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I Introduction

The generation of microwave power in a reverse-biased
pn junction was originally suggested in 1958 by W. T. Read
of Bell Telephone Laboratories!!]. Read proposed that the
finite delay between an applied RF voltage and the current
generated by avalanche breakdown, and the subsequent drift
of the generated carriers through the depletion layer of the
junction, would lead to negative resistance at microwave
frequencies in a properly designed diode. This basic concept
has been shown to be substantially correct, and at this time,
microwave avalanche diodes (commonly called IMPATT”
diodes) are commercially available and are being used in a
variety of applications. The purpose of this Application
Note is to acquaint the reader with the construction and
the principles of operation of IMPATT diodes, and to pro-
vide practical circuit designs and operating guidelines for
HP’s family of IMPATT diodes.

1i.  Device Theory and Construction

A)  Device Structure and DC Characteristics

The basic structure of a silicon pn junction IMPATT
diode, from the semiconductor point of view, is identical to
that of microwave tuning and parametric amplifier varactor
diodes. The important differences between IMPATT and
varactor diodes are in their modes of operation, and in
thermal design.

Fig. 1 shows atypical dc current versus voltage (V1)
characteristic for a pn junction diode. In the forward bias
direction, the current increases rapidly for voltages above
0.5 volts or so. In the reverse direction, a very small current
(the "'saturation” or "leakage’” current) flows until the
breakdown voltage, V|, is reached. Varactor diodes nor-
mally operate either forward biased or reverse biased with
a dc operating point well below V. IMPATT diodes, on
the other hand, operate in the avalanche breakdown region;
that is, with a dc reverse voltage greater than V, and sub-
stantial reverse current flowing.

(o]}

—<— REVERSE BIAS

FORWARD BIAS —&

-~ AVALANCHE BREAKDOWN
CURRENT

Fig. 1 Terminal V—| Characteristics of a PN Junction Diode.

*This word is an acronym suggested by scientists at Bell Telephone
Laboratories: It stands for IMPact ionization Avalanche Transit
Time.

Fig. 2 shows a schematic representation of an M-
PATT diode reverse biased into avalanche breakdown. As in
any reverse biased pn junction, a depletion zone forms in
the n-type region of the diode; its width depends on the
applied reverse voltage. The depletion zone acts as a non-
linear capacitor if Vg, is less than V; this property is
utilized in varactor diodes. The saturation current, which
flows while the reverse voltage is less than V, is usually on
the order of 10 to 100 nanoamperes, and is depicted in
Fig. 2 by a small number of electrons flowing to the right
from the P* region into the avalanche zone. When VgaT is
greater than V,, the small number of electrons comprising
the saturation current have a very high probability of creat-
ing additional electrons and holes in the avalanche zone by
the process of avalanche multiplication. The additional elec-
trons are shown in Fig. 2 flowing from the avalanche zone
into the drift zone. In this condition, a large current can
flow in the reverse direction with little increase in applied
voltage. This is the avalanche breakdown current depicted
in Fig. 1. The typical dc operating voltage across a diode
designed for use in X-band will be between 70 and 100
volts, depending on the diode type, temperature, and the
value of the bias current, 5. Typical avalanche breakdown
currents (usually called the ““bias current”, and denoted in
this Application Note by lyn) range from 20 to 150 mA.
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Fig. 2 Schematic Representation of Reverse-Biased PN
Junction Diode.

B)  Microwave Properties

The microwave properties of IMPATT diodes have
been described extensively in the literature; references [1],
[2] and [3] explain quite clearly the basic concepts in-
volved. We will briefly discuss the major points in the deri-
vation of microwave negative resistance in the following
paragraphs.

Let us assume that somehow an RF voltage, in ad-
dition to the DC breakdown voltage, exists across the de-
pletion region of the IMPATT diode. This voltage can be
expressed mathematically as



Vr{t) = Vpe + Vp sin wt (1)

This form of voltage is illustrated in Fig. 3A and would
exist in practice in the common case where the diode is
operated in a singly resonant circuit with Q greater than 10
or so. Read['l showed that under certain conditions the
RF portion of this voltage induces an RF current that is
more than 90° out of phase with the voltage, and that
therefore the diode has negative resistance. The arguments
leading to this conclusion are conveniently divided into two
steps:

First, Read showed that as the voltage rises above the
DC breakdown voltage during the positive half cycle of the
RF voltage, excess charge builds up in the avalanche region
slowly at first, and reaches a sharply-peaked maximum at
wt =, that is, in the middle of the RF voltage cycle when
the RF voltage is zero. This is shown in Fig. 3B. Thus the
charge generation waveform, in addition to being very sharp-
ly peaked, /ags the RF voltage by 90°. This behavior arises
because of the highly nonlinear nature of the avalanche
generation process.
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Fig. 3A. Voltage Across the IMPATT Diode Depletion Layer
During Oscillation,

Fig. 3B. Rate of Charge Generation in the Avalanche Zone.

Fig. 3C. Current Induced in the External Circuit by the Avalanche
Generated Charge Drifting Across the Drift Zone.

The second step in the analysis was to consider the
behavior of the generated charge subsequent to wt = 7. The
direction of the field is such that, referring to Fig. 2, the
electrons “drift” to the right. The equal number of gener-
ated holes move to the left, back into the PT contact, and
are not considered further in this simple model. The elec-

trons drift at constant (“saturated’’) velocity, V gat, @CrOSS

the drift zone. The time, 7, they take to traverse the drift
zone is simply the width of the drift zone divided by the
constant velocity of the electrons:
W
T= g D (2)

sat

While the electrons are drifting through the diode, they in-
duce a current in the external circuit, as shown in Fig. 3C.
The current is approximately a square wave. By examining
Figs. 3A and 3C, it can now be seen that the combined
delay of the avalanche process and the finite transit time
across the drift zone have caused positive current to flow
in the external circuit while the diode’s RF voltage is going
through its negative half cycle. The diode is thus delivering
RF energy to the external circuit, or in circuit terms, is ex-
hibiting negative resistance. Maximum negative resistance is
obtained when

wr=074n (3)

The term w7 is called the transit angle; IMPATT diodes are
normally designed so that Eq. (3) is satisfied at or near the
center of the desired operating frequency range.

Fig. 4. IMPATT Diode Chip RF Equivalent Circuit.

An equivalent circuit for the IMPATT diode chip is
shown in Fig. 4. Here we show the active part of the diode
(the chip, excluding the package) as a negative resistance
Rp. and a reactance Xp. Included in Ry is the unavoidable
parasitic series resistance, R, contributed by the contacts
and the undepleted portion of the N region shown in Fig. 2.
Several important properties of the IMPATT diode chip
equivalent circuit deserve comment. First, the magnitude of
the net negative resistance Ry, is usually much smaller than
that of Xp, the reactance. Consequently, the magnitude of
the chip impedance is approximately Xp. Second, for most
cases of interest, X can be approximated with sufficient
accuracy by the reactance of the junction (chip) capacitance
at the breakdown voltage. This capacitance is denoted by
Cj(Vb); typical values of CJ-(Vb) for HP IMPATT diodes are
given in Table | on page 4. Third, values of the net nega-
tive resistance are generally small compared to the usual
transmission line impedances. Typical values are in the vi-
cinity of several ohms; Table | lists measured values for HP
IMPATT diodes. The fourth and final point regards the
behavior of the IMPATT diode negative resistance with
signal level: As inany active oscillator element, the IMPATT
negative resistance varies with signal level. A typical example




is shown in Fig. 5, where the magnitude of Ry (Rpis a
negative number) is shown plotted versus peak RF diode
current, 5. The decrease of IRD[ with signal level is what
leads to stable oscillations. It might also be remarked at this
point that Ry varies with bias current as well as with signal
level. Complete curves of Ry vs. I with bias current as a
parameter are presented in Section V, part B.
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Fig. 5. Variation of Rp (a Negative Number) with RF Current
Amplitude 1. The Operating Point is Determined by the
Condition RL = —R D-

We have now shown gualitatively how negative resist-
ance arises in an IMPATT diode, and have given a quantita-
tive example of how it varies with signal level — the next
step is to consider how the IMPATT chip interacts with an
external circuit: Basic oscillator theory states that oscillation
will occur if, at some frequency, the load impedance con-
nected to the IMPATT chip is the negative of the chip
impedance. (See Fig. 6). Since the chip is capacitive; the
load must be inductive; the real part of the load resistance
must be in the range of several ohms, and more specifically,
must be /ess than the maximum value of |Rp|. If these
conditions are satisfied, oscillations will build up in the
circuit at the frequency for which X = —X, . The oscil-
lations will continue to build up until R, + Ry = 0; this
is a stable “‘operating point”’, and is shown in Fig. 5. In
actual circuits to be considered in subsequent sections, we
will find that most or all of the required load inductance
will be provided by the IMPATT diode package itself; the
package equivalent circuit is discussed in Section I11.

The power delivered to the load by the IMPATT
diode can be calculated from the operating point coordi-
nates (R, Ip) using the relation

- 2
P, = %12 R (4)

For the example shown in Fig. 5, we have | 5 = 0.80A, R
=2.0 82, and we find P, from (4) to be 0.64 W.
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Fig. 6. Equivalent Circuit for the IMPATT Diode Chip, Showing
the Form of a Typical Load Impedance.

Fig. 5 also shows a curve for R = 6 {2, which does
not intersect the |Ry| vs. 5 curve. No oscillation is possible
in this circumstance, but the circuit can behave as a reflec-
tion amplifier if a means of separating input and output
signals, such as a circulator, is provided. Amplifiers are an
important application for IMPATT diodes, and are discussed
more fully in Section V.

C)  Diode Construction

The construction of IMPATT diodes poses some severe
technological challenges, the most troublesome one being
the efficient extraction of heat from the active portion of
the diode. Hewlett-Packard has developed a unique tech-
nique for reducing junction heating by using an electro-
plating process to form the critical portion of the heat sink
— that nearest the pn junction. The chip which results from
the Hewlett-Packard process is shown in Fig. 7. Fig. 8
shows in cross-section the chip soldered into the HP Style
41 metal-ceramic microwave package. The thermal resist-
ance obtained by this process is close to the theoretical
ideal, and is very reproducible, resulting in high yields. The
assembly process is also faster than the conventional process
which, combined with the high yield, represents a consider-
able economy in overall fabrication cost. Hewlett-Packard
IMPATT diodes, the 5082-0430 series in particular, are
accordingly very attractive for price-sensitive applications
such as low-cost intrusion alarms, educational laboratory
demonstrations, and fuses.

The reader who is interested in further details of the
fabrication of HP IMPATT diodes is referred to References
[4] and [5], listed at the end of this Application Note.
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Fig. 7.  HP Plated-Heat-Sink IMPATT Diode Chip.
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Fig. 8. Cross Section of the HP IMPATT Diode Chip in

Style 41 Package.

11, General Design Considerations and
Operating Precautions

A)  Packaged Diode Equivalent Circuit

The diode chip equivalent circuit is considerably mod-
ified by the presence of the varactor package parasitic re-
actances. Up to now we have been discussing the properties
of the chip by itself, but in microwave circuit design the
entire packaged diode must be considered. To a good ap-
proximation, the package can be described by two reactive
elements, a series inductance and a shunt capacitance. The
complete packaged IMPATT diode equivalent circuit is
shown in Fig. 9A. The exact values of Lp and Cp vary
somewhat from one package style to another, but typical
values (for the HP Style 41 package end-mounted in 7 mm
coax, as an example) are 0.6 nh and 0.3 pf, respectively.
The value of L!D is affected drastically by the microwave
circuit surrounding the diode — this fact can be used to
tune an oscillator, and is described in Section 1V.B.

