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Power Increase of Pulsed Millimeter-Wave IMPATT

Diodes

R. PIERZINA AND J. FREYER

Abstract — The fabrication and encapsulation of single-drift pnlsed

IMPATT diodes for 73 GEIz is described. The transforming properties of

the parasitic inductance and capacitance demonstrate the strong influence

of diode-mounting technique. The used reduced-height waveguide resonator

is described theoretically, giving an indication of optimum matching be-

tween resonator and transformed diode impedance. The diodes deliver

more than 10- W output power at 73 GHz with 5-percent efficiency, if they

are matched to the resonator by proper parasitic.

I. INTRODUCTION

At millimeter-wave frequencies, there is great interest in solid-

state transmitters for radar, radiometry, or short-range communi-

cation systems. The high-power pulsed IMPATT diode has been

proven to be the key element for these applications. Besides exact

controllable semiconductor technology, packaging and circuit-

mounting techniques are important factors for optimum perfor-

mance. At microwave frequencies up to the Ku-band, semicon-

ductor elements are either mounted in sealed met&ceramic

packages or are bonded directly into the microwave circuit [1],

[2]. In contrast to these frequencies where the packaging tech-

nique normally will not limit the RF performance, the mounting

parasitic at millimeter waves cause a transformation of the active

diode impedance and usually limit output power and efficiency

[1], [3]. Therefore, it is important to minimize the resistive para-

sitic associated with the diode chip and its mounting connec-

tions. The use of package parasitic for impedance matching [4],

[5], however, shows that the often-stated demand of minimum

parasitic [5], [6] does not lead automatically to the best RF

performance results.

In this paper, design and fabrication of high-power pulsed

IMPATT diodes for upper V-band frequencies are described. The
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output-power optimization is demonstrated by way of a single-

drift diode because, in contrast to double-drift structures, only

one active layer has to be adjusted. This, however, can easily be

done by technological means [7]. The load impedance of the used

resonator with reduced height is described in detail [8], repre-

senting the influence of the tuning elements. Since the diode

impedance is transformed by the parasitic mounting capacitance

and lead inductance, different encapsulation techniques of the

diode are investigated. It is shown, that more than 1O-W peak

output power with 5-percent efficiency can be obtained if the

diode impedance is well matched to the used resonator by proper

parasitic.

II. DEVICE FABRICATION

Initial material for the pulsed single-drift IMPATT diode is

n-n+ epitaxial silicon with a doping concentration of 6 X 1016

cm – 3 of the n layer with thickness of 0.8 pm. The p-n junction is

formed by a shallow boron diffusion resulting in a 0.55-pm-thick

active layer designed for optimum frequencies in the upper

V-band. The punch-through factor of the diodes is 1.8. The

highly doped substrate is reduced by bubble etching to a thick-

ness of only 1 or 2 pm in order to minimize losses due to the

diode series resistance. This very thin substrate layer is also

advantageous for short-pulse application of the diodes. In this

case, the increase of the diode temperature during the current

pulse is reduced as the heat flow is spread not only into the

integrated heatsink but also into the bonding leads (25 ~m) on

top of the upside-down mounted diode. Single mesa-diodes with

diameters between 100 and 200 pm for pulse operation in the V-

and W-bands are obtained by standard photoresist technology.

The individual diodes with integral Au-Ag-Au heatsinks are

soldered on the gold-plated stud and quartz standoffs, as well as

quartz and ceramic rings of various sizes, which are used for

different mounting techniques. Hereby, the parasitic capacitance

and inductance of the mounted devices can be vaned in order to

achieve optimum matching to the resonator.

III. MILLIMETER-WAVE CIRCUIT

At millimeter-wave frequencies, inductive-post or cap-tWe

waveguide resonators are commonly used. The latter have been

applied with great success in this laborato~ for frequencies up to

140 GHz for CW IMPATT diodes mounted with very low

parasitic capacitance and inductance [9], [10]. Single-drift pulsed

IMPATT diodes mounted also with very low parasitic deliver

about 5-W output power at V-band frequencies if they are

operated in either a cap structure or an inductive-post resonator.

