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Introduction

Since the late 1950s, avalanche
diodes have been under investiga-
tion for noise properties. The first
use of avalanche diodes as micro-
Wave noise sources was reported
from 1966 through 1989 1-3 The
publication of 2 Paper on avalanche
diode noise sources at short cm-
and mm-wavelengths? in 197 was
a milestone in employment of solid-
state devices as noise sources at
mm-wavelengths, Up to that time,
the noise sources reported in the
literature had been mounted in
coaxial transmission ling or stripline
and operated only up to and includ-
ing the X-band, In that paper, a new
workable waveguide configuration
for the mounting of the avalanche
diode was reported, By means of
Some experimental work, the exjst-

.',';;';g! ing noise theory on avalanche di-
; odes56 was extrapolated to the

nding newer frequency ranges of mm.

ctors. waves,

oday, Since that time, there have been

numerous theoretical and experi-
mental investigations of the noise

" performance of avalanche diodes,
Nevertheless, ng substantial work or
result leading to the actyal produc-
tion of noise sources in lieu of gas
discharge noise tubes in mm-wave
regions has been reported.

In this paper, based on experi-
mental evidence, some workable
configurations along with perform-
ance results for IMPATT-mounted
waveguide cavities in the 26,5 to 75
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GHz frequency range will be pre-
sented,

Noise Theory

In spite of several simplifications,
the studies of available noise56 yield
a fairly accurate description of the
avalanche noise source, The simpli-
fications® are that the diode has
small fransit angles at the measured
frequencies and that there are no
reactive elements in the circuit ex-
ternal to the diode. :

Based on these simplifications,
the power spectral density of the
available power from an avalanche
noise source can be written as

wWif) =
g
_—
aa(iﬁ_] [Rsc+nsp+RL]2
I {1-£/8)7
(1)
whera
| 172
fa= [7.6 __-Avh @
| = DC current

through the diode
Vb = breakdown voltage
RL = load resistance
Rsc = the space charge resistance
HD

TTH-RB
Ry = the low frequency space
charge resistance

Rep

the spreading resistance
/2D

P =the resistivity of the lightly-
doped side of the P-N
junction, usually the bulk
resistivity

D =the diameter of the
breakdown area (A}

a° = aconstant dependent an
the diode materig|
and geometry

From the noise measurements at
low frequencies, it is found thata? =
33 X102 A Hz

While simplification of Equation 1
is probably no longer justified at
mm-wave frequencies, measure-
ment of excess noise ratip (ENR)
and return loss at these frequencies
indicate only limited divergence
from the frequency dependence
predicted by Equation 1, provided
that simplification of Equation 2 i
still valid,

According to Equation 1, the
spectral power density is indepen-
dent of frequency for f << fa. How-
ever, a small frequency dependence
arises from the thermal resistance of
the diode that is neglected in Equa-
tion 1. This frequency dependence
is of the order of 1 dB per decade
orless.

For frequencies approaching f,,
Ry is the main contribution to the
diode resistance since Rsp can be
ignored. Tuning R, for maximum
power transfer (R = R, >> Rsg), wif)
is obtained as
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Fig. 2 IMPATT noise source
configurations; (a) a full height, full height
cavity configuration, {b) a full height,
reduced height cavity configuration
and (c) a reduced height, reduced height
cavity configuration.
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W=
N TR

For frequencies f >>{,, the spread-
ing resistance Rg, is the predomi-
nant contributing factor to the dicde
resistance. Tuning Ry for maximum
power transfer leads to

2

Vb
IRy (1 -F/R7

4

W) = a2

Equation 4 predicts an f* depend-
ence of noise power on frequency.
The ENR from Equation, for
maximum power transfer across the
whole range of frequencies (with R
= Ry + Rsp) can be written in dB as

ENR = 10 log
a? Vi

{ [41K To (Rsc+Rep)(1-R/ 7] L

where

K = the Boltzman's constant
To =280°K

Figure 1 shows a plot of normalized
WI(f) versus /.. As f approaches fa,
WI(f) asymptotically approaches in-
finity, which clearly demonstrates
incorrect prediction of actual exper-
imental results, For other values of
f/{,, the plot accurately predicts the
diode's behavior in terms of autput
noise power spectral density.* Since
it is desirable to operata in the <<
f, region of this plot, the value of f,
is higher and the frequency re-
sponse of the noise source is flatter.
This justifies the reasons for using
a high frequency diode in a low
frequency cavity since these diodes
have higher f; values.