Typical values of the circuit elements for the HP
5082-0400 diode are shown in Fig. 9B; the value of Rp
corresponds to an output power of about 700 mW as an
oscillator. We notice that the IMPATT package inductance
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Fig. 9A. Equivalent Circuit of the Packaged IMPATT Diode
Showing Package Parasitics.

Fig. 9B. Typical Values of the HP 5082-0400 IMPATT Diode
Circuit Elements at 10 GHz with Ipc = 115 mA.

very nearly resonates the chip capacitance, C;(Vb), so that
the reactance presented by the chip at the package terminals
is relatively small. The overall impedance of the packaged
diode is shown for this case as Zpp = —2.7 +{8.0 Q.

Table | shows typical values of HP IMPATT diode
equivalent circuit parameters at specific test frequencies.
Note that the value for Rp ., the negative resistance, is that
corresponding to the output power listed in the P, column;
it is always important to state the rf signal level in some
way when specifying Ry, since as discussed in Section [1.B,
Rp is a strong function of signal level. The bias currents at
which the listed values of Ry and P, are obtained are
listed in the last column.

B)  Diode Mounting Technigues

There are a number of ways to mount HP IMPATT
diodes in microwave circuits. General considerations in

TABLE I: Circuit Parameters for Hewlett-Packard IMPATT Diodes

DIODE| APPROX, G Rp at Po Rs Vi Co Lo IDC
TYPE | TEST V=V Po ftyp) | (typ) | fivp) | (typ) | (typ) | (typ) | PACKAGE (typ)
5082- | ' REQ. (pf) () (W) o) (v {pf) (nh*) | STYLE (mA)
(GHz)
0400 10 0.52 20 0.7 1.0 78 0.3 0.6 41 115
0401 12 0.57 ~1.8 0.6 0.7 65 0.3 0.6 41 130
0431 6.5 0.29 —0.9 0.1 0.9 103 0.3 0.6 41 28
0432 10 0.20 —0.7 0.1 1.6 78 0.3 0.6 41 30
0433 12 0.31 ~1.0 0.1 1.5 65 0.3 0.6 41 34
0434 6.5 0.29 09 0.1 0.9 103 0.3 0.6 62 28
0435 10 0.20 —0.7 0.1 1.6 78 0.3 0.6 62 30
0436 12 0.31 1.0 0.1 1.5 65 0.3 0.6 62 34
0437 6.5 0.29 0.9 0.1 0.9 103 0.26 1.0 32 28
0438 10 0.20 —07 0.1 1.6 78 0.26 1.0 32 30
0439 12 0.31 1.0 0.1 15 65 0.26 1.0 32 34

*Measured for end-mounted diode in 0.276” 0.D. 50 {) coaxial transmission line. Lp varies considerably with circuit configuration—

see Sections |V and V.



mounting are that the diode be provided with a good heat
flow path to a heat sink or heat dissipator held at the
ambient temperature, and that low resistance electrical con-
tacts be made to both anode and cathode of the diode.

Fig. 10 shows several mounting techniques for [M-
PATT diodes. The collet-clamp-sieeve arrangement of Fig.
T0A is especially suitable for end-mounting diodes in co-
axial circuits, and provides a convenient mount for labo-
ratory breadborading or test fixtures, where quick inter-
changeability of diodes is desirable; the parts are made of
Tellurium Copper or Berylco 10, both of which are readily
machinable and have nearly the thermal conductivity of
copper. OFHC copper can also be used, at a sacrifice of
ease of machinability and resistance to wear. The diode
holder assembly consists of four parts: A diode collet for
gripping the heat sink end of the diode, a sleeve into which
the diode collet is inserted, a knurled nut which pulls the
collet tightly into the sleeve, and a clamp. The clamp is
screwed into the cavity body, and is tightened after the
sleeve containing diode and collet has been inserted and
held with moderate pressure against the coaxial center con-
ductor. This arrangement allows easy interchangeability of

diodes and ensures a low electrical and thermal resistance
contact between diode and cavity. For a diode package with
threaded stud (HP Style 62) the collet and sleeve are re-
placed by a Tellerium-Copper part having the same outer
dimensions as the sleeve, but with a threaded hole to ac-
commodate the stud, and a hole down the center for in-
sertion of a screwdriver to tighten the diode. This part is
also shown in Fig. 10A, together with a recessed collet.
Recessed collets are discussed later, in the circuit design
sections.

A variation of the scheme of Fig. 10A is shown in
Fig. 10B. Here the collet is screwed into the large mounting
screw, which can in turn be screwed into the microwave
circuit. This arrangement provides permanent, secure mount-
ing, while offering the feature of easy diode replacement if
circumstances require it. Fig. 10C shows the HP 41 package
soldered into the mounting screw — diode replacement is
more difficult in this case, but superior heat sinking and
resistance to vibration and shock are obtained. This method
is potentially cheaper, too, since fewer parts are required.
The method of Fig. 10C can be adapted to Style 62 (screw
stud) package by simply threading the mounting screw to
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accept the screw stud as in Fig. 10D; in general, the screw
stud provides a somewhat inferior heat flow path compared
to the soldered unthreaded stud.

Figs. 10C and 10E show two ways of mounting an
HP Style 41 package in a microstrip circuit. In both cases
the package stud is soldered into the ground plane.

Figs. 10B and 10D show two ways of making con-
tact to the cap (cathode) end of the package. Fig. 10D
shows simply the center conductor pin assembly from a
APC-7 precision 7 mm connector (Amphenol Part #131-
1054). Fig. 10B shows a bellows, which can be soldered
to the package cap, if desired. An alternative to these meth-
ods, which is acceptable in many cases, is simply a pressure
contact provided by rigid mounting of the diode stud such
as to press the diode package against the cathode contact.

C) Thermal Resistance Measurement

The mount for an IMPATT diode, whether it be one
of those described in the last section or not, must provide
an adequate heat flow path away from the diode stud. The
total thermal resistance (61) for a diode in its mount is the
sum of the junction-to-case thermal resistance of the diode
itself, jS, and the thermal resistance of the mount or cavity,
0cay. Values of 0jc for the various HP IMPATT diodes are
listed in Table Il; the space charge resistance, Rgc. which
will be discussed later in this section, is also listed.

TABLE II: Thermal Resistance of HP IMPATT Diodes

MODEL # b (°C/W) Rse
(typical)

TYPICAL | MAXIMUM Q

5082-0400 15.0 16.0 32

-0401 16.0 17.0 22

-0431,4,7 20.0 35.0 65

-0432,5,9 25.0 35.0 85

-0433,6,9 30.0 35.0 55

Fortunately, it is relatively easy to determine the total
thermal resistance (GT) of a diode and its mount, using in-
struments readily available in most laboratories. The method
was first described by Haitz, etal.'®!, and a simplified
version will be described here.

The measurement method relies on the fact that the
avalanche breakdown voltage of any pn junction depends
strongly on the junction temperature. This dependence can
be carefully calibrated and used as a sensor for measuring
the junction temperature while DC power is being dissipated
in the diode. The ratio of the temperature rise to the dissi-
pated DC power is the thermal resistance. To derive the
needed relationship between 61 and the measured para-
meters, we will start with Fig. 11. The graph in Fig. 11
depicts the DC current-versus-voitage (V1) characteristic of
a reverse biased IMPATT diode. At a given value of current,
Ipc. the voltage drop in the diode can be thought of as
consisting of three components: 1) The breakdown voltage

“ISOTHERMAL" V—T To T
CHARACTERISTICS
(SLOPE = 1/Rg. |

DC V-1
CHARACTERISTIC

0 1 "1 Ve
< Vi (To ) T4V, e ~Toc Rsc

Y

Fig. 11. Static (DC) Current-Voltage Characteristic of an IMPATT
Diode, Showing the Contributions Due to Junction Heat-
ing (AVy,) and the Resistive Drop, I 5 Rgg, in the SPACE
CHARGE RESISTANCE.

of the diode at the ambient temperature, Vi, (T,); 2) The
rise in the breakdown voltage, AV, caused by the junction
heating; 3) A resistive voltage drop, Ipc Rge. where Rge
is called the “‘space-charge resistance”. Rgn is the incre-
mental resistance that would be measured in the absence
of thermal effects, e.g. by a fast pulse or high frequency
sine wave. For temperatures between 25°C and 100°C,
AV is directly proportional to the temperature rise in
junction, AT. Furthermore, the constant of proportionality
is itself proportional to the room temperature breakdown
voltage, V|, (25°C); we can hence write

AV, = BV, (25°C) - AT (5)

The constant, 8, is 1.17 x 103 °C7 for HP IMPATT diodes.
So, for example, if V, (25°C) = 80.0 V for a particular
diode, then Vy would increase 1.17 x 102 x 80.0 = 93.5
mV for each °C rise in the junction temperature. By def-
inition, &T is given by

AT =01 Ppgs

where P g is the DC power dissipated in the diode. Re-
ferring to Fig. 11 and using (5) and (6) to obtain &4V, the
total voltage Vi across the diode for T, = 25°C is:

Solving for 6+ we get

 Vpe —V, (25°C) —Ipe Rec
1 = —V5cTpo BVs (259 C) (8)

Thus, in order to measure 6, one must measure Inn, Vpe,
and Rge. A milliameter and a digital voltmeter capable of
+ 0.5 mA and + 0.1 V resolution, respectively,are needed
for measuring Ipc and Vpe. The measurement of Rgp is
done with either fast (~100 nS) pulses, or with a sine wave
at 2.0 MHz or higher; the thermal time constants of the



IMPATT diode are such that the junction cannot respond
thermally to fast pulses or high frequency sine waves, and
hence a measurement of the incremental resistance of the
diode using either of these techniques gives Rse-

¥
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Fig. 12. Circuit Diagram for Measurement of IMPATT Diode
Thermal Resistance.

Fig. 12 shows a block diagram of a measurement
circuit suitable for measuring Vy (25°C), Ve, Ipe and
Rgc, using a milliameter, digital voltmeter, signal generator
and ac voltmeter. The Rge measurement is calibrated by
inserting a carbon resistor of approximately the value ex-
pected for Rge in place of the diode, and adjusting the
signal generator for a convenient reading on the ac volt-
meter. Table Il lists typical values of Rgi for HP IMPATT
diodes. As an example, a 30 £ resistor might be selected if
an HP 5082-0400 diode is to be measured. The signal gener-
ator can be set such that the ac voltmeter reads 30 mV;
then the reading in mV is numerically equal to Rge in
ohms. The diode can now be inserted in the mount in
place of the resistor. The room temperature breakdown
voltage V|, (25°C) is measured by adjusting the bias current
to 0.5 mA and recording the digital voltmeter reading.
Next, the bias current is adjusted to a high enough value
to raise the junction temperature 50 to 75°C. {For the HP
5082-0400/0401 diodes, 50 mA is a convenient value; 20-25
mA is suitable for the 5082-0430 series.) The digital volt-
meter reading (V) and Rgc are now recorded. The data
are inserted in Eq. (8), and 4 is obtained.

