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. INTRODUCTION

This Application Note describes the characteristics of
Hewlett-Packard Hot Carrier (Schottky barrier) Diodes
intended for use in video detector or video receiver cir-
cuits, and discusses some design features of such cir-
cuits.

Although a video receiver is typically 35-40 dB less
sensitive than a heterodyne receiver, nevertheless its
simplicity and low cost can outweigh this disadvantage.
For example, a video receiver requires no local oscillator
power; it generally uses only a single diode; it is capable
of being built with a large RF bandwidth; and it is much
less critical to design and maintain than a heterodyne
receiver. These advantages make it useful as beacon re-
ceivers, missile guidance receivers, fuse-activating re-
ceivers, countermeasures receivers, and power leveling
and signal monitoring detectors.

A typical video receiver circuit is shown in Figure 1.
The operation of this circuit is quite simple. At RF, the
bypass capacitor (C,) appears as a short circuit, and the
input RF choke (RFC,) appears as an open circuit. The
input RF filter is optimized to match the signal source
impedance to the diode’s RF impedance over a speci-
fied bandwidth and, ideally, all of the available signal
power is delivered to the diode. Due to the nonlinearity
of the diode, the video signal is extracted from the mod-
ulated RF signal and appears across the video load re-
sistance (R;). At video frequencies, RFC, acts as a short
circuit, while C, and the dc bias filter, consisting of
RFC, and C,, both appear as high impedances. RFC,
also serves as a return path for the dc bias current.
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Figure 1. Typical Video Receiver

The principal requirements for a video receiver are
distortionless recovery of the modulation signal, which
is usually a pulse, and maximum RF sensitivity. How-
ever, these requirements are competitive and result in
the design being, at best, a good compromise between
video bandwidth, which determines the fidelity of the de-
tected pulse, and RF sensitivity.

Il. DIODE PERFORMANCE CHARACTERISTICS

The performance characteristics that are used to de-
scribe video detector diodes are Tangential Sensitivity,
Video Resistance, Voltage Sensitivity, and Figure of
Merit.

1. Tangential Sensitivity (TSS)—This is the lowest sig-
nal power level for which the detector will have a speci-
fied signal-to-noise ratio at the output of the video am-
plifier. At Hewlett-Packard, the output signal-to-noise
ratio is specified to be 8 dB. The units for TSS are dBm
or milliwatts. As we shall see later, TSS does not de-
pend entirely on intrinsic diode parameters and many

factors affect the measured TSS value for a given diode.
For the time being, the most important factors are:

a) RF Frequency

b) Video Bandwidth

c) Diode DC Bias Current

d) Test Mount or Circuit

e) Video Amplifier Noise Figure

For an exact TSS specification, the effective video
bandwidth should be stated as the lower and the upper
3 dB frequencies of the entire video circuit, including
the diode’s video resistance. A statement of only the
bandwidth of the video amplifier can be misleading be-
cause it does not always determine the overall or ef-
fective bandwidth of the system. The limitation on over-
all bandwidth can come both from the circuit between
the diode output and the amplifier input or the instru-
mentation circuit after the amplifier, i.e., oscilloscope
or meter.

Because the upper 3 dB frequency is usually several
orders of magnitude greater than the lower 3 dB fre-
quency, it is common to state only the upper 3 dB fre-
quency. For example, a usual statement of video band-
width may be 2 MHz. The implication is that the re-
sponse of the video circuit of the detector to the modu-
lating signal extends from dc to 2 MHz. In actual prac-
tice, the low frequency response very seldom extends
down to dc, because this will include the flicker noise
contribution of the diode and of the video amplifier,
both of which deteriorate TSS. If the diode is expected
to be used in a system that will require low frequency
response, then the low frequency 3 dB point of the test
system must be stated. Failure to do so can lead to gross
differences in TSS between the test system and the ac-
tual system if the diode's flicker noise corner frequency
f. is high, i.e., >50 kHz.

To obtain maximum sensitivity at any given frequency,
hot carrier detector diodes must be forward dc biased.
Bias however introduces shot and flicker (I/f) noise in
the diode, and reduces the diode video resistance. These
effects exert a competitive influence on TSS — there-
fore, the bias value must be stated.

Since diodes of different designs can differ widely
in their RF impedance characteristics, particularly if
package parameters are different or are not sufficiently
well controlled, repeatability of performance can only
be obtained by a test in a specific mount and at a spe-
cific frequency. At HP, detector diodes of different types
are tested in mounts that have been tuned and “locked”
to that type.

