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ABSTRACT This paper introduces a novel design methodology for a dual-band branch-line coupler
(DBBLC) that, for the first time, facilitates practically unlimited band ratio, enhanced flexibility in power
division, and arbitrary port termination impedance concurrently. This approach ensures precise power
distribution, matching, and isolation requirements by utilizing a generalized coupler core paired with an L-
section impedance-matching network. This paper details an innovative and comprehensive analytical strategy
for DBBLC design, which overcomes the limitations noted in prior research by deriving a generalized
formula for the power division ratio (k) and simplifying the design equations to decrease complexity. This
method enables the simultaneous realization of varied power division ratios, frequency ratios (r), and port
impedances (Zp), thus offering remarkable design versatility. The effectiveness of this new analytical design
methodology is corroborated through several design examples. Moreover, two prototype models operating
at 1 GHz/2.5 GHz (r = 2.5, k = 0 dB) and 1 GHz/2 GHz (r = 2, k = 4.77 dB) frequencies, constructed on
Rogers’ RO4003C substrate, exhibit > 22 dB return loss, < 0.64 dB amplitude imbalance as well as < 1◦
phase imbalance of the transmission parameters and > 25 dB isolation at all the targeted frequencies. There-
fore, the development and validation of this newDBBLC structure, as demonstrated by the strong correlation
between our simulated and experimental findings, not only surpasses the capabilities of existing models, but
also broadens the applicability of dual-band couplers in modern wireless communication systems.

INDEX TERMS Branch-line coupler, dual-band, impedance matching, microwave, power divider,
quadrature, RF.

The associate editor coordinating the review of this manuscript and

approving it for publication was Qi Luo .

I. INTRODUCTION
The Branch-Line Coupler (BLC) is a ubiquitous compo-
nent required for next generation wireless systems and
technologies [1]. In recent years, dual-band/multiband and
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FIGURE 1. The generalized BLC structure.

reconfigurable components have gained paramount impor-
tance because of their potential use in cognitive/software-
defined radios [2], [3], [4], [5], [6]. The demand for dual-
band/multi-band and re-configurable components in recent
years has paved the way for the rapid development of
numerous dual-band BLCs (DBBLCs) with high-end capa-
bilities for power combining/splitting in various applications
such as multistage and Doherty power amplifiers (PA)
[7], mixers [8], beam forming networks [9], and other
RF front-end systems [10], [11], [12]. Replacing all the
quarter-wave lines of a conventional single-band BLC with
equivalent dual-band composite right/left-hand transmission
lines (TLs), Pi/T-networks, coupled lines, crossed lines, and
stepped impedance with open/short stub lines gives rise to
dual-band BLC structures [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24]. However, the reported
designs have limited band-ratios [13], [14], complex design
procedures [15], [16], [17] or offer only equal/unequal power
division [18], [19], [20], [21], [22], [23]. The current state-
of-the-art designs cannot simultaneously support arbitrary
port impedances, higher band ratios, and arbitrary power
divisions. The design of such devices is challenging.
Recent studies, such as those reported in [25] and [26],

have introduced innovative design concepts for generalized
DBBLCs with unequal power division and arbitrary port
terminations. However, these studies exhibited significant
limitations, including the absence of a generalized equation
for the power division ratio (k), an undetermined maximum
achievable band ratio (rmax), and the complexity introduced
by using two-section transmission lines asmatching networks
at port terminations. These constraints restrict the versatility
and applicability of design methodologies, confining them to
specific structures rather than providing a broadly applicable
solution.
Similarly, the works in [20] and [27] applied Riblet’s

technique to the dual-band scenario, achieving simpler design
equations compared to conventional dual-band port-extended
couplers. Despite these improvements, these designs also
lack a generalized power division ratio (k) and rely on
complex two-section transmission lines with open/short stubs
to enhance k and r , further complicating the design process.
Consequently, thesemethodologies are not generalizable, and
are tailored to specific BLC structures.
Furthermore, the design approach in [13] utilizes

cross-coupling branches in conventional branch hybrid
couplers but fails to address the power division ratio (k),

FIGURE 2. The proposed diagonally crossed TL based DBBLC.

limiting its application to equal power division scenarios
and constraining the frequency ratio (r). The design
methodologies presented in these studies are specific to
the reported structures and lack the flexibility required for
broader applications.