EXAMPLE:

The following measurement data was obtained on a

typical HP 5082-0400 IMPATT diode mounted in a 1" x

3" x 3" OFHC copper block using the diode holder shown
in Fig. 10A:

Vpe (05mA) - 76.1V (= V, (25°C))
Vpe (50.0mA) - 83.6 V

Insertion of the data in Eq. (8) gives f:

. 83.6 — 76.1 — .05 x 31
T 83.6x(.05) x (1.17 x 10%) x 76.1

= 16.0°C/W

There are several important points that should be
mentioned in connection with thermal resistance measure-
ments:

1) During thermal resistance measurements, the diode

must not be permitted to oscillate; the presence
of an RF voltage across the diode can affect the
values of V. and Rgp sufficiently to cause errors
of the order of 50% in the determination of 0.
The value of 64 measured with any heat sink will
be larger than the junction-to-case thermal resist-
ance, jS. For example, the heat sink used in the
above example is the standard test mount used at
HP, and has a thermal resistance of 1.5 - 2.0°C/W,
depending somewhat on the torque applied in tight-
ening the diode holder clamp and collet. Hence GJ-C
for the diode in the example is 14.0 - 14.5°C/W.
After a 1 measurement, the junction temperature
during measurement should be checked to be sure
it has not exceeded 100°C. This is necessary be-
cause the linear relationship between AT and AV
(Eq. (5)) does not hold accurately for temperatures
much above 100°C. If this precaution is not ob-
served, values for 01 which are smaller than the
true values will be obtained. In the example above
we find T; {max) as
=25+ Vpc Ipc bt
=25+83.6x.05 - 16.0
=092°C
Rge should be measured with the bias current
Ipc flowing in the diode (50 mA in the above
example). The error in 0+ incurred if this is done
at lower currents can be of the order of 10%, due
to the small but significant dependence of Rgc on
junction temperature, and due to non-uniformity
of the avalanche breakdown current at currents
less than 10 mA.
In measuring 9T, sufficient time should be aliowed
for the heat sink to reach thermal equilibrium with
its environment before reading Vpe. Otherwise an
erroneously low value of 4 will be obtained.

N

@

Tj (max)

£
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The alternatives to the scheme shown in Fig. 12 main-
ly involve the method of measuring Rsc. Two other meth-
ods have been used at HP. In the first, the sine wave gener-
ator and R, are replaced by an HP 214A pulse generator,
and the ac voltmeter is replaced by a fast (>20 MHz) os-
cilloscope. A 100 nS pulse is used to measure Rge. with
Ipe flowing, using the same method of system calibration
as was described above. The second alternative is to elimin-
ate the signal generator and the R,, C4 branch, and to
replace the ac voltmeter with an HP 4815A RFE Vector
Impedance Meter™ which measures Rgc directly. The choice
*The Vector Impedance Meter will withstand a maximum of 50

VDC and 5 VAC (rms). Care must be taken during measurements to
avoid exceeding these ratings.



of these alternatives is dictated mainly by equipment avail-
ability; their accuracies are comparable.

D)}  Bias Circuits

Since in the avalanche breakdown mode the IMPATT
diode tends to behave as a constant voltage device, it re-
quires a constant-current DC bias source. A further con-
sideration in biasing the IMPATT is bias circuit stability;
there exists a fairly complicated interaction between the
“RF” and “bias port” impedances of an IMPATT diode.
As a consequence, the circuit presented to the bias port
affects the RF performance of the diode, and vice-versa.
Under certain conditions, osciliations in the bias circuit are
possible; these can be avoided by proper bias circuit design.

The requirement for constant-current DC bias is con-
veniently met in the laboratory with a large resistor and a
high volitage power supply. A typical bias circuit is shown
in Fig. 13A. The 5 k{2 resistor (R5) isolates the DC volt-
meter from the bias circuit; this is necessary in most cases
because the high input capacitance of DC VTVM's causes
bias circuit instabilities in the absence of sufficient isolation.
The function of R, is to provide a frequency-independent
series resistance in the bias path; wirewound resistors are
normally highly capacitive at high (>5 MHz) frequencies
and can also cause bias circuit instabilities if used alone.

Al
+ Ry Rz
L AAA AAA o
Rii
0-250V c DIODE
T |
O O ¢ O
R, 500-1000Q WW 25W
R, 100-150% (2 2W CARBON RESISTORS IN PARALLEL)
R, 5K CARBON %W
c, O0lufd
B
+ Ry +
o AN~ O
Q’
NPN
N 2N3739
vV D,
vV, - Voc
S
Q?
PNP
2N5415 OR
< 2N4003
R2
O O
T7
R, =V + DESIRED BIAS CURRENT
RE 10K
D1 IN4740 (10V ZENER DIODE)

Fig. 13. Some Typical Bias Circuit Designs for IMPATT Oscillators.
{A) Laboratory Bias Circuit. (B) Transistor Current
Regulator Circuit.

The laboratory bias circuit of Fig. 13A is unattractive
for most practical system applications because it requires
a high voltage supply, and wastes a great deal of power in

the series resistors. A transistor current regulator of the
type shown in Fig. 13B is the best solution for most practic-
al cases. This circuit functions by forcing the voltage across
R, to be equal to the reference voltage V; this forces the
load current to be constant at V, /R ;. The reference voltage
V. can be the voltage across the zener diode as shown, or
in a less critical application where economy is essential, it
can be the forward voltage drop across two or three pn
junction diodes in series. In a critical application where very
accurate regulation is required, a temperature compensated
regulated voltage source might be used as the reference. In
the next several paragraphs we will discuss some design
considerations relating to this current regulator circuit.

Referring to Fig. 13B, the supply voltage, Vg, diode
voltage Vg, and collector-to-emitter voltage, Vg, of Q4
are related by the equation

Vg =Vpc *+lpec Ry + Ve

Since Ipe Ry &V, for proper regulator operation, we can
rewrite this as

Vg = Vpe +V, + Vg (9)

From this equation one can calculate a “worst case” value
for Veg if the maximum Vg and minimum Vpe are known.
This sets the minimum value of Vg (max) for the transist-
ors. The required minimum power dissipation for Q; is the
product of |5 and the largest expected value of Vg from
Eqg. (9). It is also of interest to note that the minimum
value of supply voltage for proper operation is approximate-
ly V. + Ve + 2, allowing about two volts for V¢ at the
required bias current. The operating voltage Vpo for an
IMPATT diode at any ambient temperature, T, can be esti-
mated from the relation

+Ipc Rsc 1o

where Py is the dc power dissipated in the diode and 6+
is the thermal resistance of the diode in its mount. The
value of f§is 1.17 x 10° °C™,

EXAMPLE:

Let us estimate the operating voitage range of an HP
5082-0400 IMPATT diode from —30°C to +60°C, in a
mount with 6 = 20°C/W, Ipc =90 mA, and Py~ 8 W.
The value of V,, (25°C) for this diode is typically 78 V,
(from Table [) and Rgq is typically 32 €, (from Table I1):

Ve (~30°C) =78 [1+1.17 x 102 x(~55)
+1(17x10‘3x8x20}
+.09 x 32
~ 91V
Vpe (+60°C) =78 [1+1.17 x 103 x(+35)

+1.17 X 10% x 8 x 20 |



+.09 x 32
~99V

The operating voltage of the diode will vary from 91
to 99 V over the temperature range —30°C to +60°C.
Accordingly, if V. = 10 V as in Fig. 13B, and we allow
2 volts for Ve of Gy, the minimum power supply voltage
required is 99 + 10+ 2 = 111 V. If the DC power supply
is designed to provide 115 V, then at the lowest operating
temperature Vop will be 115 — 10 — 91 = 14 V. Conserva-
tive design would dictate a transistor with Voe (max) of
about 30 V, and for Ipc = 90 mA a dissipation rating (at
—30°C) of at least 3 watts (roughly twice the expected
dissipation). The transistor Q, must have the same voltage
rating but its power rating is smaller than that of Q, by a
factor roughly equal to the dc current gain of Q,.

In the circuit example above, an ambient temperature
will be reached at which the diode voltage will become so
high that Eqg. (9) can no longer be satisfied. Then the circuit
can no longer regulate and the current to the diode will
decrease, being given by (Vg—Vpc)/R;. This feature can
be used to automatically decrease DC power to a diode if
the ambient temperature exceeds a given equipment design
limit. In the above example, this occurs at about 100°C;
it will occur sooner if V¢ is chosen to be smaller.

As discussed above, the design of the bias circuit can
affect the RF performance of the IMPATT diode, particu-
larly at high power and bias current levels. In general, the
ideal ““termination’” for the bias port is a large frequency-
independent resistor. The worst termination is a large ca-
pacitor. Another undesirable condition is that in which, at
some frequency, the bias circuit has a high Q series reson-
ance to ground; this situation can easily arise from lead
inductance and stray capacitance in the bias circuit. In this
case, bias circuit oscillations can occur at the frequency of
the series resonance. Some examples of the output spectra
of oscillators with bias circuit instabilities are shown in Fig.
14. The circuit is that of Fig. 37, set up for 12 GHz
operation with an HP 5082-0401 diode as shown in Table
. Fig. 14A shows the spectrum of the oscillator with
a bias circuit similar to that of Fig. 13A. In Fig. 14B a
capacitor (.002 uf) has been connected directly across the
diode to ground. In Fig. 14C, the capacitor has been con-
nected from the node between R; and R, (Fig. 13A) to
ground; the presence of R, between the diode and the
capacitor has completely suppressed the instability (noise
in this case). In Fig. 14D, a section of open circuited BNC
cable has been connected in shunt across the bias port of
the diode. This cable in combination with the bias T is
series resonant at 14 MHz and causes a bias circuit os-
cillation at the same frequency. The oscillation in the bias
circuit frequency — modulates the RF output producing
the sidebands shown in the spectrum. Connecting the cable
from the node between R; and R, to ground, as in the
case of Fig. 14C, suppresses the instability. The spectra
shown were obtained at an output power of 800 mW, with
about 10 W input. At lower input powers, below 8 W or

so, the gross spectrum is relatively insensitive to the bias
circuit. However, a large (>0.1 ufd) capacitor is observed
to seriously degrade the oscillator noise. It should be re-
marked at this point that it is important not to connect
the bias circuit to the diode with an intervening coaxial
cable; the cable capacitance can cause instabilities such as
were just shown. The bias circuit should be physically im-
mediately adjacent to the oscillator bias port.

A

fo = 12.1 GHz

H:10MHz/cm

V:10dB/cm

Fig. 14, Effects of Improper Bias Circuit Design on IMPATT Os-
cillator RF Spectrum. (A) Normal Spectrum. (B) .002 ufd
Capacitor From Bias Port to Ground. (C) 100 {2 Carbon
Resistor Between Bias Port and .002 ufd Capacitor to
Ground. (D) Resonant Bias Circuit.

The considerations presented in the preceding para-
graph illustrate the importance of proper bias circuit design
in IMPATT oscillators. In particular, the importance of a
resistive bias port termination is shown. The instabilities
shown in Fig. 14 are extreme cases which have been pur-
posely induced to show the effects of improper bias circuit
design. In general, these instabilities are the most trouble-
some in higher power diodes operated near their maximum
power capabilities. In lower power (P, < 300 mW) os-
cillators, the bias circuit is much less critical, and the re-
quirement for a resistive termination at the bias port is
relaxed considerably. As discussed in the next section and
in VII.C., the RF loading on the diode also has a strong
effect on the onset of RF and bias circuit instabilities.

