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Abstract—The reliability of semiconductor active devices is related to

the jnnction temperature of diodes used. This paper describes the
reliability desigu and perforrnarrce of 86-GHz active components and

transmitter-receiver modules for a goided millimeter-wave transmission

system. The components are IMPATT oscillators, IMPATT amplifiers,

varactor freqnency multipliers, and Schottky-barrier diode upconverters.
The maximum output powers of these active devices are calculated for a

given mean time between failure (MTBF). Active components and

transmitter-receiver moduka for 86-GHz operation were maaofactored
based upon ‘the design with considerations for reliability as well as RF
performance.
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KANMURI, MEMBER, IEEE

INTRODUCTION

I N RECENT YEARS guided millimeter-wave trans-

mission systems have been intensively investigated in

various countries in the world for the purpose of meeting

growing demands in communications in the near future.

There have been publications concerned with the system

design, repeaters, and overall transmission tests [1]-[7].
There are basically two means of getting the millimeter-

wave modulated carrier power; an upconverter [3], [4],

[6], [7] and a millimeter-wave modulator [2], [3], [5],
both of which have their own merits with respect to the

circuit construction, output power and system design. The

guided millimeter-wave transmission system in Japan,
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W-40G, uses the frequency range 43-87 GHz and offers

300000 telephone channels in both directions through a

single circular waveguide line by means of 806-Mb/s 4-

phase-PSK format [7]. The repeater employs an upcon-

verter and, if necessary, the output power of the upconverter

is amplified by a negative-resistance IMPATT amplifier.

A description of the system is presented in detail in [7]. A

repeater consists of five panels, the transmitter–receiver

panel, modulator-demodulator panel, delay-equalizer panel,

alarm-control panel, and power-supply panel. The trans-

mitter–receiver panel is the high-frequency portion of the

repeater and has a function of converting the millimeter-

wave signals to IF signals and vice versa.

In order to realize a highly reliable high-power low-noise

system, one must consider the junction temperature of

diodes, which is a measure of diode reliability. The main

problem in realizing such a system is how one allots the

reliability to each component of the system. In papers

which have so far been published concerned with active

solid-state devices for guided millimeter-wave transmission

systems, quantitative, discussion of the reliability of devices

or systems in that sense have not been made. Recently,

considerable research has been performed on millimeter-

wave diodes, such as Schottky-barrier diodes, p-n-junction

varactor diodes, ‘and IMPATT diodes, with respect to the

relation between their junction temperatures and reliability

[8]-[10].

The purpose of this paper is to show the optimum design

and actual performance of 86-GHz high-power active solid-

state devices and 86-GHz transmitter–receiver panels. They

are designed so as to give the maximum output power

under a given reliability condition. The construction of the

transmitter-receiver panel is discussed; the main active

devices are identified which are considered further in the

succeeding discussion; and the reliability relationships of

the millimeter-wave diodes are summarized. Optimum

power design of the local oscillator (LO) and the transmitter

portion of the panel is then described. This includes a

comparison of two cases, one where the transmitter–
receiver panel has only an upconverter and another where

the upconverter is followed by a negative-resistance

IMPATT amplifier. The actual performances of upcon-

verters, LO’s, IMPATT amplifiers, and overall system

characteristics of the 86-GHz transmitter–receiver panels

are also presented.

II. COMPONENT DESIGN DESCRIPTIONS

A. Construction of Transmitter-Receiver Panel

Fig. 1 shows the block diagram of a transmitter-receiver

panel. Conversion of millimeter-wave and IF signals is

performed by an upconverter and a downconverter. Both

the upconverter and downconverter are excited by a

common LO. The single-ended mixer frequency converters

employ n-type GaAs Schottky-barrier diodes. Following the

upconverter, an IMPATT amplifier can be connected to

amplify the upconverter output power. In this case the

overall reliability should be kept unchanged compared

with the pahel without an amplifier. The LO consists of an
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Fig. 1. Block diagram of the transmitter–receiver panel.

IMPATT source oscillator, a frequency multiplier, and an

IMPATT amplifier. In the IMPATT source oscillator and

amplifier Si single-drift-region-type IMPATT diodes are

used. The frequency of the LO is stabilized by means of a

cavity-loaded source oscillator. In the frequency multiplier a

p+-n-type GaAs diffused-junction varactor diode is used.

