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National foreword

This Section of BS 6493 has been prepared under the direction of the Electronic
Components Standards Policy Committee. It is identical with IEC Publication
60747-4:1991 “Semiconductor devices. Discrete devices Part 4: Microwave diodes and
transistors”, including amendments 1:1993 and 2:1999, published by the International
Electrotechnical Commission (IEC), which supersedes the material in IEC Publications
147-1F, 147-2B, 147-2F, 147-2K, 148A and 148B dealing with microwave discrete devices.

This British Standard constitutes Section 1.4 of the British Standard for
semiconductor devices (BS 6493). (See national foreword of

BS 6493: Section 1.1:1984.) It supersedes those parts of BS 3363: Supplements 1

and 2:1981 that deal with microwave discrete devices. This British Standard has been
partially superseded by BS EN 60747-16-1 and BS IEC 60747-16-2.

From 1 January 1997, all IEC publications have the number 60000 added to the old
number. For instance, IEC 27-1 has been renumbered as IEC 60027-1. For a period of
time during the change over from one numbering system to the other, publications may
contain identifiers from both systems.

Cross-references

The British Standards which implement international publications referred to in this
document may be found in the BSI Catalogue under the section entitled “International
Standards Correspondence Index” or by using the “Search” facility of the BSIT
Electronic Catalogue or of British Standards Online.

This publication does not purport to include all the necessary provisions of a contract.
Users are responsible for its correct application.

Compliance with a British Standard does not of itself confer immunity
from legal obligations.

Summary of pages

This document comprises a front cover, an inside front cover, pages i to iv,
pages 1 to 38, pages 38a, b, ¢ and d, 39 to 68, pages 68a, b, ¢ and d, 69 to 121
and a back cover.

The BSI copyright notice displayed in this document indicates when the document was
last issued.

Sidelining in this document indicates the most recent changes by amendment.
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SEMICONDUCTOR DEVICES

Discrete devices

Part 4: Microwave devices

CHAPTER I: GENERAL
1. Introductory note

As arule, it will be necessary to use Publication 747-1 together with the present publication. In 747-1 the
user will find all basic information on:

— terminology;

— letter symbols;

— essential ratings and characteristics;
— measuring methods;

— acceptance and reliability.

The sequence of the different chapters in the present publication is in accordance with Publication 747-1,
Chapter 111, Sub-clause 2.1.

2. Scope

The present publication gives standards for the following categories of discrete devices:
— Variable capacitance diodes and snap-off diodes (for tuning, up-converter or harmonic multiplication,
switching, limiting, phased shift, parametric amplification...)
— Mixer diodes and detector diodes
— Avalanche diodes (for direct harmonic generation, amplification...)
— Gunn diodes (for direct harmonic generation...)
— Bipolar transistors (for amplification, oscillation...)
— Field-effect transistors (for amplification, oscillation...).

3. Letter symbols

Mostly, existing letter symbols are added to the terms in titles. When several distinct forms exist. the most
commonly used form is given.

Documents

© BSI 27 June 2002 Document Sharing Hyb

Full document details: BS 6493-1.4:1992


http://www.avadocuments.com/doc/bs-6493-1-4-1992
http://www.avadocuments.com/doc/bs-6493-1-4-1992

747-4 © IEC

CHAPTER Ii: VARIABLE CAPACITANCE DIODES, SNAP-OFF DIODES AND
FAST-SWITCHING SCHOTTKY DIODES

SECTION ONE — VARIABLE CAPACITANCE DIODES

1. General

The provisions of this part deal with diodes (excluding snap-off diodes) in which the variable capacitance
effect is used; they cover four applications: tuning, harmonic multiplication, switching (including limiting),
parametric amplification.

The devices for these applications are defined as follows:

Diodes for tuning
Diodes which are used to vary the frequency of a tuned circuit.

These diodes are usually characterized by a frequency of resonance much higher than the frequency of use
and have a known capacitance/voltage relationship.

Diodes for harmonic multiplication

These diodes must have a non-linear capacitance/voltage relationship at the frequency of operation and
a high ratio of cut-off frequency to operating frequency.

Diodes for switching (including limiting)
These diodes exhibit a fast transition from a high impedance state to a low impedance state and vice versa

and can be used to modulate or control the power level in microwave systems.

Diodes for parametric amplification

These diodes are intended to handle small amplitude signals and are most often used in low-noise
amplifiers.

2. Terminology and letter symbols

See Sub-clause 3.3.
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3. Essential ratings and characteristics
3.1 General

3.1.1 Rating conditions

Variable capacitance diodes may be specified either as ambient rated or case rated devices or, where
appropriate, as both.

The ratings listed in Sub-clause 3.2 should be stated at the following temperatures:

Ambient-rated devices

At an ambient temperature of 25°C and at one higher temperature chosen from the list given in IEC
Publication 147-0.

Case-rated devices .

At a reference point temperature of 25 °C and at another reference point temperature chosen from the list
given in IEC Publication 147-0.

3.1.2 Application categories

The essential ratings and characteristics to be stated for each category of diode are marked with a + sign
in the following table:
— column 1: tuning applications;
— column 2: harmonic multiplication applications;
— column 3: switching (including limiting) applications;
— column 4: parametric amplification applications.

