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Design of a Wide-Band Lumped-Element 3-dB
Quadrature Coupler

Yi-Chyun Chiang Member, IEEEand Chong-Yi Chen

Abstract—Analysis and design techniques for designing a = = =

lumped-element 3-dB quadrature coupler with wide-band flat
coupling are proposed for microwave integrated-circuit/mono- iBp 2jBp jBp
lithic-microwave integrated-circuit applications. The proposed
design technique can produce a coupler with flat coupling over | | |
50% fractional bandwidth, which is wider than the conventional @ ° ASH LIXs | © @
lumped-element design methods. A prototype consisting of a Xm
capacitive coupled high-pass network is designed and fabricated U Iy g S— am | Xl A
to verify the design concept. Measurement and simulation results 2
closely correspond to each other. Moo | -
/ ponee o @ o L% % (3
Index Terms—Dbirectional coupler, lumped-element circuit.
iBp 2jBp iBp
I. INTRODUCTION T

N THE various microwave circuits, such as balanced

amplifiers, image-rejection mixers, and phase shiftersig. 1. Circuit presentation of a lumped quadrature coupler.
guadrature couplers are used to achieve the desired circuit
performance. At frequencies below 10 GHz, the conventionghulator is used to analyze the frequency properties of the
distributed couplers such as branch line or Lange coup@signed couplers. The simulation results show one of the
consume too much valuable microwave integrated circijesigned couplers can achieve a flat coupling of 50% of the
(MIC) or monolithic microwave integrated circuit (MMIC) fractional bandwidth. To verify the design concept, a 2.4-GHz
area [1], [2]. Therefore, lumped-element design methods ggtotype circuit fabricated on FR4 printed circuit board (PCB)
used to realize the coupler circuit within a reasonable chi designed and fabricated. The simulation result shows the
area in various MIC or MMIC applications [3]-[5]. In theoperation bandwidth of the prototype is reduced to only 30%,
conventional quadrature design methods, the capacitor c@fhen the parasitic effects in the lumped elements are taken into

nected one-section high-pass networks based on the branch-diggsideration, which matches the measurement result well.
design technique was proposed by Gupta and Getsinger [6].

The dual form of a two-section quadrature coupler constructed II. ANALYSIS

by low-pass networks was designed and analyzed by Vogel [7]._. . N .

Although the lumped-element quadrature couplers designed:'g' 1 illustrates the circuit presentation of a quadrature
by the previous methods achieve a good isolation and volta; pler con;truptgd by two pure Iu_mped-element n/etwork sec-
standing-wave ratio (VSWR), the amplitude balance betwelfS- The circuit is symmetrical with regard to tied"-plane
output ports can be maintained only within a narrow fractionglnOI can be analyz_ed by the’ convent!onal even- and odd-mode
bandwidth. To achieve a flat coupling over a wider bandwidtlrf,]_eth()d [4]. FOIIOW'_ng Vogel's analysis method [7], the trans-

a hybrid of the lumped- and distributed-element method and'§SSion-wave matrix of the even- and odd-mode half-circuits
broad-band matching design technique is proposed by Vo@é? first derived and given by

and Ohta, respectively [7], [8]. This paper will propose a T11., TI12, 0]
design method that achieves a wide-band flat coupling by [Te, 0] = ' '
using pure lumped elements. The proposed design method 2, T22,

directly analyses the three-branch lumped-element quadratifigare the elements of the transmission matrix are given by
coupler and then generates the design equations to achieve a

wider band characteristic. The commercial microwave-circuitZi1. , =1 — 2X,B. ,(2— X,B. ,) +j(1 — X.B. ,)

. [XSYO + B€,0Z0(2 - XSBE,O)] (la)
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whereB. , representthe admittance introduced by parallel cou- =

pling elements excited by the evere() and odd (‘¢") modes, Ip Ip Ip
andB, is equivalenttdB, andB, is equivalenttoB,—2/X,,), -
respectively. To construct a co-direction&l{ = 0) quadrature Cs Cs
coupler, the following conditions must be satisfied: @ o I( J|( o @
Cm__ 2Cm__ __Cm
Ti2e =T12, =0 (2) T & T G
1 T11el* = |11 = 1. 3) @ o - i€ °
Considering the phase relation ®f;. and711,, (3) can be Lp Lp Lp
rewritten as the following equations for even and odd nide 2
respectively: == = =
111 =cos 8+ jsind (4) Fig. 2. 3-dB quadrature coupler consisting of capacitive coupled three-branch

Ti1o = cos(8 £ 7/2) + j sin(6 + 7/2). (5) Mgh-pass networks.

