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ABSTRACT OF THE DISCLOSURE 
The semiconductor specimen of an LSA diode extends 

transversely across a waveguide, with the LSA oscillator 
circuitry being external to the waveguide. In one embodi 
ment, signal wave energy is amplified as it propagates 
through the specimen, and in another embodiment, it is 
amplified as it is reflected from the specimen. 

BACKGROUND OF THE INVENTION 
This invention relates to bulk-effect devices, and more 

particularly, to limited space-charge accumulation (LSA) 
devices that may be used as amplifiers. 
The patent of J. B. Gunn, 3,365,583 describes a family 

of bulk-effect devices, each comprising a wafer of appro 
priate semiconductor material such as gallium arsenide, 
in which traveling domain oscillations can be excited 
through the application of a bias voltage above a pre 
scribed threshold value. These traveling domains result 
from a known mechanism of electron transfer between 
conduction band valleys which establishes a negative dif 
ferential resistance to internal currents in the wafer and 
are manifested by oscillatory current in the output ter 
minals, now generally known as Gunn-effect oscillations. 
The copending patent application of J. A. Copeland 

III, Ser. No. 564,081, filed July 11, 1966, and assigned 
to Bell Telephone Laboratories, Incorporated, and the 
paper by J. A. Copeland III, “A New Mode of Operation 
for Bulk Negative Resistance Oscillators,” Proceedings 
of the IEEE, October 1966, pages 1479–1480, describe 
how a new mode of oscillation, called the LSA mode 
(for Limited Space-Charge Accumulation), can be in 
duced in bulk-effect devices of the general type described 
in the Gunn patent. This new mode of oscillation is not 
dependent on the formation of traveling domains, its fre 
quency is not dependent on wafer length, and as a re 
sult, the oscillator does not have the frequency and power 
limitations of the Gunn oscillator. The LSA mode oscil 
lator includes a bulk-effect semiconductor diode, a reso 
nant circuit, and a load, the various parameters of which 
are adjusted such that the electric field intensity within 
the diode alternates between a high value at which nega 
tive resistance occurs, and a lower value at which the 
diode displays a positive resistance. By appropriately ad 
justing the duration of electric field excursions into the 
positive and negative resistance regions of the diode, one 
can prevent the formation of traveling domains respon 
sible for Gunn-effect oscillation, while still obtaining the 
negative resistance required for sustained oscillations. 
The copending application of J. A. Copeland II, Ser. 

No. 647,419, filed June 20, 1967 and assigned to Bell 
Telephone Laboratories, Incorporated, describes how sig 
nal energy applied to the terminals of an LSA diode can 
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be amplified due to the negative resistance within the 
diode. The energy that can be amplified by the disclosed 
apparatus, however, is limited to frequencies which are 
lower than the LSA oscillation frequency divided by the 
figure of merit of the resonant circuit. 

SUMMARY OF THE INVENTION 

It is an object of this invention to provide a solid state 
high frequency amplifier. 

This and other objects of the invention are attained 
in an illustrative embodiment thereof comprising a wave 
guide for propagating signal wave energy to be amplified. 
Extending across the waveguide is a specimen of bulk 
effect material which constitutes part of an LSA oscillator 
circuit. Any LSA oscillator of course requires a bias 
source for the semiconductor diode and a resonator for 
causing the electric field in the diode to alternate as ex 
plained above. These elements are preferably external 
to the waveguide and are isolated from the waveguide. 
As the signal propagates through the specimen, it en 

counters a negative resistance during one portion of each 
cycle of LSA oscillation, and a positive resistance dur 
ing the remaining portion. During the negative resistance 
portion, however, the signal wave grows exponentially; 
hence, if the specimen is made sufficiently long, as will be 
explained later, the signal wave energy will experience a 
net gain and will therefore be amplified. 

In another embodiment, the specimen is located at a 
terminated end of the waveguide. A source of signal 
waves is coupled to an input end of the waveguide by a 
circulator, with a load being connected to another port 
of the circulator. By designing the LSA oscillator such 
that the negative resistance of the specimen is approxi 
mately equal to the positive impedance of the signal 
source, signal waves will be very efficiently reflected and 
amplified by the specimen during the negative resistance 
portions of each cycle of oscillation. Those signal waves 
that are reflected during the negative resistance portion 
of each cycle experience a gain that more than com 
pensates for the attenuation occurring during the positive 
resistance portions. Hence, the reflected signal energy di 
rected by the circulator to the load is amplified. 

Unlike the amplifier of the application Ser. No. 647,- 
419, the signal energy frequency is not limited by the 
LSA oscillation frequency, and indeed, is preferably much 
greater than the LSA frequency. 

