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Abstmct—Thfs paper smmnarks the current state of the art of silicon

CW miffimeter-wave IMPA’fT diodes and oscillators in the frequeney

range from 31) to 250 G~. Des@ prueedoresj fabncatioq and packagiog
tecbrrology are review@ and the wrrreut performaaee of diode oseillatorw

is reported. A brief account of present deviee refiabifity is also presented.

The contrast between maturing deviee tecbnolo~ below 100 GHz aud

largely laboratory-based technology at higher frequencies is diseossed.

Finally, a progoosis of future developments is offered.

I. INTRODUCTION

o VER THE PAST several years, significant progress

in output power and efficiency has been achieved

with IMPATT diodes and oscillators operating at

frequencies from 30 to 300 GHz. These results have been

obtained in both the CW and pulsed modes of operation.

From silicon double-drift/flat-profile devices, pulse

powers of 23 W at 35 GHz, greater than 15 W at 94 GHz,

and 520 mW at 217 GHz have been obtained [1]. Similar

silicon devices operating in the CW mode have produced

2.25 W at 40 GHz, 980 mW near 100 GHz, and 50 mW at

220 GHz. All of the latter devices employ type-IIA di-

amond heat sinks. These results clearly place silicon IM-

PATT diodes as the premier solid-state device for genera-

tion of millimeter-wave power. This paper describes de-

vice design and fabrication technology as well as packag-

ing and circuit developments which have led to these

results. In addition, a prognosis of future developments is

presented.

In overview, silicon millimeter-wave IMPA_fT diode

technology may be divided into two general regions based

on frequency. This division is shown schematically in Fig.

1. Devices operating at frequencies below roughly 100

GHz have a technology which is beginning to mature.

Devices throughout this frequency range (@tactically from

X band through 100 GHz) are fabricated using a common

materials, process, and packaging technology. On the

other hand, devices operating at frequencies above 100

GHz are still largely in the laboratory or research stage

with a technology more difficult and different in many

respects from that of the lower frequency devices. Also
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Fig. 1. lMPATT diode technology referenced to atmospheric atterrua-
tion windows.
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shown in Fig. 1 is atmospheric attenuation as a function
of frequency in the millimeter-wave region. Note that, in

many imtances, millimeter-wave user frequencies are de-

termined by the low attenuation atmospheric windows, For

example, those at 35, 94, and 140 GHz. Currently, much
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cornponertt and, to a lesser degree, system development

activity is in progress at these frequencies. Note then that

DvfPATT diodes at 35 and 94 GHz fall in the maturing

technology region, while devices at 140 GHz and higher

frequencies do not. Table I shows a comparison of the

principal elements of silicon IMPATT technology for

devices above and below 100 GHz. Most of the items

included in Table I are self-explanatory, and many are

expanded later in this paper.

H. IMPAT”T DIODE DESIGN

A. Doping Profile

A double-drift-region (DDR) flat doping profile is most

commonly used for millimeter-wave silicon IMPATT di-

odes. The DDR profile consists of a p+ -p-n-n+ multilayer

structure as shown in Fig. 2. Also shown in Fig. 2 is the

electric field profile at avalanche breakdown. The p- and

n-type layers contain the device active region. This struc-

ture was proposed by Scharfetter etal. [2]. It is superior to

the original p+ -n-n+ single-drift-region (SDR) IMPATT

structure because of the increased power generating capa-

bility due to two drift zones and because the junction area

of a DDR diode can be larger than an SDR diode for a

given impedance level. Calculations have indicated that

the expected output power for a DDR diode is greater by

a factor of approximately 2.7 than for a corresponding

SDR device [3]. Ideally, because of differences in the

silicon electron and hole ionization rates and saturated

drift velocities, the profile should be asymmetric with the

p-type layer somewhat narrower.

When the diode is operated under reverse bias, the

active region widens due both to space-charge and tem-

perature effects. The doping levels and thicknesses of the

P- and n-type regions should be chosen such that the

electric field just punches through to the p+ and n+

contact regions under operating conditions. If either the

p- or n-type region is too wide for the doping level, some

of the high resistivity material will remain undepleted and

will contribute to a parasitic series resistance with reduced

RF power and efficiency. Conversely, if the active region

is too narrow so that the electric field punchthrough is

excessive, efficiency is also reduced because of widening

of the avalanche region [4].

