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INTRODUCTION

The Hot Carrier diode is a new high frequency and
microwave semiconductor device that effectively bridges the
gap between the p-n junction diode and the old standby—
the point contact diode. It rivals the latter in high frequency
perfl:)rmance, and surpasses it in uniformity, reproducibility,
and reliability. Unlimited by charge storage phenomena and
exhibiting extremely low noise characteristics, the Hot Car-
rier diode is particularly suitable for fast switching in high
frequency computers and as a mixer, detector, and rectifier
element extending into the microwave region.

It consists of the practical realization of the theory ad-
vanced by Schottky in his work on metal semiconductor de-
vices and is made possible by the vast amount of recent
research in the metal-silicon technology; particularly by the
availability of very pure semiconductors, by improved tech-
niques of surface cleaning and passivating, and by the epi-
taxial construction methods. Essentially the Hot Carrier
diode is a rectifying metzl-semiconductor junction. The
metal-semiconductor interface can consist of a variety of
metals in conjunction with either n-type or p-type silicon.
In general, n-type silicon is preferred because the higher
electron mobility permits better high frequency petformance.
Diodes using evaporated gold, platinum, palladium, silver,
and many other metals have been built for a variety of spe-
cific applications.

Unlike the p-n junction diode, the Hot Carrier diode
is based on majority carrier conduction and in normal opera-
tion exhibits virtually no storage of minority carriers. This
effect is clearly shown in Figure 1, and results in more effi-

PN JUNCTION
DIODE
| nsec

20 mA/Div

HOT CARRIER
DIODE

10 nsec/Div

Figure 1. Switching Characteristic of Hot Carrier and P-N

Diodes

Top: High Speed P-N Diode with 1 nsec re-
covery time

Bottom: Hot Carrier Diode

Horizontal: 10 nsec/div.

Vertical: 20 mA/div.

Applied Signal: 30 MH:z

cient rectification at high frequencies. It is similar in concept
and in operation to the ideal point contact diode, inasmuch
as both employ a Schottky barrier. In practice, however,
their characteristics are quite different as can be seen in
Figure 2. Whereas the practical point contact diode employs
a sharp metal whisker to make contact with the semiconduc-
tor element, thereby producing an essentially hemispherical
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and probably alloyed rectifying junction, the Hot Carrier
diode employs a true Schottky barrier consisting of a planar
area contact between the metal and the semiconductor ele-
ment. The planar contact results in a uniform contact poten-
tial and uniform current distribution throughout the junc-
tion. This results in a lower series resistance, lower noise
characteristics, higher power capability, and greater resist-
ance to transient pulse burnout.

I0V/Div ~—|—= 0.1V/Div
- | ——

IN2IG HOT CARRIER

HOT CARRIER IN2IG

Figure 2. VI Characteristics of Hot Carrier and Point
Contact Diodes

THEORY OF OPERATION

The operation of a Hot Carrier diode can be understood
most clearly by referring to its appropriate! electron energy
diagrams shown in Figure 3. These diagrams show the ener-
gies of the free electrons in the metal and in the n-type
semiconductor under various conditions of bias. At zero bias,
Figure 3(a), there must be an electronic equilibrium be-
tween the two materials. This is indicated by a constant
Fermi level through the metal-semiconductor contact. The
bottom of the conduction band in the semiconductor, relative
to the Fermi Jevel, can be represented to be at a potential
V, adjacent to the metal and at a potential V, further in the
semiconductor. The potential V, presents a batrier to the
flow of electrons from the metal to the semiconductor and
is normally called the barrier potential. It is dependent on
the type of metal and semiconductor used, and is also
slightly dependent on the reverse bias. The potential V; is
dependent on the doping level in the semiconductor. The
difference between V, and V;, normally called the built-in
or diffusion potential V,, presents a corresponding barrier to
the flow of electrons from the semiconductor to the metal.

The mechanism of electron flow between the two mate-
rials is analogous to the thermionic emission from a hot
cathode into vacuum. The semiconductor in this case acting
as the cathode, and the metal as the vacuum. At zero bias
there is a constant interchange of electrons between the two
materials. The flow of electrons from the semiconductor to
the metal results in a current I, normally called the diode
saturation current. This current is dependent on the area of
the junction, the barrier potential and temperature. Since
there is an electronic equilibrium the net current across the
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junction must be zero and there is, therefore, an equal and

opposite current — I, flowing from the metal to the semi-

conductor.

When the Hot Carrier diode is forward biased (easy cur-
rent flow) as shown in Figure 3(b), the energy of the
electrons in the conduction band of the semiconductor is
increased, permitting them to overcome the barrier potential
and to be injected into the metal. These electrons are injected
with a large kinetic energy, or temperature, compared to the
electrons at equilibrium in the metal, hence the name "Hot
Carrier.”

If the applied external bias is V,, then the potential bar-
rier on the semiconductor side is reduced by an amount
V. = V. — iR, where iR, represents the voltage drop in

‘the semiconductor substrate resistance, commonly called the

diode series resistance R,
r—DEPLETION REGION
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Figure 3. Energy Level Diagram for Hot Carrier Diode
V, = Barrier Potential. A constant depending on the metal
Vy, = Built-in Potential = V, — V,

kT N, N, = Eﬂectiv? Density of states in
Vi=— 1n N conduction band
9 d N, == Donor Density

Vg = Gap Potential. A constant depending on semicon-
ductor material

V. = Applied voltage across the junction

V. = Applied external bias voltage

This reduction in the batrier results in an increase in
the current component from the semiconductor to the metal
which is exponentially dependent on the applied bias V,.
The current due to the clectron flow from the metal to the
semiconductor does not change because the potential V, on
the metal side remains unchanged.

The exponential increase of cutrent continues until
finally with large bias voltages the semiconductor conduc-
tion band is completely flattened and all the electrons in
the conduction band have sufficient energy to flow into the
metal. Beyond this point the only mechanism tending to
limit the current through the diode is the diode series re-
sistance. This series resistance is essentially ohmic for
moderate values of current, resulting in the linear VI char-
acteristics shown in Figure 2 at high bias voltages. The
slope of the VI curve beyond this point should be equal
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to the series resistance of the diode. However, it seems to
be the nature of semiconductor devices to behave in a more
complicated manner. In this case the effective series resist-
ance is modified by the injection of minority carriers (holes)
from the metal into the semiconductor substrate. These in-
jected holes have the effect of reducing the observed series
resistance—a phenomenon which is called conductivity mod-
ulation. The degree of conductivity modulation depends
strongly on the type of metal used to form the junction.
Hole injection under forward bias also accounts for the
minority carrier storage effects which can be observed when
the diode is taken rapidly out of heavy forward conduction.
This effect, however, is extremely small compared to the
same effect in p-n junction diodes, as seen in Figure 1.