Categories
3.2 Ratings (limiting values)
The following ratings should be stated: 1121314
3.2.1 Temperatures
Range of operating temperatures + i+ |+ 4+
Range of storage temperatures + [+ |+ |+
3.2.2 Voltages and currents
Maximum peak reverse voltage + |+
Maximum mean forward current, where appropriate +
Maximum peak forward current, where appropriate + |+ F
3.2.3  Power dissipation _
Maximum dissipation, under stated conditions, over the operating temperature
range + |+ |+ |+
3.3 Electrical characteristics
Unless otherwise specified, the following characteristics should be given
at 25 °C (see Figure 1, page 19)
3.3.1  Straycapacitance (C,)
Typical value under specified conditions + |+ |+ |+
3.3.2  Series inductance (L)
Typical value and, where appropriate, maximum value under specified conditions + 1+ +1 4
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Categories

3.3.3 Terminal capacitance (C,,) 1123 4

a) Minimum and maximum values, at a specified bias voltage and at a specified
frequency (Note 1) + 1+ |+ | +

b) Typical curve showing the relationship between terminal capacitance and bias
voltage + 1+ |+ | +

3.3.4  Junction capacitance (C;)
Minimum and maximum values at a specified bias voltage (Notes 1 and 2). When
the order of magnitude of C,, is the same as that of the terminal capacitance C,,,, a
typical value should be given for C; instead L A i s

3.3.5 Effective quality factor (Q)
Minimum values at two or more specified frequencies under specified bias condi-
tions (Note 3) +

3.3.6  Cur-off frequency
Minimum value under specified conditions (Notes 3 et 4) + | + | +

3.3.7  Seriesresistance (r.)
Maximum and/or typical values under specified conditions (Note 3) + |+ |+ |+

3.3.8  Reverse current
Maximum value at a specified reverse voltage + |+ |+ | +

3.3.9  Thermal resistance

Maximum value between junction and ambient, or between the juncticn and a speci-
fied reference point + |+ | +

3.3.10  Swirching time
Typical value under specified conditions +

3.3.11  Stored charge or minority carrier life time
Typical value, for either stored charge under specified conditions including bias, or
minority carrier life time under specified conditions + | +

3.3.12  Transition time

Typical value, under specified conditions, together with a specified measurement
circuit +

Note. — See definition in Section Two.

Notes 1. — For categories |, 2 and 3, the specified bias voltage should be -6 V and for category 4, the specified bias voltage
should be O V.

2. — The relationship between the junction capacitance and bias voltage should be represented either by a typical curve
or by a mathematical form. The mathematical form should be as follows:

Ci=K(V+o)

where V is the magnitude of the applied reverse voltage and K. ¢ and y are three constants.
The manufacturer should specify the typical values for K. o and y.
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3. — If the Q value and the series resistance are not specified for category 1, then the cut-off frequency must be
specified.
4. — The cut-off frequency f, is defined as:
1
Je = 2nrs G

where 1 is the series resistance and Cj is the capacitance of the junction measured at a specified bias point. r is determined
by the equivalent circuit shown in Figure 1 below; its value depends on the measuring method used and on the bias voltage.

Ls

|
1l
S

]
'l

D
I

j = junction capacitance

<
0}

< = series resistance

il

i low frequency resistance of the junction. In general,
r;is sufficiently high to be neglected

Q)
n

p = stray capacitance

~
1]

. = series inductance

Figure 1 — Equivalent circuit

3.4  Application data

For harmonic multiplication applications, the efficiency should be stated.
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4. Measurement methods
4.1 Reverse current Iy

a) Purpose

To measure the reverse current of a diode under specified reverse voltage.

b) Circuit diagram

R, In

_ Ol 4

IEC 159/91

D =diode being measured

Figure 2

c) Circuit description and requirements
R, is a calibrated resistor (pulse measurement only).

R, is a protective resistor.
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If a pulse measurement is required, the variable voltage generator is replaced by a voltage pulse generator,
the voltmeter is replaced by a peak-reading instrument and the ammeter is replaced by a peak-reading
voltmeter across the calibrated resistor R,.

d) Measurement procedure
The temperature is set to the specified value.

The variable voltage generator is adjusted to obtain the specified value of reverse voltage Vy across the
diode.

The reverse current /i is read from the ammeter A.

e) Specified conditions
— Ambient, case or reference-point temperature (,my, feases fref)-
— Reverse voltage (Vy).
— Pulse width and duty cycle, where applicable.

4.2 Forward voltage V¢

a) Purpose
To measure the forward voltage across a signal or switching diode under specified conditions.

b) Circuit diagram

+ % ¥> Yo

IEC 160/91

D =diode being measured

Figure 3

c) Circuitdescription and requirements
R, is a calibrated resistor (pulse measurement only).

R, is ahigh value resistor.

If a pulse measurement is required, the variable voltage generator is replaced by a voltage pulse generator,
the voltmeter is replaced by a peak-reading instrument and the ammeter is replaced by a peak-reading

voltmeter across the calibrated resistor R,.
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d) Measurement procedure
The temperature is set to the specified value.
The variable voltage generator is adjusted to obtain the specified value of forward current /.

The forward voltage Vi is read from the voltmeter V.

e) Specified conditions
— Ambient or case temperature (£,my, feae)-
— Forward current (/).
— Pulse width and duty cycle, where applicable.

4.3 Capacitance C,
The measurement of total capacitance (C,,,= C; + C,) should be made at a sufficiently low frequency
(below microwave frequencies) so that the effects of the lead inductance may be neglected: Under these

conditions, the measured value of terminal capacitance is independent of frequency.

The total capacitance at a given bias condition is obtained by the method stated hereafter.

a) Purpose

To measure the total capacitance of a diode under specified conditions.

b) Circuit diagram

R c
I
— I y
I
+ )
Qi D A.C. bridge
= v
O

IEC 161191

D = diode being measured

Figure 4

c) Circuit description and requirements

The conductance of resistor R should be low compared with the admittance of the diode being
measured.

The capacitor C must be able to withstand the reverse bias voltage of the diode and should present a
short circuit at the frequency of measurement.
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d) Precautions to be observed

The bridge must be able to withstand the reverse bias voltage of the diode without affecting the accuracy
of the measurement. If the measured capacitance is very small, the mounting conditions will affect the
accuracy of the results and they should be specified.

e) Measurement procedure
The temperature is set to the specified value.

The voltage across the diode is adjusted to the specified value V,. Then the voltmeter V is taken out of the
circuitand the capacitance of the diode being measured is determined using the a.c. bridge by subtracting
the value without the diode in its mounting from the value with the diode in its mounting.

f) Specified conditions
Ambient or case temperature (7, fcase)-
— Reverse voltage (Vy).
— Measurement frequency, if different from 1 MHz.

— Mounting conditions of the diode, if necessary.