Every diode is encased in a waveguide wafer-type diode

holder. Both the waveguide windows and IF terminal of

the waveguide wafer-type diode holder are hermetically

sealed to protect the diode.

B. Reliability of J4illimeter- Wave Diodes

The mean time between failure (MTBF) T of well-

screened millimeter-wave diodes is determined by its

junction temperature. Recently, research on the. relation

between MTBF and junction temperature has been per-

formed by life-testing diodes at different temperatures [8]-

F101. According to the experimental results” obtained by

~at~ and Suzuki, those relations are expressed by the
following empirical formulas [9], [10]:1

T = 4.9620 x 10-’0 x exp [1.3429 x 104/q]

(n-type GaAs Schottky-barrier diode)

T = 3.0902 x 10-10 x exp [1.6705 x 104/q]

(Si single-drift-region-type IMPATT diode)

(1)

(2)

1 The life test was conducted with millimeter-wave diodes of different
temperatures. Diodes were tested under two conditions. Half of the
diodes were kept within ovens and the other half were applied with
dc current. Both the temperature of the oven and dc current had more
than three levels. According to the life test, failure occurred when the
electrode metal got into the semiconductor junction.
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T = 7.7202 x 10-7 x exp [1.1815 x 104/~]

(p’n-type GaAs varactor diode) (3)

where Tj is the junction temperature of the diode in degrees

Kelvin and T is MTBF in hours.

C. IJ4PA TT Ampll@er

Ohmori investigated the oscillator power, junction

temperature rise, and junction diameter of 80-GHz

IMPATT diodes [11]. According to his results, when the

junction diameter is optimized, the maximum oscillator

“power PO,, (milliwatts) can be expressed as a function of

junction temperature rise ATj (degrees Celsius) and con-

stants which are determined by diode parameters, such as

impurity concentration profile, conductivity and thickness

of the semiconductor, and thermal resistance of the diode,

as follows2:

PO~c = 7.686 X 10-3 X ATjl-7s6. (4)

The negative conductance of an IMPATT diode is a

function of the RF voltage across the diode. The relation

between the negative conductance – G and RF voltage k’~

is approximately expressed as [12] -[14]

G = GM “ (VM – V~)2/V~2 (5)

where GM is the maximum absolute value of the negative

conductance, and VM is the RF voltage across the diode

when the negative conductance becomes zero. The load is

connected through an impedance transformer. Here, let us

neglect the loss of the impedance transformer and the series

resistance of the IMPATT diode.

For an amplifier using a diode with the characteristic

shown in (5), the output power of the amplifier changes

depending upon input power level, and the relation among

the ratio (~) of the maximum output power of the amplifier

to the maximum diode oscillation power, gain compression

~, and power gain G. may be given by

~=@~+! 4G.

<~~ - I (1 + ~GA)2

.l+&G.+l.l-~~c (6)

( d~GA-l 1+46 )

Derivation of (6) is shown in the Appendix. Fig. 2 is the

schematic representation of(6). Dots show the experimental

data. When the compression is low and the gain is high, the

amplifier output power is below the oscillation power, but

as the compression becomes higher or the gain becomes

lower, the amplifier output power becomes comparable to

the oscillation power and then exceeds it.

2Equati on (4) was obtained by drawing the envelope of curves
given by Ohmori’s theoretical and experimental investigations [1 1,
fig. 1]. Equation (4) would vary depending upon the impurity concen-
tration profile, conductivity, and thickness of semiconductor used.
However, since diodes described in this paper were fabricated in a
similar manner to that describedin[11 ], the authors adopt this equation
for designing IMPATT devices.
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Fig. 2. Amplifier output ratio z (= amplifier output power/oscillator
output power) as a function of power gain of an IMPATT diode.

TABLE I
COMPRESSIONAND CONVERSIONLoss OF AN UPCONVSRT~R

Compression [dB ) 0.5 1.0 1.5—. —.._2.0

Conversion Loss [dB] 9.(3 8.0 6.9 5.6

P,, (-dBmJ - PIF [d13m] 4.0 2:2 1.0 07

D. Upconverter

The conversion loss of an upconverter is a function of

LO and IF power levels and compression of the output

power. When the IF power is sufficiently low compared

with the LO power, the output power increases linearly

with the IF power. However, when the IF power becomes

comparable to the LO power, output compression occurs

due to the saturation effect of the nonlinear conductance of

the diode. The value of compression depends upon tlhe

difference between LO and IF powers. These relations

have been examined experimentally with a GaAs Schottky-

barrier diode with a diameter of 7 pm, The results are shown

in Table I. They have approximately linear relations.