The thickness of the active region and corresponding

doping levels are chosen based on transit-time considera-
tions. Both theoretical small- and large-signal calculations

and experimental results aid in selecting the appropriate

values, Scaling laws are sometimes useful in translating

the design of an IMPATT from one frequency to another

[5]. A first-order diode design can be obtained based on

the small-signal analysis of Misawa [6]. The device small-

signal negative Q can be used as a rough figure of merit in

that it gives information on oscillation threshold and rate

of buildup. In this sense, a smaller magnitude of Q is

preferable [6], [7]. Fig. 3 shows the calculated device

small-signal conductance, susceptance, and Q plotted as a

function of frequency for a diode designed for operation

near 40 GHz. The diode doping level is 6 X 10’6/cm3 in

~+
P n n+

/
DOPING

DISTANCE _

Fig. 2. Double-drift IMPA’IT diode profile.
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Fig. 3. Calculated small-signal conductance, susceptance, and Q as a
function of frequency for a 40-GHz DDR IMPATT diode.

both the n- and p-type regions. The current density is

1.0 X 104 A/cm2, and the junction temperature is 250”C,
which are near typical operating values. The drift veloci-

ties reported by Canali et al. [8], [9] and the ionization

rates of Grant [10] were assumed. Note that the magni-

tude of small-signal conductance has a maximum, and the

magnitude of Q has a minimum near 40 GHz.
To examine the effect of doping asymmetry, additional

profiles have been studied at the small-signal level. Seven

profiles, each with a value of Neff approximately equal to

3 X 10’6/cm3 were analyzed. (N.ff is the apparent doping

level obtained when capacitance–voltage measurements

are performed on a double-drift structure. Its value for a

flat profile is given by N=;’= N~- 1+ N; 1 where N~ and

ND are, respectively, the net acceptor concentration in the
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‘D

(xl1316/cm3

6.0

6.5

5.5

8.0

5.0

12.0

4.0

‘A
N

eff

(X1016 ICEI3) (X1016 /cm3)

6.0 3.0

5.5 3.0

6.5 3.0

5.0 3.1

8.o 3.1

4.0 3.0

12.0 3.0

TABLE III

M. mum IQI

1.95

2.00

1.94

2.18

2.01

2.99

2.30

Freq at

Minimum I Q I

(GHz)

40

40

40

39

40

37

38

DESIGN PARAMETERSFORMILLIMETER-WAVECW DDR
IMPAIT’s

Approximate ND=N
A

Active Region Diode Breakdown
Frequency Width V.1 tag.

(GHZ) (cm-j) (urn) (v)

40 6 x 101’ 1.2 28

60 1.0 x 10
17

0.90 22

94 1.8 x 10’7 0.60 16

170 4.5 x 10” 0.32 10

225 5.5 x lo” 0.25 8.5

p region and the net donor concentration in the n region.)

In each case, the current density was taken as 104 A/cm2,

and the temperature is 250”C. Results for the seven cases

are summarized in Table II.

Of the profiles studied, case III has the lowest magni-

tude of Q around 40 GHz. However, the symmetrical

structure (case I) and the other structures with the least

asymmetry (cases II, IV, and V) show only a small in-

crease in this parameter. Note that the asymmetric pro-

files with N~ > ND result in a lower IQ I than the corre-

sponding cases with ND >N~.

The conclusion is that for a given Nef~, small deviations

in the values of ND and N~ from the symmetric case do

not have a substantial effect on the small-signal operating

parameters. It must be noted, however, that these small-

signal results do not take account of the effect of unde-

pleted epitaxial material during device operation.

Design values for doping level and active region widths

appropriate to symmetric DDR CW IMPATT’s for

frequencies ranging from 40 to 225 GHz are shown in

Table III. These values are based both on theoretical

analyses and on experimental results.

