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Asymmetric Ring-Hybrid Phase Shifters
and Attenuators

Hee-Ran AhnSenior Member, IEEEand Ingo Wolff Fellow, IEEE

Abstract—A new structure of asymmetric ring-hybrid phase In this paper, new structures of asymmetric ring-hybrid
shifters and attenuators is presented. Each consists of an asym-phase shifters and attenuators are presented. First, a two-port
metric ring hybrid and reflecting terminations, and it does not equivalent circuit of an asymmetric ring hybrid is derived by

have any additional 9¢ phase delay line for utilizing symmetric . . .
reflecting terminations that conventional phase shifters use. To the method suggested in [12] and the scattering matrix of the

analyze these asymmetric ring-hybrid phase shifterspormalized asymmetric ring hybrid is calculated adopting the process
impedance ratiogV I, and N I,; are introduced, and the possibili- presented in [13]. On the basis of these derived results, the

ties to reduce the size of the reflecting terminations are presented. scattering matrix of the asymmetric ring-hybrid phase shifter
Using the new structure of the asymmetric ring-hybrid phase s caljculated and it will be explained why a9phase-delay

shifters, asymmetric ring-hybrid attenuators are synthesized. To l . t A i | bh hift d
analyze the attenuators,normalized resistance ratio$V Rz, and INé IS not necessary. convenuional phase shirter and an

NRy, are introduced, so that the resistances in the reflection asymmetric ring-hybrid phase shifter suggested in this paper
terminations can arbitrarily be determined. On the basis of the have been simulated and compared for a°1fBase shift.
derived new structures, a uniplanar asymmetric ring-hybrid  The compared results will demonstrate that the addition&l 90
—135° phase shifter and a microstrip asymmetric 4-dB attenuator phase-delay line not only costs more in size, but also suffers

with 45° phase shift have been fabricated and measured. They f d d Th fi | oh hift
show good agreement between measured and simulated resuitsOr€ Irequency dependency. The conventional phase shifters

and they may be used for impedance transformers besides their Use symmetric couplers together with symmetric reflecting
original functions. terminations [1]-[7]. However, the asymmetric ring-hybrid
Index Terms—Asymmetric ring-hybrid attenuators, asymmetric phase shifter Clonsists O_f an asy_mm_etric ring hybrid [12], [14_]
ring-hybrid phase shifters, impedance transformers with defined and asymmetric reflecting terminations, and the asymmetric
phase shifts. ring hybrids may be terminated by arbitrary impedances.
Therefore, the phase shifters composed of the asymmetric ring
hybrids may be used as impedance transformers in addition to
their original functions.
HASE shifters have various applications in microwave To analyze the phase shifters, normalized impedance ratios
equipment, such as linearizers, antennas, and so o, and NI, are introduced. Depending on the values of
The phase shifters using passive four-port power dividery,l, and N1, there are many choices to design the reflecting
branch-line hybrids [1], ring hybrids [2], parallel-couplederminations and to reduce their size. Normally, if the size
directional couplers (backward-wave couplers) [3]-[5], angf microwave components become smaller, their output-per-
Lange couplers [6], [7] can provide a constant phase shift acrésamances are degraded in terms of bandwidths [14], [15].
their two output ports. So-called 9@ouplers, branch-line hy- However, even though the reflecting terminations are smaller,
brids, parallel coupled directional couplers, and Lange couplerg asymmetric ring-hybrid phase shifters produce the same
have the advantage to use symmetric reflecting terminatioperformances with different values &, andN I,;. Therefore,
However, the branch-line hybrids have narrow bandwidthisere are merits to design with freedom of choices. On the basis
[8]-[10] and the parallel coupled directional couplers angf the analyzed concept, a uniplanar asymmetric ring-hybrid
Lange couplers are not easy to fabricate. In addition to thes@35° phase shifter terminated by 30 and 60has been
disadvantages, they need two additional 8@lay lines to re- fabricated on AJO; and measured at the center frequency of
alize 180 phase shifters [11]. For the 18Phase shifters, ring 3 GHz.
hybrids are good candidates. A phase shifter using a ring hybridadditionally, asymmetric ring-hybrid attenuators have been
was proposed by White [2], but it needs an additiondl|§ilase synthesized adopting the asymmetric phase-shifter concept.
delay line to utilize two symmetric reflecting terminations.  Two resistances are needed for the attenuator, but the available
values of the resistance are limited in microwave integrated
circuits (MICs) and hybrid integrated circuits (HICs). To use
Manuscript received February 3, 2001. This work was supported by Deuts¢@mmercially available resistors, two normalized resistance
Forschungsgemeinschaft (DFG). . _ratios of NRy, and NR., are introduced. Based on the
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Fig. 2. Conventional ring-hybrid phase shifter using symmetric reflecting
terminations.

