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ABSTRACT

A nanosecond, high-current pulse generator using paralleled ava-
lanche transistors has been designed, and its operating characteristics
have been determined. The generator utilizes the regenerative switch-
ing action of avalanching transistors to discharge capacitors through a
low-impedance load. Transistors are selected for high collector-to-
base diode breakdown voltage, BvV.,,, low avalanche latching voltage,
LV,.gr, and fast avalanche switching. Control of the switching times of
individual avalanche transistors is achieved by adjusting collector bias
levels. This technique allows a variety of pulse waveforms to be gen-
erated, including pulse groups with adjustable pulse-to-pulse spacings.
Output pulse waveforms are characteristic of a slightly underdamped
RLC series circuit.

Two models of the generator were developed using standard tran-
sistors and components. Peak pulse currents on the order of 40 am-
peres, with rise time less than 10 nsec and repetition rates greater
than 10 kHz, were produced in loads of approximately one ohm. The
generators are suitable for pulse modulating low-impedance devices
such as GaAs room-temperature injection lasers.

PROBLEM STATUS

This is an interim report; work on the problem is continuing.

AUTHORIZATION

NRL Problem R02-14
Project RF 001-02-41-4005

Manuscript submitted January 6, 1967,
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A NANOSECOND, HIGH-CURRENT PULSE GENERATOR
USING PARALLELED AVALANCHE TRANSISTORS

INTRODUCTION

In systems employing electro-optical devices such as the GaAs room-temperature
laser diode, it is often necessary to produce narrow, high-current pulsesfor driving a sub-
ohmic load impedance. The most practical pulse-generation technique for this application
utilizes the triggered-switch, capacitance-
storage configuration (la) shown in Fig. 1.
When the switch is in a high-impedance

X CHARGING
"off" state, the capacitor ¢, assumes a RESISTOR
charge through the resistor g . If the WA *
switch is triggered into a low-impedance R
"on" state, ¢, will discharge through the SWITCH
load. After the voltage across ¢, has - ¢
dropped to a low level, the switch returns Vee I 7] F\CH;RGWG
to the "off" state, and ¢, recharges. Elec- TRIGGER CAPACITOR
tromechanical switching elements are often
used in this type of circuit in order to pro- T LOAD
duce the large-amplitude, fast-rise pulses
required for diode laser modulation (2,3). £
These types of switches have the disad- ’
vantages of low pulse-repetition frequency Fig. 1 - Pulse-generator configuration;
(typically less than 1000 pps), and consid- triggered switch, capacitance storage

erable pulse-amplitude and time jitter (1b).

Extensive capacitance-storage pulse circuitry has been developed using the
avalanche-multiplication property of silicon transistors as the switching mechanism
(4-7). A silicon high-frequency transistor can exhibit a triggered avalanche-switching
time of the order of one nanosecond, with negligible pulse-to-pulse jitter. The pulse-
repetition frequency is limited by power dissipation, but for narrow high-current pulses
it can be as great as 5 Mpps in a simple avalanche circuit (8a). Typically, peak current
amplitude through the avalanche switch is limited to approximately 20 amperes by an ef-
fective avalanche collector spreading resistance, -, (9).

A low-threshold GaAs injection laser may require narrow current pulses with a
peak current of the order of 30 amperes.* Thus, a single transistor in avalanche is
usually not adequate as the current-switching device. Experiments have been performed
(1¢,5,7), however, in which multiple-avalanche transistor switches were paralleled to
share the load requirements and produce higher peak currents. The main difficulty en-
countered in paralleling avalanche transistors to generate short, high-current pulses has
been in synchronizing the individual switching times (1c,5). The present report describes
the design of a paralleled avalanche-transistor pulse generator in which switching syn-
chronization is achieved by adjustments of the collector bias levels. This technique al-
lows pulse groups to be generated and gives some control over pulse waveshape.