B. Thermal Design

Double-drift-region IMPATT diodes intended for CW

operation are thermally limited. Thus it is essential to

have the junction-to-ambient thermal resistance mini-

mized in order to achieve high-power results. Both

metallic (copper or silver) and type-IIA diamond are

conventionally used heat-sink materials. However, a

significant thermal advantage is gained by using type-IIA

diamond heat sinking. The thermal resistance can be

calculated using a simple thermal model consisting of a
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r
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Fig. 4. Thermal model.
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Fig. 5. Tf3ermaf resistance as a function of diode diameter.

silicon diode chip mounted on a layered heat sink as

shown in Fig. 4. The layer of gold is a bonding layer. Tlhe

total thermal resistance O is given as

o=ec+q~
where (3Cis the contribution due to the silicon and the thin

layers of contact metallization between the junction and

heat sink and OHS is the contribution from the two-layer

heat sink. The value of d~~ has been obtained for the case

where the thermal conductivity in each layer is indepem

dent of temperature [11]. The thermal conductivity of

diamond is known to be a function of temperature. How-

ever, a constant value of 9 W/cm. “C has given reason-

able agreement between calculated and experimental va-

lues of 6.

Using the method described above, the thermal resis-

tance for DDR diodes designed for operation near 94
GHz ancl mounted on both copper and type-IIA diamond

heat sinks has been calculated as a function of pill diame-

ter. Results are plotted in Fig. 5. Also shown are experi-

mental values for O measured for DDR diodes on copper

and diamond heat sinks. For a diode diameter of 40 pm,

the value of O for diamond is roughly 55 percent of t~he

corresponding value for copper. Thus for a fixed output
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power and efficiency, the temperature rise over ambient

for diamond heat sinking is only about 55 percent of the

corresponding rise for copper. Conversely, for a fixed

junction temperature and efficiency, the output power can

be increased about 80 percent by using diamond rather

than copper. However, efficiency is also enhanced with

diamond heat sinking [12] so that the actual power in-

crease can be even greater.

111. DEVICE TECHNOLOGY

A. IA4PA TT Profile Formation

The devices described in this work employ p+ -p-n-n+

doping profiles which are formed in one of two ways. The

first method, employed primarily for diodes operating at

frequencies below 100 GHz, is to grow epitaxially n- and

p-type regions in sequence on a low-resistivity (-0.002

Q. cm) arsenic doped substrate. The p+ contact layer is

formed by a shallow low-temperature boron diffusion. In

the second technique, which is used for fabricating higher

frequency devices, an n-type region is first epitaxially

grown on the arsenic doped substrate wafer. Next, the p

layer is formed by overcompensating a portion of the n

layer with multiple energy ion implants of boron. The p+

contact layer is then formed using boron diffusion. Fig. 6

illustrates such a profile for a 225-GHz DDR diode.

Currently, the first procedure is used in IMPATT diodes

operating at frequencies below 100 GHz, while the sec-

ond, employing ion implantation, is used for fabricating

higher frequency devices. In general, ion implantation

provides a higher degree of precision in fabricating very

thin multiple-layer structures than multiple epitaxy. The

latter, however, is easier to implement and is completely

satisfactory for lower frequency devices.

Double-drift profiles formed by ion implantation are

subject to some degradation as a result of ion straggling

effects in the vicinity of the p-n junction. This effect has

been studied analytically. Two doping profiles are shown

in Fig. 7. The first structure (’profile 1) is an idealized

symmetric double-drift-region (DDR) profile designed for

operation near 225 GHz. The profile consists of uniformly

doped p and n regions, each doped at a level of 5.1x 10’7

cm – 3. The second structure (profile 2) is a more realistic

representation which contains deviations from the ideal

profile which are characteristic of ion-implantation strag-

gling effects. The grading of profile 2 at the p-n junction
causes the electric field to be rounded at the peak and

results in a wider active region with a lower peak field.

This effect in turn leads to a relative widening of the

avalanche region. The small-signal admittance character-
istics for the two profiles have been calculated as a func-

tion of frequency and are plotted in Fig. 8. For these

results, the current density was 1.19 x 105 A/cm* and the

temperature 225 “C. The lowering of the negative conduc-

tance for the nonideal profile is immediately apparent.

