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Metamaterial CRLH Structure-based Balun for Common-Mode  
Current Indicator 

 
 

Sungtek Kahng*, Jinil Lee*, Koon-Tae Kim** and Hyeong-Seok Kim† 
 

Abstract –– We proposed a new PCB-type ‘common-mode current(Ic) and differential-mode 
current(Id) detector’ working for fast detection of Ic and Id from the differential-mode signaling, with 
miniaturization effect and possibility of cheaper fabrication. In order to realize this device, we suggest 
a branch-line-coupler balun having a composite right- and left-handed(CRLH) one-layer microstrip 
phase-shifting line as compact as roughly λg/14. The presented balun obviously is different from the 
conventional bent-&-folded delay lines or slits on the ground for coupling the lines on the top and 
bottom dielectrics. As we connect the suggested balun output ports of the differential-mode signal lines 
via the through-port named U and coupled-port named L, Ic and Id will appear at port Δ and port Σ of 
the present device, in order. The validity of the design scheme is verified by the circuit-and numerical 
electromagnetic analyses, and the dispersion curve proving the metamaterial characteristics of the 
geometry. Besides, the examples of the Ic and Id indicator are observed as the even and odd modes in 
differential-mode signal feeding. Also, the proposed device is shown to be very compact, compared 
with the conventional structure. 
 

Keywords: Metamaterial, Balun, Common-mode current detection, Composite right- and Left-
handed, Phase shifter. 

 
 
 

1. Introduction 
 
Taking a look at the electric and electronic equipment in 

the past, it was harder to carry due to the larger physical 
volume and weight, but it has been circumvented through 
innovative fabrication and material technologies tagging 
along with advanced design methodologies. One 
technology is to change separate functional circuitries to 
the multilayers of printed circuit board (PCB). Therefore, 
PCBs re found in almost every electronic device these days. 
Typically, A PCB has a densely population of digital and 
analogue blocks that are interconnected with SMTs, signal 
lines, and so on. Pulses are generated and delivered from 
the driver of the digital block to a receiving component 
along the signal paths as traces or vias through slots, and 
may be interfered by undesirable electromagnetic 
interactions, causing the common-mode current, ground-
bounce and SI problems [1]. 

To make an effort to mitigate unwanted coupling, 
crosstalk and radiated emission for higher level SI, one 
metal line above the conducting ground as a transmission 
line is prone to pick up a noise from the nearby 
discontinuity and will be substituted by a pair of balanced 
metal lines. It is called differential-mode signal feeding 

which makes sure the reduction or removal of the 
common-mode current generated from the imbalance 
between the signal line and the ground [2-4]. P. E. 
Fornberg reported that the non-ideal return current will 
influence the differential-mode signaling [2]. A fast 
computation method was given by S. Kahng to observe the 
occurrence and portion of the common-mode current from 
differential-mode lines [3]. In order to suppress the 
common-mode current due to the differential signals crossing 
the slit ground, H.-H. Chuang employed two quarter-
wavelength stubs parallel to the slit on the ground [4]. 

To tackle the common-mode current(Ic) and its radiated 
emission from the differential signaling practice, it is 
required to evaluate Ic and Id from the balanced feeding 
lines of a device. To detect Ic on a cable, RF clamp-on 
electric current probes can be adopted, where the probe 
needs to be positioned around the cable [5]. Similar to this 
case, magnetic material core loops are used to tell Ic from 
Id of a line, and Ic will be suppressed by the magnetic field 
polarity as well as the direction of turns [6]. The working 
principle of a balun is addressed in [7], but this has to 
entail ferrites not as a flat component as in [5, 6]. On the 
contrary, a flat and integrated balun is given to produce a 
high CMRR(common mode rejection ratio) level, while it 
is not aimed at distinguishing Ic from Id [8]. 

We here propose a small, flat, light Ic and Id indicator to 
overcome the aforementioned shortcomings. This is a 4-
port balun as a microstrip line device equipped with a 
CRLH phase shifting segment. The previous baluns have 
apertures on the PEC ground in several layers, which 
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renders them heavier and more costly [9, 10]. Kumar bends 
2 transmission lines, loads them with discrete capacitors 
and couples them as in [11] where the design steps are not 
expressed. Nevertheless, the suggested balun is completely 
printable not needing loading elements and has a small 
CRLH 90o-phase shifter at the upper output of a 90o-
difference branch-line coupler. This metamaterial-based 
balun has the through port named U and coupled port 
named L that are cascaded to the 2 differential-mode lines, 
and Port Δ as an output of the balun will produce Id 
dominantly, and Port Σ as the other output port of the balun 
will produce Ic mainly. Hence, to shed a light on the design 
scheme, we bring the specifications first, and the process 
starts from the circuital configuration and formulae for the 
CRLH phase shifting segment plugged into the balun’s 
schematic comprising a branch-line coupler the phase 
shifter. This is confirmed by the circuit- and numerical 
electromagnetic analyses and the extraction of the 
dispersion diagram. To check the detection of the Ic and Id, 
we excite the device at the even- and odd modes. Let alone, 
it is mentioned that the proposed design has effective size-
reduction, compared to the conventional method. 

