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With No Restriction on Coupling Power

Hee-Ran Ahn, Senior Member, IEEE, and Bumman Kim, Fellow, IEEE

Abstract—To realize any coupled-line ring hybrid without any
restriction on coupling power, a set of coupled-line sections with
two shorts was synthesized using one- and two-port equivalent cir-
cuits, and design equations were derived to yield perfect matching
regardless of the coupling power. Based on the design equations,
a new modified II-type transmission-line equivalent circuit is
suggested. It consists mainly of a set of coupled-line sections and
can be used to reduce a transmission-line section, especially when
the electrical length is greater than 180°. Therefore, the 270°
transmission-line section of a conventional ring hybrid can be
reduced to less than 90°. To verify the performance of the modified
one, two Kinds of simulations were performed: in the first, the
electrical length of the coupled-line sections was held constant, in
the second, the coupling coefficient was held constant. Simulated
bandwidths of the resulting small transmission lines depended
strongly on coupling power. Using modified and conventional
II-type transmission-line equivalent circuits, a small wideband
coupled-line ring hybrid (SWCLRH) was designed. Compared
to the conventional ring hybrid, the SWCLRH has much wider
bandwidth, but is less than one-third as large. To test the method,
a microstrip SWCLRH with a total transmission-line length of
220° was fabricated and tested. Measured S>1, S;y1, S23, and Sy3
were —2.78, —3.34, —2.8, and —3.2 dB, respectively, at a design
center frequency of 2 GHz. Matching and isolation with less than
—20 dB were achieved in more than 20% fractional bandwidth.

Index Terms—Coupled transmission-line sections with two
shorts, modified II-type transmission-line equivalent circuit,
small wideband coupled-line ring hybrids (SWCLRHs), wideband
coupled-line ring hybrids (CLRHs).

1. INTRODUCTION

ING HYBRIDS are indispensable and fundamental com-
R ponents that are used for numerous applications including
balanced amplifiers, balanced mixers, multipliers, phase shifters
and attenuators, power amplifiers, and antenna feeding networks
[1]-[3]. However, the conventional ring hybrid, which consists
of only transmission-line sections, has inherently narrow band-
width and large size. To reduce the size, a wideband ring hy-
brid with a set of coupled-line sections was suggested [4]; in
this paper, ring hybrids of this type will be called coupled-line
ring hybrids (CLRHs). However, the CLRH can be perfectly
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matched only when the coupling coefficient C = —3 dB, which
cannot be easily realized. To solve this problem, many modifi-
cations have been suggested, including using broadside [5] or
vertical coupling [6], uniplanar structures [7]-[10], and a left-
handed transmission-line section [11]. However, vertical cou-
pling is used only in the form of multisections for wideband per-
formance [6] and the left-handed transmission-line section must
be realized using lumped elements. Furthermore, in any case
where coupled-line sections are used, —3-dB coupling cannot
be changed for perfect matching [4], [5], [7]-[10].

To attain small ring hybrids, two design methods have been
applied: using arbitrary transmission-line sections [7], [12],
[13], and using transmission-line equivalent circuits [14], [15],
but both methods are unsatisfactory. The small ring hybrids
designed by the first method are perfectly matched at frequen-
cies where reduced transmission-line sections become 90°.
Therefore, no size reduction effect can be expected. For the
second method, lumped-element [16]-[19], TI-type [14], [15]
or T-type transmission-line equivalent circuits have been used.
However, lumped-element equivalent circuits give very small
bandwidths, conventional II-type equivalent circuits can be
used only when the original length of transmission-line sections
is less than 180°, and T-type equivalent circuits can achieve
size reduction only if the resulting transmission-line section
has very high characteristic impedance. Alternative approaches
to miniaturizing ring hybrids should be explored.

In this paper, a wideband CLRH is compared with a ring
hybrid having a left-handed transmission-line section (LHRH)
[11]; the CLRH is better by all criteria. A set of coupled-line sec-
tions of the ring hybrid forms a kind of impedance transformer
[71, [17] and can be obtained from an impedance-transforming
directional coupler [20], [21], but perfect matching can also be
achieved only when C' = —3 dB. To attain perfect matching
for any value of C, coupled-line sections with two shorts were
synthesized using one- and two-port equivalent circuits, and de-
sign equations were derived to fabricate the CLRHSs in a planar
structure without any restriction on C'.

