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ABSTRACT

Context. Transition of modern electronics to higher frequencies is directly related with an extremely important problem of
miniaturization of microwave integrated circuits. Conventional planar structures such as microstrip directional couplers have the
feature — their linear dimensions are defined by the wavelength in the transmission lines, so the use of such structures for
miniaturization of microwave integrated circuits becomes problematic.

Objective. Using 3D-structures on combinations of transmission lines to study frequency properties of two possible
implementations of quarter-wave directional couplers based on a combination of microstrip and slot transmission lines. Obtaining
simple analytical expressions for calculating the electrophysical parameters of these directional couplers and confirm their properties
by rigorous electrodynamic calculation.

Methods. An even-odd mode decomposition technique and the scattering matrix theory were used to derive simple analytical
formulas for calculating impedances of transmission line segments that define the topology of couplers considered.

Results. Electrodynamic modeling of proposed couplers with dispersion and losses in the lines showed that the proposed
constructions have better frequency characteristics in comparison with traditional three-branch microstrip directional couplers. It is
also shown that the considered designs of couplers have great potential in the selection of the desired electrical characteristics of
devices.

Conclusions. The presented compact couplers can find a broad range of applications in mobile communication systems for
decoupling of channels, division of power and frequency conversion. The method of transition from planar to three-dimensional
structures used in the development of directional couplers on combinations of transmission lines permits not only to create compact
devices with desired characteristics but also paves the way for significant decrease in the size and costs of the broad range of
electronic equipment utilizing such couplers.

KEYWORDS: Directional couplers, microstip and slot lines, microwave integrated circuits.

NOMENCLATURE communication systems where the problem of

k is the power division ratio between operating ports; miniaturization is of crucial importance. An important
Z; is the impedance of corresponding line; part of many microwave circuits are directional couplers
Ai is the wavelength in corresponding line; on the base of microstrip lines which are used not only as
Sjj is the element of scattering matrix; decoupling devices with the function of bridges but also
Wi is the width of corresponding line. as circuit elements for directional diversion of a certain
part of the power from the main line. For consistent

INTRODUCTION mathematical description of such couplers, it is

Microwaves and millimeter-waves are rapidly finding  convenient to apply an even-odd mode decomposition
new applications. These include modern mobile technique using symmetry properties of the circuit [1].
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It is well known that increasing the number of
branches in the coupler leads to better coupler parameters
in the frequency band. Moreover, if the condition of equal
power division is set which corresponds to the hybrid
coupler it is necessary to increase the impedance of end
branches to ensure the matching requirements. This fact
imposes technological limitations in the implementation
of strip structures on substrates with &, ~10 and

therefore in practice two-branch couplers are the most
widely used. However if an unequal power division is
used instead one can avoid most of the above-mentioned
technological limitations as shown in [2]. For the co-
directional coupler the power division ratio between
operating ports 3 and 4 is defined as

K= S’

ISl '

(M

Then for a two-branch coupler (Fig. 1) the ratios for
determining the impedances of branches will have the
form

ko )

21:ZO'N/E; ZzZZO' k+1

Here Z, is the input impedance.
For a three-branch coupler (Fig. 2) one can implement
different relations between the impedances.

hafd

Figure 1 — Two-branch microstrip coupler
Aot Ao
I

Figure 2 — Three-branch microstrip coupler

For example, two options discussed in [2] are:

— option 1:

7 = ZO 7 _ZO 7 _Zo\/k+1 (3)
AR T N e
— option 2
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22 220,23 :Zo\/k+1. (4)

7-—% _
! Jk+1-+k’

It should be noted that relations (3) or (4) are not
unique. In these formulas, only Z; parameter is uniquely
determined, and one of the other two parameters of Z, or
Z; (which are related to each other by a certain ratio) can
be selected in accordance with technological or other
limitations. This means that, for example, the formula for
Z; in (3) is obtained by choosing ZZZZO/\/2, and in (4), the
expression for Z; is obtained by choosing Z,= Z,. With a
different choice of Z, expressions for Z; will be different.