E) Operating Precautions

There are a number of precautions which must be
observed in the operation of IMPATT diodes in order to
avoid diode damage or burnout.

First, the junction temperature Tj of the diode should
not exceed 200°C for long periods of time. Diodes can
tolerate TJ- == 275°C for a matter of hours without damage
or degradation, but over extended times, operation much
above 200°C can substantially reduce diode operating life.
It is recommended that, in experimental circuits, the ther-
mal resistance of the diode in its heat sink be measured
according to the method outlined in Section 111.C. Then



the junction temperature can be calculated from

Ty =Tp +{Ppe = Py) x 07

; (1)

where P is the input power and P, is the microwave out-
put power.

Before connecting the diode cavity and its bias circuit
to the DC supply, the supply volitage should be set to zero.
After the DC connections have been made, the power should
be applied slowly. No current should flow until the break-
down voltage is reached; see Table | for typical values. At
some point after current flow has started, RF power will
be obtained. This point depends greatly on the RF loading.

A spectrum analyzer is very helpful in the initial in-
vestigation of IMPATT diode circuits. It is particularly valu-
able in the identification of RF instabilities, such as shown
in Fig. 14. The presence of RF instabilities, in addition to
being undesirable from a performance point of view, can
often lead to diode failure. There are two reasons for this.
First, a large bias circuit oscillation can itself dissipate more
power in the diode than it can safely handle; second, diode
instabilities can cause the diode to switch very rapidly to a
low voltage mode, in which large currents can be drawn
from the power supply or from stray capacitances in the
bias circuit. As mentioned above, instabilities are related
not only to the bias circuit but to the RF loading as well.
In general, instabilities can take place when the peak RF
voltage across the diode approaches about % the breakdown
voltage. In an amplifier or oscillator, the diode peak RF
current and voltage can be estimated if the value of the
load resistance R| is known; the necessary equations are
presented in Section V, Part B.

Particular care should be exercised during tuning or
loading adjustments in an adjustable cavity. Until some
“feel” for a circuit is developed, these adjustments are best
made at reduced power. The spectrum analyzer is an in-
valuable aid, as mentioned above.

intermittent DC connections must be avoided; these
cause transients which can destroy diodes. Changes in the
bias circuit should only be made after the DC power source
has been turned down to zero.

IV. Broadly Tunable Circuits

This section will describe two broadly tunable coaxial
circuits which are useful laboratory tools for the study of
IMPATT diode properties. The first is a multiple slug-tuned
cavity of the type described by Iglesias[7]; this cavity is
the more flexible of the two. The second utilizes a method
of varying the package inductance; while somewhat less
flexible than the slug-tuned cavity, it offers the advantage
of yielding more readily understandable results and single-
adjustment tuning.

A waveguide circuit is also discussed. it is not as
broadly tunable as the others, but is capable of much higher
Q, better frequency stability, and much lower FM noise.
This circuit is suitable as a local oscillator or parametric
amplifier pump in many systems applications.

A)  Multiple Slug Tuned Cavity,; Bias T

The basic circuit problem in operation of IMPATT
diodes as oscillators is to provide a load reactance which is
equal to the negative of the diode’s reactance at the desired
frequency of oscillation, and a load resistance which satis-
fies the condition shown in Fig. 5, namely that R be equal
to the magnitude of the diode’s net negative resistance, Ry,
at the desired operating point. In a tunable IMPATT circuit,
achievement of the optimum R at any desired frequency
requires at least two adjustable circuit elements, and more
than two for maximum circuit flexibility. The multiple-
slug-tuned cavity shown in Fig. 15 achieves this adjustabil-
ity by the movement of impedance-transforming “slugs’
inside a 7 mm coaxial line which is slotted to allow move-
ment of the slugs. The design of circuits of this type is dis-
cussed in the MIT Radiation Laboratory Series, Vol. 9, [8];
the use of the circuits for IMPATT diode operation has
been reported by Iglesias!?] .

Fig. 15 shows the important construction details of
the multiple slug cavity”. Depending on the desired center
frequency of operation, slugs with various lengths and im-
pedances can be used. In general, slugs A/8 and A\/4 long at
the desired center frequency of operation, with character-
istic impedance of between 10 and 20 €2 provide maximum

SLUG TUNED IMPATT CAVITY PARTS LIST
o . Manufacturer’s
ftem Description Material Part No.
9) 080" WIDE SLOT 1| 7 mm Coaxial Line Brass
2 Center Conductor Brass
3 Cavity Body BeCu
(Alloy 172)
\ 4 Clamp
b
7 Wzz4 / V222 ] ;.‘\';\\\\\'\(«\\\\\\\\\\\\\\4 5 Steeve
RN N & =r, 6 Nut St. Steel
\\TV /{ IV | .‘\\\\\\\\\\\\\\\\\\\\\ \\
WA R NN 7 7 Washer -
VA / 8 Collet Berylco-10*
9 Connector Ass'y Amphenol
#131-1050 (APC-7)
+#131-10004(APC-N)
@ DIODE 10 Tuning Slug Brass with
Mylar Tape
“Beryllium Corporation, Distributor: L. Jordon Brooks Inc. San Francisco
Fig. 15. Cross Section and Parts List for a Multiple-Slug-Tuned IMPATT Circuit.
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flexibility. Two, three, or four slugs can be used. The outer
surface of each slug is covered with Mylar tape so that
it will slide smoothly in the 7 mm coax line. The surface
can also be Teflon-coated; this service is now available from
commercial vendors™* ™,

Movement of the slugs can be accomplished either by
use of the Teflon adjusting rings shown in the photo of
Fig. 16 or by simply inserting a plastic probe into the slot
to move the slugs. The adjusting rings allow the slugs to be
locked in place by tightening the screw.

Fig. 16. Photograph of Disassembled Stug-Tuned Circuit.
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Fig. 17. Typical Data Obtained in Slug-Tuned Cavities.

Some typical data taken in multiple slug cavities are
shown in Fig. 17. The data shown in Fig. 178 were taken
with an HP 5082-0401 diode mounted in a collet which
recesses the diode back into the ground plane. This collet
appears on the upper right in the photo of Fig. 18 and is
also shown in the diode holder assembly detail of Fig. 10A.
Recessing the diode package in this way reduces the package
inductance significantly, making operation at higher fre-
guencies more convenient.

The data of Fig. 17C were taken with the HP 5082-
0433 diode. Tuning was accomplished with three slugs. This
diode has lower capacitance than the 5082-0400/1 diodes,
and is hence quite a bit easier to tune over a wide range.
lts output power capability is lower, in the 100-200 mW
range.

Fig. 18. Diode Collets; Recessed Collet Shown at Right.

A bias T is required for operation of the multiple slug
cavity, as well as for some of the other cavities described in
this Application Note. There are a few commercially avail-
able bias T's which can be used — the user is forewarned
that some of these have a specified maximum DC bias
current, often 100 mA; in some cases (e.g. with the HP
5082-0400/0401 IMPATT diodes) the diode will require
more than 100 mA of bias current. A suitable high-current
bias-T design is shown in Fig. 19; the “"bucket chokes’ are
A/4 long and are spaced A/4 from the RF line center con-
ductor and from each other, at 13 GHz. This bias T is
designed for operation from 8 to 18 GHz and hasa VSWR
< 1.10 over that range; its insertion loss over that range is
also very low, typically less than 0.3 dB. It can be used
readily at lower frequencies but with somewhat worse
VSWR; for operation with an adjustable circuit like the
multiple slug cavity, this VSWR can easily be tuned out.
If desired, the ""bucket choke’ dimensions and spacing can
also be scaled to a lower frequency. The DC current handi-
ing capability of this bias T is adequate for any IMPATT
diode biasing requirements. The maximum permissable cur-
rent has not been established, but is well in excess of 500
mA; the fusing current for the silver wire is given as about
5 amperes in Reference 9. A photo of the internal construc-
tion of the Bias T is shown in Fig. 20.

*Detailed drawings for this cavity are available from your HP field
sales office as HP Publication No, 5952-0261. See Appendix A for a
complete list of available IMPATT Circuit Drawings.

**e.g. Fluorocarbon, Inc., Mountain View, California.
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B) Variable Inductance Tunable Coaxial Circuit

A simple IMPATT oscillator circuit is shown in Fig.
21; it is derived from Fig. 9A by adding a resistive load R
and neglecting Cp. The frequency of oscillation of this os-
cillator is determined by the resonant frequency of L]O and

High-Current Bias T Used With Slug-Tuned and Other Coaxial Cavities.

Xp: since the behavior of X vs. f is determined by the
characteristics of the chip itself (and to a small extent by
the bias current) the only chance cf tuning the oscillator
over a significant range is by varying Lp. It seems strange
at first to talk about changing the package inductance,
since this is ordinarily thought of as a parameter fixed by
the choice of the package. However, it is in fact the case
that Lp is not unique to a given package, but can be varied
by changing the geometry of the circuit surrounding the
diode; one way of achieving this is shown in Fig. 22A.
Here the diode package is end-mounted in a coaxial line in
such a way that the package can be recessed into the ground
plane in an adjustable manner; the diode is shown recessed
fully in Fig. 22B. Recessing the diode decreases the induct-
ance considerably; Fig. 22C shows some typical data of Lo
versus the depth of recess, ﬂR, for a recess diameter just
large enough to accommodate the ceramic body of the
diode package (hpa Style 41 in this case). Fig. 23 shows
a practical realization of this tuning technique. The diode
holder and clamp is of the same type used for the slug-
tuned cavity described in the last section, with a modifica-
tion allowing the diode collet and sleeve to be moved back
and forth inside the clamp. While tuning the oscillator the
clamp is loosened just enough to allow the sleeve to be
moved by turning the tuning screw. When the desired fre-
quency is obtained, the clamp is tightened to ensure good
thermal and RF contact between the sleeve and the cavity
body. This oscillator, as shown, requires a bias T for op-
eration.

The transformer reduces the 50 2 line impedance to
the value of R required for optimum power output of the
IMPATT diode, usually in the vicinity of 2 2. The trans-
former used is a maximally flat two section design; this pro-
vides the optimum diode impedance over a wider frequency
range than a single A/4 section design, and is no more
difficult to design or build. Fig. 24 shows the design in-
formation needed to build two section transformers to
transform a line impedance Z, to any value of R . The
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Z, =LINE IMPEDANCE

R, = DESIRED CENTER-FREQUENCY LOAD RESISTANCE

FOR Z,, =500
R z, D, fin.) z, D, (in.)
1 18.803 2014565 2.65915 253079
125 19.8818 197866 3.14358 249179
15 20.809 194831 3.60422 245526
175 21.6265 192195 4.04596 242073
2 22.3607 189857 4.47214 238789
225 23.0289 187755 488517 235647
25 23.6435 185841 5.28686 232632
275 242137 .184083  5.67861 229729
3 24.7462 182457 6.06155 226926
325 25.2463 180942 6.43658 224214
35 25.7184 179524 6.80446 221585
375 26.1659 17819 7.16583 219033
4 26.5915 176931 7.52121 216552

Fig. 24. Two Section Coaxial Transformer for Broadband Match-
ing of IMPATT Diode to 50 () Line impedance. The
Transformer Sections are a Quarter (Electrical) Wavelength
at the Desired Center Frequency; the Equations or the
Table Give the Appropriate Transformer Impedances for
any Desired Value of R at the Center Frequency (De-
noted by Ry o).

table lists the values of Z, and Z, needed to transform a
50 © 0.276" 0O.D. coaxial line to values of R| between 1.0
and 4.0 ; in this case the diameter and length of Z, take
into account the presence of the Delrin (e, = 3.7) support
sleeve. Fig. 25 shows the behavior of R over the fre-
guency range 7-13 GHz for two section matching trans-
former with 10 GHz center frequency, for several values
of R, at 10 GHz.