Note. — The variation of total capacitance with bias voltage may be found by measurements as described above, made at a
number of bias points.
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4.4 Effective quality factor Q

The effective quality factor Q of a variable capacitance diode can be measured using a “Q-meter” or an
impedance bridge (see Figure 5).

r————— . — — — — — — T
! I |
: i !
| : { A
: : ! —e
) | l
| 4 | I L Q
| ! }
|
: | o | —
! ) —o
| ! s | B
! ! |
I ! |
I IR I
I ! I
I ! |
| I ]
| _L__4 F————— -——— ]
-
Vv
IEC 162/191

D = diode being measured

V = voltage source

Q = Q-meter

Figure 5 — Basic circuit for the measurement of effective quality factor
Description

1) The voltage source should present a high impedance at the frequency of measurement compared to that
of the capacitor C; this is obtained by means of series resistor R.

2) Cisadecoupling capacitor having a low impedance at the frequency of measurement.
3) Lisan inductor chosen to resonate with the parallel circuit capacitor at the frequency of measurement.

4) It is assumed that there is a low resistance path through the Q-meter between points A and B.

The basic circuit of such a meter consists of a signal generator of negligible output impedance driving a
high Q inductance in series with a high-quality variable capacitance. The factor Q of this circuit can be
measured at a given frequency by tuning the variable capacitance for resonance.

Q is given by the ratio of the voltage across the capacitance to the voltage supplied by the generator. In
order to measure the factor Q of a variable capacitance diode, it must be connected in parallel with the
variable capacitance in the Q-meter. D.C. isolating components must be used so that the desired bias
voltage may be applied to the diode being measured, but the biasing circuit must remain connected to
the Q-meter throughout the measurement.

Four measurements are made: Q, and C,, the factor Q of the circuit and the magnitude of the variable
capacitance with the diode not in circuit; and Q, and C,, the factor Q of the circuit and the value of the
variable capacitance for resonance at the same frequency with the diode connected to the circuit.

The factor Q of the diode is then calculated using the expression:

“ () ()
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Two precautions are necessary:

1) The measurement must be made at a frequency at which the reactance of the self-inductance of the
diode is negligible compared with the reactance of the capacitor.

2) The magnitude of the signal applied to the variable capacitance diode must be kept relatively small so

that only a small excursion is made over the non-linear capacitance characteristic. The result must be
independent of the signal level.

Note —

Since C,, < C for these diodes, C, and Cjjcan be used interchangeably in this section.

4.5 Seriesresistance r,

The effective value of series resistance r, can be deduced from the values of C ;and fusing the formula given
in Sub-clause 4.4.

4.6 Seriesinductance L,

Measurements should be conducted in the frequency region where the effect of stray capacitance C prelative
to the terminal impedance of the diode can be neglected.

The diode is inserted in the measuring head as shown in Figure 6 which s set on the tip of the inner conductor
of the coaxial slotted line.

f
Attg
[vamr] - o {
X o o
W wes (T wa T o
L Atty Co T Aty > _jf— s

v.s.w.r. = voltage standing wave ratio meter
X = distance
H = diode head
L = slotted line
Att = attenuator
Co = coupler
G = microwave generator
S = bias supply
f = frequency meter

Figure 6 — Basic circuit for the measurement of series inductance

Measurements are as follows:

First, determine position x,, where the standing wave voltage is minimum as measured at a bias voltage in
the forward region where the terminal capacitance becomes independent of the change of bias voltage. This
bias voltage should be sufficiently high so that an increase of this voltage would not affect the result of the
measurement. (This condition may be satisfied when about 5 mA forward current flows.)
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Next, without any break in the impedance of the line, ametal block is inserted in the measuring head in place
of the diode. This is done in order to provide a short-circuit at the reference plane position which is defined
and should be specified by the manufacturer of the diode. In this condition, position x, nearest to x,, and larger
than x,, is found where the standing wave voltage is minimum.

The reactance of the diode is obtained by the following equation:

X =Z, tan 2%~ Xm)

where:
Z,, = characteristic impedance of the coaxial line
A = wavelength of the measuring frequency

The series inductance L, can be obtained by use of the following equation:

X

Ly=———
2n f

Note. — The structure of some devices may prevent this method of measurement from giving correct results. In this case, a value for
the inductance will have to be given by the manufacturer.

4.7 Thermal resistance R,

4.7.1 Purpose

To measure the thermal resistance between the junction and a reference point (preferably at the case) of the
device being measured.

4.7.2  Principle of the method

The temperatures T' and T, of the reference point of the device are measured for two different power dissi-
pations P, and P, and cooling conditions causing the same junction temperature. The forward voltage at a
reference current is used to verify that the same junction temperature has been reached.

T,-T,

R,= —__~
" PP,

4.7.3  Basic circuit diagram

g ? /WLD%Z S

A

D = device being measured

Figure 7
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4.7.4 Circuit description and requirements

I, =load current generating the power loss P in the junction, either a d.c. current or an a.c. current
I, = reference d.c. current monitored when the load current /, is interrupted periodically for short time gaps

W = wattmeter to indicate the power loss P in the junction caused by the load current /,; for the a.c. method,
W measures the average power dissipated in the device being measured

S, = electronic switch to interrupt periodically the load current /,; for the d.c. method, switch S, is not
mandatory

S, = electronic switch, which is closed when the load current /, is interrupted

V = null-method voltmeter

4.7.5 Precautions to be observed

Voltage transients occur due to excess charge carriers when switching from the load current /, to the
reference current /,. Additional voltage transients occur if the case of the device under test contains ferro-
magnetic material. The switch S, should not be closed before these transients have disappeared.

Note.— The load current /| defined in 4.7.4 may be zero, in which case the power loss P, is also zero and the virtual junction temperature
is the same as the reference-point temperature T .

4.7.6 Measurement procedure

The device being measured is clamped onto a heat sink maintained at a fixed temperature. A thermocouple
is fixed at the reference point to measure the temperature of the device being measured. The measurement is
done in two steps.

a) The heat sink is maintained at an elevated temperature. A low load current /, is applied causing the power
loss P, inthe junction. After reaching thermal equilibrium, the null-method voltmeter V is adjusted for zero
balance.

