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Abstract —TMs paper dkcusses the feasibility of employing ahsmina

substrates instead of fused quartz or sapphire substrates in millimeter-wave

integrated circuits (IC’S), an attractive prospect since alumina boasts

considerable advantages over either of the other materials.

Millimeter-wave 50-GHz components were developed on alumina sub-

strates. These included passive components, a mixer, an ASK modulator,

and aasoscillator. Empirical resnlts for both oscillator stabilization using a

dielectric resonator and a new application of a GaAs FET in a

millimeter-wave oscillator-doubler are presented.

Examples of integrated systemsusing millimeter-wave IC’S are atso
presented.These systems include a compact Doppler radar front-end for an

automobile ground-speed sensor, and a transmitter/receiver for digital

radio equipment. All of them are fabricated on ahrmina substrates.

I. INTRODUCTION

I

N 1979, THE WORLD Administrative Radio Con-

ference adopted a frequency utilization plan for the

millimeter-wave spectrum beyond 40 GHz. This plan

Manuscript received May 5, 1982; revised August 2, 1982.
The authors are with Fujitsu Laboratories, Ltd., Kawasaki, Japan 211.

opened the door to a broad range of commercial applica-

tions for millimeter-wave radio in the 1980’s.

Integrated circuit (IC) technique in the millimeter-wave

range will be the key to achieving compact and cost-effec-

tive systems. Until now most of the millimeter-wave IC’S

have employed fused quartz, sapphire, and/or other sub-

strate materials, but it would be difficult to commercialize

millimeter-wave IC’S utilizing these materials. Quartz re-

quires special handling because of its low mechanical

strength. Sapphire has high mechanical performance but is

very expensive. Other materials such as copper-clad are

easy to handle, but it is difficult to accurately form tiny IC

patterns and thin-film resistive materials on the substrate.

Alumina ceramic material is predominantly used as the IC

substrate in the microwave range.

This paper shows that alumina can be used for millime-

ter-wave IC substrates. The empirical design equation de-

veloped for microwave frequencies together with basic

properties of microstrip lines on substrates can be extended

to the millimeter-wave frequencies.

0018 -9480/83/0200-0121 $01.00 01983 IEEE
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Millimeter-wave components have been developed at 50

GHz. These included passive components. a mixer, an

amplitude shift keying (ASK) modulator, and an oscillator.

A dielectric resonator has been used to stabilize oscillation

frequency in order to reduce the size and cost of the

oscillator.

The application of a GaAs FET in a millimeter-wave

oscillator-doubler and system applications of millimeter-

wave IC’S are also described.

II. MICROSTRIP LINES ON ALUMINA SUBSTRATES

Table I shows the properties of various microwave IC

and millimeter-wave IC substrate materials. It shows that

the flexural strength of alumina is superior to that of

quartz, so it does not require special handling. And com-

pared with sapphire, alumina delivers equivalent electrical

and mechanical performance except for surface roughness,

while being one hundredth of its cost. Other materials,

RT/duroid [1] for example, have disadvantages in regard

to fabricating IC patterns. Millimeter-wave IC patterns

cannot be formed accurately because it is difficult to

fabricate metal conductors that are both narrow and tall,

and thin-film resistive material for a dummy load and dc

bias circuit cannot be formed on these substrates. How-

ever, inexpensive and producible millimeter-wave IC’S could

be built using alumina.

In order to investigate the electrical performance of

alumina in the millimeter-wave range, we measured the

propagation loss of a microstrip line and the effective

dielectric constant of an alumina substrate.

The thickness of the substrate determines the cutoff

frequency of the unwanted mode. It is important to design

the microstrip line so that unwanted modes are higher than

the upper operating frequency. For this study, the sub-

strate thickness was 0.2 mm and the cutoff frequency of

surface TE mode (the lowest of the unwanted modes) was

127 GHz, sufficiently higher than the operating frequency

of 50 GHz.

An Au–NiCr metal system was used to form the micro-

strip line. The gold was electroplated to a thickness of 1.5

pm on 250 A + 50 A of nichrome layer.

