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Abstract—A dual-band balun with inherent impedance transformation is presented in this paper. The
inherent impedance transformation ratio from a range of 0.4 to 4.0 makes the balun ideal for the on-chip
fabrication. The proposed dual-band balun exhibits excellent input port matching, equal output signal
with phase difference of 180◦, and extremely good isolation and matching at the output ports. A table
is provided with the design parameters at the extreme impedance transformation ratios. The design
concept of the proposed balun has been validated through a prototype fabricated on a Rogers RO5880
substrate. The measurement results are in good agreement with the EM simulation measurements.

1. INTRODUCTION

Balun finds usefulness in wide ranging applications such as antenna arrays, balanced mixers, and
amplifiers [1]. The key metrics for a balun are balanced phase and magnitude at the differential outputs
and the impedance matching at all the ports. The emergence of wireless communication devices has also
necessitated miniaturized baluns, with good isolation between the output ports, able to provide good
performance at multiple frequencies [2–5]. Furthermore, an added feature of baluns is their impedance
transformation ability as this could be extremely useful in applications such as power amplifiers and
rectifying antennas in energy harvesting [1, 6, 7]. An added degree of flexibility can be obtained in the
DGS structure in [6] whereas the additional burden on impedance transformer could be avoided in [7]
with an inherent impedance transforming component in RF front end system. Another importance of
high impedance transformation ratio (ITR) with the baluns can be easily identified in on-chip antennas
and antenna feedings [6, 8–12]. However, the reported multi-band balun design techniques are not able
to provide good impedance transformation and therefore have limited usefulness in niche and emerging
energy harvesting applications. A step by step procedure is given in [8] enforcing the need of fixed
feedline of 50 Ω impedance which can be relaxed using the proposed balun in the case of a differential
feeding. The reports in [9–12] illustrate the need of an additional impedance transformer which can
be avoided using the proposed DBB. There are reports on the impedance transforming baluns [13–15];
however, impedance transformations with dual-band operations are rare.

In this paper, a dual-band balun (DBB) with matching at all the ports and very good isolation
between the output ports is reported. A simplified analysis and design scheme augmented by the even-
odd mode technique facilitates the presented concept. The capability of the presented design technique
is demonstrated through a very good agreement between the EM simulated and experimental results.
Furthermore, it has been shown that the proposed design can provide high ITR between the input and
output port impedances, i.e., high transformation between ZL and ZS .
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2. PROPOSED CIRCUIT AND ANALYSIS

The architecture of the proposed DBB, in Fig. 1, is symmetric to the X-axis and consists of port 1 as
input port and ports 2 and 3 as output ports. It incorporates stubs to short the two coupled-line sections
perpendicular to the X-axis. An isolation resistor R (Ω) is incorporated to provide the isolation between
the output ports. The characteristic impedances denoted by Z and the electrical lengths denoted by θ
of all the transmission lines (TL) are in Ohms (Ω) and degrees (◦), respectively. Apparently, even-odd
mode analysis can be carried out to simplify the design process. Here, the even mode (e) and odd-mode
(o) parameters must satisfy conditions in Eq. (1) for a balun architecture to ensure matching at all the
ports, balanced outputs, and good isolation between output ports.

S21e = 0; S22e = 0; S11o = 1/3 (1)

Figure 1. The proposed dual-band balun architecture.

3. DESIGN ANALYSIS AND PROCEDURE

All the TL are considered ideal in the analysis stage. In the even mode circuit, Fig. 2, no signal flows
in from port 1, and this is ensured by achieving ZINe = 0. For this, the node M should be short
circuited, and this results in Eq. (2). Here, Z1 is an independent variable and should be chosen in the
range of [20–150 Ω] so that all the design parameters are realizable. Here, the electrical length follows
θ = π/1 + r and r being the desired frequency ratio.

Ze1 = Z1tan2θ (2)

In the odd mode circuit, Fig. 2, the term YINoB is of the form RBo ± jXBo. It is the combined
admittance of ZS , Section A, and Section B looking towards Section B. It is matched by an L-type
impedance transformer, the Section C having Ze2, Zo2, Z2 as independent variables, which is considered
good for high ITR [16]. Subsequently, the dependent parameters are computed from Eqs. (3) and (4).
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√
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Furthermore, for the matching at the output ports and for isolation between the output ports, the
sufficient condition in even mode is S22e = 0. Here, node M is shorted, and hence the input impedance
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Figure 2. Even mode (a) and odd mode (b) equivalent circuit.