 
 

2. Proposed Metamaterial Phase Shifter  
and Compact Balun 

 
Ic and Id detection is performed by the balun that is 

connected to the differential-mode signal lines as given in 
Fig. 1. The 180o-phase difference between Through and 
Coupled ports is created by the balun with Port Δ as the 
input, Port Σ terminated , and additional phase deviation by 
90o from the upper output(Through) of the branch-line 
coupler. According to the conventional technique, the quarter- 
wavelength segment is attached to the output port for the 
further 90o-phase change which results in the growth in the 
size, inter-output imbalance, and insertion loss. To attack 
the drawback, we put the non-linear dispersive metamaterial 
characteristic to use as practiced in [12-14] that brings us 
effective size-reduction from adding a quarter-wavelength. 
For your notes, like [12-14], the compact phase shifter is a 

CRLH resonator that enables the device to meet the 
required phase change at the target frequency, and has the 
zeroth order resonance (ZOR)e for remarkable. Prior to 
designing the metamaterial phase shifter-embedded balun, 
the specifications are introduced in the table below. 

Particularly, we want the balun to be potentially used for 
an LTE band, for example, 1.2GHz~1.7GHz. As presented 
in Fig. 1, Port Δ is the input port with Port Σ as the 
terminated port, and Port Through and Port Coupled are 
designated as output ports 2 and 3, where |S11|, |S21|, |S31| 
and |S23| should be ≤ -15dB, -3dB, -3dB and ≤ -15dB, 
respectively in the band. Most importantly, |∠S31 -∠S21| 
should be 180o at 1.5GHz, as the balun. To meet the 
specifications above, the CRLH phase shifter is to generate 
the 90o-phase deviation and plugged into the branch-line 
coupler output. Reminding that the ZOR (no phase 
variation) of the CRLH geometry is instrumental to 
shortening the overall size, the 90°-phase change should 
occur at frequency(1.5GHz in this paper) and the ZOR at 
another frequency(2GHz in this paper). Ahead of the 
acquisition of the L’s and C’s, the building block circuit of 
the 90°-phase shifter is assumed like the following.  

RH resonance is explained by LR and CR, while LH 
resonance goes with LL and CL, the details of which are 
elaborated on in [12-14]. Because of the LH property 
coexisting with the RH characteristics, the dispersion 
diagram has a non-linear curve that ZOR is created by the 
combination of the negative propagation constant with the 
positive one. If the proposed CRLH device makes +90o at 
port 2, while port 2 has 0° with -90° at port 3, ports 2 and 3 
have the 180° phase difference in between. So, the L’s and 
C’s are formulated as the following, taking into account 
90° at ω1(=2πf1 ) and 0° at ω2(=2πf2). 
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Fig. 1. Balun cascaded to the differential-mode signal lines.
 

Table 1. Specifications on the suggested balun design. 

Items Values 
Band 1.2GHz ~ 1.7GHz 

Return loss (|S11|) ≤ -15dB 
Outputs (|S21|, |S31|) ≤ -3±1dB 

Isolation (|S23|) ≤ -15dB 
Phase difference 180° 

 
Fig. 2. Equivalent circuit of the CRLH phase shifter. 
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where βi·N·p denotes the phase with N unit-cells, and we 
set N=1 and the size of the unit cell p=λg/14 for our design 
much less than one wavelength λg. By way of the equations 
above, CR, CL, LR and LL are obtained as 3.472 pF, 0.662pF, 
8.681nH and 1.654nH, respectively. Based on the L’s and 
C’s, the phase vs. frequency relationship and the dispersion 
curve from S-parameters S21 and S11 are plotted. 

The phase equals 90° at 1.5GHz as desired, and 0° 
occurs at 2GHz in Fig. 3(a). The 180°-phase difference 
between ports 2 and 3 will be examined at 1.5GHz, as this 
device is cascaded with the branch-line coupler. The 
metamaterial characteristics are seen as the non-linear 
dispersion curve covering β<0(LH region) and β>0(RH 
region) on the left and right sides of the ZOR at 2GHz. 
Now, the CRLH phase shifter above is substituted for the 
through port as Port 2. 

The balun consists of the branch-line coupler and the 
compact metamaterial phase shifter as in Fig .4(a). |S21| and 
|S31| are identical as -3dB, and |S11| and |S41| are less than -
15dB at 1.5GHz, compliant with the specifications above 
as in Fig. 4(b). In terms of phase, the 180°-phase difference 
occurs between ports 2 and 3 as in Fig. 4(c). Hence, it is 

judged that the balun is designed correctly at this circuit 
level. Next, this equivalent circuit will be realized in the 
form of a physical structure. 

