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Abstract—One aspect of the electromagnetic compatibility
(EMC) analysis of RF circuitry is the accurate modeling of the
coupling between printed transmission lines. Correct modeling of
this coupling is essential because unwanted noise voltages can be
substantial and create adverse effects on sensitive components.
Recently, the development of composite right-/left-handed trans-
mission lines (CRLHTLs) has received considerable attention due
to the unique propagation characteristics. Because of this increase
in applications, CRLHTLs are being implemented in RF systems
with other printed circuitry, such as microstrip transmission lines,
in very close proximity. In many of these instances, the coupling
may not be intentional. To study this interaction between CRL-
HTLs and other printed circuitry from an EMC point of view, this
paper presents derived analytical expressions for computing the
near- and far-end voltage coupling between right-handed (printed
microstrip transmission lines) and CRLHTLs. More specifically,
these expressions are used to determine the near- and far-end volt-
ages weakly coupled to the CRLHTL when the conventional mi-
crostrip right-handed transmission line is driven with a source and
terminated with a load. These expressions are then used to illus-
trate how the induced voltages on the CRLHTL can be reduced
by the capacitance and inductance values that support left-handed
propagation. This can be a useful alternative to conventional shield-
ing. Furthermore, design guidelines and tradeoffs are presented on
the layout of CRLHTL near other printed transmission lines. The
expressions derived in this paper are validated with simulations
and measurements.

Index Terms—Coupling, crosstalk and composite right-/left-
handed transmission lines (CRLHTLs).

I. INTRODUCTION

THE use of modern wireless communication systems is
growing rapidly. The increasing functionality of wire-

less systems is requiring more RF electronic circuitry to be
placed into a smaller area. To preserve the operating charac-
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Fig. 1. (a) Coupled conventional RH and CRLHTLs and b) the equivalent
circuit of a CRLHTL unit cell.

teristics of this RF circuitry, it is essential that proper electro-
magnetic compatibility (EMC) analysis of the system is per-
formed. Many new technologies for reducing the size of RF
circuitry and improving the performance have been proposed
by researchers and engineers. One of these technologies that
has received considerable attention is the composite right-/left-
handed transmission line (CRLHTL) [1]–[16] shown below the
right-handed microstrip transmission (RHTL) line in Fig. 1(a).
To achieve left-handed (LH) propagation, the equivalent cir-
cuit of the traditional microstrip RHTL in Fig. 1(a) is modified.
In particular, instead of a series inductance and shunt capac-
itance to model the RHTL, the components are interchanged
to give a circuit with a series capacitance and a shunt induc-
tance. A schematic of the CRLHTL is shown in Fig. 1(b). The
series capacitance that supports LH propagation is denoted as
CL and the shunt inductance that supports LH propagation is
denoted as LL . Two other components, LR and CR , are also
introduced to represent the parasitic affects of the printed mi-
crostrip CRLHTL. In particular, LR represents the parasitic
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inductance of the CRLHTL introduced by current traveling
down the TL and CR is the parasitic capacitance between the
printed conductors on top of the substrate and the ground plane.
Therefore, for LH propagation on the CRLHTL, the values of
CL and LL should dominate over the values of CR and LR . To
introduce a series capacitance CL along the CRLHTL, interdig-
itated capacitors are printed along the length of the transmission
line. Also, to introduce a shunt inductance LL , short-circuit
stubs are attached along the length of the CRLHTL.

CRLHTLs have been used to develop novel compact printed
antennas with better radiation efficiencies [1], compact power
dividers with arbitrary coupling [3], [8], zero-phase transmission
lines that are a fraction of a wavelength long [13], and flat
lenses [16]. Because of these benefits, CRLHTLs will become
more popular for RF circuit design. However, very little work
has been done on CRLHTLs from an EMC analysis point of
view.

For many of the aforementioned applications, LH propaga-
tion along the CRLHTL must be supported. As previously men-
tioned, to support this LH propagation, the effects of CL and
LL along the transmission line should dominate the effects of
CR and LR . Unfortunately, many of the analytical EMC com-
putations presented in [17]–[19] to model the weak coupling
between printed transmission lines using equivalent circuits are
not sufficient for modeling the coupling between a conventional
RHTL and a CRLHTL. Fortunately, there has been significant
work on the coupling between microstrip RH to CRLHTLs pre-
sented in [2]–[4] and [7] and [8]. In this previous research, the
coupling between the microstrip RH and CRLHTLs is assumed
to be intentional and results on arbitrary coupling, impedances,
and bandwidths are presented. However, for this paper, the cou-
pling is assumed to be weak and unintentional and techniques to
mitigate the unwanted coupling and design guidelines to reduce
the coupling are presented. In summary, the objective of this
paper is to study the unintentional weak coupling between the
conventional RHTL and the CRLHTL shown in Fig. 1(a) for
EMC and electromagnetic interference purposes.

