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Design of Planar Directional Coupler using 2-Bit Fragment Structures
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Abstract – Automatic design of planar directional cou-
pler can be implemented by multi-objective optimization
searching for the optimal planar fragment-type structure
(FTS). The 2-bit FTS description scheme may include
necessary fine structures in fragments to enhance the
FTS design. By coding the coupler design space on
PCB in 2-bit FTS, defining the FTS design matrix, and
searching for the optimal structure, directional coupler
can be designed without any structure presetting or artifi-
cial intervention. The scheme is demonstrated by design-
ing 10-dB wideband directional coupler with 2-bit FTS
scheme. The designed directional couplers are fabricated
and tested to show maximum directivity of 58 dB with
36% operation bandwidth.

Index Terms – directional coupler, fragment-type, direc-
tivity, modeling, optimization.

I. INTRODUCTION
Microstrip directional couplers are widely used in

RF/microwave systems. Traditional microstrip direc-
tional couplers are based on coupled lines, which have
limited directivity and bandwidth due to the phase veloc-
ity difference between the odd and even modes [1].

In order to improve the directivity and bandwidth,
different design techniques have been proposed to seek
more appropriate coupler structure. Based on the idea of
distributed compensation, planar artificial transmission
lines [2] and lumped elements [3–5] have been used to
enhance the coupler performance, and generate directiv-
ity higher than 20 dB. Multilayer structure is proposed

in [6] to improve the minimum directivity to 20 dB over
a bandwidth of 10% for coupling of 14.3 dB. A 10-dB
directivity-enhanced coupler is designed in [7] by using
epsilon negative transmission line, which yields a direc-
tivity above 20 dB in a bandwidth of 8.7%. A 15-dB
coupler of directivity higher than 22 dB is designed in
[8] by using multiple narrow strips and an open slot on
the ground. Asymmetric multi-section stripline is pro-
posed in [9] to improve the minimum directivity to 25
dB over a bandwidth of 55% for 18.5 dB coupling. A
10-dB coupler using multi-mode resonator is reported in
[10] to present a minimum directivity of 25 dB within
a bandwidth of 24%. Periodic metallic cylinders are set
on microstrip lines to design 12dB coupler of directivity
of 46 dB in [11]. For all these designs, canonical struc-
tures of certain types play important roles in the coupler
designs.

Recently, a design scheme by using fragment-type
structure (FTS) is proposed in [12] to challenge the high
directivity and broad bandwidth. The FTS-based planar
directional coupler presents a minimum directivity of 37
dB in a relative bandwidth of 45% for 20 dB coupling,
and directivity of 28.7 dB in 29% bandwidth for 10 dB
coupling [12]. In the FTS designs, appropriate narrow
slots are preset to ensure efficient searching for the opti-
mal FTS structure to define the coupler.

To improve the design performance and optimiza-
tion efficiency, 2-bit FTS has been considered in planar
low-pass filter design [13]. It is shown that the design of
low-pass filter with the 2-bit FTS elements can acquire
higher roll-off rate, wider stopband width, and higher
stopband suppression with shorter optimization time, if
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Fig. 1. Elements proposed for the 2-bit FTS scheme.

compared with the design using conventional 1-bit FTS
scheme.

In this paper, 2-bit FTS design scheme is proposed
for automatic design of high-performance microstrip
directional coupler. The appropriate 2-bit FTS elements
for directional coupler, the coding for the enhanced FTS
design matrixes, and the multi-objective optimization
searching for the optimal FTS directional couplers are
presented in Section II. In Section III, the proposed 2-bit
FTS scheme is demonstrated by challenging the 20 dB
and 10 dB planar directional couplers.

II. MULTI-OBJECTIVE OPTIMIZATION
SCHEME FOR FTS-BASED DIRECTIONAL

COUPLER
With no loss of generality, we consider a design

space of dimensions a×b on PCB for directional cou-
pler. Suppose the design space is to be discretized into
cells of dimensions w×l, the design space is gridded into
cells of number of m×n=(a/w)×(b/l).

When 2-bit FTS is used for high performance
design, appropriate fine or subtle structures on FTS ele-
ments are required.

A. Structure description with 2-bit FTS
For planar directional coupler, we may choose the 2-

bit FTS elements as shown in Figure 1, where two of the
FTS elements bear thin metal lines of the width s in verti-
cal and horizontal directions, respectively. By assigning
binary codes 00, 01, 10, and 11 to different elements, the
2-bit FTS can be coded.

For the 2-bit FTS elements, different thin lines and
slots can be defined by setting different fine structure
parameters g and s. The vertical thin line in element “10” is
set to extend outside the cell in y-axis direction by w1 and
w2, which ensure the connection with the adjacent cell
“01.” The gap coupling can be formed between adjacent
cells “01” and “11.” Note that the line width s may be set
according to the machining precision for PCB processing.
In the following design, it is set as s = 0.2 mm.

