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Abstract: - A compact hybrid rat-race coupler with dual-band behavior at 2.4 GHz, respectively at 5.2 GHz is 
presented. The transmission lines used for the design consist of three impedance inverter symmetrical unit cells 
with complementary behavior. The implementation with real lumped elements shows a very good agreement 
between the ideal case and the real one. The simulations for the real implementation of the return and isolation 
losses are around 40 dB, while the insertion and coupling losses are around 3.5 dB at both frequencies. The 
phase difference at the output ports shows an imbalance of ±1o from the ideal case. 
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1  Introduction 
Hybrid rat-race couplers are very common in the 
microwave domain. They are used to divide power 
and ensure a phase difference of ±180o between the 
output signals. Their main drawbacks are the fact 
they work for only one frequency, and they have a 
relatively narrow bandwidth, [1], [2].  

On the other hand, nowadays the trend in 
telecommunications is to use multi-band devices 
with improved performances and reduced 
dimensions, [3], [4]. To achieve these goals with 
microwave circuits, new types of materials are 
introduced. It is the case of metamaterial 
transmission lines, also known as Left-Handed 
transmission lines (LH TLs) which are created by 
chaining a certain number of unit cells with a length 
much smaller than a quarter of the wavelength, [5].  

There are several types of such lines, but the 
ones that are mostly used in applications are the 
Composite Right Left-Handed (CRLH) [6] and Dual 
Composite Right Left-Handed (D-CRLH) [7]. As 
the names suggest they exhibit both Right Handed 
and Left Handed properties which allows them to be 
used for dual-band devices: branch line couplers [8], 
[9], rat race couplers [10], [11], power dividers [12], 
[13], diplexers [14], [15] in various technologies: 
microstrip, stripline, coplanar, lumped [16], [17], 
[18], [19]. Also, they have dual behavior: the CRLH 
lines show a bandpass characteristic, while the D-
CRLH lines show a stopband one [20], [21]. When 
designing such transmission lines, it is very 

important to consider if the working frequencies are 
in the bandwidth which assures propagation, 
otherwise, the number of cells must be increased 
[2], [7]. Sometimes this is not a viable solution 
because both the losses and dimensions will 
increase as well.  

To overcome these drawbacks, we present in 
this paper miniaturized CRLH and D-CRLH 
transmission lines designed to work for two 
arbitrary frequencies as impedance inverters and 
have enhanced bandwidth.  
 

 

2 Dual Band Artificial Transmission 

 Lines   
It is known that the conventional rat-race coupler 
consists of three identical λ/4 transmission lines and 
one 3λ/4 line, where λ is the wavelength 
corresponding to a frequency imposed by the 
application. It means that the first type of line 
introduces a 90-phase difference, while the second 
type introduces a 270o/-90o phase difference at the 
imposed frequency. As shown, the classical 
transmission lines are single-band components, and 
consequently, the coupler which is designed with 
these lines is a single-band component as well.  

In this paper, we aim to transform the classical 
single-band component into a dual-band one, by 
replacing the classical transmission lines with dual-
band ones, such as Composite Right Left-Handed 
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(CRLH) and Dual Composite Right Left-Handed 
(D-CRLH). In this paper the first transmission line 
is replaced by a new dual-band D-CRLH TL which 
introduces a phase shift of ±90o for two arbitrary 
frequencies and the second line is replaced by a new 
dual-band CRLH TL which introduces a phase shift 
of 90o at the two working frequencies.  

Each artificial transmission line consists of an 
odd number of unit cells and each unit cell 
introduces a phase shift of ±90o/ 90o.  

The CRLH unit cell consists of an inductor, 
with inductance LR in series with a capacitor, of 
capacitance CL, placed in the longitudinal branch, 
respectively of an inductor, with inductance LL in 
parallel with a capacitor of capacitance CR, placed in 
the transversal branch.   