Initially, the coupling problem is modeled with an equivalent
circuit and analytical expressions for the near- and far-end volt-
ages coupled to the CRLHTL from the RHTL are derived for
a single unit cell. To validate these new expressions (and the
equivalent circuit), a 7-unit-cell coupling problem is simulated
in the full-wave electromagnetics software advanced design sys-
tem (ADS) [20] and several prototype boards are manufactured
and tested. Next, the analytical expressions are used to study
how the near- and far-end voltages can be reduced by various
values of CL and LL , which are used to support LH propagation
on the CRLHTL. Finally, design guidelines for CRLHTLs are
presented. In particular, tradeoffs between the LH-propagation
frequency bands and coupled voltages are presented and spacing
requirements between conventional RHTLs and CRLHTLs are
outlined.

II. ANALYTICAL DERIVATIONS OF THE NEAR- AND FAR-END

VOLTAGES FOR COUPLED RH AND CRLHTLS

The layout of the coupled RH and CRLHTL unit cells is
shown in Fig. 2(a). The problem consists of a RHTL with
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Fig. 2. (a) Unit cell of coupled RH and symmetric CRLHTLs and b) the
equivalent circuit of the unit cell of coupled RH and symmetric CRLHTLs

a length of Δp and width w separated from a CRLHTL a
distance s. The RHTL is driven with voltage source Vs and is
terminated with a load resistance denoted as RL . The CRLHTL
is symmetrical and is loaded with a near-end resistance RNE and
a far-end resistance RFE . The RHTL with the source is referred
to as the generator conductor and the CRLHTL with the near-
and far-end resistance is referred to as the receptor conductor.
The equivalent circuitry from the microstrip RH/CRLH cou-
plers presented in [2] and [3] will be adopted for this paper. An
equivalent circuit of the coupled unit cells in Fig. 2(a) is shown
in Fig. 2(b) [2]. The inductance and capacitance of the generator
conductor (RHTL) is denoted as LG and CG , respectively. The
mutual inductance and capacitance between the generator and
receptor conductors are denoted as LGR and CGR , respectively.
For the following derivations, the near- and far-end voltage will
be derived for capacitive and inductive weak coupling. Then, the
total coupling will be approximated by adding the contribution
from both capacitive and inductive coupling [17].

A. Capacitively Coupled Transmission Lines

Initially, the coupling between the unit cell transmission lines
in Fig. 2(a) will be evaluated for large values of RL , RNE , and
RFE . This then simplifies the general weak coupling circuit in
Fig. 2(b) to the equivalent circuit in Fig. 3(a) which assumes that
the coupling between the cells is dominantly capacitive. Next,



790 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 55, NO. 4, AUGUST 2013

LR/2 CRLL

2CL

LR/2

2CL

CG

RNE

RS

VS

CGR

RL

RFE

LR/2
CRLL

2CL

Δp

LR/2

LG/2 LG/2

LGR/2 LGR/2
2CL

RNE RFE

RS

RL

VS

(a)

(b)

ZP

ZNE

ZFE

ZP

VIN

+

-

IG

I1 I2

VNE

+

-
VFE

+

-

Δp

VC

+

-

IFEINE

Fig. 3. (a) Equivalent circuit of capacitively coupled lossless RH and
CRLHTLs and b) the equivalent circuit of inductively coupled lossless RH
and CRLHTLs.

using voltage division, the coupled voltage Vc can be written as

Vc = Vin
Zeq

Zeq + ZCGR
(1)

where

Zeq =
ZNEZFEZP

ZFEZP + ZNEZP + ZNEZFE
(2)

ZNE = RNE +
1

2jωCL
+

jωLR

2
(3)

ZFE = RFE +
1

2jωCL
+

jωLR

2
(4)

ZP =
1

jωCR
jωLL

1
jωCR

+ jωLL

(5)

ZCGR =
1

jωCGR
(6)

and

VIN ≈ Vs
RL

RL + Rs
. (7)

Then, the near-end voltage due to capacitive coupling can be
written as

V CAP
NE = RNE

Vc

ZNE
. (8)

Similarly, the far-end voltage can be written as

V CAP
FE = RFE

Vc

ZFE
. (9)

Therefore, if RNE = RFE then V CAP
NE = V CAP

FE . Closer obser-
vation of (8) and (9) shows that the near- and far-end voltages
can be reduced by increasing ZNE and ZFE , respectively. This
corresponds to decreasing the capacitance of the interdigital
capacitors or the LH capacitance CL on the CRLHTL.