Fig. 1. Asymmetric ring-hybrid phase shifter or attenuator. . L
9 Y gnybnep impedancesZ,, Z; [12]. Therefore, all the characteristic im-

_ ) ) pedance¥, Z,, Z3, andZ, are different from each other and
phase shift terminated by 30 and fi0has been fabricated ong closed formula for perfect matchings and arbitrary power di-
Al;0s and measured at the center frequency of 3 GHz. Similgkjons cannot be introduced in any asymmetric ring hybrids.
to the asymmetric ring-hybrid phase shifter, the asymmetric|f the asymmetric ring hybrid shown in Fig. 1 is terminated
ring-hybrid attenuators may be used as impedance transforn@)ysfeﬂection coefficient§’, andl'4 at ports@ and @, respec-

because of the asymmetric ring hybrids. tively, the scattering matrix of the two-po@—@) is calculated
This paper is organized as follows. Section Il discusses hgw
to derive the new structure of asymmetric ring-hybrid phase ) )
shifters. Section Il explains how to derive the design equationsg _ ! — (dfT2 +dily)  didy Ty —Ty) .
of asymmetric ring-hybrid attenuators. Finally, merits in the ap- di? +dy? | didy(D2—Ty)  — (dil4 4 d30,)
plications of these phase shifters and attenuators are mentioned 2
in Section V. Applying perfect matching conditions at pam, port 3, and
reciprocity in (2) results inly = d». It is straightforward to
II. ASYMMETRIC RING-HYBRID PHASE SHIETERS confirm that if ring hybrids are used for the phase shifters, the
) L ) ) ring hybrids must be 3-dB ring hybrids (equal power division).
. Fig. 1 shqws an asymmetric ring hybrid termlnated by aﬁalculating (2) with the conditiod, = d yields
bitrary real impedance®,, R;, R., and R,. As this asym-
metric ring hybrid has no symmetry planes, even- and odd-mode s — Li—(T2+1y) Iy —Ty 3)

equivalent circuits cannot be constructed. To derive the scat- 2 Iy —Ty —Ta+Ty) |-

tering parameters, a two-port equivalent circuit is indispens- Fig. 2 shows a ring-hybrid phase shifter proposed by [2]. It
able because the derivation of the scattering parameters P&Yuires a\/4 phase-shift transmission line between p@t

be complicate applying four-port calculations. By the suggestgfq 4 diode. The diode operates as an electronic on—off switch
method in [12], the two-port equivalent circuit may easily be dgghen switched between a fixed forward bias and a reverse bias.
rived. With the similar way used in [13], the scattering matrix;qer forward bias, the diode offers a very low impedance, thus
of the two-port_ equivalent circuit is calculated (for cla_lrity, refeépproximating a short circuit (on state), and under reverse bias,
to the Appendix) and that of the four-port asymmetric ring hy¢ offers a very high impedance, approximating an open circuit
brid is derived by applying the passive properties (reciprocipif state). Due to the diode characteristics, if the bias condition
and unitary condition). In the case &4 = 7/2, ©2 = 37/2, f one diode at pord is different from that at portd), the

©3 = 7/2, andO, = /2, the scattering parameters of theyerfect matching conditiol, = —I'y in (3) can be satisfied
asymmetric ring hybrid are derived as without a)/4 phase-shift transmission line.
. . Fig. 3 shows the simulated results of two ring-hybrid phase
0 gdi 0 Jdo ) o ! .
. ; shifters. “Aps” means “asymmetric ring-hybrid phase shifter”
1 Jdl 0 Jdg 0 . . . .
= ﬁ 0 jds 0 —jd, (1) proposed in this paper and “Cps” means “conventional ring-hy-
1+ —jds 0 —jdy 0 brid phase shifter,” as shown in Fig. 2. The asymmetric ring-hy-
brid phase shifter has two diodes at p@tand @), i.e., a for-
whered; /dy iS S21/S41. ward-biased diode at po® and a backward-biased diode at

