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Abstract – In this article, the design and the development
of ultra-wideband UWB branch-line couplers BLCs with
a novel method to control the coupling imbalance is pro-
posed. The proposed UWB BLC is suitable for the 5G
low-noise amplifier (LNA) design. UWB 4-branch BLC
is designed using design curves developed using even
and odd mode analyses to cover the 5G (3.3-5 GHz) fre-
quency bands. The vertical branches of the UWB BLC
are replaced by modified ones, and their effect on the
coupling imbalance is investigated. The proposed BLC
occupies an area of 33.9×15.7 mm2. Both conventional
and modified BLC are fabricated, and their measured S-
parameters are compared with analytical and simulated
models. Based on the balanced amplifier topology, a
5G UWB low-noise amplifier is designed. The proposed
BLCs and the MGF3022AM InGaP-HBT (Heterojunc-
tion Bipolar Transistor) are used to produce acceptable
UWB performance. The balanced amplifier return loss,
noise figure, and gain are investigated as BLCs coupling
imbalance varies. The ultra-wideband LNA exhibits an
acceptable small-signal gain, noise figure, input return
loss, and output return loss across the 5G different fre-
quency bands.

Index Terms – Branch-line coupler, balanced LNA am-
plifier, imbalance coupling, UWB.

I. INTRODUCTION
High data rates, spectral efficiency enhancement,

shorter latency, and high Quality of Service (QoS) are
the main requirements for 5G wireless communication
networks [1–3]. For outdoor coverage, 5G sub-6 GHz
bands are used [4]. The 5G frequency bands are classified
as n46 (5.15-5.925), n47 (5.855-5.925), n77 (3.3 GHz–
4.2 GHz), n78 (3.3 GHz–3.8 GHz), and n79 (4.4 GHz–
5 GHz) [5]. These bands are within the ultra-wideband
UWB frequency band (3.1 GHz - 10.6 GHz) that is
authorized by Federal Communications Commission
(FCC). Ultra-wideband refers to radio technology that

is above 500 MHz or 20% bandwidth, depending on its
center frequency [6]. In all RF and microwave receivers,
the low noise amplifier (LNA) is the first level of the re-
ceived signal amplification. There are two possible con-
figurations for the LNA wideband operation. The first
is the unbalanced structure, which consists of a multi-
stage amplifier with inter-stage matching circuits. The
second is a balanced amplifier, which employs 3 dB hy-
brid couplers to improve the matching across the wider
bandwidth [7].

In this paper, an imbalanced coupling UWB BLC
with an unbalanced structure is adopted to achieve a
high-gain LNA over the UWB frequency range for the
5G applications. Other parameters such as input re-
turn loss, output return loss, noise figure (NF), and iso-
lation are kept at an acceptable level. For that, both
conventional UWB BLC and the proposed UWB im-
balanced coupling BLC are designed, fabricated, and
measured.

It had been shown in [8–12] that hybrid couplers
may have arbitrary output power division by controlling
the characteristic impedances of the λg

4 sections, where
λg is the guided wavelength. Few researchers were con-
cerned by the coupling imbalance CI of the couplers. In-
troducing a shorted stub, single section λg

4 transformers,
circular sector patch, impedance varying, and phase in-
verter are the most used techniques, [13–18]. In [13], the
vertical branch lines of the BLC were loaded by parallel-
shorted stubs. In [14], single-section quarter-wave trans-
formers at each port were integrated to achieve wideband
and coupling imbalance operation. In [15], four circu-
lar sector patches were combined to form the coupler
and the coupling imbalance was achieved by varying
the impedance of the sectors. In [16], the conventional
uniform transmission lines of BLC were replaced with
nonuniform lines governed by a truncated Fourier series.
In [17], a conventional two-section branch-line coupler
with an additional phase inverter was used to control the
coupling imbalance and the wideband operation. In [18],
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the BLC’s vertical branch lines were loaded with a short
circuit stub. Parallel notches were also introduced at the
T-junction of the BLC.

II. BLC DESIGN AND ANALYSIS
PROCEDURE

In this section, even and odd mode analyses were
used to obtain a developed design curve for the UWB
BLCs over the entire frequency band of the 5G. Also,
the S-parameters are calculated using a developed MAT-
LAB code and then verified by CST and measured coun-
terparts.