B. Inductively Coupled Transmission Lines

Next, the coupling between the RH and CRLHTLs in Fig. 2(a)
will be evaluated for small values of RL , RNE , and RFE . This
then simplifies the general coupling circuit in Fig. 2(b) to the
equivalent circuit in Fig. 3(b) which assumes that the coupling
between the cells is dominantly inductive. For this analysis, it
is assumed that

IG ≈ Vs

RS + RL
. (10)

Then, using KCL around the left loop (loop 1) in the circuit in
Fig. 3(b) gives

I1 =
I2ZP + IGZLGR

ZDNE
(11)

where ZDNE = ZNE + ZP and ZLGR = jωLGR/2. Similarly,
KCL around the right loop (loop 2) gives

I2 =
I1ZP + IGZLGR

ZDFE
(12)

where ZDFE = ZFE + ZP . Next, substituting (12) into (11)
gives

I1 =
IGZLGR(ZP + ZDFE)

ZDFEZDNE − Z2
P

. (13)

Then, substituting (13) into (12) gives

I2 =
IGZLGR(ZP + ZDNE)

ZDFEZDNE − Z2
P

. (14)

Therefore,

V IND
NE = I1RNE (15)

and

V IND
FE = I2RFE . (16)

For the special case where RNE = RFE , then V IND
NE = V IND

FE .

C. Total Coupling Approximation Between the RH and
CRLHTLs

Finally, the total weak coupling between the transmission
lines can be approximated using the inductive–capacitive model
[17]. In particular, the near- and far-end voltages can be approx-
imated as the sum of the capacitive and inductive coupling in
the following manner [17]:

V TOT
NE = V CAP

NE + V IND
NE (17)

and

V TOT
FE = V CAP

FE + V IND
FE . (18)
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Fig. 4. Comparison of the analytical computations and circuit simulations of
the general coupling circuit for RL = 20 Ω.

10−1 100−200

−150

−100

−50

0

f (GHz)

|V
N

E| (
dB

)

VNE
TOT

VNE
IND

VNE
CAP

simulation

Fig. 5. Comparison of the analytical computations and circuit simulations of
the general coupling circuit for RL = 200 Ω.
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Fig. 6. Comparison of the analytical computations and circuit simulations of
the general coupling circuit for RL = 2 KΩ.

To illustrate the accuracy of (17) and (18), the general cou-
pling circuit in Fig. 2(b) was simulated in ADS for the fol-
lowing values [1]: Vs = 1.0 V, Rs = 50 Ω, CG = 0.33 pF,
CGR = 0.33 pF, LR = 1.1 nH, CR = 0.45 pF, LL = 3.04 nH,
CL = 1.3 pF, LGR = 0.13 nH, LG = 0.825 nH, RNE = 200
Ω, and RFE = 200 Ω. These values were chosen to be simi-
lar to the RH-/CRLH-phase coupler in [1]. This ensured that
noise voltages were coupled to the receptor in both the LH-
and RH-propagating bands. These simulated values are then
compared with the analytical computations using (17) in Figs.
4–6 for various values of RL . Good agreement can be observed
between the analytically computed total near-end voltages and

the simulation values, showing the accuracy of the approxi-
mation in (17). It should also be mentioned that this accuracy
was observed for both (17) and (18) for RNE = RFE = 20Ω
(inductively dominant coupling) and RNE = RFE = 2 KΩ (ca-
pacitively dominant coupling).

