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I. INTRODUCTION

E FFECTIVE transmission of high-frequency signals is usu-
ally achieved by the use of differential lines, that is, two

signal wires/traces operated according to a differential signaling 
scheme. The advantages in terms of electromagnetic compati-
bility (EMC) properties are several. Namely, a differential line
does not theoretically radiate and is ideally immune to external 
interfering fields, since unwanted common mode (CM) distur-
bance cancels out at the line terminals [1]. However, in actual
differential pairs, the imbalance possibly introduced by uncer-
tainty and tolerances in the manufacturing process [2] as well
as by nonideal behavior of circuit components may seriously
degrade EMC performance due to undesired conversion of the
differential mode (DM) into CM, and vice versa. Namely, DM-
to-CM conversion is at the basis of unwanted radiated emis-
sions (RE), whereas radiated susceptibility mainly originates 
from the conversion of the CM noise picked-up from external
electromagnetic sources into DM disturbance at the ports of the 
drivers/receivers connected at the line ends.

Due to the relevance of this problem, unbalanced transmission
lines (TLs) and mode conversion have been extensively studied 
both from the theoretical and experimental viewpoints [3]–[13].
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Moreover, in order to quantify the amount of mode conver-
sion, ad hoc parameters (such as the longitudinal and transverse
conversion loss, foreseen by International Standards for
telecommunication cables [14]), test setups [15], and mea-
surement instruments [16] are currently exploited. Particu-
larly, differential-line imbalance may arise due to line terminal
sections [11]–[13], [17]–[19] or due to undesired asymmetries
in the realization of the wiring structure, [6]–[10]. More pre-
cisely, asymmetries in the line cross section give rise to the
so-called geometrical imbalance [5], [7], whereas the presence
of wires/traces with different length is responsible for time im-
balance [8]–[10].

In a previous work [11], imbalance due to the terminal
networks was analyzed, and a circuit representation of mode
conversion involving controlled sources was proposed, by rec-
ognizing the dominant DM and CM nature of signal transmis-
sion and field-to-wire coupling, respectively, and by introducing
the concept of weak imbalance. Conversely, geometrical im-
balance is considered in this paper, and the assumption of
weak imbalance is rephrased to give a comprehensive circuit
interpretation—by equivalent modal circuits—of the mode con-
version due to asymmetries possibly affecting the differential-
line cross section. The presented analysis will focus on
DM-to-CM conversion only, but the proposed approach is gen-
eral, and can be readily extended to the opposite conversion of
CM into DM.

Novelty of the proposed approach stems from the interpreta-
tion of the conversion of the DM signal (dominant mode, driving
the differential line) into undesired CM voltages and currents
(second-order effect, responsible for RE) as the modal counter-
part of crosstalk, where the generator circuit induces undesired
voltages and currents into the receptor circuit, i.e., the circuit vic-
tim of interference [1], [20]. In crosstalk, the coupling between
the generator and receptor circuit is due to the mutual inductance
and capacitance between the two circuits. In a similar fashion,
in mode conversion, the DM and CM circuits are coupled via
inductive and capacitive imbalance coefficients proportional to
the asymmetries exhibited by per unit length (p.u.l.) inductance
and capacitance matrices associated with the line cross section.
By virtue of this analogy, the assumption of weak coupling is
rephrased in the modal domain in terms of weak imbalance, and
the interference due to DM voltages/currents is modeled into
the CM circuit by infinitesimal sources distributed along the
line length. In order for such an inherently distributed nature
of mode conversion to be correctly included into the prediction
model, the TL equations of an infinitesimal CM line section
are suitably reformulated, and solved in closed form to predict:
1) CM voltages and currents at the line terminal sections (quan-



Fig. 1. Examples of line cross sections affected by geometrical imbalance.

tities strictly related to conversion loss parameters in [14]); and
2) the CM current distribution (key-ingredient for the prediction
of near and far-field radiation from the differential line [1]).

This paper is organized as follows. In Section II, the wiring
structure under analysis is described, and relevant parameters
for the analysis are introduced. In Sections III and IV, an approx-
imate CM circuit, in which effects due to geometrical imbalance
are modeled by induced current and voltage sources, is derived
and numerically validated. The analogy to crosstalk is made ev-
ident in Section V by the use of a suitable low-frequency (LF)
model. The model is experimentally validated in Section VI,
and concluding remarks are drawn in Section VII.