At high current values, cotresponding to electron ve-
locities of the order of 107 cm/sec which are easily attained
in typical Hot Carrier diodes, the series resistance begins to
exhibit a non-linear behavior. This is due to electron scat-
tering effects in the lattice structure and is evidenced by a
gradual increase in the observed series resistance.

When the Hot Carrier diode is reverse biased, as shown
in Figure 3(c), the number of electrons in the conduction
band of the semiconductor, having sufficient energy to sur-
mount the barrier, is decreased. A reverse bias of a few tens
of millivolts is sufficient to reduce the component of elec-
tron current from the semiconductor to the metal to negli-
gible proportions—compared to the component — I, from
the metal to the semiconductor. We therefore expect that
the reverse current will be a constant — I, for all but the
smallest reverse voltages. However, the situation is not that
simple. In addition to a small Jeakage component of re-
verse current which behaves in an ohmic fashion, as if a
very large resistor were connected in parallel with the
diode, a component due to the slight dependence of V, on
applied voltage is also observed. This dependence is ex-
tremely small, and is quite negligible for forward bias, but
is important for reverse bias. It has been well established
experimentally that this phenomenon, called the image
force effect, is the primary mechanism for reverse current
flow in silicon Hot Carrier diodes. The reverse current in
the silicon Hot Carrier diode, up to a certain voltage limit,
is still many orders of magnitude less than the forward
current, despite image force and leakage effects. At the
voltage limit referred to above, called the breabdown volt-
age, the current suddenly increases extremely rapidly, often
much more rapidly than the onset of heavy conduction in
the forward bias direction. Avalanche multiplication, as in
p-n junction diodes, is usually responsible for this phe-
nomenon.

ELECTRICAL CHARACTERISTICS

Due to the close conformance of the operation of the
Hot Carrier diode with theory, its low level VI charac-
teristics can be accurately described by the following

equation:
. qV) 3 ]
1= Isl:<exp T 1 €))

where I, is the saturation current, 8 x 10-? amperes for

HPA 2300 series

q is electron charge = 1.6 x 10-1? (coulomb)

T is temperature in degrees Kelvin (°K)

k is Boltzman’s constant — 1.38 x 10-23 (joule/°K)

n is diode ideality factor —= 1.05 for HPA 2300
series )

V is the voltage across the diode junction (volts)
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Since n s close to unity then at room temperature,
(T = 300°K), eq(1) can be simplified to:

i = I,[(exp Q%) - 1] @)

where V is in millivolts

The voltage V stated in eq(1) and (2) is the portion of
the applied external bias voltage that appears at the diode
junction. At dc and low frequencies, this voltage is equal

" to the previously stated voltage V,. At microwave frequen-

cies V, is reduced by the presence of series inductance and
junction capacitance. This 1s clear from the equivalent circuit
of the diode shown in Figure 4. The individual values of
the circuit parameters are dependent on a specific diode
design and in this case are given for the HPA 2300 series
diodes.

Figure 4. Equivalent Circuit of Hot Carrier Diode

The junction resistance R; and the junction capacitance
C; are both functions of the current through the diode. The
junction resistance can be obtained from eq(2) by differ-
entiating as follows:

et Do) o

For V much greater than 26 or equivalently I much
greater than I, the following simplification is possible:

e 2 @

where 1 is in milliamperes

The junction capacitance C; can be obtained accurately
from the depletion layer capacitance expression for a step
junction.

C;
A @
Vi

where C;y, is the zero bias junction capacitance, typically
0.8 pF
and V), is the built-in potential ~ 0.45 electron volts

The series resistance R, is typically 11 ohms for the HPA
2350. The package capacitance C, is typically 0.15 pF. The
package inductance L, is typically 3 nanohenries, assuming
zero lead length outside the glass envelope.
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PHYSICAL AND MECHANICAL CHARACTERISTICS

The physical design and cross-section of the Hot Carrier
diode are shown in Figure 5. The diode consists of a
heavily doped n* silicon substrate approximately 0.020 x
0.020 inches on which an n-type epitaxial layer of a specific
resistivity is grown on one surface and an ohmic contact is
formed on the opposite surface. Following a thorough
cleaning and surface treatment, a matrix of metal “dots” is
deposited on the epitaxial surface to form the diode barrier.
The type of metal and the geometry of the "dots” is de-
pendent on the desired final diode characteristics—specifi-
cally, barrier height, reverse leakage current, series resist-
ance, and barrier capacitance.
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Figure 5. Cross-Sections of Hot Carrier Diodes

This diode chip is then soldered to a pedestal on one of
the package leads and an ohmic controlled-pressure contact
is made to the top surface of one of the metal "dots” with
a gold plated metal whisker. The package is then hermeti-
cally sealed in a controlled environment. A matrix of “dots”
is deposited to maximize the probability of making contact
to a single “dot” on a random try basis. In effect, every
diode package contains approximately a gross of potential
diodes in addition to the one to which a contact is made.

The overall case size of the diode is kept small, con-
sistent with normal handling and marking requirements.
This extremely small size and the use of gold-plated dumet
wire leads assure its adaptability to a variety of circuit

]
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packaging techniques, particularly printed boards, welded
cordwood, and miniature coaxial and strip-line circuits.

The combination of proper materials and precise process-
ing in a controlled environment results in extreme uni-
formity of diode characteristics and substantial mechanical
ruggedness. This has been demonstrated by several thou-
sand device-hours of reliability testing of the Hot Carrier
diode in which the failure rate has been found to approach
the value of 0.01 failures per million hours at 25°C
junction temperature. This is almost three orders of magni-
tude better than that which is observed? for comparable
military-type point-contact diodes.

~ Any reference to a reliability comparison of the Hot
Carrier diode with respect to the point-contact type cannot
avoid a review of the most common failure mechanism
associated with such diodes—that of pulse burnout. The
most commonly used term for rating this capability of point-
contact diodes is a statement of the energy level (usually
in ergs) that is used in the test. Such a simple statement of
energy level without reference to the time in which this
energy is dissipated and the ultimate effect of this dissipation
on the device characteristics is meaningless and does not
completely describe the pulse burnout capability of the
diode. Degradation is ultimately caused by an excessive
temperature rise of the diode junction. When energy is dis-
sipated in a time period that is less than the thermal time
constant of the diode (approximately 10 nanoseconds) then
the temperature rise of the junction will be a function of
the energy level. If, however, the energy is dissipated over
a longer period of time, then the device thermal conduc-
tivity will diminish the ultimate temperature rise. Under
these conditions, the average power dissipation capability
of the device applies.

The present test for pulse burnout resistance of the Hot
Carrier diode consists of a discharge of three pulses of
energy of a specified value through the diode in the for-
ward direction. This energy is obtained from a charged
capacitor and the value of the capacitance used is such as
to produce a time constant in conjunction with the effective
resistance of the diode during the discharge cycle that is
no greater than the thermal time constant of the diode.
This is the most severe condition of stress and corresponds
to the minimum value of energy required to produce
burnout.