In the case of conventional ring hybrids [18]-[20], the relggort @) without any additional /4 transmission line. For the
tive output voltages at the output pod3 and @ in Fig. 1 are simulations, two ring hybrids have been terminated by equal im-
given byd, /d, = Z,/Z,. For perfect matching$Z,/Z,)?> + pedances of 5® and short and open circuits have been used
(Zo/Z2)? = 1is required, whereZ, is the system impedancefor the forward- and reverse-biased operations of the diodes, re-
when the ring hybrid is terminated by equal impedanggs. spectively. The simulations have been carried out under ideal
However, for the asymmetric ring hybrid, the output scatteringonditions (e.g., no losses of the transmission lines) and a cir-
parameter rati@/; /d- is no longer proportional to the charac-cuit simulator EEsof Libra has been used. Simulated insertion-
teristic impedance rati&, /Z; and the ratial; /d- is a function and return-loss results are plotted in Fig. 3(a), and the phase re-
of both the termination impedancég,, R, and characteristic sponses in Fig. 3(b). If the two-ring hybrid phase shifters are
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5 nated in a short circuitl’s, Z,, and®, becomel’s,, Z;,, and
0,, with the open-circuited transmission line and so forth in
Fig. 4.

The scattering parameték; in (3) is 'y under the perfect
matching conditiol’; = —I'y. The angle ofl*;, © is derived
as follows. In the case df° < ©;,, < 90° in Fig. 4(a):

© = Ang(I'y = I'z,) (4)

wherel's =Ty, = (jNIbS tan Oy, — 1)/(jNIb5 tan Oy, + 1)
with NI, = Z,./R;. In the case off°* < O, < 90° in
Fig. 4(b)

0O =Ang(l's =1',) (5)

wherel', = I's, = (jNIbO + tan@bo)/(jNIbo — tan @bo)
......... With NIy, = Zyo/Ru.
Fig. 5 shows the response curvesbfiersusg,,, © versus

O, and © versusNI,, or NI, on the basis of (4) and (5).
: The variations ir® of the reflecting termination in Fig. 4(a) are
described in Fig. 5(a), and those with the circuit in Fig. 4(b)
are plotted in Fig. 5(b). Fig. 5(c) explains the change®in
with several equal electrical lengthy,, = 22.5°, 45°, 67.5,

Phase (Degree)
o

== Aps A
------ Cps O, = 67.5°, 45°, and 22.8, whenN1I,, or NI, are varied.
-200 . . . .
3 Frequency (GHz) 4 More detailed data for each figure are given in Tables |-l

) respectively. In the case d¥[,, = NI,, = 1 in Fig. 5(a)
. _ _ _ _ and (b), the responses are linear, buivag, and V1, deviate
Fig. 3. Simulated results of an asymmetric and a conventional rmg-hybrﬂdom unit they show more nonlinear characteristics. Therefore
phase shifter. (a) Simulated insertion and return loss. (b) Simulated phﬁﬁe P ’ !
responses. the phased is dependent on not onlg,, and©,,, but also
NI, and NI,,. The response curves witN{,,’s and those
e Zp,0p > b Z,;,,0,,> with (1/N1,,)'s are symmetric about the line witN/,, = 1

R » R 7 in Fig. 5(a). The same results coincide wi¥tf;,’s in Fig. 5(b).
”@;F‘W" ‘ 1_ //////////% Depending on which phase shifter is designtbad, the reflecting ter-
2s 40

mination at port2) is determined referring to Fig. 5(a)—(c) and

(@ © Tables I-III.
To realize the perfect matching conditiba + I'y = 0, four
ke Zy,, O, > S pairs, i.e., (a)—(c), (@)—(d), (b)—(c), and (b)—(d) in Fig. 4, are

R(?—FW R, r W g possible. However, the desirable combinations for small-sized

reflecting terminations are the pairs (a)—(c)®r< 0,, < 90°
and (b)—(d) for° < 0, < 90°. The formulas forZ,; and©Qy

(®) G in Fig. 4(c) or (d) are fof® < ©,, < 90°
Fig. 4. Simple structures to realize the reflection coefficiedits and _ 1 _ Zdo
Ty. (a) Short-circuited transmission line to realife. (b) Open-circuited Nlg, cot Og, = NIr-tan O, whereN Iy, = R
transmission line to realizE.. (c) Open-circuited transmission line to realize bs bs d 6
T'4. (d) Short-circuited transmission line to realiZe. ( )
and for0° < 0, < 90°

compared, both the insertion- and return-loss performances of 1 7,
the “Aps” are better than those of the “Cps.” The phase re-N1j, cot gy = ——, whereN I, = —=.