II. WIRING STRUCTURE UNDER ANALYSIS

A. Differential Lines With Geometrical Imbalance

Practical examples of differential lines with cross sections
affected by geometrical imbalance are sketched in Fig. 1. In
these lines, geometrical imbalance originates from the presence
of signal lines: 1) with different radius/width [as in Fig. 1(a)
and (c)]; or 2) with different distance from the reference ground
[as in Fig. 1(b) and (d)]. Apart from the specific structure under
analysis, the corresponding p.u.l. inductance and capacitance
matrices take the general expression:

L =

[
�1 �m

�m �2

]
, C =

[
c1 −cm

−cm c2

]
(1)

where inequality of diagonal entries, i.e., �1 �= �2 , c1 �= c2 , is at
the basis of geometrical imbalance. Indeed, introduction of the
similarity transformation matrices [4]

T V =

[
1 1/2
1 −1/2

]
, T I =

[
1/2 1
1/2 −1

]
(2)

to express line voltages and currents in terms of CM and DM
quantities as(

V1

V2

)
= T V ·

(
VCM

VDM

)
,

(
I1

I2

)
= T I ·

(
ICM

IDM

)
(3)

Fig. 2. Principle drawing of the differential line under analysis.

leads to the following expressions for the modal p.u.l. parame-
ters matrices Lm = T−1

V · L · T I and Cm = T−1
I · C · T V :

Lm =

⎡
⎢⎣

�1 + �2 + 2�m

4
�1 − �2

2
�1 − �2

2
�1 + �2 − 2�m

⎤
⎥⎦ =

[
�CM Δ�

Δ� �DM

]

(4)

Cm =

⎡
⎢⎣ c1 + c2 − 2cm

c1 − c2

2
c1 − c2

2
c1 + c2 + 2cm

4

⎤
⎥⎦ =

[
cCM Δc

Δc cDM

]

(5)

where out-diagonal entries Δ�, Δc (ideally null in the case of
well-balanced wiring structures) are responsible for distributed
coupling (and mode conversion) between the DM and CM lines
with p.u.l. parameters �DM , cDM and �CM , cCM , respectively.
The degree of coupling between these modal lines depends on
the amount of geometrical imbalance affecting the line cross
section, and can be quantified (in analogy to crosstalk) by in-
troducing inductive and capacitive imbalance coefficients as
follows:

k� =
Δ�√

�CM �DM
, kc =

Δc√
cCMcDM

. (6)

B. Line Terminal Sections

To analyze mode conversion due to geometrical imbalance,
the differential line is modeled as a uniform and lossless multi-
conductor transmission line (MTL) terminated as in Fig. 2. The
line is driven from the left end (i.e., z = 0) by two equal but
opposite voltage sources VS /2, assuring DM signaling.

Line terminal sections are assumed to be well-balanced, and
modeled by lumped T-circuits with series impedances ZD /2,
and ground impedances ZL , ZR (for ZL = ZR = 0 Ω, this setup
reproduces the impedance conditions for conversion-loss pa-
rameter measurement recommended in [14] and [15]). In terms
of modal voltages and currents [see (2) and (3)], the port con-
straints at the terminations of the circuit in Fig. 2 can be cast as
follows:(

VCM(0)

VDM(0)

)
=

(
0

VS

)
−

[
ZL + ZD /4 0

0 ZD

]
·
(

ICM(0)

IDM(0)

)

(7)(
VCM(L)

VDM(L)

)
=

[
ZR + ZD /4 0

0 ZD

]
·
(

ICM(L)

IDM(L)

)
. (8)



Fig. 3. Approximate DM equivalent circuit, obtained by neglecting the back
interaction of CM currents/voltages on DM quantities.

These expressions readily put in evidence the theoretical ab-
sence of any CM, which is neither excited by the DM source nor
generated by imbalance of the terminal networks. Therefore,
generation and propagation of CM currents, with detrimental
consequences in terms of unwanted RE, can be ascribed to DM-
to-CM conversion due to line imbalance only.

III. TL EQUATIONS

In the frequency domain, the first-order MTL equations of
the wiring structure described in Section II can be written in the
modal domain [see (2) and (3)] as

d

dz
V m (z) = −jωLm · Im (z) (9)

d

dz
Im (z) = −jωCm · V m (z) (10)

where V m =
(
VCM VDM

)T
, Im =

(
ICM IDM

)T
.