The junction temperature rise of the diode is determined

by the thermal resistance of the diode and the power dis-

sipation at the junction. The powers incident to the diode

are the LO and IF powers. The junction temperature rise

ATJ is given by the thermal resistance RO, the incident LO

power P=, and the incident IF power PIF as

ATj = kRe “ (PL + PIF) (7)

where k is a factor determined by power dissipation dis-

tribution near the diode junction. The incident powers are

converted to the output signal power, dc power, image, and

other higher harmonics, which are absorbed by the external
circuits. Moreover, since the series resistance of a diode is

distributed around the junction, the power dissipated by

the series resistance which is located far from the diode

junction does not contribute to the junction temperature

rise. According to the calculation for a 7-Vm diode at 80

GHz, k was obtained as 0.33 [15]. The thermal resistance
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is given by Torrey and Whitmer [16]. For a 7-pm n-type

GaAs Schottky-barrier diode in which the whisker is made

of gold, Re = 1620 OC/W.

E. Frequency &lultiplier

For the junction temperature rise of the varactor diode

in a frequency multiplier, discussion similar to that of the

Schottky-barrier diode in, an upconverter was made by

Kato and Kaneko [17]. According to their results, for a

varactor multiplier whose input frequency is in the micro-

wave or millimeter-wave frequency range, power dissipation

is distributed inside the skin layer of the semiconductor.

In this case the thermal resistance reduces by a factor of

1/2-1/3 compared with the value calculated with the

assumption that the power is dissipated just at the junction

[17].

III. SUBSYSTEM DESIGN TRAOEOFFS

A. Local Oscillator

Two versions of the LO are considered: 1) The milli-

meter-wave power is obtained by means of a cavity-locked

source oscillator and a frequency multiplier, followed by an

IMPATT amplifier. 2) A cavity-locked millimeter-wave

IMPATT oscillator is followed by an IMPATT amplifier.

Design parameters of the LO are 1) output power, 2)

reliability, and 3) frequency stability and noise. In the

present transmitter-receiver panel a high-Q cavity and a

filter are used to satisfy the specifications on frequency

stability and noise. Only the relation between the output

power and reliability, and reliability allotment to each

component of the LO, are described here.

Let us assume the following conditions in calculating the

LO reliability. ~

1) The MT13F of a component, such as an amplifier,

an upconverter or a frequency multiplier, is determined

by the junction temperature of the diode used.

2) IMPATT diodes are of Si single-drift-region type and

varactor diodes are of GaAs p ~-n-type.

3) The relation between junction temperature and

reliability does not depend upon frequency.

4) The oscillation power of an IMPATT diode is given

by (4) and its frequency dependence is 1/~2, that is, the

junction temperature rise of the diode ATj (degrees Celsius)

is given by PO,. (milliwatts) and f [GHZ] as

A~ = 15.27 X P& X [f/80] 1012. (8)

5) The amplifier output power P,mP decreases by a

factor of p with respect to the maximum oscillator output

power PO,.: P=mp = pPoSc. The power gain GA, output

compression ~, and p are related by (6). To reduce the

number of parameters in calculation, the compression is

set at 3 dB.

Expected losses of circuit components at 80 GHz in the

LO and thermal resistances of varactor diodes are shown in

Table II.

From (2)-(8) and Table II one can calculate the LO

output power with respect to its MTBF (or failure rate).
Fig. 3(a) shows MTBF T (hours) and failure rate R (fits)

of the LO as a function of its output power for various
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Fig. 3. Reliability versus output power of the LO. (a) Reliability of
the LO for various P~,~. PO.. is the maximum oscillation power of
the diode used in the amplifier. (b) Reliability versus maximum
output power of the LO for constructions [A] and [B].

maximum oscillation powers PO,. in the case where the LO

uses a tripler as the frequency multiplier. Each broken

line shows T or R versus a given PO,C. Therefore the envelope

of those curves shows the maximum output power as a

function of MTBF (or of failure rate). One can calculate

the curves for the cases where the frequency multiplier is a

doubler and is a quadruple (for construction [A]), and



AKA3KE et al.: HIGH-POWER 86-G31z COMPONENTS ANi3 MODULES 697

TABLE 11
CIXCUIT Loss AND THERMAL RESISTANCEOF LOCAL OSCILLATOR

COMPONENTS

“’’aResistanceI=#%==+‘B]
Cavity Loss [dBl 0.5 0.5 0.5

Conversion Loss [dB] 6.3 7.8 11.5

Inpnt circuit Loss of
ilultiplier [dB]