The D-CRLH unit cell, consists of other lumped 
components placed in a dual configuration: a 
parallel connection between LR and CL in the 
longitudinal branch and a series connection between 
LL and CR in the transversal branch. The constitutive 
parameters given by LR, CR, LL and CL depend on 
the two arbitrary frequencies, ,  and the 
characteristic impedance, . The computational 
relations for one CRLH unit cell are [22]: 

     (1) 
 

    (2) 
 

   (3) 
 

;     (4) 
 

respectively for one D-CRLH unit cell, [23]:  

    (5) 
 

                (6) 
 

   (7) 
 

;     (8) 

where 𝑍𝑐 is the characteristic impedance of the 
transmission line and 𝑘 = 𝜔2 𝜔1⁄  represents the 
ratio between the two angular working frequencies. 

 
If we want the power to be divided equally by 

the rat-race coupler, then the characteristic 
impedance for all transmission lines is set to 
ZC=70.71 Ω. Also, the microwave frequencies are 
chosen from 5G standards: f1=2.4 GHz, respectively 
f2=5.2 GHz. In these conditions we compute using 
relations (1)-(4) and (5)-(8) the values for the 
constitutive lumped elements of one CRLH unit 
cell: LR=4.0192 nH, CL=0.5049 pF, LL=2.5249 nH, 
CR=0.8038 pF., respectively for one D-CRLH unit 
cell: LL=4.0192 nH, CR=0.5049 pF, LR=2.5249 nH, 
CL=0.8038 pF. 

As we want to increase the bandwidth of the 
artificial transmission line, three-unit cells instead of 
one will be chosen for the design. 

The scheme of the ideal CRLH transmission 
line is presented in Figure 1 and its performances 
obtained after simulation with Ansoft Designer SV 
are given in Figure 2 and Figure 3. Markers are 
placed in both figures at the imposed frequencies to 
measure the values of the simulated parameters.  

 

 
Fig. 1: The ideal inverter CRLH transmission line 
with three cells 
 
 

 
Fig. 2: Return loss, S11, and insertion loss, S21 for the 
ideal inverter CRLH transmission line with three 
cells 
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Fig. 3: Phase difference for the ideal inverter CRLH 
transmission line with three cells 
 

Figure 2 shows that port 1 is perfectly matched 
(there are no reflections at port 1 and the whole 
power at port 1 is transferred to port 2, the output 
port), so the return loss is very high, ideally infinite 
at the two imposed frequencies: -83.53 dB, 
respectively -76.91 dB. Also, in Figure 2 we 
observe that the insertion loss is 0 dB, at both 
imposed frequencies, showing we have full transfer 
from the input port to the output port, as in the 
theoretical model. 

Nevertheless, Figure 3 shows that the phase 
difference is -89.99o for the first frequency, 
respectively 90.03o for the second frequency in 
comparison to -90o, respectively 90o in the 
theoretical case. 

Next, a comparison between the results obtained 
for a CRLH transmission line with one unit cell, 
three-unit cells and five-unit cells is carried. The 
algorithm to design the lines in all three cases is 
similar to the one presented previously. Based on 
the simulations in the ideal case and imposing a 
variation of the insertion loss of 0.2 dB in the ideal 
case, the values for the bandwidth are given in Table 
1.  
 

Table 1. The bandwidth-BW for the ideal CRLH 
transmission lines with one-unit cell, three-unit 

cells, and five-unit cells 
Operating central 

frequency 

f1=2.4 GHz f2=5.2 GHz 

One unit cell TL BW 
[GHz] 

0.51 1.12 

Three-unit cells TL 
BW [GHz] 

0.76 1.41 

Five-unit cells TL 
BW [GHz] 

0.5 1.02 

 
So, the results from Table 1 show that the 

largest bandwidth is obtained for three unit-cells 

transmission line, and this one will be implemented 
using real components. 

