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Abstract—If a ring hybrid is terminated by arbitrary im-
pedances, design equations cannot be derived with conventional
methods because symmetry planes for even- and/or odd-mode
excitation are not available. Therefore, under these conditions,
new design equations for ring hybrids were derived. They can
be applied to ring hybrids with both arbitrary termination
impedances and arbitrary power-division ratios. Also, new design
equations for small-sized ring hybrids have been developed.
They allow the design of arbitrary power division, arbitrary
termination impedances, and especially small-sized ring hybrids.
On the basis of these derived equations, a theoretical evaluation

was made using_ microstrip ring _hybrids,_ and experiments are Fig. 1. Ring hybrid terminated by arbitrary impedances (with arbitrary power
demonstrated using a coplanar ring hybrid. divisions).

Index Terms—Arbitrary power division, arbitrary termination

impedances, power divider, ring coupler. ratios will be described. The methods used for their derivation

are quite different from the conventional ones. Also, design
|. INTRODUCTION equations, which can be used in the case where the arc lengths

LTHOUGH considered as narrow-banded devices, tiEe Ie_ss thank/4, have been Qevelope_d. Aggin, these dgsign
rat-race hybrids (ring hybrids) and branch-line hybridgquatmns can be used for ring hybrids with both arbitrary

have been found in extensive applications of microwa®WVer O“ViSiO'_‘ and arbitra_ry termin_ation imp_edances._ .
circuits. Ring hybrids have a definite advantage over thgaOn the_ basis _Of the den_ved design equations, a microstrip
branch-line hybrids in applications, e.g., antenna arrays, mi9 hybrid terrr:!?atﬁd bfy4|r(;1§eda3<;es 50, 45f$§| a?mlo
ers, or balancing amplifiers, because no phase-compensa &l?t?] power Sp'l ra:joc')A ,t?]n our arcls 0 ecl neat
element is necessary. Ring hybrids have wider bandwid gih was analyzed. AS another example, a copianar rng
than those of branch-line hybrids as well. In practical cas ,b”d terminated by |m.peda'1nces 50, 45.45, 55.55, and 38.46
hybrids can be used together with other devices. In that ca ,the_ same power split ratlo of 4 dB, and four arcs of 7?
to obtain desired performances, additional matching networkgctiical length was fabricated on cc_)planar stn,ps (CPS's),
are necessary. CPS crossover, and coplanar waveguides (CPW'’s).

If hybrids are terminated by arbitrary impedances, there
is a big advantage to reduced circuit size. Since 1947, ring [l. ANALYSES
hybrids have been studied [1]-[3], but these studies focus OMrhe general configuration of a ring hybrid is shown in
symmetrical-structure ring hybrids. Recently, for the first timqii 1.
Ahn et al. treated an asymmetrical-structure ring hybrid for In the case of conventional ring hybrids; m, p, and

monolithic-microwave integrated-circuit (MMIC) applicationk’ which describe termination impedances, are equal; the

[4]. However, it is limited to equal-power split-ring hybrids. yansmission line characteristic admittandés Ya, Y, and
Since Pon, several authors dealt with ring hybrids [5§, re of same value or two of them are equal; as there are

[6] for arbitrary power division, but all of these analyse§y metry planes in the ring structure, even- and odd-mode

were applied to only symmetric structures (even- and od halyses are possible [1]-[3], [5]-[8]; and to find out design

mode analyses) and the procedures to find out the Co"gﬁhations is somewhat complex.

charact.erlsUc |mped§1nces are somewhgt comp!ex. ) In the case of the ring hybrid terminated by arbitrary
In this paper, design equations for ring hybrids with botR, o yancesy, m, p, and & are different from each other:

arbitrary termination impedances and arbitrary power divisiQp, < mission line characteristic admittandesYs, Ys, andY,

. . , _ are different from each other; and there is no symmetric plane:
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Fig. 2. The excitation of por®. Fig. 3. The excitation of por®.

excitation at port®), similar arguments lead to an operatiorfwhen the other arms are terminated by matched impedances),
as a conventional power divider, except for an L8@ference (5) gives in detall
between the two output arms.

