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Variable-Width Pulse Generation Using
AvaIanche Transistors*

W. G. MAGNUSON, JR.t, STUDENT MEMBER, IEEE

Summary-The extremely fast ionization process in semicon-
ductors offers a means of generating pulses that have subnanosec-
ond rise times and high peak powers. There are several important
applications of these pulses which require the duration of the gen-
erated pulse to be variable.

This report investigates three methods of producing variable-
width pulses using transistors operating in the avalanche mode.
The first circuit studied is used with a capacitor as the collector load.
It produces pulse rise times of less than one nanosecond but has the
disadvantage of a relatively slow RC discharge fall time. Distributed
and lumped parameter delay lines were used in the second form of
circuits studied. With the artificial delay line the pulse width can
be controlled by opening the line at different sections whereas, with
the cable, the length must be altered to change the pulse width.
These circuits produced fast rise, flat top, and fast fall pulses.

In the third method studied, a composite circuit is used in which
the fast rise of an avalanche pulse is added to a slower rise, but
variable duration pulse, generated by a saturating transistor. This
method is shown to produce fast rise, variable-width pulses with
overshoot and ringing easily held to less than five per cent.

INTRODUCTION

Th/¶iANY CIRCUIT applications require the gener-
ation of fast rising, variable-width pulses. Such
applications include computer circuitry, nu-

clear instrumentation, sampling oscillography, and the
use as test pulses in the evaluation of high speed cir-
cuits. Typically, rise times of the order of a few nano-
seconds or even fractional nanoseconds are require-
ments. Pulsed power requirements may vary from mil-
liwatts, as in fast low-level computer logic circuits,
to tens of watts in computer memory applications.
Avalanche multiplication in semiconductor devices

offers one method of generating high-current, fast rise
pulses. The avalanche mode of operation of transistors
has been used to generate pulses for use in sampling
oscilloscopes,' in a decade ring counter,2 and as drivers
in computer memories.3

AVALANCHE PULSE GENERATORS

The generation of variable-width, fast rise pulses may
be accomplished in a number of ways. It is the purpose
of this report to present a limited study of three such
ways using normal diffusion transistors operated in the
avalanche region. Circuit objectives are fast rise times,
flat top pulses, fast fall times, and the convenience of
controlling the width of the pulse.

* Received November 26, 1962.
t Electrical Engineering Department, Oregon State University,

Corvallis, Ore.
I R. B. Seeds, see [10], p. 79.
2 J. E. Lindsay, see [6], p. 262.
3 J. C. Looney, see [7].

The pulse width, in the first circuit described, is con-
trolled by the lumped capacitance in the collector load.
In the second type of circuit the collector load is a trans-
mission line, either distributed or lumped parameters,
and, in the third type of variable-width pulse generator,
a composite circuit utilizing both a saturating transistor
switch and an avalanche transistor is used.

RESULTS
Of the three general types of circuits studied, each has

its advantages and disadvantages in generating rec-
tangular pulses whose width is conveniently controlled.
The pulse width of the lumped capacitor circuit is
changed merely by varying the value of the capacitor.
This circuit produces very fast rise times, but the fall
time is regulated by the capacitor controlling the pulse
width and the load resistance. Consequently, this
method is best utilized in applications where the rise
time and pulse width are the important design objects
and the pulse fall tinme is of second order interest. A typ-
ical example of such an application is in generating trig-
ger or clock pulses.

Fast rise and fall time pulses with flat tops are easily
generated using transmission line collector loads. The
pulse length is simply twice the propagation time of the
transmission line. This creates the need for changing the
length of the line each time a different pulse length is
needed. One solution to this disadvantage that was in-
vestigated was the use of a lumped constant delay line.
Using this method, the pulse width could be controlled
by adding or taking out sections of the line. This is easily
achieved using simple slide switches.
The third method investigated was a composite satu-

rating transistor switch and an avalanche transistor
pulse generator. The rise time of the avalanche gener-
ator is added to the pulse generated by the saturating
transistor. This provides a pulse whose width is easily
controlled and pet retains the fast rise tinme provided by
the avalanche transistor.