The reference-point temperature 7, is recorded.

b) The heat sink is maintained at a lower temperature. The load current /, is raised until the power loss P,
warms up the junction to the same temperature as in the preceding step. This is indicated by zero balance
of the null-method voltmeter V.

The reference-point temperature T, of the case is recorded.

The thermal resistance R, is calculated using the expression:
I.-T,

R, =
" op-p,

4.8 Transient thermal impedance Z,,

4.8.1 Purpose

To measure the transient thermal impedance between the junction and a reference point (preferably at the
case) of the device being measured.
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4.8.2  Principle of the method

After applying the heating current and waiting until thermal equilibrium is reached, the power dissipated
in the device is recorded. The heating current is then interrupted and the forward voltage at the reference
current together with the reference-point temperature are recorded as a function of time.

The virtual junction temperature as a function of time is then calculated by means of the calibration curve
obtained for the same reference current.

4.8.3  Basic circuit diagram

y D ¥ Re
]

D = device being measured

Figure 8

4.8.4  Circuit description and requirements
I, =load current generating the power loss P in the junction
I, =reference d.c. current
S =switch to interrupt the load current /,
W = wattmeter to indicate the power loss P in the junction caused by the load current /,

Re = recording equipment, e.g. an oscillograph, to record the time variation of the forward voltage caused
by /,

4.8.5 Measurement procedure

1. A calibration curve is prepared by measuring the on-state or forward voltage generated by the reference
current/, as a function of the virtual junction temperature by varying the device temperature externally e.g.
by means of an oil bath.

2. The device being measured is clamped onto a heat sink maintained at a fixed temperature. A thermocouple
is fixed at the reference point to measure the reference point temperature T of the device being measured.
The heating current /, is applied generating the power loss P in the device being measured until thermal
equilibrium is reached.

3. The heating current /, is interrupted by opening the switch S. The forward voltage generated by the
reference current /, is recorded as a function of the cooling time by the recording equipment Re. The
reference point temperature is recorded during this time. '
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4. The curve of the recorded forward voltage is converted to the virtual junction temperature T,; by means of
the calibration curve. The transient thermal impedance Z,,,,, is calculated using the expression:

(7 (0) =T (O] - [T,;(1) - T, ()]
P

(thit =

where:

T,;(0)and T, (0) = temperatures at the time ¢ = 0 when opening switch S
T,,j ()and T, (1) =temperatures at the time ¢

4.9 Case of varactor diodes

The following methods of measurement are recommended for use as appropriate to the intended conditions
of operation and structure of the type of diode to be measured.

In the case of the measurement of the effective factor O of the diode, it is recommended that, when a value
of Q is quoted, the particular method of measurement used to obtain that value should be stated. This is necess-
ary because it is possible to obtain different values of Q for a given diode when using the two given methods.

4.9.1 Transmission line measurements

These measurements are suitable for evaluating the main properties of microwave diodes which may be
used in a wide range of applications, particularly those diodes which are unencapsulated, or those diodes

whose package shunt capacitance has a reactance value larger than the value of diode series resistance at the
series resonant frequency.

49.1.1 Theory
Observation is made of the effect on the transmission characteristics of any non-radiating transmission
system by the introduction of a shunt impedance, in this case a diode.

The diode is mounted in shunt with the transmission line so that the mounting arrangement provides a
minimum of excess reactance; for example, when using a waveguide transmission system, the diode is fitted
as given in Figure 9.

LT e e

Well matched transformers D
T 2
777 7 777, 7
2/// /7 /////g
o A/

NN
§

A

. . 025174
D = diode being measured

Figure 9 — Waveguide mounting

Measurements of transmission loss introduced by the diode in the region of the series resonant frequency
enable the elements of the diode equivalent circuit to be evaluated and also permit the capacitance law as a
function of bias to be determined.
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The equivalent circuit of the mounted diode is shown in Figure 10.

I
| .
|
|
2o :%: Cp Zp

I Rs
I
I
|

—— C.
l 1
S ——

026/74

Figure 10 — Equivalent circuit of mounted diode

where:

Z,y = characteristic impedance of transmission line
C\, = package capacitance

L, = series inductance

R = series resistance

Cj = junction capacitance

Near series resonance, the effect of the package capacitance (C,) is negligible and may be ignored.

Four measurements, namely:

a) transmission loss at the series resonant frequency at zero bias;
b) the bandwidth of the transmission characteristic;

¢) the value of the series resonant frequency;

d) the variation of the series resonant frequency with bias;

enable the four unknown quantities:

1. Series resistance (R,).

2. Junction capacitance C).

3. Series inductance (L,).

4. Variation of junction capacitance with bias to be determined.
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4.9.1.2 Circuit di'agram

4.9.1.2 Schéma
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4.9.1.3  Circuit description and requirements

The test equipment should be assembled using good microwave transmission line engineering techniques.
All components, such as directional couplers, frequency measuring apparatus, attenuators and detectors,
should be checked to ensure proper matching and operation over the required frequency and power test condi-
tions.

The components of the system should be sufficiently broadband to ensure that only negligible variations or
errors over the band of frequencies used for the measurement are introduced.

The R.F. signal generator should be capable of stable operation at a signal level equivalent to the normal
small-signal conditions of the diode.

The diode holder should conform with the specified mount details.

A typical arrangement comprises a tapered mount with a choke on one face to enable bias to be applied. The
tapered mount usually is a requisite feature to ensure that only the diode characteristics are being measured.
In this way, the complication of using inductive posts for mounting the diode is avoided (see Figure 9,
page 39).

49.1.4 Measurement procedure

The diode is inserted into the specified holder which is connected in a transmission system equivalent to
that shown in Figure 11, page 42.

4.9.1.4.1 Series resonant frequency

The series resonant frequency may easily be obtained by operating the diode at the required bias voltage
and observing the indicated transmitted power, in front of and behind the diode, as the frequency is swept over
a suitable frequency range. The series resonant frequency is indicated by the point of minimum transmitted
R.F. power. The incident R.F. power level on the diode shall be kep* ~~nstant during the sweep.