The magnitude of the calculated device Q at 225 GHz is

2.47 for profile 1 and 2.72 for profile 2. The widening of

the active region causes a slight downward shift in the

frequency where the negative conductance peaks. In gen-

Xj = 0~335 pm
,.16
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Fig. 6. Ion implantation design for a 225-GI-Iz double-drift IMPATT
diode.
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Fig, 7. Idealized and realistic ion implantation profiles.

eral, straggling induced profile grading at the p-n junction

will cause some performance degradation which will be-

come more severe at higher frequencies.

B. Device Fabrication

The reduction of all sources of positive series resistance

is of prime importance in fabricating millimeter-wave

IMPATT devices. Two major sources of series parasitic

resistance are associated with the substrate and back

contact. These are: 1) contact resistance at the substrate–

contact metal interface, and 2) series resistance of the

substrate modified by skin effects. Contact resistance is
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reduced by maximizing the effective doping level in the

substrate at the contact surface either by maintaining a

high level of substrate doping (-Id” cm-3) or by contact

alloying. Minimizing substrate resistivity also reduces the

skin effect contribution to series resistance. Fig. 9

illustrates, following De Loach [13], the calculated skin-

effect contributions to diode series resistance for several
frequencies. To minimize series resistance, the diode sub-

strate must be thinned. Typically, 40-GHz diodes have

substrate thickness of 20–30 ~m while devices above 200

GHz are thinned to 5– 10 pm. Several substrate thinning
techniques are commonly employed; bubble etching [14]

is particularly convenient. As silicon becomes transparent

in the visible region at thicknesses below about 30 pm,

Cu

NG

IMPA

DIAMONO
HEAT SIN

I Cu HEAT SINK I I~.

1-— 1.2sMM ----i

Fig. 10. Sealed ceramic ring-diamond heat-sink diode package.

light transmission is used for final thickness measurement.

Probably the most important area of IMPATT diode

fabrication technology relating to device reliability is the

contact metallization. All devices described in this work

employ a three-component nonalloyed contact metallurgy

consisting of 600 A of chromium, a platinum barrier layer

typically 2000 A in thickness, and an evaporated 3000-l&

layer of gold followed by 1–3 pm of plated gold to

facilitate thermocompression bonding. Extensive life test-

ing and failure analysis of devices over several years hm

verified the reliability of this metallurgy.

C. Device Packaging

In general, the package associated with a millimeter-

wave IMPATT diode is critical in determining the overall

device performance. As the frequency of operation in-

creases, the role of the device package or, more generally,

the immediate RF environment of the semiconductor chip

becomes more crucial. An improperly designed packa~e

can degrade the performance of a device by 1) introduc-

ing high RF loss from the packaging material, and 2)

having high parasitic capacitances and inductances that

force the diode to operate at lower than the optimum

design frequency and degrade the diode Q. The features

that are necessary for a good CW millimeter-wave IIvl-

PATT diode package include:

1) low thermal resistance between the diode chip and

the remainder of the circuit;

2) low RF loss from the packaging material;

3) minimal electrical parasitic.

In addition, other desirable physical features are that the

package should be:

1) mechanically rugged;

2) hermetically sealable;

3) reproducible.

At higher millimeter frequencies, compromises are neces-
sary among the above package characteristics in order to .

optimize overall device performance.

As in the other areas of the device technology, there

currently exists a demarcation in the approach to millim~e-

ter-wave IMPATT packaging at or slightly above 1(00

GHz. Below this frequency, diodes are packaged in ccm-

ventional closed, hermetically sealed, and rugged confi g-
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(a)

Fig. 1L Sealed cmartz ring-diamond heat-sink IMPATT diode
packages: (a) pill type; (b) slab type.

@ @

Ribbon configurations used with quartz ring package: (a) full
ribbon; (b) 1 1/2 ribbon; (c) cross ribbon.