In addition to this, it is also necessary to define the cri-
terion constituting burnout. In view of the fact that Hot
Carrier diodes are intended for both switching and high
frequency mixer and detector applications the present cri-
terion for burndut is set as a maximum change of 20% in
breakdown voltage. Although this is a suitable criterion for
burnout characterization of switching diodes it is not en-
tirely meaningful for mixer and detector applications. In the
case of mixer applications, a change in breakdown voltage
from a typical value of 30 volts to that of 24 volts does not
constitute a burned-out dicde since it does not result in an
increase in the noise figure of the diode. For mixer applica-
tion, a noise figure change of 3 dB has commonly been used
in the industry as the criterion indicating burnout. Tests to
determine the capability of the Hot Carrier diodes with re-
spect to this criterion are currently in progress. There are
preliminary indications that the energy levels may be as
high as 30 ergs for only a 1 dB change in noise figure.

Results of completed tests, using the 209 change in
breakdown voltage as the criterion, and gradually increasing
levels of pulse energy are shown in Figure 6. Based on these
tests a conservative limit of 5 ergs is currently used as the
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test level. However, it can be seen that the majority of
diodes will withstand levels in excess of 20 ergs.

HIAY

TN
X

20 \\

5 10 I5 20 25 30

PULSE
ENERGY — ERGS

Figure 6. Burnout Resistance of Hot Carrier Diodes

PERCENT SURVIVING

TYPICAL APPLICATIONS OF
HOT CARRIER DIODE

Due to its extremely fast turn-on and turn-off charac-
teristics, lack of charge storage, low excess noise, and very
uniform forward and reverse characteristics, the Hot Carrier
diodes are well suited for a variety of applications extend-
ing into the microwave region. In pulse applications they
are suitable for fast gating, clamping, sampling, waveform
generating, and logarithmic conversion in the fractional
nanosecond region. In the microwave area, they are useful
as: mixers, detectors, power monitors and rectifiers, limiters,
discriminators, harmonic generators, and ultra-fast switches
and modulators at nanosecond rates. The excellent uni-
formity of forward characteristics between diodes permits
a relatively easy and economic selection of matched pairs
or quads for use in balanced circuit configurations or where
accurate tracking between circuits is required. Typical for-
ward matching capabilities are: a forward voltage difference
of 20 millivolts maximum between diodes at several cur-
rent values, and a total capacitance difference of 0.2 pF
maximum at zero volts bias. Forward voltage difference of
5 millivolts can be obtained by special selection,

Among these many and varied applications of the Hot
Carrier diode, the most interesting, particulatly from the
point of view of revealing some of the important high fre-
quency attributes of the diode, are those of mixing and de-
tecting. The value of these attributes and their character-
istic behavior become most evident in these applications
and are consequently covered in greater detail.

MIXER APPLICATIONS

In general the term mixer applies to a circuit that is used
for converting an incoming high frequency signal to a sig-
nal having a lower frequency. This is accomplished by
means of a local oscillator (L.O.) signal and a non-linear
resistive element. The L.O. signal and the incoming RF
signal are coupled into the non-linear element. Under the
influence of the L.O. signal, the non-linear element becomes
a time-varying resistance. Under these conditions the di-
ode, insofar as it functions in the linear region, generates
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a difference frequency, normally called the intermediate
frequency (IF), the amplitude of which is proportional to
the RF signal amplitude and is independent of the ampli-
tude of the L.O. signal. For a given L.O. frequency, the
mixet, insofar as its RF bandwidth permits, will respond
equally well to two RF signals—one above and one below
the L.O. frequency. One of these is generally referred to
as the signal and the other as the image. The non-linear
resistive element is usually referred to as the mixer diode.
In general the IF can be anywhere from a few hettz to sev-
eral hundred megahertz. The choice of the IF depends
pretty much on the type of information being received and
the information bandwidth required for its reception. When
the IF is high, for example 30, 60, or 120 MHz, the mixer
is generally referred to as a superheterodyne type. When
the IF is low, the mixer is usually referred to as the ‘“Zero
IF” or "Doppler” type. The latter operation refers to the
condition where the transmitted signal also acts as the
L.O. and an IF exists only if there is a Doppler frequency
shift in the return signal.

The choice of the IF and the characteristics of the diode
used in the mixer affect the ultimate sensitivity of the re-
ceiving system in which the mixer is used. The sensitivity of
any receiving system for a specified signal/noise ratio is:

S = —174 + 10 log B 4+ NF, + 10 log (/N) ()

where S is the sensitivity of the system in dBm
B is the overall bandwidth of the system in hertz
NF, is the overall noise figure of the system in dB
S/N is the required signal to noise ratio of the
system

The noise-figure of a receiving system consisting of a
mixer followed by a high gain IF amplifier, is:

NF, = 10 log [Lumtm + (Fit — 1)La]

= 10log Ln(Fit + tm — 1) (7)

where Ly, is the effective mixer conversion loss expressed as
a ratio
tm is the effective mixer noise temperature ratio
Fy; is the noise factor (a numeric) of the IF am-
plifier

The terms L,, and t,, as used in eq(7), are characteristics
of the mixer and are not the intrinsic conversion loss (L4)
and noise temperature ratio (ty) of the diode. However,
since they are so highly dependent on the latter it is there-
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fore common practice to state these attributes of the diode
in terms of its performance in a specific mixer circuit, apd
to use the terms L., and t, synonymously as characteristics
of the diode.

Current practice, and the one used to characterize the
Hot Carrier diode, is to measure the noise-ﬁgufe of the
diode in a Standard mixer, using a broadband noise source.
The Standard mixer is designed to have equal input im-
pedance and conversion loss at the signal and image fre-
quencies. The measurement is made with the IF output of
the mixer matched to the IF amplifier input and at a
specified L.O. frequency and drive level. The noise ﬁgure
s0 obtained is commonly referred to as the doublf:-suie-
band (DSB) noise figure. This signifies the operation of
such a mixer when it is receiving usable signals in both
the signal and the image bands. To this measured DSB
noise figure a factor of 3 dB is added to convert it to-a
single-side-band (SSB) value. The latter signifies the noise
figure of the same mixer but when it is receiving a useful
signal in the signal band only, which is the most common
mode of operation. In addition, a correction factor is also
added to this value to reflect the effective noise tempera-
ture of the broad-band noise source used in the measure-
ment. This correction factor varies with the type of noise
source and the degree of match achieved between the noise
source and the mixer. Recent calibration tests? indicate that
the excess noise temperature of some noise tubes, commonly
used in coaxial noise sources, is in fact 15.7 dB or 0.5 dB
greater than the value of 15.2 dB previously accepted
and used in the calibration of automatic noise figure meters.
As a result, a correction factor of 4 0.5 dB is added to the
measured noise figure values of Hot Carrier diodes when
stating their noise figure performance as a mixer.

