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Abstract—This paper presents a highly manufacturable cou-

pled line structure for MMIC’S which uses embedded micro-

strip to achieve tight coupling and employs the process steps

necessary to make metal-insulator-metal (MIM) capacitors.

Passive circuits demonstrated using this technique include a

single-section 5-21 GHz broadband 3 dB coupler fabricated on

both 75 and 125 pm thick GaAs substrates and a 6-15 GHz 90°
Schiffman section fabricated on a 125 pm thick GaAs substrate.

The coupler and the Schiffman section use tight (2 dB) to ex-
tremely tight (0.7 dB) coupling factors, respectively. Addition-

ally, two single-section 2-7 GHz couplers are compared, one
having a crossover and one without. This is the first time that

a coupler has achieved such a wide bandwidth on thin GaAs
substrates. Complete test data are presented, including the am-

plitude, isolation, and phase response of the couplers and the

phase and amplitude response of the Schiffman sections.

INTRODUCTION

QUADRATURE couplers are indispensible micro-

wave components as they are used in phase shifters,

balanced amplifiers, discriminators, mixers, baluns, and

other microwave circuits. Many of these applications re-

quire broad-band 3 dB couplers which are traditionally

realized using tightly coupled interdigitated multiconduc-

tor microstrip lines, such as the Lange coupler [1]-[3],

and using the broadside-coupled structures [4]–[9]. Out

of these couplers, only the Lange c~upler configuration is

compatible with monolithic microwave integrated circuit

(MMIC) technology. In a Lange coupler, the conductor

widths and the spacings between the coupler’s conductors

can be produced with standard thin-film manufacturing

processes on thick low-dielectric constant substrates

(thickness >250 ~m, e, < 10). However, on thin GaAs

substrates used for MMIC’S (thickness - 75– 135 pm, e,
. 12.9), tightly coupled structures are difficult to realize

because the conductor width and the spacing between the

conductors become prohibitively small. For example, a

process with a minimum line width of 8 pm and a mini-

mum spacing of 8 ~m cannot be used to fabricate a 3 dB

Lange coupler on a 75 pm thick substrate because dimen-

sions of approximately 4 pm are required. Other tech-

niques, such as quasi-broadside coupled lines [10] and

semireenterant sections [11], have been proposed as al-
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ternative techniques to achieve tight coupling with rea-

sonable manufacturing tolerances. These coupled line

structures require an extra dielectric layer, usually poly -

imide, whose thickness must be adjusted to control the

coupling factor which does not allow other structures on

the same substrate to use different coupling factors.

This paper presents a coupled line structure that uses

embedded microstrip to achieve extremely tight couplings

on thin substrates. Additionally, this structure allows each

component on the same IC to use different coupling fac-

tors. Broad-band 3 dB quadrature couplers fabricated on

75 and 125 pm thick GaAs substrates and a Schiffman

section fabricated on a 125 ~m thick GaAs substrate dem-

onstrate the capabilities of this structure. Because many

circuits such as balanced amplifiers require the coupled

and direct ports to be located on the same side of the ~cou-

pler, a coupler with a crossover is fabricated and its per-

formance is compared with a coupler without the cross-

over. The fabrication of these circuits does not reqpire

any extra processing steps for the typical MMIC process,

as they are made with the same process steps as metal–

insulator–metal (MIM) capacitors.

CIRCUIT DESIGN

The coupling factor of multiconductor couplers can be

increased by decreasing the spacing between the coupler’s

conductors. Typically, MMIC metallization processes use

a plate-up technique that can achieve low loss and uni-

form spacings. The conductors, which are plated 4-51 pm

thick, must have spacings between the conductors greater

than 8 pm to achieve high yields. Unfortunately, dimen-

sions of half this size are required for the realization of a

3 dB coupler on a 75 pm thick GaAs substrate.