Due to the non-null entries Δ�, Δc in (4), (5), the system of
equations in (9) and (10) is coupled and should be solved simul-
taneously for the unknown CM and DM voltages and currents
by enforcing the port-constrains in (7) and (8).

However, as long as the DM and CM lines are weakly cou-
pled, that is as long as geometrical imbalance is weak, the CM,
which is not directly excited by the voltage source VS , can be
interpreted as a leakage of the dominant DM, and its back-
interaction on DM quantities can be neglected. In analogy to
crosstalk prediction [1], [20], the previous weak coupling con-
dition can be rephrased in terms of the imbalance coefficients
k�, kc in (6) as: max{k2

� , k2
c } � 1, that is, as a rule of thumb,

max{k2
� , k2

c } < 0.1.
From the standpoint of line solution, this means neglecting

all contributions due to CM quantities in the equations related
to the DM. Accordingly, DM-related equations in (9) and (10)
can be approximated as follows:

dVDM(z)
dz

= −jω [Δ�ICM(z) + �DMIDM(z)]

∼= −jω�DMIDM(z) (11)

dIDM(z)
dz

= −jω [ΔcVCM(z) + cDMVDM(z)]

∼= −jωcDMVDM(z) (12)

and solved as the first-step, disregarding the presence of the
CM circuit. Indeed, since line terminal sections are perfectly
balanced, DM quantities can be readily predicted by solution

Fig. 4. Infinitesimal line section of the CM circuit: effects due to DM-to-CM
conversion are modeled by infinitesimal voltage and current sources.

of the equivalent modal TL in Fig. 3, where γDM = jω/vDM ,
vDM =

√
�DMcDM , and ZDM =

√
�DM/cDM .

Once the DM circuit is solved and DM currents and voltages
are known at each line position z, they behave as source terms
for the CM equations, which can be accordingly rewritten in
matrix form as

d

dz

(
VCM(z)
ICM(z)

)
+ jω

[
0 �CM

cCM 0

]
·
(

VCM(z)
ICM(z)

)

=

(
VΔ(z)
IΔ(z)

)
(13)

VΔ(z) = −jωΔ�IDM(z) (14)

IΔ(z) = −jωΔcVDM(z). (15)

Equations (13)–(15) allow the circuit interpretation in Fig. 4,
where an infinitesimal section of CM circuit is represented. Ac-
cording to this representation, DM-to-CM conversion is incor-
porated into the CM circuit by infinitesimal voltage and current
sources, proportional to DM currents and voltages at line posi-
tion z through the inductive and capacitive parameters Δ� and
Δc, respectively.

IV. EQUIVALENT CM CIRCUIT

In this section, circuit interpretation and closed-form solution
of the CM system of equations in (13)–(15) are addressed with
the twofold objective of evaluating the CM quantities induced
at line terminals (key-ingredients for estimating the conversion
loss parameters in [14]) and the CM current distribution, from
which REs can be predicted [1].

A. Prediction of CM Quantities at Line Terminals

By recognizing the direct analogy between the phasor form
of TL equations in (13)—with spatial parameter z—and the
equations of a lumped-parameter dynamic system—with time
parameter t—the general solution of the system of equations in
(13) can be cast as follows [21]:(

VCM(z)
ICM(z)

)
= Φ(z) ·

(
VCM(0)
ICM(0)

)

+
∫ z

0
Φ(z − τ) ·

(
VΔ(τ)
IΔ(τ)

)
dτ (16)



Fig. 5. Equivalent CM circuit at line terminals: effects due to DM-to-CM
conversion are modeled by two lumped voltage and current sources connected
at the right termination.

where

Φ(z) =

[
cosh(γCMz) −sinh(γCMz)ZCM

−sinh(γCMz)Z−1
CM cosh(γCMz)

]
(17)

and γCM = jω/vCM , vCM =
√

�CMcCM , and ZCM =√
�CM/cCM .
Starting from the general solution in (16), an equivalent CM

circuit at line terminals can be obtained by evaluating (16) for
z = L. This yields(

VCM(L)

ICM(L)

)
= Φ(L) ·

(
VCM(0)

ICM(0)

)
+

(
VΔT

IΔT

)
(18)

where the source vector(
VΔT

IΔT

)
=

∫ L

0
Φ(L − τ) ·

(
−jωΔ�IDM(τ)

−jωΔcVDM(τ)

)
dτ (19)

can be interpreted by a pair of lumped voltage and current
sources connected at the right termination of the CM circuit
as shown in Fig. 5.

