402 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 2, FEBRUARY 2001

[5] P.Feldmannand R. W. Freund, “Efficient linear circuit analysis by Padé
03 E approximation via the Lanczos procesksEE Trans. Computer-Aided
Design vol. 14, pp. 639-649, May 1995.
BWE L e [6] D.-K. Sun, “ALPS—An adaptive Lanczos-Padé spectral solution of
wE ALPS Bmoces mixed-potential integral equation,” dSNC/URSI Radio Sci. Meeting
Dig., July 1996, p. 30.
06 £ [7] D.-K. Sun, “ALPS—AnN adaptive Lanczos—Padé spectral solution of
= i mixed-potential integral equation,Comput. Methods Appl. Mech.
£ Eng, vol. 169, pp. 425-432, 1999.

[8] C. Lanczos, “An iterative method for the solution of the eigenvalue
problem of linear differential and integral operatord,’Res. Natl. Bur.
Stand, vol. 45, pp. 255-282, 1950.

[9] J. E. Bracken, D.-K. Sun, and Z. Cendes$,-tiomain methods for si-
multaneous time and frequency characterization of electromagnetic de-
vices,” |IEEE Trans. Microwave Theory Techol. 47, pp. 1277-1290,

. ) ) : - Sept. 1998.
E) 30 3 2 13 34 5 [10] E.H. Newman, “Generation of wide-band data from the method of mo-
Freq(GHz) ments by interpolating the impedance matrikFEE Antennas Prop-

agat, vol. 30, pp. 1820-1824, Dec. 1988.
[11] B. N. Parlett and D. S. Scott, “The Lanczos algorithm with selective

Fig. 10.  Effect of not including all the propagating modes for Fig. 9. orthogonalization,Math. Comput.vol. 33, no. 145, pp. 217238, 1979.

peaks and, hence, realize the importance of including all the propa-
gating modes when using the transfinite-element method.

Compared to the AWE, although the ALPS spends extra time on
computing the eigenvectors of a tridiagonal matrix, it is not only more . . i
reliable, but overall more efficient, because it can tell the range of va'An"’“yS’IS and Design of Impedance-Transforming Planar
lidity and, hence, terminate at earlier time. Its computational time de- Marchand Baluns
pends on the number of poles inside the circle of convergence cov-
ering the interested band. Typically, four projecting vectors per pole
are needed. The poles near the real axis influences the frequency re-
sponse C‘”Ye the most. Itis unWlse.to ask for too b'g a freqyency rang&pstract—A technique for designing impedance-transforming baluns is
because this will enclose a lot of unimportant poles in the circle of copresented in this paper. It is based on the Marchand balun with two iden-
vergence. It is more efficient to break up a large band into a seriestiofl coupled lines. By varying the coupling factor of the coupled sections,

smaller bands. Since each band requires its own matrix inversion, thigide range of impedance transforming ratios can be achieved. In addi-
(g?ﬁ a resistive network added between the balun outputs is proposed to
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cost has to be balanced against the sa\{|ng on the ngr.nbe.r of projec eve balun output matching and isolation. Microstrip baluns, matched
vectors needed. When the sparse matrix decomposition is replacegydyil ports, for transforming from a 50- 2 source impedance to 462 as
an iterative solver, the strategy will tilt toward more finer subdivisionsell as 160£2 load terminations are realized to demonstrate the technique.
of the b_ar_1d. . . . . Index Terms—Baluns, circuit analysis, couplers, impedance matching.
The limitation of current procedure lies on the assumption that higher
order matrices of the polynomial matrix equation are relatively small.
In the case of high lossy problem, the entries of higher order matrices |. INTRODUCTION

may n_ot bPT small. Numerical experlm_ents show the procedu_re tal(eﬁaluns are key components in balanced circuit topologies such as
more |ter_at|ons to converge. Also, (9) is no longer an appropnate ouble balanced mixers, push—pull amplifiers, and frequency doublers
proximation of system eigenvalues. One must compute the elgenvalmg[:g]. Various balun configurations have been reported for applica-
of the reduced system. tions in microwave integrated circuits (MICs) and microwave mono-
lithic integrated circuits (MMICs) [1]-[8]. Among them, the planar
version of the Marchand balun [9] is perhaps one of the most attrac-
tive due to its planar structure and wide-band performance.