“ » H INbO tan @bo Rd
sponses of “Aps” are especially less dependent on frequency )

than those of the “Cps.” The simulated results demonstrate that
the additional 99 transmission line in Fig. 2 not only costs mordf N1,,-N1;, = 1in (6),0,, is always equal t&®,,, and®,, =
in size, but also results in more frequency dependency. Oy, isvalidforN Iy, - N1y, = 1in (7). In (4)—(7),N1y4o, N1,

Fig. 4 shows four simple reflecting terminations to realize N1, andN I,, are arbitrary real positive constants, which can
andl'y, whereZ,, ©,, Z;, and©, are the characteristic imped-be determined depending on the design situations in Tables I and
ances and the electrical lengths of the transmission lines cdinin addition to the normalized impedance ratios, the termina-
nected to port§2) and @), respectively. The subscriptd™and tion impedances of the asymmetric ring hybrid in Fig. 1 may be
“d" denote portg2) and @), respectively, and the subscripts “ arbitrarily determined. Therefore, the asymmetric ring-hybrid
and ‘0" indicate short- and open-circuited transmission lineghase shifter may be used as impedance transformers in addi-
respectively. Thereford,,, Z;,, and®, becomel’s,, Z,;, and tion to the phase shifters, and there are so many design choices
0,s when the transmission line connected at pg@rtis termi- for these asymmetric components.
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responses with thre®,,’s and®,,'s depending onV I,.

~ TABLE | )
ANGLE OF '3, © DEPENDING ONN s AND Oy
NI,

0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8 2.0
®bs
©=180° 0° 0° 0° 0° 0° 0° 0° 0° 0° 0°
®=157.5° |44.8° |26.4° 18.3° 13.96° ]11.3° 9.41° 8.09° 7.09° ]6.31° |5.68°
©=135.0° ]64.2° ]146.0° |34.6° |274° ]22.5° 19.0° 16.5° 14.5° 12.96° |11.7°
©=112.5° |73.3° |59.1° |48.1° |39.9° |[33.6° |29.1° |25.5° |22.7° }204° 18.5°
©=90.0° 78.7° 168.2° ]59.0° |51.3° |45° 39.8° ]35.5° ]32.0° |29.1° |]26.6°
®=67.5° 82.4° |75.0° |]68.2° |61.9° [563 51.3° 146.9° ]43.1° |39.7° 36.8°
©®=45.0° 85.3° 180.6° 76.0° |71.7° ]67.5 63.6° ]59.9° ]56.5° |53.3° [504°
©=22.5° 87.7° |85.5° 83.2° 80.96° |78.75 |76.58° |74.4° [72.3° |70.3° ]68.3°
0=0° 90° 90° 90° 90° 90° 90° 90° 90° 90° 90°

There are many possible ways to design an asymmetric ring-Step 2) The second step is to design at port @ for a

hybrid phase shifter. One recommendable design process is as

follows.

required phase shift based on (4) and (5) referring
to Fig. 5(a) and (b), Table I, or Table II.

Step 1) The first step is to determine the termination imped- Step 3) The last step is to design at port® in Fig. 4(c)
ancesR,, Ry, R., andR, depending on design sit-
uations. WhernR, = Ry, the relations oz, = 7,
andZ, = Z3 always hold regardless of any values
of R, and .. Under the condition oz, = Ry,

to determine the value a®, and R, as

recommendable.

