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A Generic Tri-Band Matching Network

Mohammad A. Maktoomi, Graduate Student Member, IEEE,
Mohammad S. Hashmi, Member, IEEE, Ajay P. Yadav, and Vishal Kumar

Abstract—A scheme to achieve impedance matching at three ar-
bitrary frequencies is presented. The proposed matching network
is cascade of a dual-band matching network and a novel dual-to-
tri-band transformer. Analysis of the proposed network provides
closed form design equations that enable physically realizable
solution owing to the presence of a free design variable. The
presented theory is demonstrated through two example prototypes
on Roger’s RO4350B substrate. The obtained simulated and mea-
sured results clearly exhibit the potential of the proposed design.

Index Terms—Coupler, dual-band, impedance transformer,
matching network, power amplifier, power divider, tri-band.

I. INTRODUCTION

ATCHING networks are integral part of many RF/

microwave devices such as amplifiers, mixers, oscillators,
antennas and power dividers/combiners. Furthermore, multi-
band/multi-standard devices require matching networks oper-
ating at more than one frequency.

Dual-band impedance matching techniques have been widely
reported [1]-[4], but tri-band impedance matching approach is
still in infancy [5]-[9]. The tri-band impedance transformer [5]
is only an approximate result based on curve fitting whereas the
one reported in [6] is limited due to the use of lumped compo-
nents. Other tri-band matching networks [7], [8] are based on
coupled lines and require compensation for different even-odd
mode velocities when implemented in microstrip technology
while the multiband impedance inverter network [9] is unable
to work at arbitrarily chosen desired frequencies.

In this letter, for the first time, a systematic design of a tri-
band matching network using only distributed components is
presented. The proposed technique overcomes limitations of
earlier techniques [5]-[9], and is extremely simple, versatile,
and easily realizable.

II. PROPOSED TRI-BAND MATCHING NETWORK

Illustration of the proposed tri-band impedance transformer
is shown in Fig. 1. Its aim is to match the load impedance
R, (shown at the extreme right) to the source impedance, Z
(= 50 €, shown at the extreme left) at three arbitrary frequen-
cies, say, f1, f2, and f3 such that, f1 < fo < f3. It is apparent
that the design utilizes a dual-band impedance transformer
(DBIT). Although, any DBIT from the existing literature could
be selected, the two examples in this letter make use of the
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Fig. 1. Proposed tri-band matching network.

DBIT concepts of type-I [1] and type-II [2]. In series with
the DBIT, there is a dual to tri-band transformer (DTBT). In
Fig. 1, OCSC-1, OCSC-2, and a transmission-line (7L) segment
of electrical length @ and characteristic impedance Z; (i.e.,
same as the source impedance) are the three constituents of
the proposed DTBT. The constituents OCSC-i {i € 1,2} are
parallel combination of open and short stubs with electrical
lengths 67 and respective characteristic impedances Z, (Z.)
and Zy (Z4). All the electrical lengths are defined at the first
frequency, f1, and Vi:Y; =1/Z;. Tt is important to recall
that the electrical length is proportional to frequency for non-
dispersive lines [3], so the electrical length 6 defined at f; is
equal to uf at fs, for example, with u = f3/ f1.

The working of the proposed tri-band transformer, given in
Fig. 1, s as follows. Matching at the first two frequencies f; and
fa is established by DBIT. The DTBT is designed in such a way
that it doesn’t alter the matching at these two frequencies. The
role of DTBT comes into picture only at third frequency, f35 and
therefore, Yini = Yina =Yinzs =Yiu =1/2p @ f; & @ fy is
always valid. In general, the value of Yi,; @ f5 will be of
the form Gy + jB1, where G; and B; depends on whether
the DBIT is of type-I or type-II, besides the value of Ry. The
expressions of G and Bj are given at the end, after references.

The DTBT is ineffective @ f; and fy as the T L-segment
does not alter the matching established by DBIT @ f; and
f2 considering the characteristic impedance of the same was
chosen as equal to source impedance (i.e., Z), and the OCSC-:
{i € 1,2} have an infinite input impedance at f1 and fs.

Y),, the admittance of OCSC-1 is given by

1 1
 jZytanf, - jZ,cot

Yp ey

Infinite impedance of OCSC-1 requires that Y), be set to zero.
And, therefore, the following expression is obtained from (1):

Z, = Zptan® 0;. 2
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Moreover, for the condition in (2) to be simultaneously satisfied
@ f, and f5, a condition for #; is given by [3]
(149w
0= —— 3
1 T 3)

where s is an integer and r = fo/ f1.