2 2 _
The ring hybrid can be described by a four-port set of [S21]" +[Su]” =1

S-parameters given by S12]* 4 [Ssaf* =1
|Sa3|? 4+ |Ssz? =1
by Sii S12 Sz S [m 1514 + [ Saal? = 1 ©6)
ba | _ [S21 S22 Saz Sy | |62 (1) 1 34 '
b3 S31 S32 S3z 534 |as A power split ratio is proportional to the square of the
b Sa Si2 Sz Saad lag admittance ratio of the two variable admittances in the ring

o _ [5], [6]. Therefore, if the ratio]|Sa1]| : |Sa1] is dy : da, as in
where[b] is the reflected power wave vector afi] is the Fig. 2, the termination impedances of p@tcan be divided as
incident power wave vector. If por® is terminated by a shown in Fig. 2, depending on the power delivered to @rt

reflection coefficient’s, (1) can be expressed by and port@. If each length of the two arcs in Fig. 2 /4,
o = = N the characteristic admittances are
b St S12][d1
Bl Tl Salla @ vi — vy Ry,
2 21 22 2 = _—
VT B
where
=Vk i Y0 7
by ay Ya=vin (3 +d3) " @
(1] = |b2 | [d1] = |a2 .
by ay In (7), m, n, p, and k are constants determined by the
1] = =1 T termination impedanced; andd; are calculated according to
[b2] =[bs] = T3 [as] = [y "][a2]- a needed power division. Under the assumptionSaf| = 0,

the characteristic admittancé&$ andY,; can be derived.

In case of a Y-junction, such as a Wilkinson power divider,
an isolation resistor is needed [9]. Instead of the isolation
resistor, for the ring hybrid shown in Fig. 1, the dummy arms
of admittancest> and Y3 are connected with the two output
ports @ and @ to get these two ports isolated (in case of

A straightforward calculation derives

[01] = [Sul[@] + [SllU - CsSa] Ts[Sull@]. ()

For the excitation at porfD), (3) can also be rewritten as

by S S Sl [as s Sia port- (D) excitation). Therefore, the total power transferred to
by | =Sy Soeo SoullO siail’s Sos | . (4) port @ can be delivered to the load at pa@z}. If the isolation
by Sy Si Swullo 1 —1'3533 S is not ideal, an extremely small amount of power flows forward
to port 3®. Likewise, the total power reached at p@tcan be
If |Ss1| = 0 is assumed, (4) indicates that there is néelivered to the load at por® and only an extremely small
correlation with's in terms of porté) excitation. So under amount of power flows forward to por®. For these two
the condition of [Ss;| = 0, the port{D) excitation can be Waves at port3) to be isolated from por{D, two conditions
interpreted as shown in Fig. 2. must be satisfied: the waves must have a phase shift 6f 180
If the ring hybrid is lossless and passive, tfigarameters against each other, and the wave ratio mustdpe d;, as
must satisfy the unitary condition shown in Fig. 3.
The above-mentioned second condition can be satisfied by
SIS = [U]. (5) (5) and (6). Also, as each length of the two ar&, (Y,) is

A/4, one of the two remainder arc¥y Y3) must beh/4, and
Therefore, if the output arms are isolated from each othéne other one3A/4 long, to satisfy the first condition. Due
and the input impedances are matched looking into any atmthe reciprocity, we can also consider this circuit as being
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Fig. 4. Simulation results fon = 1, m = 1.1, p = 0.7, andk = 0.8, power split ratio= 2 dB. (a)[S]-parameters for power division, (py]-parameters
for isolation, (c)[S]-parameters for matching, (d) phases%f; and S41, and (e) phases of23 and Sis3.

o Degree

.

excited at port3® and the arms}, Y3), which were removed —2.124 dB, and|S23| = —4.124 dB. The simulation results
in Fig. 2, can be shown as in Fig. 3. So the characterisfiar a lossless ring hybrid in Fig. 4(b) show that the power
admittances are at the isolated ports|§31| = —158.656 dB and |Sys| =
& —160.656 dB) are theoretically zero at center frequency. All
=/mp ﬁ Y5 input reflection coefficients are shown in Fig. 4(c). The phase
(di + d3) performances between two output arms are shown in Fig. 4(d)
and (e). The valueS,;| = —2.124 dB can be obtained by
=Vkp d2 i dQ) 8) 10 log™ [2/(d2 + d&3)].