Figure 2 shows the structure coding for the 2-bit
FTS description by combining the 1-bit FTS coding and
a control matrix, which can be implemented in the fol-
lowing steps:

i. Discretize the space on PCB reserved for the
coupler.

Fig. 2. Structure coding for the 2-bit FTS scheme.

ii. Assign every cell with either “0” or “1” to form the
1-bit matrix, where “1” = metal and “0” = empty.

iii. Assign control code “1” or “0” to the 1-bit codes,
to form the 2-bit coding: “11” => full metal,
“10”=>vertical thin line, “01”=>horizontal thin
line, “00”=>empty.

iv. Define a control matrix with the control code “1”
and “0”.

v. Combine the 1-bit design matrix and the control
matrix to yield the 2-bit FTS design matrix.

The above 2-bit coding scheme clearly shows that
the 2-bit FTS design matrix is always twice the 1-bit
design matrix. To include the same thin lines and gaps
with the conventional 1-bit scheme, it will need a design
matrix enlarged at least to the size of (w/s)×(l/s), which
could be a huge and impractical decision space for multi-
objective optimization searching.

B. Objective functions for MOEA/D-GO
Multi-objective optimization searching can be used

for design of high-performance planar directional cou-
pler. The specifications of a directional coupler, such
as coupling level, return loss (RL) and isolation, can be
set as the key indicators for optimization. The objec-
tive functions for a directional coupler can be specified
as follows [12]:

f1 (x) = max
(

max
ω∈[ω1,ω2]

|S31|dB−C0,0
)
, (1)

f2 (x) = max
(

max
ω∈[ω1,ω2]

|S31|dB− min
ω∈[ω1,ω2]

|S31|dB ,δ

)
,

(2)

f3 (x) = max
(

Q− max
ω∈[ω1,ω2]

|S41|dB ,0
)
, (3)

f4 (x) = max
(

R0− min
ω∈[ω1,ω2]

|S11|dB ,0
)
, (4)

f5 (x) = max
(

BW − ω2−ω1

ω0
,0
)
, (5)

where [ω1, ω2] defines the desired band of the microstrip
directional coupler, |S31|dB indicates the coupling level,
|S41|dB indicates the isolation, and |S11|dB indicates the
return loss (RL).
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Objective function f 1(x) guarantees a coupling level
of C0 (in dB) in the desired band. The objective func-
tion f 2(x) ensures the stability of coupling level, and δ

is the maximum allowable fluctuation of coupling level.
Objective function f 3(x) controls the desired isolation is
greater than Q (in dB). Objective function f 4(x) ensures
that RL is greater than R0 (in dB). Objective function
f 5(x) assures the operation bandwidth, ω0 denotes the
center frequency and BW is the desired fractional band-
width.

With the above defined objective functions, the deci-
sion matrix for FTS can be optimized to yield the optimal
coupler structure. The multi-objective evolutionary algo-
rithm based on decomposition combined with enhanced
genetic operators (MOEA/D-GO) for 2-bit FTS [13] can
be used to search for the optimal design matrix.

III. COUPLER DESIGNS WITH 2-BIT FTS
For demonstration, the directional coupler is sup-

posed to be printed on a PCB of FR4 substrate (εr = 4.4,
tan δ = 0.02) and thickness of 1.6 mm. The design space
on PCB is 10.3 mm × 16.4 mm. In addition, the coupler
structure on PCB is supposed to have both the horizontal
and vertical symmetry so that the real design space for
FTS optimization searching is 5.15 mm × 8.2 mm.

For FTS modeling, the design space 5.15 mm × 8.2
mm is discretized into 12 × 6 cells so that the 2-bit FTS
scheme needs a design matrix of 12× 12, in which 12×
6 matrix is the control matrix, as shown in Figure 2.

The parameters defining the 2-bit FTS elements in
the Figure 2 are: w = 0.44 mm, l = 1.54 mm, l1 = 1.34
mm, s = 0.2 mm, g = 0.1 mm, w1 = 0.34 mm and w2 = 0.3
mm. By setting w = 0.44 mm and l = 1.54 mm, necessary
overlap between the adjacent cells can be guaranteed for
side or diagonal connection. In addition, g = 0.1 mm
ensures a small gap can be yielded.

A. Design of 20-dB directional coupler
For the 20-dB directional coupler, the design objec-

tives are set with C0 = 20 dB in eqn (1), with δ = 0.5
in eqn (2), Q = 70 in eqn (3), R0 = 40 in eqn (4), and
BW = 40% in eqn (5) to challenge high performance.
The coupler is desired to operate in band [ω1, ω2] =
[1.6 GHz, 2.4 GHz], which is a quite wide bandwidth for
PCB directional coupler. The bandwidth is evaluated in
terms of ±0.5 dB coupling level variation, 20 dB return
loss, and 20 dB directivity.