Substituting (2) into (1b) yields the following two conditions tc 0
let (1b) satisfy (2): o~

X.Yo = B..oZ0(2 — X,B...) ©6) :{/;7 \ /:»W

X:Be o =1. @)
@ /N .
. . _ . i IV
Bringing (4)_ ano_l _(5) into (1a), respectively, the correspondir -3 A4 s31
111, , are simplified to ——s#1

-40 T
Tlle,o =1- 2(XSYO)2 +j2X9YE)(1 - XSBE,O) (8) \/
Tlle,o =-1. (9) =0

.60 } | | | 1 1 1 [
0.5% 06fc 07 08 09 10t 1lfe 12 L3 14fc LS5k

Obviously (7) satisfies condition (3), however, one can easi
prove (6) also satisfies (3) if condition (6) holds. Equating (£

and (8) reveals that ony= =+ /4 can be used to obtain the de- Normalized Frequency

sired solutions, and?, is the complex conjugate @f ;.. Fol- (@)
lowing the previous design method, one can design the quad 0 go-osee ]
ture couplers the same as that proposed in [7]. Here,wewillpr [ (b e HHHISAIIN

pose another design approaches. The proposed designedt  _j
nique is first to use (9) to realiZE ;. and, thus, we haveé = = ////7 \ M /
andB. = 1/X; from (4) and (7). Next, the previous condi- 20 -t
tion # = = is brought into (5) to yieldl1;, = +4, which has f

to be realized by using (8). Sindg. must be greater thaB,, dB _3
a reasonable solution can only come frdm, = +j. Sub-

stituting 711, = +j into (8), produce®(X,Y;)? = 1 and 20 _;_:;:
2X,Yy (1 — X,B,) = 1. Finally, the values of the lumped —— 831
elements are determined By, = Zo/v/2, B. = 1/X,, and 50 o s4
B, = (1-1/V/2)/X,. v

Interchanging the values @f ;. and7i;, and following the 60 ) . ) | | | ) |
similar design procedure produces another set of equations 0.5fc 0.6fz 0.7fc 08fc 09 10fc Lifc 12fe 13fc 14fc 15
determining lumped-element values, which afg = ZO/\/E,
B. = (1+1/v2)/X,, andB, = 1/X,, respectively. The pro- Normalized Frequency
posed design technique is applied to realize a quadrature cou- (b)

pler constructed by c_apa_cmve COUpleq three-branch hlgh-p%%;_ 3. (a) Frequency properties of a lumped quadrature coupler consisting
networks, as shown in Fig. 2. According to the proposed d&-cC. = V2Yi/w., L, = Zo/V2w., andC,, = Ya/2w.. (b) Frequency

sign equations, two sets of element values correspondingpteperties of alumped quadrature coupler consistin@.o& v2Yy /w., L, =

Fig. 2 are obtained b@’, = v/2Yy/we, L, = Zo/v/2w., and Zo/(VZ+ 1w, andCy, = Yo /2,

Cp = Yo/2w,, andCs = V2Yy/we, Ly, = Zo/(vV/2 + 1w,

and C,, = Yy/2w,, respectively. A conventional microwavethe proposed approaches. They reveal that both designs display
circuit simulator (e.g., SuperCompact) was used to evaluate thigle-band flat coupling characteristics. In particular, the circuit
frequency characteristics of the designed couplers. Fig. 3(a) aidrig. 3(b) has a very flat coupling over about a 50% fractional
(b) shows the frequency properties of couplers constructed gndwidth, which is wider than that of the circuit of Fig. 3(a)
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and more suitable for wide-band applications. The proposed de: °
sign method is also applicable to realize the low-pass dual form T S ¢

of Fig. 2. The low-pass type coupler is constructed by replacing S &
Cs, Ly, L,/2, Cy,, and2C,, of Fig. 2 with Ly, C,,, 2C,,, Ly, P}

andL,, /2, respectively. The values &f,, C,,, andL,,, are given ° ) / >
by w?/C,, w?/L,, andw?/C,,, respectively. The circuit simu-  dB 45 \ o
lator also evaluates the quadrature coupler realized by low-pas \\ / —— 831
configurations. The simulation results show that the character- 20—~ ERihads -
istics of low-pass-type couplers are the same as those for the \ //
high-pass-type coupler shown in Fig. 3. 25 \Y

-30 \ / [ |

1.8 19 21 22 23 24 25 26 27 28 29 3

I1l. DESIGN AND MEASUREMENT
Frequency (GHz)

A quadrature coupler prototype operated at 2.4 GHz is de-
signed and fabricated to verify the design concept. Accordifg. 4. Simulated frequency characteristics of a 2.4-GHz lumped quadrature
to Fig. 3(b), the optimum operation band of the coupler is bﬁoupler fabricated by SMD capacitors and a shorted-circuit20@icrostrip
tween0.95w. and1.45w,.. To achieve the widest bandwidth at
the operation frequencyg = 2.4 GHz), a lower frequency lo-
cated aD.9w, (2.16 GHz) is chosen as the frequency to calc
late the value of practical elements. The practical element val
of the quadrature coupler then work out to @g = 2.08 pF,
L, =1.52 nH, andC,,, = 0.72 pF, respectively. The prototype
circuit was made of surface-mounted capacitors and the sh
lengths of 100 microstrip lines short circuited at their ends
To realize the desired inductors, this study utilized a commd
cial electromagnetic (EM) simulator to analyze various lengt
of the short-circuited 100 microstrip line to obtain the pre-
cise inductances and to minimize parasitic elements. Based
the model extraction function provided by the EM simulato
we obtain the parasitic shunt capacitors associated with thg
short-circuited microstrip lines for realizing desired inductancd
are about 0.4 and 0.2 pF, respectively. To evaluate the ch
acteristics of the prototype circuit, an equivalent circuit of a
surface-mounted capacitor consisting of a capacitor in ser g%ri
with a small inductor, which is about 0.8nH calculated from the
self-resonant frequency in the manufacture’s data sheet, and the
S-parameters of short-circuited microstrip lines generated fror