*Low threshold injection lasers made by the solution regrowth method.
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In order to fulfill a requirement for a diode laser pulse modulator, two paralleled-
stage avalanche-transistor pulse generators were designed and developed utilizing type
2N3020 transistors and standard components. The primary requirements for the gener-
ator were a positive pulse current greater than 25 amperes (into a one-ohm load), a
pulse rise time* less than 5 nsec, a pulse durationf less than 15 nsec, and a repetition
rate of 10 kpps. Compactness and simplicity of operation were important design factors.

BASIC DESIGN

Static terminal characteristics (10) of a transistor which may operate in the ava-
lanche mode are similar to those shown in Fig. 2. An avalanche negative-resistance
region enables the transistor to act as a regenerative switching device. The general the-
ory of avalanche multiplication has been examined quite comprehensively by other au-
thors (6,8b,11) and will not be discussed in this report.

Ic
I} AVALANCHE MODE
I REGION
1330
| 1o
T ™ Vee
BVeeo BVcer  BVeso

Fig. 2 - Static terminal characteristics
of a transistor which may operate inthe
avalanche mode

Selection of an Avalanche Transistor

Initial design of the elementary avalanche pulse generator requires the selection of
a transistor which will operate effectively in the avalanche mode. The basic requirement
for transistor avalanche multiplication is that there be a significant difference between
the collector-to-base diode breakdown voltage, BV ,,, and the avalanche latching voltage,
LV,zp- Several types of silicon NPN transistors were tested, and all were found to ava-
lanche to some degree (see Table 1 for a comparison of several transistor types).

The transistor finally selected was the (Motorola) 2N3020, both because of its high-
amplitude output (a single stage 2N3020 pulse generator may produce pulses with ampli-
tudes greater than 80 V across a 50-ohm load) and because of the general uniformity of
avalanche characteristics between transistor units.

*Pulse rise time ;, measured from 10 to 90 percent peak amplitude.
TPulse duration t ; measured from 50 to 50 percent peak amplitude.
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Table 1
Comparison of the Avalanche Pulse Produced by
Several Types of Silicon NPN Transistors

Transistor Type Bias Level Rise Time Duration Avalanche Pulse
Vee (volts) t, (nsec) t, (nsec) v, (volts)
2N697 140 3 65
2NT706 58 3 23
2N3019 175 2 71
2N3020 180 2 80

Design of the Elementary Avalanche Transistor Pulse Generator

An elementary pulse-generating circuit using the common-emitter configuration is
shown in Fig. 3. The minimum value of the collector bias resistor ® is determined by
the static load line, 7/, = (V,, - V,) /(R, + B), which must be situated below the low-voltage
breakdown curve in order to prevent latching and thermal destruction. A general mini-
mum value for 2, may be calculated from (12): B, > (Vy,-20) x10%2. I V,, is 220 V,
minimum R, is approximately 20 k. The base resistance B, is necessary to limit the
collector current density before avalanche (13), but should be kept as small as possible
in order to minimize the effect of the collector-to-base transition capacitance. Practi-
cal values for 2, usually range from 10 to 100 ohms. The charging capacitor ¢, must be
of sufficient capacitance to provide the maximum pulse current through the load yet be

+Vee

+
TRIGGER™ | c
PULSE
(o} o—|

Cy

M

Fig. 3 - Elementary avalanche
transistor pulse generator
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small enough to produce a short pulse-decay time. If the pulse duration is negligi-
ble in comparison with the time between trigger pulses, the maximum repetition
period for separate avalanche pulses is limited by the recharging time constant k ¢,.
IR =20k and ¢, = 1000 pf, the maximum recharging rate of the basic circuit is
approximately 50 kHz.