The embedded microstrip coupled structure dennon-

strated in this paper mitigates the limitations of the pho-

tolithographic and plating processes. The embedded mi-

crostrip line coupler consists of two parallel strip

conductors placed in close proximity, in which one strip

is embedded in a dieletric. In this case, the parallel con-

ductors can be placed very close or overlapped to each

other. Fig. 1 shows a cross-sectional representation of an

embedded microstrip coupled line structure that provides

a coupling factor of 2 dB, and that can be used to make

couplers having a bandwidth of several octaves. This

structure consists of two 30 ~m wide edge coupled con-

ductors on the GaAs substrate. Fig. 2 contains a cross-
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Fig. 1. Cross-sectional representation of the coupled line structure used to
fabricate a 6-21 GHz coupler on a 125 pm GaAs substrate.
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Fig, 2. Cross-sectional representation of the coupled line structure used to
fabricate an octive bandwidth Schiffman section on a 125 pm GaAs sub-

strate.

sectional representation of a very tightly coupled line

structure used to realize a 90° Schiffman section. The

Schiffman section employs a 90° coupled line shorted at

one end, and is typically used in phase shifters. It pro-

vides 90° of insertion phase with respect to a 90° length

of transmission line over a wide bandwidth. The band-

width can be greater than an octave if an extremely tight

coupling factor of approximately 0.7 dB is used. To

achieve this extremely tight coupling factor, the conduc-

tors must be overlapped, forming an offset quasibroadside

coupler. The conductors in this case overlap by 2 pm and

are 10 pm wide. The conductor buried in the dielectric is

too narrow to add any plating as the outside edge of this

conductor is only 8 pm from the edge of the plate-up con-

ductor.

The analysis of these coupled line geometries is diffi-

cult because the lines are asymmetrically edge coupled in

the coupler’s case, and offset asymmetrically broadside

coupled to realize the Schiffman section. Approximate so-

lutions of these structures can be obtained by using an

electromagnetic simulator. In this case, “em’ ‘T” by Son-

net Software was used to analyze both structures. The de-

sign parameters for these two structures are summarized

in Table I. CALMA plots of the 3 dB coupler and the 90°

Schiffman section are shown in Fig. 3.

A 3 dB coupler was also designed with coupled and

direct ports on the same side using a crossover, a config-

uration commonly used for the construction of balanced

amplifier. The crossover, shown in Fig. 4 by a CALMA

layout, uses an airbridge in addition to the process steps

mentioned above. The crossover at the midpoint switches

the embedded microstrip line to the plated microstrip line

and vice versa. In the coupler, the length of the crossover

is only 60 pm, and has a negligible effect on the coupler’s

performance.

FABRICATION OF STRUCTURES

The construction of these structures starts with the de-

position of a thin (about 0.6 pm) strip of metal onto the

GaAs, forming the lower portion of conductor 2 (Fig. 1).

This process step forms the bottom plates of capacitors

and the lower conductors in airbridge crossovers on

MMIC’s. Next, a dielectric, silicon nitride (SiqN4), is de-

posited covering the entire surface of the MMIC embed-

ding the microstrip line. (This dielectric also serves as the

insulator in the MIM capacitors. ) Then, via holes are

etched in the dielectric to connect the embedded conduc-

tors with metallization on the top side of the dielectric.

The front side of the coupler is completed by adding the

plated microstrip lines which are formed on the MMIC at

the same time as the rest of the microstrip lines, induc-

tors, and capacitor top plates. The plating for conductor

2 is a 20 ~m wide line that connects to the embedded

microstrip through the via. The separation of 10 ~m (see

Fig. 1) between the plated lines is dictated by the limits

of the photolithographic process in order to achieve high

yields using 4.5 ~m thick plated conductors. The plated

line connected to the embedded microstrip transmission

line reduces the coupler’s insertion loss. In manufacturing

these structures, we used the stepper technique in which

each die is patterned individually.

After completing the front side processing, the sub-

strate was lapped to required thickness. The ITT standard

MSAG process uses 125 pm GaAs substrate thickness for

small-signal applications and 75 pm thick substrate for

power applications in order to lower the device thermal

resistance. Finally, the via holes through the substrate

were etched and a thick gold layer was evaporated on the

back side, followed by plating to form the ground plane.

Fig. 5 shows a microphotograph of the 5-21 GHz coupler

with the TRL test structures, and Fig. 6 shows a micro-

photograph of the crossover.

TEST RESULTS

The couplers were tested on-wafer using TRL

deembedding techniques. Each of the couplers had one

port terminated, by connecting a 50 fl resistor to the

ground through a via hole on the chip itself, forming a

threeport test structure. Testing a threeport is much sim-

pler than testing a four-port and, yet, the coupler can be

completely characterized because it is a reciprocal device.