To further reduce the size of ring hybrids, a modified II-type
transmission-line equivalent circuit is also proposed based on
the derived design equations of the coupled-line sections with
two shorts. The modified equivalent circuit can be used for
any transmission-line section whose electrical length is greater
than 180°; therefore, the length of the 270° transmission-line
section of a conventional ring hybrid can be reduced. Using
both modified and conventional II-type transmission-line
equivalent circuits, a new small wideband coupled-line ring
hybrid (SWCLRH) was constructed and compared with a
conventional ring hybrid in terms of power division and phase
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responses. Compared to the conventional ring hybrid, the pro-
posed SWCLRH has much wider bandwidth, but is less than
one-third as large. To verify the suggested method, one mi-
crostrip SWCLRH was fabricated and measured. The measured
power divisions Sa1,S41,523, and Sy3 were —2.78, —3.34,
—2.8, and —3.2 dB, respectively, at a design center frequency
of 2 GHz; matching and isolation with less than —20 dB were
achieved in more than 20% fractional bandwidth.

This paper is organized as follows. Section I provides a brief
introduction of conventional wideband ring hybrids and of the
contents of this paper. Section II demonstrates that CLRHs are
superior to LHRHs by all criteria, but that CLRHs suffer from
restriction of coupling power. Section III describes coupled-line
sections with two shorts to solve this problem, and suggests
wideband CLRHs as an application of the synthesized cou-
pled-line sections with two shorts. Section IV presents methods
of further reducing the dimensions of ring hybrids, proposes
a modified Il-type transmission-line equivalent circuit, and
discusses how to obtain SWCLRHs. Section V presents a
conclusion.

II. CONVENTIONAL RING HYBRIDS

A. Conventional Ring Hybrids

Three 3-dB conventional ring hybrids terminated in equal im-
pedances Z are depicted in Fig. 1. The conventional ring hybrid
in Fig. 1(a) consists of three A/4 transmission-line sections and
one 3\/4 transmission-line section and has inherently narrow
bandwidth with large size. The main shortcoming of this de-
sign is that the bandwidth, where the A\/4 and 3\ /4 transmis-
sion-line sections are 180° out-of-phase, is narrow. Two ap-
proaches have been used to increase the bandwidth under this
condition. First, in a CLRH, the 3\ /4 transmission-line section
is replaced by a set of coupled-line sections with two shorts [see
Fig. 1(b)]; in an LHRH, this section is replaced by a left-handed
transmission-line section [see Fig. 1(c)]. However, these two
ring hybrids have realization problems: in the CLRH, perfect
matching can be achieved only when C' = —3 dB; in the LHRH,
the left-handed transmission-line section may be realized only
with lumped elements, which may cause unwanted frequency
response.

B. Conventional Wideband Ring Hybrids

To compare CLRH and LHRH, the two were simulated at
a center frequency of 1 GHz using Advanced Design System
(ADS 2006). Even- and odd-mode impedances of the coupled-
line sections in Fig. 1(b) were set to 171.4 and 29.3 €2, respec-
tively, when 7 is 50 €2 [4], [S]. The power excited at port (D
or (® (Fig. 1) is divided equally between ports (2) and @ and
isolated from port 3) or (D), respectively. The divided waves
are in-phase or out-of-phase, depending on which input port
is chosen. Considering these points, the ratios of Sy; to Sy
and Ss3 to Su3, and phase differences of |/S9; — £S41| and
|/Sa3 — £S43| were plotted (Fig. 2) and boundary values were
calculated at 100 % fractional bandwidth (Table I).

At 100% fractional bandwidth, So1/S41 varied between
0-0.567 dB in the CLRH, and between 0-0.9 dB in the LHRH
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Fig. 1. Conventional ring hybrids. Circled numbers represent ports. (a) Ring
hybrid with a 3\/4 transmission-line section between ports () and @.
(b) CLRH. (c) Left-handed ring hybrid (LHRH).

[see Fig. 2(a)]; S23/S43 varied between 0-0.724 dB in the
CLRH and between —0.9-0 dB in the LHRH [see Fig. 2(b)].
Smaller power ratios are desirable; therefore, the CLRH is
better than the LHRH by this criterion.

The phase responses of the CLRH and LHRH differed.
The out-of-phase response |/S21 — ZS41| is between
170.4°-188.3° in the CLRH and between 137.6°-228.3° in the
LHRH [see Fig. 2(c)]. The in-phase response |£Sa3 — £Sy3] is
between 0°-9.4° in the CLRH and between 0°-25.66° in the
LHRH [see Fig. 2(d)]. since the ideal phase difference is 180°
for [£S21 — £S41| and 0° for |/S23 — £ S43]|, the CLRH has
much better phase response than the LHRH. Therefore, CLRH
are also superior to LHRH by this criterion.

Although the performance of the CLRH is better than that
of the LHRH, realizing the simulated values of 171.4-Q2 high
even-mode impedance and 29.3-(2 low odd-mode impedance
in microstrip technology is very difficult. To identify ways to
solve this problem, the coupled-line sections with two shorts
connected between ports (D) and @) [see Fig. 1(b)] will be dis-
cussed in more detail.

