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ABSTRACT In this paper, a parallel transmission-line transformer with complex terminal loads is introduced
for dual-frequency design. Through analyzing the different cases of complex terminal loads conditions,
there are four different mapping patterns of designable regions on the Electrical Length-Electrical Length
(EL-EL) plane. By adding an extra vertical Frequency Ratio (FR) axis, a novel 3D cube can be created
on the FR-EL-EL coordinate system, then the designable ranges of frequency ratio can be easily drawn in
this 3D cube. Therefore, the visible 3D mapping approach is newly reported for matching the complex
terminal load of parallel transmission-line transformer at two different frequencies. For the certain pattern,
a clearly boundary could be drawn to distinguish the designable and undesignable ranges. For verification,
two examples are designed, fabricated and measured. Simulated and measured results are matched very well.

INDEX TERMS Complex terminal loads, dual-frequency, parallel transmission-line transformer,

3D mapping approach.

I. INTRODUCTION

Transmission-line transformer (TLT) is a basic passive com-
ponent in RF/microwave system. For a certain frequency,
it can transform a source load impedance into a different
terminal load impedance and deliver the maximum power at
the same time. According to the different application require-
ments, the input or output impedances of power transistors,
antennas, power dividers, or baluns are not always real load
impedance, flexible TLT's are needed to match different kinds
of complex impedances.

Only one transmission-line (TL) section could not only
used for real-to-real impedance matching, but also for
complex-to-complex impedance matching at single-band
operation [1]. Focusing on real-to-real impedance match-
ing, by adding extra cascaded TL sections, cascaded TL
sections could be designed for dual-band operation [2]-[5],
or wideband performance [6]. As the number of cascaded
TL sections is increased, multi-band can be realized [7]-[9].
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Furthermore, multi-band cascaded TL sections could not only
be designed for real impedance application, but also for
complex impedance application [10]-[12].

Coupled TLT is the other basic transformer topology [13].
Compared with cascaded TLT topology, coupled TLTs
could provide extra variables which can be utilized for
broadband matching [13], DC blocks [14], compact cir-
cuit size [15] and multi-band application [16]. Because the
designable coupling strength of coupled TLT is quite lim-
ited, shunted open-/short-stubs (OS/SS) are preferred in TLT
design [17]-[21]. single-band [17], dual-band [18]-[20] or
even multi-band [21] applications can be easily realized.
Considering the precise bandwidth needs, several different
types of band-pass filtering transformers are also reported
in [22]-[26] for different system requirements. On the other
hand, parallel transmission-line is another interesting struc-
ture which can be used for single-band transformer [27],
filters [28], [29] and duplexer [30] applications.

Due to the limitation of the designable characteristic
impedances (or electrical lengths) ranges, designable values
are quite different for diverse topologies, therefore, it is a very
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important and effective method to distinguish the circuits’
performances. For example, it can be used to evaluate (1)
the designable range of terminal load ratio in TLT applica-
tions, (2) the designable bandwidths of filter applications,
(3) the designable range of frequency ratio in dual-frequency
circuits, and so on. Comparing with the obscure constraint
formulas which are derived from matching condition, allowed
and forbidden regions [1], [27] could provide a quite clearly
visible boundary on Smith chart, which the designable and
undesignable ranges can be separated clearly. As far as we
know, this method is only working on single-frequency appli-
cations. For dual-frequency or even multi-band applications,
flow charts are only method to describe relationship among
all mathematical constraint. Usually, several numerical exam-
ples are also listed to show tendency of all the design parame-
ters. However, the boundary of designable range for a certain
topology is unpredictable.

Recently, a dual-frequency parallel transmission-line
transformer (PTLT) for real terminal loads is reported in [31],
it only consists of two parallel TLs with different physical
lengths. Through analyzing the physical lengths ratio, des-
ignable square regions are mapping on the Electrical Length-
Electrical Length (EL-EL) plane [32], [33], and the mapping
pattern of all the designable regions looks like chess board.
Because [32] and [33] are only comments and authors’ reply,
their definitions are quite different, detail design approach
and strict mathematical proof are also not clear.

In this paper, a visible 3D mapping approach is newly
introduced for a dual-frequency PTLT with complex terminal
loads, where the complex terminal loads at two frequencies
are not independent. The 3D coordinate system consists of
one EL-EL plane and a vertical Frequency Ratio (FR) axis
named u. Usually, two electrical lengths which are on the
EL-EL plan are defined from 0 to 2. Through analyzing the
different cases of complex terminal loads conditions, there are
four different mapping patterns of designable regions on the
EL-EL plane. When the electrical lengths ratio is given, the
designable range of frequency ratio can be easily drawn in
the 3D cube on the FR-EL-EL coordinate system. To the best
of the authors’ knowledge, the proposed visible 3D mapping
approach has not been reported before.