AVALANCHE BREAKDOWN
Normal operation of alloy and diffusion transistors

relies on the physical processes of drift, diffusion, re-
combination and generation, and storage. The process of
breakdown may occur in various ways. Considerinig the
reverse biased, collector-base junction in a transistor,
only the reverse saturation current will flow in the ab-
sence of signals. This reverse current is very small at
normal ambient temperatures.
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As the reverse bias voltage is increased, the current
gradually increases until breakdown is reached. At
breakdown, the current becomes independent of the
voltage and is normally limited only by the external
circuitry. Breakdown may occur either by surface con-
duction or by conduction within the body of the ma-
terial. In the majority of present day diffusion transis-
tors, breakdown is a result of ionization and avalanche
multiplication as opposed to surface or punch-through
breakdown.

Minority carriers, which are thermally or otherwise
generated, diffuse to the high field region of the reverse
biased junction. They are accelerated, and by collision
with atoms in the crystal lattice, produce hole-electron
pairs. The holes and electrons produced may themselves
produce additional pairs, resulting in an avalanche
process.

This breakdown due to impact ionization is analogous
to field-intensified ionization and breakdown in gas dis-
charges which are called Townsend discharges. In gases,
as the electric field is increased, the current follows at
first a simple exponential increase. As the field is further
increased, the current departs from this simple relation-
ship and eventually there is a sudden transition from
the Townsend or dark discharge to a self-sustaining dis-
charge or spark breakdown.

In Fig. 1 is a schematic diagram indicating the cur-
rents in the avalanche process for a n-p-n transistor.
The emitter-base depletion layer is usually very narrow
due to the forward bias voltage. Its importance then to
avalanche breakdown is minor and usually neglected.
The depletion layer associated with the collector-base
junction is a function of the reverse collector-base volt-
age. At zero bias its width is determined by the equi-
librium contact potential of the junction.

Part of the emitter current yIe flowing into the base
region is lost by recombination before reaching the col-
lector depletion region. The transport efficiency, desig-
nated by ,B, is the ratio of minority carriers arriving at
the collector to the number introduced at the emitter.
The fraction lost by recombination then is (1 -,). Mi-
nority carriers thermally generated in the base region
also reach the collector and contribute to the total cur-
rent. Gamma is the emitting efficiency of the emitter.
The rate of multiplication in the depletion region is

dependent on the applied voltage and the number of
incident electrons. In the depletion layer the incident
electrons produce additional hole-electron pairs by im-
pact ionization. Thus the number of carriers reaching
the collector junction is a fraction M4, greater than one,
of the electrons incident upon the depletion layer. The
total current reaching the collector then is 3yMie.
There will be an associated hole flow returning to the

base from the collector. This current may be lost in the
base region through recombination, by reaching the
emitter junction, and by leaving through the base lead.
The base current must be, to satisfy Kirchhoff's law,
equal to (1 -W3yM)i, or, more simply, (1 -a)ie.
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Fig. 1 Current-flow schematic for avalanche
operation (after J. E. Lindsay).

Lindsay4 has reduced the schematic diagram to an
equivalent circuit for the steady-state avalanche mode
of operation. From it he has derived formulas describ-
ing the common enmitter input and output character-
istics.
The expression for M has been empiricallv arrived at

by Miller5 and is

M(VBC) = 1/[1 - (V/Vb)n] (1)

where M(VBC) is the multiplication factor, Vb is the
breakdown voltage, and n is an exponent approximately
2.5 for silicon when the minority particles chiefly re-
sponsible for multiplication are either electrons or holes.
The value of the multiplication factor controls the rate
of build-up of current in avalanche devices. Hamilton6
has shown that at a given ambient temperature, the
optimum bias current which should be used to obtain
Mmax varies inversely with the breakdown voltage, and
that Mmax is proportional to the ratio of optimum bias
current to thermally generated current. This current is
shown to be