In contrast, this study introduces a novel and comprehen-
sive analytical method for designing dual-band branch-line
couplers (DBBLCs)to address and overcome the limitations
identified in previous studies. This approach includes deriv-
ing a generalized formulation for the power division ratio (k)
and developing simpler design equations that eliminate the
complexity associated with using two-section transmission
lines at port termination. This methodology enables the
simultaneous achievement of arbitrary power division ratios
(k), frequency ratios (r), and port impedances (Zp), offering
unprecedented design flexibility. To the best of the authors’
knowledge, this is the first instance where such versatility
and simplicity have been demonstrated in DBBLC design,
setting the work apart from existing references providing
significant advancements in the field, and establishing a
robust framework for future DBBLC designs.

This paper proposes a unique design methodology for
generalized branch-line coupler (BLC) structures comprising
a core part and an impedance matching network (IMN),
as shown in Fig.1. A detailed theoretical analysis was con-
ducted to derive closed-form design equations to determine
the parameters of the coupling structure. The versatility
of the presented approach is substantiated by several key
contributions reported for the first time to the best of the
authors’ knowledge: (a) the derivation of a universal power
division ratio applicable to any BLC core structure and (b) the
formulation of a systematic approach for achieving virtually
unlimited band ratios, extreme power division, and arbitrary
port impedance simultaneously.

Although the proposedmethodology is generic, for demon-
stration purposes, we chose a basic BLC with diagonally
intersecting transmission lines (TLs) as the core structure,
coupled with an easy-to-analyze L-section matching circuit
as the IMN, as shown in Fig. 2. This configuration effectively
shows the proposed novelties and supports multiple unique
features within the overall structure. Through this example,
the practical application and superior flexibility of the design
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method are illustrated, highlighting its potential for broad
applicability in advanced microwave circuit design.

II. PROPOSED DESIGN METHODOLOGY
The theory starts by analyzing the generic BLC structure
shown in Fig. 1, and a practical implementation is shown in
Fig. 2.

A. NEW EQUATION FOR POWER DIVISION RATIO K
For the generalized BLC structure shown in Fig. 2, the
equivalent input admittance at any port of the coupler core is
denoted as Yeq = Geq+ jBeq whereGeq and Beq represent the
equivalent input conductance and susceptance of the coupler,
respectively. When the coupler core is terminated with Y ∗

eq,
the generalized S-parameter equations listed in Eqs. (1)-(4)
of [22] hold true.

S11 = 1
4
(�ee + �eo + �oe + �oo) (1)

S21 = 1
4
(�ee − �eo + �oe − �oo) (2)

S31 = 1
4
(�ee − �eo − �oe + �oo) (3)

S41 = 1
4
(�ee + �eo − �oe − �oo) (4)

If we denote the generalized susceptance of its even-even,
odd-odd, odd-even, and even-odd mode equivalent circuits as
BA,BB,BC , and BD, respectively, then by setting S11 = 0 and
S41 = 0, the equations related toGeq, and Beq can be obtained
as:

(G2
eq + B2eq) − Beq(BA + BD) + BABD = 0 (5)

(G2
eq + B2eq) − Beq(BB + BC ) + BBBC = 0 (6)

Solving (5) and (6) simultaneously yields:

Geq =
√
(BC − BA)(BC − BD)(BB − BA)(BD − BB)

BA + BD − BB − BC
(7)

Beq = BABD − BBBC
BA + BD − BB − BC

(8)

The ratios of S21 and S31 of the coupler are related to the
power division parameter k, (k > 0) as follows [22]:

S21
S31

= �ee − �oo

�ee + �oo
= ke−j

π
2 (9)

Here, 20log|k| denotes the power division ratio in decibels.
The reflection coefficients �ij (i = {o, e} and j = {o, e}) for
all even and odd cases are given by:

�ij = Yeq − Yij
Y ∗
eq + Yij

(Y ∗
eq

Yeq

)
, {i, j} = {e, o} (10)

Combining (10) with (9) yields the generalized k:

k =
√
(BB − BA)(BC − BD)
(BC − BA)(BD − BB)

(11)

It is apparent that k depends only on BA to BD, which are
functions of the characteristic impedances of the BLC core

FIGURE 3. Configuration of an L-section IMN.