Fig. 5(a) shows the geometrical shape of the proposed 
balun. The interdigital coupled lines flanked by shorted 
stubs are used to implement the CRLH phase shifter 
corresponding to the aforementioned circuit as is 
performed in [12-14]. 45mm, 2.4mm, 1.2mm, 0.4mm, 
0.3mm, 58mm, 27.7mm, 30mm, and 6.5mm are found for 
W, W1, W2, F_w, F_gap, L, L1, L2, and F_l, respectively 
as the geometrical parameters. Noting that the length of the 
CRLH phase shifter is 7.5mm equivalent to λg/14 with 
respect to 1.5GHz, the proposed scheme brings effective 
miniaturization. Utilizing a commercial electromagnetic 
analysis tool SEMCAD X [15], S11, S21, S31 and S41 are 
obtained and it is revealed that they are in good agreement 

 
(a) 

 
(b) 

Fig. 3. Phase and dispersion of the CRLH phase shifting 
circuit; (a) phase: (b) dispersion diagram. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4. Frequency response of the circuit simulation on our 
balun: (a) schematic; (b) |S11|, |S21|, |S31| and |S41| (c) 
∠S21 and ∠S31. 
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with the circuit-simulation. According to Fig. 5(b), |S21| and 
|S31| equal -3.2dB slightly affected by the substrate 
loss(FR4), and |S11| and |S41| are ≤ -15dB, meeting the 
specifications. Besides, ports 2 and 3 have the 180°-phase 

deviation shown in Fig. 5(c). So, it is thought that the 
proposed device plays the role of the balun. Along with the 
electrical performance, as another feature of the proposed 
balun, its size reduction effect should be addressed. In Fig. 
5(d), the present balun is smaller than the conventional one 
with the bent and folded segment. If the meandered part is 
made straight, it is apparent that the proposed CRLH-based 
geometry is the right choice for size-reduction compared to 
the other. 

 
 

3. A 4-port Balun as A Common-mode  
Current Indicator 

 
At present, applied to the common-mode current 

indicator, we assume the proposed balun plugged into the 
differential-mode signal lines as Fig. 1. Port 2, Port 3, Port 
1 and Port 4 in Fig. 5(a) are mapped to Port U, Port L, Port 
Δ and Port Σ of Fig. 1, in order. If differential-mode feed 
lines have Id mixed with Ic, the top line (Port U) of the 
differential signal lines has Ic + Id, and the other (Port L) 
has Ic - Id. Then, Port Δ receives 2×Id according to Ic + Id - 
(Ic - Id), and Port Σ gets 2×Ic by doing Ic + Id + (Ic - Id). It 
implies that Port Σ indicates the common-mode current, 
and Port Δ detects the differential-mode current about the 
injected input signals. To understand this scheme of the Ic 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. Physical geometry of the suggested balun and its
numerical electromagnetic simulation result as the
frequency response: (a) physical structure; (b) |S11|, 
|S21|, |S31| and |S41|; (c) ∠S21 and ∠S31; (d) size 
comparison. 

 
(a) 

 
(b) 

Fig. 6. Strength of Ic and Id for the even- and odd-mode 
cases: (a) even-mode excitation; (b) odd mode. 
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and Id indicator, two cases are taken that are the even- and 
odd modes in the differential signal lines. In the even-mode, 
Ports U and L both get Ic. Meanwhile, for the odd-mode, Id 
enters Port, and - Id is injected to Port L. 

The even-mode implies the both of the differential signal 
lines have Ic equally. So, Ic at Port Σ makes strong, but Id at 
Port Δ becomes as weak as lower than -20dB. It is observed 
that the dotted curve as |SΣU| is the highest in Fig. 6(a), 
while the solid line as |SΔU| in Fig. 6(a) is the lowest at 
1.5GHz. 

The ratio |SΣU|/|SΔU| becomes very high and indicates the 
dominant factor of the inputs of the differential-mode 
signal lines is the common-mode current. Nonetheless, as 
to the odd-mode excitation, Port U gets Id, and – Id enters 
Port L, which leads to strong Id at Port Δ, and weak Ic at 
Port Σ. In other words, the dashed line as |SΔU| in Fig. 6(b) 
is the highest, and the broken-line as |SΣU| in Fig. 6(b) is the 
lowest 1.5GHz. Then, Ic is ignorable, and strong Id means 
the well-balanced condition for the differential signaling. 
Therefore, from the ratio |SΣU|/|SΔU| of the proposed balun 
configuration, we are able to estimate the occurrence of the 
common-mode current in a differential-mode driven digital 
circuit and be ready to take steps for the common-mode 
current suppression. 

 
 

4. Conclusion 
 
We have proposed a flat, light, and cheap common-mode 

current and differential-mode current indicator to do a 
prompt detection and estimation of Ic from Id in 
differential-mode signal fed circuits. The advantages of our 
device are enabled by coping with a branch-line balun 
equipped with metamaterial one-substrate phase-shifter as 
compact as around λg/14. The suggested balun is applied to 
the differential-mode signal lines by way of Ports U and L, 
Ic and Id appear at Ports Δ and Σ of this structure, 
sequentially. The validity of the proposed scheme has been 
verified by the circuit- and electromagnetic numerical 
analyses, and the accompanying dispersion curve shows 
the metamaterial characteristics of the device. In addition, 
the examples of the Ic and Id indicator have been observed 
as the even and odd modes in differential-mode signal 
feeding. Also, the proposed device is very compact, 
compared with the conventional structure. 
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