III. COUPLED-LINE SECTIONS WITH TWO SHORTS AND
THEIR APPLICATION TO WIDEBAND RING HYBRIDS

A. Coupled-Line Sections With Two Shorts

Coupled-line sections with two shorts connected between
ports (D) and @ [see Fig. 1(b)] are used as an impedance trans-
former to transform 27 into Zy when power is fed into port (D
[7]1, [17]. An impedance-transforming directional coupler [see
Fig. 3(a)] may be used to create an impedance-transforming
coupled-line section with two shorts [see Fig. 3(b)] [20], [21].
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Fig. 2. Simulated frequency responses of the CLRH and LHRH. (a) Divided
power ratio of |S21/S41]. (b) Divided power ratio of |S23/S43]|. (¢) Out-of-
phase response of | 2521 — £5S41|. (d) In-phase response of |£S23 — £S43].
Solid lines: CLRH. Dotted lines: LHRH.

TABLE I
SIMULATION RESULTS AT 100% FRACTIONAL BANDWIDTH
Parameter CLRH LHRH
(S21/S41) [dB] 0~0.567 0 ~0.902
(S23/S43) [dB] 0~0.724 -0.902~0
|£8, = 28471 || 170.4~188.3 137.6 ~ 228.3
|£8,3 = £844| ] 0~94 0 ~25.66
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Fig. 3. Impedance-transforming directional coupler and a set of coupled-line
sections with two shorts. (a) Directional coupler. (b) Set of coupled-line sections
with two shorts, marking input impedance Z;, looking into the coupled-line
sections terminated in Z,, at port (@ .

When © = 90° [see Fig. 3(a)], the power excited at port (1)
is coupled to port (2) with a certain coupling power and the re-
mainder of the input power is delivered to port (). Theoretically,
no power is delivered to port (3), which is called an isolated
port. In this case, the even-mode impedance Zj. and odd-mode
impedance Z, [20], [21] are

Zoe =N T\ |55, (1a)
Zoo =\ 77 1= (1b)
0o — rZL 1 T C

Terminating ports 2) and @ in Fig. 3(a) in shorts results in
the coupled-line sections with shorts in Fig. 3(b). Applying the
short boundary condition gives the admittance matrix Y of the
circuit in Fig. 3(b) as

Ye Yo .Yo_Ye
—j—o + Yo cot © —]—0 ¢ sc®
Y= e = Yo Yoo + Yoo - @
—J csc® —j cot ©
2

Based on Y, the scattering parameters of coupled-line sections
[see Fig. 3(b)] are derived as (Appendix)

S = %[(Yoo — Yoe)?sec”? © — (Yoe + Yoo)?

— 4Y, Yy tan® © — j2(Yg, + Yoe)

x (Y — Y,) tan O] (3a)
Sag = %[(YOG — Yoe)?sec? © — (Yo + Yoo)?

— 4Y, Y tan® © + j2(Yy, + Yo.)

x (Y, —Y,) tan ©] (3b)
So1 = %[—jélYT(YOO — Yo.) sin © sec? O] (€9)
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Fig. 4. Simulation results of the coupled-line sections with two shorts for dif-
ferent C'. (a) Insertion loss. (b) Return loss (matching).

where D = (Yoo + Y00)? — (Yoo — Yoe)?sec’?©® —
4YVTYL t;an2 (€] + j2(Y()e + Y00>(Y;n + YL) tan @7 YT = 1/Z,,‘7
and YL =1 / A L-

Using the scattering parameters calculated in (3), the coupled-
line sections with two shorts were simulated using MATLAB
6.1 (The MathWorks Inc., Natick, MA) for termination imped-
ances Z, = 50 Q and Z; = 100 Q. In Fig. 4, depending
on C, coupling characteristics are classified as critical coupling
(C = —3dB), over-coupling (C' > —3 dB), and under-coupling
(C' < =3 dB) [22]. Only critical coupling gives no insertion
loss and perfect matching, and over-coupling results in ripples
with no perfect matching (Fig. 4). The power excited at port

@ [see Fig. 3(b)] is transmitted to port (2), and the amount of
transmitted power depends on the coupling structure. To achieve
perfect matching at a design center frequency regardless of C,
design equations given in (1) should be modified. This modifica-
tion process and the resulting design equations will be explained
in more detail using one- and two-port equivalent circuits.