2. Video Resistance (R,)— This parameter is simply
the small signal low frequency dynamic resistance of the
diode and is dependent.on the dc bias current. The value
of the bias current used is the same that is used in the
TSS test.

R, consists of the sum of the diode's series resistance
(Rs) and the junction resistance (R))

R\.r = Rs + Rj {1)
R, is obtained by differentiating the diode voltage-
current characteristic and is given by:
. nkT
=— 2
R,(i) 0. 13 (2)

where |, is the bias current and |, is the saturation cur-
rent. |, is =~ 10-? amperes for HP detector diodes and is



negligible when the diode is operated in the optimum
bias region.

The nonideality factor n is different for each diode
type. Typical values for HP detector diodes are:

Diode Type n
HP 5082-2750 1.08
HP 5082-2824 1.02

For an n=1.08 and at room temperature, R, can be
simplified to:
28
ly

where |, is in milliamperes and R, is in ohms.

3. Voltage Sensitivity (y) —This parameter specifies
the slope of the output video voltage versus the input
signal power, i.e., V, = yP,, of the diode. It is bias, load
resistance, signal level, and RF frequency dependent,
and all of these conditions must be specified. It is par-
ticularly sensitive to signal level which must be kept
well within the square law dynamic range of the diode.

4. Figure of Merit (M) — This is an old “measure" of
the supposed efficacy of a video detector diode and
is defined as:

3)

Ry(i) =

VRy+Ry  VRy+R,
where
B = Current sensitivity of the diode
Ry = Video resistance

R, = Video amplifier equivalent series noise resis-
tance, which is usually defined to be 1200
ohms, but seldom is for contemporary transis-
tor amplifiers

Figure of Merit does not consider shot and flicker
noise that is introduced by the bias current, and conse-
quently is of limited utility for describing hot carrier
diode detectors.

1ll. OPTIMUM VIDEO DETECTOR SENSITIVITY

Assuming a diode ideality factor n = 1.08, and at room
temperature, the TSS of a video receiver can be stated
as 1.2.3;

TSS 4gm) = —107 + 5 log By + 10 log |, + (5)
28 f3;q. By
5 log I:R__\ -+ I 1+ B—vln fr.)]
.
+ 10 log I:l +B“—C%—'i~]
i
where
By = Video bandwidth in Hz
l; = Diode dc bias in pA
fy = Diode flicker noise corner frequency, Hz
f,, = Video circuit low frequency 3 dB point, Hz
Rs = Diode series resistance, Q
C;(;, = Diode junction capacitance, pF, at the bias

current |,

For the HP 5082-2750 and 5082-2755 diodes, this is ap-
proximately

le‘nl

/1 — 0.129 log (10001,)

Operating frequency, GHz
Amplifier equivalent series noise resistance,
ke

Cin= (6)

i

This expression reveals that the only significant diode
parameters that affect the detector sensitivity are the
three parasitic parameters f,, Rg, and C;. It can also be
shown that there is a value of bias current, for a given
diode and operating frequency, which results in maxi-
mum TSS.

Assuming that the video amplifier contributes negli-
gible noise compared to the diode, R, can be neglected
in Eg. (5). Differentiating this simplified expression
yields an approximate value of the optimum bias as:

Id(opl) (pa) = RS[Q} [Ci{il lj'}l"I]2 [f[Gszlz (7}

which is valid for 0 < I, < 50 pA.

The effect of bias on the TSS of several HP detector
diodes is shown in Figure 2, and the same effect at dif-
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Figure 2. Effect of DC Bias on TSS

ferent signal frequencies for the HP 5082-2755 is shown
in Figure 3.

It is worthwhile to assess the magnitude of the degra-
dation on sensitivity that is introduced by the various
factors in Eq. (5). Assuming the following parameters for
the system and the diode:
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Diode and System Parameters
Diode HP 5082-2750: f, =3 kHz, |, = 20 pA, f = 10 GHz,
R,=05kQ,By =2MHz.R¢ =250

We get the following:

2f2
10 log (1 + R“ci]—“f) — 30d8B
d
5t0g] R, +-2(14 2 10 B2 ] = 1448
Iy By fr,
10 log I, —130dB
5logB,  =3l5dB