The breakdown vaoltage (Vi) of the
diode as well as current(l) and diode
cross-sectional area (A) play an im-

portant role in determining the value.

oft,. The cross-sectional area of the
diodeis inversely proportional to the
capacitance value of the diode.
Thus, a small capacitance value is
preferred since it leads to a higher
fa value,

Aside from increasing the value of
DC current (), which increases the
power dissipated in the diode, one

can choose a diode of lower break-
down voltage (a minimum break-
down voltage is 8 to 10V at present
time). This determines the proper
choice of the diode that should be
made to obtain ‘a reasonably flat
noise response.

It should be further noted that
Hines’ theory,® in spite of its simpli-
fications, yields a fairly accurate de-
scription of the avalanche noise
power for f << f, and f >>> ;. Around
f = f,, Hines' theory is inaccurate
since it neglects internal diode
losses.

Another problem with Hines' the-
ory is the relationship between the
ENR and the avalanche current
From Equation 4, the ENR is in-
versely proportional to DC current
(), whereas experiments show an
increase in ENR with current. This
abnormal current-power relation-
ship could be explained by the ab-
sence of a guard ring, resulting in
excessive noise being produced at
higher currents due to nonuniform
breakdown. The guard ring is ab-
sent in the state-of-the-art mesa
structures of modern IMPATT di-
odes. These structures have a lower
junction capacitance, and therefore,
are more suitable for accurate noise
measurements.’

This is as far as the avalanche
diode noise theory can predict.
However, there is another factor that
should be taken into consideration,
which is the effect of the cavity con-
figuration in which the diode is
placed. Three types of cavity config-
urations are presented.

mm-Wave Avalanche Diodes
vs, Noise Tubes

The current noise tube consists of
an argon-filled glass tube that is
positioned at an approximate angle
of 10° to the broad face of the wave-
guide. This type of tube produces
white noise up to very high frequen-
cies. However, it has several disad-
vantages, including manufacturing
cost and its large, expensive power
supply requirement

The output noise pawer of several
high frequency IMPATT diodes in &
lower frequency cavity was investi-
gated using the three types of cavity
configurations in the experiments.
Each type has a different height for
the cavity section and for the tuning
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portion. Figure 2 shows a full-height
full-height (FH-FH) cavity configu-
ration, a full-height reduced-height
(FH-RH) cavity configuration and a
reduced-height reduced-height
(RH-RH) cavity configuration,

The position of the load was crit-
ical to the output noise power lavel
and flatness because the cavity
tended to act as an oscillater in a
nonoptimum position of the |oad.
With this and all other configura-
tions, use of a short circuit instead
of a load led to unstable operation
in which the noise source would
generate noise only in a portion of
the bandwidth and would oscillate at
some frequencies within the band,

The utilized diodes were all half
straps with a copper base and dia-
mond pressed in for proper heat
sinking. Figure 3a shows a typical
packaging process and assembly of
mm-wave diodes that are currently
in use. The cross section of the final
package for a half-strap diode is
shown in Figure 3b. As the number
of straps on the diode is increased,
the overall packaging inductance is
reduced, since the inductance of
each strap is placed in parallel with
the remaining straps, Figure 3¢
shows the total package inductance
versus the number of radial connec-
tions.® The half-strap package has
the highest inductance at 0.25 nH,
whereas a crossed-strap diode
package demonstrates the lowest
inductance at 0.06 nH. The shunt
capacitance of the package is de-
signed such that it is a small fraction
of the operating diode capacitance.

Numerous experimental results
and similar investigation*82 s g gest
the strong feasibility of the applica-
tion of avalanche diodes, such as
IMPATT diodes, as noise sources in
the mm-wave frequencies. Actually,
such a solid-state noise source is
expected to have several advan-
tages over conventional noise
sources, such as temperature-fim-
ited thermionic diodes or a gas dis-
charge noise tube. These advan-

tages, summarized in Table 1, make
avalanche noise sources, such as
IMPATT dicdes, good noise sources
for all applications with critical re-
strictions in size, weight, power con-
sumption, reliability, output noise
level and bandwidth.

