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 This paper presents a design optimization of a dual-band branch-line coupler with stepped-
impedance-stub lines. This coupler operates over 5G NR frequency bands n5 and n2, 
developed by 3GPP for the 5G (fifth generation) mobile network, and these two bands are 
centered at 0.85 GHz and 1.9 GHz respectively. To achieve the design specifications an 
adjusted Tuning Space Mapping method is used. This method of optimization moves the 
hardship of optimization from high-fidelity electromagnetic models to low-fidelity tuning 
models. The simulated and measured results of this enhanced coupler show good dual-band 
performance at the two bands. 
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1. Introduction 
The request for mobile communication is more than ever. For 

this reason, many researchers have focused on the development of 
a new generation of communication. 5G NR is a new radio access 
technology developed by 3GPP for the 5G mobile network. We 
designed the coupler to function in the two bands n5 and n2 from 
the 3GPP TS 38.101 [1]. 

Branch-line couplers (BLC) offer a π/2 power splitting and 
phase difference, which is suitable in different microwave circuits 
like power combined amplifiers, phase shifters, data modulators, 
and balanced mixers [2]. There are different dual-band BLC design 
that exists in the literature [3-9]. In this work, we use stepped-
impedance-stub branches lines (SISBL) for dual-band operation. 
[10]. 

This work presents the design of a dual-band BLC with SISBL, 
designed for 5G NR frequency bands downlink [n2= (0.869 –0.894 
GHz) / (n5= (1.930–1.990 GHz)], this bands developed by 3GPP 
for the 5G (fifth generation) mobile network and centered at 0.85 
GHz and 1.9 GHz respectively [1].5G NR, like most modern 
techniques, demands height accuracy. In many situations like ours, 
due to microwave structure complexity of SISBL dual-band BLC, 

the theoretical model only gives the initial design that requires 
optimization so he can meet the design specifications. In our case, 
for the optimization, we use an adjusted Tuning Space Mapping, 
the adjustment is made in the tuning model using our engineering 
expertise and knowledge of the design problem. The advantage is 
to reduce time-consuming. The enhanced characteristics of this 
Dual-Band BLC with SISBL are presented.  

The simulated results of this enhanced dual-band BLC show 
good dual-band performances at n5/n2. The performance of its 
fabricated prototype has also been validated experimentally. 

2. Dual-Band BLC with SISBL 

Figure 1.a presents the SISBL containing a signal path (Z3, θ3) 
tapped with (Z1, θ1) and (Z2, θ2) [10]. By multiplying the ABCD 
matrices of each cascade component, the ABCD matrix of the 
SISBL is reached. Since the dual-band branch line behaves as a π/2 
line at center frequencies of the two bands (fp and fs), the ABCD 
matrix is formulated as (1). 
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Where J the characteristic admittance of the π/2 line 
*

arg min ( ( ))f fx
x U R x=  (2) 

 
(a) 

 
(b) 

Figure 1. a: Dual-band SISBL; b: The dual-band BLC with SISBL. 

The circuit dimensions of the SISBL Figure 1.b can be 
determined by solving the following equations (1)-(4). Where (θ1, 
θ2, θ3) the electrical lengths of the lines (1,2,3) respectively, and 
(Z1, Z2, Z3) the impedances of the lines (1,2,3). 
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where n=1, 2,3…; rf=fs/fp is the frequency ratio. 

To get a compact dual-band BLC in (2), n takes the value 1. 
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We cast as free variables, the impedance ratio R= Z1/Z2 and the 
electrical length ratio U= θ1/θ2. Substituting (2)– (3), Z1=R*Z2 and 
θ1=U*θ2 into (4) eliminates Z2, leads to (5): 
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Equation (4) has only θ2 for variable since the constants U, R 
and rf can be pre-chosen. θ2 is found using the graph of each side 
of the equation (4). 

Figure 2 presents the variation of the impedances Z1 and Z2 
versus frequency ration rf when R and U are both 0.2. That figure 
shows that both Z1 and Z2 increase as rf increases. Since only an 
impedance of 20–120 Ω can be realized using microstrip, the range 
of rf is limited to 1.9<rf<2.5. 

 
(a) 

 

(b) 
Figure 2: Variation of Z1 and Z2 versus rf. (a) Dual-band 50 Ω branch line. (b). 

Dual-band   50/√2 Ω branch line 

3. Tuning Space Mapping  

The utilize of electromagnetic software for design optimization 
can be problematic, because EM simulations are rigorous. By 
shifting the optimization load onto a coarse model, for example, a 
circuit equivalent, space mapping (SM) reduces the computational 
rate of EM simulation. Over an iterative optimization and updating 
of the low fidelity models, SM achieves efficient optimization. 
[11]. 

Tuning space mapping such as SM belongs to a family of 
surrogate-based optimization techniques [12-23]. However, the 
role of the surrogate model is replaced by a so-called tuning model. 
By introducing tuning components (circuit-theory base 
components) into the fine model structure, the tuning model is built 
up. The original optimization problem is as follow [15]: 

Where Rf ∈ Rm is the response vector, U is an objective 
function, x is the vector of design parameters, and 𝑥𝑥𝑓𝑓∗ is the optimal 
solution. 