A. Even and odd mode analysis of conventional UWB
BLC

Considering the analytical model of a one-section
branch-line coupler [19], the analytical theory is ex-
tended to model four-branch BLC. Figure 1 shows
a conventional four-branch BLC and its characteristic
impedances of through and branch lines. The through
lines’ characteristic impedance are Z1 and Z3, and their
lengths are θ1 and θ3 respectively. The branch lines’
characteristic impedance is Z2 and their length is θ2.
Both Port 1 and 4 are excited by in-phase and amplitude
of 1

2 signals which leads to an equivalent open circuit
at the line of symmetry. Similarly, two out-of-phase and
amplitudes of 1

2 signals lead to an equivalent short circuit
at the line of symmetry. By superposition, the sum of the
two cases is a single signal of unit amplitude at Port 1.
The resultant signals from the four ports are also the su-
perposition of the results obtained in the even mode and
odd mode cases. In each case, the problem reduces to
that of a two-port network.

Fig. 1. Four branches of conventional BLC.

For the even mode, Figs. 2 (a) and (b) show the even
mode excitation and the open stubs equivalent circuit,
respectively. The even mode ABCD parameters are ob-
tained in Equation (1). Similarly, Figs. 2 (c) and (d) show
the odd mode excitation and the short stubs equivalent
circuit, respectively. The odd mode ABCD parameters
are obtained in Equation (2).

(a)

(b)

(c)

(d)

Fig. 2. Decomposition of BLC into (a) even–mode exci-
tation; (b) even–mode equivalent circuit; (c) odd–mode
excitation; (d) odd–mode equivalent circuit.
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Using ABCD to S parameters transformation [20],
and the fact that AD − BC = 1 and A = D, the S-
parameter for the four-branch BLC is obtained. The re-
quired characteristic impedance, Z2 of the branch line for
the conventional four-branch, BLC is between 135 Ω and
264 Ω in Butterworth and Chebyshev designs [21]. In
[22], the through characteristic impedance Z1 and Z3 are
obtained as Equations (3) and (4).
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√√√√√ Z0Z3
2

√
1−C2

f actor −C f actor Z2
0Z2

2

C f actor
(
Z2

2 −Z2
0

)
+2Z0Z2

√
1−C2

f actor

, (3)

Z3 =

√
Z4

1

(
Z4

2 −Z2
0Z2

2

)
Z4

1

(
Z2

2 +Z2
0

)
−Z2

2Z2
0

(
2Z2

1 −Z2
2

) , (4)

where the coupling factor C f actor is related to S21 and
S31 in [4]:

S21 =
√

1−C2
f actorandS 31 = jC f actor.

For physical realizations, the branch characteristic
impedance Z2 is recommended to be within the range of
135 Ω to 145 Ω. MATLAB code was developed based
on this assumption and Equations (3) and (4). Consider-
ing the frequency effect (3 GHz – 6 GHz), line-width-to-
substrate-height ratio (w/h), and the effective dielectric
constant εe f f , Fig. 3 shows how to choose the through
and the branch characteristic impedance values simulta-
neously, and then choose the aspect ratio (w/h) and the
effective dielectric constant εe f f of branch line Z2 only.
Figure 4 shows the aspect ratio (w/h) and the effective
dielectric constant εe f f of the through impedances Z1 and
Z3 at different frequencies. In Table 1, the design process
starts by choosing the branch characteristic impedance
Z2 between 135 Ω to 145 Ω lines shown in Fig. 3 (b)
at 4 GHz. Z2 is chosen to be 143 Ω with an aspect ra-
tio (w

h )2 = 0.1 and (εre f f )2 = 3.23. Also, Z1 and Z3 are
found to be 54 Ω and 57.7 Ω, respectively. The through
characteristic impedances aspect ratio and effective di-
electric constant are extracted from Fig. 4 (b) and are
shown in Table 2.

Figure 5 shows the calculated S-parameters of the
UWB BLC using the developed MATLAB code. For

Fig. 3. Characteristic impedances of branch and through
lines values at (a) 3 GHz; (b) 4 GHz; (c) 5 GHz; (d)
6 GHz.

verification purposes, the conventional UWB BLC is
simulated using CST and then fabricated and both mea-
sured and simulated results are shown in Fig. 6. Good
agreements were obtained between simulated and mea-
sured results over the frequency band, which extends
from 3.3 GHz to 5 GHz. The conventional UWB coupler
has simulated insertion loss and coupling of −3.77 dB
and −3.15 dB while the measured insertion loss and cou-
pling of −4 dB and −4.47 dB were obtained. The simu-
lated and measured isolation and return loss are less than
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Fig. 4. Characteristic impedances of branch and through
lines values versus aspect ratio w/h and effective dielec-
tric constant at (a) 3 GHz; (b) 4 GHz; (c) 5 GHz; (d)
6 GHz.

