem of changing receiver conditions and/or changing observers, it is necessary to measure
the average signal-to-noise ratio actually associated with a given receiver-observer set-up, and
then correct the measured data to the fixed reference value of 8 db which is utilized in the litera-
ture for calculation and comparison of tangential sensitivity performance. 8 db results in a voltage
ratio of 2.5 in the video circuit, and this value will be employed in the calculations to follow.

The minimum video detector equivalent circuit* needed for computing tangential sensitivity is
shown in Figure 12. It consists of the midband video equivalent noise circuit discussed in the pre-
ceeding section, plus the rectification current
generator, I_, and the total shunt capacitance,
Cy. Shunt capacitance includes the amplifier
input capacitance, the detector RF bypass con-
denser, and the shielded cable capacitance, if
present, The presence of C, places an upper
bound on the values that R, may have because
of bandwidth considerations. The bandwidth of
the circuit must be adequate for the pulse
response required and, in addition, it is always
Figure 12—Minimum video equivalent circuit. desirable to have the input circuit bandwidth

*The terminology “minimum circuit” is used in the sense that there can never be fewer components than shown in Figure 12. Needless
to say, actual detector video circuits are oftentimes considerably more complicated due to the presence of chokes, transformers, pulse
peaking circuits, etc.
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exceed the amplifier bandwidth in order to minimize amplifier noise contribution. The 3 db band-
width point will occur when «R; C, =1, so that we require

1
R, < 77C,8, - (37)

This upper bound on R, may also be expressed in terms of -, the pulse rise time between 10 and

90 percent amplitude points, since video bandwidth and pulse rise time have the approximate
product (Reference 43)

7By ¥ 0.35 , ' (38)

so that

R, <7272¢, - (39)

This restriction upon R, results in a restriction upon the maximum value of R, via Equation 32;
i.e., from (32) we obtain

oK (40)

Assuming that R, is adjusted for adequate safety margin in Equation 37, the voltage E_ de-
veloped is simply

Es = IrRi = 'BPiRi ’ (41)

where AP, was substituted for the rectification current from Equation 6. The tangential sensitivity
ratio defines a particular input RF power level, P, = P,, such that the 8 db ratio of E_to }/l_if is
obtained,

E;‘: I2
/B, f(2) B o+ 4KTR (42)
Bv i eq

or

<2.5/B—v> 12\ [4KTR,,
R B,) "\ . (43)
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Note that when the amplifier noise contribution becomes negligible, Equation 43 simplifies to

In
P =257 - (44)

Equation 44 can be plotted vs. frequency for our example diode by utilizing values of 3 from Fig-
ure 5 and values of y12/B, from Figure 10. The resultant tangential sensitivities are shown plotted
in Figure 13. The left hand scale gives P, / '/B-v in dbm per vc.p.s., and the right hand scale gives
P, in dbm for a video noise bandwidth of 1 mc. The comments which were made on the 8 curves of
Figure 5 would apply equally well to Figure 13, since there is only a small relative shift in the
curves caused by the change in noise-current with bias voltage. In addition, it will be noted that the
tangential sensitivities that can be achieved at frequencies below f, are at least an order of mag-
nitude better than the performance of other types of diodes (References 1 to 3).

The calculated curves of Figure 13 have been experimentally verified with the example diode
at frequencies of 3, 5, 6, and 7 Gc, as illustrated by the data points plotted.

The experimental receiver set-up for measuring tangential sensitivity had a consistent value
of 4 for the ratio of observer interpreted peak-to-peak noise amplitude on the oscilloscope as com-
pared to the measured r.m.s. value. This results in a tangential sensitivity signal to noise ratio of
12 db on the video side for the experimental measurements. Since the calculated curves are based