Fig. 7 shows the measured performance (coupling and re-

turn loss at the three ports) of nine 6–21 GHz broad-band

couplers tested in the 3 X 3 array on a 125 ~m thick GaAs

wafer. A maximum amplitude variation of +1.5 dB was



WILLEMS AND BAHL: MMIC-COMPATIBLE COUPLED LINE STRUCTURE 2305

TABLE I

THE PHYSICAL DIMENSIONS OF THE 3 dB COUPLER AND THE 90° SCHIFFMAN SECTION

5-15 GHz

6-21 GHz 2-7 GHz 90” Schiffman
Parameter 3 dB Coupler 3 dB Coupler Section Unit

Conductor width 30 30 10

Conductor length 1900 5700
pm

5250

Conductor overlap o
pm

o 2

Plating thickness 4.5
pm

4.5 4.5

Dielectric layer’s thickness 0.2 0.2

pm
0.2

Dielectric constant of

pm

dielectric layer 6.7 6.7 6.7

Unplated metal thickness 0.6 0.6 0,6

Substrate thickness 125

pm

125 125

Dielectric constant

pm

of substrate 12.9 12.9 12.9

/
.,, ,,,... .,,.. ,..,, .,,, ,,, ,,, ,,w

(a)

(b)

Fig. 3. CALMA layouts of two circuits using the embedded microstrip

coupled line structures. (a) A multioctave bandwidth coupler using edge

coupling. (b) A Schiffman section realized using an asymmetric broadsided

coupled line structure.

Fig. 4. Top view of a crossover for broad-band embedded microstrip cou-
pler to bring the coupled and direct ports on the same side.

Fig. 5. A microphotograph of the 6-21 GHz 3 dB coupler in a TRL test
structure.

achieved between the coupled and direct ports over a 16

GHz bandwidth. The measured return loss at all ports was

greater than 13 dB from 0.5 to 24 GHz. The typical mea-

sured phase difference between the direct and coupled

ports and the isolation between the input and isolated ports

of this coupler as a function of frequency are plotted in

Fig. 8. The phase difference is 93 + 9°, and the isolation

is better than 10 dB across the 0.5–20 GHz frequency

range. Similar performance was measured on other wafers

in different wafer lots,

The 5-21 GHz coupler was also fabricated and tested

on a 75 ~m thick GaAs substrate. Measured performance

(coupling and return loss at three ports) of this coupler

tested in the 3 X 3 array on a wafer is shown in Fig. 9.

A maximum amplitude variation of + 1.0 dB was

achieved between the coupler and direct ports over 5 to

21 GHz frequency range (16 GHz bandwidth). The mea-

sured return loss at all ports was greater than 18 dB over

the 0.5-21 GHz range and greater than 12 dB over the

O.5–26 GHz frequency range. A typical phase difference

between the coupled and direct ports as a function of fre-

quency is presented in Fig. 10, and is 92 + 10° over the
0.5-17 GHz frequency range. The measured isolation for

this coupler was greater than 10 dB over the 0.5-18 GHz

frequency band.

A second set of couplers with and without a crossover

having a length of 5700 pm to operate in the 2-7 GHz
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Fig, 6. A microphotograph ofacrossover used to bring the coupled and

direct ports on the same side.

1-20 ,

i!

o 5 10 15 20 25 30

FREQUENCY ( GHz )

(a)

5

t
0+

o

L— S22

—--— Sin ]

————— ————~ +

5 10 15 20 25 30

FREOUENCY ( GHz )

(b)

Fig. 7, Measured performance of the 5-21 GHz coupler fabricated on a
125 ~m thick GaAs substrate. (a) Coupling at coupled and direct ports. (b)

Return loss at input, coupled, and direct ports.

band was constructed. The measured performance of sev- ture has been reported earlier [12]. In this paper, we
eral dozen of these couplers without crossover demon- compare the performance of the 2–7 GHz coupler on a
strating the manufacturability of the tightly coupled struc- 125 ~m thick GaAs substrate to determine if the crossover
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Fig. 8. Measured insertion phase difference between coupled and direct
ports and isolation of the 5-21 GHz coupler fabricated on a 125 pm thick
GaAs substrate.
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Fig. 9. Measured performance of the 5-21 GHz coupler fabricated on a

75 pm thick GaAs substrate. (a) Coupling at coupled and direct ports. (b)