For ease of understanding, a 3D mapping example for real
terminal load case [31] is introduced in Fig. 1. The EL-EL
plane has been introduced in [32] briefly, the red and blue
squares are the mapping pattern of designable regions of
dual-frequency PTLT, and it looks like part of chess board,
where 0 < B1l; < 2w and 0 < B1lr < 2m are defined
on the EL-EL plane. The definition of vertical FR axis is u,
where 0 < u < 10. For a given electrical lengths ratio, such
as Bilh/B1ly = 5 in Table 1 [33], where Bil; = 56.25°
and B/, = 281.25°. Then, the ABIJ plane shows the case
of B1lb/B1l1 = 5. Two solid black lines in line AJ are the
designable ranges in the two red regions. From the design
equations in [31], [32], the designable ranges u can be easily
calculated and drawn as the green solid lines on the ABIJ
plane. On the other hands, the relationship between 81/ and
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FIGURE 1. An example of visible 3D mapping approach on the FR-EL-EL
coordinate system for dual-frequency PTLT application [31], [32].

TABLE 1. Comparison among the proposed transformer and others.

Circuit Structure Type of
Type of
Number of | Transfor
Source/
Ref. TLs mer/Num .
Type > Terminal
Coupled TLs ber of
Loads
and OS/SS | Passband
[1] | Cascaded |  1TLs ppr/1 | Complex/
Complex
[2] | Cascaded 2 TLs 2 Real/ Real
[3] | Cascaded 2 TLs 2 Real/ Real
[4] | Cascaded 2 TLs 2 Real/ Real
[5] | Cascaded 2 TLs 2 Real/ Real
[6] | Cascaded 2 TLs 1 Real/ Real
[7] | Cascaded 3 TLs 3 Real/ Real
[8] | Cascaded 10 TLs 5 Real/ Real
[9] | Cascaded 14 TLs 5 Real/ Real
[10] | Cascaded 2 TLs 2 Complex/
Complex
Complex/
[11] | Cascaded 3 TLs 2 Real
[12] | Cascaded 4 TLs 2 Complex/
Complex
This Complex/
work Parallel 2 TLs 2 Real

u (or, the relationship between 1/, and u) can also be easily
calculated and drawn on ABFE plane (or ABCD plane), where
15<u<7/3and4 <u <9.

In summary, the novelty of the proposed dual-frequency
PTLT with complex terminal load can be summarized as fol-
lows: (1) Novel four mapping patterns of designable regions
are derived and summarized on EL-EL plane under the condi-
tion of different case of complex terminal loads. (2) By adding
an extra vertical FR axis, a novel 3D cube is newly intro-
duced on FR-EL-EL coordinate system for dual-frequency
design application. (3) When the electrical lengths ratio is
determined, the novel 3D mapping approach is reported to
derive the designable frequency ratio range in the 3D cube.
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PTLT

——>

Zs=R+jX
where: Z?’ p
Zsi=RHj X, @fi (Line2)

(_/2_> RL

Zs=RotjX; @f>

FIGURE 2. Dual-frequency parallel transmission-line transformer (PTLT)
[31], [32] with complex terminal loads.

Il. DESIGN EQUATIONS

Fig. 2 shows the proposed topology of the dual-frequency
PTLT. Although the same topology has been introduced
in [31]-[33] for real terminal loads applications, to the best
of authors’ knowledge, the dual-frequency analysis of 3D
mapping approach is newly reported for complex terminal
loads application in this paper. In Fig. 2, Z; and Z; are
characteristic impedances of line 1 and line 2, respectively,
and their physical lengths are /i and [, where Iy > [ is
defined in this paper. 8 denotes a propagation constant of the
TLs. For dual-frequency operation, two design frequencies
are defined as f1 and f>, where fi < f>, and frequency ratio
u = f>/f1. Then, 81 and B, are the propagation constants at fi
and f>, respectively. Finally, two complex terminal loads can
be written as Zs = R + jX, where Zs; = R + jX; at f; and
Zsy = Ry + jX5 at f>, respectively. In this paper, the terminal
load Z;, = 50 Q is defined.