upon the fixed reference value of 8 db, all ex-

~-115 B 85 perimental data was corrected by the square
(V==0.07,I ==10) ": root of the difference, or 2 db, in order to ob-
-0 ;’ : —180 tain a valid comparison with the calculated
/ 0’/0/ 1 (v =-0.07, curves. (The square root of the 4 db difference
L] ettt - Vr=o, £>¢0)7|7° must be taken because low-level detection is
(V=Vp=-0.04, :|/ square-law and the video difference must be
[ 1o r=0 | 170 ¢ referred to the RF side of the detector.)
Z_’L -_Z.(lf-0'04'r=0) Il n
> -95 -'*-~~°\ \ —165 .{ A typical variation in tangential sensitivity
£ (V =-0.02, = 0) ' £ vs. bias for the example diode is shown in Fig-
T, -0k / —60 § ure 14, calculated by utilizing values of 3 from
'§ o ‘\ . E Figure 6(a) andvalues of yE?/B, from Figure 11
< -85 ™ (ZERO BIAS, [=0) \ 1% with maximum R, for R, < 1K and amplifier
‘\ \ noise R, either zero or 1K as denoted on the
-8 Y \\ 1% curves. It will be noted that amplifier noise
\ ‘\ reduces tangential sensitivity significantly
-75 \ N\ in the vicinity of zero bias, but becomes neg-
: \\ \ ligible when the diode is biased near the peak
A ”i E— “;lo — '\““]030 current point or beyond. Sensitivity drops to
FREQUENCY (Ge) zero very sharply at the inflection point where
Figure 13—Tangential sensitivity versus frequency for B goes through zero (Figure 6(a)). The highest
example diode under conditions of R, < 1K and R,.=0. peak tangential sensitivity point is readily
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determined via bias adjustment and is usually
chosen as the detector operating bias point.
This operating point will shift slightly as a
function of I' and/or frequency, shifting closer
to the inflection point for increasing values of
r and/or frequency.

A typical variation in tangential sensitivity
vs. RF bandwidth for the example diode is
shown in Figure 15. These were calculated by
utilizing values of 3 and Af from Figure 7 which
were determined on the assumption of fixed
element, single-tuned circuit behavior. The
associated noise current was obtained from
Figure 10 for an operating bias point of -0.07
volts. Figure 15 also contains a plot of P, vs.
Af as measuredon the example diode in a tuned
C-band detector mount. This particular mount
did not have a bandwidth performance equal to
that of a fixed element, single-tuned circuit
because of the frequency dependence of R and
L. Since the tangential sensitivity variations
mainly reflect the variations that occur in g,
the bandwidth comments in the previous sec-
tion apply directly here.

An example of the increased bandwidth
that can be obtained from a more complex cir-
cuit design is shown in Figure 16 where the
performance of a double-tuned response de-
sign is compared with a single-tuned response
design. In this particular instance the band-
width was improved by a factor of three.

As a practical note, it should be pointed out
that a P, vs.Af plot provides a very effective
means for evaluating the relative performance
of tunnel diodes when measured in the same
detector mount at the same resonant frequency.

FIGURE OF MERIT, COMPARISON
WITH HOT CARRIER DIODE

The figure of merit, M, which is often
utilized as a criterion of excellence for video
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Figure 14—Tangential sensitivity vs. junction voltage for
example diode under conditions of R; <1Kand R, either
zero or 1K,
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Figure 15—Tangential sensitivity vs. RF bandwidth for
example diode under conditions of V = -0.07 volts and
circuit resonance at 6 Ge,
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detectors, is defined as (Reference 1)

1/4KTBv Es
M:—T—.Tﬁ? . (45)

Substituting Equations 41for E_ and 34 for E2,
one obtains,

L (Rea) (46)
4KTB, \R?

Utilizing values of s from Figure 6(a) and noise
current from Figure 10, substitution into Equa-
tion 46 results in a typical figure of merit plot
vs. junction voltage shown in Figure 17 for am-
plifier noise R, of zero and 1K. It is import-
ant to note that when the diode is biased into
the negative resistance region, amplifier noise
is no longer significant and figures of merit in
the thousands are readily achieved.

The figure of merit criterion offers the
best means for comparing the relative sensi-
tivity performance of a tunnel diode against a
hot carrier diode. For the purposes of this
comparison, it is reasonable to neglect am-
plifier noise, i.e., letR_, = 0, so that Equa-
tion 46 simplifies to

- (47)

For the tunnel diode, values of 8 are calculated
from Equations 16, 18, or 19 depending upon
whether G is positive, zero, or negative; and the
noise current is calculated from Equation 30.

For the hot carrier diode, values of 8 are
calculated only from Equation 16 since G is




always positive; and the noise current may be approximated by the thermal conductance noise (Ref-
erence 3), since this is a unique low-noise property of the diode if the video bandwidth lies above

- the flicker noise corner frequency.