5. Photograph of a 2.4-GHz quadrature coupler prototype circuit
cated on an FR4 PCB.

eI HHHR RN M x5

the EM simulator were inputted to the circuit simulator. The per 5 IR T )
formance of the prototype coupler was simulated and it show R e
the degradation of amplitude balance of ports 3 and 4 due to tl 10 Pa

addition of the lumped-elements’ parasitic effect. The lumpe: \ MMA:‘M
elements were then slightly adjusted to improve circuit perfordB .45 aad

mance through the commercial microwave circuit simulator’s \ /

optimization function. Fig. 4 shows the final simulated charac -20 “72;1
teristics of the coupler constructed by practical SMD capaci \ ////w\"/ —— 831

tors and semi-lumped inductors. As shown, the operation bar -26 s

isabout 1.9-2.5 GHz, which correspond$ 1of, to 1.31 fy, and
the operation bandwidth is reduced to approximately 30%. It in -30 1t 1L
dicates that the narrowing of the designed bandwidth is mainl 18 19 2 24 22 23 24 25 26 27 28 29 3
due to the parasitic effects, which lowers the high end of op
eration band, while the amplitude é%; and.S3; are almost
equivalent and are less than 4 dB, and the return loss and is@ig-6. Measured—parameters of the lumped coupler prototype circuit shown
tion remain greater than 18 dB. Fig. 5 shows the photograph'®f9- -

the prototype circuit, which has an overall circuit size of about

10 mmx 10 mm. The measured results of the prototype of thesults are superimposed in Fig. 6. THg shown in Fig. 6 rep-
guadrature coupler are obtained by mounting the coupler imesent the insertion loss of ti¥eparameter measurement termi-
the Arnitsu/Wiltron 3680 MIC test fixture and terminating twonating at ports 3 and 4 of the couplép; andS,; of Fig. 6 are

of four output ports with the 50 terminator. The measuredobtained by using a measurement method similar to that used

Frequency (GHz)
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for measuringS»;. The S1; of Fig. 6 is the average f;; ob- [5] Y.-C. Chiang and C. Y. Chen, “Design of lumped element quadrature

tained from three measurement results. Comparing Figs. 4 ang_ hybrid,” Electron. Lett, vol. 34, pp. 465-466, Mar. 1998.
6 | d t bet the measurements aﬁi(]j R. K. Gupta and W. J. Getsinger, “Quasilumped element 3- and 4-port
reveails a very good agreement between u networks for MIC and MMIC applications,” ilEEE MTT-S Int. Mi-

the predictions made by the microwave circuit simulators. The  crowave Symp. DigCA, 1984, pp. 409-411.

little discrepancy between modeled and measured results is bdZl R- W. Vogel, “Analysis and design of lumped- and lumped-distributed-
h tical it fth " t it element directional couplers for MIC and MMIC applicationEFEE

cause the practical capacitances of the surface mount capacitors 5. Microwave Theory Techvol. 40, pp. 253-262, Feb. 1992,

have certain variation from the listed values shown in the data[g] 1. Ohta, X.-P. Li, T. Kawai, and Y. Kokubo, “A design of lumped-element
sheet. 3 dB quadrature hybrids,” iRroc. Asia—Pacific Microwave Confl997,
pp. 1141-1144.
IV. CONCLUSION

This paper has proposed a new design technique for synthe-

sizing a quadrature lumped-element coupler suitable for wic gi-Chyun Chiang (Sr’]88|—lvl’91) Becheived the (I;:%.SH
ot ; egree in marine technology, and the M.S. and Ph.D.
band application. The measurement of an experimental pro degrees in electronics engineering from the Chiao
type shows the proposed quadrature hybrid does have a wi Tung University, Hsin Chu, Taiwan, R.O.C., in 1982,
fractional bandwidth than the conventional design technique. 1987, and 1992, respectively. _
producing a 2.4-GHz prototype, the maximum inductor and ¢ He is currently an Associate Professor in the
- . Department of Electronics Engineering, Chang
pacitor values are all less than 3 nH and 2 pF. These induct Gung University, Tao Yuan, Taiwan, R.O.C. His
and capacitors are easily constructed by applying conventio main research interests are in the area of developing
MMIC techniques. The proposed quadrature hybrid should - _ GaAs monolithic microwave integrated circit for

1 X . X the applications in personal wireless communication
able to find applications in future MMICs. and characterization of linear and nonlinear RF models of the submicrometer
Si CMOS transistors.
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