Total Degradation = 48.9dB

Expected TSS = —107 4+-48.8 = —58.1 dBm

This is typical of the HP 5082-2750 diode which is spec-
ified at —55 dBm to allow for reasonable variations in
diode parameters. The significance of the above is the
relative magnitude of the various degradation factors in
a particular system. The degradation due to diode flicker
and shot noise is particularly low due to the low flicker
noise corner frequency for this diode when it is operated
at the optimum bias of 20 xA. The typical flicker noise
characteristics of the HP 5082-2750 and 5082-2824 diodes
are shown in Figures 4 and 5. Figure 4 shows the flicker
noise characteristic as a function of video frequency at
20 pA bias, and Figure 5 shows the change in the noise
corner frequency f, as a function of bias. Even at high
bias levels, fy is sufficiently low, i.e., 30 kHz, by com-
parison to normal video bandwidths, typically > 300 kHz,
that the flicker noise contribution can be considered
negligible. This can be seen in Figure 6 in which the

factor
28 By v B

of Eq. (5) is plotted as a function of B, with f, fixed at
100 Hz. For most applications of the HP Detector Diodes,
this factor can be simplified to:

5log | Ry + 2|_8] (8)
i
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Figure 4. Flicker Noise Characteristics of HP Detector
Diodes

IV. BANDWIDTH REQUIREMENTS

To maintain high sensitivity, the video bandwidth of
the video detector should be no greater than necessary
to recover the modulation information. The bandwidth
required for pulse recovery depends on the nature of the
information to be gained from the pulse. For example,
in pulse search radar, peak pulse detectability is more
significant than pulse shape. In ferret systems, instru-
mentation, or data transmission systems, the resolution
of the fine details of the pulse shape, i.e., risetime and
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Figure 5. Noise Corner Frequency vs. Bias
(Typical HP 5082-2750, 5082-2755)
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Figure 6. Amplifier and Diode Noise Contribution as a
Function of Video Bandwidth

pulsewidth, may be of much greater importance in spite
of greater bandwidth requirements.

For maximum pulse detectability, the video bandwidth
should be made just sufficient enough to maximize the



output signal-to-noise ratio of the detecting system.
This condition occurs when the video circuit transfer
function is matched to the spectrum of the signal wave-
form#*5; i.e., for a rectangular pulse and a rectangular
low pass filter response, the required filter bandwidth is

By = 1/t, (9)
where t,, = Pulsewidth

For a simple RC filter, which is the usual case at the
output of the detector diode, the maximum S/N occurs
when the filter's upper 3 dB video frequency is approxi-
mately:

0.25

fu{S dn) = t
b

(10)

In other applications, it may be desirable to resolve
the shape of the pulse, i.e., risetime, pulsewidth and flat
amplitude. To resolve the risetime of the pulse, the
upper 3 dB frequency of the video circuit will have to be

Tuceam = 0.35/t, (11)
where t, = Pulse risetime

To resolve the shape of the pulse to any degree of ac-

curacy, consideration must also be given to how much

amplitude droop is permissible. Amplitude droop de-

pends on the low frequency 3 dB point and is given by:

Droop %

fusam = —gooE— (12)

V. DESIGN CONSIDERATIONS FOR VIDEO DETECTOR

The basic video detector circuit and its equivalent

representations at both the RF and video ports are
shown in Figure 7.
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Figure 7. Video Detector Equivalent Circuits

(A) Video Circuit Design Considerations

In the video circuit, R,, represents the load or ampli-
fier input resistance, and C, represents the amplifier in-
put capacitance as well as all the stray and particularly
cable capacitances that may be present in the video

t

circuit. These R and C elements will impose a limit on
the upper 3 dB cut-off frequency of this circuit, which
is given by:

1
f.u:a dB) — _2-.-RTCT (13)
= RyR,,
where Rp= RTR. (14)
and CT = Ch + C‘\ {15]

In most video detector designs, this circuit has a
greater influence on the effective video bandwidth than
the bandwidth of the amplifier. The R,C, time constant
can be reduced by reducing all the element values
within certain limits. A severe reduction in the value of
the RF bypass capacitance C, will lead to poor RF/video
isolation and a decrease in the signal level delivered to
the diode. The reactance of this capacitor at the oper-
ating frequency should be kept to less than 10% of the
RF impedance of the diode. At low RF frequencies and
wide video bandwidths, this capacitor can be replaced
by a low pass filter structure as shown in Figure 8 with
a cut-off frequency f. < —;—f,,. Because this filter is re-
quired to pass fast pulses, the design should be for flat
time delay rather than for equal-ripple.

Figure 8. Low Pass Video Coupling Structure

A reduction in stray and amplifier capacitances is
always advisable and in wideband designs is often nec-
essary. One suitable technique which is particularly
effective when cable interconnections must be made be-
tween the detector circuit and the video amplifier is
shown in Figure 9. In this circuit, the original cable
capacitance C, is reduced by feedback to: C,, =
C,(1—A,) where A, is the total gain from the input of
the amplifier to the first shield and must be < 1.