From (7) and (8), in case afi = n = p = k, the same
results as given by Pon [5] are derived.df : d» = 1 : 1, IIl. SMALL -SiZED RING HYBRID
the results are in agreement with those of Adtral. [4]. For The voltages in the two output arms are either in phase
m = n = p = k and, additionally,d; : do = 1 : 1, the or 180 out of phase, depending on the input arms chosen.
admittances for the well-known 3-dB ring hybrid are found.Conventional ring hybrids use arc lengths)ofd or 3\ /4. To

On the basis of the derived design equations, a simulaticeduce the ring hybrid’s size, lengths &f8 or A\/6 may be
for the examples = 1, m = 1.1, p = 0.7, andk = 0.8, and a used [10]. Other approaches include the applicatioh /f or
power split ratio of 2 dB (which mear0* log (d;/d2) = 2 A/5 arc lengths [11], [12]. In any case, three arcs of a ring are
dB) was performed. For the analyses of the resulting riraf equal length and the other one must providel80 phase
hybrid, EEsof Libra was used as a simulator. The simulati@hift compared to the three other ones. If the arc lengths are
results in Fig. 4(a) show that the power ratio is really 2 dBot A\/4 or 3\/4, the characteristic impedances are changed in
with |S21| = —2.124 dB, |S4| = —4.124 dB, |S43| = proportion to the arc lengths [11], [12]. Thus, the characteristic
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TABLE | TABLE 1
n=1m=11,p = 0.7, AND &k = 0.8, n=1m=111.--,p = 1.190, AND k£ = 0.833 - . -,
O =0, =04 =80° 03 =180°4+04,Y, =1/50 S O =0, =03 =04 =75°,Y,=1/50S
power split| matching isolation | power division Termination MS feeding MS ring
— — impedances transformer lines transmission
0dB Sy, =-49.37 Sy =-3.013 (1) lines (pm)
$2=-32.59 | Sy =-404 | 84 =-3.009 port .50 Q0 | Zow=6097, | Zw=5204,
S33=-31.69 | S:4=-38.4 | S;3=-3.014 1=7935 1=8071
S4q=-44.82 S43=-3.013 port @; 45 Q2 Zy, w=0770, |=Zsw=2977,
1="7895 e 3201 = 8048
2dB | Sy - -4414 Sn-2126 e
_ - - port @; 42 Q) Zoa, w="T240, 7y, w=4329,
S =-34.03| S35, =-41.9 Sq =-4.123 1= 7868 1= 8067
=-32.83 =-39.6 =-4127
S5 S S port @, 60 2 | Zogw=503.0, | Zs w=8836,
Saa=-41.10 Sy =-2.127 1=8005 1=8371
4 dB SH =-41.30 Sz] =-1457
Szz =-35.37 S31 =-44.0 S/u =-5454
S33=-33.97 | S;5=-41.5 Sy3=-5.458
S44=-39.15 Ss3 = -1.457

admittances can be derived as

d2
Y. =/ L Y
! mn\/(d% +d2) (1 — cot? ©4) 0
d2
Y, =
PV @ ) (

2
1 — cot? O,

d?
Ys =k L Y,
! p¢w+@m=mﬁ%>°

Yo

Fig. 5. Microstrip ring hybrid configuration.