Upon substituting Equations 16 and 48 into 47 and assuming optimum performance (" = 0), the

4KTB,

(hot carrier diode) I2 % ii:;fﬁ—

figure of merit for a hot carrier diode, denoted as M, , becomes

M. =

B, VR, +R

=

a

(48)

(49)

B, is particularly simple for a hot carrier diode because the ratio of G and its first derivative re-
mains constant, i.e., the diode current may be written as (Reference 2)

I=1 (e*~1)

where

’

\
@ = X 38

]
1l

saturation current, and

V = diode junction voltage.

Then

dI

G=gy - aIse“

G' :d—v-: a2Ise

Thus, the ratio of G’ to G is equal to o and substitution into Equation 15 results in

(hot carrier diode) B, =

aV

~

v and
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a
2(1+GR,)?

(1+GR_)?2

(50)

(51)

(52)

(53)
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Figure 18—Figure of merit, M, vs. frequency for example
diode and a hot carrier diode, hpa=2350, ynder various
bias conditions.

The curves clearly illustrate the trade off betweenM, _ and f_

increased.

Upon substituting this g, into (49) and simpli-
fying, M, becomes

19 VR Mo

@y Lo (V] e (5] o0

where f_is given by Equation 17.

~

th ~

For calculation, the published character-
istics of typical hpa-2350 diodes (Reference 3)
were utilized: series resistance R_ ~ 12 ohms,
junction capacitance C = 0.75 pf, and1_=8 - 10°®
amperes. The figure of merit performance for
this particular hot carrier diode is illustrated
by the dashed-line curves in Figure 18 for
three bias conditions: zero bias, I = 27, amps,
and I = 300. amps. These calculated curves
are found to be in close agreement with the
published tangential sensitivity data for the
diode (Reference 3) when cross-checked via the
relationship derived from Equation 45,

=
<L‘V>: M _316-10°M . (55)
P./ 2.5/3KT

as the bias current, I, is

The example diode was utilized for calculating the tunnel diode performance as illustrated by
the lines labelled "T.D." in Figure 18 for four junction voltage conditions; zero bias, V= -0.04 volts,
V=V, and V= -0.07 volts. Some experimental confirmation data points are included. It is note-
worthy that the tunnel diode has a better sensitivity capability than the hot carrier diode for the ex-
amples shown here, even when the tunnel diode is restricted to positive conductance biasing. When
biased to V_ or beyond into the negative resistance region, as illustrated by the broken-line curve
for v=-0.07 volts, the tunnel diode is capable of at least an order of magnitude improvement in
sensitivity over the hot carrier diode for frequencies below f_.

The reader is cautioned against over-generalization of the relative diode sensitivity perform-
ance shown in Figure 18, because it is noteworthy that the curves are based upon only two particu-
lar diode examples and, also, the 1/f noise was assumed to be negligible for both diodes. When
biased in its negative resistance region, a tunnel diode will have a much higher 1/f noise corner
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frequency than the hot carrier diode, and this factor can become important for video bandwidths
below 1 megacycle.

CONCLUSIONS

A low-level detection analysis of the tunnel diode has been presented with the aim of covering
its detection behavior for any bias condition, particularly in the negative resistance region. It has
been shown that for negative resistance biasing, the tunnel diode exhibits the following interesting
detection properties:

(a) For a bias excursion through the inflection point, the detector shows a discriminator-like,
rectification reversal behavior, with the zero output point anchored precisely at the inflection bias
point.

(b) For frequencies below resistive cut-off, sensitivity is proportional to (1 - I"'?), where I'2
is the RF power gain of the detector viewed as a reflection-type amplifier, so that unusually high
sensitivities can be achieved.

(c) For frequencies above resistive cut-off, the sensitivity drops rather abruptly and quickly
becomes inferior to the zero bias sensitivity.

The unusually high sensitivities which are made possible via control of "2 must necessarily
be subject to all of the trade offs that are associated with high-gain RF amplifiers, and it was
shown that the usual gain-bandwidth product applies directly, i.e., a higher sensitivity can only be
achieved at the expense of a smaller bandwidth. Other trade offs, familiar to the tunnel diode am-
plifier art, include greater temperature variation, more critical bias regulation, a lower saturation
power level, and more critical circuit stability conditions. H one is willing to accept the trade offs,
then sensitivities an order of magnitude better than any other video detector are readily achieved.
In fact, the sensitivity can actually be pushed to the point of being competitive with a superheterodyne
receiver under certain conditions.

