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Network Analysis and Synthesis of Multislot
Back-to-Back Microstrip Directional Couplers

Jeong Phill Kim Member, IEEEand Wee Sang Parkember, IEEE

Abstract—This paper develops a method to analyze and syn- . &
thesize multislot back-to-back microstrip directional couplers. The & &% 6i/2 6;/2 O
analysis is based on an equivalent four-port network of the coupler,

where the slot is represented by a lumped reactance connected in : Z i 3.7/ il

series with the microstrip lines through ideal transformers. The re-
actance and turn-ratio values are computed by network analysis,
taking into account the structure parameters of the slot, such as its
length, inclination angle, and offset distance. The characteristics of
the directional coupler are calculated by using even- and odd-mode
analysis. After deriving synthesis equations for uniform multislot
couplers, an approximation scheme is devised for nonuniform di- @
rectional couplers by combining the loose coupling theory with an
optimization process. Several different uniform and nonuniform

maicrostrip line

couplers are then explored, and their results are shown as accu- slot Fo
rate. 5
Index Terms—CAD, microstrip couplers, multilayer, network ground plane ) er

analysis, slot coupling.
microstrip line
(b)
) ) . . Fig. 1. Top and side views of a multislot back-to-back microstrip directional
HE increasing complexity of microwave systems hasupler.
demonstrated a need for high-density interconnects in

MICs (microwave integrated circuits) and MMICs (monolithiGscheme demonstrates versatility and accuracy, it suffers from
microwave integrated circuits) [1], [2]. Multilayer microstriptwo drawbacks: it requires extensive computer time, and any
circuits coupled with each other through slots cut in a comm@hange in the geometry requires the development of a new so-
ground plane have become an attractive way to design thésgon.
applications [3]-[6], where the direction of the slot is either This paper develops an efficient analysis and synthesis
longitudinal or transverse to the microstrip lines. method for multislot back-to-back microstrip directional

A double-sided directional coupler with a longitudinal slotouplers, which can accommodate inclined and off-center
was investigated by Tanale al. [5], who came up with a tight slots. Section Il defines the nature of the directional coupler
coupler as well as a loose one in a more compact size than theitl analyzes it by using the equivalent-network model [10]
predecessors had [7]. However, its unequal even- and odd-magé the even- and odd-mode analysis [11], [12]. Based on the
characteristic impedances and phase velocities resulted in p@ults of this analysis, synthesis methods for uniform and
directivity. Another type of multilayer directional coupler, usinghonuniform directional couplers are detailed in Section Il
transverse slots placed discretely, has also been reported Y@kious design alternatives are discussed in Section 1V, which
[8]. In contrast to the first coupler, this one has the same challso examines the characteristics of some uniform multislot
acteristic impedances and phase velocities for even and afigkctional couplers. In addition, the result of designing a
modes, which produces high directivity. However, the measuisroad-band directional coupler with nonuniform multislots is

. INTRODUCTION

ment data were not as good as the simulation results. considered. Section V contains conclusions.
There have been a few attempts to analyze and synthesize the
multislot back-to-back microstrip directional coupler. The spec- Il. ANALYSIS

tral-domain moment method with an optimization process was

; : ; . . . Fig. 1 shows the general structure of a multislot back-to-back
described in a noticeable recent paper [9]. While this numerical T . : ; T
microstrip directional coupler. Two identical microstrip lines of

width W,,, are coupled to each other via multislots cut in the
Manuscript received June 23, 1999. common ground plane. Thi¢h coupling element of the direc-
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bi/2 6i/2 [A BY 3 [ cos 0;  jZ, sin b; @
. i C Dl u N jsin 6;/2, cos 0;
z z
Jhord o w o portd N respectively, where
nz .
H 1 . p; = cos 6; — X; sin 6;
A i Xei A

- ' 81' _l_;J-lz;ée_z;f.;y;v;v;z;atry q; =sin 6; + )fz(l + cos 6;) ©)
n; r; =sin 6; — X;(1 — cos 6;)
. (YYVY ™ .
) port 1 Z, Z, port 2 ] with Xz — Xi/Zo.
Multiplying the transmission matrices representing the indi-
@) vidual sections of a multisection directional coupler systemat-
0;/2 6;/2 ically generates the overall transmission matrix of each mode,
}4———‘ '-———‘ and the scattering parameters can then be obtained [14]. The
j2X return loss RL), insertion loss {L), coupling factor ¢), and
Zo Zo directivity (D) are defined as
even-mode RL (dB) = —20 log;g |S11]
1L (dB) =-20 1Og10 |521| (6)
L G . C (dB) = —20 logy |S31|