In addition to the noise figure value, the IF source im-
pedance of the mixer and the degree of impedance match
(stated in VSWR) that is obtained between the mixer and
the L.O. are also stated. These two parameters are measured
at the same test conditions as those used for the noise figure
measurement, and represent essentially a measure of the
IF and RF impedance uniformity of the diode in a speciftc
environment. Typical values of these parameters for pres-
ently available Hot Carrier diodes are shown in Table 1.

It is obvious that such characterization and specification
of the diodes is a useful measure of the mixer performance
and uniformity of the diodes, as any in situ test would be.
However, these tests leave a great deal unsaid about the
intrinsic capabilities of the diode; particularly in other cir-
cuit environments.

TABLE |
Typical Mixer Characteristics of Hot Carrier Diodes
Junction
Test SSB IF Impedance Series Resistance Capacitance

HPA Frequency Noise Figure ¥ RF impedance s 3(0)
Type GH: dB Ohms {VSWR]) Ohms (pF)
2400 2 6.0 150 - 250 1.5 7-11 0.5-0.9
2565 3 6.0 100 - 250 1.5 3-6 0.3-0.7
2511 3 6.0 100 - 250 1.5 3-6 0.3-0.7
2601 8 6.5 125- 250 1.5 4-7 0.2-0.6
2702 9.375 6.5 250 - 350 1.5 4-6 0.1-0.2

@
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To be able to use the diode and estimate its performance
in other mixer configurations, it is necessary to re-examine
eq(7). From this expression it is seen that at least one
other parameter, either L, or t,,, must be known. Although
either one can be measured, it will be shown that it would
be more useful to examine other approaches. It has been
shown* that t,, is related to the intrinsic noise temperature
of the diode t; by:

JREEY ) R

for the image terminated case
and

ta = 7 [ta (L = 1) + 1] ©)

for the image open or shorted case

The diode noise temperature ratio t; given in this ex-
pression is independent cf the frequency of operation of
the mixer but is dependent on the quiescent bias current
through the diode and tae IF. The variation of t; (ex-
pressed in dB with respect to unity) with frequency for
several values of diode current is shown in Figure 7 for
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Figure 7. Noise Characteristics of Hot Carrier Diode

both the Hot Carrier diode and a 1N21G low-noise point-
contact diode. From this curve it can be secen that t, varies
inversely with frequency at low frequencies and has a finite
and constant minimum value at high frequencies. It can be
shown® that t; for the Hot Carrier diode at any frequency
can be described accurately by:

Kalg
f

The first term of this equation is the constant term repre-
senting the shot noise and thermal noise. The second term
represents flicker or 1/f noise. For the average Hot Carrier
diode, the constant t, is typically 0.8 and K, is typically
1.8 Hz per pA. By integrating over a band, the noise tem-
perature in a given band can be derived and shown to be:

Kol £ (11)
1

ta = tw + B f
where B is the bandwidth (f, — f,)
f, is the upper frequency
and f, is the lower frequency

ta = te + (10)
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The noise characteristics of the diode as shown in Figure
7, inasmuch as they are considerably different from those
usually observed in point-contact diodes, may require clari-
fication. The reason for the low value of t, resides primarily
in the fact that the diode junction is a planar junction with
a uniform contact potential. It has been shownS® that the
average noise current generated by an ideal diode is:

i = 4kTG;B — 2qI,B (12)

where k is Boltzman's constant
G; is the conductance of the barrier — 1 /Ry
I, is the diode current
B is the bandwidth

The available noise power from such a junction is
given by:

i
4G;
By substituting the value of G; given for the Hot

Carrier diode eq(3) the resulting available noise power
from the Hot Carrier diode is shown to be:

Py = (13)

- ; 1 Id )
P.. = kTB (1 2 Moty (14)

Since I; for normal mixer operation is much larger than
I,, I, can be neglected and it is seen that the available noise
power for the Hot Carrier diode approaches one-half the
available noise power of a resistor with an equivalent resist-
ance value. The discrepancy between the value of 0.8
given in Figure 7 with that of 0.5 indicated by the above
relationship is due to the fact that the diode contains a
series resistance, the contribution of which is kTB.

The noise characteristic shown in Figure 7 can be .used
in conjunction with the proper conversion loss for de-
termining the noise figure of a mixer for any IF frequency
and bandwidth. The conversion loss stated in eq(7) is
the effective conversion loss realized in a specific mixer.
This conversion loss is dependent on several factors and
can be considered to consist of the sum of several losses.
The first loss is dependent on the degree of match obtained
at the RF signal and IF ports. Any departure from an
optimum match at either of these ports will result in a loss
of RF signal being delivered to the diode, and a loss of
available IF signal at the diode being delivered to the IF
amplifier. This loss can be expressed as:

(S: + 1)
485,

2
Li=10log @1—4—;—1—)— + 10log (15)
1

where S, is the RF VSWR and S, is the IF VSWR

The second loss represents a loss of signal power due to
the presence of the series resistance (R,) and junction
capacitance C; in the actual diode. The amount of this loss
can be evaluated (see Appendix II) from a consideration of
the R,, C;, and R, portion of the diode equivalent circuit
shown in Figure 4, and can be expressed as the ratio of the
input RF signal power and the power delivered to the junc-
tion resistance, or:

L; = 10 log l;i“ =10 log [1 + Ili—“ + wijstRi] (16)
i i

The value of R; used in this expression is the time
average value established by the L.O. drive. The minimum
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value of this loss occurs when Ry is equal to 1/0C;y and is
equal to:

Lz (min) = 10 IOg (1 + 2wCiR.) (17)

To achieve this minimum at a specific operating fre-
quency, the L.O. drive level must be increased until the re-
quired value of R, is established. This level of drive is the
optimum required at that frequency. At 2 GHz it is ap-
proximately 1 mW for the HPA 2350. The value of the
function in eq(17) increases rapidly for lower L.O. levels
and slowly for higher L.O. levels. Consequently the loss
due to L, is more pronounced at lower L.O. drive levels
than it is at higher levels. Lower values of L, at low L.O.
drive levels can be obtained by introducing a constant dc
bias on the diode in the forward direction. Use of dc bias
can be beneficial from two points of view. It can be used
when a sufficient amount of L.O. drive is not available, or
it can be used in conjunction with an intentional decrease
in the level of L.O. drive. This is done to decrease the level
of noise that is brought in with the L.O. signal. However,
care must be exercised in this trade-off not to introduce ex-
cessive noise with the dc bias current, as a high level of
noise introduced can obviate any real advantage to be
gained with the use of dc bias.

The third factor affecting the overall conversion loss is
the actual conversion loss of the junction. This loss depends
primarily on the forward VI characteristic and partially on
the reverse VI characteristic of the diode. If the diode VI
characteristic is expressed as:

i=Kv: forv>0
and (18)
i=gpv forv<o0
~ _dlogi
where X = m
8, = the reverse or back conductance of the diode and

K = a proportionality factor.