A. THE DERIVATION BETWEEN CHARACTERISTIC
IMPEDANCES AND ELECTRICAL LENGTHS

From [31], ABCD matrices of line 1 and line 2 are expressed
as

[Al Bli| _ [ cos(Bly)  jZisin (,311)} (12)

Ct D1 Lisin(BL)/Zy  cos(Bl)

[Az Bz} _ [ cos (Bl)  jZysin (ﬂlz)] (1b)
G D2y Lisin(Bh)/Zy cos(Blr) |

Then, the ABCD matrix of proposed PTLT can be obtained
in (2), since the same derivation processes are described
in [31].

Aprir = (A1B2 +A2B1)/(B1 + Ba) (2a)
Bprir = B1B2/(B1 + B2) (2b)
Cerr = (C1 + C2) + (A1 — A2) (D2 — D1)/(B1 + B2)
(2¢)
Dprir = (BoD1 + B1D2)/(By + B2) (2d)

In order to match the terminal load Ry, we have

_ R A B
7 =R—jX = LAprir + BprLT 3)
Ry Cprir + DpPTLT

The real and imaginary parts of (3) can be derived as Real
part:

DprirR = AprirRr + jCpriTRLX (4a)
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Imaginary part:
Bprir = CprirR - R — jDpriT X (4b)

From Aprir = Dprir and Aprr Dprir — Berir Cerir =
1, the following equations can be derived.

Aprir = Ga (R, X, Ry)

Bprir = G (R, X, Rr)

Cerir = Ge (R, X, Ry)

Dprir = Gp (R, X, Rr)

On the other hand, from (1) and (2), (6) can be easily
derived.

&)

Aprir = Fa (Z1, 22, Bly, Bh)
Bprir = Fp (21, 23, Bl1, Bly) 6)
Cprir = Fe (21, 23, Bl1, Bly)
Dprir = Fp (Z1, 22, Bl1, Blo)

Based on (5) and (6), Z; and Z; can be described by Sl,
B, R, X and Ry. (7a) and (7b) could be summarized as
follows.

_ p-glcos (Bl) — cos ()]
CPREEIGS o
sin (Bl2) [cos (Bl1) +p - X]

or
7 P4 [cos (Bl1) — cos (Bl2)]
_ b dleosipy —eoslpi]
sin (Bl2) [cos (Bl1) —p - X]
where
R
p:\/R[(R—RL)2+X2] (7¢)
g=X>+R*—R-R; (7d)

B. THE DERIVATION BETWEEN ELECTRICAL LENGTHS
AND FREQUENCY RATIO

By analyzing the range of trigonometric function in (7),
frequency ratio ranges are determined by /5/l;. Because the
lengths of two transmission-lines can be selected arbitrary,
the general equations can be summarized as

2ar < Bl <2(a+ )« (8a)
2bwr < Bl <2+ 1w
Bily + B2ly = nw (8b)
Bilz + B2l = mm

where, a, b, m and n are positive integers.
Then, we have l»/l; = m/n, the general expression of B;/y,
Bi1la, B211 and Byly, can be rewritten as

ni
Bili = I

l m";T” for frequency fi (9a)
pil = 1+u
Bl nw

2l =

l 1 —,L_ﬂ}[/ u for frequency f> (9b)
Baolr = I+ 1/u
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C. THE CONSTRAINT CONDITIONS OF COMPLEX
TERMINAL LOADS FOR DUAL-FREQUENCY OPERATION
The constraint conditions of complex terminal loads (R1, X
and Ry, X») for dual-frequency operation is determined by
different (n + m). They will be discussed separately.

Firstly, from (7c) and (7d), we have

Ry
e \/ Ri[Ri—RO?+X2]  atfi  (10a)
g1 =X; +R —Ri ‘R

Ry
= \/Rz [(R — Rp)* + X7] atf  (10b)
q2 =X22+R% —Ry-Ry

Then, put (10a) and (10b) into (7a) and (7b), respectively.
We have
+p1 - q1 [cos (Bilr) — cos (B111)]
sin (B111) [cos (Bil2) £ p1 - Xi]
_ Ep2 - qalcos (Balr) — cos (Bolh)]

sin (B211) [cos (B212) & p2 - X2] (Ha)
£p1 - q1 [cos (Bil1) — cos (B11)]
sin (B1l2) [cos (B111) = p1 - X1]
_ Ep2 - gqafcos (B2lh) — cos (B2l2)] (11b)

sin (B2/2) [cos (B211) £ p2 - X2]
When (n 4+ m) is even integer, the relationship between R,
Xj and R», X, are summarized as
R, =R
2 1 (12)
X, = —X]