The authors would like to thank their colleague, Dr. R. Dy- The planar Marchand balun consists of two coupled sections, which
czij-Edlinger, Ansoft Corporation, Pittsburgh, PA, for his ingeniou§'ay be realized using microstrip coupled lines [S], Lange couplers [6],
insight. multilayer coupled structures [7], or spiral coils [8]. These baluns are

usually designed through circuit simulations using full-wave electro-

magnetic analysis [1] or lumped-element models [8]. Various synthesis
REFERENCES techniques using coupled-line equivalent-circuit models and analyti-

cally derived scattering parameters have also been reported [10], [11].

[1] %1C53 lglzfellegcéc‘;Mixed finite elements in RAumer. Math,vol. 35, pp. | this paper, the planar Marchand balun is analyzed as a combination

[2] Z. Cendes and J.-F. Lee, “The transfinite element method for modeling
MMIC devices,” IEEE Trans. Microwave Theory Techol. 36, pp.
1639-1649, Dec. 1988. Manuscript received November 23, 1999. This work was supported by the
[3] X.Yuan and Z. Cendes, “A fast method for computing the spectral ré&ngineering and Physical Sciences Research Council. The work of K. S. Ang
sponse of microwave devices over a broad bandwidthProc. IEEE  was supported by the Defence Science Organization National Laboratories.
AP-S/URSI Int. Symp. DigAnn Arbor, MI, June 1993, p. 196. The authors are with the Microwave and Systems Research Group, School of
[4] L. T. Pillage and R. A. Rohrer, “Asymptotic waveform evaluation forElectronic Engineering, Information Technology and Mathematics, University
timing analysis,”|[EEE Trans. Computer-Aided Desigrol. 9, pp. of Surrey, Guildford, Surrey GU2 7XH, U.K. (e-mail: k.ang@eim.surrey.ac.uk).
352-366, Apr. 1990. Publisher Item Identifier S 0018-9480(01)01088-2.

ACKNOWLEDGMENT

0018-9480/01$10.00 © 2001 IEEE



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 49, NO. 2, FEBRUARY 2001 403

MARCHAND BALLS The S-parameters of the balun can then be obtained by using the
voltage wave’s relationships indicated in Fig. 1, which has the form

5 -w  Cosgler | P i 1

L = [STbatun
L B - = 5 :el, . 1-3c*  20/i=C2  20/Ii-C2
, o et e .|_: 1+ (2 J 1+C2 J 1+C2
% % ) _| .2cvi=C® 1-C? 202
: - : : | YT iy 11C2 11C2
Par 3 201 =C2 207 1-C?
B iy 1+C? 1+c?
= )

When the balun load terminations are changed féno 7, as in

i ) ) . Fig. 1, the balur matrix of the balun has to be modified frdii]i,a1un

E:)%pilérs_Bka diagram of a symmetrical Marchand balun as two |dent|c%1cl) [5]{1&111“- Th(? relationship between the two matrices are given by the
following matrix equation:

of two identical coupled sections. This simplifies the balun design to

designing couplers with the appropriate coupling factor. This approach[S]b_dluu =[4]"" ([S]bﬂlu“ — [ITH(1] = [P”S]Mm)_lmﬁ

also provides valuable insight into the balun operation, relating the cou- '

pling factor of the coupler to the balun input and output impedances. ®3)

This results in an effective technique for designing impedance-trans- . . . . . , .
forming baluns. v&here[[] is the identity matrix, whildT'] and[A] are given by