R R, Is

or (d) for the perfect matching condition. Since
the response curves with1,,’'s and those with
(1/N1I,;)s are symmetric about the line with
NI,s = 1in Fig. 5(a), it is important to have the
relation of N1y, - NI, = 1 in designingl'y in
Fig. 4(c). In the case oV I,,,’s and (/N I,,,)’s, the
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TABLE I
ANGLE OFT';, © DEPENDING ONN I3, AND Oy,

NI,

0.2 04 0.6 0.8 1 1.2 14 1.6 1.8 2.0
®bo

0 =0° 0° 0° 0° 0° 0° 0° 0° 0° 0° 0°
©=-22.5° ]2.28° |4.55° |6.8° 9.0° 11.3° [13.4° [15.6° |17.7° |19.7° [21.7°
©=45"° 4.74° }9.41° [13.96° |18.33° |22.5° |26.43° }30.10° [33.53° {36.71° |39.64°
®=-67.5° |7.61° |14.96° |21.85° |28.13° [33.75° |38.72° [43.09° |46.91° ]50.26° |53.19°
©®=-90.0° |11.3° }21.80° |30.96° |38.66° |45° 50.19° |54.46° |57.99° |60.95° |63.44°
®=-112.5° }16.7° 130.91° |41.92° |50.13° |56.25° |60.89° |64.49° 167.33° |69.63° |71.53°
®=-135.0° |25.8° [44.00° |55.38° |62.63° |67.5° }70.96° |73.52° |75.49° |77.04° |78.30°
®=-157.5° |45.2° |63.56° |71.66° |76.04° |78.75° |80.59° |81.91° |82.91° ]83.69° ]84.32°
©=-180° 90° 90° 90° 90° 90° 90° 90° 90° 90° 90°

TABLE Il
CHANGES IN © FOR CONSTANT ELECTRICAL LENGTHS O, AND O, = 22.5°, 45°, AND 67.5° VERSUSN I, AND N1,

)
NIy,
® 1/1.9 1/1.6 1/1.3 1 1.3 1.6 1.9
bs
22.5° 155.4° 150.97° 144.65° 135° 123.4° 112.93 103.59°
45° 124.48° 115.99° 104.86° 90.° 75.14° 64.01° 55.51°
67.5° 76.41° 67.07° 56.60° 45.° 35.35° 29.03° 24.60°
<]
NI,
e 1/1.9 /1.6 /1.3 1 1.3 1.6 1.9
bo
67.5° -155.40°  |-150.97° [-144.65° [-135° -123.40°  [-112.93° ]-103.59°
45° -55.52° -64.01° -75.14° 90.° -104.86°  [-115.99° [-124.48°
22.5° -24.60° -29.03° -35.35° -45° -56.60° -67.07° -76.41°
relation of NI, - N1,, = 1 is also important for TABLE IV
i i - SEVERAL DIFFERENT CHOICES TODESIGN AN ASYMMETRIC
designingl’y in Fig. 4(d). RING-HYBRID —135° PHASE SHIFTER
A. Uniplanar Asymmetric Ring Hybrid 135’ Phase Shifter Ring Hybrid
If a —135° phase shifter terminated in 30 and 6D is T.Imp.| R, R, R, Ry
needed, letR, = R, be v/30-60 = 42.4 Q, then Z; = [Q] 30 424 60 42.4
Zy = 50.5 QandZ; = Z3z = 71.4 Q. The circuit to realize C. Imp Z A Z Z,
Iy for the —135” phase shifter is that in 'Fig. 4(a) basgd on [Q] 305 14 1| 714 | 505
Fig. 5(a) and Table | because the required phase shift is a ~135° Phase Shift, Z,, and Z, [©]

negative sign of®. As NI,, increases, the length aP,, - =
begomes sgorter. Several cases for 185 phasg shift are Mis | Zos | O/ | Nlao | Zao | O
written in Table IV together with the data of the ring hybrid. 2 848 | 117 ] 05 | 212 | 117
Any case with changes i&I,, produces the same output 1.8 | 764 | 1296 | 0.55 | 23.6 | 12.96
performance and the experimental data for the casé fpf = 1.6 | 679 | 145 | 0.63 | 26,5 | 145
1.2 are given in Table V. This uniplanar phase shifter has been 1.4 | 594 | 165 | 071 | 303 | 165
realized on the AIO; substrated,. = 9.9 andh = 635 m) 1.2 | 509 | 19.0 | 0.83 | 354 | 19.0
in coplanar waveguide (CPW) technology and designed at 1 424 | 225 1 424 | 225

the center frequency of 3 GHz. This uniplanar phase shifter
is terminated in 30 and 6. Therefore, two quarter-wave
transformer linesZy; and Zys given in Table V are needed for
measuring. The circuit layout for the measurement is depicted
in Fig. 6 and measured and predicted results are plotted inf the magnitude ofl"; in (3) is less than unit, the ring-hy-
Fig. 7. brid phase shifter in Fig. 1 is an attenuator. Simple circuits to

