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A Novel Structure of Tightly Coupled Lines for
MMIC/MHMIC Couplers and Phase Shifters
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Abstract—In this paper, a new structure of tightly coupled 2 3
lines compatible with monolithic-microwave integrated- %;‘ ZZ:Z %‘“ Za _/
circuit/minature hybrid-microwave integrated-circuit (MMIC/ P .

MHMIC) technology is introduced. Different from previous
designs, short subsections of two or more different coupled 1/.[ I/ b ‘\\ 4
1 1
Wz -
GV

lines are alternatively connected together to achieve the needed 12/nf 1i/m

performance of a single-section coupler or phase shifter.
Theoretical calculations are given and some typical design
data are provided. A design example of a wide-band coplanar-
waveguide (CPW) quadrature coupler using standard MMIC output 70 7a 7. 2
foundry technology is provided. Only metal-insulator-metal i Z: Zoj ZJ; Z’

(MIM) capacitors and air-bridges are used to achieve tight — > .. :[
coupling—no via holes are necessary. Experimental results are ]

in good agreement with simulations. The proposed structure *
of coupled lines is very flexible and easily achieves very tight
coupling factors.
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Fig. 1. lllustration of (a) one-section coupler and (b) phase shifter using
|. INTRODUCTION the proposed multisection coupled line whefg; and Z.; are the odd

. igpedances, and.; andZ.» are the even impedances of lines having lengths

THE DESIGN of microwave quadrature couplers ang‘/n and s /.
phase shifters is well-documented in the literature.

Tightly coupled structures required in the design of broad-band

guadrature couplers and Schiffman phase shifters are genergﬁgIr o a quarter-wavelength long fOT design of smgle-sect!on
(uadrature couplers. The total coupling of the composed line

realized using interdigitated multiconductor lines [1]-[3] or the average of the two types of coupled lines, but the

. . . . .
broadside-coupled structures [4]-[6] including qua5|-br0ad5|§(larectivity of the coupler is improved by a proper adjustment

coupled lines [7] and semireenterant sections [8]. Lan%(? the phase velocity of the coupled modes. By using this

couplers are ordinarily constructed using microstrip lines and . o . .
. . ; . .~ new structure of coupled lines, it is easy to design wide-band
broadside-coupled lines are compatible only with multilayer

e . I quadrature couplers using only metal—insulator—-metal (MIM)
monolithic-microwave integrated-circuit (MMIC) teChnmogy’capacitors and air-bridges which are available in every MMIC

which is not always readily accessible. Recently, a MMI or miniature hybrid-microwave integrated-circuit (MHMIC)

4

Index Terms— Coplanar waveguides, coupled transmission input

lines, couplers, microwave integrated circuits, MMIC's.

compatible tightly coupled line structure using an embedd(?d

: : . ; undry. It should be noted that the more readily available
microstrip was introduced [9]. However, the analysis of Su?ﬁlaMIC technology can be used with air bridges at high

structures IS not easy and the .de5|gn Is necessarily pa?r%quencies ¥ 20 GHz), and bond wires used at lower
on an empirical approach. In this paper, we study deS|gPs :
X . r?quenmesﬁ 20 GHz).
of structures where the coupled section is composed 0
numerous alternatively connected short subsections having
two or more different types of coupled lines, as shown in
Fig. 1. This arrangement makes the design more flexible, since _ _ _
design parameters are more than doubled and it can be easiiyhe model of calculation for the coupler case is shown in
realized using both microstrip lines or coplanar waveguidédg. 1. The impedances, phase velocities, and electrical length
(CPW's). The total length of the coupled section remair@ the two types of coupled lines are different and equal to
Zet, Ze2s Zots Zio2y Vers Vea, Vou, Vo2, bet, B2, 01, andb,z,
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TABLE | 0 .
VALUES OF I, 1o AND IMPEDANCES OF COUPLED LINES FOR A 3-dB CouPLER
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frequency (f/f,)

Fig. 2. Dependence of the performance of the coupler on the normalized

multisection line is performed [10]. The transfer matrices cﬁeq“en?y value WithZey = 944, Zey = 13382, Zoy = 3740, Zoy = 741,
Ve1 = Vea = Vi1 = V,2, andly = I. Dotted curve shows phase deviation

the even and odd modes take the following form: from 9.