Most of the work on improving the planar Marchand balun has -0 0 0
focused on achieving wide-band performance [1] and miniaturization 7 — Zs
[12]. The issue of balun output matching and isolation has not been ] = 7t 2. 0
addressed. This may be attributed to the well-known fact that a lossless 7 _7
reciprocal three-port network such as the balun cannot achieve perfect 0 0 t—
matching at all three ports. In many applications, however, balun :0 0 Z +€“
output matching and isolation can enhance circuit performance. In
double-balanced diode mixers, good output matching of the local 0 2 VZ1Zo 0
oscillator (LO) and RF baluns at the diode interfaces can reduce LO [A] = Zy + Z, (4)
power drive requirements and improve conversion loss. In push—pull VZiZ,
amplifiers, isolation between the transistors provided by the balun 10 0 2 7+ Z,

outputs can enhance amplifier stability. In this paper, a resisti - .
P b Y bap \ﬁ) S-parameters of the balun in Fig. 1 are then given by (5), shown

network connected between the balun outputs is proposed to achi . .
P brop the bottom of the next page. Equation (5) shows that the use of iden-

balun output matching and isolation. Combining this techniqLRet ) . .
with impedance transforming Marchand baluns, a class of perfecH al coupled sections results in balun outputs of equal amplitude and

matched impedance-transforming baluns can be realized opposite phase, regardless of the coupling factor and port terminations.
' To achieve optimum power transfer 3 dB to each port, we require

1
|51/a,21| = |5£,31| = T (6)
A block diagram of the balun is shown in Fig. 1. It provides balanced 2
outputs to load terminations; from an unbalanced input with sourceyiih (5) and (6), the required coupling factor for optimum balun per-
impedanceZ, . In general, the impedancgs andZ, are different. Bal-  tormance is given by
anced diode mixer applications, e.g., balanced signals, need to be fed

Il. ANALYSIS

to a pair of diodes whose impedance may differ from th&5€ource C= 1 )
impedance. Thus, in addition to providing balanced outputs, the balun oA ’
also needs to perform impedance transformation between the source 7z, +1

and load impedances.
As shown in Fig. 1, the planar Marchand balun consists of two coli-is interesting to note that when all the ports are terminated with the
pled sections, each of which is one quarter-wavelength long at @&me impedance, such agB0vhere the impedance transforming ratio
center frequency of operation. For symmetrical baluns, the scatterifginity, the required coupling factor is4.8 dB and not-3 dB. Based
matrix of the balun can be derived from the scattering matrix of twen (5), the use of commonly assume@8-dB couplers [6] will resultin
identical couplers. We first consider the case where the source and leadnsertion loss and output isolation-68.5 dB and input and output
impedances are equal #,. With the voltage waves defined in Fig. 1,return loss of~9.5 dB at the center frequency. When (7) is satisfied,
the scattering matrix for ideal couplers with infinite directivity and couthe balunS matrix with parameters given by (5) reduces to
pling factorC' is given by

o 4 =i
[eoupie V2V
0 C -jiV1-C? 0 [SThatim = % % % . (8)
_ C 0 0 —jV1i-C? _;. 1 1
-jVi=C? 0 0 C V22 2
0 -jV1i-C? C 0 This is the best attainabl& matrix of a lossless balun. It is matched

(1) at the input and has transmission coefficients—& dB with oppo-
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site phase. The outputs, however, are not matched or isolated. Both t Marchand llahm Husistive Metwork
output matching and isolation have a value-& dB. — T — eHo
To achieve perfect output port matching and isolation, some form o llr_—__,_ ek
resistive network need to be added between the output ports, just as S— = == %
the Wilkinson power dividerY -parameters will be used to derive the r ]
required resistive network. Thematrix of a balun with perfect output % | 3
matching and isolation has the form I Fa Qg2
0 JJ AN ¥
\/5 \/5 = Pari &
: =
; T -
[S]ha,]nn = ﬁ 0 0 . (9) F a5 R %— oy
_.j =
— 0 0
V2