B. One-Port Equivalent Parallel Resonant Circuit

How much power excited at port (D) [see Fig. 3(b)] that can
be transmitted into port @ depends on the coupling struc-
ture. Therefore, the coupled-line sections terminated in Zp,
in Fig. 3(b) may be equivalent to a one-port parallel resonant
circuit [22], as described in Fig. 5, where input impedance and
input reference impedance Z;, and Z, are indicated. The input
impedance Z;, [23] was calculated as follows:

-1
} “)

Y12Y21

Zin = [Kn]il = |:Y11 - Y +YL
22
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Fig. 5. One-port equivalent parallel resonant circuit. Input impedance Zi,;
input reference impedance Z,..

Length [0°< © <180°]

Fig. 6. Input impedances are illustrated on an impedance Smith chart de-
pending on over, critical, and under coupling.

which gives frequency-dependent R,,, L, and C,, (Fig. 5) as (see
the Appendix)

Yi(1 - C?) + Y, cot’ ©

R, = 5
Y, Y. C?csc?2 © (52)
Values of L, and C, depend on ©. For cot © > 0,
3
Y, Y, cot ©
c,=0C? — 5b
@ 1-C?%| sin®’@© (50)
, (vi=c?)? 5o
o — C
e T Y /Y cot OY, cot2 0 + Vi (1 — C2)]
For cot ©® < 0,
YL \/YTYL cot @[YT COt2 (€] + YL(l — C2>]
wC, = , (5d)
(V1-C?)3
3
1-C2 sin? ©
L, = .
“ \ Vv | C?coto (5¢)

The input impedance Z;, may be displayed on an impedance
Smith chart. The three loci in Fig. 6 show the input imped-
ances normalized to Z, when Z, = 50 2 and Z;, = 100 2 are
fixed, and C' and electrical length © are varied [see Fig. 3(b)].
Each locus cuts the real axis twice, and when © = 90°, the
value is exactly unity with the critical coupling, but more or
less than unity with two other couplings. This means that per-
fect matching occurs only under the condition of critical cou-
pling; these results agree with those in Fig. 4. For any set of cou-
pled-line sections with two shorts [see Fig. 3(b)] to have perfect
matching regardless of C, conventional even- and odd-mode im-
pedances in (1) must be modified to increase over-coupled input
impedances and decrease under-coupled input impedances.
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Fig. 7. Two-port equivalent circuit of coupled-line sections with two shorts.

When © = 90° in (5), only R, appears and its value is

1-C?

Ro - Zr T . (6)
From (6), R, = Z, when C' = 1/ V/2 (critical coupling), which
agrees with the simulation results (Figs. 4 and 6). To perfectly
match coupled-line sections at a design center frequency at any
C, the even- and odd-mode impedances should be modified so
that R, = Z, always, regardless of C'. Z,. in (6) comes from
the even- and odd-mode impedances in (1) and can be modified
to have a constant value of input impedance by replacing Z,. in
(1) with Z,.[C?/(1 — C?)]. In this way, the modified even- and
odd-mode impedances Z)* and Z]; are derived as

70 = Y 7

1-C

¢ NAYA R

1+C

With Z§? and Zj;, the input impedance Z;,, always becomes
R, = Z, at resonant frequency, i.e., at a center frequency, re-
gardless of C.

(7a)

Zg = (7b)

C. Two-Port Equivalent Circuit

A set of coupled-line sections with electrical length © and ter-
mination admittances Y,. and Y7, [see Fig. 3(b)] may be equiva-
lent to a circuit that consists of a transmission-line section with
electrical length ® 4+ 180° and two short stubs (Fig. 7) where
the characteristic admittances are (Y}, — Y}.)/2 for the trans-
mission-line section and Yy, for the short stubs. When © = 90°,
only the transmission-line section connects the two termination
admittances; thus, this section becomes an admittance trans-
former. Therefore, its characteristic admittance is the geometric
mean of the two termination admittances and is also related to
C [20], [21]. Thus, the relative relations are given as

Yo, — Y,
%Z*/YTYL (8a)
1+C
Yo, = 17— Yorr (8b)

The even- and odd-mode admittances satisfying (8) are dif-
ferent from those in (1) and are calculated as

1-C
m_—
e« C

1+C
c

Y. Yz (9a)

Yo, = Y, Y, (9b)
which are the same as those in (7).
In the equivalent circuit (Fig. 7), the transmission-line sec-

tion can be considered as a circuit in which a transmission-line
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TABLE 11
MODIFIED EVEN- AND ODD-MODE IMPEDANCES WITH
Z, = 100 Q2 AND Z; = 50 €2 [SEE FIG. 3(b)]

3dB | -5dB | -7dB | -9dB | -11dB
zorQ1l 1714 | 909 | 571 | 389 | 278
zi Q1] 293 255 | 218 | 185 | 155

section with electrical length © is connected to a frequency-in-
dependent 180° phase shifter. Therefore, the A/4 transmission-
line section and \/4 coupled-line sections [see Fig. 1(b)] can be
180° out-of-phase in a wider frequency band. This is the reason
the CLRH [see Fig. 1(b)] can have wideband performance.