I1l. ASYMMETRIC RING-HYBRID ATTENUATOR
WITH PHASE SHIFTS



AHN AND WOLFF: ASYMMETRIC RING-HYBRID PHASE SHIFTERS AND ATTENUATORS 1151

TABLE V teZpa Opa>i
FABRICATION DATA OF A UNIPLANAR ASYMMETRIC RING-HYBRID R
—135° PHASE SHIFTERWITH NT,, = 1.2 b
Ry=Zp, L3q Rip
Ring Hybrid; Z,; =38.7 Q, Zy; =548 Q (2) g
Phase shift for I, and I},; Z,, and Z,,.
Zy) Zy3 Zy= 2,4 Z, tZgy , Oda>
7
[pm] [4m] [4m] [on] Ri(4) ////////////%
w;583 |[w;334 w;324  |w;125 R;=Z,;, I, Ry
g-100 | g;200 |g;150 |g,200 (b) v
;11059 | 7,10994 | 110950 | I, 32635
7 7 7 Z Fig. 8. Simple circuits to realize the reflection coefficiefts, and ...
3 bs do 1 (a) Simple circuit fol";,, . (b) Simple circuit forT",,, .
[4m] [ om] [pm] | 505Q
w; 125 w; 444 w; 896. Z, Magnitude ( I or Ty,)
1,10878 | 71,2337 1, 2375
I II
06F
Z
1 0 N : N N
0 1 2 3 4 5
f_‘f..’ NR,, ( NRy, )
Zoi Fig. 9. Magnitude of"z, orT'y, dependingonVR;, or NR; 4.
24

Ry = Zy, and Ry = Zy,) for easy analyses, the reflection co-
efficientsI's, andI'y, are calculated as

(NRp, — 1) —j(NRp, — 1)tan Oy,
e =12 = ; 8)
(NRpy+ 1)+ (NRpy + 1) tan Oy,
Fig. 6. Layout of a uniplanar asymmetric ring-hybriell 35 phase shifter whereNRpy = Rry/Zve andRy = Zy, and
terminated by 30 and 6Q. NErr 1) i (NEro— 1 tan ®
Iy =T, = NVBa=1) = j(NE—)tanOu o

(NRpa+ 1)+ j(NRpg+1)tan Oy,

whereNRy = Ryy/Z4s andR, = Z,,. Therefore, the mag-
nitudes ofl*, andI'4 are

NRpy—1
Mag (I'z,) = | ———— 10
o (Ca) =| T (10)
NRp, — 1
Mag (Ty,) = | ————|. 11
o (Ci) = | Y| )
Also, the angle of'; = I's, results in, in the case df <
NREp, < 1
L i L---Slmulated
sl G [T Meseured Ang(T2a) =©,  With NI, =1 (12)
2 3 Frequency (GHz) 4

and inthe case aVRr;, > 1

Fig. 7. Measured and predicted results of a uniplanar asymmetti85® .
phase shifter. Ang (FQa) = @, with NIbo =1. (13)

On the basis of (10) and (11), the magnitude respondé of
realizel’; andI'y for an asymmetric ring-hybrid attenuator arer 'y, is plotted in Fig. 9, where region | is defined By <
depicted in Fig. 8. Each transmission line with the characterisii¢R;;, < 1 0or0 < NRp,; < 1, and region Il is defined by

impedances,, Or Z,, is terminated by, or R, instead of NR;, > 1 or NRyy > 1. There are two values aV R,
a short or an open circuit in Fig. 4. In the caseMof = 1 (e.g., to satisfy a certain attenuation, one is in region | and another
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TABLE VI
VALUES OF N Ry IN REGION | (FIG. 9) FOR GIVEN ATTENUATIONS

Atten. NRLb Atten. NRLb

{dB] [dB]
1 0.05750 8 0.43050
2 0.11462 9 0.47621
3 0.17099 10 0.51949 L
4 0.22627 11 0.56025 L Sub-Poles —
5 0.28012 12 0.59847 L} e 160°
6 0.33227 13 0.63415 100 — . =
7 0.38247 14 0.66732 18 3 Frequency (GHz) 4.2