0.4 0.4 0.4 output 0[ Source
Oscillator

Output Clrc.it Loss of
Multiplier [dB]

1.1 1.1 1.1 - Input of Amplifier
= 0.5

Thermal Resistance of
Varact.r [oC/W] *

350 350 280

* Junction diameters are 20 ~m for the doubler and the tripler and
27 flm for the quadruple. Listed value is one-half the value calculated
[16] from junction diameter. The reason is shown in the text.

TABLE 111
RSLIARILITY ALLOTMW OF LOCAL OSCILLATORS

Local-
Local- Junction Tempera- Failure Rate [fit ] *

Oscillator
Oscillator tire Rise [~ ] *

Construction
output [dBm] ATJ1 ATJ2 ATJ3 % R2 ‘3 ‘1 ‘R2+R3

Doubler 20.0 192.7 80.1 190.8 5309 35 4656
,04—

[A] Triplet. 20.6 179.5 ?44 .4 190. s 2132 3252 4656 104

Qwdrtipler 18.9 133.3 149. s 193.0 49 4505 5409 10+

[B] 19.5 193.7 /, 190.8 5675 4656 104

* Subscripts 1, 2, and 3 show source oscillator, multiplier, and
amplifier, respectively.

for the case where the frequency mtiltiplier is not used (for

construction [B]). Fig. 3(b) is the relation between the

maximum L(3 output power and reliability for construc-

tions [A] and [B]. Table III shows the reliability allotment

for the case where the total failure rate of the LO is 104

fits (MTBF = 105 h).

Fig. 3 and Table III indicate that 1) MTBF decreases

by one order of magnitude with increase in LO power of

1.5 dB; 2) for the LO in which a frequency multiplier is

used, a tripler or a doubler gives more power when com-

pared with a quadruple; 3) since at present a cavity loss

of 3 dB is inevitable in the 80-GHz band, the LO in which a

frequency multiplier is used gives more power; 4) the

amplifier has about the same failure rate for all cases, and

has about 50 percent of the total failure rate.

B. transmitter Power with and without IillPATT

Power Amplijier

The output power of the amplifier PamP connected to an

upconverter is expressed as

(9)

where P~ is the LO power incident to the upconverter and

n is the conversion efficiency of the upconverter; L1 is

the connecting circuit loss from the output port of the up-

converter to the input port of the amplifier; GA is the

amplifier power gain. The transmitter power Pout is

P Out = PamP/L2 (lo)

where L2 is the circuit loss from the amplifier output port

to the panel outptit port.

TABLE N
CONNECTINGCIRCUIT Loss (DECIBELS)

~i

Local-Oscillator O@mt-Up-Converter Input

Up-Converter Output.+lMPATT Ampl~fuer Input (1 )

IMPATT Amplifier Output.-Pal1el Output

fJp-Ccmverter OutpukPanel Output

Note: Connecting circuits are, *three circulators and one bandpa&
filter, **two circulators and one directional coupler for monitoring
power, and *** two circulators, one bandpass filter, one directional
coupler, and one straight waveguide.

151 1 1 I

AMPLIFIER GAIN GA [dB]

Fig. 4. Panel output power as a function of amplifier gain for various
compressions. Total MTBF = 1 x 105 h.

In the panel without an amplifier Pout is given by

P
Out

= P~ . q/L3 (:11)

where L3 is the connecting circuit loss from the upconverter

output port to the panel output port.

From (1)-(1 1) one can calculate the transmitter power

and reliability of the millimeter-wave portion of the trans-

mitter–receiver panel. The millimeter-wave portion includes

the LO upconverter and IMPATT amplifier. Since in the

downconverter, power dissipation is sufficiently low com-

pared with its power-handling capability, the contribution

of the downconverter to increase in the total failure rate is
negligible. Losses of connecting circuits L1, L2, and L3

and the loss between the LO output port and upconverter

input port are listed in Table IV.