D. Comparing the Inductive and Capacitive Coupling Terms

The results in Fig. 4 show that for frequencies below
500 MHz, the inductive coupling is dominant and for frequen-
cies above 500 MHz, the capacitive coupling is dominant. This
indicates that for frequencies f < 500 MHz, V IND

NE is dominant
in (17) and for frequencies f > 500 MHz, V CAP

NE is dominant.
This transition frequency can be determined by comparing the
terms in (8) to (15). After several algebraic steps, it can be shown
that the near-end transition frequency occurs when

∣
∣ZLGRZCGR

∣
∣ ≈

∣
∣
∣
∣

RLZFEZP

ZFE + 2ZP

∣
∣
∣
∣

(19)

where the approximation Zeq + ZCGR ≈ ZCGR has been as-
sumed. Notice that (19) is written in terms of the load and the
far-end resistance values. Similar expression can be found in
terms of the load and the near-end resistance values in [17] for
the inductive and capacitive coupling between two printed TLs.

Several valuable comments can be made about (19). First,
when designing the shielding of a CRLHTL against uninten-
tional coupling, both inductive and capacitive shielding should
be considered. Second, depending on the impedance values,
there can exist certain bands where inductive coupling is dom-
inant below a certain frequency f1 and above a different fre-
quency f2 where f2 > f1 . This means that capacitive coupling
can be dominant over a certain finite band while inductive cou-
pling exists in the remaining band. Finally, notice the transition
frequency strongly depends on the load resistance RL . Also,
note that a similar expression to (19) can be derived for the
far-end voltage.

III. SIMULATION AND MEASUREMENT VALIDATION RESULTS

To validate the equivalent circuit model, the coupled trans-
mission line problem shown in Fig. 1(a) was designed with 7
CRLH unit cells in the full-wave electromagnetics solver mo-
mentum [20], manufactured and tested. The transmission lines
were printed on a 1.575-mm thick Rogers RT/duroid 5880 (εr =
2.2, tan δ = 0.0009) [21] substrate. Three different coupled
transmission lines were printed. The ports not being measured
were terminated with a 50 Ω. The first test case (case 1) man-
ufactured is shown in Fig. 7(a), the second test case (case 2)
manufactured is shown in Fig. 7(b), and the third test case (case
3) is shown in Fig. 7(c). The dimensions of each unit cell are
shown in Fig. 7. Case 1 had an inductor stub length of m =
4.75 mm and a finger spacing between the interdigital capaci-
tors of g = 0.25 mm. Case 2 had a longer shunt inductance of
m = 9.75 mm with the same spacing between the interdigital
capacitor fingers of g = 0.25 mm. Finally, case 3 had an in-
ductive stub length similar to case 2 (m = 8.85 mm) while the
spacing between the interdigital capacitor fingers was increased
to g = 0.35 mm. Case 2 was used to investigate the accuracy of
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Fig. 7. (a) Picture of the manufactured 7-unit-cell RH-/CRLH-coupled trans-
mission lines for case 1 (a = 5.25 mm, b = 10.4 mm, c = 0.5 mm, d = 0.5 mm,
g = 0.25 mm, m = 4.75 mm, Δ p = 21.42 mm, s = 10 mm, w = 4.8 mm); b)
picture of the manufactured 7-unit-cell RH-/CRLH-coupled transmission lines
for case 2 (a = 5.25 mm, b = 10.4 mm, c = 0.5 mm, d = 0.5 mm, g = 0.25 mm,
m = 9.75 mm, Δ p = 21.42 mm, s = 10 mm, w = 4.8 mm); c) picture of
the manufactured 7-unit-cell RH-/CRLH-coupled transmission lines for case 3
(a = 6.15 mm, b = 10.4 mm, c = 0.5 mm, d = 0.5 mm, g = 0.35 mm, m =
8.85 mm, Δ p = 21.42 mm, s = 10 mm, w = 5.7 mm).
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Fig. 8. Near-end voltage for case 1.

the equivalent circuit model for different values of shunt induc-
tance and case 3 was used to show the accuracy of the model
for different values of series capacitance. The measurements for
all three cases are shown in Figs. 8–10. The near- and far-end
coupling was measured using an Agilent ENA series network
analyzer.

The equivalent circuit of each unit cell for cases 1, 2 and 3
were also extracted from the simulated S-parameters using the
matrix method described in [1] and further optimized using de-
signer [20]. The extracted equivalent circuit values are shown
in Table I and the optimized values using designer are shown
in Table II for direct comparison. The extracted values in Ta-
ble I had an extraction frequency of f0 (the RH-/LH-transition
frequency). Each case of the coupled transmission lines was
modeled in designer using 7 unit cells of the coupled transmis-
sion line circuit shown in Fig. 2(b). To model the measurement
terminations in designer appropriately, RL , RNE , and RFE were
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Fig. 9. Near-end voltage for case 2.
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Fig. 10. Near-end voltage for case 3.