4.9.1.4.2  Transmission loss (T)

The transmitted signal level at resonance with zero bias (or an; ~*»r required value) applied to the diode
is recorded. The diode is then removed from the holder and the prc-:~:on attenuator adjusted to give the same
indicated transmitted signal level as the one recorded initially. The change in the attenuator setting then gives
the transmission loss (T) at resonance. It is essential that the incident R.F. power level on the diode shall be
kept constant during this measurement.

Alternatively, the transmission loss introduced by the diode at the series resonant frequency may be
obtained by firstly observing the power level incident on the matched detector at a frequency remote from the
resonant frequency. The frequency is then changed to the resonant value and the precision attenuator adjusted
to return the indicated power level to the same value as that obtained when the frequency was remote from
resonant value. The change in attenuator reading will provide the transmission factor (T) (see Figure 12,
page 47).

4.9.1.4.3 Series resisiance

If the frequency of measurement chosen is equal to the series resonant frequency (f,) given by:

1 (1)
fo=
2t \ L, C,
where:
L, = series inductance
C = effective capacitance of the PN junction having a required applied bias voltage
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the loss in a transmission may be measured as in Sub-clause 4.9.1.4.2 and the effective shunt resistance
derived from:

- % )
2T -1

where:

Zy = characteristic impedance of the transmission line in the vicinity of the loss element. In the case of a waveguide mount, the
power/voltage definition should be used
T = ratio of available power incident on the diode being measured to that transmitted past the diode

The variation of R, with bias may be obtained by the adjustment of the measuring frequency to the corre-
sponding series resonant value obtained for each bias value used and measuring the transmission factor (T) in
each case.

A measure of the change in the effective Q value with bias may also be obtained.

4.9.1.44 Effective Q value

a) First method

The effective Q value ata given bias voltage may be obtained by varying the measuring frequency to values
on either side of the series resonant frequency and observing the value of those frequencies which cause
the power transmitted to be twice the one obtained at the resonant frequency (see Figure 12). If the frequen-
cies at which this is achieved are f, and f;, then:

Js
Q=L
i = £
PRF
Pmax o —— —
S
0 fi fs 5 f
028/74
/= series resonant frequency
Figure 12 — Curve indicating transmitted power versus frequency
Alternatively, since
. 1
(‘j ~ =
S
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1
from equation (1), a plot of — against bias will provide a plot of KC versus bias, where K is a constant.

S
If the frequency is adjusted to the series resonant frequency at zero bias, the forward bias voltage (V,) and
the reverse bias voltage (V,) required to double the transmitted power are obtained.

Using the plot of KC; versus bias, corresponding values of KC;, and KC}, may be found. The value of Q may
then be derived from:

_KCy — KCo . f3+ [
KC)'I - KCj‘_" o =§ —,/;i)

0
If f,, — f., is small, this can be reduced to:

S5

Joo — Ja

without serious error.

b) Alternative method

The effective Q value may also be obtained by the transformed impedance measurement as given in Sub-
clause 4.10.

49.14.5 Cut-offfrequency

The cut-off frequency (f;) at zero bias may then be obtained from:

Jeovy = O sov) 3)

4.9.1.4.6 Junction capacitance at zero bias

This may be obtained using the value of the cut-off frequency (f.) from equation (3) and R, from
equation (2):
1

Ciov) = ————
JoV)
2n R fc(O\')

The value of junction capacitance at zero bias may then be used to calibrate the plot of 1—7 versus bias in
terms of C; (see Sub-clause 4.9.1.4.4). s

4.9.1.4.7 Series inductance

If the series inductance value is required, this may be obtained from:

1
fS(O\') = ==

2n /L, Ciov)
49.1.4.8 Capacitance variation coefficient (y)
The capacitance variation coefficient is defined as the normalized capacitance change over a defined range
of operating conditions of forward current and reverse voltage.
The bias voltage which is required to provide the defined value of forward current is determined. Then
using this forward voltage (Vi) and the defined reverse voltage (V_x), corresponding values of C, ; may be

obtained from the —17 or KC; plot against the bias voltage (see Sub-clause 4.9.1.4.4).

S
If Gy ) and Cj,  are the capacitance values respectively, then:

. CGop = CGo_yp
5=
2 [Cwp + Ciar_y)]
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4.9.2 Cavity method

This method is satisfactory for measuring varactors having an effective quality factor which exceeds 15 at
the measuring frequency; the results are not affected by changes in the series resistance with bias.

Note. — It is considered that this method is usable up to a measurement frequency of 15 GHz (whereas method 1, described in Sub-
clause 4.9.1, is more practical for measurement above 6 GHz).

Bias Retaining ca
77 777 ning €ap
NN
Q‘ Varactor
Choke

Dielectric insulating material

W% HJ///%/

Figure 13 — Example of cavity

51278

4.9.2.1 Theory

Inthis method, the effect is evaluated of a varactor diode on the resonant frequency and Q-factor of a coaxial

cavity resonator about half-wavelength at the operating frequency. The diode is mounted between the centre
conductor and the plane wall of the cavity resonator as shown in Figure 13, page 51.

In order to limit the range of variation of the cavity resonant frequency when the junction capacitance or the

diode is changed, it is essential to use a resonator having a large ratio of external to internal conductor diameter
(high-characteristic impedance of the coaxial cavity).

This method will determine the junction capacitance C,, and the cut-off frequency f,, at bias voltage V..

These quantities enable the determination of the series resistance r, and the effective Q-factor Q. of the
varactor.