TLs, Zc where c = {1, 2, 3 . . . , n}. The generalized k paves
the way for obtaining design parameters for any DBBLC
structure.

B. SYSTEMATIC DESIGN FORMULATION FOR ANY DBBLC
For any value of k , when identical IMNs are added to
match Yeq with the port-termination impedance, the entire
structure acts as a quadrature hybrid. In dual-band designs,
the electrical length and frequency are interdependent [17].
If the design frequencies are f1 and f2, where f2 > f1 and
the dual-band ratio is r = f2/f1, then the electrical lengths at
f1 for dual-band cases can be obtained as

θ |f 1 = mπ

1 + r
= tan−1a (12)

θ1|f 1 = pπ
1 + r

= tan−1a1 (13)

θ2|f 1 = qπ
1 + r

= tan−1a2 (14)

where the electrical length of all the core transmission lines
(TLs) is θ , the L-section and IMN comprise TLs with
electrical lengths θ1 and θ2, respectively. m, p, q are positive
integers.

Thus, from the equations above, when r increases, the fun-
damental electrical length π/(1+ r) decreases. Accordingly,
even if m, p, and q increased, the electrical lengths (θ, θ1, θ2)
were not significantly affected. Practically, these electrical
lengths are always in the realizable range because the stubs
can always be folded in the vacant PCB space available in the
vicinity of each port. To clarify the maxima/minima of stub
sizes, inequality (15) has been added, which ensures these
realizable electrical lengths. It is worth noting that for r > 10,
(15) was used to ensure realizable values of the electrical
lengths for all TLs. Moreover, the entire manuscript discusses
all TL impedances limited between 20� and 120�. All the
plots have been generated by enforcing this limit, so that the
line impedances cannot cross this boundary.

r + 1
9

< m, p, q <
r + 1
3

(15)

In this study, basic L-section IMNs are used to match the
resulting Yeq = Geq+jBeq from (7) and (8) to port termination
impedances, Zpi (normally Zp1 = Zp2 = Zp3 = Zp4 = Zp =
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FIGURE 4. Equivalent (a) even-even (b) even-odd (c) odd-even
(d) odd-odd configurations for DBBLC core shown in Fig. 2.

FIGURE 5. Flowchart demonstrating the novel design approach.

50�) thereby regulating Sii, i = {1, 2, 3, 4}. As shown in
Fig. 3, the (ZHi, θ1) TL transfers Yeq to Yexi, where:

Yexi = Gexi + jBexi (16)

Setting Gexi = 1/Zpi, we get:

ZHi

= (1 + a21)Geq − Ypi√
(2a1YpiBeq)2+{(1+a21)Geq−Ypi}Ypia21|Yeq|2−a1YpiBeq

(17)

A realizable solution of ZHi from (17) equalizesGexi to port
termination admittance Ypi = 1/Zpi. The susceptance Bexi
can be canceled using an open- or short-circuit stub, whose
characteristic impedance ZVi is calculated as follows:

ZVi(open) = a2[(YHi − a1Beq)2 + a21G
2
eq]

YHi[a1(|Yeq|2 + Y 2
Hi) − BeqYHi(1 − a21)]

(18)

ZVi(short) = [(YHi − a1Beq)2 + a21G
2
eq]

a2YHi[BeqYHi(1 − a21) − a1(|Yeq|2 + Y 2
Hi)]

(19)

By using the derived closed-form equations in this section,
we can design any DBBLC for arbitrary r, k and Zpi using the
following design steps.
a) Choose a suitable k dB core section.
b) Calculate θ , θ1 and θ2 from (12)-(14), along with

suitable values of m, p, and q dictated by (15).