Then it has been shown”# that the minimum available
conversion loss that can be realized under various condi-
tions of image termination is a function of x only. For the
image terminated case this function is given as:

T4 vz — 2v2) (1
o (14 VD) (52)

()
where Y1 = ¥| = _' 2|
2. 2 . (20)
<i—1|’
and N W
”“i+1|f—q
T2, To !

A plot of this function is shown in Figure 8, from which
it can be seen that the conversion loss decreases rapidly for
increasing values of the diode exponent x. The value of x
is the slope of a log-log plot of the diode VI characteristics,
and can be determined using the relationship:

log — where i, > Iy
X=—= (21)
log = and v:>w
1

Application Note 907

~

HAGE NATCHED CASE

CONVERSION 10S§ {dB)

~

o

CRYSTAL EXPONEWT X

Figure 8. Harmonic Conversion Loss

Such a plot is shown in Figure 9 for both the HPA
2350 Hot Carrier diode and a typical 1N21G point-contact
diode. From this plot it can be seen that the exponent X is
much latger for the Hot Carrier diode (typically 8.8) than
for the point-contact diode (typically 4.3), and that it
remains high and constant over a larger range of diode
current than for the point-contact diode. This indicates
that low junction conversion loss can be obtained over a
very broad range of L.O. drive. For example, Figure 9 shows
that the current range over which X is maximum (typically
8.8) for the HPA 2350 is about 0.01 mA to 10 mA, whereas
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the current range over which X is maximum (typically 4.3)
for the point contact diode is about 0.2 mA to 5 mA. Since
diode current is proportional to the L.O. drive level this
indicates that the junction conversion loss (L3) correspond-
ing to this value of X remains constant over a very broad
range of L.O. drive level.

One implication of this is that a large linear dynamic
range can be obtained by operating a mixer at high levels of
L.O. drive. The linear dynamic range of a muxer usually
means the range of signal power from threshold to some
higher value at which a prescribed degree of compression or
departure from linearity occurs. The threshold level is deter-
mined by the system requirements and mixer noise figure as

.shown in eq(6). The upper level is determined primarily

by the L.O. drive level. For a one dB departure from line-
arity the upper signal level for the HPA 2350 will be typi-
cally 2.5 to 3 dB below the L.O. drive level, and will follow
the L.O. level. The dynamic range will therefore increase
with the L.O. drive, until it becomes limited by the increas-
ing values of Ly and Ly with L.O. drive. For example, at
2 GHz, the noise figure of an HPA 2350 diode at a 20 mW
L.O. drive level is typically 0.5 to 0.8 dB higher than it is at
the 1 mW level. Consequently an increase of 13 dB in L.O.
level results in an increase of 12.5 to 12.2 dB in dynamic
range. By contrast the increase in noise figure of a point con-
tact diode is typically 2 dB for the same levels of L.O.
power.

Another implication is that low conversion loss can also
be obtained at very low levels of L.O. drive. However, opera-
tion in this range is restricted by the previously mentioned
necessity of maintaining a minimum L, loss at the specific
operating frequency. It can, however, be obtained through
the use of dc bias.

When all of these losses are considered, the following
values are obtained for a typical HPA 2350 diode at 2 GHz:

L, = 0.26 dB for RF VSWR of 1.5/1 and IF VSWR
of 1.3/1

L; = 0.9 dB for R, = 11 ohms and C; = 0.8 pF

1;,=39dB forx =838

L, = 5.06 dB (3.2 ratio)

This value of L, in conjunction with t, of 0.85 gives
a value of t; = 0.945. The resulting mixer noise-figure,
for an IF amplifier noise-figure of 1.5 dB, is 6.4 dB. This
value corresponds very closely to the measured typical
value of 6.5 dB for the HPA 2350 diode. This technique
can be used for predicting the expected performance of
the diode at other conditions of image termination.

In addition. to the characteristics described above, there
are two more diode characteristics that have bearing on the
practical design of mixers. These are the RF and IF im-
pedances of the diode. Both of these impedances are a
function of the L.O. drive.

At typical IF frequencies (30 or 60 MHz) the reactances
due to L,, C,, and C; are negligible and consequently the
IF impedance is a pure resistance. Typical values of this
resistance, at various L.Q. drive levels, are given in Figure
10, for HPA 2350 diode. From this data it can be seen that
the impedance in the range of optimum L.O. drive of 1 mW
is about 180 ohms with 2 typical range of 150 to 200 ohms.
This is about one-half the value normally obtained for
point-contact diodes. Since this is in the range of normal
impedance levels of low-noise transistor IF amplifiers, a
minimum amount of matching is required between the
two. This benefit is maximized in the case of balanced
mixers where the combined IF impedance of the two
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diodes is on the order of 90 ohms. In this case practically
no matching is required and the two units can be separated,
if necessary, using commonly available 93 ohms transmis-
sion-line hardware.

280, T

T T T 1y - T T LENL O L
260) \

(OHMS)
Z2
L~

I\f INPEDANCE
=
L=

1 b1 1112 L S T T S S N 1

00.I 10 10
LOCAL OSCILLATOR POWER  (mW) 2330

Figure 10. IF Impedance of HPA 2350 Hot Carrier Diode

At the higher RF frequencies, the impedance of the diode
as seen by the RF source is influenced by the presence of
L,, C,, and C;, and is consequently a complex impedance
that depends on the frequency, L.O. drive level, and the
output IF load. At a 1 mW signal level and with the diode
terminated by a 16 pF RF bypass capacitor, typical RF im-
pedance values for the HPA 2350 in a 7 mm coaxial 50-
ohm system are: 41-j42.5 ohms at 2.4 GHz, 52.5-j52.5
ohms at 2 GHz, and 115-j75 ohms at 1 GHz. Generally these
values are suitable for a rough first approximation of the
required matching structure. In actual practice, the final
matching structure is best determined empirically since it is
influenced by the actual IF terminating conditions, the geom-
etry of the structure around the diode, the position of the
matching structure with respect to the diode and the required
signal, image and L.O. terminating conditions.

DETECTOR APPLICATIONS

Detectors are essentially Jow sensitivity receivers which
function on the basis of direct rectification of the RF signal
through the use of a non-linear resistive element—a diode.
Generally detectors can be classified into two distinct types:
the small-signal type, also known as square-law detectors;
and the large-signal type, also known as linear or peak de-
tectors.

The small-signal detector operation is dependent on the
slope and curvature of the VI characteristic of the diode
in the neighborhood of the bias point. The output of the
detector is proportional to the power input to the diode,
that is, the output voltage (or current) is proportional to
the square of the input voltage (or current), hencesthe
term “square law.” )

The large-signal detectot operation is dependent on the
slope of the VI characteristic in the linear portion, conse-
quently the diode functions essentially as a switch. In
large-signal detection, the diode conducts over a portion of
the input cycle and the output current of the diode follows
the peaks of the input signal waveform with a linear rela-
tionship between the output current and the input voltage.