SOLDER

urations similar to lower frequency microwave diode

packages except for size and choice of materials. At

frequencies above 100 GHz, device packages are mostly of

the open “quartz standoff” or “wafer” configuration
which are not hermetically sealable, are fragile, and are

highly labor intensive to assemble. For both types of

packages, diamond heat sinking is used to achieve maxi-

mum CW device performance. Diamond heat-sinking

technology has recently been extended to IMPATT diodes
operating at frequencies over 200 GHz. Figs. 10– 13

illustrate several examples of CW millimeter-wave IM-

PA’_f”T diode package configurations. Fig. 10 shows a

ceramic ring package used for 40-GHz devices. This

package incorporates a small round diamond which is

soldered or hot pressed into a larger copper cylinder prior

to package assembly. Fig. 11 shows a smaller, but simi-
larly configured quartz ring package used for diodes be-

tween 50 and 100 GHz. This package is used in a “pill”

version (Fig. 11(a)), or may be incorporated into a larger

copper slab heat sink which becomes one wall of a wave-

guide cavity (Fig. 1l(b)). The packages shown in Figs. 10

and 11 may have several ribbon configurations, three

examples of which are shown in Fig. 12. This allows the

package inductance to be varied in order to optimize for

particular frequencies or circuit configurations. Open

packages which are used with devices above 100 GHz are

shown in Fig. 13 which illustrates the single and double

standoff diode packages. Also shown are SEM micropho-

tograph of two versions of this package used for devices

near or above 200 GHz. The multiple ribbon double

standoff shown in Fig. 13(b) has shown very good perfor-

mance near 220 GHz. Finally, in order to achieve minimal

parasitic, a directly contacted diode configuration may

be used. This is usually accomplished using a wafer

package as shown in Fig. 14.

IV. OSCILLATOR CIRCUITS

A flexible oscillator circuit widely used with IMPATT

diodes at millimeter-wave frequencies is the reduced

height waveguide cavity shown schematically in Fig. 15.

The diode is mounted on the bottom broad wall of the

waveguide and is contacted from above by a bias pin. A
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QUARTZ STANDOFF

(a) @)

Fig. 13. Quartz standoff package configurations: (a) single standoff;
(b) double standoff.

Fig. 14. Wafer-mounted directly coutacted diode.

f
BIAS PIN tuning short is located in the waveguide on one side of the

lMPATT. On the other side a multistep transformer (or a

taper) provides a transformation to the full height wave-

guide output. Variations of this circuit have a coaxial

section with the bias pin as center conductor located in

either the top or bottom broad wall and cross-coupled to

the waveguide. Cavities of this type have been modeled ‘by

Fong et al. [15]. Fig. 16 shows a cavity which has been

used at (Q band (33–50 GHz). Here the diode is recessed

into a two-step coaxial section in the bottom waveguide

/ \
wall. At higher millimeter-wave frequencies, the approach

IMPATT DIODE TUNING SHORT is modified by forming the cavity in several sections. One

Fig. 15. Reduced height waveguide cavity. such Y-band ( 170–260 GHz) cavity is shown in Fig. 17
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HEAT SINK SLA

\
1 IMPATF DIOOE

Fig. 16. Cross section of a Q-band (33–50-GHz) IMPAIT oscillator
circuit.

Fig. 17. Waveguide IMPATT cavity for use at Y band (170-260 GHz)
which employs a wafer mounted diode.

[16]. It consists of three major sections: a tapered trans-

former, a reduced height waveguide wafer section into

which the IMPATT is mounted, and a section containing

a tuning short. The use of the wafer module facilitates the

contacting of the packaged or unpackaged IMPATT with

the bias pin at those frequencies where the diode and

circuit geometries are extremely small.

V. RF RESULTS

We have operated CW IMPA~s in oscillator circuits

at frequencies as high as 250 GHz. Testing was generally
carried out in reduced height waveguide cavities of the

types described earlier. Test data for millimeter-wave

DDR diodes mounted on diamond heat sinks are given in

Table IV. Power measurements were relatively straight-

forward at frequencies below 100 GHz where calibrated

thermistor mounts were used. Power measurements above

200 GHz were carried out using an E-band (WR- 12) dry

calorimeter with appropriate waveguide transitions.