TRIAXIAL CABLE
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o
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Figure 9. Circuit for Reducing Cable Capacitance

Alternately, either R, or R, can be reduced. The
amount that R, can be reduced is often limited if volt-



age amplification is desired since the output voltage of
the detector is maximized by making R, large. Ry of the
diode can be lowered by increasing the bias current.
Although this results in reduced sensitivity, as was
shown in Figure 2, it may nevertheless be needed to
achieve the required video bandwidth. A reduction of
video resistance has other beneficial effects. It can, for
instance, be adjusted to be the optimum source resist-
ance value for a minimum noise figure of the video am-
plifier. When this is desired, Ry should be adjusted so
that

Ry =~ v/ RysRyp (16)

where Ry = Equivalent series noise resistance of am-
plifier

Ry = Equivalent parallel noise resistance of am-
plifier

This is usually in the range of 400 - 2000 ohms for most
low noise transistor input stages.

(B) RF Circuit Design Considerations

The RF circuit consists essentially of a filter struc-
ture that is designed to match the signal source resist-
ance, usually 50 ohms, to the diode junction resistance,
R,. The equivalent circuit of the diode at RF is shown in
Figure 7b. The presence of Rg and C,; introduces a loss
of signal which is dependent on frequency and the mag-
nitudes of Rg, Cy, and R;.

This dependence is given by

L= 10 log l.l + 2— + 2C,2R RJ (17)
i

where o= 2xf

Since R; is a function of bias current, i.e., R, =~ 28/1,, the
above can be restated as

Rsl, 23u:2C|2R5] (18)

L., =10 log I:l + 2'8 4 ’

from which it is obvious that the RF loss can be mini-
mized at any given frequency by biasing the diode. This
effect was included as one of the bias dependent param-
eters in the TSS expression (Eq. 5), which was then used
to determine optimum bias with respect to maximum
TSS at a given frequency. Bias also affects the RF im-
pedance of the diode, and the impedance that is ob-
tained at a bias corresponding to maximum TSS is not
necessarily optimum for achieving broadband RF match-
ing to the diode.

The typical calculated RF impedances for HP 5082-2750
and 5082-2755 diodes, which are the same chip in two
different packages, are shown as a function of fre-
quency in Figures 10 and 11. Figure 10 shows the diode
when it is biased at 20 pA (R, =~ 1400), which is its opti-
mum bias for maximum sensitivity at 10 GHz. As can be
seen, the VSWR for either package style is high over
most of the frequency range and normally either diode
will have to be matched to the source with additional
reactive elements. Practical reactances, however well
made, will introduce additional losses in the matching
structure. Furthermore, the farther these reactances are
placed from the diode chip, the more loss will be intro-
duced due to high standing waves and current maxima
points between them. Even very well made double-stub
tuners can introduce losses as high as 1.5-2 dB. The im-
pedance plots of Figure 10 also clearly illustrate the

effect that package and chip parasitics can have on the
RF impedance of the diode. Assuming that the RF by-
pass capacitor C, is properly chosen and can be neglect-
ed, which was the case for the impedance plots, the RF
admittance of the remaining circuit can be expressed
as
: 1

Ylg — ]u;C], + 1 (19)

5 ij,, + 1
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Figure 10. Typical RF Impedance of HP 5082-2750 and
5082-2755 Diodes at Bias Current of 20 A

This admittance has two potential resonant frequencies.
Neglecting Rg and R, these resonant frequencies can be
expressed approximately as:

g = (20)
VL,C,

1 1
»= V0B T L5

As can be seen from the plots, the two resonant fre-
quencies for the high inductance glass package are
evident at = 10.5 and 15 GHz. The presence of these
resonances makes it more difficult to achieve broadband
RF matching structures for this diode.

Due to the low values of the parasitic elements, the
pill packaged device 5082-2750 does not exhibit any res-
onances up to a frequency of 16 GHz. Such a diode can
be brought into match over fairly broad bandwidths by a
series length of line and a quarterwave transformer.

To simplify broadband matching, the impedance of
the diode can be reduced by using more dc bias than
would normally be required for maximum TSS. Figure
11 illustrates the magnitude of the effect that bias has
on the RF impedance. These plots are made for the same
diodes as in Figure 9, but at a bias of 330 xA. The 5082-
2750 pill packaged diode impedance is now within a
VSWR of = 2/1 over most of its useful frequency range.
Although there will also be a reduction of sensitivity of

(21)

(]



about 7 dB, as was shown in Figure 2, nevertheless, the
trade-off may be worthwhile in broadband systems.