: [Continued on page 126)
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EPC-TEK H20E has become the
standard for Hi-Rel MIC bonding
since it replaced the eutectic pro-
Cess years ago. With hundreds of
military and aerospace pragram
successes 10 its credit, EPO-TEK
H20E is the only choice when
proven reliability is required.
Beyond the elimination of heat
during sensitive bonding opera.
tions, EPO-TEK H20E also
features:

+ Rapid, low temperature curing
45 sec. @ 175°C, 90 min. @
80eC.

« Excellent conductivity, superior
thermal stability,

= Can be machine dispensed,
screen printed in mass produc-
tion.

*Lang pot life and storage life at
reom temp,

» Passes all standarg outgassing
tests.

+Can be used at temperatures as
low as -273°C.

* Mests MIL-8B3 and MIL-38510.

For inlormation en EPO-TEK H20E
af aur complele line of epoxies for
micraelectronics — call, fax or
write

1-800-227-2201 qy
(508) 667-3805
Fax: (508) 663-9782

14 Fortune Drive
Billerica, MA 01‘82_‘1'
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Fig. 3c Variation of total package ®
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TABLE I
ADVANTAGES OF SOLID-STATE NOISE SOURCES OVER GAS DISCHARGE TUBES
Specification Description
Noise output ENR value of 30 dB up 10 and possibly above 110 GHz; can
' be varied, simplifying a large fraction of nolse
measurements
Bandwidth a broadband solid-state nolise source with a high value
of EMR [s quite feasible
Power consumption input power at 400 mW Is sufficlent 1o drive a dioda
generaling nolse of 30 dB ENR
Pulsed oparation diodu can be readlly pulsed Into breakdown
with sub-ns rise-and-tall times; no voltage pikes are
necessary o trigger the avalanche discharge
Reliability mean ime between fallure is expected to exceed the failure
time of conventional gas diacharge lubes
Temperature Range expected lo operate satisfaciorily from < -200°C to > 200°C
with anly a small temperature dependence of the noise
output*
Size and weight small size and low welight to be delermined by waveguide
mount and power supply; can be kept below 45 cm?
*laboralory test for temperature changes from 0°C 1o 75°C indicated 0.8 dB change
in ENR value

26.5 to 40.0 GHz
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Test Setup
and Measurement Procedure

The measuring system, consist-
ing of the noise/gain analyzer, is the
heart of the test setup, as shown in
Figure 4.1n this configuration, a cal-
ibrated noise tube is used as a stan-
dard noise source fo calibrate the
system before the actual noise
measurement of the IMPATT source
can begin. With the help of a local
oscillator, the mixer downconverts
the noise power to a fixed IF of 100
MHz, which once amplified is fed
into the noise/gain analyzer. Next,
the IMPATT noise source is routad
to the analyzer, replacing the noise
tube assembly, where its excess
noise ratio (ENR) value is compared
to the calibrated source and is dis-
played on the oscilloscope. Figure 5
shows the internal parts of the RF
assembly and the noise source
used in this investigation.

The noise analyzer is capable of
compensating for the second-stage
noise contributions and automati-
cally eliminating them from the ac-
tual measured value of the noise
figure or noise power. The noise
power is exprassed in terms of ENR
in dB, which can be displayed
across the whole band of frequen-
cies of interest

Experimental Results

Selection of an appropriate diode
for flat noise generation is important.
Also, the breakdown voltage of the
diode, the current (l) and the diode's
cross-sectional area (A), play an im-
portantrole in determining the noise
power spectrum of the IMPATT di-
ode.* The two significant factors that
must be considered in the design of
these IMPATT sources are the noise
power level and the noise powear
spectrum flatness over the whole
frequency band.

The noise power of the diode, in
terms of ENR in dB, is directly pro-
portional to the DG current Thus, to
obtain a higher ENR valus, the DC
current may be increased. However,
while this might be a sound idea,
there are other considerations such
as power dissipation and tempera-
ture increases that limit this opera-
tion. Therefore, it is best to operate
the IMPATT source ata relatively low
DC current, around 40 mA or below,

[Continuad on page 130]
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and select a relatively high frequen-
cy diode that will not be excited into
oscillation.