−16.5 dB with fractional bandwidth of 56%, and phase
imbalances less than 2o over the operating bandwidth.

B. Proposed UWB BLC with different coupling im-
balance

The UWB BLC coupling is controlled by replacing
the uniform branch line with a proposed non-uniform
one as shown in Fig. 7. The modified branch line has
two circular discs with a radius R at its upper and lower

Table 1: Comparison of proposed BLC with previous
works
Ref. Technique fo

(GHz)
BW
(%)

CI
(dB)

PE
(deg.)

13 Shorted
stubs

3 30.5 4-10 4

14 Single
section λ /4
transformer

3 50.9 6-14 2

15 Circular
sector patch

10 22.2 3-10 5

16 Impedance
varying

3 57 3-9 5

17 Phase in-
verter

2 48.2 3-10 5

18 Shorted stub
and parallel
notches

3.5 62 9-15 4

This
work

Circular
discs

3.19 103 1-12 2

Table 2: Conventional UWB BLC parameters
n Zn (Ω) (w

h )n (εre f f )n ln (mm)

2 143 0.1 3.23 10.4
3 57.7 1.4 3.54 10
1 54 1.59 3.58 9.9
0 50 1.8 3.63 1.8

Fig. 5. Calculated S-parameters of conventional UWB
BLC.

centers. As the disc radii increase the coupling imbalance
increase. At 4 GHz the coupling imbalance increases
from 0.8 dB to 12 dB as radius R increases from 0.25 mm
to 1.25 mm, Table 3.

Figures 8 (a) to (e) show the S-parameters of the
UWB BLC as discs radii increase. The proposed UWB
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Fig. 5. Calculated S-parameters of conventional UWB 

Fig. 6. Conventional UWB BLC (a) fabricated top 
view (b) fabricated bottom view (c) measured and 
simulated S-parameters 

 

B. Proposed UWB BLC with different coupling 
imbalance  

The UWB BLC coupling is controlled by replacing 
the uniform branch line with a proposed non-uniform 
one as shown in Fig. 7. The modified branch line has two 
circular discs with a radius 𝑅 at its upper and lower 
centers. As the disc radii increase the coupling imbalance 
increase. At 4 GHz the coupling imbalance increases 

from 0.8 dB to 12 dB as radius R increases from 0.25 
mm to 1.25 mm, Table 3. 

 
 Table 3: Coupling imbalance values at different disc 
radii at 4 GHz 

R (mm) 0.25 0.5 0.75 1 1.25
CIR (dB) 1 2 4 7 12 

 
 Fig. 8 (a) to (e) show the S-parameters of the UWB 

BLC as discs radii increase. The proposed UWB coupler 
has a coupling imbalance of 1 dB, 2 dB, 4 dB, 7 dB, and 
12 dB over the bandwidth which ranges from 3.5 GHz to 
5 GHz, 3.75 GHz to 4.65 GHz, 3.6 GHz to 4.5 GHz, 3.64 
GHz to 4.2 GHz, and 3.5 GHz to 4 GHz as circular discs 
have radii of 0.25 mm, 0.5 mm, 0.75 mm, 1 mm, and 
1.25 mm, respectively. 

For verification purposes, the proposed UWB BLC 
with a coupling imbalance of 7 dB is fabricated and 
measured. The top and bottom views of the proposed 
fabricated BLC are shown in Fig. 9 (a) and (b), 
respectively. Both measured and simulated results are 
shown in Fig. 9 (c). The simulated frequency band with 
a 7 dB imbalance extends from 3.5 GHz to 4.2 GHz 
while the measured frequency band with a 7 dB coupling 
imbalance extends from 3.3 GHz to 4.48 GHz. The 
simulated insertion loss and coupling of 2.33 dB and -
9.33 dB while the measured insertion loss and coupling 
of 2.2 dB and -8.1 dB are obtained, respectively. The 
simulated isolation and return loss are less than 13 dB 
and 20 dB with fractional bandwidth of 20.3%, and 
phase imbalances less than 2௢ while the measured 
isolation and return losses are less than 14 dB and 16 dB 
with fractional bandwidth of 36%, and phase imbalances 
less than 10௢ for the entire operating bandwidth.  