A practical by-product of this detection study was the observation that the rectified current from
a tunnel diode amplifier provides a very sensitive and valuable tool during the design and adjustment
phase of an amplifier since it can be utilized to monitor bias stability, spurious oscillation, bandpass
shape, bandwidth adjustment, temperature effects, saturation effects, extraneous signals, etc. The
rectified current could also be incorporated into a feedback loop for bias point confrol or automatic
gain control.

Special mention must be made of the peak current bias point of a tunnel diode. It was shown that
this particular bias point results in a sensitivity inversely proportional to the square of the frequency,
and this behavior results in unusually high sensitivities at the lower microwave frequencies. The
easy stability conditions involved in peak current biasing make it a very attractive operation point.

Goddard Space Flight Center
National Aeronautics and Space Administration
Greenbelt, Maryland, September 16, 1966
520-125-22-01-07
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Appendix A

Derivation of 8

The rectification current sensitivity, 3, is given by the ratioof I_ to P,

1

r

B =9, (A1)

1

where I_ is the rectified current and p, is the RF power incident upon the detector. The evalua-
tion of I_ presents a formidable, if not impossible, non-linear circuit analysis task if P, is not re-
stricted to low levels. However, by restricting P, to low levels such that the RF voltage excursion
on the non-linear diode characteristic is small compared to the radius of curvature, then Taylor
series approximations (Reference 1) can be employed to derive an accurate expression for low level
rectification.

Figure Al illustrates a model of a simple tuned microwave detector with dc return, where C,
represents the RF by-pass condenser, R, is the video circuit resistance, S, and S, are lengths of
RF transmission line of characteristic impedances z,, and Z,, respectively; Z_ represents the
connected generator source impedance, and Vv, is the applied dc bias voltage across the diode. A
detailed equivalent circuit representation of this detector is shown in Figure A2 where the diode
equivalent circuit (References 1 and 17) elements are defined as follows:

R - differential junction resistance of diode
C - junction capacitance of diode

R, - series resistance of diode

2R
1, DIODE v
z,, z,
—
RF CIRCUIT  + - DIODE
Vb
5 BIAS AND VIDEO CIRCUIT

Figure A1—Model of a simple tuned Figure A2—An equivalent circuit representation
microwave detector with de retyrn, of the detector shown in Figure Al.
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L, - series inductance of diode

C, - diode package capacitance plus mounting capacitance
V - voltage across diode junction
I - current through R, including 1,

I, - dc bias current associated withv, .

The reader is reminded that the non-linearity of a diode (References 1 and 17) occurs in the V-1
characteristic of the junction, and that R in Figure A2 is not the static ratio of V to I but is the
differential ratio, (dv/d1), at a particular bias point on the V-I curve.

To convert Figure A2 into a simple equivalent RF circuit, it is convenient to represent the
bias voltage across C, and R, with an equivalent bias battery, Vv, , of zero impedance (the reactance
of C, is very small at microwave frequencies of interest). Then, by utilizing the equivalent series
impedance elements seen from the diode junction, one can construct the simple equivalent RF
circuit shown in Figure A3. Needless to say, circuit elements R, and L are frequency dependent.

L R The non-linear v-I characteristic of the
AAAA: —AN\- diode junction causes a non-linear relationship
m between the current I and the applied voltages
R (Vy, *E,). If we assume that E_ is a very small
9
I, 1 S sinusoidal signal,
T‘C RS v
Eg E, = bel®!, b << 1 (A2)
Vi
i —
! Then I_ canbe conveniently approximated by
Figure A3—Equivalent RF circuit of detector a Taylor series expansion (Reference 1) of
referred to diode junction, three terms about the bias voltage point v,,
: 1,
I, = ¢(V, *E ) X ¢(V,) + &' (Vy) = E, + 5 ¢"(V,) + B2 + -+ (A3)

The first term is the dc bias current, I, . The second term is the linear RF current component,

N

' (V,) * E = , (Ad)

where Z is the total series impedance of the circuit at the bias point, i.e.,

e [ron (i) ol ) @)
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The third term may be evaluated by squaring the real part of E_, whereupon

l " 2 2 —.]; " 2
3 #"(Vy) * bPcos?wt = 7 #"(V,) + b2 - (1+cos 2ut) . (A86)