Ze,o = Zel,ol : Z62,02 : Zel,ol : Ze?,o?v e 7Z€1,01 (1) 0

with > —
j Lol = COs 961,01 jZel,ol sin 961,01 (2) - ks S
0 (4/Ze1,01 sin Oe1 01) 08 et o1 g |
g i
> 10¢ |
and 3 |
= cos 02,02 JZe2,02 SN Oe2 o2 " ‘
Az o2 =1,. °50 ’ <2 ). (3 & -5} j
e (]/ZGQ,OQ S111 962,02) COs 962,02 ( ) g ‘
w Sn :
The reflection and transmission coefficients for the even and Tt “
odd modes are s i

A+B/Zy—-CZy— D _ ) ) Lt

Leo= < 1 /% c - 4 22 04 06 08 L 12

+ B/ZO +CZy+ D e,0 frequency (f/f,)
and Fig. 3. Dependence of the performance of the coupler on the normalized

frequency value withZ .1 = 94Q, Z.o = 133Q, Z,1 =378, Z,2 =74,
(5) Ver = Veo = Vo1 = (1/0.85)V,2, andl; = I,. Dotted curve shows phase
deviation from 90.

2
(A+B/Zy+CZy+ D)e,o

whereA, B, C, D are the elements of the transfer matrices of

even and odd modes ari, is the characteristic impedancecoupler, some calculated data are presented in Table | with
of the input and output ports. Th#&parameters of the coupler0.5-dB difference of output power in the two coupled ports
are readily obtained from the combination of the reflection arad center frequency. The ordinary design data for this case
transmission coefficients of the even and odd modgd’, are Z. = 125 Q and Z, = 20 Q. In Table |, {; and i,

Te,o =

and 7., 7, [10]. denote the total lengths of the two types of coupled lines
in fraction of a quarter guide wavelength. In these cases,
IIl. NUMERICAL RESULTS AND DESIGN RULES the matching condition is satisfied and the directivity of the

In principle, the number, may be arbitrary. However, in COUPIer approaches infinity. o
practice we make: much larger than unity to improve the The feasibility of the proposed design is demonstrated by

performances of the coupler. Moreover, in the case when diPical curves presented in Figs. 2-6. Fig. 2 shows the case
bridges are used to realize tight coupling, the length of ealffi€n Zer = 94 @, Zep = 133 Q, Zo1 = 37 Q, Z2 =7 4,
subsection is quite short, and hengeshould be made large. /1t = l2, @ndVey = Vep = Vo1 = Vo whereV. andV;, are
From our calculation, the performances of the coupler is almdB€¢ Phase velocities of even and odd modes, respectively. In
independent on the value affor n > 10 when the total length this case, the matching condition is not satisfied. It is clear
of the section and the portions of the two different subsectioff§m Fig. 2 that the coupling of the two different lines is
are kept constant. Therefore, in the following calculations waveraged, producing a 3-dB coupler with octave bandwidth
putn = 10. The proposed coupled lines are mostly used in tivgth relatively poor directivity. The parameters of curves in
design of tightly coupled lines to provide the needed couplirfgg. 3 are the same as in Fig. 2, the only difference is that
and to compensate the discrepancy of the line impedance fréa = 0.85V,1. It is clear that the directivity of the new
matching conditions. To give an idea how the combinatiatesign is improved. Fig. 4 demonstrates thatfor = 83.3 2,

of tight and weak coupling subsections can achieve a 3-dB, = 400 €, Z,; = 30 Q, Z, = 625 , Vo, =
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Fig. 4. Dependence of the performance of the coupler on the normalizeg. 6. Dependence of the performance of the coupler on the normalized
frequency value withZ.; = 83.3Q, Z.o = 4009, Z,1 = 30Q, frequency value withZ.; = Z.o = 125Q, Z,1 = 30Q, Z,2 = 69,