When (n + m) is odd integer, by using (7a) and (7b), the
relationship between R, X; and R, X, are summarized as

Rpd;

R = 212 2 2\2
did; +RL(1 _dl)

4, e [d2 = R (1= d?)] (1
T B R (1-d)
where
4y = p1Xi [cos (B1l2) — cos (Bil1)]
~ E2p1X) + [cos (Bil2) + cos (Bi11)]
dy = P16111[COS (ﬂl/lg) — cos (B1 2)1] (13b)

£2p1 Xy + [cos (B112) + cos (B111)]

Ill. THE ANALYSIS OF MAPPING PATTERNS ON EL-EL
PLANE
Firstly, the range of Ry, X1 and Ry, must be defined. Based on
Z1 > 0,Z; > 0 and (7), the relationship between designable
regions and electrical lengths ratio m/n will be discussed into
five different cases in this section, where:

CaseI: Ry > Ry,

CaseIl: Ry < Ry, and X12 <R|-R. — Rf

Case IlIl: Ry < Ry and X1 > /R - Ry, —R%

Case IV:R; <Ry andX; < —\/R; R, — R?

Case V: R| = R,

VOLUME 8, 2020
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FIGURE 3. The mapping pattern of Case I under the condition of (7a).

A. CASE |
Because R; > Ry, the design equation (7a) and (7b) should
be discussed, respectively.

Firstly, from (7a), Z; and Z; must be positive value. Then,
we have p; > 0in (7c), g1 > 0 (7d), p1g1 > 0 and 0 <
|[p1X1] < 1. The periods of two transmission-lines are 27,
therefore, four zones will be divided and evaluate separately,
where, [2am, 2amr + ] & [2brw, 2bwr + 7] in Zone 1; [2amw,
2am + ] & [2bw + 7w, 2bw + 2m] in Zone 2; [2aw + 7,
2arw + 2] & [2bwr + 7, 2bm 4 27] in Zone 3; [2arw + 7,
2am + 2] & [2bm, 2bwt + 7] in Zone 4.

In Zone 1, two designable ranges of electrical lengths are

cos (B1ly) > cos (rm) > cos (B1ly) (14a)
or
cos (B1l1) > cos (rm) > cos (B11r) (14b)
where
cos (rm) = —p1Xi (14c)

From equation (14a), (14b) and (14c), two red rectangle
regions are the mapping pattern of Zone 1 in Fig. 3.
In Zone 1, based on (14a) and (14b), we have

{(2a+r);r<n7r/(1+u)<(2a+1)n (15a)
2br <mr/(14+u) < 2b+r)m
or
{2an<nn/(1+u)<(2a+r)n' (15b)
Qb+rymr <mr/(1+u) <2b+ )7
Then, electrical lengths ratios can be derived.
2b/Ra+1) <m/n< 2b+r)/Ra+r) (16a)
or
2b+r)/2a+r) <m/n< (2b+1)/2a (16b)

The mapping pattern of Zone 1 is also given in Fig. 3, and
their frequency ratio ranges are summarized as

n m
-1, —1 <u
[2a+1 2b+r :|Max

A T (17a)
< -1, — - a
2a+r 2b Min
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or
n m
-1, —1 <u
2a +r 2b+1 Max

n m
<|=—=-1,=—-1 (17b)
2a 2b+r Min
By using the similarly discussion above, only the crucial

equations are summarized in Zone 2. The relationship of two
electrical lengths are

cos (rm) > cos (B1l1) > cos (B1l2) (18a)
or
cos (B1l) > cos (B1l1) > cos (rm) (18b)
Then, the electrical lengths ratios are
2b+1)/QRa+1)<m/n<2b+2—r)/Ra+r) (18c)
or
2b+2—-r)/QRa+r) <m/n< (2b+2)/2a (18d)

The frequency ratio ranges are

m—+n n m

— —l<u< -1, -1

2a+2b+2 2a+r 2b+1 Min
(18e)

or

n m m-+n
-1, -1 << ——mM8  —
2a+r 2b+2 Max 20 +2b+2

There is no result in Zone 3. In Zone 4, the relationship of
two electrical lengths are

1 (18

cos (B1l1) > cos (B1lr) > cos (rm) (19a)
or
cos (rm) > cos (B1l2) > cos (B1l1) (19b)
The electrical lengths ratios are
2b/Ra+2) <m/n< 2b+r)/Q2a+2—r) (19c)

or
Qb+7)/Qa+2—r) <m/n< @b+ 1)/Qa+1) (19d)

The frequency ratio ranges are

n m m-+n
-1, -1 <u<—————1 (19e)
2a+2 2b+r Max 2a+2b+2
or
m-+n n m
—— 1l <u< -1, —1
2a+2b+2 2a+1 2b+r Min
(191)

Finally, under the condition of (7a), the total red designable
regions in Fig. 3 are the mapping pattern of Case 1.