The pulse output from the basic circuit, assuming no series inductance, may be de-
termined by examining the static and dynamic load-line intersections on the common-
emitter characteristics of the avalanche transistor (Fig. 4a). The transistor is quies-
cently biased at point v,/ ~on the static load line. The position of this operating point
determines the magnitude of the positive trigger pulse required to cause avalanche. For
a given bias resistor R, , the intersection of the static load line with the first avalanche
curve may be moved in relation to the avalanche condition by varying the collector bias,
Voo - I a sufficiently large positive voltage pulse is applied at the base junction, nega-
tive base current will effectively increase and drive the transistor into the negative-
resistance portion of the avalanche region. The voltage step that is available to the load
is determined by the intersection of the dynamic load line with the breakdown curve at
point v ,71,. (The general slope of the dynamic load line is -(1/B,,), where B, ;=R +r_,.)
Collector current through the transistor is constrained by the avalanche breakdown curve
from point v, /, to point v,, 7,. At point v, /,, collector current becomes insufficient
to maintain avalanche, and the transistor drops out of the "on'" state. Condenser ¢, (Fig.
3) recharges through R, as the transistor returns to the quiescent state at point v, /,.

The current switched through the load resistance has the general waveshape shown
in Fig. 4b. Maximum pulse current is determined by the avalanche difference voltage
V,-V,. The exponential decay of this current is controlled by the r,,C, time constant.
When the collector current reaches /,, the transistor switches "off"" and the load current
returns to a quiescent level which is much less than /.

The Discharge Circuit

The effect on the pulse output of series inductance in the discharge loop may be il-

lustrated by examining the RLC circuit in Fig. 5a. The discharge of current through g,
after the switch is closed will be as

shown in Fig. 5b. For the ideal case,

when series inductance is not present,

] the waveshape is that of an RC circuit,
with rise time being determined by the

Lf —— — — —— Vil e )
P | i actual transition time of the switch.
|

| L\

L |

o~ \ 1

DYNAMIC =Yoo L
LOAD LINE P~ Ry

(stopeE = - L)
i Rir C1 EXPONENTIAL

I
|
|
|
|
|
|
|
1

STATIC
LOAD LINE v, 1 \ DISCHARGE
Vee L Ic- Vee—Ve V2
oS ‘e
I < Io\
| T~ EVo,Io ) N
L = O | 15 -AVALANCHE
+ t + VCE SWITCHING
LVeer BVeen Vec TIME
a. Static and dynamic load lines b. Load current versus time

Fig. 4 - Characteristics of the elementary avalanche pulse generator
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If series inductance is included in the circuit, rise time and peak current amplitude are
degraded according to the relative magnitudes of series resistance g, inductance L, and
capacitance C.

An expression for the time dependent discharge current through £, will be of the
form,
. V-V 1 s T S.T
Wy T T s -sy o0 T )

__ R R 1 __R _ /R _ 1
RN SRz A A

S,‘Z
+V,
a. RLC circuit with a Fee
. VO > V’_
switch
Rip= R+ Tee
R, >R,
IL{SR
L

where

fce - DYNAMIC AVALANCHE
COLLECTOR SPREAD-

ING RESISTANCE

o

RC DISCHARGE LET:
/ L=0 Ry, = 60

8 C, =500pf
CRITICALLY DAMPED e,
e L=Lc Le =858 - a5mn

UNDER DAMPED

/ L=4L¢

LOAD CURRENT (NORMALIZED TO Va/R, )

2
o ______________
-2 1 i 1 1 -T
] 5 10 15 20

TIME (NANOSECONDS)

b. Load current versus time in the RLC circuit

Fig. 5 - Characteristics of RLC discharge circuit
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I R > 2y7/C, the mathematical values of § are real, and the current will rise to a maxi-
mum and then gradually die away in a single unidirectional surge. This is known as the
overdamped response (14). The underdamped, or oscillatory, response occurs when

R < 2/L7C, causing the values of S to be imaginary. In this case the current rises to a
maximum, falls, reverses its direction of flow, then reverses again, continuing to oscil-
late periodically with decaying amplitude until it eventually dies out. A special mathe-
matical case occurs for R = 2yL/C, when the oscillatory response merges into the over-
damped response. This condition is termed the critically damped response (14). Thus,
for a given series loading resistance £, and charging capacitance ¢,, the waveshape of
the pulse output of the simple avalanche circuit will be limited by two factors: the total
series inductance in the discharge circuit, and the actual avalanche switching character-
istics of the transistor.