The following characteristics must be determined for the cavity:

fro =resonant frequency of the cavity with the varactor at the bias voltage V,
Q.. =loaded Q-factor of the cavity with the varactor at the bias voltage V,
C,  =stray capacitance of the varactor case

C1(V) = the variation of the total low-frequency capacitance of the varactor (junction capacitance) versus the
bias voltage around V,

Jf{(V) =the variation of the resonant frequency of the cavity with the varactor versus bias voltage around V,

bl = the resonant frequency of the cavity when the varactor is replaced by a metallic dummy diode with
the same dimensions as the diode being measured

Q" =unloaded-Q of the cavity when the varactor is replaced by the dummy diode

From the knowledge of C(V) and f(V), a curve can be derived which represents f, versus Cy. This curve
enables a quantity “a” to be evaluated, “a” being the slope of the curve at C = C(V,).
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The junction capacitance, deduced at the bias voltage V., is given by:

and the cut-off frequency:

Cyo = Cr(V,)—C,

Jeoo=2ak O Cj

where £ is a correction factor introduced to take into account losses in the cavity walls; for the second TEM
resonance frequency, it is given by:

Series resistance, at the bias voltage V., is given by:

and the effective Q. at bias voltage V, is given by:

4.9.2.2 Measurements

4.9.2.2.1 Circuitdiagram

k =

1

I'so =

N
o Vi

21'[];;0 Cju

Figure 14 — Block diagram

4.9.2.2.2  Circuitdescription and requirements

Signal - V.S.W.R.
gegnerator #— Frequency meter indicate- Bias
| | )
20 dB symmetrical coupler ‘
—
7 .
Slotted line Cavity
_7
Detector Selective Matched load
voltmeter

The R.F. signal shall be of high-frequency stability and modulated at a low frequency appropriate to the
selective voltmeter and V.S.W.R. indicator and is applied to the cavity through a 20 dB directional coupler.
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The amplitude of the peak R.F. signal V, must be low enough to ensure that non-linearity does not occur at
the operating point of the characteristic.

The incident power at the cavity input shall not exceed the value given by the expression:

2 2
p_TUt D /s Cpo V2

4r o

where r indicates the V.S.W.R. in the slotted line at the input of the cavity. Since the limitation on the incident
power is not critical, an estimated value can be used forf,,.

4.9.2.2.3 Measurement procedure

a) Measurement of f(V) andf,,

The measurement of the resonant frequency f,(V) is performed at a number of bias points around V, (e.g. if
V,=-6V, f, can be measured at the following voltages: -4 V; -4.5V; -5 V; =55 V; =6 V; -6.5 V: -7 V;
=7.5V).

The measurement is performed by varying the signal frequency and observing the value for minimum
reflected power. To cnsure a high accuracy, it is better to determine f, as the average between two frequen-
cies adjacent to f, which have the same power from the cavity.

b) Measurement of Q,,

Set the bias voltage «v v, and determine the value of the loaded Q,, by means of V.S.W.R. measurement.

c) Measurement of f"and Q°

These values are obtained in the same way asf, and Q,.,, after the varactor has been replaced by adummy diode.

These are fundamental characteristics of the cavity.

4923 Measurement of C(V)andC,
The total capacitance of the varactor diode:
Cr(V) = C(v) + G,

is obtained by a conventional low-frequency bridge measurement.

The value of C,, can be deduced using the expression:

_ {9 — V)" Cr(Va) — (9 — V)" Ca(Wy)

G
(0 — V)" — (¢ — V1)"
where:
V) and V, =two values of bias voltage; for reverse bias, V| and V, will be negative terms
(7] = contact potential difference (e.g. 0.7 V for silicon diodes)
n = factor of non-linear dependence of C;jon V

4.9.2.4 Direct measurement of C,

C, can be measured directly when the ohmic contact between the internal metallic lead and the semi-
conductor chip has been interrupted in a varactor.
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4.10 Transformed impedance method

This method is satisfactory for the measurement of diodes which are only to operate within that part of the
diode characteristic in which the value of series resistance is sensibly independent of the value of the bias
voltage.

4.10.1 Theory

The normalized impedance (Z) at any place in a lossless transmission line is related to the reflection
coefficient (p) at that place by the expression:

The form of this relation indicates that the normalized impedance and the reflection coefficient at any plane
are bilinearly related; hence it may be shown that, for a lossless transformation between two impedance planes
Z, and Z,, we can write:

Z, = aZy + Jﬁ 4)
where aand S are real numbers.

If two values of impedance (Z* and Z°) at one place which only differ in the value of their reactive compo-
_nents are then considered, corresponding impedance at a second plane may be written as:

Z;:1(R1+jX1)+jﬁ=1Rl+j(1X1+ﬂ) 5)
and Z?=a (R +jXy +AX) + jf = a Ry + j(@ Xy + 2 AX + f) (6)

Fromequation (4), it will be seen that circles of constant resistance on a Smith Chart at one plane transform
into the same family of circles at another, but that the resistance value is changed in the ratio a.

This transformation is pertinent to the reactance values, so that the ratio

as obtained from equations

(5) and (6) is seen to be independent of the transformation constants cand B.

Thus, for a transmission line which is terminated in an impedance whose reactive component is varied, the
impedance locus at a plane in the measuring line which corresponds to the terminal plane also lies on a circle
of constant resistance.

If the impedance plane of Z, is taken as being that of the diode element itself, then inany correspond-

ing plane is the same as the value AQ of the diode.

Hence if:
AXI'_) = le - Xgl Y [hen

AX .
R12 = AQps i.e. l 0, — Qz’

where the subscripts | and 2 correspond to the value of the parameter which is obtained at the bias voltages V,
and V, respectively.
Now the effective quality factor Q at any required point may be given by:
Q=A0-0 )
where o'is a constant factor relating two bias points, for a given type of diode.

One of the two bias points (V, or V,) can be the required value.
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Derivation of ¢
The value of G, may be obtained from the expression:

C, 1

02

~:AC12_]_(

where:
¢ = quasi-contact potential difference
1 = factor of non-linear dependence of C on V

p— "
¢ — Ve

(®)

7

Example: For silicon varactors made by a diffusion process, 7 is usually given as 1 and ¢is of the order
3

of 0.5 volt.

If V,=-4.5voltsand V,=—6 volts, then 0= 10, i.e. 0 = 10 AQ.

The value of o' may be obtained experimentally by the measurement of the capacitance variation between
three closely grouped bias points, say 1, 2 and 3, so that we have AC ), and AC»;.

The value of o may then be obtained from:

T ACp

g =

__NAC23 AQ12
AC12 AQ23

)

The corresponding values of AQ,, and AQ,, may be obtained using equations such as (10), (11), (12) or (13)

as convenient.