In the case of a four-branch coupler several different
relations between the characteristic impedances may also
be realized [2].

Fig. 3 shows the frequency dependence of the
scattering parameters of two- and four-branch 3 dB
lossless directional couplers (quadrature hybrids) in the
frequency range 0.5f, up to 1.5fy, where f; is the

operating frequency.
0

I
=
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Figure 3 — Frequency dependence of scattering parameters of
two-branch (red line) and four-branch (green line) quadrature
hybrids

It can be seen from Fig. 3, when the number of
branches is increased the operating bandwidth of the
coupler is expanded but the longitudinal dimensions of
the device are increased significantly in this case.

1 PROBLEM STATEMENT

As mentioned above, the main disadvantages of
traditional microstrip couplers are large size and
technological limitations when using substrates with
gr =10. Table 1 shows the parameters of traditional 3-
and 4-branch microstrip couplers, which is non-
technological (Z, for 3-branch and Z, and Z, for 4-
branch) and at the same time, the longitudinal dimensions
of these couplers are large enough (A,/2 for 3-branch
and 3A,/4 for 4-branch couplers).

Table 1 — Non-technological parameters Z; and Z,

Z Z Z Z
Coupler k Ohm Obm Ohm | Ohm
vbrann L | 120711 35355 | 35355 | -

1| 120711 50 70711 | -

2 | 157313 35355 | 43301 | -
3-branch 5053 50 86.603 | -
4branch | 2 150 130 3329 | 2438
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In this regard the task of the primary importance is the
development of a new structures of small directional
couplers with sufficiently wide bandwidth and without
technological restrictions in the manufacturing process on
dielectric substrates with a large value of g,. This

problem can be successfully solved by using the idea of
combining different types of transmission lines.

2 REVIEW OF THE LITERATURE

In the literature at the miniaturization of microwave
devices focus is on the development of new element base
based on the traditional planar structures. So in [3] for the
reduction in the size of microwave devices is proposed to
use buried microstrip lines, which have better
electrodynamic parameters as compared to conventional
microstrip lines. The works [4, 5, 6] are dedicated to the
use of air-gap transmission lines for millimeter-wave
applications. Various variants of microstrip lines with
inclusions of SRR-structures (split-ring resonators) to
reduce the size and improve the electrical characteristics
of microwave devices are discussed in [7, 8, 9]. Several
examples of using combinations of different planar type
transmission lines to create directional couplers are given
in [10]. A wide review of the use of known types of
planar structures for miniaturization of microwave and
millimeter-wave integrated circuits is presented in [11,
12] where it is noted that further progress in this area
should be associated with the transition to the three-
dimensional structures.

3 MATERIALS AND METHODS

The first conceptual design of a compact coupler on a
combination of microstrip and slot line is shown in
Fig. 4 a where the top plane is the topology of stripline
structure and the lower plane is the topology of slotline
structure. Numbers 1, 2, 3, 4 correspond to the numbers of
ports of the device and Z,, Z,, Z; are the impedances of
corresponding lines. The equivalent scheme of the coupler
is shown in Fig. 4 b).

[

N/

b
Figure 4 — Topology a) and equivalent scheme b) of the coupler
on the combination of microstrip and slot lines. Arrows on the

equivalent scheme show electric field directions in the lines

I
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The scattering matrix of such coupler using even-odd
mode decomposition technique and a symmetry of the
scheme can be written in the general case as

EG —jEF FH jGH

1 |-jEF EG jGH FH
S=—— . h (5)

F2.G%| FH jGH EG -jEF

jGH FH —jEF EG

where E =227 +22%7,+2{Z5; H=22,23;
F=22,2,(Zy+23) G=232,-22%2, - 72}Z;.