Iopt = (kTa2)/(EgCVb) (2)

where k is Boltzmann's constant, T0 is the ambient
temperature, Eg is the energy gap between conduction
and valence bands, C is the junction temperature rise
above ambient in degrees centigrade per watt dissi-
pated, and Vb is the breakdown voltage.
The response time of the multiplication process

should be comparable with the transit time for carriers
across the high field region in the reversed biased junc-
tion. For high frequency diffusion transistors, this time
would be a fraction of a nanosecond. The rise to peak
current in the avalanche process is then dependent on
both the multiplication factor of the transistor and its
alpha cutoff frequency. For capacitor loads the maxi-
mum value of 10 to 90 per cent rise time is7

1.6(Vo- Vp)(Wbp2/2De)((n + 1)
Tr max = Vb(VoIVb)n+(

4J. E. Lindsay, see [6], p. 263.
6S. L. Miller, see [8], p. 1234.
6 D. J. Hamilton, see [51, p. 1788.
7D. J. Hamilton, see [31, p. 35.
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where Wb, is the base width at peak current, De is the
effective diffusion constant for minority carriers in the
base region, Vo is the capacitor voltage at the beginning
of the pulse, and Vp is the capacitor voltage at peak
current.

In addition to breakdown occurring by avalanche
multiplication, there is another means by which the
transistor may break down. As the reverse bias is ap-
plied to a p-n junction, a region of high electric field,
called the depletion or space-charge region, is formed.
If the regions are homogeneous, as in simple alloy
transistors, the electric-field intensity will be linear and
the depletion region will be proportional to the applied
reverse bias to the minus one-half power. An increase in
reverse bias widens this depletion region and at suffi-
ciently high reverse biases the collector depletion region
may extend across the base region and make contact
with the small electric field associated with the unbiased
emitter-base junction.
The voltage required to do this is defined as the

punch-through voltage, Vp. At this voltage, the transis-
tor will suddenly conduct because the direction of the
electric field is such that the minority carriers that dif-
fuse across the emitter base junction, against the built-
in electric field, experience a high conductive path to
the collector.
As opposed to alloy junction transistors, diffusion

transistors usually have a punch-through voltage higher
than the avalanche voltage.' It is desirable, however, to
select avalanche transistors so that, although the ava-
lanche voltage is less than Vp, it is close to it. When thus
chosen, the base region at collector voltages near break-
down is only a fraction of the total width of the base
material. The transit time of carriers is then greatly
reduced resulting in an effective increase in cutoff fre-
quency. The result is, therefore, a faster build-up of cur-
rent when the junction breaks down.
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Fig. 3-L VCER and avalanche switching current as a function of

external base resistance. (a) L VCER as a function of external base
resistance. (b) Avalanche switching current as a function of ex-
ternal base resistance.

TERMINAL BEHAVIOR

The transistor behaves much like a gas discharge
tube in some respects. Prior to breakdown, its charac-
teristics exhibit a high resistance region and after break-
down, a low resistance. Fig. 2(a) shows the current-
voltage plot with open emitter. Only leakage current
flows below the collector-base breakdown voltage
B VCBO. As B VCBO is approached multiplication of re-
verse current occurs, eventually resulting in breakdown.
When the base is left open the current-voltage plot is as
in Fig. 2(b). The peak voltage B VCEO is a function of
B VCBO and as the current is increased the voltage drops
to L VCEO. Fig. 2(c) shows the current-voltage plot
when the base and emitter are shorted. As the voltage is
increased no appreciable current flows until B VCES
(equal to B VCBo) is reached. The current then increases

due to multiplication until it reaches a value IA so that
the voltage drop across the internal spreading resist-
ance, rbb, forward biases the emitter-base diode. The
voltage then falls to L VCES with a current build-up due
to avalanche multiplication as described above. The
voltage remains at L VCES unless the current is reduced
below a holding value, IsH, where the voltage returns to
BVCES- In general, IH is below IA. The hysteresis is
related to the different current flow paths which make
rbb effectively higher approaching from the high current
side than from the lower side.9
When a resistance, Rb, is inserted between the base

and emitter the voltages are changed depending on the
value of resistance inserted. The oscillogram in Fig. 2(d)
shows B VCER and L VCER with 10,000 ohms connecting
the base to the emitter. Fig. 3(a) shows the effect of

9 V. H. Grinich, see 121, p. 2.
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LVCER as a function of Rb, and Fig. 3(b) exhibits the
dependence of IA on the value of the external base re-
sistance. All of the above figures were taken from a typ-
ical 2N914 transistor.