This consists of the rectified current plus a second harmonic component. The second harmonic
component is of no interest here, so that Equation A3 may be written,

E

£
ngIb+Z+I

(AT)

Utilizing this approximation for I, it follows that the voltage, V, across the diode junction is given

by

z,
)
VeV, -R(I,+I,)+—5 - E_, (A8)

|4

where Z; is the equivalent series impedance of the diode junction,

z, = (gvyac) - (A9)

Note that R, does not enter into the dc voltage drop in (A8) because R . is zero at de. If we define
Vi, = (V, -R I.), then (A8) becomes

z
VIV, R I + <7’) E, . (A10)
Next define
Z;
v=v—vjbx(7 E -RI,, (A11)

i.e., v will be the excursion of v about the bias point v, .
Having thus defined v, the next step is to evaluate the current, I. Figure A4 illustrates a
nominal non-linear junction V-I characteristic. Since the excursions about the bias point (v o Ip)

are assumed to be very small, it is again convenient to write the non-linear function as a Taylor
series expansion of three terms about the bias point,

1
I = f(ij +v):f(vjb)+f'(vjb) .V+7f”(vjb) R B . (A12)
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Figure AM—Nominal V-1 characteristic illustration.

The first term, £(V;,), is simply the bias cur-
rent I, . The second term is the linear RF cur-
rent determined by the differential junction
conductance, G, at the bias point,

|

dI
f! (V. = |— =G =
Tiv) (d")v=vjb (A13)

In the third term, the second derivative of the
function may also be written as the first deriva-
tive of the conductance, i.e.,

d?1 dG
f”(v,-b) = ("—> = (—) =G’
dv
dv? V=V, vavy, (A149)
Thus, Equation Al12 may be written
IXI, +Gv +7G v? (A15)

The current, I, may now be combined with the current through the condenser, C dv/dt , to give the

current I_, i.e.,

or

~ dv 1., 2
Ig"‘Ib+GV+Cdt+2GV'

Upon substituting (A2) into (All), v may be converted into the form

Z
v X b7z

and if we now substitute this v into (A17),

Z .
ng1b+(G+ja>c)b<_zL> el _GR_1I,
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dv
I, =1I+Cg¢ (Al6)
(A17)
) el*t - R I_ (A18)
| b Zi jot _R I ’
t5 6 Z) ¢ Ther (A19)




or

2

1 i (w
ei(wt+6) - R, Ir] . (A20)

E Z.
I,xI, -GRI +—%+ =G -|b—
z 2 LiZ

Upon equating this I to the I_ found in Equation AT, the I, term and the linear E g/Z term will drop
out, leaving

1 Z| . z
Ir ~ - GRs Ir +~2— G l:b|7’ el (w46 _ Rs Ir] . (A21)

Only the average value of the squared term is of interest, so that it is necessary to take the real
part thereof. Furthermore, the voltage drop (R_1I,) is very small compared to the RF magnitude
of v, i.e.,

> R (A22)

blf’

Therefore, R_ I_ can be neglected in the squared term and Equation A21 becomes

1 . Z
1.1 +GRs)x—2-G b >

2
cos(wt + 9)] , (A23)
irom which the average value is obtained to arrive at the rectified current,

G'b? |Z,|?
In Figure A3, if the resistance R is derived entirely from the generator source impedance,*
then the incident RF power may be expressed in terms of E, as

|Eg‘2_ b2

1
P, =2 @R T 8R, (A25)

Upon dividing Equation A24 by Equation A25, the expression for the rectification current sensitivity,
B, is obtained,

‘ 2
I,  6'RZ]

i (1+GR) |Z|? (A26)

-

IB:

9|

8 i resistance other than from the generator, then a loss correction must be calculated.
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Appendix B

Tunnel Diode V-1 Characteristic

The voltage-current characteristic of a tunnel diode has not been rigorously derived as yet,
so that no single equation is known that is capable of accurately predicting the entire curve (Ref-
erences 15, 16, and 17). However, a reasonably accurate piecewise approximation can be obtained
by curve-fitting with an exponential function of the type derived in Nergaard and Glicksman (Ref-
erence 15) for an assumed tunnel diode model,

I=2441 (aV)lSes’ (B1)

where

g _ 1.6 - 107° coulombs
PR I
KT = 4 . 10721 watts/cycle

I_ = peak current

<
It

voltage across diode junction.