Zop = 6.25Q, Ver = Vea = Vo1 = (1/0.85)Vee, andly = (77/23)l2. V,y = Veo = (1/0.8)V,1 = Via, andly = (8/2)l». Dotted curve shows
Dotted curve shows phase deviation fronf 9Directivity is basically infinite. phase deviation from 90
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Fig. 5. Dependence of the performance of the coupler on the normaliZel§- 7- Dependence of the phase characteristics of the short-circuited
frequency value WithZ., = Zeo = 125Q, Zo1 = 309, Zoz = 6%, coupled line used in Schiffman phase shifter on the normalized frequency

Vop = Vip = Vi1 = Vi, andly = (8/2)l>. Dotted curve shows phase Value With Ze; = 93Q, Zey = 1330, Zoy = 374, Zop = 70,

frequency (f/f,)

deviation from 90. Ver = Vea = Vor = (1/0.6)V,2, and Iy = Iz (dashed line),
and Zet = 939, Zeo = 1339, Zol = 379, Zoo = TQ,
"61 = rez = (1/0.8)‘/’:)1 = (1/0.8)1/-02 and 11 = (77/23)[2

(dotted line). Solid line shows the homogeneous coupled line case with
Vg = Vo1 = Vio, andly = (77/23)ly, produces a coupler Zet = Zez = 125Q, Zor = Zop =200, andVey = Vep = Vor = Voo.
with almost the same performance as the above two figures
with the directivity approaching infinity as expected, since the
matching condition is satisfied in this case. Fig. 5 shows the
case WithZ.; = Z., = 125 Q, Z,1 = 30 Q, Z,o = 6 Q,
Ver = Vo = Vo1 = Vi, andly = (8/2)ls, in this case we
have a coupler with a similar performance as in Figs. 2 and 3.
It should be pointed that the matching condition is not satisfiggy. s. The proposed tightly coupled subsection of a MMIC coupler. 1: air
in this case as well. The directivity in Fig. 6 is improved ovepridge, 2: dielectric film, 3: coupled CPW line, 4: substrate, 5: ground plane.
Fig. 5 by keeping the parameters in Fig. 5 unchanged and by
reducing the phase velocity,; to 80% of its previous value.  3) The directivity of the coupler may be improved by a
From the above calculated curves we may draw the following proper adjustment of the phase velocity of the different

design rules for the proposed type of coupler. modes of the coupled lines when the matching condition
1) In order to obtain good performance of the coupler, the is not satisfied.
number of subsections should be no less than ten. The same calculation applies for a section of shorted cou-

2) The parameters of the two different coupled lines shoujded line used in a Schiffman phase shifter. The results in
be near the parameters of the ideal caseZli is Fig. 7 show that by a proper choice of parameters the proposed
larger thanZ., then Z., should be less thatr,, and coupled lines possess approximately the same phase behavior
the same applies for the odd mode, i.e., the value aé the homogeneous coupled line. For CPW lines, the phase
V24,1404, IS Made as near td;, as possible.  velocities of even and odd modes are often near to each other,
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MIM capacitor with air-bridge

Subsection 1

Subsection 2,3

Fig. 9. The loosely coupled subsection (subsection 1), tightly coupled subsections (subsection 2 with capacitor and subsection 3 withoutodpacitor
air-bridges, capacitors of the fabricated quadrature coupler.

and hence, in the above figures we put the same value to
most of them. However, the difference in phase velocity can
easily be encountered in the simulation whenever necessary
and this difference will ordinarily deteriorate the directivity of
the designed coupler.

Fig. 10. The layout of the designed quadrature coupler ready for testing.

IV. MMIC CPW WIDE-BAND QUADRATURE COUPLER
USING THE PROPOSEDTIGHTLY COUPLED LINE DESIGN where C is the capacitance calculated (in pH), stands

The proposed structure of tightly coupled lines is verfr the area of the capacitor (in square metets),is the
general, it may be realized by using different transmissidglative dielectric constant of the dielectric medium filling the
lines normally encountered in microwave technology, such §8pacitor, and' stands for the distance between the two plates
a microstrip line, coplanar waveguide (CPW), slot line, an@lf th_e capacitor (in meters). The impedance of a transmission
so forth. However, for a MMIC quadrature coupler, the bedfie is expressed as
choice is CPW, since it is more flexible in dimension selection o
and needs no expensive via-holes. Zp = 10000V/6/3Cs (/)