AXVALANCHE PL-LSE CIRCUITS WITII
LUMPED CAPACITOR LOADS

Perhaps the simplest pulse circuit utilizing avalanche
transistors is one using lumped capacitance on the col-
lector, as shown in Fig. 4. This circuit may be made to
either free-run or be triggered. Considering the free-run
situation and the transistor initially off, the voltage at
the collector increases exponentially through the RcCa
time constant. Eventually the voltage reaches B VCER
and the transistor avalanches. The charge on the capaci-
tor discharges through the transistor until the current
reaches IH and the transistor returns to the off con-
dition.

For triggered operation the load line intersects the
transistor characteristic curve at a point where the col-
lector current is below the avalanche current 1A, as
shown in Fig. 5. This establishes a stable quiescent
operating point, Q, and capacitor Ca is charged to just
below B VCER. Applying a AIt trigger current at the col-
lector raises the operating point to IA on the curve and
the transistor avalanches.
The collector current rises abruptly until it reaches

the line with slope RA, and then falls with a time con-
stant Ca(RA+Rl) until it intersects the LVCER charac-
teristic curve at P. The current and voltage remain at
P until the charge on Ca is insufficient to maintain the
discharge current. The current then decreases with
a time constant of Ca(RA+Ri) again following the
LTICER curve until IH is reached. Below IH the transis-
tor ceases conducting and Ca recharges towards V7,
with a time constant R,Ca. RA is the effective resistance
of the transistor in the avalanche condition.
The load resistor may be placed either in series with

the emitter or in series with the capacitor. For an n-p-n
transistor and R1 in the emitter leg the output pulse will
be positive going, and with R1 oIn the collector side the
pulse out will be negative. If the charge stored in Ca is
insufficient to allow the voltage across Ca to remain
constant as the transistor breaks down, then the ampli-
tude of the output pulse becomes limited. The ampli-
tude of the puilse out depends then on the values of Ca
and Ri, and for large values of either Ca or R1 the ampli-
tude of the pulse becomes equal to the voltage differ-
ence between B VCER and L VCER. The pulse width at
the 50 per cent point is controlled for the most part by
the Ca(RA+Rl) time constant, as the initial rise is quite
fast compared to the fall tinie.

Table I presents the amplitude and pulse-width as a
function of the capacitor value for the circuit of Fig. 4.
The supply voltage was adjusted to 112 volts and the
pulse circuit free-ran with a pulse repetion rate con-

R

Rb{ R

Fig. 4-Basic avalanche switch with capacitive load.
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VcE - Collector to Eniitter Voltage

Fig. 5 Avalanche characteristic curve showing switching load line.

TABLE I
RISE TIME, AMPLITUDE, AND PULSE WIDTH FOR DIFFERENT R1

AND Ca COMBINATIONS

RI

50 u

50
50
50
50
50
50
100
50
20
10

Ca

1500 pf
1000
500
200
100
50

stray
100
100
100
100

Tr

3.5 ns
3.5
3.5
3.5
3.5
3.5
3.5
2
1
0.6
0.6

AMPL

37 v
36
31
28
26
21
2

27.5
25
15.5
10

Circuit Values (See Fig. 4)

Transistor
Vcc

RbRb

PW
38 ns
30
19
12
8
6
2

11
10
7
6

2N914
112 v
220 kU
lOKQ

trolled by R, and Ca. The maximum pulse recurrence
frequency is limited only by the allowable dissipation of
the transistor. This circuit may also be triggered as will
be described later.
A transient analysis of avalanche transistor circuits

with a capacitance load has been carried out through
uise of a diffusion model described in terms of change
variables by Hamilton."0 He later extended the analysis

10 D. J. Hamiltoni, see [3], p. 25.
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to include the effects of resistance in avalanche transis-
tor pulse circuits on the current rise time."'
The output pulse was monitored across the 50 ohm

load by a Tektronix Model 585 oscilloscope with a type
80 plug-in unit having a rise time of 3.5 nanoseconds.
Fig. 6(a) shows the shape of the voltage pulse across the
load with C equal to 1000 pf, and Fig. 6(b) shows the
output with C equal to 50 pf as monitored with a Tek-
tronix type N sampling unit having a rise time of 0.6
nanosecond.