Fig. 1 shows the measured and calculated results of

propagation loss in a microstnp line for various line lengths

at three different frequencies. The loss per unit length is

determined by the slope. The measured loss at 50 GHz was

0.57 dB per centimeter. The difference between measured
and calculated loss is within 5 percent. The calculated

value includes mainly conductor loss obtained assuming

uniform current distribution. And the dielectric loss is

negligibly small, less than the 5-percent conductor loss.

Reference [2] gives propagation loss of the microstrip
line on the 0.76-mm thick quartz substrate at 30 GHz.

From comparison with these results, measured loss and

calculated loss are almost the same in alumina at 50 GHz

and in quartz at 30 GHz. Thus, the loss factor of a

microstrip line on an alumina substrate is similar to that on

a quartz substrate.

It is necessary to know the accurate value of an effective

dielectric constant in order to determine the circuit dimen-
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Fig. 1. Measured and crdculated propagation loss in a microstrip line on

~ 0.2-mm thick ahunina substra~e & ~ function of line length at three

different frequencies.
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afumina substrate as parameters of the line impedance of the ring type
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TABLE I

MATERIAL PROPERTIES FOR IC SUBSTRATES

Material

&r 9.7 3.8 -4,0 9,3- I 1.7 2.2

tanf (at 10 GHz) 2XIO”4 I XIO-4 < I XIO-4 9X10-4

Flexural strength
(kg/cm2)

3100 700 7000 —

Thermal conductivity
(cal/cms OC)

0.06 0.003 0.09 —

Surface roughness
CLA (pm) 0.4 0.03 003 —

Relative cost I 0,1 -0.5 20- 100 0.3 -0,5

sions necessary in the design of millimeter-wave IC’S. A

ring type resonator like that shown at the bottom of Fig. 2

was used to get an effective dielectric constant. Based upon

the frequency response of the resonator,

electric constant was determined by the

tion:

( }
2

nC

ceff = 77(2r + W)fn

the effective di-

following equa-

(1)
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where n is the resonant number, C is the light velocity, fn is

the resonant frequency at n, r is the inner radius of the

rescmator, and w is theline width of the resonator.

The dotted line in Fig. 2 shows changes in the effective

dielectric constant with respect to the frequency for the

characteristic impedance of 50 il. The solid lines in the

figure show the values calculated by the following equation

[3]:

tIeff = n’z(f-fd)+ceff(o) (2)

where m is the coefficient determined by line dimension, fd

is thle lowest frequency value at which the frequency depen-

dence is significant, and ceff (0) is the static dielectric con-

stan t.

The measured result curve agrees well with the calcu-

lated one in this figure. Equation (2) is empirical and

derived in the microwave range, Results show that this

equation can be applied to the millimeter-wave range.

Alumina is suitable as the substrate of r+-dlirneter-wave

IC’S, considering things such as electrical performance,

cost, and mechanical strength. The surface roughness of

alumina has a negligible effect on pattern accuracy.

III. MILLIMETER-WAVE IC COMPONENTS ON

ALUMINA SUBSTRATES

A. Passive Components

A branch-line type 3-dB hybrid was developed to study

the effects of small dimensions. As the line width and

diameter of the circle were very small and about the same

size, it was assumed that the lines would interact and that

actual line impedance would differ from the calculated

value. A hybrid was first designed, then the line width was

iterated based on experimental results. The diameter and

line width of the hybrid were 1.1 mm and 0.4 mm, respec-

tively. Fig. 3 shows the characteristics of the hybrid. The

isolation and dead loss are more than 20 dB and less than

0.6 dB over the frequency range from 45.5 to 52.5 GHz,

respectively,

Other passive components such as a backward-wave type

10-dB directional coupler, a coupled line for dc blocking,

and a dummy load were also developed as reported in [4].

The important considerations in the design of the direc-

tional coupler were that the 50-!il line width widens to the

1/8 wavelength at 50 GHz and that the even- and odd-

mode characteristics are different from those in the micro-

wave range. The effective coupling coefficient is larger than

the calculated one for these reasons, and corrections be-

come necessary.