Figs. 4-6 show the relation between the panel output

power and reliability for two kinds of transmitter-receiver

panels. One has only an upconverter (panel UP), and the

other has an amplifier following the upconverter (panel AP).

Data shown in Figs. 4-6(a) are results for panel AP, and

Fig; 6(b) is for panel UP,

Fig. 4 shows the transmitter output power (panel output
power) PQU, as a function of amplifier gain when the total

compression is 1.5 and 3 dB and the total MTBF (combined

for the LO, upconverter, and amplifier) is 105 h. For the

left arm of the curve, the output power is limited by MTBF’s

of the upconverter and LO, and for the right arm, it is

restricted by the MTBF of the amplifier. The output power

increases with compression. However, when the com-
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TABLE V
RELIABILITY ALLOTMENT AND POWER LEVELS OF THE TRANSMITTER-RECEIVER PANEL

Local oscillator Up”-converter WIPATT amplifier

Total

Panel

output Failure output Junction Failure Gain Outpllt Junctio; Failure output

failure power rate [fit] power temperature rate [fit) (d Et] power temperat,,re r~tfj (fit] power

rate [fit] dbm] (dBm rise~C] [dBmJ rise (“Cl f’dwnl

103 18.5 4.80X1(3
2

9.0 64.0 1.56X102 6.3 12.8 159.2 4.37X102 10.8——.

104 20.0 3.92X103 10.5 80.1 7.55X102 6.4
.—

14.4 192.0 5.05%103 12.4

105 21.7 5.55X {04 12.2 106.5 7.66%103 6.2 ‘-—15.9 222.6 3.76x104 13.9
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Fig. 5. Relation between total MTBFand panel output power. The

envelope shows the relation when the gain is optimized. Total
compression = 1.5dB,,and both theupconverter andamplifier have
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pression increases the degradation in pulsed waveform may

occur. In the W-40G iystem the compression was determined

to be less than 1.5 dB from the experimental data [7].

When the gain is 5-7 dB, the maximum output power is

obtained. Fig. 5 shows the MTBF versus Pout for various

values of the LO power PL incident to the upconverter,

where the total compression is 1.5 dB and both the up-
converter and amplifier have the same compression of 0.75

dB. When PO., is low, the MTBF does not change with Pout.

In this region the total MTBF is determined by the LO.

When Pout increases, however, the MTBF of the amplifier

becomes dominant and Pout decreases by about 1 dB with

the increase in MTBF by one order of magnitude. The

envelope of these curves shows the maximum output power

when the gain is optimized. An output power of 12.5 dBm

is expected for the case where the total MTBF is 105 h.

Table V shows the power level of each component and

reliability allotment when the total reliability is, fixed.

Fig. 6(a) shows the relation between the total MTBF and
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Fig. 6. Relation between the panel output power and reliability.
(a) Reliability and panel output power for various amplifier gains.
(b) Reliability and panel output power for various compressions of
the upconverter. Panel AP: the panel with an .IMPATT amplifier.
Panel UP: the panel without an IMPATT amplifier.
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the panel output power for various amplifier gains when the

total compression is 1.5 dB and both the upconverter and

amplifier have the same value 0.75 dB. When the gain is

kept constant, the output power decreases by 1.5 dB with

the increase in MTBF by a factor of 10, Fig. 6(b) shows

MTBF versus PO., for various compressions of the up-

converter. Fig. 6 tells us that the panel output power in-

creases by 2.5 dB by introducing an IMPATT amplifier

following the upconverter.

IV. DESCRIPTION OF SYSTEMHARDWARE

According to design considerations described in the

preceding sections, two transmitter-receiver panels have

been built. One employs an upconverter on the output stage

(panel UP), and the. other has an IMPATT amplifier

following the upconverter (panel AP). Both of them were

designed to have the same MTBF with respect to the

millimeter-wave portion.

A. Local Oscillator

The LO described here consists of a source oscillator

whose frequency is stabilized by means of a high-Q cavity,

a tripler or a doubler, and an IMPATT amplifier. Since a

tripler or a doubler gives more LO power when compared

with either a quadruple or the case without a frequency

multiplier, these two multipliers were tested. The doubler

was used in panel UP and the tripler was in panel AP.

Oscillation frequencies of the source oscillators are 28.217

GHz for panel UP and 42.325 GHz for panel AP, res-

pectively. The resonant mode of the cavity is the cylindrical

TE012 mode, and the measured unloaded Q is about 9000

at 42 GHz.