AVALANCHE PULSE CIRCUITS WITH RESISTANCE LOADS
Avalanche transistor pulse circuits which use capaci-

tance loads produce high-current, short-duration pulses
but the pulse shape is not easily controlled. When the
load is resistive and takes the form of a transmission
line, control of the pulse shape and length may be
achieved. The basic circuit using a delay line load is
shown in Fig. 7.
The operation of the circuit may be described as fol-

lows: At time zero the capacity of the line begins to
charge through R.; when the voltage at the collector
reaches B VCER the emitter junction becomes forward
biased and injects carriers into the base. Avalanche re-
generation occurs and the collector voltage drops to
L VCER producing a step function of voltage across the
open circuited line. This voltage step travels down the
line, discharging each section as it goes, and maintains
thus a constant current. When the step reaches the end
of the line it is reflected in phase, since there is no resis-
tive termination to absorb the energy. The reflected
step function continues to discharge the line, thus keep-
ing the current constant until it reaches the end of the
line. If the pulse sees the characteristic impedance of the
line when it arrives at the collector, the impedance of the
line suddenly becomes infinite, the current goes to zero
and no reflections occur. The line begins again to charge
towards B VCER through R,.
When the resistance of the transistor in the avalanche

condition and the parallel resistance of R. and R, equal
the characteristic impedance of the transmission line, no
reflections occur and the output across R, is a single
pulse. The resistance R. is used to match the transmis-
sion line to the load for different transistor resistances
and was equal to 220 ohms for the 2N914 transistor.
Generally, it was found for 2N914's that LVCER was
nearly one half of B VCER when Rb equalled 10,000 ohms,
and the voltage at the collector went to zero when the
pulse returned on the transmission line.
Shown in Fig. 8 are the waveforms at the collector

and across the load resistor. An open-ended delay line
produces a pulse of current equal in duration to twice
the length of the line. The pulse across the character-
istic impedance in series with the line has one-half the
amplitude of the step function. The output pulse has a
rectangular shape, the duration of which is independent

11 D. J. Hamilton, see [4], p. 456.
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Fig. 6-Oscillograms of output pulses with capacitive 'load.

(a) Voltage across R, for R,=47 ohms and C.= 1000 pf. (b) Volt-
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Fig. 7-Basic avalanche switch with resistive load.
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Fig. 8-Oscillograms of output and collector voltage waveforms
with resistive load. (a) Collector waveform vs time. (b) Corre-
sponding voltage across load vs time.

of the transistor. In the avalanching condition the im-
pedance of the transistors used was approximately 40
ohms. The transmission line producing the largest pulse
amplitude into a 50-ohm load would be 90 ohms for the
line to be terminated correctly. Ninety-three ohm
transmission line is available in RG-62/U, and by add-
ing shunt resistance to the load it is possible to reduce
reflections and obtain relatively clean output pulses.
For the transistors used (2N914), a value of Rb greater
than 5000 ohms proved adequate.
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In place of a distributed parameter transmission line,
it is possible to use a delay line constructed of lumped
parameters. Such a line provides an easy method of
conveniently controlling the duration of the pulse; that
is, by simply opening the line at different sections, the
pulse duration is altered. Such a line was designed'2 and

built, using slide switches at intervals along the line to
provide pulse lengths of 10, 20, 50, and 100 nanoseconds.
Slide switches were found suitable for such use, having
3-pf capacitance to ground in the closed position and
only 1 pf to ground in the open position. The delay line
was designed to have a characteristic impedance of 100
ohms and a delay per section of five nanoseconds. To
reduce mismatch between sections the capacitors were

measured on a precision impedance bridge and ar-

ranged in increasing value along the line. The spread in
capacitor values from the first section to the tenth sec-

tion was about six per cent, and even though placed in
sequence to minimize the impedance change between
sections, there were noticeable reflections in the output
pulse. Trimmer capacitors in addition to the fixed ca-

pacitors would probably reduce these mismatches con-

siderably. The measured rise time of the line, being pro-

portional to the delay per section, was ten nanoseconds,
which limited the fall time of the pulse generated until
IH was reached. The rise time of the pulse, however, is
relatively independent of the delay rise time.