Fig. 1 shows the cross section of an inductive-post resonator with

reduced waveguide height. A detailed theoretical description of

this resonator is given by Williamson [8] for low frequencies up to

IQ-band and is adopted also for V-band frequencies. The diode

is mounted on the bottom of the waveguide floor and the bias is

provided through a choke with the inductive post. A sliding short

behind the diode allows proper frequency and maximum output

power tuning. Additionally, for impedance matching of the diode

and the resonator, the post radius r, and the length 1, of the

coaxial section can be varied. The waveguide height is reduced

and a taper connects the resonator with the WR-15 waveguide

measuring system. Taking into account perfect matching at both

waveguide arms and, for example 1, = O, the real and imaginary

parts of the circuit impedance Z, presented to the diode are

plotted in Fig. 2 as functions of the reduced waveguide height b.
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Fig. 1. Cross section of sn inductive-post resonator with reduced waveguide

height.
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Fig. 2 (a) Red part of the circuit impedance ZCfor matched waveguide arms,
j= 73 GHz. (b) Imagimuy part of the circuit impedance ZC for matched
waveguide arms, f = 73 GHz.

Curves for various values of the radius ri of the inductive post are

shown. As can be seen, two characteristic ranges with different

impedance levels can be determined. Relatively small values for

the real and imaginary parts of ZC are obtained if the waveguide

height is either strongly reduced or nearly unreduced. For medium

reduction, a resonance occurs, i.e., Re { ZC } (Fig. 2(a)) becomes

relatively large and Im{ ZC } (Fig. 2(b)) changes between induc-

tive and capacitive reactance. Except at this resonance, the diam-

eter of the inductive post has little influence on the impedance.

The strongly reduced waveguide resonator represents the most

SMITH - DiAGRAhtM

Fig. 3. Circuit impedance ZC as a function of the coaxial section length IC
and distance d, between sliding short and diode. (The waveguide wavelength

is 5 mm; /c and d, in mm; ZO = 50 Q, ~= 73 GHz.)

commonly used one for pulsed and CW IMPATT diodes at

millimeter-wave frequencies and is also investigated in this

laboratory in detail.

The description of the resonator impedance becomes relatively

difficult to survey if the location of the sliding short and the

length of the coa.xiaf section lC are also varied. The Smith Chart

in Fig. 3 demonstrates the tuning behavior of the resonator as

shown in Fig. 1 for a reduced waveguide height ( b = 0.5 mm) and

an inductive post of l-mm diameter. The circles show the typical

behavior of periodic tuning by the sliding short for different

values of 1, (from O to 1 mm) as a par~eter. The numbers at the

circles denote the distance d, in millimeters of the sliding short

from the center of the diode. It can be seen that theoretically a

large area in the Smith Chart can be covered by changing lC and

d,. For certain lC values, Z, shows a distinct resonance behavior,

as can be seen by the dotted circles. In this resonance vicinity,

small changes in lC and d,, respectively, cause relatively large

changes in ZC. In practice, proper diode tuning, therefore, be-

comes impossible. In Fig. 5, it will be shown that the transformed

diode impedance Z~ —off the resonance-is inductive or capaci-

tive with a relatively low real part. Thus, diode/resonator match-

ing can be achieved in the following two cases.

1) For a length of the coaxial section of, for example, 1 mm, a

capacitive reactance with low real part can be realized if the

sliding-short has a distance between 2.5 and 3 mm. In this case,

however, tuning is relatively critical, since small deviations in the

sliding-short produce large changes in the imaginary part.

2) The demand of a low real part can also be fulfilled by low

values of lC (between O and 0.2 mm). Here an inductive behavior

follows, and the distance between diode and short may vary

between 3 and 3.5 mm. In contrast to the first case, tuning is less

critical, because a small deviation in the sliding-short distance

leads to only small deviations in the resonator impedance.