For curve-fitting, it is desirable to utilize the general form of Equation B1, together with its first

two derivatives,

I = A(aV)” eV (B2)
dI _ (> =
av ! (v i “) ¢ (B3)
-1
_(ﬁ_ :I[a2+2a’y + A% )}= G'. (B4)
dv? v v2

It will be noted in Equation B3 that the first derivative is the junction conductance, G, of the diode,
and in B4 that the second derivative is therefore G’.

The above relationships apply only to the diode junction, so that it is necessary to add a fourth
equation in order to account for the series resistance, R,

vV, =V + IR, (B5)

b
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where Vv, now represents the external voltage across the diode terminals, The value of R, must
be known accurately not only because of its effect upon the v-1 characteristic but, also because of
its effect upon the microwave performance of the diode. R is usually provided as part of the

manufacturer's data on the diode but, if it is not known or is in question, then it may be determined

from 1-v, slope measurements under forward bias conditions. The necessary relationship is

readily obtained by differentiating Equation B5,

L_ R, (B6)
()

Substituting for (d1/dvy from Equation B3 then results in

b

a1 (v
— +a
(3

If the forward bias voltage is large enough to obtain the condition /v «<«a, then Equation B7 simpli-

fies to
dvy 1

di el

1

Y a
- +Rs,forv<<

(B7)

).(%)ﬂs.

(B8)

which is a straight-line graph of (dv, /d1) versus (1/1) with R given by the intersection of the
straight line with the (dv_/d1) axis. Figure B1 illustrates such a graph plotted for the example

20
(/
18 P
»
7
/{
16 P
4/
vy
I U }}
o ¢t ,"A{
o ol

512 12 F4
et
5 «
I
2 -,
= o’
o 8
% !
Z
o 6
'S

4~

2.—

0 1 ] L 1 L

0 5 100 150 200 250 300 350

RECIPROCAL OF FORWARD CURRENT (I-‘)

Figure B1—Data plotof (AV, /ATI)vs.(1/1) to find R,
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diode where it will be noted that R, is 8 ohms.
The forward current becomes relatively large
during this measurement, so that it is neces-
sary toutilize pulses of low duty cycle in order
to prevent heating of the diode junction.

In curve-fitting the forward characteristic
of the diode, it has been found that satisfactory
accuracy may be obtained by utilizing the 1-v,
slope measured at zero bias, plus the reverse
bias peak current point values of 1, , V,,. The
zero bias slope, Gy, , is finite and requires a
current component 1., for which the value of »

in Equation B2 is unity,

a,V
I, =A (e, Vet (B9)
d1 a v
Ev_lz G, =Ajge +a,1 (B10)
d1
d _1. - = A a (Bll)
an v Gy = Ay oy

<
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At the peak current point, G, must go to zero so that from (B9) and (B10) we obtain,

dI

__l =0 = I i- + aj
dv Vav, pl A 1/
or
a, = __l. . (B12)
-V
P
V, can be obtained from Equation B5,
V, =V, -LR, (B13)

so that « is determined. Then A, is evaluated from Equation B11. Utilizing the MS-1012 diode
as an example, the following values were measured:

R, = 80Q
I, = -0.285 ma
V,, = -0.0483 volts

and Gy, = 0.0133 mhos.

Then from Equation B13 we obtain

v, = -0.0483 + 0.000286 - 8
and v, = -0.046 ,
from Equation B12
a = 1 _ = 2175 |
0.046
R0+Rs:Rd0:_._1_: L - 7s5q, (B14)
Gy, 0.0133
or
R =75-8=670=—12
Go ’
and from Equation B11
G
A=--2-—1 _ -o06s

17 a  21.75- 67

The calculated 1, vs. v, characteristic is shown in comparison with the measured data in Figure
B2. Its accuracy holds within 4 percent of the measured data for forward bias up to about 40 milli-
volts and for reverse bias to about -8 millivolts. Therefore, the I , equation is satisfactory for

35



+0.6

+0.5

+0.4—

+0.3

+0.2-

+0.1

I (ma)

CALCULATED
R .