TABLE I
EXTRACTED EQUIVALENT CIRCUIT VALUES FOR THE COUPLED

RH/CRLHTL UNIT CELLS

Value Case 1 Case 2 Case 3
LR (nH) 2.22 2.22 2.22
CL (pF) 1.57 1.57 0.99
LL (nH) 3.4 6.12 6.12
CR (pF) 1.65 1.65 1.65
LG (nH) 2.2 2.2 2.2
CG (pF) 0.94 0.94 0.99
LGR (nH) 0.059 0.059 0.089
CGR (pF) 0.0274 0.0196 0.0117

all defined to be 50 Ω. The equivalent circuit results using the
optimize values are shown to agree with measurements in Figs.
8–10.

Finally, the full-wave simulation tool momentum [20] was
used to model all three measurement cases. The results from
these simulations are also shown in Figs. 8–10 and computed
nulls are within a few percent of the measured values. Overall,
agreement between measurements, equivalent circuit simula-
tions and full-wave simulations can be observed. This shows
that the equivalent circuit in Fig. 2(b) can be used to accurately
model the coupled near- and far-end voltages between RH and
CRLHTLs. Since the equivalent circuit in Fig. 2(b) can be used
to accurately model the coupling, the analytical expressions
in (17) and (18) can be used to compute the weakly coupled
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TABLE II
OPTIMIZED EQUIVALENT CIRCUIT VALUES FOR THE COUPLED

RH/CRLHTL UNIT CELLS.

Value Case 1 Case 2 Case 3
LR (nH) 2.30 2.30 2.30
CL (pF) 1.49 1.49 1.08
LL (nH) 3.14 5.50 5.20
CR (pF) 1.60 1.60 1.60
LG (nH) 2.4 2.4 2.4
CG (pF) 0.92 0.92 0.825
LGR (nH) 0.063 0.063 0.089
CGR (pF) 0.0290 0.0184 0.0114
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Fig. 11. Near-end voltage due to inductive and capacitive coupling for various
values of CL with RL = 2 Ω.

near- and far-end voltages. Also, the same overall agreement
was observed for the far-end voltages.

IV. EFFECTS OF CL AND LL ON VNE AND VFE

To understand the effects of CL and LL on the coupled near-
and far-end voltages of the CRLHTL, the analytical expressions
in (17) and (18) were evaluated. In particular, various values
of CL , LL , and RL = RNE = RFE were chosen and the near-
end voltage was computed. For the following computations, the
equivalent circuit values used in Section II-C were used with
the exception of the new values of CL , LL , and RL . Again, this
assured that noise voltage was coupled to the receptor in both
the LH- and RH-propagating bands.

Initially, the load resistance was defined to be RL = 2 Ω.
This then satisfied the inequalities reported in [17] for induc-
tively coupled transmission lines at low frequencies. The source
was then varied from 0.5 GHz to 3.0 GHz for various values of
CL with LL fixed at 3.04 nH. The near-end voltages computed
for capacitive and inductive coupling using (8) and (15), respec-
tively, are shown in Fig. 11 with the total near-end coupling
computed using (17) shown in Fig. 12. The individual near-end
voltages due to inductive and capacitive coupling are shown in
Fig. 11 to illustrate that inductive coupling is dominant over
most of the band and that this contributes mainly to the total
coupling. Also, the results in Fig. 12 show that the near-end
voltage can be reduced by using lower values of CL .

Next, CL was fixed at 0.3 pF and various values of LL were
chosen. The source was again varied from 0.5 GHz to 3.0 GHz.
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Fig. 12. Total near-end voltage for various values of CL with RL = 2 Ω.
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Fig. 13. Near-end voltage due to inductive and capacitive coupling for various
values of LL with RL = 2 Ω.
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Fig. 14. Total near-end voltage for various values of LL with RL = 2 Ω.

The near-end voltages computed for capacitive and inductive
coupling using (8) and (15) are shown in Fig. 13 with the total
near-end coupling computed using (17) shown in Fig. 14. Again,
the individual near-end voltages due to inductive and capacitive
coupling are shown in Fig. 13 to show that inductive coupling is
dominant over much of the band; otherwise, capacitive coupling
is dominant. The results in Fig. 14 also show that the near-end
voltage can be reduced at lower frequencies by using lower
values of LL .