(@)
in region Il. However, the output signals with the two different 200

values of N Ry, have a 180 phase difference and one value is
always reciprocal to the other one. The same situation coincides

with the two different values ofVRr4. The values ofN Ry, gé)
depending on the attenuations in decibels are given in Table VI. 2
On the basis of the calculated values given in Table VI, 30
three 6-dB attenuators with different phase shifts, el70, _‘é
—160°, and—135’, have been simulated. They are terminated o
by two different impedances of 40 and 6D The values of 5
© for —17C¢°, —160°, and—135 phase shift are 170 167, 200 £A
and 135 with NI, = 1 in Fig. 5(a), andN Ry, is located 1.8 3 Frequency (GHz) 4.2
inregion | 0 < NRp, < 1)in Fig. 9 from (12). Therefore, ()

NRy, for the 6-dB attenuati(.)n with the phase Shif.ts IS 0'.332F7ig 10. Asymmetric ring-hybrid 6-dB attenuators with three different phase
from Table VI. From the relation oV R, = RLb/Rb in (8)' if shiﬁs —.170’, —160°, and —135°. (a) Simulated insertion losses and return
a commercially available resistor 1bis used for theRly;, the losses. (b) Simulated phase responses.

termination impedancg&; will be 45.14€}. The value ofN ;4

Is the _remprocgl_thRLb or (1/0.33227) to satisfy t_he pe.rfemposition and dependence on the parameters may be used to
matching conditiol’s + I'y = 0. When a commercial reS|storincrease the bandwidths. [16], [17]

150 €2 is utilized for the R4, the termination impedance ’ ’ )

R, will be 49.841. In the case of the 6-dB attenuators, the . . L . )
electrical lengths9,,’s for the —17¢°, —160°, and —135° A.O Mlcrostrlp.Asymmetnc Ring-Hybrid 4-dB Attenuator With
phase shifts are®5 10°, and 22.8, respectively, from (12), 45° Phase Shift

Fig. 5(a) and Table | withVi,, = 1. These 6-dB attenuators 45° phase shifters have been used to reduce the harmonics of
are terminated by 40 and @0. Therefore, two quarter-wave high-power amplifiers and oscillators [21]. On the basis of the
transformer lines to transform the termination impedances d@érived design (10)—(13) and Table VI, a microstrip asymmetric
and 6012 to 502’s are needed for measuring. Fig. 10 showsng-hybrid 4-dB attenuator with a 4%hase shift has been re-
the simulated results of the three attenuators with-ti&®, alized on an AlO; substrated, = 9.9 andh = 635 pm)
—160°, and—135 phase shift. The insertion loss and matchingnd measured at the center frequency of 3 GHz. N1y,
characteristics for the three attenuators are plotted in Fig. 10{a) 4-dB attenuation is reciprocal to the value in Table VI be-
and the phase responses in Fig. 10(b). These attenuatorscarese theV Ry, for the 45 phase shift must be located in re-
designed at center frequency of 3 GHz and the simulated resgiitsn 1l in Fig. 9. For the case aNRy, = (1/0.22627) or

of the insertion losses are al6 dB and return-loss response.4195, if a commercially available resistor 221is used for

are —157.4 dB,—156.4 dB, and-154.4 dB at 3 GHz. The the Rp;, R, is 502 and N Ry, is 0.22627 to satisfy the per-
phase responses of the three attenuators-af@, —20°, and fect matching condition. When a commercial resistortd s

—45° at the center frequency of 3 GHz in Fig. 10(b) becaussosen for thekR 4, thenR, is 53.012. If the microstrip atten-

two 9C¢° impedance transformer lines are connected at inpudtor is terminated ik, = 30  andR. = 60 €, all needed

and output ports. “Sub-poles” identified in Fig. 10(b) are theharacteristic impedances of the transmission lines in Fig. 1 are
kinds of poles that appear when the lengthEgf, is not zero. Z; = 54.65Q, Z, = 77.58, Z3 = 79.75 Q, andZ, = 56.4 Q.