For the lumped elements, Surface Mounted 
Devices (SMDs) are chosen to have a high-quality 
factor at high frequencies and low parasitic 
elements. The selected packages are chip, 0603 
type, with the following dimensions: length-
1.55±0.05 mm, width-0.85±0.05 mm, height- 
0.45±0.05 mm (60 x 30 x 20 mil, in Imperial 
System). The small-size chip passive components 
help to minimize the overall circuit. The lumped 
elements used to implement the coupler are AVX 
Accu-L 0603 for inductors with a quality factor of 
around 60 and tight tolerances of ±0.1 nH, 
respectively AVX UQCS for capacitors, having a 
quality factor of around 250. Another aspect to be 
considered in the design is the fact that the 
standardized values are far from the computed ones, 
so, series and parallel groups are needed to achieve 
overall values as close as possible to the computed 
ones. The combinations for the CRLH transmission 
line are given in Table 2.  

The markers placed at the two working 
frequencies to measure the values of the 
transmission parameters show that the implemented 
CRLH transmission line can be used to create the 
coupler. 
 
Table 2. Real components for the implementation of 

the CRLH transmission lines 
Lumped 

elements 

Ideal 

case 

Available components 

LR/2 [nH] 4.0192 1.8 nH in series with 2.2 
nH =4 nH 

LR [nH] 8.0384 3.3 nH in series with 4.7 
nH=8 nH 

LL [nH] 2.5249 2.7 nH in parallel with 2.7 
nH in series with 1.2 nH 
=2.55 nH 

2CL [pF] 0.50499 0.5 pF 
CL [pF] 0.252495 0.2 pF in parallel with 0.1 

pF in series with 0.1 pF 
=0.25 pF 

CR [pF] 0.8038 0.8 pF 
 

After implementation, a simulation of the 
performances is run with Ansoft Designer SV and 
the results are given in Figure 4 and Figure 5. 

When using real components, there can be 
noticed the influence of the losses, especially for the 
values of the insertion loss which is now -0.39 dB, 
respectively -0.34 dB at the two frequencies instead 
of the 0 dB in the ideal case. Also, because of the 
losses and approximations, the return loss is -38.28 
dB, respectively -45.39 dB for the two frequencies 
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and not -83.53 dB, respectively -76.91 dB as in the 
ideal case. The phase difference remains very close 
to the ideal 90o being -89.77o, respectively 92.38o, 
thus allowing us to use this type of transmission line 
for our further design.  

 
Fig. 4: Return loss, S11, and insertion loss, S21 for the 
implemented inverter CRLH transmission line with 
three cells 
 

 
Fig. 5: Phase difference for the implemented 
inverter CRLH transmission line with three cells 
 

The second type of transmission line is the D-
CRLH one made of three identical unit cells, as 
presented in Figure 6. The results after simulation 
with Ansoft Designer SV for the ideal case are 
given in Figure 7 and Figure 8. 

In Figure 7 one can see the stop-band behavior 
of the D-CRLH transmission line, different from the 
pass-band behavior of the CRLH transmission line 
(Figure 2). 

Figure 7 shows that port 1 is perfectly matched 
(there are no reflections at port 1 and the whole 
power at port 1 is transferred to port 2, the output 
port), so the return loss is very high, ideally infinite 
at the two imposed frequencies: -103.89 dB, 
respectively -96.99 dB. Also, in Figure 7 we 

observe that the insertion loss is 0 dB, at both 
imposed frequencies, showing we have full transfer 
from the input port to the output port, as in the 
theoretical model. Nevertheless, Figure 8 shows that 
the phase difference is 90.01o for the first frequency, 
respectively -89.97o for the second frequency in 
comparison to 90o, respectively -90o in the 
theoretical case. 

Fig. 6: The ideal inverter D-CRLH transmission line 
with three cells 
 

 
Fig. 7: Return loss, S11, and insertion loss, S21 for the 
ideal inverter D-CRLH transmission line with three 
cells 
 

 
Fig. 8: Phase difference for the ideal inverter D-
CRLH transmission line with three cells 
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Next, a comparison between the results obtained 
for a D-CRLH transmission line with one unit cell, 
three-unit cells and five-unit cells is done. The 
algorithm to design the lines in all three cases is like 
the one presented previously. Based on the 
simulations in the ideal case and imposing a 
variation of the insertion loss of 0.2 dB in the ideal 
case, the values for the bandwidth are given in Table 
3.  
 