Fig. 9 shows photographs of a pulse generator and a

delay line that were built. In Fig. 10 are their circuit
schematics. The collector resistance is composed of two
resistors, one fixed and one variable. The 10,000-ohm
fixed resistor was chosen so the maximum power dissi-
pation of the transistor would not be exceeded. The
variable resistor permits adjusting the pulse repetition
frequency, which is an exponential function of the total
collector load resistance and the total capacity of the
charge line. The time interval between pulses is given by

T = R,C, In (VCC/BVcER) (4)

where R, is the sum of the fixed and the variable collec-
tor resistance, and Cl is the capacitance of the delay
line. The emitter resistance, 220 ohms, is needed to
match to the 50-ohm load.
The trigger from the collector may be used either as a

trigger output in the case of free running operation, or as

a trigger input when + VCC is adjusted to hold the cur-

rent below IA. Collector triggering produces the short-
est delay and requires the least energy for triggering.'3

In Fig. 11 are depicted the waveforms of the pulses
using this pulse generator with first, in Fig. 11(a), pulses
produced using RG-62/U cable of 4 feet and 25 feet in
length and, in Fig. 11(b), 20- and 100-nanosecond pulses
generated using the lumped constant delay line. Fig.
11 (c) shows the initial portion of pulse in Fig. 11 (a) ex-

panded to one nanosecond per centimeter by using a

Fig. 9-Avalanche pulse generator and delay line.
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Fig. 10-Circuit schematics of delay line
and avalanche pulse generator.
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Fig. 11-Oscillograms of pulse waveforms using resistive load.
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forms using lumped constant delay line. (c) Part (a) expanded.

"J. F. Blackburn, see [1], p. 209.
"I R. B. Seeds, see 1101, p. 27.
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Tektronix type N sampling unit. Using the approxima-
tion that the apparent rise time equals the square root
of the sum of the squares of the N unit and the pulse
generator rise times, the actual rise time of the ava-
lanche pulse generator is 0.8 nanosecond.

COMPOSITE AVALANCHE TRANSISTOR CIRCUITS

Application of transistors in the avalanche mode to
generate variable-width pulses may also be accom-
plished with composite circuits. One way might be to
trigger a transistor into avalanche breakdown, and then
return the transistor to a normal off condition at some
later time. During the time the transistor is at L VCER,
current can be delivered to the load.
Another and perhaps easier method to achieve fast

rise pulse-width control is by letting an avalanche tran-
sistor generate the fast rise time of the pulse, and then
adding this rise time to the pulse of a saturating transis-
tor. This latter method was studied and will be pre-
sented here. Briefly, the scheme used was the following:
A monostable multivibrator generated a pulse whose
width could be adjusted by controlling the dc bias on
the base of the first transistor by a variable resistor; the
pulse of the multivibrator fed a two-stage, common
emitter, isolation and power amplifier which in turn
drove both a saturating comimon emitter switch and
triggered an avalanche transistor into breakdown. The
output of these two transistors was summed in the 50-
ohm load resistor. Fig. 12 presents the block diagram of
the pulse generating method.
Assuming the avalanche generates a step voltage fol-

lowed by a RC exponential discharge through the load
resistance, the response will be

BVCER - LVCER
I(R)= + - et/(RT+RA)Ca (5)

RT + RA

where RA is the equivalent resistance of the transistor in
the avalanche condition, RT represents R1 plus any re-
sistance (R,) necessary for voltage amplitude matching,
and Ca is the capacitance at the avalanche transistor
collector.
The turn-on response for the transistor switch in the

active region is also an exponential, and of the form14

Ic(t) = ao [1 - e-n (1-ao+re/rb)t] (6)
a1oo)rb + re

The necessary conditions for these two responses to add
to a flat top voltage pulse across the load are

aozAV BVCER - LVCER (7)
re+ (l - ao)rb RT + RA

and

re\ 1

rb/ (RT + RA)Ca

14 J. L. Moll, see [91, p. 1774.

Fig. 12-Composite pulse generator block diagram.

where ao is the value of a at zero frequency, re and rb
are small-signal equivalent circuit parameters, and (,
is the radian cutoff frequency of alpha.