FIGURE 6. Analytically obtained multiple solutions of circuit parameters
when k = 0 dB and Zp = 50 ohm.

c) Determine multiple sets of Zcε[20�, 120�] satisfy-
ing (11).

d) ObtainGeq andBeq fromEqs.(7) and (8) using the values
of Zi.
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FIGURE 7. Variation of impedances (Z1, Z2, Z3, Z4, and Z5) (left axis) and
electrical lengths (θ , θ1, and θ2) (right axis) Vs unlimited frequency ratio r
for power division (a) k = 0 dB and k = 12.75 dB.

TABLE 1. Dimentions of T-Line Sections(k=0 dB and k=4.77 dB).

e) Using the calculatedGeq,Beq, find ZHi using (17) and ZVi
using (18) or (19). Check if 20� < ZHi,ZVi < 120�. If yes,
store the values of Zi,ZHi,ZVi, θ, θ1, θ2. Otherwise, we use a
different set of Zc values and repeat step (d).

If the port-matching networks are not identical, the output
phase difference may deviate from the ideal value.

C. PROPOSED DIAGONALLY CROSSED TL BASED DBBLC
For the proposed DBBLC structure shown in Fig. 2, P1 serves
as the input port, whereas P2 and P3 function as the through
and coupled ports, respectively. P4 represents the isolated
port. From the even-even, odd-odd, odd-even, and even-odd

FIGURE 8. The S-parameters S11, S21, S31, and S41 (left axis) and phase
difference (right axis) for-(a) DBBLC operating at f1=1 GHz, f2 = 30 GHz
for (Z1, Z2, Z3) = (20, 80, 112) ohm, (ZH1, ZH2, ZH3, ZH4) = (34.78, 39.72,
44.17, 48.27) ohm, (ZV 1, ZV 2, ZV 3, ZV 4) = (61.26, 59.26, 59.23, 60.03)
ohm, θ = 46.45◦, θ1 = θ2 = 40.65◦ (b) DBBLC operating at FR2 of 5G for
(Z1, Z2, Z3) = (36, 54, 108) ohm, (ZH1 = ZH2 = ZH3 = ZH4) = 21.67 ohm,
(ZV 1 = ZV 2 = ZV 3 = ZV 4) = 89.16 ohm, θ = θ1 = θ2 = 74.12◦.

FIGURE 9. Test setup for the measurement of the S-parameters for the
fabricated prototype for equal power division (k = 0 dB).

equivalent circuits shown in Figs. 4(a)-(d), the equivalent
susceptances are found to be as per Eqs. (20)-(23).

BA =
(
Yee
j

)
= a(Y1 + Y2 + Y3) (20)

BB =
(
Yoo
j

)
=

(
−1
a

)
(Y1 + Y2 + Y3) (21)
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FIGURE 10. The EM simulated (subscript s) vs. measured (subscript m)
results-(a) |S11| and |S41| (b) |S21| and |S31| and (c) Phase imbalance for
equal (k = 0 dB) power division with r = 2.5.

BC =
(
Yoe
j

)
=

(
aY1 − Y2

a
− Y3

a

)
(22)

BD =
(
Yeo
j

)
=

(
−Y1
a

+ aY2 − Y3
a

)
(23)

FIGURE 11. Test setup for the measurement of the S-parameters for the
fabricated prototype for unequal power division (k = 4.77 dB).

where Y1 = 1/Z1,Y2 = 1/Z2,Y3 = 1/Z3 are the
characteristic admittances of the BLC-core TLs. Simplify-
ing (11) for the proposed DBBLC results in the following
expression for k .

k =
√
(Y1 + Y2 + Y3)(Y1 − Y2)

Y2(Y2 + Y3)
(24)

It is apparent that k does not depend on θ which facilitates a
highly flexible design of IMNs based on a wider range of Yeq.
This is the main reason for choosing a crossed TL-based core.
Furthermore, considering Z3 to be a free variable, we can
deduce the following from (24) for any value of k:

Z1 = 2

{√1 + 4k1(1 + k1)(1 + k1)2 − 1}Z3 (25)

Z2 = Z3
k1

(26)

where k1 parameterizes Z2 as a function of Z3.
After exploring various solutions of (25) and (26), a notable

relation among the core impedances is discovered- Z1 : Z2 :
Z3 = 2 : 3 : 6 which is valid for equal power division case
(k = 0 dB). This substantially reduces the computational
complexity of determining the remaining parameters.