Secondly, from (7b), Z; and Z, must be positive value.
By using the same process, the detail design equations are
listed in Table 2, and the blue designable regions in Fig. 4 are
the pattern of Case L.
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TABLE 2. For Case |, design equations under the condition of (7b).

The designable ranges of electrical lengths
None
The designable ratio of m/n
None
The frequency ratio ranges
None
The designable ranges of electrical lengths
cos( 1) > cos(pl)>—cos(rr)
or
—cos(rz)>cos(Bl)>cos(Bl,)

The designable ratio of m/n
(26+1)/(2a+1)<m/n<(2b+1+r)/(2a+1—7r)
or
(26+1+r)/(2a+1—r)<m/n<(2b+2)/2a

The frequency ratio ranges

Zone 1

Zone 2

n m m+n
—1, -1 <UL —— —
2a+1 2b+1+r Max 2a+2b+2

or

’”7”’—1<u<[ -, —1}
2a+2b+2 2a 2b+1+r i
The designable ranges of electrical lengths
cos(B1l,)>—cos(rr)>cos(Bl,)
or
cos(Bl,)>—cos(rz)>cos(B1)

The designable ratio of m/n
(26+1)/(2a+2)<m/n<(2b+1+7)/(2a+1+7r)
or
(2b+1+7r)/(2a+1+7r)<m/n<(2b+2)/(2a+1)

The frequency ratio ranges

Zone 3

n m m
-1, -1 <u< —-1,—-1
2a+2 2b+1+r Max 2a+1+r 2b+1 viin
or

{ LU —_ 71} <u<[L71,L71:‘
2b+2 2a+1+r Max 2b+1+r 2a+1 Min
The designable ranges of electrical lengths
—cos(rz)>cos(pB1l,) > cos(Bl)
or
cos(B1,)>cos(BL,)>—cos(rr)

The designable ratio of m/n
2b/(2a+2)<m/n<(2b+1—7)/(2a+1+r)
or
(26+1-r)/(2a+1+r)<m/n<(2b+1)/(2a+1)

The frequency ratio ranges

Zone 4

m+n n m
——1<u< -1,—-1
2a+2b+2 2a+1+r 2b viin
or

n m m+n
-1, -1 <U< ————
|:2a+1+r 2b+1 LHX 2a+2b+2

B. CASE Il

Similarly, the design equation (7a) and (7b) are discussed in
Case I1, and final design equations are listed in Table 3 (a) and
III (b), respectively. The total designable regions in Fig. 5
(a) and (b) are the mapping pattern of Case II.

C. CASE Il
Under the conditions of (7a) or (7b), two group of design
equations are the same, and they are listed in Table 4,
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FIGURE 4. The mapping pattern of Case I under the condition of (7b).

therefore, two designable regions are overlapped, and the
mapping pattern of Case III are shown in Fig. 6.

D. CASE IV

The design equations are listed in Table 5. Two designable
regions are overlapped, and the mapping pattern of Case IV
are shown in Fig. 7.

E. CASEV

Because the design equations and designable regions of
Case I[IT and IV are exactly the same to those in Case V (when
R1 =Ry, X > 0)and (when R| = Ry, X1 < 0), respectively.
Therefore, these discussions and results are omitted in this
paper.

IV. 3D MAPPING APPROACH AND DESIGN EXAMPLES

In order to realize the complex terminal loads Zg in Fig. 2,
two transmission-lines Zsty1, ZsTr2 and one resistor RgTy,
are cascaded to realize Zg, where the electrical lengths of
ZstL1 and Zgty 2 are fstr1 and Ost1.2, respectively. The total
topology is shown in Fig. 8.

From Section III, all five cases are introduced in detail,
their mapping patterns of designable regions are also drawn
on the EL-EL plane with design equations. By adding an
extra vertical FR axis named u, a novel 3D cube can
be created on the FR-EL-EL coordinate system. For a
given electrical lengths ratio 81//811;, the designable range
of frequency ratio can be easily drawn in the 3D cube.
Two design examples for Case I and Case III are listed,
respectively.