At i-th iteration, a tuning model 𝑅𝑅𝑡𝑡
(𝑖𝑖)is constructed based on the 

fine model data. The alignment process to eliminate the gap 
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between the tuning model response and the response of the fine 
model at i, it is formulated as: 

 ( ) ( ) ( )
,0 arg min ( ) ( )

t

i i i
t f t ix

x R x R x= −  (7) 

To fit the design specifications, 𝑅𝑅𝑡𝑡
(𝑖𝑖) needs to be optimized with 

respect to 𝑥𝑥𝑡𝑡 . This is expressed by: 

 ( ) ( )
,1 arg min ( ( ))

t

i i
t t tx

x U R x=  (8) 

The modifications needed for the design variables are determined 
using a calibration process. Equation (9) express this process: 

 ( 1) ( ) ( ) ( )
,1 ,0( , , )i i i i

t tx C x x x+ =  (9) 

4. Results and Discussion 

We chose (U, R) = (0.2,0.2), the dimensions of this dual-band 
BLC have been computed with the use of (2)-(5). Figure 3 
illustrates the intersecting points of each side of the equation (4). 

The length electric from Figure 3 is θ2=72.68°. The other 
circuit dimensions (Z1, θ1, Z2, Z3, θ3) of both the 50Ω and 50Ω/√2 
branches of the coupler are computed from equations (2), (3) and 
(4). 

The design parameters are x = [L0 L11 L21 L31 L12 L22 L32] T 
mm. The fine model, as shown in Figure 4, is simulated using a 
substrate of εr = 4, height H =1.4 mm and loss tangent= 0.0004. 

Figure 6 shows that S11 and S14 for the second band are below 
-10dB from 1.76 GHz to 1.88GHz, this is not the entire [1.930 
GHz–1.990 GHz] band. And in the same range, the phase 
difference between output ports (2 and 3) is not 90 °± 10°. For 
better performance, optimization is needed. 

To build the tuning model, we first simulate the fine model 
with the co-calibrated ports Figure 5, the corresponding S44P data 
file is charged into a 44-port S-parameter file component in the 
tuning model. After that, an appropriate circuit component is 
attached to the corresponding ports on the S-parameter component; 
the tuning parameters are xt = [Lt0 Lt11 Lt21 Lt31 Lt12 Lt22 Lt32] Tmm.  

The tuning parameters obtained after optimized the tuning 
model are xt.1 (0) = [0.632 -0.73 -2.583 0.343 -2.945 -1.291 -3.884] 
Tmm. With the use of a direct calibration the optimal values of the 
tuning parameters are converted to the adjustments of the design 
parameters in a direct manner. After the first iteration, the new 
design x (1) = [50.9392   6.75824 38.7104 61.2757 4.45566 38.9794 
51.5329] T mm has already satisfied the design specifications 
Figure 7. 

Figure 7 shows that the simulated S11 and S14 are less than -
11dB, within the frequency range of 0.82-0.92 GHz (first band), 
and within 1.88-2 GHz (second band). Within a similar frequency 
range, the coupling coefficient is 3 ± 1 dB, the transmission 
coefficient is 3 ± 1 dB, and the phase difference between output 
ports (2 and 3) is 90 °± 10°. TABLE I summarized the 
performances of this dual-band BLC. 

 

Figure 3: Solutions to (4) for θ2 of SISBL 

 

Figure 4: The fine model. 

 

Figure 5: The fine model divided 

Figure 8 shows the photograph of the prototype of the 
enhanced dual-band BLC fabricated using an LPKF machine. As 
we can see, its structure is relatively simple as it can be fabricated 
on a single layer printed circuit board with a simple ground plane.  

The measurements of the fabricated prototype are done using 
1-Port USB Vector Network Analyzer. Figure 9 plots the 
simulated and measured (S11), it shows that there is a good match 
between simulated and measured S11 of this enhanced dual-band 
BLC. 

TABLE I summarized, the results of the simulation for the 
initial and the optimized dual-band BLC performance, also the 
measurements of the fabricated prototype. The optimized dual-
band BLC shows better performances for both 5G NR bands, 
which the initial does not do. 
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Figure 6. The Initial fine model response; a:S-paramertres b: phase difference between Port2 and 3 

 

 

Figure 7: The Optimized fine model response; a:S-paramertres b: phase difference between Port2 and 3. 
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Table 1: The simulated and measured results 

Parameter Initial 
First band 

Initial 
Second band 

Optimized 
First band 

Optimized 
Second band 

Measured 
First band 

Measured 
Second band 

S11 (dB) <-10 dB <-10 dB <-10dB <-10dB <-10dB <-10dB 
S12 (dB) 3 ± 1 dB 3 ± 1 dB 3 ± 1 dB 3 ± 1 dB - - 
S13 (dB) 3 ± 1 dB 3 ± 1 dB 3 ± 1 dB 3 ± 1 dB - - 
S14 (dB) <-10 dB <-10 dB <-10dB <-10dB <-10dB <-10dB 
Phase 

difference 
90° ± 10° 90° ± 10° 90° ± 10° 90° ± 10° - - 

Operating 
frequency 

(GHz) 

0.76-0.84 1.76-1.88 0.8-0.92 1.88-2 0.8-0.94 1.84-2.04 

 

 
Figure 8: Photograph of the fabricated prototype 

 
Figure 9: simulated and measured S11 

5. Conclusion 

A dual-band BLC with SISBL for 5G NR applications has been 
designed. The coupler performance is further improved through 
optimization of his physical dimensions, using an adjusted Tuning 
Space Mapping to work for more complex microwave circuits 
such as our design. The simulated and measured results show that 
S11 are less than -11dB, within the frequency range of 0.82-0.92 
GHz (first band), and within 1.88-2 GHz (second band). The 
method used permits rapid optimization with accurate results 
obtained after only one iteration. 
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