Return loss at input, coupled, and direct ports.
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would have any effect on electrical performance. Fig. 11 ations than the crossover. Also, the insertion loss of each

compares the typical measured performance of the two type of coupler is almost identical. Fig. 11 shows that the

types of couplers. The differences between the two sets isolation of the coupler with a crossover is slightly de-

of performance are more attributable to manufacture vari- graded by approximately 1 dB.
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Fig. 10. Measured insertion phase difference between coupled and direct

ports of the 5-21 GHz coupler fabricated on a 75 pm thick GaAs

substrate.
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Fig. 11. Comparison of measured performance of the 2-7 GHz coupler
fabricated with and without crossover on a 125 urn GaAs substrate. (a)
Coupling at coupled and direct ports
pled and direct ports, and isolation.

The Schiffman section fabricated on a 125 pm thick

GaAs substrate was also tested on-wafer using TRL

deembedding techniques. Fig. 12 shows the phase re-

(b) Phase difference between the CO’U:

sponse of this circuit compared to the phase response of

a 900 length of 500 microstrip line. The phase difference

between these two responses is 90 + 10° over the 6-15
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Fig. 13. The interdigital Schiffman section’s phase response compared to
the phase of a 90° transmission line.

GHz frequency range. The measured insertion loss of the

Schiffman section was 2.5 dB at the midband. This loss

is a little high due to the lack of plating on the embedded

microstrip conductor. The insertion loss could be de-

creased by adding plating to the embedded microstrip. The

measured return loss was better than 12 dB over the
6-15 GHz frequency range. As a comparison, the phase

response of a Schiffman section constructed using a four-

conductor interdigitated structure (similar to a Lange cou-

pler) which used 8 ~m wide lines and 8 ~m spacings be-

tween the conductors on a 125 ~m thick GaAs substrate

is shown in Fig. 13. The bandwidth of this circuit is only

4 GHz compared to the 9 GHz achieved by using the

tightly coupled structure.

CONCLUSION

We have demonstrated a coupled line structure that uses

embedded micro strip to achieve extremely tight COUP1ing

factors. Other advantages of this structure are that its im-

plementation is not limited by substrate thickness or di-

electric constant, and that it uses the same process steps

required to fabricate MIM capacitors on MMIC’s. The

test results for a 5-21 GHz single-section quadrature cou-
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pier on 75 and 125 pm thick substrates, a 2-7 GHz single-

section quadrature coupler design with and without a

crossover, and a 6– 15 GHz Schiffman section have been

presented in this paper. These results demonstrate the

broadest bandwidths ever reported for these types of cir-

cuits on thin GaAs substrates, a tolerance to manufactur-

ing variations, and a crossover design that does not de-

grade electrical performance. The dimensions of the

coupler are easily realized and, therefore, they can be pro-

duced with excellent yield. This technique will allow a

wider variety of broad-band circuits to be designed as

MMIC’S, e.g., mixers, phase shifters, balanced ampli-

fiers. etc.

ACKNOWLEDGMENT

The authors gratefully acknowledge the assistance of

many colleagues at the ITT Gallium Arsenide Technology

Center, including members of the layout, fabrication, and

microwave test groups. Special thanks are due to G. Tracy

for making on-wafer measurements and generating plots.

REFERENCES

[1] J. Lange, ‘ ‘Interdigitated stripline quadrature hybrid, ” LEJIE Trans.
Microwave Theory Tech., vol. MTT-17, pp. 1150-1151, Dec. 1969.

[2] A. Presser, ‘ ‘Interdigitated microstrip coupler design, ” IEEE Trans.
Microwave Theory Tech., vol. MTT-26, pp. 801-805, Oct. 1978.

[3] M. Kumar et al., “Monolithic GaAs interdigitated 90° hybrids with
50 and 25 ohm impedances, ‘‘ in IEEE Int. Microwave and Millimeter
Wave Monolithic Circuits Symp. Dig., 1982, pp. 50-53.

[4] S. B. Cohn, ‘ ‘Characteristic impedances of broadside-coupled strirr

[5]

[6]

transmission lines, ” IRE Trans. Microwave Theory Tech., vd. MT~-
8, PP.633-637, NOV. 1960.
J. P. Shelton, Jr., ‘ ‘Impedances of offset parallel-coupled strip trans-

mission lines, ‘‘ IEEE Trans. Microwave Theory Tech., vol. MTT- 14,

pp. 7-15, Jan. 1966.
J. E. Dailey, “A strip-line directional coupler utilizing a nonhomo-
geneous dielectric medium, ” IEEE Trans. Microwave Theory Tech..
vol. MTT-17, pp. 706-712, Sept. 1969.