In Example 1, the complex terminal load Zg is determined
as follows: Zg; = 70 — j50 @ fi = 1 GHz and Zsy =
3.8 —j22 @ f, = 3.6 GHz, where u = 3.6. Because of
R > Ry, the mapping pattern should belong to Case I. Then,
p1 and r can be calculated from (10a) and (14c), respective.
From (14a) and (14b), the mapping pattern of Case I can be
easily drawn on the ADHE plane in Fig. 9 (a), where, there are
two designable regions: red regions and blue regions. When
Bi1la/B1l1 = 1/2 is given, line AJ will through Zone 1 and
Zone 4, the ABIJ plane can be easily created. If m = 3 is
fixed, n = 6 is automatically determined. By using (9a),
the green solid lines can be drawn on the ABIJ plane, where,
the limitation is determined by (17a) in Zone 1 and (19f)
in Zone 4. Finally, two green solid lines are the designable
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TABLE 3. (a) For Case Il, design equations under the condition of (7a).

The designable ranges of electrical lengths
None
The designable ratio of m/n
None
The frequency ratio ranges
None
The designable ranges of electrical lengths
cos(rr)>cos(B1L,)>cos(Bl)
or
cos(B1,) > cos(Bl,) > cos(rr)

The designable ratio of m/n
(26+1)/(2a+1)<m/n<(2b+2—-r)/(2a+r)
or
(26+2—-7r)/(2a+7r)<m/n<(2b+2)/2a

The frequency ratio ranges

Zone 1

Zone 2

n n m+n
— 1,1 <UL ————
2a+1 2b+2—r Max 2a+2b+2

or

_mEn 71<u<[l71,7’” 71}
2a+2b+2 2a 2b+2-r |,
The designable ranges of electrical lengths
cos(B1l,) > cos(rm)>cos(Bl,)
or
cos(Bl,) > cos(rm)>cos(B1)

The designable ratio of m/n
(26+1)/(2a+2)<m/n<(2b+2—7)/(2a+2—7r)
or
(2b+2-r)/(2a+2—r)<m/n<(2b+2)/(2a+1)

The frequency ratio ranges

n m n m
[7—1,7—1} <u<|:7—1,7—1:l
2a+2 2b+2-r  ym 2a+2-r " 2b+1 Min

or

Zone 3

[L_l,i_l} <u {L_I,L_q
2a+2-r 2b+2 . 2a+1 2b+2-r
The designable ranges of electrical lengths
cos(B L) > cos(Bl) > cos(rr)
or
cos(rz)>cos(Bl)>cos(Bl,)

The designable ratio of m/n
2b/(2a+2)<m/n<(2b+r)/(2a+2—7)
or
(26+r)/(2a+2—r)<m/n<(2b+1)/(2a+1)

The frequency ratio ranges

Zone 4

m+n n m
——l<u<|——-1,—-1
2a+2b+2 2a+2-r 2b Vi

or
m

n m+n
_1,— 1 <u
[2a+2—r 2b+1 ]Mm,

L N
2a+2b+2

frequency ratio ranges of proposed topology. By the way, two
black solid lines which on the ABFE plane and ABCD plane
are the projection of the green solid lines. Corresponding to
Fig. 9 (a), the detail design parameters of Example 1 are
also listed in Table 6, and its circuit simulation result is
shown in Fig. 10 (a), where, the characteristic impedances
and their electrical lengths are calculated from (7b) and (9a),
respectively.
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TABLE 3. (Continued.) (b) For Case Il, design equations under the
condition of (7b).

Zone 1

The designable ranges of electrical lengths

cos(B1,) > —cos(rrz)>cos(Bl,)
or

cos(pl,) > —cos(rx)>cos(B1)

The designable ratio of m/n

2b/(2a+1)<m/n<(2b+1—7)/(2a+1-r)
(26+1-7r)/(2a+1 fjr) <m/n<(2b+1)/2a

The frequency ratio ranges

n m n m
-1 <u<|——-1,—-1
2a+1 2b+1-r Max 2a+1-r 2b viin

or
M) <u<| 2
2a+1-r 2b+1 Max 2a 2b+1-r

The designable ranges of electrical lengths

Al
Designable regions
2b+2)n
/
/
Zone 2 Zone 3
L
b+ 4
%
Zone 1 Zone 4
rn 7
2bm >
2an rm (QatDn  Qat2n g
(a)
Bil
Designable regions
2b6+2)n

Zone 2

—cos(rz)>cos(Bl) > cos(B1L,)

or
cos(BL,) > cos(Bl,)>—cos(rr)