4
3
R (10GHz) =250
o] /
[ //
) ///
1 : 115
| |
0 \ |
8 9 10 i 12 13
FREQUENCY - GHz
Fig. 25, Behavior of R vs. Frequency for a 2 Stage Transformer

Designed at Center Frequency of 10 GHz for R o =
1.5, 2.0, 2.5 (2.



This tunable oscillator design features single-adjust-
ment tunability — an advantage in some cases. At the same
time, however, it does not allow the optimum load imped-
ance to be presented at each frequency as does the multiple-
slug-tuned circuit. Typical performance is shown in Fig.
26; for this particular choice of R (1.25 Q) performance
is optimum below 10.5 GHz, but substantial power is still
obtained up to nearly 12 GHz.

800 I
DIODE : 5082-0401
R, =1.250
600 feenten = 10.0 GHz —
Py =95 W
H
T 400
ot W
200
: |
8 9 10 " 12 13
f-GHz
Fig. 26. Typical Data Obtained in the Variable-inductance

Tunable Circuit.

A photograph of the variable inductance oscillator is
shown in Fig. 27. Detailed drawings for this circuit are
available from the factory. (See Appendix A.)

Fig. 27. Photograph of Tunable Coaxial Oscillator of Fig. 23,

Disassembled,

C) Tunable Waveguide Oscillator

Fig. 28 shows a schematic illustration of a tunable
waveguide oscillator. This particular oscillator has been de-
signed for the frequency range of roughly 10.3-10.7 GHz.
The version shown uses a commercial sliding short for tun-
ing; the sliding short can be replaced by a fixed short and
tuning screw if less tuning range is required. Typical per-
formance of this oscillator is shown in Fig. 29 to 31. The
diode used was an HP 5082-0435. The data of Fig. 30 were
taken with a fixed short made of brass.

The AM noise of the oscillator in the configuration
shown is more than 130 dB below the carrier in a measure-
ment bandwidth of 100 Hz, independent of ““distance from
the carrier”” (modulation frequency, f ). The FM noise is
also independent of f,. The AM and FIM noise are virtually
independent of ambient temperature. This noise perform-
ance is within acceptable limits for most systems applica-
tions such as radar, telecommunications and telemetry re-
ceiver LO's, parametric amplifier and upconverter pumps,
and fow/medium power telecommunications transmitters.
Other applications, such as intrusion alarms and police radar
have requirements which are easily met with this oscillator;
a fixed-tuned version, tailored especially for low-cost de-
signs, is described in Section VI.B.

The frequency-temperature behavior is determined
mainly by the expansion coefficient of the waveguide (brass
in this case). Use of Invar would improve Af,/AT by a
factor of about 10, to 1-2 ppm/°C.

The distance between the waveguide short and the
disc/post assembly is very nearly ?\g/2. This is the primary
frequency-determining factor in this oscillator. Adjustment
of the post and disc dimensions mainly affect the circuit
Q and the RF loading of the diode. In general, higher Q is
obtained by increasing the post and disc diameters; the
increase in Q is normally accompanied by a reduction in
efficiency at any given bias level, due to increased cavity
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losses.

Circuit Q's of 2000 are achievable quite easily.

photograph of the oscillator is shown in Fig. 32.
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Fig. 29. Power Output and FM Noise Deviation vs. Frequency
for the Tunable Waveguide Oscillator of Fig. 28.
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V. Low O Fixed-Tuned IMPATT Oscillators
and Amplifiers

The low Q fixed-tuned circuits described in this sec-
tion represent the simplest possible IMPATT diode circuits.
The only difference between these circuits as oscillators
and amplifiers is in the choice of the real part of the load
impedance, R, presented to the diode. As pointed out in
the introduction (Fig. 5), an oscillator is required to satisfy
R_ + Rp = 0; thus a value for R, must be chosen such
that there is an intersection between the R = R, line and
the R = —Rp curve for the IMPATT diode. An amplifier
reguires that there be no intersection of R = R| and R =
—Rp: hence R| must be /arger than |Rp]| for all values of
the RF current through the diode.

Fig. 32, Photograph of the Tunable Waveguide Oscillator.

Low Q oscillators have their primary use in applica-
tions where the frequency stability and noise characteristics
of the diode can be controlled by injection phase-locking
techniques. A typical application is the use of an injection
phase locked oscillator as the final output stage in an FM
telecommunications transmitter. The injection-locked os-
cillator functions as a power amplifier in this case. Another
application is as an upconverter pump; here the frequency
of the oscillator can be controlled by a low power, high-
stability injection-locking signal such as a crystal-controlled
oscillator/varactor multiplier or a high Q cavity-stabilized
IMPATT oscillator. This arrangement is also suitable in a
CW Doppler radar transmitter.

IMPATT amplifiers are also suitable as final power
amplifiers in medium power CW transmitters. They can re-
place the currently-used traveling wave tube amplifiers in
many cases. Power gains of 10 dB with 0.5 W output power
and 1.0 GHz bandwidth are obtainable from the single-
diode amplifiers described in Part B.

Part C discusses power combining techniques which
can be used to obtain CW output powers in the several watt
range by combining two or more separate IMPATT oscil-
lators or by combining two or more diodes in a single
oscillator.



The realization of low Q (10-30) fixed-tuned IMPATT
oscillators and amplifiers in coaxial circuits is a straight-
forward matter. The most important design requirement is
proper transformation of the transmission line impedance
(usually 50 ©2) down to the required load impedance for
optimum diode performance as an oscillator or amplifier.
There are a number of ways of doing this; the two simplest
techniques are the use of a (nominally) quarter-wave trans-
former, with characteristic impedance Z+ < Z, and the
use of a shunt capacitor, C| . These techniques are shown
in Fig. 33, together with equations relating the parameters
of the transforming elements to the resulting values of
the load impedance presented to the diode. These elements
principally determine the real part of the load impedance
presented to the IMPATT diode, but also can have a strong
effect on the load reactance. The reactance of the circuit,
and hence the frequency of operation as an oscillator or
the center frequency as an amplifier, can be controlled in
several other ways; one is to recess the diode package into
the ground plane as was done in the tunable cavity of Sec.
IV.B. This lowers Lp, and raises the oscillation frequency.
Another is to insert a section of line in the circuit between
the diode and the frequency transforming element. This
raises the circuit inductance and /owers the oscillation or
center frequency. These methods are illustrated for a trans-
former-coupled circuit in Fig. 34. A third method is to vary
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the coaxial transmission line outer conductor diameter in
the vicinity of the diode; this technique is used in the trans-
former-coupled cavity discussed in the next section. The
coaxial oscillators and amplifiers described in this section
require a bias T for operation.

A)  Oscillator Circuits

Fig. 35 shows an oscillator circuit using a capacitor
as the impedance-transforming element. The capacitor di-
electric is composed of sheets of .001"" Mylar, cut in the
shape of washers; any dielectric with reasonable microwave
properties can be used here. Fig. 36 shows output power
and frequency plotted as functions of C; for an HP 5082-
0401 diode. The values of C | were obtained by using
different dielectric thicknesses, and were measured on a
1.0 MHz capacitance bridge. Capacitive reactance of C; was
measured at~8 GHz on an HP automatic network analyzer;
results were consistent within + 10%. This type of circuit
has been quite widely used at HP for evaluation of IMPATT
diodes — its virtue is its extreme simplicity.
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Fig. 35. An Oscillator Circuit Using a Capacitance as the

Impedance Transforming Device.
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Using an HP-5082-0401 IMPATT Diode.

Fig. 37 shows a transformer-coupled oscillator circuit;
Table 11 lists typical circuit dimension values for operation
of HP 5082-0400/0401 IMPATT diodes at 8, 10 and 12
GHz. The output power obtainable from these diodes op-
erated within their maximum ratings is between 0.5 and
0.8 W. The design of this oscillator is identical to that of
the tunable oscillator shown in Fig. 23 — the only differ-
ence is that the spring loaded two-stage transformer is re-
placed by a single stage fixed transformer, and the tuning
screw arrangement is replaced by the diode holder assembly
of Fig. TOA. The injection phase-locking properties of this
oscillator were investigated for a variety of injection signal
powers with an output power of 550 mW and a free-running
frequency, f,, of 12.245 GHz, using an HP 5082-0401
diode. The results are plotted in Fig. 38 — these results
are in good agreement with the simple locking theory of
Adler[10, 111+ the appropriate equation is shown in the
figure. The locking bandwidth, B, , for known values of
the injected signal power and the output power, can be
used to calculate the effective circuit Q (Qg, "'} using
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Fig. 37. A Laboratory Prototype Transformer-Coupled Oscillator, This Oscillator is the Basic Production Test Mount for HP IMPATT Diodes.



Adler’s equation, and for this particular circuit a Qg of T
about 18 is indicated. sk - -
The fact that a relatively high power IMPATT oscil- 80
lator can be locked to a low-power highly stable source 70 -~
suggests its use in such applications as airborne Doppler %
navigation radar and radar altimeters. A typical low Q M- g 50
PATT oscillator using HP 5082-0400/0401 0.5 W IMPATT o 2 AN
diodes, and fabricated from OFHC copper, has a temper- z 4 P
ature coefficient ranging from —40 ppm/°C at the low end s B ol U
of the specified operating frequency range of the diode to % P, = 550 mW
+20 ppm/°C at the upper end. At 10 GHz, these correspond 5 g. :21;45 or
to total variations of —60 MHz and +30 MHz, respectively, § 20 Pi,x; 100 W
over the range —60°C to +80°C. Thus, over ambient tem- S | !
perature ranges commonly specified for military equipment,
a 10 mW signal can easily keep a 500 mW oscillator in-
injection locked. 10
1 2 3 4 5 6 7 8 910
B) Amplifier Circuits INJECTION SIGNAL POWER, P,,, ~ {mW)
As mentioned in the beginning of this section, an Fig. 38. Typical Injection-Locking Behavior of the Circuit Shown

IMPATT diode can function as an amplifier if the load

resistance

in Fig. 37, An Injected Signal of Only 10 mW is Sufficient
to Lock the Oscillator Over a Range of + 50 MHz in this
Case.

presented to it is /farger in magnitude than the

TABLE I1i: Typical Transformer-Coupled Oscillator Dimensions for 8, 10, 12 GHz Operation
TRANSFORMER TRANSFORMER SPACER SPACER
f LENGTH DIAMETER Z1 COLLET INSIDE THICKNESS
(GHz) {inches) (inches) (£2) RECESS DIAMETER (inches)
8 J15" 245" 7.3 .01 610" .048""
10 i 245" 7.3 01 280" .048"
12 157 236" 9.4 .035" 220" .020”
BIAS CIRCUIT
pOWER |+ 1000 6002
SUPPLY
HPG207B = 047ufd
—;|77 o BIAS T
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HP495 A . ouT 5/& H @
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Fig. 39. Block Diagram of Reflection Amplifier Circuit.
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diode’s negative resistance, Rp. Both of the oscillator cir-
cuits illustrated in Part A of this section can be designed
to operate as amplifiers with minor changes in C, or the
transformer characteristic impedance. In general, amplifier
operation for a given diode requires a smaller value of C
or a /arger value for the transformer character impedance,
Z+, than for oscillator operation; both of these changes
increase the value of the load resistance, Ri.