[7] J. L. Allen, ‘ ‘Inhomogeneous coupled-line filters with large mode-

[8]

[9]

[10]

velocity ratios, ” IEEE Trans. hicrowave Theory Te;h., vol.
MTT-22, pp. 1182-1186, Dec. 1974.

I. J. Bahl and P. Bharfia, ‘ ‘Characteristics of inhomogeneous broad-

side-coupled striplines, ” IEEE Trans. Microwave Theory Tech., VOI.
MTT-28, pp. 529-535, June 1980.

‘“The design of broadside-coupled stripline circuits, ” IEEE

Trans. Microwave Theory Tech., vol. MTT-29, pp. 165-168, Feb.
1981.
J. S. Izadian, “A new 6-18 GHz, – 3 dB multisection hybrid coupler
using asymmetric broadside, and edge coupled lines, ” in 1989 IEEE

MTT-S Dig., pp. 243-247.

[11] M. Nakajima and E. Yamashita, “A quasi-TEM design method for
3 dB hybrid couplers using a semireentrant coupling section, ” IEEE
Trans. Microwave Theory Tech., vol. 38, pp. 1731-1736, Nov. 1990.

[12] D. Willems and 1. Bahl, ‘CA MMIC compatible coupled line structure
that uses embedded microstrip to achieve extremely tight couplings, ”
in IEEE 1993 MTT-S Dig., pp. 581–584.

David A. Willems (M’88-SM’89) received the

B. S ,E.E. degree from Iowa State University in

1978, and the M.S .E. E. degree from the Univer-

sity of Washington in 1983.

He joined ITT in 1981 and has worked at the

ITT Gallium Arsenide Technology Center. He is
presently with the ITT Aerospace/Communica-
tions Division. He has contributed to ITT’s mi-
crowave systems for designing and developing
low-noise amplifiers, filters, couplers, phase shif-

ters, attenuators, switches. and mixers. Addition-
ally, he has designed a variety of MMIC”s, including complex multifunc-
tion IC’s. Before joining ITT, he was a member of Boeing Aerospace’s

Technical Staff and worked in the Electromagnetic Effects Group. He is

the author or coauthor of over 20 technical papers and holds four patents
in the microwave field.

Inder J. Bahl (M’80-SM’80-F’89) was born in

India on January 27, 1944. He received the B.S.
degree from Punjab University, India, in 1965, the
M.S. degree in physics and the M. S. degree in
electronics engineers from Birla Institute of Tech-
nology and Science, Pilani, India, in 1967 and

1969, respectively, and the Ph.D. degree in elec-
trical engineering from the Indian Institute of
Technology (IIT), Kanpur, India in 1975.

From 1969 to 1974, he was a Senior Research

Assistant at IIT Kanpur. From 1974 to 1978, he
was with the Advanced Centre for Electronic Systems as a Research En-

gineer, where he was engaged in research on p-i-n diode phase shifters,

microwave integrated circuits, and printed antennas. From 1979 to 1981,

he was a Research Associate at the University of Ottawa, Ottawa, Canada.
Prior to joining ITT in 1981, he spent five months at the Defense Research

Establishment, Ottawa, Canada, working on millimeter-wave systems as a
Research Scientist. At ITT GTC, in his present caDacitv as ari Executive

Scientist, he is responsible for providing-direction ‘in tie development of
device models and GaAs MMIC’S. He is the author/coauthor of over 110

research papers. He authored/coauthored four books: Microstrip Lines and

Slotlines (Artech House), Microstrip Antennas (Artech House), Millimeter

Wave Engineering and Applications (Wiley), and Microwave Solid State

Circuit Design (Wiley), and coedited the book, Microwave and Millimeter-
Wave Heterostructure Transistors and Their Applications (Artech House).
He also contributed two chapters to the Handbook of Microwave and Op-

tical Components (Wiley) and one chapter to the Handbook of Electrical
Engineering (CRC Press). He holds eight patents in the areas of microstrip

antennas and microwave circuits.
Dr. Bahl is a member of the Electromagnetic Academy.