Page 10

SMALL-SIGNAL DETECTOR

The most important characteristic of a small-signal de-
tector is its sensitivity. Sensitivity is determined by a number
of factors including the RF matching structure, the rectifi-
cation efficiency of the diode, the output impedance of the
diode, the noise properties of the diode, the input imped-
ance of the amplifier, the noise properties of the amplifier,
and the bandwidth. The rectification efficiency of the diode
is usually stated as either current sensitivity—meaning the
ratio of incremental output current to the RF input power,
or voltage sencitivity—meaning the ratio of incremental
output voltage to the RF input power. The two are inter-
related as follows:

A
B=p- (22)
and
Av
7 - Pin - .BRV (23)

where R, is the dynamic resistance of the diode and is
commonly called video impedance or video re-
sistance

By a Taylor expansion of the diode characteristic repre-
sented by i = I, (e,, — 1) where u = q/nkT, it can be
shown (see Appendix I) that the current sensitivity is:

g=d 2/ (24)

where A is the peak amplitude of the voltage at the diode
junction

At low levels of signal the bracketed factor is approxi-
mately unity and detection is in the square-law region. A
significant decrease in this factor signifies a departure from
square-law operation. The maximum signal levels that can
be accommodated by the Hot Carrier diodes for departures
from square-law by 0.5, 1, and 1.5 dB are shown in Figure
11. Since the ideality factor n of the Hot Carrier diode is

10,
W T T T T LI B S L T LI e
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P

Figure 11. Upper Limit of Square-Law Operation
Typical HPA 2350
Prax = Maximum signal power input for a departure of
A (dB) from square law detection
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1.05 the low level current sensitivity for these diodes is
typically 18.4 pA/uW. For higher values of n, 8 will be
correspondingly smaller. For the point-contact diode the
value of n at low levels of signal is typically 1.7-1.9 and
the corresponding current sensitivity is 11-10 pA/uW.

The current sensitivity defined above is based on the
junction characteristics of the diode and does not include
the effects of the series resistance and the junction capaci-
tance of the diode. These effects can be included by de-
fining a conversion efhiciency of the diode as follows:

nm3(3) )

Where the factor P;/P,, represents the ratio of the power
delivered to the junction to the input power. It was shown
in eq(16) that this factor is dependent on the frequency
and the diode bias, and increases rapidly with bias at low
bias levels. In normal detector operation, the self bias cur-
rent is extremely small resulting in low B,. This situation
can be improved by the use of a forward external bias on
the diode. The use of external bias has other beneficial
effects in that it lowers the RF and the output or video im-
pedance of the diode. The lower RF impedance makes it
easier to match the input impedance of the diode to the
usually low impedance of the RF source (typically 50
ohms). The lower output impedance permits the use of a
lower input impedance in the amplifier and results in an
increase in the bandwidth of the output circuit. This is
particularly beneficial when low input impedance transistor
amplifiers are used in conjunction with the reception of
pulse signals. However, as with good food and belly per-
imeters, there is also a limit as to how much bias can be
tolerated. This limit is set by the 1/f noise characteristics
of the diode shown in Figure 7 and by the amplifier noise
properties. This characteristic indicates that the excess noise
generated in the diode will increase with bias. Consequently
a trade-off possibility is indicated. The optimum amount
of bias needed to assure the best trade-off can be obtained
from a consideration of the effect of conversion efficiency
and noise generation on the sensitivity of the detector. The
sensitivity of a detector is the amount of available signal
power (in dBm) that is required to produce a specified
signal-to-noise ratio at the output. The various terms cur-
rently used for this measure are: The Minimum Detectible
Signal (MDS), which corresponds to a signal-to-noise ratio
of approximately unity; the Nominal Detectible Signal
(NDS), which is defined for a signal-to-noise ratio of
unity; and the Tangential Sensitivity (TS), which corre-
sponds to a signal-to-noise ratio of approximately 2.5. Al-
though the latter measure is highly subjective and depends
upon the operator, it is, however, the one most commonly
used by the industry and will be used here.

Under these conditions the ratio of the signal current
to the total noise current at the input to the amplifier is
equal to 2.5. Using eq(23) and (25), the TS can be
stated as (see Appendix IV):

TS = —odn _ (26)

(%)

Where i, is the total noise current at the input to
the amplifier and includes the contributions of : the diode
junction given by eq(11), the diode dynamic resistance
R, =R; 4+ R,, the load resistance Ry, and the equivalent

@
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noise resistance of the amplifier referred to the input R,.
Using the simplifying assumptions that R,/Ry, <<1 and
that Ry, > 5 R, which is usually true, the following ex-
pression for i, can be obtained (see Appendix III):

s 4kTB RA
In = \/TV‘ \/1 + R, (27)

Whete B is the bandwidth of the output circuit, and R,
is an equivalent noise resistance representing the amplifier
noise resistance and the flicker noise contribution as shown
in Appendix III. Substituting this into eq(26) and re-
arranging terms, TS can be expressed as follows:

. B
TSy = 10 1og | ST VR T | /RE R, |

2
+1010g[1+<fi>]+5logB

=TS, + TS + 5 log B (28)
Where f. = v/1 + RqR; /27C; vR.R; (29)

The first bracketed term in this expression can be con-
sidered as the “zero frequency” tangential sensitivity TS,.
This term is dependent on R,, which is a constant for a
given amplifier and flicker noise coefficient, K,, and R;,
which is a function of bias current. The variation of TS,
with bias for several values of R, is shown in Figure 12 and
is seen to result in a decrease in sensitivity with increasing
bias. The second bracketed term, here defined as TS, ac-
counts for the variation in sensitivity as a function of RF
frequency and the variation of cut-off frequency with
bias. This variation is shown in Figure 13 for several fre-
quencies and is seen to result in an increase in sensitivity
with increasing bias. The last term in the expression ac-
counts for the usual variation of sensitivity with band-
width. The optimum bias current, for any given RF fre-
quency and noise characteristic, R,, can be obtained by con-
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Figure 12. Variation of TS, with Bias Current
Typical HPA 2350

For use in: TS = TS, + TS; 4 5log B

R, = Video amplifier equivalent noise resistance
__ (en)? 1.1 x 10°% £
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where en = Amplifier noise voltage referred to input
B = f, — f; = Video bandwidth
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Figure 14. Optimum Bias for Specified Frequency (f) and
Amplifier Noise Resistance (R,)
Typical HPA 2350
Note: Intersection of slopes determines optimum bias for a
given operating frequency (f) and video amplifier
equivalent noise resistance (R,).

sidering the variation of the slopes of TS, and TS, with
bias. A plot of these slopes is shown in Figure 14. The
optimum bias current is found at the intersection of the
specified R, curve with the required frequency curve. The
values of TS, and TS; corresponding to this bias point are
then obtained from Figures 13 and 14 respectively. The
final tangential sensitivity for a specified bandwidth is ob-
tained from eq(28). A comparison of the predicted and’
measured TS of the HPA 2350 diodes at 27 pA bias is
shown in Figure 15.
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The output resistance of the diode (R,) is also established
by the choice of bias current inasmuch as it is equal to
R, 4 R;. For best sensitivity and highest square-law range,
the load resistance should be as high as possible relative to
the diode output resistance. Therefore, the lower output re-
sistance made possible by the use of bias places less stringent
requirements on the input resistance of the amplifier. The
output resistance of the diode in conjunction with the ca-
pacitance of the output circuit also determines the band-
width of the output circuit. The lower output resistance of
the diode permits the use of higher output capacitance
which is needed to maximize the RF power delivered to
the diode.