Derivation of AQ

The value of AQ may be obtained from using either of the two expressions (10) or (12) as below:

AY

AQys = \/"’1 — )2 + (n} — 1) (3 — 1) sin®

nyn2

where:

10 log (1 1) = power standing wave ratio (dB) at bias value 1

10 log (17 ;) = power standing wave ratio (dB) at bias value 2

M, — M,

A = =

X

(10

360°

where M, and M, are positions of minimum at bias values 1 and 2 respectively.

For very large values of 1, and 7 (viz. values usually obtained in the case of high-quality diodes),

cquation {10) may be simplified to:

qug = \'Iﬂul-’_]; Sln AY

(11

AQy» = VA Ao — By Bycos § — 2

where A, A, and B, B. are of the general form:

2 i1

Ax =

S5 and B =

where: o
r.=V.SWR atbias valne v

6= phase change of reflection coefticient beiween bias values | and 2
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This formula in practice may, for an accuracy better than 1%, be reduced to:

Ang = Sing \/rl rs (13)
Considering the general formula (12) for the particular case when adjusting for r, = I (i.e. matched condi-
tion at required bias voltage), the formula reduces to:
el 14
AQI‘_' = \/'Tz ( )

If adjustments are made to provide matched conditions at the required bias voltage, the impedance in the
measuring plane will be coincidental with the unit resistance circle on the Smith Chart. It follows that this
defines the plane in which the impedance Z,, is given by:

LA .
Zu=2(1+j%) = 20 +jAQ) (15)

where:
Zy=characteristic impedance of the transmission line

The change in reactance AX is then measured “relative to R” as AQ, so that we can write:

_ 16)
sg-wzo_o_o,

Q, may be found by replacing the non-linear element with a short-circuit at the plane of the diode; whence:

Zin X
EAMETTN ™

The value of Q at any other bias may then be found using equation (16).

4.10.2 Measurement procedure

The diode is inserted into a specified holder and connected to a circuit equivalent to the one shown in
Figure 15, page 66.

The transformation between the diode and slotted line is obtained using a variable short-circuit behind the
diode and tuning stubs in front of the diode (e.g. an E-H tuner).

The bias voltage is then adjusted to the required value and transformation adjustment made so that the
measured normalized impedance point is in the central region of a Smith Chart where the scale is the most
open, for example to provide a match in the measuring line at the required bias value. The effect on accuracy,
for non-matched conditions over a substantial impedance range about the centre of the Smith Chart, is small.

The bias voltage is then adjusted to other bias voltage points as required and, maintaining a fixed tuner
adjustment, the resultant normalized impedance values are plotted on the Smith Chart.

The value of O may then be obtained using the measured V.S.W.R. values: change in reflection phase and
equations (7) to (14) as appropriate.

Itis possible to obtain the effective quality factor without the derivation of Gas given in equations (8) and (9).
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The transformation is made to match the diode impedance into the transmission line at the required bias,
and so as to obtain an impedance point at the centre of the Smith Chart. The diode bias is then changed to other
values, and corresponding impedance points on the Smith Chart obtained. This means that any reactance
change in the impedance of the diode will, in the measuring plane, be coincidental with the unit resistance
circle on the Smith Chart.

The diode is then replaced by an effective short-circuit and the normalized impedance is measured using
the same reference plane as for the diode. An example of adiode plot is given in Figure 16, page 67. The value
of O may then be derived using equations (16) and (17).

An effective short-circuit may be approximated by the use of a diode encapsulation in which the semi-
conductor material has been replaced by a highly-conductive material having identical geometry. In some
cases, the impedance of the non-linear element (diode) can approach zero with a high forward current and, as
aconsequence, be acceptable as an effective short-circuit.

The plotted points obtained at the various bias values are rotated round the centre of the Smith Chart so
that they coincide with the unit resistance circle. The short-circuit point is similarly treated. (Note that the
normalized impedance points for high forward current fall on a constant reactance line in the plot.)

As this variation in the method depends on:
a) the effectiveness of the short-circuit,

b) the ability to obtain a match condition in the measuring plane at the standard bias voltage, and

c) the effect of the tuning element losses,

it becomes difficult to accurately determine the real part of the Q value of the diode. It is therefore recom-
mended that this form of measurement be restricted to diodes having a low Q factor and those diodes which
operate in the lower microwave frequencies.

4.10.3 Precautions to be observed

1. The variable transformer and the mount losses shall be minimized. As the losses depend on the field pattern
in the vicinity of the transforming elements, which in turn depend on the diode being measured, satisfac-
tory correction is not readily achieved.

3. Ifaccurate values are to be obtained, the line losses, etc. which can cause serious decrease in the measured
values of standing wave ratios used in equations (10) and (11), shall be determined. The transmission line
lengthis the length between the standing wave probe position at the nearest voltage minimum and the plane
of the active region of the varactor diode seated in its mount. In addition, the mount and connector loss shall
be taken into account.

3. Itshould be verified that the series resistance is independent of varactor bias over an adequate range of the

characteristic by checking that the impedance plot lies on the R~ 1circle. However, deviation from a

0
circle may be caused by losses. An estimate of the significance of the combined losses can be made by

comparing measurements using different settings of the transforming elements and different match bias
values.

Itis possible to transform points in one experimental plot to points close to the centre of the chart. If losses
are negligible, the results will agree. For example, in Figure 16, page 67, the losses are negligible and the
results for —9.0 volts and —4.0 volts, when matched at —6.0 volts, should be shown by points marked by
crosses.
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Analternative method to verify the dependence of the series resistance (R,) on bias is to calculate the values
of AQ,», AQ»; and AQ,; for the three bias values as given for equation (9) and then examine whether the
values satisfy the following relation:

AQ13 = Ale + AQ'za (18)

If this relation is satisfied within acceptable limits, then it can be assumed that the series resistance value
is sensibly independent of the bias voltage. Equations (7) and (9) may then be used to evaluate Q.

Capacitance measurement

This measurement is made usually at non-microwave frequencies. To obtain the capacitance of the non-
linear element, the cartridge capacitance shall be subtracted from the total varactor capacitance.