Applying (7) and (8) to the proposed DBBLC results in the
following expressions:

Geq = (1 + a2)

√
Y2(Y2 + Y3)(Y1 − Y2)(Y1 + Y2 + Y3)

a(2Y2 + Y3)
(27)

Beq = (Y1 + Y2 + Y3){(a21 − 1)Y2 − Y3}
a(2Y2 + Y3)

(28)

Although k offers a multitude set of Z1,Z2,Z3 values
calculated from (25) and (26), the limitations of IMN come
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FIGURE 12. The EM simulated (subscript s) vs. measured (subscript m)
results-(a) |S11| and |S41| (b) |S21| and |S31| and (c) Phase imbalance for
unequal (k = 4.77 dB) power division with r = 2.

into play because of the dependence of r on Geq and Beq as
is evident from (27) and (28). Based on the new equations
obtained in II (C), a novel systematic approach to designing

the proposed DBBLC is presented in Fig. 5 for equal port
impedance (Zp1 = Zp2 = Zp3 = Zp4 = Zp). In this case,
we can obtain Z4,Z5 for the L-section IMN from (17), (18)
and (19), where ZH1 = ZH2 = ZH3 = ZH4 = Z4,ZV1 =
ZV2 = ZV3 = ZV4 = Z5.
Using the proposed design methodology, the theoretical

results of a few design examples are shown in Fig. 6 for
the equal power division case (k = 0 dB). It is observed
that multiple design values can be used to design the
proposed structure covering a wide range of band ratios,
providing immense design flexibility.Moreover, it is apparent
from Fig. 7 that r can be practically unlimited based
on the appropriate selection of m, p, q and kmax = 18.84
(12.75 dB), which indicates an extreme power division limit
of 94.96% and 5.04% between the through and coupled
ports, respectively. The proposed design approach is equally
valid for unequal port impedances if the phase error is
acceptable [20]. To demonstrate the theory of the proposed
design approach, the ideal S-parameters for a representative
case are shown in Fig. 8(a). Here, f1=1 GHz, f2 = 30 GHz,
r = 30, power division ratio = 10:1 (that is, k = 10 dB), port
impedances Zp1 = 50�,Zp2 = 60�,Zp3 = 70�,Zp4 =
80�. The designed DBBLC exhibited excellent performance
while maintaining an output phase imbalance of within
1.95◦.To design FR2 of 5G, there are multiple design values
available for the proposed DBBLC structure based on the
novel design approach. The FR2 of 5G includes frequencies
ranging from 24.25 GHz to 52.6 GHz. To demonstrate the
performance of this design approach of an equal power
divider (k = 0 dB) DBBLC operating at f1 = 28 GHz
and f2 = 40 GHz (r = 1.43) which falls under FR2 with
port impedances Zp1 = Zp2 = Zp3 = Zp4 = 50�, the S-
parameters are shown in Fig. 8(b), which exhibits the desired
performance at f1 = 28 GHz and f2 = 40 GHz.

III. DBBLC PROTOTYPES AND MEASUREMENT
The proposed design methodology for a dual-band port-
extended branch-line coupler with equal-power division (k ′ =
0 dB) involves the calculation of the circuit parameters. These
parameters, including Z1 = 24.91 �, Z2 = 36.62 �, Z3 =
119.98 �, Z4 = 48.70 �, Z5 = 119.81 �, and k ′ = 1 at
the first design frequency f1 = 1 GHz, are determined for a
port impedance, Zp = 50 �, using the flowchart illustrated in
Fig. 5. The layout used to fabricate the prototype, is presented
in Fig. 9, and the physical dimensions are provided in mils
(thousandths of an inch) in Table 1. The scattering parameters
of the fabricated prototype were measured using a Rohde-
Schwarz ZNL14 vector-network analyzer (VNA), as shown
in Fig. 9-, and the computer screen displays the measured
|S21|.
Figs 10(a)-(c) present the electromagnetic (EM) simulated

outcomes achieved through Keysight ADS, compared with
the measured S-parameter magnitude response. The results
exhibit the intended dual characteristic, with measured |S21|
and |S31| at −3.16 dB and −3.25 dB, respectively, at 1 GHz,
and −3.66 dB and −3.36 dB at 2.5 GHz.
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TABLE 2. Comparison with the current state of art dual-band quadrature hybrids.