D. Coupled-Line Section Measurements

To verify the design equations in (7) and (9), a microstrip cou-
pled-line section with two shorts terminated in 100 and 50 €2
was fabricated on a substrate with thickness H = 0.76 mm
and relative permittivity £, = 3.4, and tested at a center fre-
quency of 2 GHz. Zj and Z{ both decreased with C' (Table II).
At C = —3 dB (i.e., the value required to attain critical cou-
pling), the even-mode impedance was 171.4 Q and the odd-
mode impedance was 29.3 Q; these values are almost impos-
sible to realize with 2-D microstrip lines. For measurement, a
set of coupled-line sections with C' = —7 dB was fabricated;
its even-mode impedance was Z? = 57.1 2 and its odd-mode
impedance was Z) = 21.8 {2 (Table II).

Zge = 57.1 Q and Zj, = 21.8 2 required above can be
realized easily using printed circuit board (PCB) technology,
but an easier method of attaining the odd-mode impedance
will be introduced in the following paragraphs. The even-mode
impedance of 57.1 €2 can be realized easily, but realizing the
odd-mode impedance of 21.8 € is more difficult with the
given substrate. Therefore, a 3-D structure or a set of three
coupled-line sections is needed to attain such a low odd-mode
impedance. In our case, a 3-D structure [24] was used.

If a TEM propagation of two coupled transmission lines is as-
sumed, then the characteristics of coupled transmission lines can
be completely determined from capacitances and propagation
velocities on the transmission lines. A 2-D capacitance equiv-
alent network of a pair of coupled transmission lines was de-
picted in Fig. 8(a). In this case, C15 is the capacitance per unit
length between the two conductor lines in the absence of the
ground conductor, while C77 and Cso are the capacitances per
unit length between one conductor and ground in the absence
of the other conductor line. If the coupled transmission lines
are identical in size, C1; = Cs>. For even-mode excitation, no
current flows between the two transmission lines; therefore, the
capacitance C15 per unit length between the two conductor lines
is 0 in the absence of the ground conductor. Therefore, the re-
sulting capacitance of either line to ground is C, = C11 = Coy
and its even-mode impedance Z. is VER /C., where € and 11 are
a substrate’s permittivity and permeability. For the odd-mode
excitation, the electric field lines have an odd symmetry about
the center line and a voltage null exists between the two trans-
mission lines. Therefore, the resulting capacitance of either line
to ground is C, = C1; + 2C15 and the odd-mode impedance
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(b)

Fig. 8. General TEM coupled lines. (a) Side view of a 2-D equivalent capaci-
tance network. (b) Side view of a 3-D equivalent capacitance network.

Zyo is \/2[1/ C,. The even- and odd-mode impedances are pro-
portional to /¢ so if the odd-mode capacitance is too high, i.e., if
coupling is tight, the odd-mode impedance is not easy to realize.

To realize the low odd-mode impedance with a 3-D structure,
as in Fig. 8(b), a pair of coupled-line sections, with which only
the required even-mode impedance can be realized, was first
fabricated with a space of h. Here, h is an assumed thickness
of a given substrate. The width wy, [see Fig. 8(b)] of a vertically
constructed conductor is then determined to have the required
odd-mode impedance. In this case, the even-mode impedance
is connected in parallel with the impedance produced by the
vertical conductor.

For the given substrate, a pair of coupled transmission lines
was first realized, fixing its space at the thickness of the substrate
so that only the even-mode impedance of 57.1 €2 can be obtained.
For the odd-mode excitation, a voltage null exists between two
coupled transmission lines so the even-mode impedance of
57.1 2 was connected in parallel with the impedance produced
between a vertically constructed conductor and the voltage
null between the two coupled lines. This resulted in the re-
quired odd-mode impedance Z§; = 21.8 2. Therefore, the
impedance Z, produced by the vertical conductor is 35.3 €.
The characteristic impedance Z, is easily realized using any
commercial circuit simulation tool, but an important point is that
its effective thickness is half of the given substrate thickness.
Microstrip-coupled transmission-line sections were fabricated
[see Fig. 9(a)] using appropriate design parameters (Table III).
Measured and predicted results agree well [see Fig. 9(b)].