It can be seen from Fig. 4 b) that this scheme of
coupler is anti-directional; in this design working ports

are 2 and 3 and port 4 is isolated. Accordingly the power
division ratio will be determined by the expression

S 2
(=l (©)
831

If the conditions of matching and decoupling are
fulfilled (Sjj =S4y =0) then matrix (5) can be simplified
and takes the form

0 —JEF FH 0

1 FjEF 0 o FH
:_2 - ) (7)

F2| FH 0 0 -jEF

0 FH —jEF 0

from which using (6) it is easy to obtain unambiguous
relations for calculating the impedances Z, and Z; from Z,

and k:
1++/1+k
ﬁ

Another design of a compact coupler on the
combination of microstrip and slot line is shown in Fig.5.
The notation here is same as in Fig. 4.

Z,=2, . Z3=21-JK, (8)

Figure 5 — Another proposed coupler topology based on the
combination of microstrip and slot lines

Analogously to the structure shown in Fig. 4, the
general form of the scattering matrix of this coupler is of
the form:
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-jEG -EF FH jGH

s__ | |FEF —JEG jGH  FH| o)
F2,G2| FH jGH -JEG —EF
jGH FH —EF - jEG

where E=Z7 +73 +2Z,Z5; H=22,Z5;
F=22,(Z,+23); G=-2{ + 23 +2Z,Z5.

Under conditions of full matching and decoupling
matrix (9) can be simplified:

0-EF FH 0
s_ L|-EF 0 0 FH
" F2| FH 0 0 -EF|

0 FH-EF 0

(10)

from which simple formulae to calculate the impedances
7, and Z; are obtained:

itk -1 z
+T’ Z3=T|1<' (11)

Calculated frequency dependences of scattering
parameters for both of the proposed combined
microstrip/slot line coupler designs are shown in Fig. 6 (red
and green lines). The calculation assumes no dispersion, no
losses in the lines, and equal division of power between the
output ports. For comparison, the isolation of a classic
variant of the three-branch microstrip line hybrid bridge is
shown in the same figure (blue curve).

Fig. 6 shows that in the operating band both schemes
of couplers have nearly identical -characteristics.
Importantly, it is apparent from comparison of the curves,
both of the proposed designs have better isolation
(comparison of red, green and blue line in Fig. 6) as
compared to the conventional three-branch hybrid bridge
built on a microstrip lines.

Zz=zl'

|
—
=]

S-parameters in dB
I
=]

|
[
=

03 £/fy %

Figure 6 — Frequency dependence of the scattering parameters of
the couplers built on a combination of microstrip and slot lines:
design from Fig. 4 — red line, design from Fig. 5 — green line,
the three-branch microstrip line hybrid bridge — blue line

4 EXPERIMENTS
The simplest variant of topology of proposed
directional coupler on combinations of strip and slot
transmission lines, corresponding to Fig. 4, is represented
on Fig. 7 where Fig. 7 a) shows the topology of microstrip
structure and Fig. 7 b) the topology of slotline structure.
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AWR Design Environment (MWO) was used to model
this structure with the dispersion and losses in the lines.
On the figures also shown the decomposition of
microstrip and slot line structures to reach good accuracy
of calculations.

TR

[ ot

Figure 7 — Topology of layers in the MWO:
a) stripline and b) slotline structures

It should be noted, that the characteristics of proposed
structure is rather sensitive to varying the topology. For
example, small modification of coupler slotline structure
(with the same stripline structure) as shown in Fig. 8 can
significantly change the frequency characteristics of the
circuit.

Figure 8 — Modification of the coupler slotline structure
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5 RESULTS
Electrodynamic simulation was performed in the
frequency range 12-16 GHz using a dielectric GaAs
substrate of thickness h = 1 mm and parameters &, =9.8

and tgd = 0.0005 . Simulation results of the coupler with

the power division ratio in working arms k=5 are shown
in Fig. 9. Under these conditions, the geometric
dimensions of the structure were as follows: microstrips
(Z,=50 Q) W =1.037 mm, (Z,=77.133 Q) W,=0.354 mm,
slot line (Z;=111.803 Q) W;=0.637 mm.

S-parameters in dB

10 . - .
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Dmitr
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Figure 9 — The frequency characteristics of the directional
coupler in the MWO

As noted above the proposed method of designing
multilayer structures on combinations of transmission
lines has a very great potential in the selection of the
required electrical performance of the devices. For
example in the case under consideration changing coupler
slotline structure as shown in Fig. 8 significantly improve
the frequency characteristics of the circuit that is shown in
Fig. 10.