A circulator is an important component in radio equip-

ment. A ferrite-disk type IC circulator has been developed

for the 26-GHz band [5]. However, it is difficult to manu-

facture because of its complex configuration. We devel-

oped a 50-GHz IC circulator on a ferrite substrate. Ni–Zn

ferrite with a saturation magnetization of about 5000 Gauss

was used. The circulator pattern was 4 mm square and the

ferrite substrate was 0.2 mm thick. The diameter of the

junction was determined to be 0.9 mm from theoretical and

empirical results. The ferrite substrate was magnetized to a
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Fig. 3. Characteristics of a branch-tine type 3-dB hybrid.
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Fig. 5. Characteristics of a 50-GHz IC circulator. Both insertion loss
and isolation of the circulator with a pole piece are superior to those
without a pole piece.

value of more than 1800 Oe by a magnet made of rare-earth

material. A pole piece with a diameter less than the junc-

tion diameter was fixed on the junction conductor with

epoxy adhesive as shown in Fig. 4. Fig. 5 indicates that the

pole piece improved circulator performance. The circulator

with the pole piece has an insertion loss of less than 0.9 dB

and an isolation of greater than 20 dB over the frequency

range from 48 to 51.5 GHz.

B. Mixer and ASK Modulator

A single-ended type IC mixer was also developed. The

diodes were commercially available silicon- (Si-) or GaAs-

Schottky-barrier diodes (SBD) of the beam-lead type. Con-
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Fig. 6. Noise figures at the bias currents for GaAs-SBD and Si-SBD in
the IF frequency range (Doppler frequency) from 2 to 58.6 kHz.

version loss from 50 GHz to 70 MHz at a local level of 7

dBm was 8 dB for Si-SBD and 6.5 dB for GaAs-SBD over

the frequency range from 47.5 to 50.5 GHz. At very low

output frequencies, however, Si-SBD showed a better noise

figure than GaAs-SBD. Fig. 6 shows measured noise fig-

ures at diode bias conditions in frequencies of 2–58.6 kHz.

These results show that GaAs-SBD is superior to Si-SBD

as a down converter for communications equipment, and

that Si-SBD is suitable as a mixer in a homodyne receiver.

An experimental ASK modulator consists of two 3-dB

hybrids and two switches, as shown in Fig. 7. It is a

balanced type modulator for good input and output im-

pedance matching when the switches are operated. This

construction has the advantage of no interference with

other circuits. The fan-shaped open stub is used in a

dummy load to reduce the dimension. The dotted line

indicates a switch in the figure. Each switch has two p-i-n

beam-lead diodes which are placed at one end of two open

stubs. The open stubs have the length of three quarter-

wavelengths and are placed at opposite sides of a transmis-

sion line, and are faced each other in order to get a high

on–off switching ratio (ON/OFF ratio). The switch oper-

ates as a band rejection filter when the diodes are forward-

biased. The modulator had an ON/OFF ratio of more

than 20 dB, insertion loss of less than 2 dB, and input

VSWR of less than 1.2. The pulse rise and fall time of the

modulator was less than 7 ns.

C. Oscillator

1) Frequency Stabilization by Dielectric Resonator: Tem-

perature stability is an important consideration in oscilla-

tor design. Various stabilization methods have been re-

ported using a cavity resonator, a microstrip line resonator,
or feedback loop using a discriminator associated with two

bandpass filters [6]. A cavity resonator has the best temper-

ature stability but is large. A microstrip-line resonator is

much less stable, and a feedback loop is complex. A

dielectric resonator is suitable as a frequency stabilizer for

an IC oscillator. It was used in a highly stable oscillator in

the microwave range [7]–[10].