Typical detector performance and parameter values of
the HPA 2350 are given in Table II.

TABLE Il

Typical' Detector Characteristics of
HPA 2350 Hot Carrier Diode

Tangential Sensitivity ('TS) — 64 dBm
Video Resistance (R,) 1000 ohms
Upper Limit of Square-Law — 27 dBm
Carrent Sensitivity 8 18.4 uA/uW
Noise Corner Frequency 50 Hz

Noise Temperature Ratio @ .0 Hz (t4) 6

NOTE 1: All values are given at 2 GHz with the diode
biased at 27 wA and working into an amplifier with a noise
resistance of 200 ohms, a bzndwidth of 100 kHz, and an
input impedance of 25 K ohms shunted by a capacitance of
15 pF.

LARGE-SIGNAL DETECTORS

In large-signal or linear detection, the most important
characteristics of the diode are: low series resistance, large
linear range of the VI characteristic, high reverse resistance,
and high reverse breakdown voltage. The requirements for
the RF input circuit for large-signal detectors are the same
as for Jow level detectors and must be designed for a good
match or low VSWR. The RF by-pass capacitance at the
output of the diode must be high enough to provide a good
short at the RF frequency consistent with the RC require-
ments of the output circuit. The RC time-constant of the
output circuit must be sufficiently small to assure that the
output voltage follows closely the peaks of the modulated
RF signal. The RC time-constant is therefore a function of
both the maximum modulation frequency and the index
of modulation. Because of thae high reverse leakage charac-
teristics of point-contact diodes, the RC time-constant is
highly influenced by the reverse resistance of the diode and
is dependent on the drive level. The extremely high and
constant reverse fesistance of the Hot Carrier diodes re-
lieves this restriction and permits the design of the output
circuit to be determined on the basis of modulation re-
quirements. The linear-range of the diode must be suff-
ciently large to assurte linear detection at the crest and valley
points of the modulated RF waveform as determined by the
modulation index. Because of the high levels of drive used
in linear detection, the diode is usually substantially back
biased. Under these conditions, the ability to operate in
the linear region at both the crest and valley points of the
modulated waveform is determined by the reverse break-
down voltage. Higher reverse breakdown voltage of the
Hot Carrier diode allows operation at higher peak signal
voltages thereby assuring linear detection for larger modu-
lation indexes, and/or higher available power levels. For

Application Note 907

Hot Carrier diodes the minimum RF signal level at which
peak detection begins is approximately 0.1 volt RMS, and
the upper limit is that at which the peak-to-peak RF

BV,

22

voltage equals the reverse breakdown voltage, or

volts RMS.
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APPENDIX |
Current Sensitivity of Hot Carrier Diode

Any continuous function can be expanded in a Taylor's
series of the form:

. x? x3
f(x + h) = f(h) + xf'(h) + 5 f'"(h) + —G—f”’(h)
(1)
X4 o e
+ 24f (h) +

Ignoring higher order terms, and letting x = A c0s o,

the incremental resule, f(x + h) — f(h) = Af, can be
written:

— & iz f_\_j /III] [ ’ f ///]
Af—[4f+64f + Af+8f €0s wt

A? 17 E 1107
+[71_f +48f ]cos2wt 2)

3 4
+ [% f”’] cos 3wt + [IA@ f’"’] cos 4wt

Letting i = f(v) and v = A cos wt we can define a power
expression as:

P = vi* = [A cos wt]i* 3)
By an application of the trigonometric identity:
€OS X COS NX = %[cos;(n + 1x + cos(n — 1)x] 1)

It can readily be seen that this has a constant term if and
only if n is one. Therefoze eq(3) reduces to:

A A ]
> . 2 ' L ety
P= 5 [Af + g f (5)
The only constant terra in eq(2) is the first and therefore:
s Al 7 Al IIII]
A1—[4f +—64f (6)

Current Sensitivity 8 may then be written in the form:

E " E 1" E 1000 (01t
OO U Vil Et ety P
TP TAT L AL 2y A?

2[Af +8f :I 1+—8_—f/—

Now suppose i = f(v) describes the Hot Carrier diode
barrier. Then.

i== Iy(ewv —1) 8)
where u = q/nkT

Since the eqs(1), (2), (5), (6), and (7) are derivatives of
f(x) evaluated at the point x = h, let h = V,, so that:

i = = ILue"w.
i// — fll - Igu’e“"o (9)
P o= {1 = Isuae“"o

i!III - f//ll = 15‘146“"0

Substituting these relationships in eq(7) yields the result:
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s (3]

()

This expression appears as eq(24) in the text.

(10)

Since u is a constant, independent of bias, eq(10) de-
scribes square law detection so long as the bracketed factor
is approximately 1.0. The power level at which 8 deviates
from square-law can be found from the bracketed term in

eq(10):
Au Y
T (%) a

(%)

Since A is the peak voltage on the barrier, the power taken
by the junction will be (approximately):

Error (dB) = A(dB) = 10 log

AN
~< \/2) Al _(Au)2 814
P=—p-=ul=\7) 3 (12

Substitution in eq(11) gives the expression for the power
level, PA, at which an error, A(dB), results.

A/10 _
PA (dBm) = 30 + 10 logw 8};‘ lO———A—l (13)
2 — 10°"°

Eq(13) is valid only for small (less than 1.5 dB) values
of A because a limited number of terms were used in eq(1).
This expression is plotted in Figure 11 of the text for A
values of 0.5, 1, and 1.5 dB.

Conversion Efficiency of Hot Carrier Diode

When eq(10) is multiplied by a factor which described
the ratio of power entering the junction to power entering
the diode, the result is the Conversion Efficiency, Be:

u Pj
Bc = § [ l)in] (14)

APPENDIX 1l
Cut-off Frequency of Hot Carrier Diode

By referring to the diode RF equivalent circuit shown
below

tp p s
RF
SIGNAL TuNER] =< Cp 7401' Rj
SOURCE .
A B’

an expression describing the power entering the diode at
A — A’, to the power entering the junction at B — B’, can
be derived as follows:
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. . 1Ry _:]2
Pin _ "R+ [‘\/1/&2 + G

P, IR T
[I\/I/R,~2+w’(3j2] ’

=1+ % +oRRCE (1)
1

This expression appears in eq(16) of the text.