In the practical case of satisfying the above condi-
tions, it is necessary to adjust the amplitude and pulse
width of the avalanche pulse by adjusting RT and Ca.
Overshoot and ringing can easily be adjusted to less
than 5 per cent of the peak amplitude.
The circuit schematic is shown in Fig. 13. The mono-

stable multivibrator was designed to be externally trig-
gered but could just as well be free-running. Improve-
ment in the rise time is apparent in the pictures of Fig.
14. Without the avalanche transistor pulse the rise time
of the output pulse is 30 nanoseconds. Adding the pulse
from the avalanche transistor reduces the rise time to
less than 3.5 nanoseconds. Capacitor Ca oIn the collector
of the avalanche transistor, in conjunction with R, and
the load resistor, determines the width of the pulse from
the avalanche transistor. Resistor R, was necessary so
the peak voltage amplitudes from the saturating tran-
sistor T, and the avalanche transistor Ta could be made
equal at the load resistor. Satisfaction of (7) can also be
achieved by varying the supply voltage of the switch-
ing transistor.
To summarize the operation of this method for pro-

ducing fast rise variable-width pulses, Table II presents
measured characteristics of the pulse generator.

Turnoff times were, in this circuit, simply the turnoff
time of the saturated transistor. However, if it is neces-
sary to have as fast turnoff as turnon times, this could
be achieved also with an avalanche transistor. In one
method investigated the positive pulse used to trigger
the avalanche transistor and drive the switching tran-
sistor was first inverted with a transformer and then
differentiated. The positive going differentiated pulse
was used to trigger a transistor into the avalanche mode
of operation. A transformer was used to invert the pulse
produced across a resistor, in series with a capacitor in
the collector circuit. This pulse was then added to the
fast rise and variable duration pulse produced with the
composite circuit described above. The second ava-
lanche pulse, being of opposite polarity and occurring at
the end of the variable pulse, quickly pulls the output to
ground. The amplitude of the turnoff pulse can be ad-
justed by varying the turns ratio of the output trans-
former. Using this method the 40-nanosecond turnon
and turnoff times of a pulse produced with a 2N914
transistor were improved to five and seven nanoseconds,
respectivelv.
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Fig. 13-Composite pulse generator circuit schematic.
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Fig. 14-Oscillograms of pulse waveforms using composite pulse gen-

erator. (a) Transistor switch pulse. (b) Avalanche pulse. (c) Com-
posite pulse waveform.

TABLE II
COMPOSITE PULSE GENERATOR SPECIFICATIONS

Specifications

Output Amplitude 20 volts negative across 50 ohms
Rise Time <3.5 nanosecond
Pulse Widths 70 ns (min) to 1.8 jus (max)
Pulse Delay 20 nanoseconds
Repetition Rate Externally triggered, Max rate, 1.5 Mc
External Drive 5 volt negative signal required

If only an improvement in the turnoff time is desired,
then this could be achieved by placing an inductor from
the base to ground of the saturating transistor and
direct coupling to the driver stage. The energy stored in
the inductor during the on portion of the pulse quickly
turns the transistor off at the end of the pulse.

SUMMARY
This report has presented and dsecribed techniques

which can be used to generate very fast pulses where the
width of the pulse generated may be controlled. Rise
and fall times on the order of nanoseconds and subnano-
seconds with amplitudes of 50 volts across 50 ohms are

possible using the switching property based on the ava-

lanche effect of ordinary diffused junction transistors.
Three general methods of producing variable-width

pulses have been investigated. Fastest rise times are

possible with capacitor loads but the pulse shape has the
disadvantage of slow fall times. As has been stated,
pulses of this nature would most likely find application
in timing pulse generators, trigger pulses, rise time
evaluation of fast circuits, and if differentiated could be
used as narrow pulse-width sampling pulses in sampling
oscilloscopes. Avalanche pulses produced using resistive
loads in the form of delay lines have the characteristics
of fast rise times, flat tops, and fast fall times. Their dis-
advantage lies in the necessity of having a different
length of cable for each pulse length when using dis-
tributed delay lines. This inconvenience is overcome by
using lumped parameter delay lines and varying the
number of sections in the line. This type of delay line
has the further advantage of being physically more com-

pact, and may be designed to match the impedance of a

particular load and transistor without sacrificing pulse
power as is necessary in matching cables to particular
load impedances.