The second factor is the flatness
of the noise power spectrum, which
is inversely proportional to the
breakdown voltage (V) and cross-
seclional area (A) of the diode, Since
there is an inverse relationship be-
tween the operating frequency of
the diode and the breakdown volt-
age, and the diode capacitance is
proportional to the cross-sectional

130
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area of the diode, one would theo-
retically choose a high frequency
diode, f, > 100 GHz, with the |owest
possible capacitance, 0.7 to 0.9 pF,
to satisfy both requirements,

Among the many diodes tested,
anly a few proved to be of reason-
able value when the power spec-
trum flatness and the value of the
output noise power expressed in
terms of ENR were considered.

In the three proposed cavities, the
RH-RH configuration proved to be

FREQUENCY (GHz)

Fig. 6 A photograph of ENR plot in the
Ka-band in a RH-RH waveguide cavity
mount, where Ipg = 40 mA,

53 FREQUENCY (GHz) 75

Fig. 7 A photograph of ENR plot over the
V-band in a RH-RH cavity mount, -]
loe = 40 mA.

kL

i sz
51 FREQUENCY (GHz) 75

Fig. 8 A photagraph of EMR plot over the
V-band in a AH-AH cavity mount, where
Ipe = 40 mA,

of great value in generating flat
noise spectrum at a relatively high
power level. The experimental re-
sults can be briefly summarized, as
shownin Figures 6, 7 and 8, Figure 6
shows the noise power spectrum
plot of the SPDB3 IMPATT diode
with an ENR of 30 dB and =1 dB of
flatness in the frequency range of

26,5 to 40 GHz
All other diodes tested had neg-
ative sloping characteristics toward
[Continued on page 133]
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the higher edge of the frequency
bandwidth. The RH-RH configura-
tion was found to be relatively stable
and no oscillation was observed for
any position of the load.

For the frequency range from 50
to 75 GHz. two types of diodes were
used. Figure7 shows the noise
power spectrum plot of the SPD49
IMPATT diode with an ENR of 26 dB
and +1 dB of flatness. Using the
SPW41 IMPATT diode also pro-
duced a very good ENR of 26 dB
with good flatness at 1 dB, as
shown in Figure 8,

A 48-hour stability test was run on
an RH-RH configuration with the
noise source operating continuous-
ly. The effect of thermal drift and
overall noise generation stability
was studied and the total amount of
EMR variation over this period of
time was observed to be 0.1 dB or
less. This high degree of stability
shows a promising future for these
devices to operate as stable solid-
state noise sources.

Conclusion

This paper presents the noise
characteristics of noise sources us-
ing IMPATT diodes. Three wave-
guide mounts have been con-
structed and tested. Among these
three possible waveguide mounts,
the RH-RAH configuration appears to
provide the optimum noise charac-
teristics both in flatness and noise
power output.

Experimental investigations on
silicon, half strap, single drift IM-
PATT diodes mounted in a reduced-
height waveguide cavity have shown
good results in time and tempera-
ture stability and have produced
very good excess noise ratio, that is,
an ENR of 25 to 30 +1 dB. The
capability to generate such a high
ENR is advantageous in device
matching, for example, since the
output port of this noise source can
be followed up with a fixed attenu-
ator of 10 dB or more to achieve an
SWR < 1.2 under the ON/OFF con-
ditions of the diode,

Such a solid-state noise source
has shown to be superior to the
state-of-the-art noise sources, such
as a gas discharge noise tube.
These advantages can be briefly
summarized as higher noise output,
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higher reliability, lower power con-
sumption, subns pulsed operation
without the use of a modulator,
smaller size and Jower weight.

As aresult of these investigations,
noise tubes can be replaced by IM-
PATT lcaded RH-RH waveguides
cavity mounts with good stability of
operation in time and tempera-
ture."®"" By employing noise meas-
urement technigues in the mm-
wave range, new experimental re-
sults on noise generation have been
obtained. These experimental re-
sults verify the previously set forth
predictions* and demonstrate the
fact that mm-wave solid-state noise
sources are a reality. W
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