Similarly, for OCSC-2 to present an infinite impedance, Z,
and Z; can be replaced by Z. and Z, respectively, in (2) and
that result into

Z, = Zgtan® 6. “4)
Furthermore, admittance Yi,3 @ f5 can be expressed as

1 Zo+ jZin2|f3 tan uf

Yinsly, = — : =Gy+jBs (5
2y, 20 Zina|g, + jZo tanud 2 +3Bs )
where
G1(1 + tan® uf
G2 = 1( 2 ) 2 (6)
(1 — ZyBatanub)? + (ZoG1 tan ub)
B. = (1 — ZoBa tanub)(ZoBa + tanuf) — Z3G3 tan uf
5 Zo [(1 = ZoBa tan uf)? + (ZoG1 tan ub)?]
@)
where, u = f3/f1, and
By =By + Y. tanuf; — Yy cotub, (8a)
=B; + Y. (tanub; — tan? 67 cot ub). (8b)

Similarly, admittance Yi,4 @ f3 can be expressed as follows:

Yinaly, = G2 + jBa €))

where
By = B3 + Y, tanuf; — Y} cot ub, (10a)
= B3 + Y, (tanuf; — tan? 6 cot ub,) (10b)

and, therefore, the matching is achieved at fs, if the following
constraints are imposed:

(11)
(12)
(6) and (11) are solved simultaneously to arrive at

tan uf
_ ZoBat/(ZoBa)?—(1—ZoG1) (Z2 B3+ Z3G— ZyGh)
a (ZgB%-i—ZgG%—ZoGl)

13)

Once the value of 6 is known from (13), the equations (2),
(7), (8a-b), (10a-b), and (12) can be simplified to find the
admittance, Y, as
Bs
tan uf; — tan2 6y cot ufy

0= (14
It is obvious from (7) and (8a-b) that B3 depends on By which
in turn depends on Z.. This is one extremely important param-
eter of the proposed tri-band matching network. The term Z,
can be considered a free variable that can be selected appropri-
ately to get a physically realizable transformer. In practice, for
realizable microstrip, the value of Z, lies between 30 to 150 €.
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Fig. 2. Fabricated devices (a) example-I (b) example-II.

III. DESIGN PROCEDURE

The design steps are summarized as follows:

1) Step-I: For a given Ry, calculate the parameters Z11, 011,
Z12, 912 for type—I DBIT or ZQl, 921, ZQQ, 022, 223, 023
for type-1I DBIT using the equations given in [1] or [2].
This design should be validated through simulation.

2) Step-II: Calculate Yi,1|fs = G1 + jB1 using the for-
mula (Ala) and (Alb) or (A2a) and (A2b) depending
upon the type of DBIT or preferably by simulation.

3) Step-III: In some cases, OCSC-2 may not be required
(thus, Bs = B7). Hence, all the tri-band design should
start with this assumption. Value of Z, is evaluated using
(13) and (14). Out of the two values from (13), only
that value of 6 is used which gives physically realizable
transformer. Impedance 7, is calculated from (2).

4) Step-1V: If values of TLs of DTBT are not within the
realizable 30 2 to 150 2 range, then the design procedure
is repeated by considering use of OCSC-2 assuming a
value for Z.. It will be useful to write a MATLAB code
incorporating various design equations and then sweep
the value of Z. from 30 €2 to 150 Q. Choose only that
value of Z, which gives physically realizable transformer
parameters. It may be noted that the side stub of DBIT
may be combined with stubs of OCSC-2, as done here in
the example-II of the next section.

IV. DESIGN EXAMPLES

As a case study, two design examples, while assuming f1, fa,
and f3 as 1 GHz, 2 GHz, and 2.5 GHz respectively, are given
to demonstrate the effectiveness of the proposed matching
network. The first example makes use of type-1 DBIT whereas
the second uses a type-1I DBIT. Both the designs are prototyped
on RO4350B substrate of thickness 1.524 mm and a copper
cladding of 35 pm.