Resistive loads produce approximately one-half the
amplitude across a given load impedance as capacitive
collector loads do. This is because half of the voltage
swing at the collector appears across the resistive line,
whereas in a capacitor collector load the full voltage
appears across the transistor and load resistor.

For generating long duration pulses the composite
method of adding an avalanche pulse and a pulse gen-

erated by a switching transistor is useful. The power

dissipated in both the avalanche and the saturating
transistor is low, which permits either higher repetition
rates or longer pulses without exceeding power limita-
tions. This method would probably be preferable for
applications requiring the pulse width to be continu-
ously adjustable.
The transistors used as avalanche transistors in this

report were n-p-n silicon planar epitaxial units. Approx-
imately 100 2N914 transistors were tried and all oper-

ated satisfactorily in the circuits described in this report.
A few units exhibited slow rise times but all had a

BVCBO to LVCEo difference of about 40 volts. Several
other transistor types were investigated for use in ava-
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lanche operation. Both planar and planar-epitaxial
types were found to produce good results and in general
those designed for fast switching exhibited the best ava-
lanche characteristics.
With the present availability of transistors designed

specifically for avalanche operation their application in
circuits will undoubtedly increase. The extremely fast
ionization process in semiconductors offers a means of
producing fast, high power pulses required in such ap-
plications as digital computer circuitry with memory
cycle time of tens of nanoseconds, fast time-of-flight
nuclear spectrometers, power drivers in microminiatur-
ized circuitry, and numerous additional applications
requiring fast rise, high power pulses.
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The Crystal-Video Radiometer*

JACK COPELANDt

Summary-A theoretical analysis is made of a microwave radi-
ometer which utilizes no predetection amplification. The minimum
detectable temperature, defined as the temperature which results in
an output signal-to-noise ratio of unity, is shown to be (7/BM)
(To/2Kro)112 where B is the predetection bandwidth, Mis the crystal
figure of merit, To is the ambient temperature, K is Boltzmann;s
constant, and ro is the postdetection time constant. The predicted
minimum detectable temperature for the millimeter wavelength
region is about 50°K for a one-second postdetection time constant.
Some experimental measurements are presented which show good
agreement with the theoretical results.

Because of the absence of predetection amplification, the sensi-
tivity of the crystal-video radiometer is relatively poor; however, it is
quite adequate for those applications where large temperatures are
expected, such as gaseous discharge research. The simplicity of the
crystal-video radiometer and its adaptability to complete solid-state
instrumentation make it quite attractive for radiometric measure-
ments from space probes and satellites.

* Received December 4, 1962.
t Ewen Knight Corporation, East Natick, Mass. Formerly with

Research Laboratory, AOMC, Redstone Arsenal, Ala.

INTRODUCTION

r HE CRYSTAL-VIDEO radiometer is a micro-
wave radiometer with no predetection amplifica-
tion. The radio-frequency detector immediately

follows the Dicke-type modulator with subsequent am-
plification performed at audio frequencies. Although the
crystal-video radiometer cannot compete with conven-
tional superheterodynes in terms of sensitivity, its sim-
plicity and adaptability to complete solid-state instru-
mentation make it quite attractive for some applica-'
tions.

Nicoll and Warner' use the crystal-video radiom-
eter for solar temperature measurements at 8-mm wave-
length and give a somewhat simplified analysis in which
they do not consider the effect of the nonlinear detector
on the input spectrum; their approach is similar to

I G. R. Nicoll and F. L. Warner, "Atmospheric Attenuation
Measurements at 8 mm Wavelength," British Ministry of Supply,
Great Malvern, Worcs., Eng., TRE Memo. 471; 1951.