S-parameters in dB

b TR S - =) &
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-20
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e Dmitr

-40 -. g = DB(IS(2.1)])

% Dmitr

50 & DB(|S(3,1)))

Yof Dmitr

-60

Frequency (GHz)

Figure 10 — Characteristics for modified slotline structure

As one can see such simple modification of slotline
structure leads to a significantly (about 20 dB) improved
isolation (S41) at the operating frequency as compared
with the previous version of structure. It also expands the
working frequency band of the circuit and improves
matching across it that is shown on Fig. 11 where it is
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seen VSWR < 2 over the entire frequency range with the
minimum value of VSWR = 1.04 at the operating
frequency, which demonstrates excellent matching of
scheme with the line having characteristic impedance of
50 Ohms.

- VSWR(1)
Dmitr

12 13 14 15 16
Frequency (GHz)

Figure 11 — Frequency dependence of VSWR of the coupler
in the frequency range

6 DISCUSSION

In this paper the method of transition from planar to
three-dimensional structures and based on this idea
develop the designs of directional couplers on
combinations of transmission lines is presented. In
particular, two variants of compact 3D couplers on
combination of microstrip and slot lines are presented.
Using the even- and odd-mode excitation and the
symmetry of schemes the scattering matrices of couplers
are obtained for general case. From the conditions of full
matching and isolation, simple formulae are obtained for
calculating impedances of A/4 transmission line
segments that define the topology of the couplers. These
formulae are convenient for engineering calculations and
allow rapid analysis of schemes with the help of existing
automated systems.

It should be noted that in work [10] several variants of
structures of directional couplers on combinations of
transmission lines are considered, however, there are no
results of theoretical analysis, numerical simulation or
experiment. In other literary sources, the authors did not
find analogues of similar structures. Thus, the directional
couplers considered in this paper are proposed for the first
time and their characteristics are described in detail
analytically and verified by numerical simulation.

The proposed method of designing multilayer
structures on combinations of transmission lines has a
very great potential in the selection of the required
electrical performance of the devices.

CONCLUSIONS
The proposed directional couplers are small in size but
have better frequency characteristics than a classic three-
branch  coupler on microstrip lines. Detailed
electrodynamic modeling with the dispersion and losses
in the lines confirms the characteristics of proposed
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AHOTAIIA

AxTyanbHicTh. [lepexin cydacHOi eNEKTPOHIKM Ha OUIBII BHCOKI 4acTOTH Oe3locepeiHbO IOB’SI3aHMK 3 HAJ3BUYAIHO
B)XJIMBOIO IpoOIeMoro MiHiaTopu3anii iHterpanmpHux cxeM HBUY. TpamumiiiHi mIocki CTPyKTypHW, Taki SK MiKPOCMYIKKOBI
CIpsIMOBaHi BiJrayyXyBadi, MalOTh OCOOJNHUBICTh — iX JIHIHHI PO3MipH BH3HAYAIOThCS AOBXKMHOIO XBWIII B JIHISX Hepenadi, TOMYy
BUKOPUCTAHHS TaKHX CTPYKTYp Ul MiHiaTropu3auii interpansHux cxem HBY crae mpobieMaTHaHNM.

Mera. Bukopucrauns 3D-cTpykTyp Ha KoMOiHaUisX JiHIM Hepeaadi [l BUBYCHHS YAaCTOTHHUX BIIACTHBOCTEH JBOX MOXIIMBUX
peamizamiii 4BEpPTHXBHJIBOBHX CIPSIMOBAHMX BiATamyKyBadui Ha KoMOiHamii MIKPOCMY>KKOBHX 1 LIUIMHHUX JIiHIM mepexadi.
OTpuMaHHS TPOCTHUX AHATITUYHUX BUPA3iB IS PO3PAXYHKY EJIEKTPO(I3MYHHX MapaMeTpiB HUX CIPSIMOBAHUX BiATANyXKyBadiB i
MATBEPDKEHHS 1X BIaCTUBOCTEH CYBOPUM €JICKTPOANHAMIYHAM PO3PaXyHKOM.