We measured the frequency response of unloaded Q for

disk-shaped dielectric resonators. At lower frequencies (be-

low 10 GHz), the unloaded Q was measured using a

cylindrical cavity. At high frequencies, a dielectric resona-

tor with a thin quartz spacer was coupled with a microstrip
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Fig. 7. Illustration of a circuit pattern for a bafanced type ASK modu-
lator.
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Fig. 8. Frequency response of the unloaded Q of a disk-shaped dielec-
tric resonator.
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Fig. 9. Structure and pattern configuration of a 50-GHz Gunn oscdlator

stabilized by a dielectric resonator,

line on the alumina substrate [11]. A dielectric resonator

with a dielectric constant of 30–40 [11], [12] has a tempera-

ture coefficient of + 2 to + 4 ppm/O C at each resonant

frequency. The unloaded Q decreased from 7000 at 4 GHz

to 1200 at 50 GHz, as shown in Fig. 8.

A 50-GHz Gunn oscillator stabilized by a dielectric

resonator was developed. This structure is shown in Fig. 9.

The oscillation circuit is the band-rejection type. The di-

electric resonator is set at a distance of about three-quarters

of a wavelength from an encapsulated Gunn diode, and is

mounted on a fused quartz spacer, preventing degradation
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Fig. 10. Frequency stability against temperature of a 50-GHz IC oscilla-

tor using a dielectric resonator. Operating voltage and current are 4.6 V
and 930 mA. Output power is 13 dBm.

of unloaded Q and spurious response. The resonator has a

diameter of 1.1 mm and thickness of 0.6 mm. Oscillator

temperature coefficient compensation was achieved by op-

timizing the size and using the appropriate material for the

tuning screw and housing. The oscillator has a frequency

stability of less than ~ 100 ppm over a temperature range

from O to 50 ‘C, as shown in Fig. 10. The external loaded

Q vaJue of the oscillator is about 500. The output power is

about 13 dBm.

This frequency stability is sufficient for sensor applica-

tions [13] and small channel radio equipment. For use in

communications systems, however, the stability must be

improved by one order magnitude. Further improvement

in the unloaded Q factor of the dielectric resonator is also

necessary.

2) A New Millimeter-Wave Oscillator Using a GaAs FET

Oscillator - Doubler: Applications of GaAs FET’s to micro-

wave oscillators have already been demonstrated [7]–[9].

Highly stable millimeter-wave oscillators using GaAs

FET’s, however, have not been reported.

We experimented with a 45-GHz millimeter-wave IC

oscillator-doubler [14] using a common-drain GaAs FET.

An oscillator can give high frequency stability because it

uses an oscillator-doubler and dielectric resonator. At K-

bancl, the value of the unloaded quality factor of the

dielectric resonator is two to three times larger than at

millimeter-wave frequencies, as shown in Fig. 8.

Thle oscillator-doubler is based on nonlinearity between

the gate and the drain, or the source and the drain of the

common-drain GaAs FET. Fig. 1l(a) shows the input

(gate) impedance S,l plotted as a function of gate voltage

at a constant source voltage of – 8 V at various frequen-

cies. Fig. 11(b) gives the output (source) impedance S22 as a

function of source voltage at a gate voltage of – 1.8 V.

These figures indicate that nonlinearity of the gate-to-drain

is similar to that of the source-to-drain for bias voltage,

variations. These results show, therefore, that two types of

output port configurations can be realized for an

oscillator-doubler, as shown in Fig. 12(a) and (b). One is a

gate output oscillator-doubler based on gate-to-drain non-

linearity. The other is a source output based on source-to-

drain nonlinearity. These two types of oscillator-doubler

(a)

125

●

x
b

(b)

Fig. 11. Input and output impedances for various bias conditions of a

common-drain GaAs FET. (a) Input (gate) impedance S1,. (b) Output

(source) impedance S22.