DRAWING DESCRIPTION 

These and other objects, features and advantages of 
the invention will be better understood from a considera 
tion of the following detailed description taken in con 
junction with the accompanying drawing in which: 

FIG. 1 is a schematic drawing of a microwave ampli 
fier in accordance with an illustrative embodiment of the 
invention; 

FIG. 2 is a top view of part of the waveguide of 
FIG. 1; 

FIG. 3A is a graph of electron velocity v versus elec 
tric field E in the diode of the circuit of FIG. 1; 

FIG. 3B is a graph of time t versus electric field E in 
the diode of the circuit of FIG. 1 illustrating LSA mode 
oscillation; and 

FIG. 4 is a schematic drawing of the microwave am 
plifier in accordance with another embodiment of the 
invention. 



3,477,029 
3 

DETAILED DESCRIPTION 
Referring now to FIG. 1, there is shown a microwave 

amplifier circuit comprising a source 10 of signal waves 
to be amplified, an isolator 11, a waveguide 12, and a 
load 13. Extending transversely across the waveguide 12 
is an LSA diode comprising a specimen 14 of bulk-effect 
material such as n-type gallium arsenide contained be 
tween opposite ohmic contacts 15 and 16. As illustrated 
in FIG. 2, the specimen may have a cylindrical shape. 
Included outside the waveguide is an LSA oscillator cir 
cuit comprising a direct current bias source 18, a radio 
frequency choke 19, a radio-frequency by-pass capacitor 
20, a resonant tank circuit 21, and an oscillator load 
resistance 22. 
The external LSA oscillator circuit causes the diode 

specimen 14 to oscillate in the LSA mode, and as such, 
the specimen displays an alternately negative and positive 
resistance to signal energy from source 10 that is propa 
gating in the waveguide toward the load 13. During the 
negative resistance period, the signal wave energy grows 
exopmentially as it propagates through the specimen 14, 
which more than compensates for the attenuation occur 
ring during the positive resistance portion, thus giving the 
signal a net gain. The amplified signal is of course coul 
pled out of the waveguide and transmitted to the load 13 
for utilization. 
While the mechanism of LSA oscillator operation is 

well known, such operation will be reviewed by reference 
to FIGS. 3A and 3B. One requirement is that the diode 
specimen be of substantially uniform constituency and 
be doped in a known manner to give a negative resistance 
characteristic as shown by curve 24 of FIG. 3A. For pur 
poses of this application, the term bulk-effect device shall 
mean any semiconductor device having a carrier velocity 
versus electric field characteristic of the general type 
shown in FIG. 3A. For n-type materials, the carrier 
velocity refers to electron velocity and for p-type mate 
rials it refers to hole velocity. At applied bias fields in 
excess of its threshold voltage Eth, the specimen displays 
a negative resistance, while at voltages lower than Eth 
it displays a positive resistance. If a steady D-C voltage 
in excess of Eth were applied to the specimen, traveling 
domain oscillations would be excited as is described gen 
erally in the Gunn patent. 
While the direct current electric field Ed applied to 

the specimen by D-C source 18 exceeds the threshold 
voltage Eth as shown in FIG. 3B, the external tank circuit 
21 and load resistance 22 causes the actual electric field 
E in the specimen to oscillate as is shown by curve 25 
of FIG. 3B. During the time interval t of each cycle 
of E the electric field in the diode extends below the 
threshold voltage Eth into the positive resistance region 
of the diode, while during the remaining portion of the 
cycle t, it extends into the negative resistance region above 
Eth. The frequency of E is determined by the oscillator 
resonant circuit 21, while the amplitude is a function of 
the load resistance 22 of the circuit. 

In spite of the fact that the electric field E extends into 
the positive resistance region, the gain of the device at 
its LSA oscillation frequency will exceed its attenuation 
if the following relationship is satisfied: 

1. 
t--ta 

where the integral is taken over one cycle, E is the elec 
tric field in the specimen, v is the carrier velocity, and 
va is the average carrier drift velocity in the specimen 
during oscillation. Traveling domains in the specimen 
are prohibited by making the time interval t small enough 
So that Substantial space-charge accumulation cannot oc 
cur during that time interval, and by making t sufficient 
ly long to attenuate space-charge accumulation to prevent 
it from growing with succeeding cycles. To meet these 
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4. 
requirements, the following relations should also be satis 
fied, 

t; "leak10 

where ?(t) is the integral taken over the time period to, 
n is the carrier concentration of the specimen, e is the 
permitivity of the specimen, u is the differential mobility 
of the specimen, dv/dE, e is the charge on a majority 
carrier and f(t) is the integral taken over time t1. 