D (dB) = —20 log, ([ S41/531)-

Zo

For all identical coupling elementg;[ = 6 and X; = X
odd-mode for all ¢, which results inp; — p = cos 0 — X sin 0, ¢; —
g =siné+ X(1+cosb),andr; — » = sin € — X(1 —
(b) . :
cos )], the overall even- and odd-mode transmission matrices
Fig. 2. Equivalent-network representation of tile element. (a) Equivalent

network. (b) Even- and odd-mode representation. are simplified as

A B . Ln(p) JZ6qUm—1(p) 7
An equivalent network of théth element can be developed, [C D} cven [J’TUm_l(p)Zo T,.(p) } 0
as shown in Fig. 2(a), by network analysis [10], whefgis A B cos(mf) §Z, sin(mé)
the characteristic impedance of the microstrip line apd the [ D} = [ Lo } (8)
turn ratio of the ideal transformer. The reactance of the slot at odd  Ljsin(m)/Z,  cos(mo)
the microstrip-slot junctiorX,; is given as wherem denotes the number of coupling sections, dh.)
andU,,(.) in (7) indicate the first- and second-kind Chebyshev
Xoi = Zsi[cot Boi(Lsi/2 + d; + ALy;) polynomials, respectively [15]. Therefore, the scattering param-
+cot Boi(Lai/2 — di + ALy;)] -1 (1) eters are derived as
e . 1 ijrn—l(p) " (q - 7’)
where Z,; and3,; are the characteristic impedance and phas€ir = Su 5 [QTm(p) S+ Um 1(p) (g F 7,)} ()]

constant of the corresponding slotline, respectively, ard,; 1 5
denotes the extended length of the slotline due to the nonzegy, — = [ i
reactance at the end. The slotline parameters, suéh;ag.;, 2 [2Tn(p) + jUm—1(p) - (¢ +7)
1
2

+ e—ﬂ'mﬂ (10)

andALg;, can be obtained by various analysis methods [13]5 [ 2
andn; can be efficiently computed through the network analysis 2T (p) + jUm—1(p) - (¢ +7)
[10] for various configurations.

Since the developed four-port network is symmetric across
the midplane ofA—A’, it can be analyzed by using even- and Ill. DESIGNMETHOD
odd-mode analysis. Fig. 2(b) shows these even- and odd-medeUniform Directional Coupler
circuit representations, wherg; is given as

- e—ﬂ'mﬂ . (11

Let us consider the design approach of a multisection uniform
directional coupler. At the midbang, = 0 holds. Therefore,

— 2 . A A
Xy =ni" X @) X,, the midband value ok, is expressed as

Some algebraic manipulation produces the following even- and X, = cot b, (12)
odd-modeA BC D parameters:
from the first equation of (5), wher, indicates the electrical

A B _ pi 120 3) length of the element at the midband. Therefdtg, and.Ss;,
C o gri/Zs i given in (10) and (11), become a functionffonly.

even
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Fig. 3. Magnitudes ofS2:| and|Ss1| as a function of the electrical length Fig. 4. Phase difference betweef; and Ss; of multisection uniform
between the slots of multisection uniform directional couplers. directional couplers.

Iy 3 b1
TABLE | B _+‘ *”* 4" {
’\GU/ fm/‘l fjﬂ/i /\gr)/l‘1

DESIGN VALUES OF 3- AND 10-dB UNIFORM DIRECTIONAL COUPLERS

Apyy-1
number 3 dB 10 dB / f
of slot | g (deg Xo | 0,(ded X, f
2 45.00 1.0000 7157  0.3333
3 56.42  0.6640 7757 0.2205
4 67.47 0.4149 80.78 0.1623 E:)%plsér Loose coupling scheme of a multisection nonuniform directional
5 71.35  0.3375 82.59  0.1300
6 7498 02684 ) 8386 0.1077 becomes 90for an even number of slots, but deviates frorfi 90
) ) ) for an odd number. However, it tends to approach &9 the
10 5099  0.1586 86.31  0.0644 number of slots and the coupling factor increase, as shown in
Fig. 4. Therefore, a quadrature hybrid can be created by using

this type of directional coupler.