d?
Ya= \/E\/(df +d3) (1 — cot? ©4) Yo. © to in Table Il, power split ratio of 4 dB and all-electrical arc
. lengths of the ring are 75
From (9), ifm =n =p =k 6, = 0, = 6, = A/6, Fig. 5 shows the microstrip ring hybrid according to the
O3 = 41/6, andd, : dy = 1: 1, the results are the same aga(5 specified in Table Il. To realize a set of coupled trans-
those of [10]. Ifm =n =p =k, dy : dy = 1: 1, and for yigsjon linesZ,,. (even-mode impedance) ad,, (odd-mode
general arc lengths, the results are also those of [11], [12]-impedance) must be given. The image impedance of a set of

Table | shows the simulation results of the scattering paported coupled transmission lines was given by [14]
rameters of a ring hybrid at center frequency (3 GHz) on the

basis of (9). All values in Table | are in decibels andm, 7, = 2ZocZoo sin © . (0)
p, andk are constants, which can be decided by the choice of [(Zoe = Zoo)? = (Zoe = Zoo)? cos? O]/2
the termination impedances in Fig. 1.

The coupling coefficient of coupled transmission lines is
known as [15]
j[(ZOe/ZOO)O.S - (Zoe/Zoo)_O's] Sin @

Deff

IV. WIDE-BANDWIDTH AND SMALL -SIZED RING HYBRIDS
Ceff =

A. Microstrip Ring Hybrid

The limiting factor in the conventional transmission-liné’vhere

ring hybrid is that the 180+ © arc, which produces an 180 D.g =2 cos © +j[(Zoe/Zoo)0'5 + (Zoe/Zoo)_O's] sin ©.
out-of-phase signal against the otlt®arcs, is just as effective (11)
in the vicinity of the center frequency of interest. To overcome
this problem, for the first time, the wide-band ring hybrid using Any section of the ring can be substituted by a set of
a set of shorted coupled transmission lines was realizedshorted coupled transmission lines. Depending on the coupling
stripline technology. It operates with equal power splitting;oefficients, theZ,. and Z,, of each arc can be calculated
equal termination impedances, and each electric arc lengthusfng (10) and (11), as shown in Table Ill. All values in
90° [13]. In this paper, analyses of a microstrip ring hybridable Il are in 2.

will be carried out at the frequency of 3 GHz using (9). This The big problem of this ring hybrid is how to fabricate
ring hybrid is terminated by the arbitrary impedances referré¢de parallel coupled lines with 3-dB coupling [16]. Fig. 6
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TABLE 1lI
Z1 =54.0 Q, Zo = 78.5 Q, Z3 = 57.2 Q,
Zy =989, AND O = Oy = O3 = O4 = 75°

Zoo Zoo |Zoo Zoo |Zoe Zoy [Zoo Zao
Z, [1343 21.8 1115 21  |92.7 20.1 |67.8 183

Z, (1951 31.7 160.5 30.45 |
Zy (1421231 (117 222
Zy |254 40 202 384 [169.736.7 | 124 33.4

8.5 265

98.1 21.2 1718 193

Fig. 7. The configuration of a ring hybrid in coplanar technology.

dB} TABLE IV
n=1,m=11,p=13,AnD k = 0.9,
O =02 =03 =04 =T75°Y,=1/50S

Termination Transmission | CPS physical size
impedances | line admittances (pm)

port @; 50 Q Y;;0.0184 S Y, w=700, s=47

'3'5 : = 'GHz 6.8 port @;4545Q | Y2, 00132 S [Y,; w=300, s=94
: req /GHz 6.

@)

port ®; 3846 Q0 | Y5;0.0187S |Y3; w=1000,s=152

port @; 55.56 Q | Y4; 0.0105 S Yy w=120,5=89

(b)

Fig. 6. The simulation results for a microstrip ring hybrid terminated by 50,
45, 42, and 60?2, power split ratio, 4 dB, lengths of the four arcs,°7%a)
Port-@® excitation. (b) Port&) excitation.

shows simulation performances depending on the couplihlf: & The package used for the coplanar measurement.