Fig. 39 shows the block diagram of a typical IMPATT
reflection amplifier measurement circuit. A circulator is
used to separate input and output signais. This circuit can
measure the gain and phase shift of any amplifier or phase
locked oscillator.
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) /4" 987 ) /4 967 A 147997 4 Lo
*}4.005
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T A ; [y
f | i |
2761 157 z, 225 . 245 093 .22
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—t\ l 12.250 l aamo ‘ .
Z, —»! .022
500 (REXOLITE)
B .035
REFERENCE: G. MATTHAEI, L. YOUNG, AND E. JONES,
“MICROWAVE FILTERS, IMPEDANCE MATCHING NETWORKS,
AND COUPLING STRUCTURES,” McGRAW HILL, 1964. p.255

Fig. 40. Circuit Dimensions for an 11 GHz Amplifier,

Detailed circuit dimensions for an 11 GHz, 3-section
transformer coupled amplifier are shown in Fig. 40. Three
transformer sections provide somewhat greater bandwidth
than a single quarter-wave transformer section. The center
frequency for this amplifier is~11 GHz, and the 3 dB
bandwidth with 0.5 W output is~1000 MHz. A gain of
~9 dB is obtained at the 0.5 W output level. Typical P vs.
Py data are shown for various values of bias current in
Fig. 41.

Measurements of reflection amplifier characteristics
allow the determination of the Ry vs. Iy curve for a diode,
such as we showed in Fig. 5. Typical data for an HP 5082-
0401 diode at 11 GHz are shown in Fig. 42; several points
have been verified by oscillator measurements as well, and
are so indicated on the figure. The design procedure for an
amplifier from the data of Figs. 41 and 42 is straight-
forward. First the center frequency, f,, the frequency at
which gain is maximum, must be selected. At this fre-
guency, the circuit inductance (which may consist partly
or entirely of the package inductance) resonates the junc-
tion reactance. The junction reactance can be estimated as
the reactance of the junction capacitance at breakdown
Cj(Vb); typical values for Cj(vb) are listed in Table I in

Section Ill. The data of Fig. 22C are useful in coaxial
amplifier designs if a value of Lp less than about 0.6 nh is
required. For higher values of circuit inductance, the tech-
nique of Fig. 34A can be used, or the outer conductor of
the coaxial line at the diode can be enlarged as in Fig. 37.
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Fig. 42. Diode Negative Resistance, R, Plotted as a Function

of the Diode RF Current Amplitude, i, for HP-5082-
0401 Diode at 11 GHz,

Depending upon the exact circumstances, final adjustment
of the circuit inductance necessary to achieve the desired
center frequency is usually a cut-and-try process. At the
center frequency, the power gain of the amplifier is given by

Ry —R 2
o =g

° Rp + R
For example, if Ry = —2 Q and R =3 2, the power gain
is [{(—=2 —3)/(—2 +3)]12 = 25, or 14 dB. An estimate for
the power added by the amplifier is given by

(12)

Pa = % 12 |Rp (13)

For example, referring to Fig. 42, let us assume that
Ipe = 100 mA, and that Ry = —2 Q. The amplitude of the



diode RF current, Ip, is found as 0.50 A. Inserting these
values in Eq. (14), we find P, = 0.250 W; roughly, this is
the maximum power we can expect from the amplifier at
a gain of 14 dB. More power could be obtained, but at
lower gain — for example at 1.2 {2 on the |5 = 100 mA
curve, we have Ip = 1.0 A and P, 2 0.5 W, but from (13),
the gain is now about 7.5 dB.

The computations just given illustrate the methods
used to obtain a preliminary design for an IMPATT ampli-
fier; they also illustrate the fact that, since the IMPATT
amplifier is non-linear, the gain is not independent of power
level, but falls off with increasing power. The power levels
achievable from a diode as an amplifier are about the same
as the maximum power as an oscillator at the same fre-
quency and the same DC bias current.

Fig. 43 illustrates a 9.0 GHz coaxial amplifier design,
similar to the 11 GHz amplifier. Figs. 44 and 45 show P
vs. P, and Rp vs. | data, respectively, for an HP 5082-
0400 diode.
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Fig. 43, A 9 GHz Coaxial Amplifier Design.
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Wavequide realizations of IMPATT amplifier circuits
are also possible, but as of the time of preparing this Ap-
plication Note, only limited information has been obtained
on such circuits at Hewlett-Packard. The circuit of Fig. 46
illustrates a basic approach in waveguide amplifier design.
Using a waveguide circulator to separate input and output
signals, this circuit has produced more than 300 mW of out-
put power at 12.4 GHz at a gain of about 8 dB. The DC
input power was about 7.5 W, and the diode was an HP
5082-0400. The 3 dB bandwidth was about 200 MHz. Con-
siderable further optimization of this circuit is possible, and
more results on this and other waveguide amplifiers will be
presented in a future Application Note.
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Fig. 46, Laboratory Prototype Waveguide IMPATT Ampilifier,

It is often desirable to be able to estimate the diode
RF current and voltage in an amplifier or oscillator. In
order to make these estimates, the value of R presented
to the diode must be known or estimated. Once R is
known, the appropriate equations for obtaining Vp or Ip

are:
/2P, R
VD ~ Zo 'L [1-{-_1__ (14)
wCJ(Vb) /GO
b & wClVy) Vp (15)



These are the peak values of RF voltage and current, re-
spectively; G, is the midband gain (infinite for an oscil-
lator), and Ci(Vb) is the junction capacitance at breakdown
(Table 1).

C)  Power Combining Techniques

When power output requirements exceed the power
obtainable from a single diode, methods for combining the
power output of two or more oscillators (amplifiers), or
two or more diodes in the same oscillator, must be con-
sidered.

Fig. 47 illustrates one method of combining the out-
put power of two amplifiers. In this case, the amplifiers
are simply connected in cascade, and the second stage is
driven by the first with a signal large enough to reduce its
gain to 3 dB. The two amplifiers then supply almost equal
power to the load. The power levels shown in the example
were taken directly from Fig. 41, assuming I~ = 100 mA.
The overall gain is 12 dB.

P =65 mW O P =500 mW O P = 1000 mW
AMPLIFIER #1 AMPLIFIER #2
Fig. 47, Cascaded IMPATT Amplifiers.

A second technique for combining two amplifiers or
oscillators is by the use of a 90° hybrid coupler as shown
in Fig. 48. In the oscillator case this scheme allows an in-
jection locking signal to be applied at the “input” port, or
if no locking signal is used, this port is terminated in a
matched load.

AMPLIFIER OR
OSCILLATOR =1

AMPLIFIER OR
OSCILLATOR =2

| |

90° HYBRID COUPLER

IN ouT

Fig. 48. Power Combining of Two Oscillators or Amplifiers

Using a 90° Hybrid Coupler.

The reader is referred to references [12-20] for fur-
ther reading on the subject of power combining of IM-
PATT diodes and oscillators. The works of Kurokawa and
Magalhaes! 15} and of Rucker!'®! are particularly valuable
contributions, which show the practical feasibility of ob-
taining CW output powers of 5 to 10 W from IMPATT
oscillators in X-band.
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V1.  High Q Low Noise Oscillators

Parts A and B of this section describe techniques for
building high Q low noise IMPATT oscillators with essen-
tially fixed tuning. The noise performance and frequency
stability achievable with these oscillator designs is compat-
ible with local oscillator requirements in radar, telemetry,
and telecommunications receivers. Sufficient power is avail-
able from these oscillators to make them suitable for low
power transmitters, and for parametric amplifier pumps, as
well as police radars and intrusion alarms.

Part C describes typical results of experiment inwhich
a commercial silicon microwave varactor diode is used to
tune an IMPATT oscillator. This experiment shows that it
is quite easy to achieve sufficient electronic tunability to
employ AFC for the frequency stabilization of a high Q
IMPATT oscillator, and to frequency-modulate it.

A)  Coupled Coaxial-Waveguide Oscillator -

The oscillator shown in Fig. 49 is a modification of
a circuit design described by Magalhaes and Kurokawa!(21!
and by Kenyon!22] _ The design basically consists of a co-
axial oscillator which is strongly coupled to a high Q wave-
guide resonator. The waveguide resonator is in turn coupled
by an iris to the load. Coupling between the coaxial cir-
cuit and the waveguide resonator is magnetic, and is ob-
tained by passing the center conductor of the coaxial os-
ciflator directly through the top (broad) wall of the resona-
tor at a position corresponding to the magnetic field max-
imum in the resonator. The center conductor passes through
a matched polyiron load to the bias connection. The best
results in this oscillator have been achieved with the dimen-
sions (in units of wavelength at the frequency of oscil-
fation) shown in Fig. 50. The resonator is 3>\g/2 long, with
the coaxial center conductor located approximately A,/2
from the iris, in the center of the waveguide. The length of
the coaxial line from the guide center to the diode is fairly
critical, and is close to 3\/4, including the A/4 transformer.
The function of the matched coaxial load is to prevent
spurious resonances in the coaxial portion of the oscillator.

DC BIAS

E FIELD
COUPLING IRIS
/

Fig. 50. Schematic illustration of the Critical Dimensions

in the Coupled Coax-Waveguide IMPATT Oscillator,

Fig. 51.

Photograph of the Coupled Coax-Waveguide Oscillator.

It does not dissipate more than~5% of the generated power
in a properly designed oscillator.

A photograph of a laboratory model of this oscillator
is shown in Fig. 51. This particular model was fabricated
from brass. The parts are brazed together, using a stain-
less-steel mandrel to position and align the coaxial outer
conductor parts. Accurate alignment of these parts is quite
important for proper operation of this oscillator.
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Typical results are shown in Figs. 52 through 55, for
an oscillator with a Q of about 500. Figs. 56 and 57 show
results for an oscillator in which the Q has been increased
to about 2400. The increase in Q was obtained by reducing
the iris diameter from 0.375" to 0.266". Increasing the Q
has reduced the FM noise considerably, at the expense of
a loss of output power.
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Fig. 56. FM Noise and Oscillation Frequency vs. Bias Current for

a Higher Q {2400) Version of the Coupled Coax-Wave-
guide Oscillator,
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Fig. 57. Power and Efficiency vs. Bias Current for the

Oscillator of Fig. 56.