For a two-slot coupler, their magnitudes are simplified as g Nonuniform Directional Coupler

. The uniform directional coupler provides a simple means of
[S21| = sin 6, and [S5| = cos b, (13) coupling with a limited range of directivity. For applications re-
quiring higher directivity over a broad frequency band, a mul-
and depicted in Fig. 3. A desired midband coupling fa€tor tisection nonuniform directional coupler can be used. The de-
produces the required,, and X, is, therefore, determined sign of such directional couplers needs more detailed consider-
from (12). The results for other numbers of slots are alsfiion, but the loose coupling theory [16] produces reasonable
depicted in Fig. 3, and it is clear that both tight and loosanalysis results and initial design data. Fig. 5 shows the struc-
directional couplers can be designed. If the number of slotstifre of a multisection nonuniform directional coupler, where the
larger than two, several pairs 6f and X, will have the same slots are spaced gt = \,,/4 intervals at the midband, where
coupling factor. However, the shorter the electrical length,,, denotes the guide wavelength of the microstrip line. Since
the larger the required value df,, which results in longer the loose coupling theory assumes ttf&; ); = 1 for each cou-
coupling slots. Therefore, the strong interaction between tpfing elementSs; andSy; of the directional coupler are given
slots cannot be avoided, and the electrical length fror 45s
to 90 is reasonable to create both tight and loose couplings.

Some design values of 3- and 10-dB directional couplers are m—1 m—1
listed in Table |I. Sgp = i m—1)% Z a; and Sy = — Z a;e 2
The phase difference betweéh; and Ss; at the midband i=0 ;

can also be computed from (10) and (11). The phase difference (14)
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2 ' ' ' ' ' ' ' ' ' 40 8., and d, respectively, at 2 GHz. The required value Jf
- . for a given coupling factor can then be obtained by choosing
appropriatel,, 65, and d independently or combining these
parameters.

First, a 3-dB directional coupler operating at 2 GHz is de-
signed with two identical slots of type 1. From Tabl&}, =
45° and Xo = 1 should be valid values. Therefore, the cor-
responding physical distance between the two slots becomes
13.63 mm, and the resulting slot length becorB&40 mm,
as shown in Fig. 7(a). The computed return loss, insertion loss,
coupling factor, directivity, and phase difference betwégn
andSs; are shown in Fig. 8, along with the measured data over
the frequency range from 1.5 to 2.5 GHz. The two results are in
0 B E— 0 agreement. A directivity of 15 dB is obtained over a 10% of the
bandwidth. In this frequency band, the coupling variation is ap-
proximately+1 dB, and the quadrature phase deviation is less
Fig.6. Slotline characteristica (= 31 mil, ¢, = 2.20,andW, = 1.10mm). than 2, which reflects a good phase quadratufe-

Itis clear from Fig. 7(a)—(c) that the requiréd, can be ob-
tained by using different types of slots. This idea is now tested

where represents the electrical length corresponding to tb designing 10-dB directional couplers with two identical slots.

spacing\,,/4, anda; is the voltage coupling from the main to fom Table |, it is known thaf, = 71.57°, and this elec-
goi = : .trical length corresponds to the physical slot-to-slot distance of

%1.68mm. The requireﬂ'o of 0.3333 can be obtained by using
three different types of slots independently. The structure pa-
rameters of these slots are determined from Fig. 7(a)—(c), and

(ww) $qv

Zs/100 and Polfs

frequency (GHz)

factor and directivity are then expressed as

O =20 log 7?:1 o are listed in Table II. The results for type 1 are shown in Fig. 9.
0™ There is good agreement between the computed and measured
and =0 values. A directivity of 15 dB is attained over a 20% of the band-
m—1 width with +1.3-dB coupling variation. The quadrature phase
D =—-20 log;, Z a;e | — . (15) deviation is within 0.7 in this frequency band and 4.%or an
i=0 entire frequency band considered, revealing good broad-band

phase quadrature. The results for the other two types are similar,

Some design methods for multisection impedance matchiagshown in Fig. 10, and this demonstrates the design flexibility
circuits, such as the Chebyshev or binomial ones [17], can bkthe present method.
applied to synthesize the desired directional coupler, and theThe third step consists of designing a multisection uniform
required voltage coupling; can then be determined. Singg directional coupler to investigate bandwidth enhancement in
is a function of the structure parameters and can be calculatedns of directivity. A 10-dB directional coupler with a midband
through the network analysis [10], the required slot dimensidrequency of 2 GHz is devised with five slots. As shown in
can also be determined. However, since the insertion loss dratble I, the required, andX, are 82.85and 0.1300, respectively.
phase variation af; for each coupling element cannot be comTherefore, the slot-to-slot distance becomes 25.02 mm, and
pletely ignored, some corrections should be made by invokidg should be 5.55 mm, as determined from Fig. 7(a). Fig. 11

an optimization scheme. shows the computed results by the present theory and the
rigorous solution, and their agreement is good. The deviation of
IV. RESULTS AND DISCUSSION the calculated coupling factor from the specified one becomes