Table 3. The bandwidth-BW for the ideal D-CRLH 

transmission lines with one-unit cell, three-unit 
cells, and five-unit cells 

Operating central 

frequency 

f1=2.4 GHz f2=5.2 GHz 

One unit cell TL BW 
[GHz] 

0.53 1.34 

Three-unit cells TL 
BW [GHz] 

0.8 2.14 

Five-unit cells TL 
BW [GHz] 

0.97 2.3 

 
So, the results from Table 3 show that the 

largest bandwidth is obtained for three unit-cells 
transmission line, and this one will be implemented 
using real components. 

Also, if we compare the bandwidths for three-
cells CRLH and D-CRLH TLs, we can observe that 
the largest bandwidth is obtained for D-CRLH line 
and this justifies using it to replace three classical 
lines rather than just one.  

In Figure 8, by analyzing the values of the phase 
difference at the two working frequencies given by 
the two markers, one can see the dual behavior of 
the D-CRLH line in comparison with the behavior 
of the CRLH one. Again, we have a great agreement 
between simulation and theory.  

The next step, as in the case of the CRLH 
transmission line, is to implement the line with real 
available components. We also use AVX Accu-L 
0603 for inductors and AVX UQCS for capacitors 
with the same characteristics explained in the case 
of the CRLH TL implementation. The series and 
parallel combinations of components for the D-
CRLH transmission line are given in Table 4.  

The results of the simulation with Ansoft 
Designer SV are the ones in Figure 9 and Figure 10.  

In Figure 9 there are placed markers at the two 
working frequencies to measure the return loss and 
insertion loss, meanwhile in Figure 10, the markers 
are placed at the two frequencies to measure the 
phase difference introduced by the real D-CRLH 
transmission line. 

 
 

Table 4. Real components for the implementation of 
the D-CRLH transmission lines 

Lumped 

elements 

Ideal 

case 

Available components 

LR/2 [nH] 2.5249 2.7 nH in parallel with 
2.7nH in series with 1.2 
nH=2.55 nH 

LR [nH] 5.0498 10 nH in parallel with 10 
nH=5 nH 

LL [nH] 4.0192 1.8 nH in series with 2.2 nH 
=4 nH 

2CL [pF] 0.8038 0.8 pF 
CL [pF] 0.4019 0.4 pF 
CR [pF] 0.50499 0.5 pF 
 

When using real components, there can be 
noticed the influence of the losses, especially for the 
values of the insertion loss which is now -0.37 dB, 
respectively -0.35 dB at the two frequencies instead 
of the 0 dB in the ideal case. Also, because of the 
losses and approximations, the return loss is -31.87 
dB, respectively -35.31 dB for the two frequencies 
and not -103.89 dB, respectively -96.99 dB as in the 
ideal case.  

 
Fig. 9: Return loss, S11, and insertion loss, S21 for the 
implemented inverter D-CRLH transmission line 
with three cells 

 
Fig. 10: Phase difference for the implemented 
inverter D-CRLH transmission line with three cells 
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The phase difference remains very close to the 
ideal ±90o being 90.58o, respectively -87.47o, thus 
allowing us to use this type of transmission line for 
our further design.  

The results obtained for the CRLH and D-
CRLH transmission lines implemented with real 
components with a finite quality factor show that the 
losses appear and affect both the return loss and the 
insertion loss, but still the performances are as 
expected. 
 
 
3 Dual Band Differential Hybrid 

Coupler 
The differential hybrid coupler is implemented as 
suggested previously in Chapter 2 with CRLH and 
D-CRLH inverter transmission lines. As shown in 
Figure 3 and Figure 8, the CRLH line introduces -
89.99o at 2.4GHz, respectively 90.03o at 5.2GHz, so 
it acts as a 3λ/4 classical line but at two arbitrary 
frequencies, while the D-CRLH line introduces 
90.01o at 2.4GHz, respectively -89.97o at 5.2GHz, 
so it acts as a λ/4 classical line but at two arbitrary 
frequencies. These observations remain valid for the 
real-case implementation of the transmission lines.  