For the next results, the value of RL was defined to be 34 and
200 Ω. A value of RL = 34 Ω was chosen to result in both a
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Fig. 15. Near-end voltage due to inductive and capacitive coupling for various
values of CL with RL = 34 Ω.
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Fig. 16. Total near-end voltage for various values of CL with RL = 34 Ω.
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Fig. 17. Near-end voltage due to inductive and capacitive coupling for various
values of LL with RL = 34 Ω.

significant inductive and capacitive coupling case and a value
of RL = 200 Ω was chosen to provide a case where capacitive
coupling was dominant. For RL = 34 Ω, the near-end voltages
due to coupling are shown in Figs. 15–18. The results in Figs.
15 and 17 are becoming more distinct than the values in Figs. 11
and 13, indicating more of the presence of capacitive coupling.
For RL = 200 Ω, the near-end voltages due to coupling are
shown in Figs. 19–22. The results in Figs. 19 and 21 show that
the capacitive coupling is now dominant.
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Fig. 18. Total near-end voltage for various values of LL with RL = 34 Ω.
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Fig. 19. Near-end voltage due to inductive and capacitive coupling for various
values of CL with RL = 200 Ω.
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Fig. 20. Total near-end voltage for various values of CL with RL = 200 Ω.

V. DESIGN TRADEOFFS, GUIDELINES AND DISCUSSION

A. Coupled Voltages—LL , CL Relationship

The results in Figs. 12, 14, 16, 18, 20, and 22 indicate that
the near-end voltages can be reduced by reducing the values
of both CL and LL . There are two ways to illustrate this rela-
tionship. First, consider the equivalent circuit in Fig. 2(b) of the
coupled RH and symmetric CRLHTL unit cells. By reducing
the value of LL , the impedance of the shunt parallel inductance–
capacitance of LL and CR will be lower, which increases the
current through the impedance. This then decreases the current
through RNE and RFE , which reduces the unwanted coupled
voltages. Similarly, by reducing the value of CL , the impedance
of the LH capacitance will increase. This then reduces the
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Fig. 21. Near-end voltage due to inductive and capacitive coupling for various
values of LL with RL = 200 Ω.
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Fig. 22. Total near-end voltage for various values of LL with RL = 200 Ω.

current through RNE and RFE , which also reduces the unwanted
coupled voltages. A similar observation can be made from the
capacitive and inductive coupling models in Fig. 3(a) and (b).

The reduced coupled voltages can also be explained using
the analytical expressions in (17) and (18). By decreasing the
value of LL , the parallel impedance ZP in (5) will be reduced.
This then results in an increased value of Zeq in (2) which in
turns lowers the capacitively coupled voltage value of Vc in
(1). Similarly, by reducing the value of CL , the near- and far-
end impedances in (3) and (4), respectively, are increased. This
then reduces the capacitively coupled voltages in (8) and (9).
A similar argument can be made for the inductively coupled
voltages in (15) and (16).

The results in Figs. 11 and 13 also show that for certain fre-
quencies, inductive coupling is dominant and for others, capaci-
tive coupling is dominant. As described in the previous section,
these transition frequencies can be computed using (19) and
should be kept in mind during the design process. However, for
the results with RL = 2 Ω, inductive coupling is dominant for
low frequencies, which corresponds to the predictions presented
in [17].

B. Tradeoffs Between Reduced Coupled Voltages and the
Propagation Characteristics of the CRLHTL

When designing a CRLHTL, several propagation character-
istics are of interest. In particular, the lower LH-propagating

TABLE III
CUTOFF AND TRANSITION FREQUENCIES FOR THE CRLHTL

FOR MEASUREMENT CASES 1, 2, AND 3

Case fCL(GHz) f0(GHz)
1 1.16 2.47
2 0.879 2.14
3 1.05 2.35

cutoff frequency fCL of the CRLHTL and the LH-to-RH
transition frequency f0 are considered in a CRLHTL design.
The cutoff frequency fCL is the lowest frequency that the
CRLHTL will support LH propagation while the frequency
value f0 is the frequency at which the CRLHTL transitions
from supporting LH propagation to RH propagation. For the
cases studied here, fCL < f0 . In general, for a CRLHTL, the
lower LH-propagating cutoff frequency can be computed as [1]

fCL = f0

√

P1 − P2

2
(20)

where

P1 = [K + (2/ωL )2 ]ω2
0 (21)