Fig. 12. Schematic illustrations for two types of output port configura-

tions of oscillator-doublers using common-drain GSAS FET’s. (a) A

gate output oscillator-doubler. (b) A source output oscillator-doubler.
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Fig. 13. The pattern configuration of a 45-GHz source output oscil-

lator-doubler. For the gate output the pattern configuration is similar to
this figure.

configurations were first studied using 9-GHz oscillator-

doublers, then 45-GHz oscillator-doublers were made in

both configurations. Fig. 13 shows the pattern configura-

tion for the source output for a 45-GHz IC oscillator-dou-

bler. A fundamental oscillator circuit, a de-bias circuit, and

a rejection circuit for the fundamental frequency jO are

integrated in a compact unit. An open stub with a

quarter-wavelength is the low impedance at the fundamen-

tal frequency and reflects the power to a device. At the

doubler frequency 2~0, this open stub has no effect on

transmitting power because of its very high impedance.

Fig. 14 gives the experimental results of the oscillator-

doubler. A GaAs FET chip with a gate length of 0.7 pm

and a width of 1200 pm (fabricated by electron-beam
lithography [15]) was used in the experiment. The output

power for both the gate output and the source output was 7

dBm at 25 “C. At O “C, the output power of the gate

output increased to 11.6 dBm with power efficiency of 1.6

percent. The output power of the source output could not

be determined at O “C because the GaAs FET chip was
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Fig. 14. Characteristics of a 45-GHz oscillator-doubler using a com-
mon-drain GaAs FET.

broken during the experiment. The reasons for maximum

output power with the source voltage at room temperature

are being investigated.

It could not be shown which configuration was most

suitable as a GaAs FET oscillator-doubler.

If a dielectric resonator with a high unloaded Q value is

used in the circuit to stabilize fundamental oscillation at

K-band, the oscillator-doubler provides a highly stable

millimeter-wave local oscillator for use in radio equipment.

The oscillator-doubler will provide new applications for

GaAs FET as highly stable oscillators in the millimeter-

wave range.

IV. SYSTEM INTEGRATION OF MILLIMETER-WAVE

IC’S

A 26-GHz IC transmitter and receiver using alumina

substrates has been developed [16]. IC radio equipment for

50 GHz using alumina substrates has not been reported.

Two examples of system applications of 50-GHz millime-

ter-wave IC’S are discussed here.

A prototype 50-GHz band Doppler radar front-end for

an automobile ground-speed sensor was successfully fabri-

cated on an alumina substrate [13]. Fig. 15(a) shows the

exterior of a front-end module with a pyramidal horn

antenna and a front-end mount. The circuit pattern and an

interior view of the front-end mount are shown in Fig.

15(b). A Gunn oscillator, a single-ended type mixer, and a

10-dB directional coupler are integrated on a tiny substrate

2.5 mm wide and 10.8 mm long. A 10-dB directional

coupler is used for diplexing transmitting and receiving

signals to reduce cost. The pattern of 50-0 resistive material,

Ta2N, is tapered obliquely to the 50-fl line for good

impedance matching.