Fig. 7. Proposed UWB BLC with controllable 
coupling imbalance  
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(a) (b)

(c)

Fig. 6. Conventional UWB BLC (a) fabricated top view;
(b) fabricated bottom view; (c) measured and simulated
S-parameters.

Fig. 7. Proposed UWB BLC with controllable coupling
imbalance.

coupler has a coupling imbalance of 1 dB, 2 dB, 4 dB,
7 dB, and 12 dB over the bandwidth which ranges from
3.5 GHz to 5 GHz, 3.75 GHz to 4.65 GHz, 3.6 GHz to
4.5 GHz, 3.64 GHz to 4.2 GHz, and 3.5 GHz to 4 GHz as

Table 3: Coupling imbalance values at different disc radii
at 4 GHz
R (mm) 0.25 0.5 0.75 1 1.25
CIR (dB) 1 2 4 7 12

circular discs have radii of 0.25 mm, 0.5 mm, 0.75 mm,
1 mm, and 1.25 mm, respectively.

For verification purposes, the proposed UWB BLC
with a coupling imbalance of 7 dB is fabricated and mea-
sured. The top and bottom views of the proposed fab-
ricated BLC are shown in Figs. 9 (a) and (b), respec-
tively. Both measured and simulated results are shown
in Fig. 9 (c). The simulated frequency band with a 7 dB
imbalance extends from 3.5 GHz to 4.2 GHz while the

Fig. 8. Continued.
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(c)  

 
(d) 

 
(e) 

 Fig. 8. UWB BLC with controllable coupling imbalance
S-parameters at (a) R = 0.25 mm; (b) R = 0.5 mm; (c)
R = 0.75 mm; (d) R = 1 mm; (e) R = 1.25 mm.

measured frequency band with a 7 dB coupling imbal-
ance extends from 3.3 GHz to 4.48 GHz. The simulated
insertion loss and coupling of 2.33 dB and −9.33 dB
while the measured insertion loss and coupling of 2.2 dB
and −8.1 dB are obtained, respectively. The simulated
isolation and return loss are less than 13 dB and 20 dB
with fractional bandwidth of 20.3%, and phase imbal-
ances less than 2o while the measured isolation and re-
turn losses are less than 14 dB and 16 dB with fractional
bandwidth of 36%, and phase imbalances less than 10o

for the entire operating bandwidth.

III. BALANCED UWB LNA
In wireless communication systems, balanced am-

plifiers have been widely used due to their low noise
figure, and better gain and stability as compared to a
single amplifier. The proposed LNA circuit consists of
four transistors with an impedance-matching network at
the input and output of each transistor. MGF3022AM
InGaP-HBT (Heterojunction Bipolar Transistor) has
opted for the proposed LNA circuit. The MGF3022AM
is designed for use in L-to-C-band amplifiers. Addi-
tional, two identical UWB BLC with different coupling

      (b)

(c)

Fig. 9. Proposed fabricated UWB BLC (a) top view; (b)
bottom view; (c) measured and simulated S-parameters.
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(a)

Fig. 10. Proposed UWB LNA (a) circuit diagram; (b) sin-
gle transistor with input and output matching sections;
(c) input matching section; (d) output matching section.

Table 4: k−µ factors of the MGF3022AM InGaP-HBT
transistor
F (GHz) µ k
3.00 0.863 0.692
3.25 0.905 0.786
3.50 0.939 0.866
3.75 0.976 0.95
4.00 1.044 1.083
4.25 1.125 1.202
4.50 1.234 1.287
4.75 1.574 1.47
5.00 2.46 1.552
5.25 1.743 1.738
5.50 1.282 1.878
5.75 1.11 2.033
6.00 1.04 2.112

imbalanced designed in section II are included. Mi-
crowave transistors used to design UWB amplifiers are
generally not well-matched across the operating fre-
quency band. A wider bandwidth comes at the expense of
low gain and more circuit complexity. Thus, we propseda
circuit based on four amplifiers having a UWB coupler
to provide a good adaptation for the gain and bandwidth.
ADS simulator is used as a CAD tool to analyze the
circuit performance. The balanced amplifier circuit is
shown in Fig. 10 (a). Figure 10 (b) shows the transis-
tor block, which has S-parameters of VCE = 3 V and
IC = 33 mA, and it’s matching input and output circuits.
Figures 10 (c) and (d) shows the equivalent input and
output transmission line matching circuits designed at
F = 5 GHz, where Z is the line impedance in Ω and E is