/s
7
Zone 2 Zone 3

The designable ratio of m/n

(26+1)/(2a+1)<m/n<(2b+1+7)/(2a+1—7r)

or

(2b+1+7)/(2a+1—r)<m/n<(2b+2)/2a

The frequency ratio ranges

7/
b+ D)n Z
Vi
7
Zone 1 Zone 4
rn 7
2bm L
2an rm

m+n n m
—_— —l<u<|——-1,——-1
2a+2b+2 2a+1-r 2b+1 i

or

n m m+n
_1,—1 <U< ——M———
2a+1-r 2b+2 M 2a+2b+2

Qathrn  Qat2)n B,

(®)
FIGURE 5. The mapping pattern of Case Il. (a) The mapping pattern under
the condition of (7a). (b) The mapping pattern under the condition of (7b).

TABLE 4. For Case lll, design equations under the condition of (7a) or
(7b).

The designable ranges of electrical lengths
None The designable ranges of electrical lengths
E The designable ratio of m/n _ None
S None 9 The designable ratio of m/n
The frequency ratio ranges N None
None The frequency ratio ranges
The designable ranges of electrical lengths None
cos (B, ) > cos(p, lz) > —cos (,-ﬂ-) The designable ranges of electrical lengths
or cos(B1l,) > cos(B1l,)
—cos(rr)>cos(B1l,)>cos(B1L) « The designable ratio of m/n
The designable ratio of m/n Qg) (26+1)/(2a+1) <m/n<(2b+2)/2a
2b/(2a+2)<m/n<(2b+1—r)/(2a+1+r) N The frequency ratio ranges
E or _m+n 71<u<|:l71, " 71}
S (2b+1-r)/(2a+1+r)<m/n<(2b+1)/(2a+1) 2a+2b+2 2a 2041y,
The frequency ratio ranges The designable ranges of electrical lengths
ol | <u< S e desigmable i o
[2a+2 2b+1-r L “S2av2p+2 g The eSIgn;(;era“OO Ll
N
or The frequency ratio ranges
_mn —1<u<|:L71,7m 71} None
2a+2b+2 2a+1 2b+1-r Min The designable ranges of electrical lengths
cos(BL,)>cos(Bl)
For Example 1, the design parameters are shown in Table 6, < The designable ratio of m/n
Rogers RT/6010 substrate is used for demonstration. The data "g’ 2b/(2a+2) <m/n<(2b+1)/(2a+1)
of the substrate are ¢, = 10.2, tand = 0.0023, thickness N The frequency ratio ranges
of dielectric layer # = 1.27 mm, and conductor thickness men [ nm 1}
t = 0.018 mm. Fig. 11 shows the fabricated circuit and its 2a+2b+2 2a+1 26 .
simulated and experimental results.
Similarly, for Case III, Example 2 is also discussed in

this section, the parameters of complex terminal load are:

Zst = 40 —j200 @ fi = 1 GHz and Zs, = 40 +
j200 @ f> 2.2 GHz. Its 3D designable frequency ratio
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Ll A Designable regions from (7a)
. Designable regions from (7b)
+
2b+2)n e
7
Zone 2 Zone 3
s
Qb+ Z ,
7 Overlapped region
P 4
Zone 1 Zone 4
23 s
2bm >
2an pn = Qatl)n  2a+2)n Bl

FIGURE 6. The mapping pattern of Case Il

TABLE 5. For Case IV, design equations under the
condition of (7a) or (7b).

The designable ranges of electrical lengths
None
The designable ratio of m/n

Zone 1

None
The frequency ratio ranges
None
The designable ranges of electrical lengths

cos(B1,)>cos(B1)
The designable ratio of m/n
(26+1)/(2a+1)<m/n<(2b+2)/2a

The frequency ratio ranges

Zone 2

[ n _1,L_1} cue_mEn_
2a+1 2b+2 Max 2a+2b+2
The designable ranges of electrical lengths
The designable ratio of m/n
None
The frequency ratio ranges
None
The designable ratio of m/n
The designable ranges of electrical lengths

cos(B1,)>cos(Bl,)
The designable ratio of m/n
2b/(2a+2)<m/n<(2b+1)/(2a+1)

The frequency ratio ranges

Zone 3

Zone 4

L mrn
2a+2b+2

n m
-1,—-1 <u
2a+2 2b+1 .