. . ore noticeable as the frequency retreats from the midband.
. The structure parameters ofach_osen microstrip line and SI? lis deviation is mainly due to the frequency sensitivity of
Illnle rra::r?W‘?ﬁeilitﬁﬁeﬁ?&%&eﬁiﬁt@l:;nereja?éo'tr?en?gfm :I— the slot reactance, which causes bandwidth contradiction [17].
iied hése constarit, and the extend%d sIotﬁne len The directivity has some sidelobes, and these values are, at
P 5 Otk , most, 11 dB, while 140% of the bandwidth is evident for the

as afl_mcnon of frequency are calculated by using the rIgoroé‘fﬁectivity criterion of 10 dB. This sidelobe characteristics
field simulator for planar structures based on the method of mi

. ' o " similar to that of the radiation pattern of a uniform array
mentst Fig. 6 depicts these characteristics, #pds the phase antenna [18], where the first sidelobe level becomes 13 dB,
constant of free space.

Three different types of slot are considered: a centerg(tj most, as t.he r_lumber OT eIemgnts_ increases. L
orthogonal slot (type 1), a centered inclined siot (type 2 I\_Iext,gmglt!secnon nonuniform directional cc_)upler_reqwrlng
and an off-centered ortﬁogonal slot (type 3). Fig. 7(a)~( L high d|rect.|V|ty overgbroad frequency.band is designed. The
show the calculatea and resultingX, as a funé:tion.ofL & rget coupling factor is 10 dB at the midband frequency of 2

° #'  GHz, and the directivity is 40 dB over 80% of the frequency

IHP Momentum, Hewlett-Packard Company, Santa Rosa, CA, 1997.  band. According to the conventional Chebyshev design [17]
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Fig. 7. Normalized equivalent reactance as a function of structure paramiétgrs< 2.54 mm,h = 31 mil, ¢, = 2.20, W, = 1.10 mm). (a) Slot-length
effect @, = 0° mm andd = 0 mm). (b) Inclination-angle effect’(, = 15 mm andd = 0 mm). (c) Offset-distance effecf.( = 15 mm andd, = 0°).

and the loose coupling theory, the number of slots requirésinaround path becomes larger thg)3/2 and causes the de-
for these specifications is at least six, and the required voltagieased midband. These results imply that the slot-to-slot dis-
couplings are listed in Table |. These coupling values can bences should be corrected to meet the synchronous tuning con-
attained by using orthogonal slots with different lengths. Thaition [12], where the reflections from any pair of successive
scattering parameters of the coupling element as a functidiscontinuities are phased to produce maximum cancellation at
of L, are depicted in Fig. 12, and the design values of thike design frequency. In addition, since the other computed net-
slot lengths become as shown in Table llI, with an equalork parameters are slightly different from those obtained from
spacing of 27.26 mm. The computed characteristics of thee loose coupling assumption, further correction has to be made
directional coupler are shown in Fig. 13. Even though the meet the specifications. To do this, the slot-to-slot distances
specified coupling factor of 10 dB is obtained at 2 GHzre optimized by using a microwave circuit simulagtoghich

the midband in terms of directivity is lower than the desigare listed in Table IIl.

value. In addition, the obtained directivity is 30 dB at most, The directional coupler was fabricated with these design
which is 10 dB lower than the target value, over less thamlues. The measured data and computed results after opti-
50% of the bandwidth. Therefore, some corrections shoultization are shown in Fig. 13. The agreement between them is
be made.

As shown in Fig. 12j th? phase 6f,; varies and decregses 2Hp 85150B RF and Microwave Design Systems, Hewlett-Packard Company,
from 90" as the coupling increases. Therefore, the equivalesinta Rosa, CA 1997.
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Fig. 8. Characteristics of a 3-dB two-slot uniform directional couglgr( =
254 mm,h = 31 mil, e, = 2.20, W, = 1.10 mm, L, = 27.10 mm,

8; = 0° mm,d = 0 mm, and spacing 13.63 mm). (a) Insertion loss, couplin

factor, and directivity. (b) Phase difference betwégn andSs; .