After implementing the MOEA/D-GO optimization
with the objectives in eqn (1)–(5), one of the optimal
layouts of the FTS-based 20-dB directional coupler is
shown in Figure 3. The optimization searching takes 50
iterations (around 65 hours on the computer with Intel
Core I7-8700@3.2GHz).

Figure 4 presents the simulated and measured S-
parameters. In the operation band, the simulated mini-

Fig. 3. The layout of 20-dB director with 2-bit FTS
scheme.

Fig. 4. S-parameters of the 20-dB directional coupler
with 2-bit FTS.

mum return loss is 33 dB, the maximum insertion loss
is 0.8 dB, the isolation is greater than 45 dB, and the
maximum isolation is 69 dB. The coupling level is
20 dB ± 0.5 dB in frequency band ranging from 1.5
GHz to 2.5 GHz, which gives a fractional bandwidth
of 50%.

Directivity of the 20-dB coupler can be calculated
from the S-parameters in Figure 4. The minimum direc-
tivity is Dmin = 27.5 dB and the maximum directivity is
Dmax = 49 dB in the operation bandwidth. Therefore,
the proposed 2-bit FTS can be used in design of wide-
band high-directivity 20-dB directional coupler without
any slot presetting.

B. Design of 10-dB directional coupler
For the 10-dB directional coupler, the design objec-

tives are set with C0 = 10 dB in eqn (1), with δ = 0.5
in eqn (2), Q = 70 in eqn (3), R0 = 40 in eqn (4), and



1613 ACES JOURNAL, Vol. 36, No. 12, December 2021

Fig. 5. The 10-dB directional coupler designed with 2-bit
FTS.

Fig. 6. S-parameters of the 10-dB directional coupler
with the 2-bit.

BW = 40% in eqn (5) to challenge high performance.
The coupler is desired to operate in band [ω1, ω2] = [1.6
GHz, 2.4 GHz].

After implementing the MOEA/D-GO optimization
with the same objectives, optimal layout of the 10-dB
directional coupler is obtained and prototype is fabri-
cated, as shown in Figure 5. The optimization searching
takes 50 iterations (around 80 hours on the abovemen-
tioned computer).

Figure 6 presents the simulated and measured S-
parameters. In the operation band, the simulated mini-
mum return loss is 40 dB, the maximum insertion loss
is 0.8 dB, the isolation is greater than 41 dB, and the
maximum isolation is 69.5 dB. The measured minimum
return loss is 37 dB, the isolation is greater than 38 dB,
and the maximum isolation is 68 dB.

Directivity of the fabricated coupler is calculated
from the measured S-parameters in Figure 6. The
minimum directivity is Dmin = 27.5 dB and the max-
imum directivity is Dmax = 58 dB in an operation
bandwidth of 36% (from 1.62 GHz to 2.34 GHz).

Table 1: Comparison between different 10-dB direc-
tional couplers

Designs f 0 Bandwidth Dmin Dmax Design area
(GHz) (dB) (dB) (λ g×λ g)

[4] 1 27.7% 20 28 0.2×0.03
[7] 2 8.7% 20 40 0.35×0.46

[10] 6.2 24% 15 30 0.9×0.29
[12]∗ 2 29% 28.7 44.6 0.25×0.1

2-bit FTS 2 36% 27.5 58 0.25×0.1
∗simulation results only.

The phase difference between Port 2 and Port 3 is
90◦±0.5◦.

C. Reference formatting
Since the 20-dB directional coupler design with 1-

bit FTS in [12] provides the most competitive perfor-
mance, we may just compare the designed coupler with
the 1-bit FTS coupler in [12]. We find that the 2-bit FTS
coupler presented in this paper acquires broader band-
width of 50%, which is 40% provided by 1-bit FTS
coupler in [12]. And the maximum directivity is 49
dB, which is slightly higher than that obtained by 1-bit
FTS coupler in [12]. But lower minimum directivity is
obtained to be 27.5 dB, which is 37 dB acquired by 1-bit
FTS coupler in [12]. However, it is still higher than the
minimum directivities (around 20 dB) of wideband pla-
nar directional couplers designed by using conventional
structures and techniques.

As for the 10-dB coupler, comparison with other
10-dB directional couplers reported in literatures are
listed in Table 1. The FTS couplers designed with
the 2-bit FTS scheme provide broader bandwidth and
higher directivity. In addition, they have a compact
size.

IV. CONCLUSION
The 2-bit FTS scheme can be used for automatic

design of microstrip directional coupler. With the 2-bit
FTS coding, design matrix of size twice that for conven-
tional 1-bit FTS can be acquired, which is very efficient
for treating fine or subtle structures in the multi-objective
optimization searching. The automatic design of planar
directional couplers can complete in days without any
apriority about coupler structures, any structure preset-
ting or artificial intervention.
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