S ' - Fig. 2. Implementation of a perfectly matched balun with isolated outputs b
Based on the port terminations defined in Fig. 1, (9) can be convertg(ﬁjmg a rer)istive network to ?he Marychand balun. puis By

to theY matrix

0 —J J Fig. 2 shows the schematic diagram of the perfectly matched balun

V22,7 27,7 with the resistive network. The phase inverter is realized by a simple

[V batun = —J 1 1 ) (10) half-wavelength transmi;sion _Iir_1e. To main_tain symmetry between the
camn V2Z,7Z, 27, 27, output ports, the resistor is split into two resist@rsat both ends of the

j 1 1 transmission line. The performance of the resistive network is indepen-
W 27, 27, dent of the transmission-line characteristic impedafieeat the center

o ) ] ] _ frequency. HoweverZr should be set as high as possible to ensure
Similarly, the.5" matrix of the symmetrical Marchand balun in (8) isthat the operational bandwidth of the original balun is not significantly

converted to thé” matrix reduced. It should also be noted that the resistive network proposed
0 —j j could also be applied to other lossess balun structures to achieve output
V27,7, 27,7 matching and isolation. In addition, the phase inverter in the resistive
—j network can also be realized using other wide-band structures [13].
Ylbalun = | ———= 0 0 . 11
[Ybal YA (11)
j Ill. EXPERIMENTAL RESULTS
V27,7, 0 0 To validate the analytical results and demonstrate the design

approach, two perfectly matched impedance transforming baluns are
designed. The first balun provides impedance transformation from 50
to 402, while the second balun provides impedance transformation
1 71 1 from 50 to 160¢2. These may represent requirements in balance
27, L 1} (12)  diode mixers and multipliers [14], [3] for transforming between a
50«2 source impedance and the diode impedances. The circuits are
This network can be realized by a series connection of a phase inverealized using microstrips, fabricated on a low-cost FR-4 board with
and a resistor of valu2Z, . This resistive network can also be derived dielectric constant of 4.4 and thickness of 1.6 mm. For the 50-40-
intuitively. The signal path between the two outputs is through the cowmpedance-transforming balun, Lange couplers were designed,
pled ports of the two couplers, which has an attenuation®€B with  fabricated, and measured to achieve the required coupling factor
zero phase shift, as given by (8). Thus, by adding another signal path—4.15 dB given by (7). A planar Marchand balun, consisting of
with —6-dB attenuation and 18@hase shift, perfect cancellation oftwo Lange couplers, was then fabricated. Microstrip lines witf50-
the signal path between the outputs can be achieved. characteristic impedance were used to extend the three balun ports

Comparing (10) and (11), it can be deduced thattthmatrix of the
resistive network has the form

Yr =

27 .
1—02<Z1+1) 20 /1=C2 20 /1 =2 %

J —J
, (22 L (22 L (22
2 _ 12 _ 12 —
14C < : 1) 14+C < - 1) 14+C < 1)
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Zn

‘ L[ [Z
20 VT=C7\ [ - 202< Z—1>
[S]bﬁ]un = .] 27 . 27 J 27 . (5)
@) meE) el
Ny
— (2 - G Z -
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Fig. 4. Measured performance of 50-@0impedance transforming balun
Fig. 3. Measured performance of 50-#0-impedance transforming with resistive network. Results are normalized to source and load impedances
balun without resistive network. Results are normalized to source and logfd50 and 4052, respectively. (a) Input return loss, insertion loss, and phase
impedances of 50 and 40, respectively. (a) Input return loss, insertion losshalance. (b) Output return loss and isolation.
and phase balance. (b) Output return loss and isolation.

to SMA connectors for measurement. A high-impedance half-wave-1"€ Planar 50-160} impedance-transforming balun is realized
length transmission line is included between the output ports f4Fing two microstrip parallel coupled sections, which has a measured

implementation of the resistive network. Two chip resistors ofu3 coupling factor of 8.8 dB at the center frequency of 2 GHz. A
were used for the resistive network. high-impedance half-wavelength transmission line is also included for