-0.2+ >

\ MEASURED

0.3~ DATA

-0.4 1 1 1 1 1

-0.03 =-0.02 -0.01 0
W, (volts)

Figure B2—Comparison of calculated current I vs.

measured data for example diode.

1

the inflection point data together with V .
vanish, so that from Equation B4 one obtains

+0.01 +0.02 +0.03 +0.04

calculating first and second derivatives under
limited forward bias conditions and in the
vicinity of zero bias,

Under reverse bias conditions beyond -10
millivolts, current 1, is not quite accurate
enough, For instance, upon substituting Equa-
tion B12 into B9 the peak current I,, will be
found to be

Al ’Ax

A _-0.0687
2.718

2.718

pl e

(B15)

= -0.253 ma,

whereas the measured value is -0.286 ma, re-
sulting in an error of 11.5% in 1 ,. Also, the
I, equation results in excessive derivative er-
rors near the inflection point, such that it is
desirable to either add a second current com-
ponent based upon y = 1.5, or utilize a single
equation with an intermediate value of v. The
latter approach results in greatest simplicity.

A single equation curve fit of the negative
characteristic is best accomplished by utilizing

At the inflection point the second derivative must

ﬂ :ain 1+2_'}’ +_’)17_—2 =0 , (B16)
dv? (J,Vi (avi)Z
V=Vi
which has the solution
OLV.1 ==(Y + ‘/5/') (B17)

Upon substituting the peak current condition obtained from setting Equation B3 equal to zero,

dI
dv

+ a)

or
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— _ 4
=0 = Ip (7
V=Vp P

o
- VP

a =

(B18)




Then Equation B17 may be written as

1
. v, =V, (1 *ﬁ) _ (B19)

By substituting Equations B18 and B19 into Equation B2 one can relate the inflection point
current to the peak current,

1. <1—+@7 | g (B20)

The final relationship needed is the slope (conductance) at the inflection point, and this is ob-
tained by substituting Equations B18, B19, and B20 into Equation B3,

G =1, (XL ,a) - 2220/ L (B21)
Vi eW Vp
which may then be written as,
eyt o %) (B22)
& IR,

where R, is the inflection point negative resistance.

Equation B22 results in the ratio of vV, to I R, as a function of » only. In curve-fitting to
the actual diode characteristic, only three of the five conditions (1p PAAFS PR A R,) can be satis-
fied by the three constants available to us in the single Equation B2, so that the remaining two
quantities must be compromised, In practice, it has been found that the most satisfactory com-
promise is obtained by using the measured values of v, and R,, and choosing the inflection point
to lie on the measured data curve, This throws most of the compromise error into the magnitude
of I, but the price paid is small. Again utilizing the MS1012 diode as an example, the measured
values of v, and R, were found to be

v = -0.046 as determined previously
R, = =360 Q measured maximum slope
then
R, =R, ~R, =-360-8=-3680 . (B23)

Knowing v, and R, we can now utilize Equations B20, B22, and B19 to calculate pair values
of 1, and v, for various values of v. The equation for I, simplifies to,

L)) G_") . (B24)
y .

1

Upon converting v, into V,; values via the relationship

V. =V, + 1, R, (B25)

37



0.250 —
7=1)
/
0.240 |- J__—po1 OF (1;, Vi)
] PAIR VALUES FOR
=114 VARIOUS VALUES
0.230 |- ] OF ¥
[}
]
0.220 - r=1.2/
[
i
/
0.210 [~
7=1.3 y \_-MEASURED CHARACTERISTIC
) 1\ (MAXIMUM SLOPE, - 360 )
Zo.200 | !
- = /
=14
0.190 |- /
Y=1.54
0.180
0.170 |-
0.160 |-
0.150 1 1 1 1 i 1
75 80 8 9 95 100 105 110

=V (mv)

Figure B3—Pair values of (I, V,.) plotted on example
diode characteristic in order to determine the curve-
fitted value for 7.

we then obtain pair values of (1, v,,) that can
be plotted directly on the measured current-
voltage characteristic of the diode to obtain an
intersection point as illustrated in Figure B3.
The intersection point occurs at an interpolated’
value of v = 1,275, Upon using this value of y
one can calculate the following values from the
associated equations:

-0.209 ma from Equation B24
-0.0867 volts from Equation B19
v . = -0.08837 volts from Equation B25
R, = -3680Q from Equation B3 and B18
I_=-0.2875 ma from Equation B20.