With an increase in the length 6¥,,, the pole appears fartherThe electrical lengths 08,, and 94, are equally 22.5 and

from the center frequency of 3 GHz. Tl®,, for the —170°, all necessary data for the fabrication of a microstrip attenuator
—160°, and —135° phase shifter are°; 10°, and 22.5 and are given in Table VII, wheréZ,; and Z,3 are the character-

the sub-poles appear at 2.87, 2.75, and 2.48 GHz, respectivisijc impedances of two g0transformer lines to transform 30
How far the sub-pole appears from the design center frequerasyd 602 to 50 Q's for the measuring. The attenuator with a

is not linear and depends on the several parameters, e.g.,ghekage is illustrated in Fig. 11(a) and the attenuator itself is ex-
length of ©,,, the input- and output-termination impedanceganded in Fig. 11(b). Measured and expected results are plotted
the resistances ak;;, and R4, and so on. Therefore, the polein Fig. 12. They show good agreement in the bandwidth where
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TABLE VII
FABRICATION DATA FOR A MICROSTRIPASYMMETRIC RING-HYBRID 4-dB
ATTENUATOR WITH 45° PHASE SHIFT. w: CENTER CONDUCTOR, I:

1153

LENGTH OF MICROSTRIPLINE

45° phase shift with 4 dB attenuation

- NRLb =4.4195

Ry, =221 Q = R, =50.00 Q,
NR,; =02263 —> R, =12 Q

>R, =530 Q.

30 v

Ring Hybrid and Reflection Termination
Z,=547Q [2,=775Q |z,=798Q 18
=501 =202.3 =185
v;=957(;6 Wl= 29996 v}z= 10018 Fig. 12. Measured and simulated results of the asymmetric ring-hybrid 4-dB
attenuator with 45 phase shift.

2,=564Q |z,,=498Q | Z,,=53.0 Q
;‘:;;662 v;:; 213 4 v;: 252277 return losses are less thail 5 dB. Band-stop characteristics ap-

7 =387 0 | Z.=543 O pear in two regions around 2.16 and 4.04 GHz. These band-stop
2 — 03_ responses are caused by parasitic capacitance and inductance
w =988 w =499
=9433 /=9738 due to soldering resistors on the substrate. These parasitic com-

{h}

ponents take effect depending on frequencies, and the band-stop
characteristics at 4.04 GHz appear definitely compared to those
at 2.16 GHz. The similar phenomena appears in the case of the
uniplanar—135° phase shifter in Fig. 7. The uniplanar phase
shifter in Fig. 6 and the microstrip attenuator have been fabri-
cated on an AlO3; substrate. To measure phase responses, the
length of feeding lines at input and output ports must be equal to
each other. To fabricate the equal feeding lines at the input and
output ports, the substrate must be cut in round form. However,
there is no way to cut and measure in this way. Therefore, there
are no measured phase results in both Figs. 7 and 12.

IV. CONCLUSION

New structures of asymmetric ring-hybrid phase shifters and
attenuators have been presented. To analyze these components,
the normalized impedance ratidél, and N1, and the nor-
malized resistance ratioa¥ Ry, and N Ry, have been intro-
duced. TheNI,, NI;, NR;, and N Ry, are functions of the
two termination impedances, the characteristic impedances of
the transmission lines connected at the two ports and the resis-
tors for the attenuators. Therefore, many design choices have
been given. Additionally, these asymmetric components may
be used as impedance transformers together with their original
functions.

APPENDIX

When the power is excited at pai, as shown in Fig. 1, a
two-port equivalent circuit may be derived as [12]. The admit-
tance matrixy” of a network [V] and the reference admittance
matrix y between portg) and (@ in Fig. 13 are given as

1 JZI

sin ©1 + cos O, -1

Y=— |7
Zyjsin® | 7

(A1)
cos O

whereZ;, = Z4(Rd + jZ4tan @4)/(Z4 + jRytan @4)

1
— 0
Fig. 11. Layout for an asymmetric ring-hybrid 4-dB attenuator withh 45 y= R,
phase shift. (a) The microstrip attenuator with a package. (b) The center of the 0 i

attenuator is expanded.
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From the relation betwee$i/, andS;- in (A8), the basis-inde-
pendent scattering parametgr, is
A | &
S ==\ 55— Al3
Ra Rb 12 J d% ¥ d% ( )
- N In a similar way, the scattering matrix of the two equivalent
circuit is calculated as
di
0 . - -
Na@#+a3
Si2 = . (A14)
Fig. 13. Two-port equivalent circuit of the asymmetric ring hybrid with a port . d% d%
(@ -excitation. —J

d? + d3 d? 4+ d3

The voltage-based scattering matrix is expressed as
SY = —(Y +y)~1(Y —y*) and if expressing the voltage-based
scattering matrix in more detail, it follows that
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