As an example, the avalanche switching time of a high-frequency transistor may be
less than 1 nsec. If the dynamic collector spreading resistance r_ , is assumed to be
five ohms, with ¢, equal to 500 pF and R, equal to one ohm, then the critical inductance
L, is 4.5 nH. Load-current waveshapes are shown in Fig. 5b for values of L near L.
Notice that, for the criticaily damped condition, L=L,, pulse rise time has been in-
creased to 1 nsec and peak pulse amplitude has been reduced by 28 percent as compared
to a pure RC discharge circuit. When L is greater than L,, negative transients are pro-
duced and rise time and amplitude are degraded to a still greater degree.

It is desirable to minimize negative transients, since they may cause overheating in
a diode laser. Unfortunately, stray series inductance in a lumped RC circuit, even with
good high-frequency construction techniques, will be of the order of a few nanohenries
(1c). The value of either B, or ¢, should, therefore, be kept large enough to prevent the
underdamped condition. A tradeoff in pulse amplitude or duration is involved, since an
increase in 2, will cause a decrease in peak pulse current, while an increase in ¢, will
increase the pulse decay time.

Paralleled Avalanche Transistor Switches

Consider the case of multiple RLC switch circuits paralleled across a common load
(Fig. 6a). Theoretically, with identical component parameters and unidirectional switches,
the switches can be triggered at the same time, and the total output current will retain
the individual stage rise time and duration, but with increased amplitude (Fig. 6b). In this
ideal case each switch shares part of the load, with no degradation of output waveshape.

The major problem associated with paralleling avalanche transistors is in triggering
the transistors to switch at exactly the same time. Variations in avalanche characteris-
tics cause the individual transistors to avalanche at slightly different trigger voltage levels.
As shown in Fig. 6c, differences in switching times result in decreased amplitude and
increased rise and fall times.

The problem of avalanche switch synchronization is usually solved by using selected
transistors with matched avalanche characteristics, by inserting individual delay lines in
both the base-trigger and emitter-to-load circuits, or by shaping the input trigger pulses
(5,7). These solutions restrict the replacement of transistor units and usually require
critical circuit layouts. It is also difficult to match delay lines with low-impedance loads.

Paralleled transistor switches can be synchronized by adjusting individual transistor
collector bias. In this manner, transistors with slightly different avalanche characteris-
tics may be biased so as to switch at the same trigger voltage. This biasing method also
provides a means of generating pulse groups with variable pulse-to-pulse delays within
the group. The delays are controlled by biasing the individual transistors to switch at
selected voltage levels of a comparatively slowly rising trigger pulse. Each transistor
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> +

UNSYNCHRONIZED SWITCHES: S; CLOSES AT to,
Sp CLOSES AT #y,

.. Sz CLOSES AT t3

Fig. 6 - Paralleled RLC
circuits with switches

acts as a level detector, with the delays between avalanche pulses corresponding to the
time intervals between the switching voltages on the leading edge of the trigger pulse
(Fig. 7). The maximum delay between the first and last pulse of the pulse group is lim-
ited to the trigger-pulse rise time. As shown in Fig. 8, the delaying technique can be
used to eliminate negative transients following the main output pulse. A transient may
be cancelled out by means of a single avalanche transistor generator whose positive out-
put pulse is delayed to coincide with the negative transient.

One disadvantage inherent in varying bias is that a change in collector voltage will
cause a change in output pulse amplitude and rise time. It was found, however, that the
slight bias adjustments needed for time synchronization did not have an appreciable ef-
fect on the pulse waveforms of individual transistor generators.