Suitable analytical expressions for these sources can be ob-
tained by expressing IDM(τ), VDM(τ) in (19) as function of the
DM current at the right termination, i.e., IDM(L). After some al-
gebra, here omitted for brevity, VΔT , IΔT take the closed-form
expressions:

VΔT

IDM(L)
= jω

[
K+(Sh+ + αCh+) − K−(Sh− + αCh−)

−α (K+ − K−)
]

(20)

IΔT

IDM(L)
=

−jω

ZCM

[
K+(Ch+ + αSh+) + K−(Ch− + αSh−)

− (K+ + K−)
]

(21)

where α = ZD /ZDM denotes the degree of mismatching of the
DM circuit, and

Sh± = sinh [(γDM ± γCM)L] (22)

Ch± = cosh [(γDM ± γCM)L] (23)

K± =
ΔcZCMZDM ∓ Δ�

2(γDM ± γCM)
. (24)

B. Prediction of the CM Current Distribution

In addition to voltages and currents at line terminals, the
model in (16) and (17) allows evaluating the CM current

distribution at each line position z, as key-ingredient to pre-
dict the RE generated by the differential line in the presence of
geometrical imbalance.

Indeed, starting from (16), the CM current at line position
z can be written as the sum of two contributions as ICM(z) =
I ′CM(z) + I ′′CM(z). The first contribution, i.e.,

I ′CM(z) = −sinh(γCMz)Z−1
CMVCM(0) + cosh(γCMz)ICM(0)

(25)
can be interpreted as the CM current distribution due to the
lumped sources VΔT , IΔT in (20) and (21), and can be easily
evaluated by solution of the equivalent circuit in Fig. 5. This
yields the expression:

I ′CM(z) =

[βL sinh(γCMz) + cosh(γCMz)] (Z−1
CMVΔT − βRIΔT )

(βL + βR )cosh(γCML) + (1 + βLβR )sinh(γCML)
(26)

where βL = (ZL + ZD /4)/ZCM and βR = (ZR + ZD /4)/
ZCM denote the degree of matching/mismatching of the CM
circuit.

Conversely, the second contribution, i.e.,

I ′′C M (z) =
∫ z

0
Φ(z − τ) ·

(
VΔ(τ)
IΔ(τ)

)
dτ (27)

is due to the infinitesimal voltage and current sources
VΔ(z), IΔ(z) distributed along the CM TL, and cannot be pre-
dicted by the model in Fig. 5, which assures equivalence at
line terminals only. Hence, explicit solution of the convolution
integral in (27) is required, which yields

I ′′CM(z) =
−jωIDM(L)

ZC M

[
K+(Ch′

+ + αSh′
+)

+K−(Ch′
− + αSh′

−)

− (K+ + K−) (ChD + αShD )
]

(28)

where K+ ,K− take the same expressions in (24), whereas
Sh′

± = sinh(γDML ± γCMz), Ch′
± = cosh(γDML ± γCMz),

ShD = sinh[γDM(L − z)], ChD = cosh[γDM(L − z)].

C. Validation Versus Exact Solution of MTL Equations

In this section, rigorous (exact) solution of MTL equations
is used as reference to assess the accuracy of the predictions
obtained by the approximate model here proposed, which ne-
glects the back-interaction of CM quantities on the DM. To this
end, different realizations of the PCB cross section sketched in
Fig. 1(c) are considered. They are composed of a pair of copla-
nar microstrips printed on top of a double-face printed circuit
board (PCB) with substrate height h = 1.425 mm, substrate rel-
ative permittivity εr = 4.4, and trace thickness t = 35 μm. The
traces are kept at fix distance (i.e., s = 0.5 mm), but their width
is varied so to test model accuracy for different degrees of im-
balance. Particularly, the results shown in the following were
obtained for the four test cases in Table I. Among these, the first
cross section (i.e., PCB 1) was considered as the reference, since
not affected by line imbalance, while the other ones were ob-
tained starting from it by symmetrically increasing/decreasing