E. Application to Wideband CLRHs

Using the analyzed coupled lines, wideband CLRHs can be
realized without any restriction on C. A set of coupled-line
sections between ports ) and @ [see Fig. 1(b)] is a kind of
impedance transformer that transforms 100-50 2 when Z;, =
50 . Therefore, the data in Table II were used and excitation
at port () was compared for several CLRHs (Fig. 10). Perfect
power divisions [see Fig. 10(a) and (b)] perfect isolation [see
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Fig. 9. Set of coupled transmission-line sections with two different termina-
tion impedances. (a) Fabricated coupled transmission-line sections. (b) Results
measured and simulated are compared.

TABLE III
FABRICATION DATA FOR A SET OF MICROSTRIP
COUPLED-LINE SECTIONS WITH TWO SHORTS

Z,=100Q, Z, =50Q, Z; =70.71Q
ZOem -571Q w, =1.34 mm, /=229 mm,
s =0.76 mm
Zy," =21.8Q | £,=353Q — w;, =1.407 mm,
¢ =229 mm
Zp=7071Q | w =0.895mm, ¢ =23.28 mm
500 w =1.678 mm

s @ gap between two transmission-line sections,
Z: physical length of transmission-line sections

Fig. 10(c)], and perfect matching [see Fig. 10(d)] at a center fre-
quency of 1 GHz were achieved regardless of C', and the band-
width was proportional to the coupling power.

IV. SWCLRHs

A. Small Transmission Lines

The CLRHs and LHRHs [see Fig. 1(b) and (c)] are some-
what smaller than the conventional ring hybrids [see Fig. 1(a)],
but they are still large. To further reduce the size of ring hy-
brids, transmission-line sections must be reduced. For this pur-
pose, a conventional II-type transmission-line equivalent circuit
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Fig. 10. Several CLRHs. (a) Power division (S21). (b) Power division (S41).
(c) Isolation (.S31). (d) Matching (S11).

has been suggested [14], but it can be used only when its elec-
trical length is less than 180°. To further reduce the size of ring
hybrids, a modified II-type transmission-line equivalent circuit
is suggested here. It can be used to reduce the 3\ /4 transmis-
sion-line section of a conventional ring hybrid to less than 90°.

Several transmission-line sections with characteristic
impedance Z can be designed for ® < 180° and ©, < 90°
(e.g., Fig. 11). The equivalent circuit consisting of a transmis-
sion-line section [see Fig. 11(b)] is used when its original total
electrical length is less than 180° and that consisting of coupled-
line sections [see Fig. 11(d)] is used when it is more than 180°.
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Fig. 11. Transmission-line sections and their equivalent circuits. (a) Transmis-
sion-line section with © < 180°. (b) Conventional II-type transmission-line
equivalent circuit with ©, < 90°. (c) Transmission-line section with 00 <

O < 180°. (d) Modified IT-type transmission-line equivalent circuit with © ; <
90°.

The even- and odd-mode impedances Z§, and Zj,
[see Fig. 11(d)] were computed, applying Z, = 2L
[see Fig. 3(b)] in (7) and (9). The relationships between
0,70,75,04,Yop, Oops Z5es Zios Yeops and Ocop (Fig. 11)
can be derived as

7. = 7,209 (102)

sin ©4
Yop tan Oop = YOW (10b)
%:%%%T%? (11a)
,%zaggﬁ% (11b)
Yoyt Orop = Silf@ <cos O, —CC cos@) (110)

where Yy = 1/Z,.

When Zy = 70.71 Q and © = 90° [see Fig. 11(c)], the
circuit is equal to the 3\ /4 transmission-line section between
ports (D) and (@) of the conventional ring hybrid [see Fig. 1(a)].
Based on (10) and (11), Z;,, Z§,, and Z.,, were calculated
while varying C for fixed values ©; = 60°, Zy = 70.71 Q2,0 =
90°, Ocop = 30° (Table IV). Similarly, 7§, , Z§,, and Z.p, were
calculated while varying © for fixed values C' = —7dB, Z, =
70.71 2,0 = 90°, and O, = 30° (Table V). Using these
calculated values, several small transmission-line sections [see
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TABLE 1V
DESIGN DATA FOR SMALL TRANSMISSION LINES
WITH A FIXED VALUE ©, = 60°

e, =60°,

Z, =70.71 Q, ®=90"’ 0., =30°
C[dB] -5 -7 -9
zs, 104.9 65.9 449
z, 29.4 25.2 21.4
Zeop 459 36.5 29

TABLE V
DESIGN DATA FOR SMALL TRANSMISSION LINES
WITH A FIXED VALUE C' = —7 dB
C=-7dB,
Z,=7071Q, © :90", O = 30°
0, 40° 50° 60 °
z, 88.8 74.5 65.9
z 33.97 28.5 252
Zeop 23.8 28.4 36.5

(b)

5
)
=,
15}

(S

35 -

0.6 0.8

Frequency[GHz]

Fig. 12. Simulation results of small transmission-line sections shown in
Fig. 11(d). (a) O is fixed at 60° and coupling coefficients are varied.
(b) Coupling coefficient C is fixed at —7 dB and © is varied.