Completed Pulse Generators

Two avalanche transistor pulse generators were constructed and tested. Schematics
of both generators are shown in Fig. 9. Model A (Figs. 9a and 10a,b) is a five-transistor
pulse generator which utilizes a 2N706 transistor in self-oscillating avalanche as the
trigger generator for four paralleled 2N3020 transistors. The charging circuitry for the
paralleled avalanche transistors consists of four 500-pF ceramic button capacitors
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PULSE SAMPLE
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Q.5 = 2N3020, 2N3013 OR 2N657

a. Model A
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| 1 | 1 | |

Ga A
~—¥ oioot PULSE SAMPLE
NOTES: 0 {500 COAX)
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b. Model B

Fig. 9 - Pulse-generator schematic

soldered to a copper plate. Electrical contact to the collectors of the transistors is
made by a pressure fit between the center conductor of the capacitor and the transistor
header (which is tied to the collector). All lead lengths in the discharge circuit were
kept as short as possible in order to minimize series inductance. The 2N706 avalanche
oscillator produces a 20-V,,, 20-nsec positive trigger pulse. Repetition rate may be
varied between 5 kpps and 15 kpps by changing the bias level. Avalanche synchronization
of the paralleled 2N3020 transistors is controlled by adjusting four voltage dividers at
the collector bias terminals.

A variety of pulse waveforms, including a single maximum-amplitude pulse (Fig. 11a)
and a group of three pulses (Fig. 11c), may be generated. The model A pulse generator
can produce a very clean, 25-ampere, 4-nsec rise-time, 8-nsec-duration current pulse
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a. Complete pulse-
generator assembly

b. Transistors and charging capacitors

Fig. 10 - Construction of the model A
pulse generator

(Fig. 11b) in a laser diode in series with a one-ohm sampling resistor. Pulse amplitude
may be increased in approximately eight-ampere steps from 8 to 35 amperes by allowing
a total of one through four transistors to avalanche synchronously. The model A pulse
generator has been successfully used to drive a GaAs injection laser diode having a
room-temperature threshold of 22 amperes.

The model B pulse generator was designed and constructed when it became neces-
sary to produce slightly higher peak current pulses with a finer provision for pulse-
amplitude control. Model B (Figs. 9b and 12a-c) is an externally triggered pulse gener-
ator which uses eight paralleled 2N3020 transistors. The required trigger input for
single-pulse operatjon is a positive 6-V, 100-nsec-rise-time pulse at a repetition rate of
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a. Single maximum current pulse, r.t. 6 nsec,
duration 10 nsec, amplitude 35 A; vertical scale
5 A/div., horizontal scale 10 nsec/div.

b. Single pulse, r.t. 4 nsec, duration 8 nsec,
amplitude 25 A; vertical scale 5 A/div., hori-
zontal scale 5 nsec/div.

c. Three-pulse group; vertical scale 5 A/div.,
horizontal scale 5 nsec/div.

Fig. 11 - Output waveforms of the model A pulse generator

approximately 10 kpps. The charging circuitry consists of eight 650-pF ceramic capaci-
tors. Electrical connection is again made by a pressure contact against the transistor
headers. Lead lengths are kept as short as possible, although a large connection plate
(Fig. 12c) is used to provide the low-inductance connection between paralleled transis-
tors and the load. Avalanche synchronization is controlled by eight voltage dividers, and
toggle switches are inserted at the bias terminals as a means of turning on or off indi-
vidual transistors. Thus, the model B pulse generator can provide a variable-amplitude,
single-pulse waveform by synchronously avalanching from one to eight transistors (Fig.
13a). Relatively continuous control of pulse-current amplitude may be made from 5 to
35 amperes by adjusting bias levels and combining avalanche stages. Maximum output
(Fig. 13b) is a 44-ampere, 8-nsec-rise-time, 20-nsec-duration current pulse into a laser
diode in series with a one-ohm sampling resistor. The peak-pulse current was less than



12

J. P. HANSEN

66652

2

a. Complete pulse-generator assembly b. Charging capacitors

c. Connection plate

Fig. 12 - Construction of the model B pulse generator
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a. Single pulses, a total of one through eight
transistors sequentially brought into avalanche;
vertical scale 5 A/div., horizontal scale 10
nsec/div.

b. Single maximum current pulse, r.t. 8 nsec,
duration 20 nsec, amplitude 44 A; vertical scale
10 A/div., horizontal scale 10 nsec/div.

c. Four-pulse group with equal spacing; verti-
cal scale 5A/div., horizontal scale 10 nsec/div.

d. Illustration of pulse-delay variations which

may be produced by adjusting collector bias

levels; vertical scale 10 A/div., horizontal

scale 5 nsec/div.