In order to make a comparison between the 
ideal and real coupler, we have created the real 
coupler with port 1 as the input port, port 2 as the 
transmission port, port 3 as the isolated port, and 
port 4 as the coupled port and the ideal coupler for 
which port 5 is the input port, port 6 is the 
transmission port, port 7 is the isolated port and port 
8 is the coupled port. In Figure 11 there are given 
the results of the return loss for the real and ideal 
coupler, S11 and S55, and of the isolation loss for the 
real and ideal coupler, S31 and S75. 

 

 
Fig. 11: Return loss, for the real and ideal coupler, 
S11 and S55, respectively the isolation loss for the 
real and ideal coupler S31, respectively, S75 

 

It can be seen that the ideal and real case exhibit 
similar characteristics, the only difference is the 
values of the parameters at the two working 
frequencies. In the real case, the values for the 
return loss are 32.21 dB , respectively 39.76 dB in 
comparison to 88.03 dB , respectively 85.2 dB. For 
the isolation loss, in the real case there have been 
measured 41.42 dB, respectively 40.65 dB in 
comparison to 94.77 dB, respectively 88.13 dB in 
the ideal case. These values are smaller than in the 
ideal case, because of the losses modeled by the 
finite quality factor considered for the lumped 
components. Also, the approximations done when 
the implementation with real components was 
carried out led to some small frequency shifts in the 
case of the return loss, for the second bandwidth, so 
that the best value is obtained for 5.25 GHz instead 
of 5.2 GHz as imposed by design.  

In Figure 12 there are given the results for the 
insertion and coupling loss for the real and ideal 
coupler case of the coupler (S21, respectively S65 and 
S41, respectively S85). 

Based on the data in Figure 12, we can 
determine for real components that the insertion loss 
and coupling loss are around 3.5 dB instead of 3 dB 
as desired in the ideal case. This fact shows that the 
losses play an important role, so high-quality 
components are needed to implement the coupler. 
Otherwise, we notice that the behavior of the 
coupler even with real components is as expected in 
the ideal case.  

 

 
Fig. 12: Insertion loss for the real (S21) and ideal 
coupler (S65) and coupling loss for the real (S41) and 
real ideal (S85) 
 

In Figure 13, there is depicted the phase 
difference between the signals at the output ports in 
the real and ideal coupler case.  
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Fig. 13: Phase difference between the signals at the 
output ports in the real and ideal coupler case 
implementation of the rat race coupler 
 

For the real case, a phase difference of -181.04o, 
respectively 178.88o is determined rather than -180o, 
respectively 180o in the ideal case. This means that 
the losses do not affect the phase difference between 
signals at the output ports. 

The data discussed previously are synthesized 
below. For a better comparison between the results 
obtained in the ideal case and the real one, the main 
parameters are given in Table 5 at the two imposed 
frequencies. 
 
Table 5. The main parameters for real and ideal rat 

race coupler 
Operating 
frequency 

f1=2.4 GHz f2=5.2 GHz 

Type of coupler Ideal Real Ideal Real 
Return loss  [dB] 88.03 32.21 85.23 39.76 
Isolation loss [dB] 94.77 41.42 88.13 40.65 
Insertion loss  [dB] 3.01 3.52 3.01 3.46 
Coupling loss [dB] 3.01 3.59 3.01 3.52 
Phase difference at 
output ports [o] 

-180 -181 180 178.9 

 
The results from Table 5 show great agreement 

between the ideal and real cases. The coupler’s 
performances are similar at both frequencies and the 
dual band behavior is demonstrated. As expected, 
because of the approximations, the phase difference 
at the output ports shows an imbalance of ±1o from 
the ideal case. 

The effect of the losses can be seen especially 
for the insertion and coupling losses, so high-quality 
components are needed when designing the coupler.  