Fig. 11(d)] were simulated. Greater coupling power gives more
bandwidth [see Fig. 12(a)], but the bandwidth is not strongly de-
pendent on the electrical length O if C is fixed [see Fig. 12(b)].

®r2 ®r1

Fig. 13. Proposed SWCLRH.

TABLE VI
DESIGN DATA OF SMALL WIDEBAND COUPLED-LINE
RING HYBRIDS FOR ©, = 40°

0, =40°
Z,=110Q, Z,, = 3873 Q, 0, =40°
C -3dB -5 dB -7 dB -9 dB

z, 266.7Q | 141.3Q | 88.8Q 60.5Q
z3, 45.6 Q 39.6 Q 33.97Q | 288Q
Z,, 32.1Q 279 Q 2390 203 Q

0,, 40° 40° 40° 40°

TABLE VII
DESIGN DATA OF SMALL WIDEBAND COUPLED-LINE
RING HYBRIDS FOR ©, = 50°

0, =50°
Z,=923Q, 7, = 655Q, ©,,=50°
C [3d8 [5dB [-7dB | -9dB

Zs, 223.7Q | 118.6Q | 745Q 50.8 Q2
A 382Q 332Q 285Q 242Q

Z,, 543Q 472Q 40.5Q 343Q
0,, 50° 50° 50° 50°

TABLE VIII
DESIGN DATA OF SMALL WIDEBAND COUPLED-LINE
RING HYBRIDS FOR @, = 60°

0, =60°
Z,=816Q, Z,, = 593Q, 0, =40°
C 3dB |-5dB__|-7dB__|-9dB

z3, 197.9Q | 1049Q | 659Q 449 Q

z, 33.8Q 2940 2520 214 Q

Z,, 69.8 Q) 60.7 Q 52.0Q 44.1Q

0,, 50° 50° 50° 50°

B. SWCLRHs

Using the established relationships (Fig. 11), an SWCLRH
was fabricated (Fig. 13) in which the following relations hold:

le tan ®r1 = 2Y0p tan ®op
Yiotan ©,9 = Yo, tan Ogp, + Yeop tan Ocgp

where Y1 = 1/Z,1 and Y,0 = 1/Z,5.
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Fig. 14. SWCLRHs are compared with a conventional ring hybrid. (a) Divided
power ratio of |S21/S41|. (b) Divided power ratio of |S23/S43]. (¢) Out-of-
phase response of | £.S51 — £.541]. (d) In-phase response of | £S23 — £S43].

The SWCLRHs were designed using (10)—(12) and three
types of data with variable ©, were calculated where O, 0,1,
and O,, were fixed and C' was varied from —3 to —9 dB in
increments of —2 dB (Tables VI-VIII). Using Table VI, the
SWCLRHs were designed at a center frequency of 1 GHz
and simulation power ratios [see Fig. 14(a) and (b)] and phase
differences [see Fig. 14(c) and (d)] were compared to those of
a conventional ring hybrid. The total transmission-line length
of the SWCLRH is 160°, whereas that of the conventional
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Fig. 15. Fabricated microstrip small ring hybrid.

TABLE IX
FABRICATION DATA FOR A MICROSTRIP SMALL
WIDEBAND CLRH

0,=55° 7Z,=863Q, Z§, =6421Q, Zj, =258Q
(Z,=8640Q,0,, =54.5°),
(Z,=6385Q,0,,=60°)
Z,=863Q w=0.58 mm, (=14.5 mm
Z5,=6421Q | w,=1.08 mm, £=13.8 mm,
s =0.76 mm
Z5,=2580Q | Z,=43.16Q —
wy,=1.04 mm, /=13.8 mm
(Z,,0,) | w=0577mm, £= 14.32 mm
(Z,,,0,,) w=1.08 mm, /= 154 mm
50Q w=1.687 mm

s : gap between two transmission-line sections,
Z: physical length of transmission-line sections.

one is 540°. The proposed SWCLRH shows wider bandwidth
than the conventional ring hybrid, as demonstrated in Fig. 14,
despite being less than one-third its size.

C. SWCLRH Measurement

To verify the design method, one microstrip SWCLRH
was fabricated on a substrate (H = 0.76 mm and &, = 3.4)
(Fig. 15). Fabrication data (Table IX) were collected with the
transmission-line section ©, fixed at 55°, Z;, set to 64.21 2
and 7§, set to 25.8 Q2. The microstrip SWCLRH was tested at
a center frequency of 2 GHz and the measured and predicted
results were compared (Fig. 16).