TABLE I
TRACE WIDTHS FOR THE PCBS UNDER ANALYSIS

w 1 w 2

PCB 1 0.6 mm 0.6 mm
PCB 2 0.5 mm 0.7 mm
PCB 3 0.4 mm 0.8 mm
PCB 4 0.3 mm 0.9 mm

TABLE II
MODAL CHARACTERISTIC PARAMETERS FOR THE PCBS IN TABLE I

PCB 1 PCB 2 PCB 3 PCB 4

ZD M [Ω] 125.8 126.8 127.8 131
ZC M [Ω] 65.2 65.4 65.6 66.4
vD M [m/s] 1.85 108 1.85 108 1.83 108 1.82 108

vC M [m/s] 1.69 108 1.69 108 1.68 108 1.66 108

k� 0 0.05 0.11 0.16
kc 0 −0.06 −0.12 −0.19

the trace width w1 , w2 . The corresponding modal characteristic
impedances, propagation velocities, and imbalance coefficients
k�, kc were evaluated by postprocessing according to (4) and
(5) the p.u.l. parameters obtained by electrostatic simulation
carried out by the FEM-based numerical code Maxwell [22].
The obtained values are listed in Table II, and show that, despite
k�, kc significantly increase from one realization to the other,
the corresponding DM and CM characteristic impedances and
propagation velocities are almost unchanged. In particular, since
the DM characteristic impedance of all PCBs is around 125–
130 Ω, for numerical simulation the series impedances of each
terminal network were set to the value ZD = 100 Ω, which
leads to a mismatching coefficient for the DM circuit on the or-
der of α ≈ 0.76 − 0.8. Predictions obtained by the approximate
model here proposed (dashed curves) are compared versus those
obtained by exact solution of MTL equations (solid curves) in
Figs. 6 and 7, for two different values of the ground impedances
ZL , ZR , that is, ZL = ZR = 0 Ω, and ZL = ZR = 1 kΩ, re-
spectively. Simulations were carried out in the frequency in-
terval from 1 MHz up to 2 GHz with a line length of 10 cm.
The plots in (a) and (b) show the comparison in terms of DM
(a) and CM (b) voltages at the right termination of the differen-
tial line (DM voltages have been plotted in a limited frequency
range to improve figure readability). The comparison in terms
of CM current distribution along the line length (at 1.5 GHz) is
shown in (c). The comparison shows that, as long as the weak-
imbalance assumption is satisfied, predictions obtained by the
proposed model result to be in satisfactory agreement with those
obtained by exact solution of MTL equations. In particular,
even in the worst case here consider of a trace three times wider
than the other (test case anyway satisfying the weak-imbalance
condition in Section III, i.e., k2

c
∼= 0.036 � 1), the maximum

discrepancies are on the order of 0.1 dB for the DM, and of
1 dB for the CM. Conversely, for a degree of imbalance close
to or exceeding the validity limit of the proposed model (i.e.,
k2

c
∼= 0.1), prediction accuracy degrades both for the DM and

Fig. 6. Model validation versus exact solution of MTL equations (ground
impedances: ZL = ZR = 0 Ω): (a) DM and (b) CM voltages at the right ter-
mination and (c) CM current distribution at 1.5 GHz.

the CM due to a gradually increasing shift of the resonance
frequencies.

V. LF MODEL AND ANALOGY WITH CROSSTALK

For electrically short TLs, LF expressions for the induced
sources VΔT , IΔT in (20) and (21) can be readily obtained
by approximating the terms in (22) and (23) as follows:
Sh± ∼= (γDM ± γCM)L, Ch± ∼= 1. After some simple algebra,
and by recognizing that αZDMIDM(L) = VDM(L), the follow-
ing expressions are obtained:

VΔT
∼= −jωΔ�LIDM(L) (29)

IΔT
∼= −jωΔcLVDM(L). (30)

These expressions exhibit a strict analogy to those involved
in crosstalk analysis [1], [20], and have the potential to outline



Fig. 7. Model validation versus exact solution of MTL equations (ground
impedances: ZL = ZR = 1 kΩ): (a) DM and (b) CM voltages at the right
termination and (c) CM current distribution at 1.5 GHz.

the twofold nature of mode conversion. Indeed, in [1] and [20],
the LF model of the receptor circuit incorporates the interference
due to the generator circuit by: 1) a voltage source proportional
to the current into the generator circuit and to the total mutual
inductance Lm = �mL (inductive coupling) between the two
circuits; and 2) a current source proportional to the voltage
across the generator circuit and to the total mutual capacitance
Cm = cmL (capacitive coupling) between the two circuits. In
a similar fashion, the interference due to the DM circuit (i.e.,
the modal circuit directly driven by the voltage source VS ) is
included into the CM circuit by: 1) a voltage source VΔT pro-
portional to the current in the DM circuit through the total in-
ductance ΔL = Δ�L; and 2) a current source IΔT proportional
to the DM voltage through the total capacitance ΔC = ΔcL.
Additionally, currents and voltages in the source circuit (here,
the DM circuit) can be computed by neglecting the presence of
the receptor circuit (here, the CM circuit).