IV. DIODE IMPEDANCE TRANSFORMATION

Normally the small-signal characteristic of the diode imped-

ance is used for a first-order estimation. However, since pulsed

IMPATT diodes are operated at very high current densities

(5x 104 A/cm2 at V-band) in order to deliver maximum output
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Fig. 5. Contours of the transformed diode impedance ZT as a function of

LP /pH and CP /pF. The dotted lines represent the conjugate complex of ZC

(see Fig. 3) corresponding to /c= 0,0.1,0.2 mm; ZO = 50 Q; ~= 73 GHz.

power, and since the oscillation frequency and the negative

resistance are strongly dependent on the current density, small-

signal impedance differs considerably from the actual large-signal

impedance. Therefore, in this case, the large-signaf impedance Z~

is taken as a basis, and diode impedance calculations are carried

out by means of the following description [11]:

1 (l-coSe)/e
zD=—

@cd “ l–(u/@a(u))2

.[ 1 (. sin 0/0 )1 1 1

Here, u is the angular frequency and Qti ( u) the RF voltage-

dependent avalanche frequency given by

2a’u,Jo 211(U)
u:(zf) =___

6 UIO(U)
and

2 a’v, .
u= — Ea

u

where a’ is the derivative of the ionization rate with respect to

the electric field, v, is the carrier saturation drift velocity, JO is

the dc current density, 0 is the transit angle, 10(u) and II(u)

denote modified Bessel functions, and C. and Cd are the

avalanche and drift region capacitance, respectively. ~a corre-

sponds to the maximum amplitude of the RF field at the avalanche

region and is assumed to be 0.4 times the dc breakdown field [12].

Of course the diode impedance depends on the current density.

For maximum output power, however, JO = 50 kA/cm2 was

taken as a basis [12], [13]. From this evaluation, the real and

imaginary parts of the diode impedance per unit area of about

– 8.10-5 Q cm2 and – 3.10-4 Q cm2, respectively, can be

assumed. For a typical V-band pulsed IMPATT diode with

165-pm diameter, a value for the negative resistance of about 0.4

Q and for the imaginary part of – 1.4 L? follows at 73 GHz.

These small values for the real and imaginary parts must be

matched by means of the mounting parasitic capacitance CP and

inductance Lp to the resonator impedance ZC. As maximum

output power is required in the range from 70–75 GHz, a

narrow-band characteristic of the diode behavior must be

tolerated. A simple equivalent circuit of the matching network is

given in Fig. 4 [4], [14] where CP represents the quartz ring or

stand-off capacitance and Lp the bonding lead inductance. The

Smith Chart in Fig. 5 shows the diode impedance ZD and the loci

of the transformed impedance ZT as a function of the parasitic

inductance with parasitic capacitance as parameter. Capacitance

and inductance pass through typical values which can be ob-

tained by different mounting techniques.

For stable oscillations, the sum of the transformed diode and

the resonator impedance must be zero, i.e., for an inductive

resonator the transformed diode impedance must be capacitive

and vice versa. As can be seen in Fig. 5, low values of CP and Lp

cause a transformation of the capacitive diode impedance to

inductive behavior with a low real part. The corresponding reso-

nator impedance therefore has to be capacitive with also a low

real part (see Section III). From the point of view of reproducibil-

ity, however, it is relatively difficult to realize technologically very

low Lp and CP concurrently. Besides the critical tuning of the

resonator (see Section III); small deviations in Lp and CP affect

the optimum frequency and maximum output power. For rela-

tively larger values of Lp and $, the diode impedance can be

transformed to capacitive behavior with also low negative resis-

tance. In this case, a resonator with inductive behavior is needed

which can be realized for example by low values of lC (see

Section III). Stable oscillations are then given by the intersection

points of the diode and the dotted resonator contours shown in

Fig. 5. The latter represent parts of the complex conjugate of the

impedance Z, shown in Fig. 3 corresponding to [C = O, 0.1, and

0.2 mm. It can be seen that for these lC values, resonator tuning

with the backshort can be obtained for the transformed diode

impedance with mounting parasitic which can vary in a rela-

tively large range ( Lp: 25–70 pH; CP: 0.1–0.3 pF).

V. RESULTS

The investigations of the diodes are carried out in a reduced-

height waveguide resonator (b= 0.5 mm) with a length of the

coaxial section of 1, = 0.15 mm, which allows optimum matching

of a low real part with capacitive reactance. The diodes are driven

with 50-ns pulses and a duty cycle of 1:200 up to maximum

current densities of 50 kA/cm2. Maximum output power was

obtained at 73 GHz. The experimental results of the investigated

single-drift IMPATT diodes are summarized in Table I.

All diodes originate from the same batch, however, with differ-

ent areas and encapsulation techniques. The diodes in column 1

to 4 are mounted in commercially available packages with ceramic

rings. The top of the diode is connected with the metallized ring

by two cross-wise bonded gold leads (25 ~m X 110 ~m). The

investigated diodes have areas from 1.4. 10– 4 to 2.7. 10– 4 cm2.