The balun is measured, both with and without the resistive netwofR'Plementation of the resistive network, which includes two $50-

The balun is measured in a 5Dmeasurement system, two ports at £NiP resistors.

time, with the unused port terminated in a 80ad. Deembedding ~ AS in the previous balun, two-port measurements of the balun are
is then performed to remove the effects of the(5@ricrostrip lines performed, deembedded, and renormalized to the output impedance of

between the balun ports and the SMA connectors. Thege-based 16012. The measured performances are similar to the previous balun,
S-parameters are then renormalized to the output impedance ©f a@xcept that it exhibits a smaller operational bandwidth due to the use of

using (3). The results obtained for the balun without the resistii¥TPle coupled line sections. The balun exhibits a well-matched input
network are given in Fig. 3(a) and (b). Fig. 3(a) shows that the balljfjth —30-dB retumn loss and a minimum insertion loss-c3.5 dB.

input is well matched at about 1.2 GHz with a minimum insertion los5"€ Phase balance is withifi. 3Vithout the resistive network, the balun

of —3.5dB. The increasing amplitude imbalance at the high-frequenS POOT output return loss and isolation, with values between 6-8 dB
end of the passband can be attributed to the use of nonideal coujtE'nd the coupler center frequency. With the resistive network, the
sections with limited directivity. This is caused by the unequal eveffiPutmatchingand insertion losses remain unchanged, while the output

and odd-mode phase velocities in the nonhomogeneous microsBfst Matching and isolation improved to better thai dB.

medium. These amplitude imbalances can be improved with the use of

homogeneous dielectric mediums such as stripline. The phase balance

between the outputs is within 10The balun output return loss and IV. CONCLUSION

isolation is shown in Fig. 3(b). A minimum value &6 dB is obtained

for both the output return loss and isolation, which is in agreementThis paper has demonstrated that impedance-transforming baluns

with the theoretical results. can be realized using planar Marchand baluns with two identical cou-
Fig. 4 shows the results obtained with the implementation of the rgled sections. Analytical results relating the impedance-transforming

sistive network. Comparing Figs. 3(a) and 4(a), the input matching aratio to the coupling factor of the couplers have been presented. A tech-

insertion loss of the balun remain essentially unchanged at mid-banijue for achieving output matching and isolation has also been pro-

although the bandwidth is slightly reduced. The phase balance witlmased. These techniques have been verified through experimental re-

the passband has improved to withifi Fig. 4(b) shows the balun sults of two planar Marchand baluns employing Lange couplers and mi-

output return loss and isolation. Good output matching at the couptepstrip coupled lines. Perfectly matched baluns, transforming between

center frequency is now achieved. The output isolation has also im50<2 source impedance and load terminations of 40 and16@ve

proved to better than 10 dB within the passband. been realized. This class of perfectly matched baluns with impedance
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transformation capabilities is invaluable in the design of balanced mi-A Novel Interpretation of Transistor S-Parameters by

crowave circuits such as mixers, push—pull amplifiers, and frequency Poles and Zeros for RF IC Circuit Design
doublers.
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1992. nected for the measurement of BsparametersS;; andS2; can be
measured by setting; = 0 andV; # 0, while S;> andS;> can be
measured by setting; = 0 andV, # 0. Zp; at input port andZo:
at output port are both equal to 50 but are intentionally labeled dif-
ferently. The reason for this will become clear later on. In general, the
circuit in Fig. 2(a) is not easy to handle. However, the problem will be
much easier to solve if this circuit is viewed as a dual feedback circuit,
in which R, is the local series—series feedback element@ndthe
local shunt—shunt feedback element. In order to simplify circuit anal-
ysis, we temporarily neglect the inductors and transform the circuit of
Fig. 2(a) into that of Fig. 2(b) by using local series—series feedback
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