Eq(1) can be further simplified to the form:

o+ B[+ (D)] e

in which f is the input signzl frequency, and f, is the cut-
off frequency which is descrived by:

Vit
= 3 C/RE, @)

In the above R, is nearly constant at currents less than five
milliamperes, and is approximately 11 ohms for the HPA
2350 diode. The junction capacitance C; varies according to:

1/2
C = G <1 - VV‘> (4)

b

Ci(o) Is the zero-bias junction capacitance, and is approxi-
mately 0.8 pF for the HPA 2350 diode. V,, is the built-in
potential == 0.6 volt for HPA 2350.

The diode expression given in eq(1) of the text can be
rearranged to express the junction voltage V in terms of the
diode bias current 1, as follows:

_1 &) 1L
V—uln <1+ 1, ~uln L (5)
Inserting this into eq(4) above and rearranging gives:
1 1,
Cj = Cj(O)/\/l - u—valn Tl: (6)

Substituting the values:

u = q/kT = 38 volts!
Ve = 0.6 volt

I, = 8 X 10~? amperes
Inx = 2.3 logux

The following expression for C; in terms of the diode
bias current I4 is obtained.

C; = Ciw/v/1 - 0.1 log (1251.) )
in which l4 is in microamperes.
Eq(7) in conjunction with eq(3) of the text is used to cal-

culate the variation of cut-off frequency f, as a function of
diode bias current I,

APPENDIX 11l
Noise Analysis

The total noise at the input to the amplifier can be ob-

tained from a consideration of the following equivalent
circuit.

Application Note 907

ig sty ind S:Rl 8inl ia AMPL.
-Rj+Rs

Where:
1, = Rectified Signal Current

1na = Diode Noise Current = %S—B ta
im = Load Resistor Noise Current = ﬂ{RIIE
1

i, = Amplifier Input Noise Current
e. = Amplifier Input Noise Voltage
R; = Load Resistance (Amplifier Input Resistance)
R, = Diode Dynamic Resistanceat Video IFrequencies

From this circuit the total noise current 1, will be:

in = \/ind2 + inl2 -+ iaz + (11i + é) 832 (1)

For the purpose of analysis it is useful to represent the
various noise voltages and currents, in a specified band, as
equivalent resistances as follows:

- 4kTB
ha' =\ ta

, (41@3)
TR, @)

e’ = (4kTB) R,

Thus eq(1) may be rewritten as:

R e (s WS W N N
In“\/4kTB\/Rv+ R1+Rp+ sz +RVR1

R.
8 HO

R

In most applications it is close enough to assume that
1/R; and 1/R,, are negligibly small, which leads to:

. _/AKTE
n = Rv

With the exception of a multiplicative constant, eq(4) is
simply the inverse of the Figure of Merit. However, the
Figure of Merit is usually specified for R, = 1.2 K. Such a
high value of R, does not do justice to the low noise propet-
ties of Hot Carrier diodes. Consequently a more precise
analysis is therefore justified.

Rewriting i, to represent it as a resistance, R, with a noise
temperature ratio which includes the amplifier:

- /BB
1, = Rv

R, , R, R, ,K 2R, R, Ry
\/td+E+E+E+—RT+<RlXRI) (5)

v'taR+ + R, @

/

@
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If the bias current I4 is high enough to make R, signifi-
cantly different from R;, then the terms in which R, appears
will, except for Ra/Ry, be much less than ty, which is near or
greater than unity. In this term above, therefore, it is signifi-
cant to retain R, = R; -+ R,. Therefore let

R, _Ri__1

R] - R[ uIde

R _Ry__1

R,” R,  uLE, ®)
R._  ulyR,

R, -1t ulLR ~ ulsR.

Making the substitution described in eq(6) gives:

= (KIB [y R L FL L R
‘"“\/ I R +uId[RP+ 1<1+RI>]

T RnuId 3
+ [1 T uIdR_a] @
To examine the effects of flicker noise, the complete ex-
pression for tq as given by eq(11) of the text, i.e.:

Kol 2 ®)

td= tw+_B fl

is substituted in eq(7) resulting in:

. 4kTB\/1 1,1 Ra
‘n*\/—R—v” u—h[Rp+Rl<l+Rl>]

©)
2Ra Rn I{n f2
+ [tw -+ ﬁ;‘] + ul, [“1 +_Rsu—1d + B In ﬁ]

This exptession is complete, and includes such approxi-
mations as are appropriate in @zy situation. There are, how-
ever, certain specific conditions justifying further approxi-
mation.

It is #sually true that R./R) << 1, in which case:

R.\ _ 2R. [ _ , .
(1 + Rl) =1 and [t“ + R :I = 1since tw <1 (10)
Using these approximations, eq(9) reduces to:
oo/ EIB I TL L
-y R, Vil [R,,+ Rl] +

TR K6
1+ Ruls uB i

+ ul,4 [ v

To obtain optimum square law range it is usually a
standard practice to make R; 2> 5 R,. Under this condition

the assumption that l:il{_ + _1._] = 0 is suitable. At bias

P R

currents less than 300 pA, an equivalent noise resistance Ry
can be defined which includes the amplifier noise resistance
and the flicker noise contribution as follows:

[ R K f_z]
(Ra) = [1 FRul, T uB P (12)
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Eq(11) can now be reduced to:

This expression appears as eq(27) in the text. R as a
function of bias is also plotted in Figure 12.

APPENDIX IV
Tangential Sensitivity

For an input signal power of P;,, the signal current at the
input to the ampliher is:

D,
iy = Pufe = P g (%’—) (1)

where 8. is defined by eq(14) Appendix 1. The noise cur-
rent at the input to the amplifier is in. If Tangential Sensi-
tivity is taken to correspond to a signal to noise ratio of
2.5. Then:

i
= 2.5 (2)
and the Tangential Sensitivity (TS) is:

TS = — 2o (3)

Substituting for (Pi/Pin) from eq(2) Appendix II, and
for i, from eq(13) Appendix III,

_5 R,-+Rs> 4kTB Ra
TS —u( R; \/R5+Rj\/l+R,.
f 2]
[”(z)
TS _é_\/_f{«j_+Rs\/ﬁT \/R,‘J[‘RA
u Rj i

e
Yl o~ @
[1 + <T> ] VB
TSapmy = 10 log I:lél \/m \/RI,{-I- R. \/R:‘ .IJr{_'RA:]

2
+1010g[1+(—£.—>:|+510gB

TS =TS, + TS +5log B

This equation appears as eq (28) in the text. The varia-
tions of TS, and TS, with diode bias current are also shown
in the text as Figures 12 and 13 respectively.

Because both TS, and TSy are functions of bias current,
the minimum value of TS can be obtained by differentiating
eq(4) with respect to bias current and setting the differential
equal to zero. In which case:

TS, = =T8¢

In practice the minimum value of TS can be obtained from
an intersection of the slopes of TS, and TS;. These are given
in Figure 14 of the text.