A. Design Example-1 With Type-I DBIT

In this example, Ry, = 100 2 is taken. Using the design
procedure, the values of various lines for the DBIT are found
tobe Z11 = 57.735 (), 611 = 60°, and Z15 = 57.735 €, 015 =
60°. The admittance Yi,3 @ f3 = 0.012 + 50.024 Q~'is found
through simulation. Using the design equations, the design
values of DTBT are foundto be Z, = 141.42Q, Z, = 47.14 (),
01 = 60°,and 6§ = 60.166°. OCSC-2 is not required in this case
as the design values are physically realizable. The fabricated
board is shown in Fig. 2(a) and the corresponding EM sim-
ulated and the measured results are shown in Fig. 3(a). The
agreements of simulated and measured results at the three bands
demonstrate the effectiveness of the proposed design.
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_ 2Zy Bp+tan ubay —ZQQIR% tan ufa —3Z22131% tanubs; — BpZa1 tan2 ulbs; —l—B%,ZS’l tan2 ufs; +R%BP2231 tan2 ufs;

Zo ((1 — BpZs tan u921)2+ (RLZ21 tan u921)2)
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Fig. 3. Simulation and measurement results (a) example-I (b) example-II.

TABLE 1
COMPARISON WITH CURRENT STATE-OF-ART

Ref. | operation | load type | frequencies | compensation”

[3] dual-band real arbitrary required

[4] dual-band | complex arbitrary not required

[8] tri-band real arbitrary required

[9] tri-band real restricted not required
This . a . .
Work tri-band complex arbitrary not required

“Depends on the type of DBIT.
bFor different even-odd mode velocities in microstrip.

B. Design Example-1I With Type-1I DBIT

In this example, Ry = 20 € is taken to match Zy = 50 §).
Once again the design procedure provides Zs; = 36.5 (2, 621 =
600, ZQQ =109.54 Q, 922 = 600, and Z23 = 109.54 Q, 923 =
60° for various segments of type-II DBIT. Since, instead of
20 Q) resistor, a bit different CRCW series SMD resistor of value
19.6 () is available commercially, the designed DBIT needed a
little optimization. The value of admittance Yi,3 @ f3 is found
to be 0.053259 + 70.009097 Q. However, for this value of
Yins, the DTBT turns out to be physically unrealizable. There-
fore, the DTBT was redesigned by incorporating OCSC-2. The
impedance Z., the free variable, is chosen to be equal to 100 (2.
From the design equations Z, = 116.82 2, Z, = 38.94 Q,
Zg =33.33 Q, 6; = 60°, and 6 = 13.45° are found. The fab-
ricated implemented board is shown in Fig. 2(b) whereas the
corresponding EM simulated and measured results given in
Fig. 3(b) perfectly demonstrate the tri-band matching capabili-
ties of the proposed design.

The slight anomaly in the measurement and simulation val-
ues, of both prototypes, can be overcome by using frequency
stable substrate such as RO5880 with ¢, = 2.2.

The comparison of the proposed work with the current state-
of-the-art is given in Table I. The novelty of the proposed tri-
band matching scheme is apparent as it significantly advances
the tri-band matching techniques and will also find definite
applications where the earlier techniques couldn’t be applied.

V. CONCLUSION

A novel tri-band matching scheme with closed form equa-
tions and two design examples have been presented. The mea-
sured results show slight deviations and this can be attributed

to the choice of substrate RO4350B and the in-house produc-
tion of boards and this can be addressed by using frequency
stable substrate such as RO5880 and professional prototyping.
Furthermore, a real and fixed load was assumed in the design
examples. However, the presented tri-band matching technique
is also extendable to frequency dependent complex load if
appropriate complex to real type DBIT is used.

APPENDIX
A. Type-1 DBIT
R (1+tan®uby;)
Gi= Al
! R? + 7% tan? uq (Ala)

B — Ritanubhi — Z2 tan uby + R? By Zi1 + B, Z3, tan? uy,
= Z11(R2 +Z% tan? ub1)

(Alb)

where By, = —Y79 cot uqyo for SC stub and By, = —Y75 tan ugio
for an OC stub with 60;;,V ¢, j are similar as ;.

B. Type-1I DBIT

Rr(1+ tan? uf)

G =
! (]. — Bp221 tan u921)2 + (RL221 tan u921)2

(A2a)

and (A2b) as shown at the top of the page, where Bp =
—Y52 cot ugas for SC stub and Bp = —Ya, tan ugss for an OC
stub with 0;;, V4, j are similar as 6.
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