Devices operated below 100 GHz were generally assem-

bled in sealed disk-type packages. It was found empiri-

cally that details of the package geometry can have a large

influence on performance. For instance, near 94 GHz, the

FULL

CROSS RIBBON

1–1/2 RIBBON

\

RIB80N

\

0 I 1 1 1 1 1 , I J

S@3 400 500 &m m woo 900 low

BIAS CURRENT (“A)

Fig, 18. Outrwt uower as a function of bias current for diodes with
thr;e different package ribbons variations.

TABLE IV
RF PERFOabfANCEOF SILICON DDR IMPAIT’s/CW

requency
(GHz)

40.1

40.1

60.5

93.6

91.9

220.5

228.0

OSCILLATORS

output Power

Packase Type (w)

Ceramic Ring.
Full Ribbon

cexamic Ring.
Full Ribbon

Quartz Ring
Half Ribbon

Quartz Ring
Full Ribbon

Quartz Ring
Cross Ribbon

TWCI Quartz
Standoff

Two Quartz

Standoff

1.52

2.26

1.2

0.5s

0,98

0,050

0.033

TABLE V

:fficiency

(%)

12.9

10.6

6.0

5.8

3.6

1.0

0.s

EFFECT OF RZBBON CONFIGURATION

Estimated Junction
Temperature (T)

250

440 (Near Burnout)

250

275

415 (Near Burnout)

360

340

I I 1’24 I 471Full

1-112 1.78 756

cross 1.95 963

94.4 0.52 5.1

95.0 0.79 k.6

94.7 0.94 &.1

Estimated
ATj

(.C)

263

337

396

I

full, 1 1/2, and cross ribbon configurations for the quartz

ring package described in Section III-C were all investi-
gated. The general trend was to larger area diodes and

greater saturated output power as the total ribbon induc-

tance decreased. However, the higher power was accom-

panied by increased junction temperature and decreased

efficiency. This result is indicated in Fig. 18 in which are
plotted output power versus bias current for three diodes

from the same lot, each one with a different ribbon

configuration. Each diode was tested in a 0.38-mm re-

duced height cavity. Further data on the same diodes are

given in Table V.

At frequencies exceeding 200 GHz, the packaging

parameters become extremely critical with respect to their
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effect on RF performance. Most devices at these

frequencies were assembled in open quartz standoff

packages. Best results in terms of output power were

achieved with the two standoff package shown in Fig.

13(b),

VI. RELIABILITY

Reliability testing has been an important adjunct to the

process development of millimeter-wave silicon IM-

PATT’s. Step-stress reliability life tests have been periodi-

cally carried out on groups of DDR IMPATT’s. In a

step-stress test, devices are operated for a fixed period of

time at each of a series of increasing junction temperature

levels until all fail. For the IMPA~s the appropriate

temperatures were achieved by internal power dissipation.

Tests of this type are very useful for obtaining a rapid

assessment of the diode lot quality.

Recent step-stress tests carried out on DDR IMPATT’s

on type-IIA diamond’ heat sinks have revealed that the

predominant failure mechanism was similar to the “inter-

nal channel” described by Sellberg et al. [17]. The failures

occurred when the formation of a gold–silicon alloy spike

in the bulk of the device resulted in a junction short.

Further accelerated testing is needed in order to obtain

reasonable quantitative estimates of diode life expectancy

for recent DDR diodes under normal operating condi-

tions. However, accelerated life tests previously carried

out on SDR devices indicated a similar failure mechanism

and led to a predicted median-time-to-failure of ap-

proximately 2X 106 h at 200°C [18].

VII. SUMMARY AND PROGNOSIS

Currently, flat profile double-drift silicon IMPATT di-

odes provide an effective means for the solid-state genera-

tion of millimeter-wave power from 30 to over 250 GHz.

These diodes, incorporating diamond heat-sinking tech-

nology, provide single device CW power levels on the

order of 1–2 W at 35 and 60 GHz, nearly 1 W at 94 GHz,

and 50 mW near 220 GHz. These performance figures are

a result of careful attention to a number of critical areas

of device processing including junction formation, sub-

strate thinning, and the reduction of parasitic contact

resistance. In addition, several aspects of device packag-

ing, for example, the control of parasitic reactance and

the minimization of thermal resistance, also play a very

important role in device performance, particularly at

higher frequencies (> 100 GHz). In the latter area, special

low parasitic packaging configurations have been devel-

oped.