The diodes used to obtain the results described above
were HP 5082-0432 diodes. HP 5082-0401 diodes can also
be used, with the following changes in dimensions: trans-
former impedance, 31 £2; impedance matching ring, 0.144"
ID x .055" thick; iris, 0.40" dia. Using these dimensions,
more than 0.5 W can be achieved at~5.0% efficiency with
a typical 5082-0401 IMPATT diode. FM noise deviation is
less than 10 Hz in a 100 Hz bandwidth, and the circuit Q is
about 200. Typical data are shown in Fig. 58.
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Fig. 58. Power and FM Noise vs. Bias Current for a 0.5 W

Coupled Coax-Waveguide Oscillator,

The frequency-temperature behavior of the oscillator
design shown here can be improved substantially by fab-
ricating the waveguide resonator with Invar or stainless-steel
and using an end plug of a material, e.g. brass, with a higher
coefficient of expansion to compensate for length changes
of the resonator. This concept is shown in Fig. 59. The
basic idea is to select values for L, and L, which make the
resonator length, L, remain approximately constant with
temperature. It is quite easy to show that this requires

(16)

where a, and a, are the temperature coefficients of ex-
pansion of the waveguide material and the plug, respective-
ly. Obviously ao must be greater than a4 for this concept



Fig. 59. Temperature Compensation Technique for the Coupled
Coax-Waveguide Oscillator.

to work; the larger the ratio a,/a,, the shorter the temper-
ature compensating plug can be. This technique has pro-
duced experimental oscillators similar to that of Fig. 49,
with less than 1 ppm/°C variation of frequency with tem-
perature, using Invar® waveguide with a brass piug.
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Fig. 61. Power and Efficiency of the Low Cost Waveguide
Oscillator vs. Bias Current.

*WROO0 Invar Waveguide is supplied by A, T. Wall Co., Van Nuys,
California, and by Evered and Co. Metals Ltd. (represented by
Connolly and Company, Inc,, Mountain View, California),

B)  Low Cost Waveguide Oscillator

The oscillator shown in Fig. 60 is essentially a modi-
fication of the oscillator of Fig. 28, incorporating a fixed
short circuit. The configuration shown has a Q of about
1000, and was designed to operate at 10.6 GHz. Typical
data are shown in Figs. 61 and 62. Fig. 62 shows a mini-
mum in FM noise when plotted against Iy a similar effect
was evident in Figs. 54 and 56. This behavior is predicted
by a simple noise model discussed in Section VII. The tem-
perature behavior of this oscillator is about the same as that
of the oscillator shown in Fig. 28.
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Fig. 62. FM Noise and Oscillation Frequency vs. Bias Current
for the Low Cost Waveguide Oscillator.

This oscillator concept, because of its simplicity, is
well-suited to applications where cost is an important fac-
tor, such as intrusion alarms, traffic control sensors, and,
in general, any application requiring an inexpensive fixed-
frequency microwave source. The design principles for this
oscillator are less well known than for the oscillator dis-
cussed in the last section, which might make it somewhat
more difficult to scale to other frequencies; general con-
siderations for its design were discussed in Section 1V.C.

C) Varactor Tuning

Some electronic tunability is usually required of an
oscillator, either for freguency modulation or automatic
frequency control. The oscillator of Fig. 49 has been varact-
or tuned over about + 4.5 MHz without degradation of the
oscillator FM noise, using a commercial silicon microwave
tuning varactor in a special probe assembly®. The details
are shown in Fig. 63, and the tuning data are shown in
Fig. 64. The varactor probe has also been mounted inside
the oscillator opposite the tuning screw in the broad wall
of the waveguide resonator. The tuning range achievable
without FM noise degradation was less in this case, about
+ 1 MHz. The degree of coupling of the varactor to the
oscillator is controlled in either case by the depth to which
the probe is screwed into the waveguide wall. A locknut is
used to tighten the probe when the desired depth is reached.

*This technique and the probe assembly design were suggested by
R. Shipow of Spectra Electronics, Inc., Los Altos, California.



CONNECTOR
BNC (AMPHENOL =31-221-1026)

./

X D
————
———
—
———
1,
FEED THRU —
CAPAC(TOR\ —
(4000 PF)
N\ NS
k LOCK = RFC
. N N \ (100 NH)
AN
J'%‘l N h N / 4
% = N = < = ]
= il
E H /
v M4 LY 3
/
g COUPLING VARACTOR
DISK DIODE
| ,\
' Y
Fig. 63. Varactor Diode Mounting Technique for the Coupled Coax-Waveguide Oscillator.

M
z fo, 2 105 GHz
B P, 2 50 mW
<

4 /

2 /

0G

0 20 40 80 80 100

VARACTOR BIAS VOLTAGE

Fig. 64. Oscillation Frequency vs. Varactor Diode Bias Voltage
for the Configuration Shown in Fig. 63.

V1i. Noise in IMPATT Oscillators

When IMPATT devices first received consideration as
practical microwave sources, there existed the rather wide-
spread belief that these devices were too noisy to meet the
stringent oscillator noise requirements of most military and
commercial microwave systems. This belief has now been
largely dispelled, but nevertheless, many prospective users
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of the devices wish to be able to compare the theoretically
possible noise performance of IMPATT oscillators with
other design alternatives, such as Gunn or reflex klystron
oscillators. Part A of this section presents theoretical con-
siderations which allow the noise performance of practical
IMPATT oscillator designs to be predicted. In part B, typi-
cal IMPATT noise data are shown and are compared with
data for typical Gunn and reflex klystron oscillators. Part C
presents considerations for the proper operation of IMPATT
devices in order to obtain the optimum noise performance,
and discusses noise suppression techniques.

The general conclusion drawn from the theory and
data presented in this section is that properly designed IM-
PATT oscillator circuits can have noise performance com-
parable to that of reflex klystron or Gunn oscillators in
virtually any application. Of particular interest for systems
with low intermediate frequencies (Doppler radars, for ex-
ample) is the fact that HP IMPATT diodes exhibit no
measurable “‘excess” or 1/f"" noise near the carrier — this
feature is not shared by Gunn and klystron oscillators, as
will be seen in Part B. Freedom from 1/f noise means that
the noise characteristics of IMPATT oscillators can be pre-
dicted guite accurately from basic oscillator noise theory,
even very near the carrier. This facilitates oscillator design
and allows system noise performance to be readily cal-
culated.

A)  Noise Theory

Noise behavior of oscillators is reasonably well under-
stood now due to the early work of Edson!23], and more



recent contributions by Kurokawa [Ref. 11, p. 389] and
Josenhans[24! | The theoretical expressions for FM and AM
noise of any oscillator are given as follows:

f
/\frms - ’O kTPBM (17)
ext o
1 kT_BM
2 p
(N/C)AM 0 (18)

where

S — The RMS noise deviation that would
be measured in a bandwidth B at the
output of an FM discriminator with
the oscillator at its input.

AM . . . .

<N/C>SSB — The single-sideband AM noise-to-carrier
ratio in a bandwidth B measured at a
distance f, from the carrier.

1y — Oscillation frequency.

Py — Power output of the oscillator.

B — Measurement bandwidth.

k — Boltzmann constant.

T — Ambient temperature.

f — Distance from the carrier (commonly
called the “modulation frequency’).

Qg — The true external Q of the oscillator.

(3N — The external Q as derived from in-
jection phase locking measurements.

s — A measure of diode nonlinearity. For
maximum power output, s = 2.

M — The Noise Measure of the oscillator.

The FM noise, expressed above as a noise deviation, can
also be expressed as a noise-to-carrier ratio:

< N >FM - A‘Frzms
~ 2
C Jsss 25

The noise measure, M, sometimes called the noise temper-
ature ratio, is a way of expressing the inherent noisiness
of the active oscillator element relative to thermal noise,
kTB. In a transistor or vacuum-tube feedback oscillator, the
noise measure is simply the noise figure of the amplifier
element. In kiystron oscillators the noise is associated with
fluctuations in the beam current. In solid state microwave
oscillators such as [MPATT diodes and Gunn devices, the
noise is associated with the inherent oscillation mechanism
and in some cases with low-frequency fluctuation phenome-
na which amplitude and frequency-modulate the generated
RF carrier.

The difference between the external Q as derived
from locking bandwidth measurements (Fig. 38) and the

(19)
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“true” external Q arises from the nonlinear nature of os-
cillators, in particular the dependence of the active ele-
ment’s reactance on the AC current or voltage. Although
not rigorously correct, it is usually an adequate engineering
approximation to consider the two Q's to be equal. Also,
the value of s in Eq. (18) can be taken to be 2 for most
engineering purposes; then (18) becomes

1 kT BM
AM 2 P
O e L
$sB [ Qex fn
f0

The noise equations presented above are those de-
rived from the assumption of ““white’” noise sources in the
active oscillator element only. In practice, “excess’” or *“1/f”
noise is also found to be important in some oscillators,
especially in Gunn devices and klystrons; unfortunately,
little is known theoretically about this kind of noise. An-
other important noise source in the case of IMPATT diodes
is upconverted noise from the bias circuit. Proper bias cir-
cuit design, as discussed by Scherer!25] and described in
Section [11.D., eliminates this source of noise, so we will
not discuss it here.

Equations (18) and (20), then, will form the basis for
our discussion of silicon IMPATT diode noise. At the modu-
lation frequencies for which noise close to the carrier is
usually measured (f, < 10 MHz) we expect Af he and
(N/C)AM o be flat, that is, not dependent on f_. At a

ssB |
value of f given by
f
fon = (21)
" Qe xr

we should see the AM noise begin to fall off at the rate of
6 dB per octave. These features of the theory are observed
to occur for HP IMPATT diodes; typical data is shown in
the next section.

In order to compare the relative noise performance
of IMPATT, Gunn and Klystron oscillators, we can tabul-
ate measured values of M for the three devices. Actually,
at least for IMPATT diodes, the behavior of M with signal
level must be shown, too. The complete measured curve of
M for typical HP silicon IMPATT diodes is shown in Fig.
65, plotted against the diode peak RF voltage normalized
to the breakdown voltage. The minimum or “‘small signal”
value of M is about 36 dB. This data was first published in
[26], and has aiso been presented in somewhat different
form in [27]. Reference [27] also shows data for GaAs
IMPATT diodes, showing very similar behavior to silicon
except that the minimum value of M is about 30 dB. The
value of M for Gunn devices is extremely difficult to infer
from published experimental data because of the presence
of large amounts of 1/f noise. By considering only the data
in the flat portion of the O hs Vs, T, curve far from the
carrier, values for M varying from roughly 25 to 35 dB are
found for most Gunn oscillators. In many cases, the value
of M for Gunn oscillators is academic because of the domin-
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ance of 1/f noise near the carrier. Typical reflex klystrons
will have values of M in the range of 40 to 45 dB; so-called
low-noise klystrons have somewhat lower values, perhaps as
low as 30 dB in some cases. Table IV lists the “‘small signal”
M values for the various oscillator devices.

TABLE iV: Values of “Small Signal”* M for
Microwave Oscillator Devices

DEVICE “SMALL SIGNAL"” M (dB)
Silicon IMPATT 36
GaAs IMPATT 30
Gunn Device 25 — 35
Reflex Klystron 40 — 45
Low Noise Klystron 30 — 40

When Eqg. (17} is used to predict FM noise for an IMPATT
diode, it must be remembered that M is a function of RF
voltage across the diode and therefore of power. In a fixed-
tuned IMPATT circuit, as the microwave output power is
increased by increasing the bias current, one sees at first a
decrease in &f, ., since M is virtually constant at its "‘small
signal”’ value, and Eq. (17) predicts that &f _ varies inverse-
ly with fli_ At higher output powers, the dependence of
M on RF level begins to overtake the inverse P, dependence
in Eq. (17), and &f _ will turn around and begin to in-
crease. We thus expect a minimum in &f o when it is
plotted against either |5 or Py. This behavior is clearly
seen in Figs. 54, 57 and 62. Similar considerations apply to
AM noise.