As can be seen, output power increases from 6 W for diode #1

to 8.9 W for diode #3 because of increasing diode area. For still

larger areas (diode #4), the output power decreases since the
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TABLE I

Diode f I 2 3 4 5 6 7

ceranuc cerannc cerarmc ceranuc quartz quart z quarzz

.4/cm2 x 10”4 1.4 1.9 ?.4 2.7

P.+”F 3:”” ,:”” ,:’” ,:’22 y’ ,~’~’ d;:;
c“

L /pi!

Pp/\v 6 7.5 8.9 6.5 3.8 8.1 10.2

*CP is measured by a Boonton RF admittance bridge.
** LP is evaluated from inductance values published by Kramer [1] and

Chang and Ebert [13].

very low negative diode resistance favors diode internal and

circuit losses.

If, instead of the ceramic ring (diodes # 1–4), a quartz ring

with nearly the same dimension (diode #5) is used, the capaci-

tance CP reduces from 0.22 pF to 0.08 pF and the inductance

remains constant. The maximum output power of this type of

encapsulated diode, however, is only 3.8 W, though the diode is

the same as diode #3 and a low-loss quartz ring is applied. In

the case of the used resonator, this behavior can be explained

with the aid of Figs. 3 and 5. The resonator is o~timized to match

a low negative real part with capacitive reactance (see Fig. 3;

1, = 0.15 mm). The ceramic ring in addition with the cross-wise

bonded gold stripes of diodes # 1–4 leads to a transformation

with this capacitance character (see Fig. 5, lower half of the

Smith Chart), and good matching of the transformed diode and

the resonator is possible. The quartz ring, however, with the same

bonding lead inductance causes a transformation with inductive

character where an optimum matching of the resonator cannot be

obtained and only 3.8-W output power carJ be achieved. Re-

ferring to the data of diode #6, a larger value of the capacitance

CP (0.28 pF) in addition with a relatively low inductance Lp (20
pH) leads to a transformation with again capacitive behavior and

correspondingly higher output power of 8.1 W can be obtained.

A further increase in output power for the same diodes is

achievable if the value of the inductance Lp k further increased

(to 45 pH for diode #7), and in this case a maximum output

power of more than 10 W at 5-percent efficiency was obtained.

These results reflect that, depending on the resonator properties,

even relatively large parasitic Mow an optimum matching if the

resonator and the diode transforming network are well designed.

VI. CONCLUSION

The fabrication of pulsed single-drift IMPATT diodes for

millimeter-wave frequencies with different mounting techniques

has been described. An inductive-post resonator with reduced

waveguide height enables an efficient matching so that more than

1O-W peak output power at 5-percent efficiency can be achieved,

demonstrating that the single-drift diode can compete with dou-

ble-drift devices at V-band frequencies. The knowledge of the

resonator and diode impedance allows a prediction of the needed

parasitic reactance which transform the diode impedance for

optimum matching. In contrast to the often-stated demand of

minimum parasitic, the results show that a relatively large and

not a minimum value for the inductance of the connecting lead

delivers maximum output power.
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X-Band Low-Noise GaAs Monolithic Frequency

Converter

K. HONJO, Y. HOSONO, AND T. SUGIURA

Abstract —An X-band, low-noise GaAs monolithic frequency converter

has been developed. Mukicircuit functions, such as amplification, filtering,

and mixing, were integrated on to a single GSAS frequency converter chip.

The frequency converter consists of an X-band three-stage low-noise

amplifier, an image rejection filter, an X-band dual-gate FET mixer, and

an IF-band buffer amplifier. To minimize circuit size without degradkg

performances, an RC-coupled buffer amplifier was connected directly after

a dual-gate FET mixer IF port, and one-section parallel and series micro-

strip lines were adopted for the amplifier. One-haff-micron (1/2 pm)

single-gate FET’s and a one-micron (1 pm) dual-gate FET, which have an

ion-implanted closely-spaced electrode structure, were used. Either via hole

grounds or bonding wire grounds are selectable for the frequency con-

verter. Cfdp size is 3.4X 1.5 mm. The frequency converter provides less

than 3-dB noise figure and more than 34-dB conversion gain.
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