Metoan. Metox cuHdaszHOTO i mpotudazHOro 30ymKEHHS 1 Teopis MAaTPUIb PO3CIIOBaHHS OyJIM BUKOPHUCTAHI IJISI OTPUMAaHHS
NPOCTHX AaHATITHYHUX (HOPMYJI JUIsl PO3paxyHKy IMIIE[aHCIB CEIMEHTIB JIiHIH mepenadi, siKi BU3HAYAIOTh TOIOJIOTIIO PO3IIITHYTHX
BIATaJTy>KyBauiB.

Pe3yabraTn. EjexkrpoauHaMiuHe MOAGTIOBaHHS MPOIOHOBAHUX BiArany)KyBadiB 3 JAUCIEPCI€l0 i BTpaTaMu B JHISX MOKa3alo,
II0 MPOIMOHOBAaHI KOHCTPYKLIi MAalOTh Kpallli YacTOTHI XapaKTEPUCTHUKH B TOPIBHSHHI 3 TPaJULIHHUMHU TpexuuiedpHUMI
MIKPOCMY>KKOBUMI CIIPAMOBAaHUMI BiaramgyXyBadami. Takok IOKa3aHO, IIO PO3IJISIHYTI KOHCTPYKIII BiAramayXyBadiB MarTh
BEJIMKHH TMTOTEHIIia] y BHOOPi HEOOXITHUX €TEKTPHYHUX XapaKTEPUCTHK IIPHUCTPOIB.

BucnoBkun. [IpeacraBneni KOMIIAKTHI BiragyKyBadi MOXKYTh 3HAHTH IIMPOKE 3aCTOCYBAaHHS B CHCTEMAaX MOOIIBHOTO 3B’SI3KY
JUISL pO3B’SI3KM KaHAJIB, MOAUTY MOTY)KHOCTI 1 HEPEeTBOPEHHS YacTOTH. MeToJ Iepexoy Bif IUIOCKHX JIO0 TPUBHMIPHHX CTPYKTYD,
BUKOPUCTOBYBaHMI P PO3pOOLIl CIIPSIMOBAHUX BiAraayKyBadiB Ha KOMOIHAISIX JIiHIH Mepenadvi, 103BOJIsE HE TIIBKU CTBOPIOBATH
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KOMITaKTHI TIPUCTPOI 3 33laHIMHU XapaKTePUCTUKAMM, aJle 1 BiAKPHBA€E IUIAX O 3HAYHOTO 3MEHIICHHS PO3MIpPIB 1 IiHA MIUPOKOTO
CIIEKTPY €JIEKTPOHHOTO 00JIaJHAHHS, 10 BUKOPUCTOBYE TaKi Bifraiy>KyBadi.
KJIIOYOBI CJIOBA: CnpsiMoBaHHii BifrayKyBad, MiIKpOCMY>KKOBa 1 IIIIJIMHHA JIiHii, iHTerpansHa cxema HBY.
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AHHOTANUA

AKTYaJIbHOCTB. [lepexon cCOBpeMEHHOM 3JIEKTPOHUKU Ha 0oJiee BHICOKHE YAaCTOTHI HAPSAMYIO CBSI3aH C YPE3BbIYAHO BaKHOU
npobiaeMoil MUHHMATIOpU3aluK HHTErpaidbHbIXx cxeM CBY. TpaauumoHHBIE IUIOCKHE CTPYKTYpBI, TaKHe KaK MHKPOIOJIOCKOBBHIC
HalpaBJICHHBIE OTBETBUTENH, UMEIOT OCOOCHHOCTh — WX JIMHEWHBIE pa3Mephl ONPEACNSIOTCS JIMHOM BONHBI B JIMHUSX IEepeaadn,
MI03TOMY HCHOJIB30BaHNE TAaKUX CTPYKTYP JUIsl MUHHATIOpU3alUH UHTErpabHEIX cxeM CBU cTaHOBHTCS MPOOIEeMaTHYHBIM.