In order to give the oscillating field E sufficient ampli 
tude to extend into the positive resistance region and 
to rise sharply into the negative resistance region, the 
circuit should be “lightly loaded'; i.e., the effective par 
allel load resistance should be fairly high. For an n-type 
gallium arsenide diode it is recommended that the load 
resistance conform to the relationship 

l 
- RL> ple A 

(2) 

(4) 
where R is the load resistance, l is the length of the 
specimen between opposite ohmic contacts, no is the dop 
ing level or average carrier concentration of the speci 
men, A is the area of the sample in the plane transverse 
to the drift current, and u2 is the average mobility in the 
negative resistance region which is given by 

1 (t) 14|="adt 2 (5) 
With fulfillment of the above conditions, the oscillator 
circuit operates in the LSA mode without the formation 
of traveling domains within specimen 14. As is known, 
LSA oscillations may be initiated either by transient ef 
fects or through the application of a burst of R-F energy. 
Assuming that the LSA oscillatory frequency is much 

lower than the signal frequency, many cycles of the signal 
wave will propagate through specimen 14 during the time 
period ta during which the specimen presents a negative 
resistance. During such propagation, it can be shown that 
the signal energy will grow exponentially. During the 
time periods t1, the signal wave will be attenuated by the 
positive resistance of the specimen, but the energy loss 
cannot be greater than the input energy during t, where 
as the energy gained during t can be many times the in 
put energy. Because of the exponential growth during the 
negative resistance portion of each cycle, and because the 
negative resistance portion ta is normally longer than ti, 
the average gain of signal waves propagating through the 
specimen will normally be greater than 1 and the signal 
wave will be amplified. - 
From the foregoing, it can be appreciated that a net 

gain is assured if the negative resistance during time 
t2 is of sufficient magnitude and if the length x of the 
sample in the direction of wave propagation is sufficient 
to give substantial exponential growth during the nega 
tive resistance portion. Normally, net gain can be as 
sured merely by using a specimen 14 that give good 
LSA oscillations and does not have an unduly small 
length x in the direction of wave propagation. The net 
gain of the device G is given by 

G-1 exp. (-ac/81)--t exp. (-af6) 
t--ta (6) 

where 8, is the skin depth of the specimen 14 in the posi 
tive resistance region and 8 is the skin depth in the nega 
tive resistance region. Equations for skin depths 6 and 
82 are given in the paper "Doping Uniformity and Ge 
ometry of LSA Oscillator Diodes' by J. A. Copeland III, 
IEEE Transactions on Electron Devices, vol ED-14, No. 
9, September 1967, pages 497-500; the paper shows that 
in the negative resistance region the skin depth 8 is nega 
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tive. A net gain can be assured merely by making the 
gain G greater than 1 or, 

texp. (-af6)--t exp. (-al)1 
th-ta (7) 

In addition to making the gain greater than 1, care 
should be taken to minimize reflection losses at the speci 
men 14. The waveguide 12 is preferably tapered in a 
known manner to match the impedance of the specimen 
14 to that of the waveguide. Additionally, dielectric 
matching sections 27 are preferably also included to 
match the dielectric constant of specimen 14 to the di 
electric constant of the waveguide. As is known, sec 
tion 27 should be an odd number of quarter wavelengths 
long and their dielectric constants should be approxi 
mately equal to the geometric means of the dielectric 
constants of the waveguide and specimen 14. With these 
provisions, signal energy reflection is minimal, and any 
energy that is reflected is absorbed by the isolator 11. 

Only those electric fields accompanying the signal wave 
that extend in the direction of carrier drift in the speci 
men will experience gain. Thus, the waveguide should 
be designed such that signal waves have a predominant 
electric field component that is parallel to the bias electric 
field in the specimen. Waveguides that transmit waves 
in the more common waveguide modes, such as the TEol. 
mode, meet this requirement. 
The LSA oscillation frequency is preferably adjusted 

to be below the cut-off frequency of propagation in the 
waveguide, whereby the oscillation energy is isolated from 
the waveguide. On the other hand, a high frequency band 
stop filter 28 is included in the LSA oscillator circuit 
to prevent signal energy from propagating into the oscil 
lator circuit. 
Due to alternate gain and attenuation, the amplified 

signal may be expected to contain harmonic frequency 
components of both the LSA oscillation frequency and 
the signal, which may be filtered out if so desired. Gen 
erally speaking, the harmonic frequency component can 
be reduced by increasing the signal frequency with respect 
to the LSA frequency; for this reason, it is recommended 
that the signal frequency be at least twice the LSA fre 
quency and preferably greater. 
The apparatus of FIG. 4 illustrates how an LSA di 

ode specimen may be used to amplify and reflect signal 
waves rather than transmit the signal waves. Those ref 
erence numbers of FIG. 4 in which the last two digits 
correspond to a reference number of FIG. 1 indicate ele 
ments having functions that correspond to those of FIG. 
1; for example, specimen 414 of FIG. 4 corresponds to 
specimen 14 of FIG. 1. 