An actual example of the proposed coupled-lines’ structUghere 7, is the impedance of the line in ohms afg stands
is shown in Figs. 8 and 9, respectively, and the layout of thgr the capacitance of the line per unit length (picrofarads
coupler for test is shown in Fig. 10, where loosely coupleger meter). The resultant impedance of the tightly coupled
subsections are made from ordinary coupled CPW's; MIMypsection may be calculated from the parallel capacitance
capacitors and air-bridges are added to achieve the strejjgne coupled CPW line and the MIM capacitor. The above
coupling for the tightly coupled subsections. This design igmplified calculation is valid for MMIC versions where
very simple and easy to fabricate in either MMIC or MHMIGihe dimensions of the coupler are much smaller than the
technology. In Fig. 10, the transmission and coupling poRgavelength at the microwave frequency. On the other hand,
of the coupler are terminated by $D4oads for testing the the resultant odd-mode impedance of the tightly coupled
isolation of the coupler. The total area of the layout of the dgypsection may be also obtained from the simulation results of
signed coupler in Fig. 10 is 0.46 1.9 mnt. The design of the HESS and the results of the above two methods appear near
loosely coupled CPW lines can be easily performed by usifg each other for the MMIC fabrication.
well-known numerical methods such as the spectral-domainthe design dimensions of the MMIC CPW quadrature
method, method of lines, method of moments, finite-eleme&umer are (see Fig. 9): the loosely coupled subsection (sub-
method, or commercial software such as Momentum or HigBaction 1): the width of the center strips are;8, the distance
Frequency Simulation Software (HFSSJhe additional MIM - petween these two center strips isi, the two slots between
capacitor will have no effect on the even-mode impedance, ajpg center strips and the ground are equal tou#0and the
the change of the odd-mode impedance of the tightly couplgghtly coupled subsection (subsection 2): the width of the
subsection due to the MIM capacitor may be calculated @gnter strips are 1pm, the distance between these two center

follows, o strips is 8um, the two slots between the center strips and the
The capacitance of a parallel-plate capacitor is given by t§gound are equal to 40,6m, the area of the MIM capacitor
well-known formula is 4 um by 14 pm.
C = 8.86¢,F/S ©6) Altogether 36 loosely coupled subsections and 35 tightly

coupled subsections are used, the length of each subsections
1Trade names of Hewlett-Packard. is equal to 20zm. Due to fact that the length of the MIM
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Fig. 11. Calculated and experimental results of the performance of the designed quadrature coupler. (a) Results of coupling, reflectionpmand isolati
Simulated data: (—), measured data: ¢ +) transmission, oooo coupling, () reflection, (xxxx) isolation, and (b) phase difference between the coupling
and transmission ports: simulated (—), measured (XXxXx).

capacitor is only 14um, which is less than the length ofsubsection 3, as required by the design rules of the foundry
subsection 2 (2Qum), we have three different subsectionsThe width of the MIM capacitor (4:m) is also limited by the
namely: 1) the loosely coupled subsection; 2) the tightsame design rules.

coupled subsection with a MIM capacitor; and 3) one short The coupler is fabricated on 62%n GaAs substrate. The
tightly coupled subsection without a MIM capacitor. It issimulated even- and odd-mode impedances of the three subsec-
noted that subsection 2 is connected to subsection 1 throdigims areZ.; = 96.2 2, Z.o = Z.3 = 1354 Q, Z,; = 37.8 Q,
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Zs = 52 Q, and Z,3 = 47.6 Q, respectively. All three
subsections are accounted for in the simulation. The pha ﬁ
velocity of all modes of different CPW subsections are ver
near to each other, except that the phase velocity of the odel
mode of subsection 2 is around 90% of other modes, and
this point is helpful to improve the isolation of the coupler s
as indicated above. The size effects of the discontinuities due
to the connections of different subsections are unimportant,
shown by the results of the simulation, since the dimensions
of the discontinuities are much smaller than the microwavéd]
wavelength. However, their effects can also be included into
the simulation if necessary. [6]
The simulated and experimental results are shown i?ﬂ
Fig. 11. A wide-bandwidth quadrature coupler with good
performances is achieved. In spite of the large number of

air-bridges and capacitors used in the design, the agreemé?i't
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