P2 =
√

P 2
1 − 4 (22)

f0 =
1

2π 4
√

LRCRLLCL

(23)

fL =
1

2π
√

LLCL

(24)

and K = LRCL + LLCR . The extracted values in Table II for
the weakly coupled transmission lines in Fig. 7 are used to
evaluate (20) to compute the lower LH-propagating cutoff fre-
quency for cases 1, 2, and 3. These computations are presented
in Table III and it can be observed that by reducing the shunt
inductance, as done when comparing cases 2 to 1, the lower
LH-propagating cutoff frequency will increase. A similar result
can be observed by comparing cases 2 to 3. By reducing CL to
reduce the coupled voltages, the lower LH-propagating cutoff
frequency is increased. The values of fCL for cases 1, 2, and 3 are
shown in Figs. 8, 9, and 10 for comparison. Similarly, the LH-to-
RH transition frequency f0 was computed using (23) for cases 1,
2, and 3. These values are also shown in Table III and in Figs. 8,
9, and 10 for comparison. As with fCL , an increase in the transi-
tion frequency can be observed for lower values of LL and CL .
Therefore, in summary, by reducing the values of LL and CL ,
near- and far-end coupled voltages can be reduced (as shown in
Figs. 11–22), which is a useful alternative to conventional shield-
ing; however, the tradeoffs for reducing these coupled voltages
are that the frequencies in which the CRLHTL supports LH
propagation and the LH-to-RH transition frequency increases.

Unintentionally changing the values of fCL and f0 of a
CRLHTL by printing a microstrip RHTL nearby may have
the adverse affect of moving the desired LH-operating band
of the CRLHTL away from the design frequencies. For ex-
ample, if a printed conductor is placed near a CRLH-delay
line [22], the unintentional coupling can affect the group delay
characteristics of the CRLH-delay line. Or if a zero-phase
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Fig. 23. Total near-end voltage for a spacing of s = 0.5 cm and 1.0 cm.

CRLHTL [1] is printed next to a microstrip line, the unwanted
coupling can change the zero-phase frequency of the CRLHTL.
It has been shown in the previous section that the coupled volt-
age can be reduced by reducing CL and LL . Therefore, if a
microstrip is printed next to a CRLHTL-based circuit, the un-
intentional coupling can be reduced; however, the propagation
characteristics (i.e., group delay and zero-phase frequencies)
will change.

C. Spacing Design Guidelines for the CRLHTL

Finally, the coupling between the RH and symmetric CRL-
HTL unit cells in Fig. 2(b) was compared to the coupling be-
tween two conventional RHTLs with the same unit cell length
and spacing. These problems were investigated in momentum
for a spacing of s = 0.5 cm and 1.0 cm. The dimensions of each
unit cell (both RHTL and CRLHTL) were the same as defined
in case 2 in Fig. 7(b). The near-end voltage results from these
simulations are shown in Fig. 23. The near-end voltages on the
CRLHTL increase above the near-end voltages on the RHTL for
a spacing of s = 0.5 mm at 1.25 GHz. Comparing this frequency
value to the values of fCL and f0 for case 2 in Table III shows
that this transition occurs in the LH-propagating band. Further-
more, the near-end voltages on the CRLHTL are larger than the
near-end voltages on the RHTL for frequencies above the tran-
sition frequency f0 . To reduce the coupled near-end voltages
on the CRLHTL, the separation s was increased to 1.0 cm. The
near-end voltages on the CRLHTL for this larger separation are
also shown in Fig. 23. This larger separation resulted in near-end
voltages on the CRLHTL less than the near-end voltages on the
RHTL, indicating that larger separation should be considered
when designing a CRLHTL in the proximity of conventional
printed microstrip transmission lines.

VI. CONCLUSION

The weak coupling between a conventional printed trans-
mission line and a CRLHTL has been analyzed from an EMC
point of view. New analytical expressions for the coupled near-
and far-end voltages on a CRLHTL have been derived and suc-
cessfully validated with full-wave simulations, circuit modeling,
and measurements. It has been shown that unintentional coupled

voltages can be reduced by decreasing the values of LL and CL

along the CRLHTL. This technique could be useful, because
reducing LL and CL could be used in place of conventional
shielding. However, there are tradeoffs between reducing the
coupled voltages and the LH-propagation characteristics of the
CRLHTL. Design guidelines and a summary of these tradeoffs
are discussed in this paper.
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