The frequency multiplier has a crossed waveguide con-

figuration and the diode is placed at the junction. The

tripler is composed of three kinds of waveguides and a

coaxial circuit which couples these waveguides. The wave-

guides are the R-2603 for input, R-3203 for idler termination,

and R-7403 for output. In this tripler, the conversion loss is

9 dB and the output power is 14 dBm when the input is

23 dBm. The doubler has two waveguides: R-5003 for

input and R-7403 for output. The output is 11.5 dBm and

the conversion loss is 7.3 dB. The estimated junction

temperature rise is 63°C for the tripler diode and 55°C

for the doubler. The frequency change is less than ~ 7 x

10-5 for the ambient temperature O-5(PC.

Fig. 7 shows block diagrams of the LO’s in panel UP and

panel AP. Power levels at various planes are shown in the

figure: the source-oscillator output powers at point A are

23.0 dBm (panel UP) and 19.4 dBm (panel AP), and the LO

output powers at point B are 18.7 dBm (panel UP) and

18.8 dBm (panel AP). As some part of the total failure rate

should be alloted to the signal power amplifier in panel AP,
the junction temperature of the IMPATT diode is kept

lower by 10°C compared with the IMPATT diode of the

LO in panel UP. The junction temperature rise of the

3 Waveguide inside dimensions in millimeters: R-260:8.636 x 4.318,
R-320: 7.122 X 3.556, R-500 :4.775 X 2.388, R-740: 3.099 X 1.549.

(a)

IMPATT amplifier

m

Cavity A

: J:urc 3’ ‘;-w “FJ’”z’

~2.325.GHzc’r’”~r

(b)

Fig. 7. LO constructions and power levels. (a) The LO in panel UP.
(b) LO in panel AP.
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Fig. 8. Output versus input of the 86-GHz upconverter.

3

IMPATT diode in panel AP is 173”C, which offers an

MTBF of 7.8 X 105 h.

B. Upconverter

The diode is biased backward by the rectified current

through a resistor connected in the dc circuit. Resistance

is chosen so as to give the minimum conversion loss. The

diode junction diameter is 7 pm. Electrical contact is made

by a gold-plated whisker, the diameter of which is 30 pm.
Fig. 8 shows the input-output characteristics of the ulp-

converter in panel UP. When the incident LO power and

IF power are 18 and 16.7 dBm, respectively, 11.9 dBm of

output power (which corresponds to a panel output power

of, 8.9 dBm) is obtained with a gain compression of 1.5 dll.

The estimated junction temperature rise is 58.7°C. Accolrd-
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ing to (l), this upconverter is expected to have a failure

rate less than 100 fits when theambient temperature is25°C.

The upconverter in panel AP yields 7.9 dBm with a com-

pression of 0.7 dB, when the incident LO and IF powers are

16.3 and 12,6 dBm, respectively. The junction temperature

rise is 33”C. At this junction temperature the expected

failure rate is negligible.

C. IA4PA TT Power Ampll@er

In this section the negative resistance amplifier for

amplifying the upconverter output power used in panel

AP is described. The amplifier is of a reflection type, and

cdnsists of a waveguide wafer-type diode holder, a circulator,

and a movable waveguide short. The waveguide wafer
consists of an IMPATT diode which is mounted on a

diamond heat sink, and a coaxial cavity which is cross

coupled to the waveguide [14], [18].

Fig. 9 shows characteristics of the 86-GHz amplifier.

The junction diameter is 27 pm and the breakdown voltage

is 11 V. Fig. 9(a) shows the power transfer characteristics.
The output power is 12.6 dBm when the input is 5.6 dBm

(gain compression = 0.8 dB). Fig. 9(b) shows the output
power versus frequency characteristics for an input power

of 5.6 dBm. The output deviation is less than 1 dB for the

frequency range~O t 400 MHz (~0 = 86.35 GHz). Fig. 10

shows the output pulse response for the case where the “in-

put phase abruptly changes from ‘O to ‘n rad. The output

waveform distortion is very small. Measured group delay
time was less than 0.5 ns in the frequency range ~0 A

400 MHz. The junction temperature rise of the diode is

170”C and MTBF is 9.8 x 105 h when the ambient tem-

perature is 25°C.

7c/2

1.00,75 0.5 0.30.15 -0.15-0.3°5

Fig. 10. Transient response of the IMPATT amplifier. Input is a
o phase step. Numerical values in this figure express the
tra;s;nt time (nanoseconds).