Additionally, the return loss and isolation loss were both
better than 15 dB at both frequencies. For a 10 dB reference,
the return loss bandwidths are 368 MHz at f1 and 318 MHz
at f2, while the isolation loss bandwidths were 462 MHz
at f1 and 473 MHz at f2. The transmission bandwidth
was 257 MHz at f1 and 153 MHz at f2. Although the overall
magnitude responses of S11 and S41 shift slightly from the
intended second center frequency of 2.5 GHz due to fabrica-
tion tolerances, the 10 dB bandwidth supports the simulated
regions of operation. Any such shift can be corrected through
postfabrication tuning and simulations. Fig. 10(c) shows the
simulated and measured phase differences between ports
2 and 3 of the coupler, indicating that the measured results
align with the simulated results at both design frequencies.
The measured phase differences between the through port
and coupled port were determined to be 90.057◦ at f1 and
−89.873◦ at f2, respectively.
In addition, the circuit parameters of a dual-band port-

extended branch-line coupler with an unequal-power division
(k ′ = 4.77 dB) are calculated for a port impedance of Zp =
50 � using the flowchart shown in Fig. 5. At the first design
frequency of f1 = 1 GHz, the parameters are determined to
be Z1 = 31 �, Z2 = 70 �, Z3 = 111 �, Z4 = 43.19 �,
and Z5 = 113.6 �. The physical dimensions of the fabricated
prototype are listed in mils (thousandths of an inch) in
Table 1. The scattering parameters of the designed prototype
were measured using the same VNA as shown in Fig. 11, and

the measured |S21| was displayed on the computer screen of
the VNA.

Figs. 12(a)-(c) display the EM simulated results obtained
using the Keysight ADS, along with the measured S-
parameter magnitude response. The response exhibits
dual-band characteristics as expected, with measured value
of |S21| and |S31| as −1.45 dB, −6.37 dB at 1 GHz and
−1.59, −6.64 dB at 2 GHz, respectively, with return loss and
isolation loss better than 15 dB at both design frequencies. For
a 10 dB reference, the return loss bandwidths are 438 MHz
at f1 / 448 MHz at f2, and the isolation loss bandwidths
are 452 MHz at f1 / 463 MHz at f2, with transmission
bandwidths of 236 MHz at f1 / 253 MHz at f2. Although
the overall magnitude responses of S11 and S41 shift slightly
from the intended second center frequency of 2 GHz owing
to fabrication tolerances, the 10 dB bandwidth still supports
the proposed/simulated regions of operation. Post-fabrication
tuning coupled with simulation can be used to correct this
shift if desired. Fig. 12(c) shows the simulated and measured
phase differences between ports 2 and 3 of the coupler. The
measured results correlate well with the simulated results
at both design frequencies. The measured phase differences
between the through port and coupled port were 90.18◦ at f1,
−89.81◦ at f2, respectively.

To highlight the novelty of this work further, the % FBW
related to these parameters, as well as other salient features,
are summarized in Table 2 and compared to the current
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state-of-the-art methods. Overall, the measured results
demonstrat the outstanding performance of different DBBLC
configurations that meet all the goals that a practical quadra-
ture coupler will be required during deployment in the field.

IV. CONCLUSION
This study introduces a new systematic design approach for
a dual-band branch-line coupler (DBBLC) that enables the
achievement of various power division ratios at different
band ratios with arbitrary port terminations simultaneously,
utilizing crossed lines inside the coupler core and L-section
IMNs. The two fabricated prototypes demonstrated design
flexibility, as outlined in the proposed flowchart. Moreover,
the excellent agreement between the EM simulation of the
DBBLCs and the measured responses from the prototypes
validates the proposed novel design approach.
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