This front-end is a so-called homodyne receiver, with a

Doppler shift signal extracted from the mixer. The mini-

mum detectable signal level of the radar is mainly de-

termined by the noise figure of the mixer at Doppler

frequencies. The mixer has a Si-SBD because that Si-SBD

PYRAMIDAL HORN GUNN OSCILLATOR

/ \ 2.5mm

ASK MODULATION
SIGNAL INPUT ANTENNA

GUNN OSCILLATOR

ASK
MODULATOR

WAVEGUIDE-TO-IC
TRANSITION

I MIXER I

~~~~~L4E13DBHYBRID
PRE - IF
AMPLIFIER

Fig. 16. Block diagram of a 50-GHz IC transmitter/receiver.

TABLE II

SUMMARIZED PERFORMANCE OF A 50-GHz IC DOPPLER RADAR
FRONT-END

Operating frequency 49.4 GHz

OutDut Dower 2.8dBm
(Gunn oscillator) (14.4 dBm)

Minimum detectable -105.7 dBm
signal level (IF :0.4-4 kHz )

Doppler shift
frequency I 79.4 Hz/(km/hour)

Antenna I Pyramidal horn
(Gain) (22d8)

Dimensions I 40x 50x 35mm

Weight I 57 q

is superior to GRAs-SBD in the noise figure at Doppler

frequencies, as mentioned before.

The oscillator is stabilized by a simple strip-line resona-

tor, and has a frequency stability less than + 300 ppm.

Table II summarizes performance of the front-end.

An experimental model of a transmitter/receiver [17]

was designed for 10.7-Mb/s digital radio equipment. It

consisted of a Gunn oscillator stabilized by a dielectric

resonator, 3-dB hybrids, an ASK modulator, a waveguide-

to-IC transition, a small pyramidal horn antenna, a mixer,

and a pre-IF amplifier, as shown in Fig. 16. This system

adopted the ASK modulation method in order to simplify



TOKUMITSU et al.: 50-GHz IC COMPONENTS

Frequency T: 50.625 GHz R:51. IOOGHZ

Output power + 5 dBm

Frequency stabi Iit y I < t 100 PPM (0-50”C)

Modulation I ASK

Transmission capacity I 10.7 Mb/s

Antenna gain I 14 dB(harn)

Noise figure I 17 dB

IF frequency I 475 MHz

Dimensions I 54 X48x 15mm

Weight 200 g
—

the hardware configuration. A GaAs-SBD used in the

mixer was biased for low-power operation. A conversion

loss of 6.5 dB was obtained at O-dBm local power when

1.5-mA current was applied. Fig. 17 shows an interior view

of the IC unit.

Table III summarizes characteristics of the transmitter/

receiver. Output power of 5 dBm was obtained when the

two switches were on-state. The noise figure of the receiver

was 17 dB, which could be improved 2 or 3 dB if an IC

circulator was used as a diplexer. The dimensions of the

transmitter/receiver were only 54X 48X 15 mm. The size

of the millimeter-wave I(Ys was about half that of the

transmitter/receiver.

T!his transmitter/receiver is suitable for a low-cost dig-

ital radio system such as a local data distribution system.

V. CONCLUSION

Several basic parameters, such as propagation loss and

an effective dielectric constant, were measured to validate

the feasibility of millimeter-wave IC’S using alumina sub-

strates. Results show that empirical equations obtained in

the microwave region are also applicable in the millimeter-

wave region.

Millimeter-wave IC passive components using alumina

or ferrite substrate, such as a branch-line type 3-dB hybrid,

a backward-wave type 10-dB directional coupler, a coupled

line for dc blocking, a dummy load, and a circulator, were

successfully developed.
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an oscillator is feasible at 50 GHz, although the unloaded

Q of the dielectric resonator must be improved for com-

plete system employment.

A 45-GHz GAs FET IC oscillator-doubler was dem-

onstrated, which was based on nonlinearity of either the

gate-to-drain or the source-to-drain for a common-drain

GaAs FET. The results indicate that a GaAs FET will be

able to replace the Gunn diode’ and IMPATT diode oscilla-

tor in the millimeter-wave region.

Examples for system applications of millimeter-wave

IC’S, such as a Doppler radar front-end for an automobile

ground-speed sensor and a transmitter/receiver for digital

radio equipment, were also fabricated on alumina sub-

strates.
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Design of Dielectric Ridge Waveguides for
Millimeter-Wave Integrated Circuits

TAICHI WANG, STUDENT MEMBER, IEEE, AND S. E. SCHWARZ, SENIOR MEMBER, IEEE

Abstract —All-dielectric ridge waveguides may be useful as elements of ing guides and couplers to obtain the desired characteristics. The principal
millimeter- and submillimeter-waye integrated circuits; A planar metallic method used is simulation in the range 2-7 GHz. We find that with good

V-coupler can be used to couple energy between the guide and small circuit compromise designs, typical coupling loss between wayegttide and a small

elements such as dksdes. Desirable characteristics in such a Wide/coupler device is atrmrt 1.4 dB, exclusive of dielectic 10SS and ohmic IOSS in the

system are a) quasi-single mode propagation; b) low radiation loss in coupler.

bendy c) low coupling loss between guide and devices and d) adequate

physicaf strength. In this paper, we discuss the generat problem of design-
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