A final remark on comparison of noise performance
of oscillators is that, from (17) and (18) or (20), it is evident

that, apart from the value of M, the noise depends on a
number of parameters that are determined at least partially
by the circuit in which the oscillator device is operated,
namely the output power, the frequency and the external
Q. Therefore, in order to compare the noise performance
of different devices in different circuits, it is absolutely
essential to know the values of P_, f, and Qgy for each
circuit! This point is often overlooked in comparing noise
performance, which has resulted in considerable confusion
in the understanding of relative noise performance of micro-
wave oscillators.

The next section presents curves of typical silicon
IMPATT, Gunn and klystron oscillator noise data.

B) Typical Data

Fig. 66 is a plot of FM noise deviation (Af ) vs.
modulation frequency for typical X-band IMPATT, Gunn
and klystron oscillators, all with power output in the range
of about 100 mW. The IMPATT results were measured at
Hewlett-Packard and by a commercial noise-measurement
service”. The diodes used were HP 5082-0432 devices, and
the circuit is that of Fig. 49. The specific data for the
klystron are from Fig. 20 of [2]. The Gunn data are extra-
polated from Fig. 16 of [28]. It is evident that both kiys-
tron and the Gunn device have considerable degradation in
FM noise close to the carrier, due to “‘excess’’ or ‘‘1/f"
noise. The data also indicate that excess noise is virtually
absent in the two IMPATT oscillators shown. This has been
found to be true in general for HP IMPATT diodes. An
important point is that the high Q (Qgy+ = 2400) IMPATT
oscillator has FM noise comparable to that of the klystron,
and that its FM noise performance is quite adequate for FM
telecommunication system local oscillators or upconverter
pumps. Indeed, the performance and reliability of IMPATT
oscillators as the carrier supply in long haul telephone re-
peater systems has been found superior to that of the con-
ventional varactor multiplier chains presently used(29!. The
advantage of the IMPATT is simplicity, leading to substan-
tial cost savings over the multiplier chain approach.
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Fig.66. FM Noise Performance of Typical X-Band Gunn, Reflex
Klystron and IMPATT Oscillators with P, = 100 mW,

*Spectra-Electronics, Inc., Los Altos, California



Fig. 67 shows the AM noise for typical IMPATT,
Gunn and reflex klystron signal sources, again in a measure-
ment bandwidth of 100 Hz and at a nominal power of 100
mW. The IMPATT and reflex klystron data were measured
at Hewlett-Packard, and the Gunn data were taken from
Fig. 15 of [28]. The klystron data can be compared to the
data of Fig. 21 of [2] and are found to be very similar.
Again, the klystron and Gunn oscillators show a substantial
amount of excess noise. The apparent slight increase in the
noise of the IMPATT oscillator below f_ > 2 kHz is due
to the excess noise of the detector element (a Schottky
Barrier diode) used in the measurement system.
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Fig. 67. AM Noise of Typical X-Band Gunn, Reflex Klystron

and IMPATT Oscillators at 100 mW QOutput,

An important property of the AM noise in any high
Q oscillator can be seen in Fig. 68. At the modulation fre-
quency given by Eq. (21), as discussed, we expect the AM
noise to have fallen to 3 dB from its “flat” value and to
continue to fall at the rate of 6 dB per octave at higher _,.
A low frequency spectrum analyzer (HP 8553L) was used
to make measurements on a high Q IMPATT oscillator cut
to f,, = 100 MHz, and the expected rolloff in AM noise
was found; the —3 dB point calculated from (21) using the
measured value of Qgyt is in almost exact agreement with
the measured —3 dB point, and occurs at f =7 MHz.
The noise rolis off until the threshold of the measurement
system is reached, corresponding to thermal noise (kT B)
plus the system noise figure, F (13 dB in this case}). The
ramifications of this kind of behavior for AM receiver sys-
tems (e.g. radar}) employing 30 or 60 MHz intermediate
frequencies are quite clear: the IMPATT oscillator is capable
of AM noise behavior comparable to that of a klystron local
oscillator when operated in a moderately high Q circuit; if
the Q is known, the achievable AM noise is given guite
accurately by Eqg. (20).

The FM noise measurements reported here were per-
formed mainly with an HP 2590B Frequency Converter,
which contains a 30 MHz discriminator, and with the IF
preamplifier and demodulator sections of a commercial FM
telecommunications receiver (Collins). Measurement thresh-
old of the HP 2590B, about 2 Hz rms in a 100 Hz band-
width, was somewhat better than that of the Collins re-
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ceiver. The discriminator outputs of both systems are meas-
ured with a wave-analyzer. The measurement of the high Q
IMPATT oscillator shown in Fig. 66 was performed by
Spectra-Electronics, Inc., Los Altos, California, as a check
on the other measurement methods. The AM noise measure-
ments were performed using a high level detector in which
the noise sidebands are down-converted to baseband by
mixing with the carrier; the baseband signal is then ampli-
fied and measured with a wave-analyzer. The method is
essentially that of Ashley, et.al.,[30!  except that a single-
ended detector was used in the present case.

C)  Noise Suppression

From the RF circuit point of view, assuming that the
bias circuit has been properly designed, the fundamental
technique for obtaining optimum noise performance from
an IMPATT oscillator is to operate the diode with the small-
est value of RF voltage across the diode chip consistent
with the required output power. This is obvious from Fig.
66, where we show the noise measure, M, plotted against
the diode RF voltage normalized to the breakdown voltage.
Fig. 66 could as well be a plot of M vs. I, the diode RF
current, since diode current and voltage are related by Eg.
(15). The crucial point is that if the RF voltage and current
are allowed to be too high, M increases extremely rapidly,
and the oscillator gets noisy.

For an oscillator with a fixed input power level, itis
evident that the RF voltage and current are determined by
the real part, R, of the ioad impedance presented to the
diode chip, (Fig. 5). The choice of load resistance is there-
fore very important in IMPATT oscillator design. Fortunate-
ly, it is possible to achieve nearly the maximum output
power in most IMPATT oscillators while obtaining the low-
est noise. Fig. 69 shows this; here power and FM noise
deviation are plotted against the real part of the load im-
pedance, Ry . The higher values of R| lead to lowest noise
— this makes sense, since from Fig. § it is evident that high-
er values of R lead to /ower values of | and hence /ower

values of V. The lowest &f is seen to be obtained at
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the expense of only about 0.5 dB decrease in P, from the
maximum power. These data were taken in a low Q coaxial
oscillator similar to that of Fig. 35. It is worth pointing out
that the linear portion of Py vs. R below R =~ 1.2 Q
corresponds to saturation in the IMPATT oscillator, in that
at any R in this range, P, does not increase with an in-
crease in lpc. This phenomenon occurs when the diode RF
voltage reaches approximately % V. Operation in this range
is extremely noisy, and usually leads to bias circuit instabil-
ities such as were discussed in Section [11.D. and III.E.,
especially if bias circuit design is not optimum. Operation
in this range is avoided by providing a large enough value
of Ry in the circuit™.

In most circuit designs, the achievement of the opti-
mum value of R simultaneously with the circuit Q needed

for low Af o is done by cut-and-try. Some useful tech-
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Fig. 70. tnjection Phase Locking of One (A) and Two (B) Low Q

IMPATT Oscillators with a Stable Low Noise Reference
Source. The Arrangement in B Also Serves to Combine
the Powers of the Two Oscillators.

*Equation (14) allows Vg4 to be determined from the values of Py
and Ry, if they are known.
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niques were shown in Section VI. For high power and low
noise, it is often easier to build a low Q oscillator such as
those shown in Section V and to injection phase lock it with
a lower power low noise source as in Fig. 70. Frequency
stability can be achieved in this way at the same time. The
degree of “quieting” which is possible by injection locking
depends on many factors, which are conveniently summed
up in the following equation:

A e (fm/BL)

of = EACE

rms

(22)

The symbols in this equation have the following meaning:
A s is the noise deviation of the injection locked
IMPATT oscillator.

is the noise deviation of the unlocked ("'free
running”’) IMPATT oscillator.

Af, is the noise deviation of the low noise lock-
ing signal (“'reference’’ signal).
is the locking bandwidth defined in Fig. 38.

C\ffro

m is the modulation frequency.

The basic theory was developed by Hines, et.al.,[31] The
equation basically states that, near the carrier, the FM
deviation of the locked oscillator is that of the reference
signal, while far from the carrier it begins to take on the
noise characteristics of the unlocked oscillator again. In-
jection phase locking has little effect on the AM noise
spectrum.

From the preceding equation it can be shown easily
for the usual case where &Af << Afy | that the FM noise
deviation of the locked oscillator has increased to ﬁtimes
4f, at a modulation frequency f/ given by

oty
A‘ffro

Y]
m

-8B, (23)
As an example, take the oscillator from which Fig. 38 was
obtained. It has a value of Af, 2270 Hz in a 100 Hz band-
width, independent of f_ . If the injected signal power is
10 mW, and &f. = 3.5 Hz, then the value of f is about
5 MHz. To increase f, to 10 MHz, four times the injected
signal power, or 40 mW, is needed. The expected form of
the FM noise spectrum for these cases is shown in Fig. 71.

1000.0 - . "
FM NOISE SPECTRUM OF INJECTION-LOCKED OSCILLATOR
P, =550 mW  Af, =70 Hz
Qeyr = 18 Af, =35 Hz Af 1S DOMINATED BY
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100.0 2 , \
N ] \
I
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N |
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‘10 i i L
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= MHz
Fig. 71. FM Noise Spectrum of a 0.55 W Power Oscillator

Injection Phase-Locked by a Quiet Low Power
Reference Source.



APPENDIX A — IMPATT CIRCUIT DRAWINGS AVAILABLE FROM HP

Machine drawings for many of the circuits described in this Application Note are available as Hewlett Packard
Publications, and can be ordered by HP Publication Number from the factory or from HP Field Sales offices. The
available drawings are listed below.

Some of the circuits are designed for a specific HP IMPATT diode type. These circuits will work with other
diode types with minor modifications in most cases.

IMPATT CIRCUIT DRAWINGS AVAILABLE FROM HP
HP APPROX. SPECIFIC DESIGN
PUBLICATION DESCRIPTION FREQ FOR HP IMPATT
NO. ) TYPE NUMBER
5952-0261 Multiple-Slug Coaxial IMPATT 5-16 All
Oscillator .
5952-0262 Variable Inductance Coaxial 8—12 5082-0400
IMPATT Oscillator 5082-0401
5952-0263 Tunable Waveguide IMPATT 10.3—10.7 5082-0432
Oscillator 5082-0435
5082-0438
5952-0264 Low Q Coaxial IMPATT 10 5082-0400
Oscillator 12.4 5082-0401
(Transformer Coupled) 6.5 5082-0431/4/7
10.0 5082-0432/5/8
12.0 5082-0433/6/9
5952-0265 9 GHz Coaxial IMPATT ~ 9.0 5082-0400
Amplifier
5952-0266 11 GHz Coaxial IMPATT ~11.0 5082-0401
Amplifier
5952-0267 Coupled Coax-Waveguide 10.5 5082-0401
IMPATT Oscillator 5082-0432/5
(Waveguide Output)
5952-0268 Low Cost IMPATT Oscillator 10.5 5082-0432/5
(Waveguide Output)
5952-0269 Coaxial Bias Tee 8.0—18.0 All
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