The simplest and most direct method of obtaining the package capacitance is to substitute a unit in which
there is no contact to the semiconductor. Another method can be used, if the form of the relation between capa-
citance and voltage is known (see, for example, equation (19)). The cartridge capacitance may be deduced by
measuring the total capacitance at an appropriate number of bias points, which yields C. + C(V) and, since the
form of C(V) is known, both C. and C(V) can be obtained.

—_— \1/n
C) = C(v’) (H) with n > 0 (19)

Note. — Although the measurements in this sub-clause may be made using a standing wave detector, they may also be made by the use
of an automatic impedance plotting instrument, an example of which is the automatic Smith Chart display unit. Because the
value of Q is given by the normalized reactance change in a plane corresponding to the diode element for any lossless transfor-
mation, the Smith Chart may be adapted to give direct readings of Q as given in Sub-clause 4.11.
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4.11  Method of constant quality factor circles

As it has been shown in the “Theory” section of method, given in Sub-clause 4.10, AQ is given by the
normalized reactance change in a plane corresponding to the diode element for any lossless transformation;
it follows that the Smith Chart may therefore be adapted to give direct readings of AQ from two impedance
measurements for any arbitrary transformation. This may be done by introducing a grid of lines to represent

fixed values of%—(i.e. 0).

The normalized impedance (Z) for any measuring plane is given in terms of the complex reflection coeffi-

cient (p) by:
Z=R+4jx= :—y’
thus:
1 — pp*
R p—
1+ pp* — p — p*
and:
. p—p*
X=
) 1+ pp* —p —p*
hence:
X _p—p* _
R 1 — pp* - .’Q
from which:
pp*+ép*—ép—l=0 (20)

The equation (20) represents the equation of a circle and, when comparing it with the general equation for
acircle, viz.:

(p—a)(p* —a*) = K?

we can deduce that the radius K is given from equation (20) by:

and having a centre disnlaced from the origin of co-ordinates by a vector value of 1.

A family of circles representing constant Q may thus be constructed on a Smith Chart and these, together
with the family of constant resistance circles, are sufficient to determine AQ. An example of the resulting chart
is shown in Figure 17, page 70.

When applying the chart for the diode measurement, the diagram is orientated so that the measured nor-
malized impedance points, corresponding to the two bias conditions, appear on a constant resistance circle.
The corresponding Q values are then obtained.
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Modified Smith Chart indicating constant Q and constant R circles
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CHAPTER II: VARIABLE CAPACITANCE DIODES, SNAP-OFF DIODES AND
FAST-SWITCHING SCHOTTKY DIODES

Section two: Snap-off diodes, Schottky diodes
1. General
Snap-off (step recovery) diodes may be specified either as ambient rated or case rated or, where appropriate,
as both.
2. Terminology and letter symbols

Transition time (of a snap-off diode) t,

The time taken for the voltage across a snap-off diode to change from a specified low fraction of the total
voltage step (V + | Viry ) to a specified high fraction of the voltage step, when the diode is switched from
forward current to reverse voltage (see Figure 18).

Note. — Values of 20% and 80% are preferred.

ve “

)
0 \~4=7 ""'2 (Ve “" Vam I) gl

ny -

Figure 18 — Transition time ¢,

(Other parameters: see Clause 3.)

3. [Essential ratings and characteristics

3.1 General

See Section One, Sub-clause 3.1.

3.2 Ratings (limiting values)

The following ratings should be stated:
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3.2.1 Temperatures
3.2.1.1 Range of operating temperatures.

3.2.1.2 Range of storage temperatures.

3.2.2 Voltage and currents

The following ratings must be valid for the whole range of operating conditions as stated for the particular
device.

3.2.2.1 Maximum peak reverse voltage.
3.2.2.2 Maximum mean forward current, where appropriate.

3.2.2.3  Maximum peak forward current, where appropriate.

3.2.3  Powerdissipation

Maximum dissipation, under stated conditions, over the operating temperature range.

3.3 Electrical characteristics

Unless otherwise specified, the following characteristics should be stated at 25 °C:

3.3.1 Seriesinductance (L,)

Typical value under specified conditions.

3.3.2 Terminal capacitance (C,,,=C i+Cp)

Minimum and maximum values at specified bias voltage and specified frequency.

3.3.3  Junction capacitance (C )

Minimum and maximum values at a specified bias voltage and specified frequency. If the order of magni-
tude of C, is the same as that of the terminal capacitance C,,, a typical value for C; should be given instead.

3.3.4 Series resistance

Typical or maximum value, as appropriate, under specified conditions.

3.3.5 Reverse current

Maximum value at a specified reverse voltage.

3.3.6  Srored charge or minority carrier storage time
Maximum value, under specified conditions, which may be stated either as a stored charge per unit of
picocoulombs

milliamperes
being also specified.

current (e.g. in ), or as minority carrier storage time (e.g. in nanoseconds), the test circuit

3.3.7 Transition time
Maximum value under specified conditions, the test circuit also being specified.

3.3.8 Forward voltage (where appropriate)

Maximum value for specified forward current.
3.3.9 Efficiency (where appropriate)

Minimum value, under specified conditions, of input power, input frequency, output frequency and test
circuit.
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3.4 Application data

— Relationship between junction capacitance and bias voltage. Typical value, in either a graphical or
mathematical form.

— Cut-off frequency.

4. Measurement methods

4.1 Transition time (1,)

a) Purpose

To measure the transition time ¢, for snap-off diodes.

b) Circuitdiagram

Measuring adapter @
~ 4~ | A % o~
Al
2 W ttenuator 2 7
G
2 D
),
IF
G, == C,
+
Y/ /A IEC 169191
G, = forward current generator (/g)
G, = pulse generator

d, and d, = matched transmission lines
0osC = sampling oscilloscope

Figure 19

c¢) Circuit description and requirements
The rise time of the pulse from the generator G, should be equal or lower than:

Qs ZO
VR M

0.5

where:

Q. = stored charge
Z, = characteristic impedance of the line (50 Q) at which the measurement is carried out
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