VI. DYNAMIC RANGE

In addition to achieving high sensitivity, video detec-
tors are usually required to have a large dynamic range.
Usually this statement refers to the “square-law"” range
as shown in Figure 12 and is the range over which the
output signal voltage is proportional to the input signal

power, i.e.:
V.=7vP,, (22)

Figure 11. Typical RF Impedance of HP 5082-2750 and
5082-2755 Diodes at Bias Current of 330 A
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Figure 12. Detector Dynamic Characteristics

where vy is the diode voltage sensitivity at the specified
frequency and bias. Deviation from square-law charac-
teristic occurs when y departs from a constant value.
This will occur when the RF carrier and, consequently,
the rectified current become high enough to appreciably

affect the quiescent bias current, I,. At HP, the upper
limit of square-law operation is defined to be the power
level which is 0.5 dB higher than the power level that
would produce the same output voltage if y had re-
mained constant.

As. can be seen from Figure 2, the transfer character-
istic of a hot carrier diode does not simply saturate
beyond this point but merely changes from square-law
to linear, which then continues to a higher power level
before saturation. This range is defined as the linear
dynamic range and can be appreciable if the breakdown
voltage of the diode is high. For example, the HP 5082-
2824 detector diode is rated at a breakdown voltage of
15 V. By contrast, point contact diodes whose breakdown
voltage is generally low (2-3 V), do not exhibit a broad
linear range. For applications that require monitoring of
high level RF signals, i.e., radio controlled trigger cir-
cuits, high power monitors, or RF proximity fuses, this
range is very useful. Applications that are not critical of
the change in the transfer characteristics can utilize
the very large total (square-law and linear) dynamic
range. Finally, in very critical applications where high
square-law range is necessary, the video amplifier gain
characteristics can be shaped. The range over which
such compensation can be achieved will depend very
much on the video bandwidth of the amplifier. For band-
widths of 2 MHz or less, the square-law range can be so
extended to about +10 dBm with an accuracy of =1 dB.

VIl. DETECTOR DIODE BURNOUT

The destruction of the detector under high signal level
conditions merits some discussion. It has been the in-
dustry standard to rate detectors according to energy
burnout, usually stated as so many ergs. Assuming that
energy burnout can be defined sufficiently well, it still
remains a very dubious performance requirement to be
imposed on the detector. With the exception of possible
static discharge which can occur during handling of the
diode, total energy stress will very seldom be the kind
of stress that a video detector is exposed to.

Video detectors are often designed for broad, RF
bandwidths, thus they can be exposed to high peak
power radiation from local radar transmitters. A better
measure of the video detector burnout is a measure of
its capability to handle peak powers in the range of 1
or more microsecond duration, and to expose the diode
to this stress for a period of time at a specified repeti-
tion rate. Because the diode is generally biased to a
junction resistance on the order of 1-2 k, the RF
circuit, including the package parasitics, consists of
a large impedance ratio matching filter that matches
the small-signal impedance of the diode to the source
impedance. As the signal level increases, the imped-
ance of the diode changes and produces a mismatch
with respect to the matching structure. This mismatch
results in a reflection of some of the incident RF power
and only a portion of the available RF power is actually
dissipated in the diode. The diode, in effect, protects
itself. Regardless how much of the incident power is
reflected, eventually a power level can be reached
where the difference between the incident and the re-
flected power is sufficient to destroy the diode. This
is the peak power dissipation capability of the diode.
The amount of peak incident power the diode can
handle depends very much on the characteristics of
the RF structure between the source and the diode junc-
tion. Figure 13 illustrates the typical peak power han-



dling capability of an HP 5082-2824 diode using a nar-
rowband tuning structure tuned to the diode at the
small-signal (TSS) level. In very wideband systems,
where no tuning structures are used and where a toler-
able input VSWR at small signal levels is obtained by
biasing the diode to a lower impedance level, the above
situation does not apply. Here an increase in the incident
power level brings the diode closer to a matched con-

dition and, consequently, the diode's dissipation ratings
apply.

In some applications i.e., power monitoring and modu-
lating, the CW rather than peak power ratings apply.
As previously stated, since the impedance of the diode
is a function of incident power, the amount of power
the diode can handle is greater than its CW dissipation
capability. This is shown in Figure 14 for a typical HP
5082-2824 detector diode.
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Figure 14. CW Power Handling Characteristics
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