coefficient. For its simulations, all elements are used with

physical realizable values, except one set of shorted coupleds done using the circuit proposed by [11]. Fig. 7 shows a
transmission lines between pos and @, as shown in coplanar ring hybrid. Its termination impedances and the length
Fig. 5. Fig. 6(a) and (b) show wide-band ring hybrid perforof the arcs are shown in Table IV. The power split ratio is 4 dB
mances. Again, coupling coefficients are different from eagfhd the center frequencf, is 3 GHz. Also, its experimental
other; nevertheless, output results are about the same in bapda on ALO; substrate . = 10 and h = 635 um) are
i.e., as the realization of 3-dB coupled transmission lines Willhown in Table IV.

microstrip technology is seen as not so easy, to get wide-ban@rs ring hybrid is not terminated by 30. Thus, additional

microstrip ring hybrids instead O_f 3_-dB_coupIed transmiSSiot"r_]ansformers are necessary in the measurement. Due to the
lines, 4- or 5-dB coupled transmission lines can be used. T%?ge—sized circuit, on-wafer measurement cannot be carried

f_act Was_also proven by [4]. The experimental drata of ﬂ}ﬁjt. There are special connectors for larger-sized coplanar
ring hybrid on ALOs substrate 4. = 10 andh = 635 um), 0 e byt these are available only for two-port circuits,
including a set of shorted coupled lines marked in Table Il heref ial K f four-ort | :
are given in Table II. erefore, a special package for a four-port coplanar ring
hybrid is indispensable. Fig. 8 shows the package used for
measurement.
B. Uniplanar Ring Hybrid As shown in Fig. 8, in principle, as coplanar circuits require
Another approach to realize constant 1&hase shift ring no backside metallization, the space between the substrate and
hybrids has been demonstrated in coplanar technology [1ttie bottom of the package)is filled with air. Also, a package
[12], [16], [17]. All these are limited to equal power division(b) is needed for providing good contact between the walls
and equal termination impedances. In this paper, an experimehthe packaged) and the ground planes of the CPW's. An
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Fig. 9. Measured and calculated responses of a coplanar ring hybrid terminated by arbitrary impedances, 50, 45.45, 55.55, @ng®8e46split
ratio of 4 dB, 4 arcs of 75 electrical length. (a) Measured and calculaféd-parameters (in case of pof excitation), (b) measured and calculated
[S]-parameters (in case of po® excitation), (c) measured phase responseS-gfand S43, (d) measured phase responsessef and Sas, (€) measured
phase responses df23 and S43 (in low frequency range).

additional bar ) is necessary to make the circuit stable duringermination impedances. Using this design method, there are

measuring. large advantages gained by reducing the total size of integrated
Fig. 9 shows comparisons between calculated and measumgdrowave circuits.

results. Fig. 9(a) shows the magnitude of the scattering param-

eters of the ring hybrid for excitation at pai, and Fig. 9(b)

shows the excitation at por@®. Fig. 9(c)—(e) depicts the

phases of the scattering parameters. The deviations betweh Yo R;gg'v &{brildgzi;wits for microwaves, Proc. IRE,vol. 35, pp.

simulation and experimental results i3] in Fig. 9(b) are (2] L. Young, “Branch guide directional couplers,” presented at Fhec.

due to unexpected stray inductances in the course of line Nat. Electron. Conf.Chicago, IL, Oct. 1956. _

crossover (see Fig. 7). Nevertheless, the results for @ort- 3] f)bﬁefgtﬁgfks,:Ige'EWTr;zﬁfr‘,\A@r?ﬁ;r\‘,gdﬂe%??ﬁfh%l_s{;lnTrT‘r_eX'ngl_four'

excitation show good performance, which proves (4). Finally, 346-352, Oct. 1956.

F|g g(e) shows the Change of the phase§ﬁf and S, with [4] H.-R. Ahn, I.-S. Chang, and S. W. Yun, “Miniaturized 3-dB ring hybrid

increasing frequency. As frequency goes up to 150 MHz, it

terminated by arbitrary impedancedBEE Trans. Microwave Theory
; . Tech.,vol. 42, pp. 2216-2221, Dec. 1994.

shows that the difference betwegg; andSy3 in phases goes [5]

to 180 in Fig. 9(e).
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