During operation, the specimen 414 is caused to OS 
cillate in the LSA mode as before, to give a period of 
negative resistance during each cycle of its oscillation. 
Signal energy to be amplified is coupled from source 410 
to the wave guide 412 by a circulator 430. As is known, 
if the negative resistance of a lumped waveguide termina 
tion is equal in magnitude to the source impedance of 
signal waves in the waveguide, then the negative resist 
ance element will very efficiently reflect such signal Waves. 
Accordingly, specimen 414 is designed to give a nega 
tive resistance during the negative resistance portions of 
each cycle which is approximately equal in magnitude 
to the impedance of the signal source 410 as seen by the 
specimen 414. Under this condition, signal waves will be 
amplified by the negative resistance and be efficiently re 
flected back toward circulator 430 which directs them 
to load 413 for utilization. During the positive resistance 
portion of each cycle, some of the signal energy is also 
reflected, but in the process it is attenuated as it would 
be from any unmatched positive resistance. 
As is known, the conductivity g of a bulk-effect diode 

is given by the relation 
g=nedv/dE 
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From this equation, one skilled in the art can determine 
the negative resistance of the diode during the negative 
resistance portion of the cycle and can tailor that nega 
tive resistance to be of a magnitude approximately equal 
to the source impedance. Since the specimen 414 reflects, 
rather than propagates signal waves, it can be consid 
ered as being a lumped circuit element as opposed to a 
distributed circuit element as in FIG. 1. As such, it can 
be considered as being a negative resistance in parallel 
with a capacitance which is determined by its dielectric 
constant, its cross-sectional area, and its length l between 
opposite ohmic contacts 415 and 416. Maximum reflec 
tion is further obtained by axially moving a tuning plunger 
431 at the end of the waveguide 412 to tune out the 
capacitance. Being a lumped element, the length of speci 
men 414 in the direction of wave propagation is not of 
first order importance, as opposed to the embodiment of 
FIG. 1 in which the specimen 14 is a distributed cir 
cuit element. 
The foregoing embodiments are intended to be merely 

illustrative of the principles of the invention. For ex 
ample, waveguides other than those shown, including 
coaxial cables, could alternatively be used to transmit 
the signal waves. While the specimen is shown as being 
cylindrical, it could have a wafer shape or any of a num 
ber of other configurations. Various other embodiments 
and modifications may be made by those skilled in the 
art without departing from the spirit and scope of the 
invention. 
What is claimed is: 
1. A microwave amplifier comprising: 
a waveguide; 
a specimen of bulk-effect material extending transverse 

ly across the interior of the waveguide; 
means for producing LSA mode oscillations within the 

specimen; and 
means for directing signal energy to be amplified 

through the waveguide. 
2. The amplifier of claim 1 wherein: 
the waveguide is incapable of propagating energy of a 

frequency below a prescribed cut-off frequency; and 
the LSA mode oscillations are of a lower frequency 

than the cut-off frequency. 
3. The amplifier of claim 2 wherein: 
the waveguide transmits signal energy from an input 

end to an output end; and 
the sample is located between the input end and the 

output end. 
4. The amplifier of claim 3 wherein: 
the sample is characterized by a positive resistance dur 

ing a portion t of each cycle of LSA mode oscilla 
tion, a negative resistance during a portion to of each 
cycle of LSA mode oscillation; and wherein: 

texp. (-aló)--to exp. (-af8) . . . . . . . S-21) t--t 

where x is the length of the sample in the direction of 
propagation of the signal wave; 6 is the skin depth of the 
sample during the positive resistance portion ti, and 8 is 
the skin depth of the specimen during the negative resist 
ance portion ta. 

5. The amplifier of claim 1 wherein: 
the sample is located in proximity to a terminated end 

of the waveguide; and 
the sample constitutes means for reflecting signal energy 

in the waveguide. 
6. The amplifier of claim 5 wherein: 
a source of signal energy is connected to an input end 

of the waveguide; and 
the magnitude of the negative resistance of the sample 

during the cycle portions ta is approximately equal to 
the magnitude of the impedance of the source. 

7. A microwave amplifier comprising: 
a specimen of semiconductor material which exhibits 
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positive or negative differential conductance depend- whereby such signal is amplified while the speci-- 
ing upon the magnitude of electric field therein; men is in the negative conductance state. 

means for applying to the specimen an electric field 
that alternates between values that cause the dif- . No references cited. 
ferential conductance of the specimen to be positive 5 
and values that cause the differential conductance, ROY LAKE, Primary Examiner 
to be negative, said electric field alternating in such 
a manner that space-charge does not accumulate 
and cause excessive distortion of the internal elec- . . . . 
tric field; and 0. U.S. C. X.R. 

means for introducing a signal into the specimen, 330-12, 34, 53; 331-107 

D. R. HOSTETTER, Assistant Examiner . . 