(a)

(b)

Fig. 11. Proposed LNA circuit (a) S-parameters at dif-
ferent coupling imbalances of the UWB BLC and (b)
noise figure at different coupling imbalances of the UWB
BLC.
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Table 5: LNA parameters for different imbalance cou-
pling associated with different discs’ radii
R (mm) I/P RL

(dB)
O/P RL
(dB)

Gain
(dB)

NF (dB) CI
(dB)

n77 (3.7 GHz)
0 11.9 17.2 19.5 0.38 0.99
0.25 11.7 17 20.3 0.38 2.2
0.5 11.4 16.3 20.7 0.38 3.3
0.75 13.2 17.8 20.1 1.1 4.1
1 13.3 16.9 20.6 1.1 7.2
1.25 14.8 16.1 21.2 1.1 11.8
n57 (3.5 GHz)
0 11.9 13.2 21.5 0.34 1.4
0.25 11.5 12.5 22.1 0.35 2.8
0.5 10.7 11.5 22.3 0.32 3.8
0.75 12.7 11.9 20.23 1.1 4.6
1 11.9 10.8 19.98 0.97 7.6
1.25 11.97 10.01 18.9 0.99 12.4
n79 (4.7 GHz)
0 17.4 25.9 4.6 0.83 0.79
0.25 17 26.7 3.6 0.83 2.1
0.5 17.2 29.1 3.7 0.74 3.8
0.75 16.1 22.9 8.3 1.69 5.2
1 18.1 20.5 6.8 1.8 11.7
1.25 16.1 13.7 10.7 2.13 15.5
4 GHz
0 15.9 20.9 13.5 0.54 0.82
0.25 15.8 21.8 15 0.54 0.82
0.5 15.5 22 16.2 0.56 1.87
0.75 16.3 22.8 16.8 1.34 3.85
1 16.9 25.3 19.1 1.29 6.96
1.25 20 31.8 21.11 1.26 12.13

the electrical length of the open stub in degree. Table 4
shows the k and µ factors of the MGF3022AM InGaP-
HBT transistor after adding the input and output match-
ing sections. The k and µ factors are given by [5] as:

K =
1−|S11|2 −|S22|2 + |∆|2

2 |S12S21|
, |∆|= |S11S22 −S12S21| ,

µ =
1−|S11|2∣∣S22 −∆S∗11

∣∣+ |S12S21|
. (5)

The amplifier is nearly unconditionally stable across
the 5G operating frequency band.

Different coupling imbalances associated with dif-
ferent discs’ radii of UWB BLCs are used for the
balanced LNA performance analysis. Figure 11 (a)
shows the input return loss, output return loss, gain, and
isolation for the first three coupling imbalances associ-
ated with the first three discs’ radii of BLC balanced.
Figure 11 (b) shows the associated noise figure of bal-
anced LNA. Table 5 shows different LNA parameters for
imbalances associated with six different discs’ radii. For

the 5G n77 center band, the gain varies from 19.5 dB to
21.2 dB while NF is better than 1.1. The input and output
return loss, are better than 11.4 dB. For the 5G n57 cen-
ter band, the gain varies from 18.9 dB to 22.3 dB, while
NF is better than 1.1. The input and output return loss
are better than 10 dB. For the 5G n79 center band, the
gain varies from 3.6 dB to 10.7 dB, while NF is better
than 2.3. The input and output return loss are better than
13.7 dB. Additionally, at 4 GHz (the center frequency of
the UWB BLC), the gain varies from 13.5 dB to 21.11 dB
while NF is better than 12.13. The input and output re-
turn loss are better than 15.5 dB.

IV. CONCLUSION
We introduced a simple and new method of control-

ling the coupling imbalance of the UWB BLC. For ver-
ification, a conventional UWB BLC was designed, fab-
ricated, and measured. Additionally, a UWB BLC with
a coupling imbalance of 7 dB was designed, fabricated,
and measured. Both UWB BLC and UWB BLC with a
7 dB coupling imbalance were measured and simulated,
and their results were founded to be in good harmony.
The application of the proposed LNA-design BLC was
verified. The proposed BLC added a degree of freedom
in the design of the LNA considering gain and NF.

The UWB LNA that uses UWB BLC with an imbal-
ance coupling is suitable for 5G sub−6 GHz applications
as well as other wireless communication systems such as
navigation and radar applications.
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