TABLE VI
OVERALL CHARACTERISTICS OF

86-GHz TRANSMITTER–RECEIVER PANELS

Panel UP Panel AP

Carrier fO = 86.35 GHz

IF 1.7 GHz

Panel output power [dBm] 8.4 10.7

Transmitter Output power [dBm] 10.4 7.9

Compression [dBl 1.1 0.7

JJp-con~erter Incident 10..1 power rdBm7 18 16.3

Incident IF pcwer [dBl 16.2 12.6
;utiction temperature PC 1 81 58

Output power [dBm] 12.6
IMPATT amplifier

Compression [dB] 0.8

Gain [dB] 7.0

JwKtiOn temperature [“C 1 195
__— —

Amplitude deviation [ciBl fe + 400 MHZ 1.1 1.0

Down-converter Conversion loss [dE 1 5.8 7.6
Incident local power [dBm] 6

Receiver Junction temperature G 1 <40 (4 o

I ldB] I I

Local

oscillator

Frequency stabdity <f7x10->

Construct ion Fig.8(a)

output power [dBm] 18.7 18:

Source Oscillator Output power [dBm] 23 19.4
,Junctio” temverat.re [°C 1 157 156

Junction tempe~atu>a PC] 205 198

Note: 1) The ambient temperature is assumed to be 25°C. 2) Junction
diameter of the downconverter diode = 3 pm. 3) Total failure rate of
above components = 2270 fits (panel UP), 2350 fits (panel AP).

D. Overall Characteristics of Transmitter-Receiver Panels

The overall characteristics of panels UP and AP are

summarized in Table VI. The total failure rate is less than

2400 fits.

CONCLUSION

Reliability of semiconductor active devices is determined

by the junction temperature of diodes used. The practical

devices and equipment for a guided millimeter-wave

transmission system should be highly reliable and produce
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high powers. In this paper the reliability of LO’s, upcon-

verters, IMPATT amplifiers, and transmitter–receivers was

calculated and the reliability allotment to each component

was made for given reliabilities. The analysis shows that

an optimum amplifier gain exists which gives the maximum

transmitter power. It also shows that power increase by

introducing an IMPATT amplifier following the upcon-

verter is about 3 dB when the total MTBF is 105 h. Active

components and transmitter–receiver modules have been

constructed for use at 86 GHz based upon the reliability
design as well as RF performance design.

APPENDIX

POWER GAIN, OUTPUT POWER, AND COMPRESSIONOF

AN IMPATT AMPLIFIER

An IMPATT amplifier is composed of an IMPATT

diode, a circulator, a signal source, and a load. Let us

consider the case where the circuit is adjusted so as to give

maximum power gain. Then the equivalent circuit seen

from the diode terminal is expressed as a parallel connection

of three components: – G (diode negative conductance);

G~ (load conductance); and 1 (current source).

The available power of the signal source Pi., power gain

GA, and output power Pamp are expressed as

Pin = 12/4GL

GA = (GL + G)2/(GL – G)2

P amp = Pin “ GA. (Al)

Negative conductance of an IMPATT diode is a function

of the RF voltage across the diode V~, and is approximately

expressed as [12] -[14]

G = G~(V~ – V.)2/V~2 (A2)

where GM is the maximum absolute value of the negative

conductance, and V~ is the RF voltage across the diode

when the negativp conductance becomes zero. 1“~is expressed

by the current source and conductance as

V~ = Z/(G. – G). (A3)

The maximum oscillation power PO~Cof the preceding

diode is obtained when G = G~/2, and is given by

P Osc = GM V~2/4. (A4)

From (A1)-(A4), one can obtain the ratio of the amplifier

output power to the maximum oscillation power p (p =

Pamp/Po,c), the gain compression ( (t = G~,JGA; G~,~ is

the power gain when G = GJ, and GA as follows:

p = (9L + d2(1 – g)/gL

GA = (9L + g)2/(gL – d’

t = [(%. – d2/(gL + 9)2]“ [(9L + 1)2/(gL – 1)2]
(A5)

where g. = GL/G~ and g = G/G~.

701

By eliminating g~ and g from the preceding equations,

one can obtain the relation among p, GA, and ~ as

ACKNOWLEDGMENT

The authors wish to thank Dr. K. Miyauchi, Dr. S.