To evaluate the relative bandwidth, we impose 
in the real case for the return and isolation losses to 
be greater than 15 dB, BW15dB, and for the insertion 

and coupling losses to have an imbalance of ±1.5 
dB. 

By imposing the threshold of 15 dB for the 
return loss, we determine a frequency range between 
2.58 GHz and 2.22 GHz, respectively between 5.51 
GHz and 4.89 GHz, which means a relative 
bandwidth of 15%, respectively 12% for both 
central frequencies. Imposing the same threshold for 
the isolation loss, we determine a frequency range 
between 2.6 GHz and 2.2 GHz, respectively 
between 5.6 GHz and 4.7 GHz, which means a 
relative bandwidth of 16.6%, respectively 17.3% for 
both central frequencies. For the coupling loss we 
determine a bandwidth of 0.48 GHz, respectively 
1.04 GHz, which corresponds to a relative 
bandwidth of 20%, while the insertion loss shows a 
bandwidth of 0.55 GHz, respectively 1.25 GHz, 
which corresponds to a relative bandwidth of 24%.  

In literature, other dual-band rat-race couplers 
have been reported with different performances. In 
[12], there is proposed a coupler designed using 
stepped impedance stub lines, which has a relative 
bandwidth for the insertion loss of 21% for the 2.4 
GHz and 12% for 5.8 GHz, instead of 24% as in this 
paper for similar frequencies.  

The coupler presented in [24] is implemented 
using differential bridged-T coils and for it there are 
reported an input return loss of 24.2 dB and an 
isolation loss of  38.2 dB at 2.45 GHz. At the second 
frequency, 5.5 GHz, the input return loss is 17.3 dB, 
whereas the isolation loss is 22.3 dB.  

Another rat-race coupler is reported in [25] and 
is designed using synthetic transmission lines. The 
relative bandwidth for this coupler, determined by 
imposing a 10 dB threshold for the isolation loss is 
42 % for the 2.45 GHz and 4.27 % for 5.8 GHz.  

The coupler proposed in this work has similar 
performances at both frequencies and they are 
mostly better than the ones reported in literature.  

If we compare the results obtained in this study 
to the ones from a classical single-band rat-race 
coupler, implemented in microstrip technology, then 
imposing the same conditions, we compute a 
relative bandwidth for the coupler of around 30 %.  

Even if the bandwidth is 10 % larger, the main 
disadvantage is working at only one frequency. 
Instead, the proposed coupler works for both 
frequencies with similar performances and slightly 
smaller bandwidths and improved performances 
than the reported couplers in literature.  
 

 

4  Conclusion 
In this paper, we present a rat race coupler designed 
using the novel Composite Right Left-Handed and 
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Dual Composite Right Left-Handed transmission 
lines with enhanced bandwidth for dual-band 
behavior at 2.4 GHz and 5.2 GHz. Their dual 
behavior in frequency helps minimize the 
dimensions but provides very good performances at 
two microwave arbitrary frequencies, 2.4 GHz and 
5.2 GHz.  

To enhance the bandwidth, we considered for 
each transmission line three-unit cells that act as 
inverters. We have determined the bandwidth for 
one-unit cell, three-unit cells, and five-unit cells 
CRLH and D-CRLH transmission lines and we 
concluded that the largest bandwidth with minimum 
components is obtained for three-unit cells D-CRLH 
transmission lines. This allows us to implement the 
coupler in this topology to enhance the overall 
bandwidth. The implementation is done with  SMD 
lumped components with high quality to reduce the 
overall losses. Also, series and parallel groups are 
needed to achieve equivalent values for the lumped 
elements as close as possible to the computed ones. 
This ensures very small shifts in frequency. 

The newly proposed rat race coupler shows very 
good agreement between the performances in the 
ideal case and the real one. The return and coupling 
losses are around 40 dB, while the insertion losses 
are around 3.5 dB. Also, the phase imbalance is 
around ±1o for both frequencies. We have obtained a 
bandwidth of 24% for both frequencies for the 
isolation loss and 20% for the return loss. These 
performances are improved when compared to the 
similar couplers reported in the literature.  
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