1. Four-pulse group, equal spacing

2. Fourth pulse coincident with third pulse

3. Fourth pulse coincident with second pulse

4. Synchronous avalanche, four pulses co-
incident

Fig. 13 - Output waveforms of the model B pulse generator (Cont.)

13
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e. Pulse groups produced by turning off col-
lector biases of individual transistors; vertical
scale 5 A/div., horizontal scale 50 nsec/div.

f. Illustration of a technique for canceling

negative transients; vertical scale 5 A/div.,

horizontal scale 20 nsec/div.

1. Main pulse followed by a negative transient

2. Negative transient cancelled by a delayed
positive pulse

Fig. 13 - Output waveforms of the model B pulse generator

expected from the eight paralleled transistors, and the individual stage pulse rise times
were degraded. These results are attributed to two factors: the presence of excess
series inductance in the discharge circuit, and the tendency of the avalanche transistors
to fire slowly and with decreased amplitude due to the dynamic retarding bias produced
across the emitter-to-ground load circuit.

Figure 13c shows a four-pulse group which may be produced by the generator when
it is triggered by a 200-nsec-rise-time pulse. The avalanche delays between the pulses
can be varied (Fig. 13d) by adjusting the collector bias levels, and individual pulses may
be turned off (Fig. 13e) by removing collector voltage from the corresponding transistor.
Finally, Fig. 13f illustrates the technique of cancelling a negative transient which was
previously described in Fig. 8.

CONCLUSIONS

A compact, high-current, nanosecond pulse generator for driving low-impedance
devices can be made using standard transistors and components. By means of a simple
collector biasing technique, suitable transistors (e.g., type 2N3020) can be paralleled and
synchronized to switch simultaneously in the avalanche mode. Pulse currents with rise
times comparable to avalanche transistor switching speeds may be produced if good high-
frequency pulse techniques are applied. In the two pulse generators developed, control:
over output pulse waveshape and amplitude is accomplished by varying the number of
paralleled transistors and adjusting collector biases. The biasing technique can also be
applied to cancelling negative-going transients, and to generating pulse groups with vari-
able pulse-to-pulse spacing. This type of pulse generator might be used as the driving
source for the injection laser transmitter of a PCM or PPM optical communication system.
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Collector-to-base diode breakdown voltage with emitter open

Collector-to-emitter diode breakdown voltage with base return resistance

Collector-to-emitter diode breakdown voltage with base open

Charging capacitance

Base current

Collector current

Load current

Peak pulse current
Avalanche latching voltage
Critical series inductance
Base return resistance

Load resistance

Total series load resistance
Dynamic avalanche collector spreading resistance
Collector bias resistance
Pulse risetime

Pulse duration

Collector voltage

Collector bias voltage
Collector-to~-emitter voltage

Peak pulse voltage
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A nanosecond, high-current pulse generator using paralleled avalanche tran-
sistors has been designed, and its operating characteristics have been determined.
The generator utilizes the regenerative switching action of avalanching transistors
to discharge capacitors through a low-impedance load. Transistors are selected
for high collector-to-base diode breakdown voltage, BV,,,, low avalanche latching
voltage, LvV,., and fast avalanche switching. Control of the switching times of indi-
vidual avalanche transistors is achieved by adjusting collector bias levels. This
technique allows a variety of pulse waveforms to be generated, including pulse
groups with adjustable pulse-to-pulse spacings. Output pulse waveforms are char-
acteristic of a slightly underdamped RLC series circuit.

Two models of the generator were developed using standard transistors and
components. Peak pulse currents on the order of 40 amperes, with rise time less
than 10 nsec and repetition rates greater than 10 kHz, were produced in loads of
approximately one ohm. The generators are suitable for pulse modulating low-
impedance devices such as GaAs room-temperature injection lasers.
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