Shimada, and Dr. Y. Sato for their helpful guidance and

fruitful discussions. The authors also wish to express their

thanks to the members of Nippon Electric Company, Ltd.,

and to the members of Fujitsu Laboratories, Ltd., fc)r

their cooperation in manufacturing.

REFERENCES

[1] Technical papers of Conference on Trunk Telecommunications by
Guided Waves. Se~t. 29/Ott. 2.1970. London.

[2] T. E. Abele, D: A.’Alsberg, and P. T.’Huchison, “A high-capacity
digital communication system using TEO, transmission in circular
waveguide,” IEEE Trans. Microwave Theory Tech., vol. MTT-23,
pp. 326-333, April 1975.

[3] R. W. White, M. B. Read, and A. J. Moore, “Recent British work
on millimetric waveguide system,” IEEE Trans. Corrwmmicdion
Sot., vol. COM-22, pp. 1378-1390, Sept. 1974.

[4] J. R. Mahieu, J. N. Marchalot, J. P. Boujet, G. I.. Coz, P. Gibeau,
and J. V. Bouvet, “Technologies avanc6es d6velop6es par l’in-
dustrie pour les 6tudes sur le guide d’ondes circulaire,” Armale.r
T&%ommunicutions, vol. 29, pp. 443-464, Sept./Ott. 1974.

[5] G. Hanke. T. Adachi. and D. Briggmann. “640 Mbit/s PCM

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

regenerator for a broadband experirn;ntal waveguide system,” in
Proc. 1974 European Microwave Con&, pp. 634-638.
P. Bernardi, G. C. Corazza, G. Fahclasecca, R. Koch, G. Magn?,
G. A. Mastellari, G. B. Stracca, and F. Vardoni, “Italian experi-
mental equipment for high bit rate transmission on circular
waveguide,” in Proc. 1974 European Microwave Con~, pp. 619–
623.
K: Miyauchi, S. Seki, N: Ishida, and K. Izumi, “W-40G guided
mdhrneter-wave transmnsion system,” Reoiew of Electrical
Communication Laboratories, vol. 23, pp. 707-741, July/August
1975.
H. J. Kuno and P. H. Pusateri, “[Jse of solid-state components for
mm-wave measurements,” Microwave Journal, vol. 17, no. 8,
pp. 35-40, August 1974.
Y. Sato and M. Fuiimoto. “Millimeter-wave GaAs diodes.”
Review of Electrical C;mmun~cation Laboratories, vol. 23, pp. 939-
~47,s:Jl:~pgust 1975.

“Millimeter-wave Si IMPATT diodes,” Review of
Electrical ‘Communication Laboratories, vol. 23, pp. 948-958,
J;ly/;Au#oyi 1975.

“OMimum iunction diameters of 80-GHz band
IMPATT diodes,;’ Proc. IEEE, vol. 62, pp. 537-538, April 1974.
M. S. Gupta, “Large-signal equivalent circuit for IMPATT-diode
characterization and its application to amplifiers,” IEEE Trans.
Microwal,e Theory Tech., vol. MTT-21, pp. 689-694, Nov. 1973.
H. J. Kuno, “Analysis of nonlinear characteristics and transient
response of IMPATT amphfiers,” ZEEE Trans. Microwaue Theory
Tech. vol. MTT-21, pp. .694-702, Nov. 1973.
H. J. Kuno and D. L. English, “Nonlinear and large signal
characteristics of millimeter-wave IMPATT amplifiers,” Z.EEE
Trans. Microwaue Theory Tech., vol. MTT-21, pp. 703–706,
Nov. 1973.
M. Akaike, N. Kanmuri, and H. Kate, “Junction-temperature-
rise calculation of millimeter-wave diodes,” in 1974 IECE (Japan)
National Convention. ~a~er 964.

[15]

[161 IJ.c~r~T&~1a:$4~ A Whitmer, Crystal Rectifiers. New Ycxk:

[17] H. Kato and’ K. Kaneko, “Junction temperature elevation~ of
varactor diodes.” Trans. IECE (Javan). vol. 58-B. tm. 385–392.
August 1975.

. . . . .

[18] H. Hayashi, F. Iwai, T. Fujita, M. Akaike, and H. Kate, “80 GHz
IMPATT amplifier,” in 1974 IEEE International Solid-State
Circuit Conf., paper THAM9.6.