Fig. 8. LF model: inductive (dotted) and capacitive (dashed) contributions
to the total (solid) CM voltage in (32) for two different values of ZL = ZR ,
that is: (a) ZL = ZR = 0 Ω (lower curves) and (b) ZL = ZR = 1 kΩ (upper
curves).

Likewise for crosstalk, at LF voltages and currents in-
duced into the CM circuit increase with a frequency-slope of
+20 dB/decade. Additionally, the predominance of one contri-
bution over the other is strictly related to the value of the termi-
nal loads. Indeed, the voltages (and currents) induced across the
left (superscript L) and right (superscript R) terminations of the
CM circuit can be written as the superposition of inductive and
capacitive contributions (first and second terms into brackets,
respectively) as follows:

V L
CM = −jω

2

(
− ΔL

αZDM
+ ΔCZCMβR

)
βL

βL + βR
VS (31)

V R
CM = −jω

2

(
ΔL

αZDM
+ ΔCZCMβL

)
βR

βL + βR
VS . (32)

Since in practically relevant cases the terminations of the DM
circuit are designed to be almost matched to the DM charac-
teristic impedance of the differential line (i.e., α ∼= 1), it can
be concluded that the prevalence of one contribution over the
other is mainly determined by the value of ZL and ZR . Indeed,
the capacitive contribution is predominant for large values of
ZL and ZR . Vice versa, if these impedances take small values,
the inductive contribution is prevailing. Furthermore, starting
from the results obtained for crosstalk, one would expect a par-
tial compensation of inductive and capacitive contributions at
the right termination (i.e., far from the source), and vice versa
maximum interference at the left termination. The expressions
in (31) and (32) apparently clash with this expectation, as the
two contributions sum in (31) and subtract in (32). However,
the contradiction is only apparent, since Δ� and Δc are always
opposite in sign. Indeed, if the self-inductance of a signal line
increases, its self-capacitance decreases, and vice versa (see
Table II). As an explicative example, inductive (dotted curves)
and capacitive (dashed curves) contributions to the total (solid
curves) CM voltage V R

CM in (32) are plotted in Fig. 8 for the last
microstrip line in Section IV-C (see PCB 4 in Table I). Simula-
tions were carried out from 100 kHz up to 10 MHz, and were
obtained for two different values of ground impedances, that is
ZL = ZR = 0 Ω and ZL = ZR = 1 kΩ.

Since in both cases ZD = 100 Ω, the inductive contribution
(dotted curve) is the same, whereas the capacitive contribution
increases proportionally to ZL = ZR . Therefore, while for



Fig. 9. (a) PCB boards and (b) measurement setup used for experimental
validation of the proposed model.

TABLE III
MODAL PARAMETERS FOR THE PCBS IN FIG. 9(a)

PCB 1 PCB 2

ZD M 125 Ω 113 Ω
ZC M 40 Ω 35.5 Ω
vD M 1.78 108 m/s 1.72 108 m/s
vC M 1.63 108 m/s 1.58 108 m/s
k� 0.14 0.24
kc −0.165 −0.28

ZL = ZR = 0 Ω the inductive contribution is fairly larger than
the capacitive one (actually, they are anyway comparable in
magnitude, as a slight compensation between them is observed
in the total voltage V R

CM ), for ZL = ZR = 1 kΩ DM-to-CM
conversion can be fully ascribed to the capacitive contribution.