YINeB, in the form 0± jXBe, in parallel with the section C can be matched using the calculated values
of Ze3 and R as outlined in Eqs. (5) and (6).
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4. FABRICATION AND MEASUREMENT

A prototype working at 1/2 GHz is designed on Rogers RO5880 to validate the presented concept. The
source (load) impedance is taken as 50 Ω so that they gel with the impedances of the SMA connectors and
to discard the need of additional impedance transformer. The design equations are used to determine
the design parameters as (units: Ω) Z1 = 30, Ze1 = 90, Zo1 = 62.1, Z2 = 118.7, Ze2 = 58.4, Zo2 = 41.3,
Z3 = 74.5, Ze3 = 57.5, Zo3 = 52.9, and R = 55.4. Electrical lengths of all the TL are chosen as 60◦ for the
dual-band operation. The EM simulations are carried out in CAD tool, and the design parameters are
optimized for the TL discontinuities and substrate losses. The prototype with the optimized parameters

(b)(a)

Figure 3. The fabricated prototype (a) and measurement setup (b).
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Figure 4. S-parameters (a), Amplitude Imbalance (AI) and Phase Imbalance (PI) (b) results of the
fabricated prototype.

is shown in Fig. 3 with dimensions as (units: mil) W1 = 185, L1 = 1227.4, W2 = 45, L2 = 1276.7,
W3 = 190, S3 = 40, L3 = 1076.7, W4 = 91.7, L4 = 739.8, W5 = 350, L5 = 960.1, W6 = 95, L6 = 861.2,
S6 = 30, W7 = 140, S7 = 185, L7 = 992.1, W8 = 185, L8 = 1208.1, and R = 56.2Ω. The EM simulation
results and measurement results are shown in Fig. 4. The EM results confirm equal power distribution
and matching at all the ports along with good isolation for a broad range of frequencies at both the
chosen bands. The measured responses for the amplitude (phase) imbalance are 0.1 dB (0.8◦) at 1.0 GHz
and 0.0 dB (−3.6◦) at 2.0 GHz, and the matching responses S11, S22, and S33 are −23.4 dB (−18.9 dB),
−44 dB (−30.6 dB), −27.8 dB (−22.2 dB), respectively at 1.0 GHz (2.0 GHz). The insertion losses S21

and S31 are better than −3.4 dB (−4.5 dB) at the operating frequency of 1.0 GHz (2.0 GHz). Extremely
good isolation of −35.1 dB (−26.8 dB) at 1.0 GHz (2.0 GHz) is also achieved in the proposed DBB.

Moreover, the 10 dB bandwidth for S11 (S22, S33 and S23) at 1 GHz is 0.969–1.034 GHz (0.95–
1.17 GHz, 0.94–1.20 GHz, and 0.927–1.06 GHz) and at 2GHz is 1.99–2.04 GHz (1.97–2.06 GHz, 1.94–
2.08 GHz, and 1.96–2.06 GHz). The amplitude (phase) imbalance of 1 dB (5◦) is also achieved for a BW
of 0.95–1.1 GHz (0.929–1.06 GHz) at 1 GHz and of 1.92–2.06 (1.98–2.10 GHz) at 2GHz. These results
apparently match very well with the simulation results and thereby validate the design concept.

5. APPLICATION FOR IMPEDANCE TRANSFORMATION

An added feature of the proposed DBB is its potential to operate at wide range of distinct load and
source impedances. For example, the design parameters (units: Ω) of the DBB for two design cases of
maximum achievable ITR of 0.4 and 4.0 are given in Table 1. Electrical lengths of the TL are again 60◦
for its dual-band operation at 1/2 GHz. The simulation results, in Fig. 5, for these cases also demonstrate
the effectiveness of the proposed technique. The two figures on the top demonstrate the performance of

Table 1. Design parameters for two cases of very high ITR.

ITR (ZL/ZS) = 20/50 ITR (ZL/ZS) = 200/50
Parameter Value Parameter Value Parameter Value Parameter Value

Z1 40 Z2 105 Z1 29.1 Z2 149.8
Ze1 120 Z3 35.7 Ze1 87.3 Z3 89
Zo1 87.6 Ze3 22.2 Zo1 79 Ze3 117
Ze2 75.2 Zo3 20.2 Ze2 47.5 Ze3 112
Zo2 57.6 R 14.5 Zo2 29 R 377.7
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the balun for ITR 0.4. One figure, on the left, demonstrates the return loss at all the three ports, i.e.,
S11, S22, and S33, isolation between the two output ports, i.e., S23, and the insertion losses at the two
output ports, i.e., S21, and S31. Another figure, on the right, demonstrates the amplitude difference
between the two output ports, i.e., amplitude imbalance (AI) and the deviation in the phase from the
required phase difference of 180◦ between the two output ports, i.e., phase imbalance (PI). Similarly,
the bottom two figures of Fig. 5 demonstrate all the performance parameters for ITR 4.0. These results
therefore confirm the capability of the design to provide inherent impedance transformation integrated
with the operation of a balun for a wide range of impedance transformation ratios. However, the design
follows a trade-off between the bandwidth and the impedance transformation ratio [17].

Figure 5. Simulation results of the design for ITR as 0.4 : 1 (top two) and ITR as 4.0 : 1 (bottom
two).

6. CONCLUSION

An interesting DBB architecture capable of enhancing all the figures of merit has been proposed. One
of the key features of the proposed DBB is its potential to operate at wide range of distinct load and
source impedances. It has been shown that the ITR from 0.4 to 4.0 are achievable using the proposed
design. A direct application of the proposed DBB is the RF energy harvesting system and on-chip
antennas where wide range of ITR could be extremely beneficial.
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