Bl . Designable regions from (7a)

Designable regions from (7b)

(2b+2)n

7/
7/

Zone 3
. 7 Ovlerlapped region

v
Zone 4

Zone 2

Q2bt)n
e
Zone 1
PR, d
2bm ¥
2an pn

Qathr Qa2 Vﬂlll

FIGURE 7. The mapping pattern of Case IV.

ranges are shown in Fig. 9(b). Detail design parameters are
listed in Table 6, and its circuit simulation result is shown
in Fig. 10 (b).
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FIGURE 8. The topology of_proposed dual-frequency PTLT with complex
terminal load.

Exf:implel
(307723} 15723, 3.6)

Example 2
(257/16, 57/16,2.2)

(b)
FIGURE 9. Two design examples on the 3D FR-EL-EL coordinate.
(a) Design example in Case I, where r = 0.21. (b) Design example in
Case Il

TABLE 6. Design parameters of dual-frequency parallel transmission-line
transformer, where R| =50 Q.

The 3D Design
positions of Terminal load Zs parameters of
design example PTLT
Example 1 Zsmi=164Q, | Z4=70450 7,=2690,
30 15 b = 18.3°@f; @f; 6 = 234.8°@),
O =41.8°@f; | Zs2=3.842.2 6 = 117.4°@f;
RSTL:23-6 Q. @Efz u:ﬁm:3.6.
Example2 | Zsmi=803Q, | Z5=40200 | Z,=1480,
25 5 i = 56.3°@f, @f 6 =281 3°@f;
(E”’E”’z'zj Zst12=76.5Q, 7,=1040Q,
Ostio = 56.3°@f | Zs2=40+5200 6 = 56.3°Qf;
R =5.0 Q. @fs u=plf; =2.2.

V. EXPERIMENT
Corresponding to Example 1 and 2, two experimental circuits

were fabricated,

simulated and measured, respectively.
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0.
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2 -201
= i £i=1.0GHz ]
/,=3.6 GHz
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0.00.51.01.52.02.53.03.54.04.5
Frequency (GHz)
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=
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Frequency (GHz)
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FIGURE 10. Ideal frequency characteristics for two design examples of
dual-frequency PTLT (corresponding to Table 6 ). (a) Example 1.
(b) Example 2.

{f‘ 7 Z,=2691Q

i Z,=38.64Q Bli=234.78°
Z=70-750 @f;=1 GHz Bl =117.39° < W,=344mm
Z,=38-722 @ f,=3.6 GHz W,=1.92 mm 4,=70.49 mm

1, =37.88 mm
y Zy=50Q

, V! Zs1=1638 Q, Oy = 18.31°
Two parallel

w / Wepra= 6.80 mm, lgy; 1 =5.30 mm
47 Q resistors % Zg12= 68.95 Q, Oy, = 41.81°

R =235Q e P o, o 1 D

(@)
o4
-104
)
~ -204
oF
30 Circuit Simulation |
. - - - -EM Simulation
------ Measured Result
-40 T T T T T T T
00 05 1.0 1.5 2.0 25 30 35 4.0 45
Frequency (GHz)
(b

FIGURE 11. Experimental results of Example 1. (a) Fabricated circuit.
(b) Circuit simulation, EM simulation and measured results.

EM simulated and measured results are matched
very well.
For Example 2, the design parameters are also shown

in Table 6, NPC-F260A substrate is used for demonstration.
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S, (dB)

Circuit Simulation
-301 - - - -EM Simulation 1
------ Measured Result
-40 ————————————
00 04 08 12 16 20 24 28 32
Frequency (GHz)
(b)

FIGURE 12. Experimental results of Example 2. (a) Fabricated circuit.
(b) Circuit simulation, EM simulation and measured results.

The data of the substrate are &, = 2.6, tand = 0.004,
thickness of dielectric layer 2 = 0.996 mm, and conductor
thickness ¢+ = 0.018 mm. Fig. 12 shows the fabricated circuit
and its simulated and experimental results.

VI. CONCLUSION

In this paper, a parallel transmission-line transformer with
complex terminal loads was introduced for dual-frequency
design. Four different mapping patterns of designable regions
were newly summarized on the EL-EL plane under the condi-
tions of different cases of complex terminal loads. By adding
an extra vertical FR axis, the designable ranges of fre-
quency ratio could be easily drawn in the 3D cube on the
FR-EL-EL coordinate system. The visible 3D mapping
approach matched the complex terminal load of parallel
transmission-line transformer at two different frequencies.
For the certain pattern, clearly boundary distinguished the
designable and undesignable ranges. For verification, two
examples were designed, fabricated and measured. Simulated
and measured results were matched very well.
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