Below about 100 GHz, silicon IMPATT diode technol-

ogy is maturing. All devices in this frequency range are
fabricated and packaged with a common technology

which is similar in many respects to that of lower

frequency (microwave) devices. Above 100 GHz, diodes

are more difficult to fabricate and package and at present

fall into the category of laboratory devices. While limited

reliability data are available from accelerated testing of

491

diodes designed to operate below 100 GHz, no such work

has yet been done with higher frequency devices.

In the future, further optimization of device profiles

above 100 GHz is required. Hyperthin device fabrication

technology based on preferential etching techniques

should result in moderate performance improvements.

Further work on low and controlled parasitic package

configurations will result in improved device performance

throughcmt the millimeter spectrum, but, particularly

above 100 GHz. Continued effort on circuit design is

required in order to suppress the variety of instabilities

[19] associated with large-signal IMPA’lT diode open-a-

tion. As the device technology matures, increased atttm-

tion is being given to millimeter-wave power combinirlg.

At lower frequencies, both chip [20] and circuit [21] level

approaches are being pursued. Although there is eviderl ce

to suggest that resonant cavity circuit techniques [21] are

usable to at least 100 GHz, the entire area of power

combining at higher frequencies is presently open and

probably awaits the development of new technology such

as quasioptical techniques. In the near term (1 –3 years), a

significant amount of new reliability data for CW

double-clrift devices on diamond heat sinks will be gener-

ated at 40, 60, and 94 GHz. Definitive reliability data at

higher frequencies will be slower in coming and to some

degree will await further maturing of the device technol-

ogy.
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Millimeter-Wave Pulsed IMPATT Sources
T. T. FONG, MEMBER, IEEE, W H. J. KUNO, FELLOW, IEEE

Invited Paper

Abstract-High-power miffimeter-wave pulsed MPATT sources fmve

found a varie~ of applicatfous as sofid-state transmitters in radar appfica-

tforss. These applications have been greatly enhanced by the rapidly

advancing mffffmeter-wave technology of which the high-power pulsed

IMPA’fT source is a key element. In this paper the mrique IMPA’iT

properties wbfch affect the oscillator spectraf purity and coherency are

reviewed. Some key considerations for the device design and system

app~imtforrs of tie puked oscillators are discussed aforsg with the s@te of
the ?@ recent progress, and future trend.

I. INTRODUCTION

A FTER A LONG, slow start, millimeter-wave sys-

tems development has been recently increasing at

a rapid rate. A wide range of systems are now under

development. Examples are tracking radar, missile seek-

ers, radiometers, and short range communications.

Millimeter-wave systems offer many advantages over both

microwave systems and electrooptical systems. In com-

parison with microwave systems, millimeter-wave systems

offer smaller size, lighter weight, improved accuracy,
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greater resolution, and smaller antenna size. Furthermore,

in comparison with electrooptical or infrared systems,

millimeter-wave systems provide greatly improved

penetration through cloud, smoke, and dust. Most of the

current activities for millimeter-wave systems are centered

around 35 and 94 GHz, where atmospheric attenuation is

relatively low. Development activities in the 140-GHz

range, which is the next low atmospheric attenuation

window, is now underway. The exploratory work now

extends to a frequency as high as 240 GHz.

A key element in many millimeter-wave systems is the

solid-state pulsed sources. These sources, because of their

small size, light weight, and low voltage power supply

requirements, are now finding applications as transmitters

in many radar systems. In this paper, the state-of-the-art

performance of millimeter-wave pulsed IMPATT oscilla-
tors is reviewed with in-depth discussion of the recent

development and trend. Design and system application

considerations that are unique to pulsed IMPATT oscilla-

tors are discussed. Design considerations for both diode

and circuit, such as the strong temperature dependence of

the diode impedance which results in frequency chirp

during pulse, are covered. Methods for controlling the

frequency chirp characteristics. phase and injection lock-

ing characteristics, and noise performance of transmitters
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