VI. EXPERIMENTAL VALIDATION

In this section, the prediction model in Section IV is vali-
dated versus the measurement data obtained by experimental
characterization of the pairs of coplanar microstrips shown in
Fig. 9(a). In both samples, the two traces are printed on top of a
double-face PCB as in Fig. 1(c). Geometrical and material char-
acteristics of the PCB boards are: substrate height h = 1.6 mm,
substrate relative permittivity εr = 4.4, trace thickness t =
35 μm, and trace length L = 280 mm. The two traces are
kept at distance s = 2 mm. However, they are affected by
different degrees of imbalance. Namely, in both pairs, one
trace has width w1 = 1 mm, while the other one is made
two times [i.e., w2 = 2 mm in PCB1, Fig. 9(a)] and three
times [i.e., w2 = 3 mm in PCB2, Fig. 9(a)] wider. For these
cross sections, numerical simulations [22] yield the modal
characteristic impedances, propagation velocities, and imbal-
ance coefficients in Table III, and show that, though with dif-
ferent margin, both PCBs satisfy the weak-imbalance condi-
tion: max{k2

� , k2
c } � 1. Namely: k2

c
∼= 0.03 for PCB 1, and

k2
c
∼= 0.08 for PCB 2. For the sake of comparison with the pre-

dictions obtained by the proposed model, the two PCBs were
experimentally characterized at the four output ports in the fre-
quency interval from 100 kHz up to 2 GHz. Measurements were
carried out by a two-port vector network analyzer (VNA) Agi-
lent ENA E5071C, by connecting the VNA ports in turn with a
pair of SMA (Subminiature version A) ports of the PCB under

Fig. 10. (a) DM and (b) CM currents at the left termination of the PCBs in
Fig. 9(a). Measurement (solid curves) versus prediction (dashed curves) ob-
tained by the proposed model.

analysis, while the other two SMA ports were loaded by 50 Ω
terminations [see Fig. 9(b)]. The obtained 4 × 4 scattering
parameter matrices were then converted into chain-parameter
notation, and used to evaluate DM and CM quantities at the ter-
minations of each board. This led to the solid curves in Fig. 10,
which represent (as a specific example) the DM (a) and CM
(b) currents at the left termination for DM and CM impedances
of the terminal networks equal to 100 and 25 Ω, respectively.
(These values mimic the impedances adopted in typical setups
for conversion loss measurement [14]–[16].) The correspond-
ing predictions obtained by the proposed model are plotted in
the same figure by dashed lines. For prediction, the overall line
length was set equal to 300 mm, so to account for the pres-
ence of the two SMA connectors (10 mm long) soldered at the
terminations of each PCB trace.

Even if the prediction model does not account for losses
that are responsible for the attenuation experienced by the fre-
quency response of the measured quantities above 1 GHz, the
comparison shows a good agreement (this was also assessed
by the feature selective validation technique [23]–[25]). This is
true also for the CM current of PCB 2, which exhibits negligi-
ble shifts of the resonance frequencies (null-points), even if the
degree of imbalance (k2

c
∼= 0.08) is very close to the limit of

validity of the proposed model.

VII. CONCLUSION

Under the assumption of weak imbalance, the strict anal-
ogy between crosstalk and DM-to-CM conversion occurring in



geometrically unbalanced differential lines has been unveiled,
and a circuit interpretation of the phenomenon, allowing for ac-
curate prediction of the undesired CM currents responsible for
RE, has been proposed. With respect to exact solution of MTL
equations, the proposed reformulation of the problem can rep-
resent a more powerful resource for the designer. As a matter of
fact, since geometrical imbalance is usually to be ascribed to un-
certainty and tolerances in the manufacture process, a statistical
approach [2] is definitely more suited than a deterministic one to
provide quantitative estimations of the involved CM quantities
and consequent RE. In this respect, it is worth noting that—as
long as the weak-imbalance assumption is satisfied—the pro-
posed model has the advantage to treat the unbalanced differen-
tial line as a perturbation of the corresponding ideally balanced
structure. Namely, it was proved that CM and DM characteristic
impedances and propagation constants (see Table II) as well as
DM predictions do not exhibit significant variations in the pres-
ence and absence of imbalance. Therefore, this perturbational
approach enables sensitivity analyses of the involved CM quan-
tities through repeated-run simulations or by stochastic models
at the cost of limited computational burden [26].

Although conveniently derived for an ideal differential line
in order to highlight general properties of mode conversion, the
proposed model can be further extended to include nonideal
effects in PCB traces, such as losses and dispersion, and addi-
tional phenomena of mode conversion, such as imbalance due to
the terminal networks [11], and crosstalk coupling with nearby
differential lines. Particularly, the inclusion of losses can be eas-
ily handled by accounting for complex-valued p.u.l. impedance
and admittance matrices in (9) and (10). Additionally, crosstalk
with nearby pairs can be addressed by reformulating the MTL
equations and the weak imbalance assumption for the multipair
structure under analysis.
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