Heas. Mcnons3oBanue 3D-cTpykTyp Ha KOMOMHAIMAX JMHUH Mepeaadd Uil U3YUCHHS YaCTOTHBIX CBOMCTB JBYX BO3MOKHBIX
peanu3anuii 4eTBEPTHBOJIHOBBIX HAINPABICHHBIX OTBETBHUTENICH HAa KOMOMHAIMM MHKPOIIOJIOCKOBBIX M IIEJIEBBIX JIMHUH HepenadH.
[Nomyuenne TPOCTHIX AHAMUTUIECKHUX BBIPKEHMI IS pacueTa 3MeKTPOPH3NIECKUX MapaMeTpoB ITUX HAIPABICHHBIX OTBETBUTENET
U TIOATBEPXKICHUE UX CBOMCTBA CTPOTUM JICKTPOJUHAMUYECKUM PacueTOM.

Metoasl. Metox cuH(Ma3sHOr0 u NPOTHBO(A3HOTO BO30OYXKICHUS W TEOPHS MATPUIl pPacCesHHs ObLIM HCIIOIb30BAHBI JUIS
MOTYYEeHUs] TPOCTHIX AHATUTHYECKHX (OpMyN A pacuyera HMIEJAHCOB CETMEHTOB JMHMH Tepefaud, KOTOPHIE ONpPENEISIOT
TOIIOJIOTHIO PACCMATPUBAEMbIX OTBETBUTEIICH.

Pe3ynbTaThl. DIeKTpOJMHAMUYECKOE MOJEIHPOBAHUE NPEIaraeMbIX OTBETBUTENEH C AMCIepcHell M MOTepsSAMHM B JIMHUSAX
[I0Ka3aJ0, 4TO Ipe/ularaeMble KOHCTPYKLIUHM HMMEIOT JIy4IlNE YacTOTHBIE XapaKTEPUCTHKH II0 CPaBHEHUIO C TPaJULMOHHBIMU
TpeXUUICH(PHBIMA MHKPOIIOJIOCKOBBIMI HAIPABICHHBIMU OTBETBUTENISIMU. TakKe II0Ka3aHO, YTO PACCMOTPEHHBIE KOHCTPYKLHH
OTBETBUTEINEH UMEIOT OOJIBIION OTEHNIMAT B BBIOOpE TPeOYEMBIX JIEKTPUYECKUX XapaKTePUCTUK YCTPOUCTB.

BriBoasl. IIpencraBieHHbIE KOMIIAKTHBIE OTBETBHTENN MOTYT HAWTH MIMPOKOE NIPUMEHEHHE B CHCTEMax MOOMIIBHOW CBSI3M IS
Pa3BsI3KM KaHAJIOB, pa3/ielieHNs] MOITHOCTH ¥ IPpeo0pa3oBaHus 4aCTOTH. MeToJ nepexosia OT INIOCKUX K TPEXMEPHBIM CTPYKTypam,
HCTIONB3yEeMBIi TIPH pa3pabOTKe HAPABICHHBIX OTBETBUTENCH HAa KOMOMHAIMAX JTWHHUH Mepeaadn, MO3BOISIET He TONBKO CO3/aBaTh
KOMIIaKTHBIC yCTpOIicTBa ¢ 3aJlaHHBIMU XapaKTCpPUCTUKAMM, HO M OTKPHIBACT IyThb K 3HAUUTEIbHOMY YMEHBIICHHIO Pa3MEpoB U
LIEHBI ITUPOKOTO CHEKTPA MEKTPOHHOTO 000PYAOBAHMS, HCTIOIb3YIOMIETO TAKHE OTBETBUTEIIH.

KJ/IFOYEBBIE CJIOBA: HanpaBieHHbII OTBETBUTEb, MUKPOIIOJIOCKOBAs U L1ejeBas JIMHUU, UHTerpayibHast cxema CBU.
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