The values of 1, , v,, , and R, show perfect
agreement as one would expect, since the curve
fitting was performed there. However, note
that the calculated value for I, agrees very
closely with the measured peak-current value
of -0.286 ma and, in fact, is accurate within the
overall measurement accuracy of about 0.5
percent. The calculations by this method of
curve fitting are very sensitive to the value of
Vp.

Let us identify this portion of the piecewise current approximation by I, and evaluate the
associated constants of A, and a, . Thus, from (B2) we have

I, = A (a,V)? e, (B26)

where v, = 1.275 as calculated above

Yy 1.275

-V, 0.046

%y

= 27.73 from Equation B18.

Upon substituting a, and v, into Equation B26 we get I_, . So

vy 7 72
I, =8,(-7)2e 2 =4, (_)

e

-72

and

Ay =T (

38

Y.
)2 = 42626 - 0.2875 = 0.755 ma.

e (B27)

e

(B28)




The calculated I, vs. V., characteristic is

. shown in Figure B4 in comparison with meas-
ured data. It is very accurate in the vicinity
of the inflection point, where it was curve
'fitted, and it holds within 3 percent accuracy
of the measured data for reverse bias voltage
range of approximately -20 to -130 millivolts.
Beyond -130 millivolts the "valley region" of
the diode characteristic commences and leads
into the reverse voltage breakdown, so that I,
accuracy becomes progressively worse. The
accuracy also deteriorates as one approaches
zero bias, and continues to be poor for forward
bias. Therefore, the I, equation is satisfac-
tory for calculating first and second deriva-
tives under reverse bias conditions only, and
it should be restricted to the range of approxi-
mately -10 to -150 millivolts.

I (ma)

+0.2

+0.1—

-0.1

-0.2—

-0.3

CALCULATED 1, ~

MEASURED DATA
(SOLID LINE)

-0.14-0,12 ~0.10 ~0.08 -0.06 -0.04 -0.02 O

Figure B4—Comparison of calculated current

DIODE BIAS, V, , (volts)

|, vs. measured data for example diode.

+0.2
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Appendix C

Symbols and Definitions

constant in diode current equation, Appendix B
amplitude of E,

video bandwidth

diode junction-capacitance

rf by-pass condenser

total video shunt capacitance

diode package and mounting capacitance

series equivalent rf signal generator voltage
total r.m.s. noise voltage

rf frequency

diode cut-off frequency for positive R

diode resistive cut-off frequency for negative R
rf bandwidth

diode differential junction conductance, (dI/dV)
first derivative of G

resistive component of diode junction current
diode dc bias current

total diode current, (I, =1 +C (dV/dt))
tunnel diode peak point current value

tunnel diode inflection point current value

detector rectified output current

41
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equivalent shot-noise-producing dc current
total r.m.s. noise current due to diode and R
Boltzmann's constant, (1.38 - 10~1% ergs/degree Kelvin)
equivalent rf circuit series inductance plus L_
diode series inductance

diode figure of merit

rf power incident upon the detector

tangential sensitivity input rf power level
electronic charge, (1.6 - 1072° coulombs)
circuit Q factor

diode differential junction resistance, (dv/d1)
equivalent series resistance of rf circuit
diode series resistance

equivalent video circuit resistance

total equivalent resistance of diode in parallel with R, (Note: R, is also used in
Appendix B to denote the inflection point negative resistance value ofR)

amplifier excess noise equivalent resistor
series equivalent junction resistance of diode
value of r at o,

temperature in degrees Kelvin

diode junction voltage

diode dc bias voltage

b ~ IRy

junction dc bias voltage, V;, =V
excursion of V from V, , (v =V -V )
total equivalent series impedance of diode plus rf circuit

equivalent series impedance of diode junction




a = constant in diode current equation, Appendix B

B - rectification current sensitivity

v = constant in diode current equation, Appendix B

I' - reflection coefficient referred to R,

7 = pulse rise time between 10 and 90 percent amplitude points

» = frequency in radians per second

w value of «» at center of rf passband

0

Subscripts:
0 - refers to diode zero bias point except for r, «y, B, I,
p - refers to diode peak current bias point
i - refers to diode inflection bias point except for the special case noted for R,

NASA-Langley, 1967 —— 10
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