When the power is excited at port @O (Fig. 15), the mea-
sured power division S3; was —3.34 dB and measured S4; was
—2.78 dB [see Fig. 16(a)]. Power division characteristics were
measured when power was excited at port 3) (Fig. 15); at the
design center frequency of 2 GHz measured S93 was —2.8 dB
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Fig. 16. Results measured and predicted are compared. (a) Power division
from port (D. (b) Power division from port (3. (c) Return loss (matching).
(d) Isolation.

and measured S5 was —3.2 dB [see Fig. 16(b)]. The measured
matching performance [see Fig. 16(c)] showed return loss of
less than —15 dB in the frequency range of 1.66-2.18 GHz. In
the pI'OpOSCd SWCLRH, 511| = |S44|, |522| = |533|, |513| =
|S24], and almost perfect isolation was achieved in more than
20% fractional bandwidth [see Fig. 16(d)]. Considering that
simulated values of So1, S41, S23, and Sy3 were about —3 dB,
maximum error was about 3%, which seems acceptable and may
have been produced by fabrication errors in such parameters as
linewidth, line length, and short terminations.

1815

Fig. 17. General two-port circuit.

V. CONCLUSION

In this paper, CLRH and LHRH were discussed and com-
pared. The CLRH was better than the LHRH in all aspects.
However, the CLRH had a realization problem in that perfect
matching can be achieved only when C = —3 dB. To solve
this problem, a set of coupled-line sections with two shorts was
synthesized and design equations were derived with which the
CLRHs could be designed at any of C'. Based on the derived de-
sign equations, a new modified II-type transmission-line equiv-
alent circuit was suggested. The modified equivalent circuit was
similar to the conventional one, but different in that a set of cou-
pled-line sections was replaced with a transmission-line section.
Using the modified transmission-line equivalent circuit, a 3\ /4
transmission-line section of a conventional ring hybrid could
be reduced to less than 90° and an SWCLRH was suggested
using both modified and conventional transmission-line equiva-
lent circuits. To verify the SWCLRHs, one with a total transmis-
sion-line length of 160° was compared with a conventional ring
hybrid. Compared to the conventional ring hybrid, the band-
width of the proposed SWCLRH was much wider than, but was
less than, one-third as large.

Using the suggested transmission-line equivalent circuit, the
dimensions of all passive components including the ring hybrids
can be further reduced. Using the proposed SWCLRHS, all elec-
trical components consisting of ring hybrids can be reduced in
size.

APPENDIX

This appendix explains derivation of (3) and (5). A set of cou-
pled-line sections [see Fig. 3(b)] can be equivalent to a general
two-port circuit (Fig. 17).

Since the two-port circuit is terminated in arbitrary real ad-
mittances Y,. and Y7, the well-known even- and odd-mode ex-
citation analyses [25] cannot be applied. In the present case, the
voltage-based scattering parameters are given as

(Y11 = Y,)(Ya2 + Y1) — Y12Yoq]

S} =— A (Ala)
y
1
Sty = =2V (A1b)
y
, 1
5;1 = _A—2YrY21 (Alc)
y
Sy = — (Y11 +Y,)(Yoo — Y7 ) — Y12Yo] (Ald)
Ay

where A, = (Y11 +Y,)(Yao + Y1) +Y12Y51, Y, = 1/Z,, and
Y = 1/2r.
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For the given admittance parameters in (2), A, and numerator ((YOe + Yoo) cot @> ( A— YLQ)
Ny of S} are calculated as 1
wCo = 2T~ = (Yoo + Yoo) 2 (AGD)
w
Y; . Y; " 2 o 2 Oe 0o
A, = — <( 0 -2F 0)> (cot®)2 YL+[7cot®
B <(Y00 — Yo - @) 2 vy, Substituting (1) into (A6) gives
2 " Y (1 — C?)+Y, cot?

R — (1 —C*)+Y, cot* © (A7a)

Yoo + Yo, Y, Y, C?%csc?2 O
—j (M cot @) (Y, + Y1) (A2a)

3
2 c 1 o2 Y, Yr, cot ©
w _—— = -
Yoo + Y 2 Yoo — Y, 2 ° WL, Vi—c?| sin?
Ny =— <7( 0 + ¥oo) cot @) + <7< 0o 0c) csc@) v sin” ©
2 2 _Ymeot O[Y, cot? ©+Y7(1-C?)]

Y,V - (M cot @) (YL —Y,). (A2b) (vi—c?)®

(ATb)

The relation between normalized and voltage-based scattering
parameters is Depending on cot © in (A7b), capacitance and inductance are

computed as those in (5).

Si1 =8}, (A3a)
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