TABLE I
SLOT PARAMETERS OF THREE 10-dB DRECTIONAL COUPLERS WITH
TwO IDENTICAL SLOTS

coupling factor 10 dB
types of slot typel type 2 type 3

Lg (mm) 11.35 1500  15.00

05 (deg) 0.00 58.14 0.00

d (mm) 0.00 0.00 3.87
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gig. 10. Characteristics of a 10-dB two-slot directional couplers for the type 2

L, =15 mmandd, = 58.14°)and type 3[, = 15 mmandd = 3.87 mm).
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Fig. 11. Characteristics of a 10-dB five-slot uniform directional coupler
(W, = 2.54 mm,h = 31 mil, e,. = 2.20, W, = 1.10 mm, L, = 5.55 mm,

6, = 0° mm,d = 0 mm, and spacing 25.02 mm). (a) Insertion loss, coupling
factor, and directivity. (b) Phase difference betwégn andSs; .

V. CONCLUSIONS

This paper has developed a general theory to analyze and
synthesize multislot back-to-back microstrip directional cou-
plers. The related network parameters are explicitly calculated
fromthe network analysis, and the resulting characteristics of
the directional couplers are then obtained with the help of the
even- and odd-mode analysis. This analysis includes the effects

Fig. 9. Characteristics of a 10-dB two-slot directional coupler for the ty|oe(i]c various structure parameters, such as the Iength, inclination

(W,, = 2.54mm,h = 31 mil, e, = 2.20,W, = 1.10mm,L, = 11.35mm,

angle, and offset distance of a rectangular slot. Exact synthesis

#. = 0° mm,d = 0 mm, and spacing 21.68 mm). (a) Coupling factor an&quations are derived for uniform directional couplers, and an
directivity. (b) Phase difference betwefn, andSs,.

approximate synthesis method combining the loose coupling
theory with an optimization process is proposed for nonuniform

reasonable, and comparable to the target design specificatiatisectional couplers.
All those design examples validate the efficiency and accuracyThis theory was applied to several different configurations

of the proposed methodology.

of the directional couplers. For the uniform directional coupler,
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magnitude

Lg (mm)

(Bap) eseyd

exact synthesis equations. It was demonstrated that a 10-dBdi-
rectional coupler could be designed using three different slot
arrangements. A longer slot-to-slot distance was required for
loose coupling. Using a larger number of uniform slots created
the possibility of a broader bandwidth in terms of directivity, but
the sidelobe level was not shown to exceed 13 dB at most. Such
poor directivity can be improved by using a nonuniform multi-
slot design, and a 10-dB directional coupler with 40-dB direc-
tivity over 80% of the bandwidth was constructed by combining
the proposed approximate scheme with an optimization process.
For all directional couplers considered, quadrature phase differ-
ence was observed over the broad-band frequency range.

The measured results and those computed by the proposed
theory for the coupling factor, directivity, and phase difference
agreed very well for all the configurations, verifying the validity
of the theory. Due to its simplicity and efficiency, the proposed
analysis and synthesis method can be a powerful tool for de-

Fig. 12. Scattering parameters of the slot-coupling structure as a functionsd@ning various types of multislot back-to-back microstrip di-

slot length at 2 GHzW/,,, = 2.54 mm,h = 31 mil, e, = 2.20, W,

1.10 mm, 6, = 0° mm,d = 0 mm).

TABLE Il

DESIGN PARAMETERS OF10-dB MULTISECTION NONUNIFORM DIRECTIONAL
COUPLER WITH40-dB DRECTIVITY OVER 80% BANDWIDTH

index ag Lg; (mm) L (mm)
0 0.0163 2.60
1 0.0534 4.92 26.60
2 0.0884 6.94 24.77
3 0.0884 6.94 24.00
4 0.0534 4.92 24.77
5 0.0163 2.60 26.60

-50 I I I I I ' ‘

—— computation [optimization] | —f

j ------- computation [initial design]

*  measurement i

CandD (dB)
o

S

frequency (GHz)

Fig. 13. Characteristics of a 10-dB six-slot nonuniform directional coupler
Wi = 2.54 mm,h = 31 mil, e, = 2.20, W, = 1.10 mm, 8, = 0° mm,
d = 0 mm). (a) Coupling factor and directivity. (b) Phase difference between

521 ands;gl.

130

80

30

(Bap) asuaiayip aseyd

rectional couplers.
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