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ABSTRACT This work encompasses some relevant issues that arise when using a broadband method to
characterize the even and odd mode propagation constants of symmetric microstrip coupled lines using
four-port pure-mode differential and common mode S-Parameters. Correct excitations of differential and
common modes play a significant role in experimental results. From these 4-port measurements, parameters
corresponding to the even and odd modes can be extracted from the multi-mode generalized S-parameters
obtained by the vector network analyzer. Differential and common mode sub-matrices are considered as two
independent equivalent 2-port transmission lines. The method will be applied to extract the propagation con-
stants of even and odd modes of coupled microstrip transmission lines. A discussion is included on ensuring
the correct excitation of the modes in the structure and avoiding possible unwanted effects such as radiation,
that negatively affects the final estimation, both in phase and attenuation. Two figures of merit are defined
to evaluate how transitions affect the performance of the method. These figures of merit allow a reasonable
estimation of how the final experiment is affected by selected excitation of modes. To assess the theory
presented, two sets of seven lines of different lengths are manufactured. The experimental results show an
excellent agreement, both with electromagnetic simulations and with the analytical model used, for the phase
constant in the improved case of 30° bends, and an improvement in the useful bandwidth of the attenuation
constant. This fact verifies the correct functioning of the method. In addition, the measurements are presented
in the range of 0.01–67 GHz, which represents a significant advance in bandwidth for this type of structure.

INDEX TERMS Broadband measurements, coupled microstrip lines electromagnetic (EM) characterization,
propagation constant, transmission line measurements.

I. INTRODUCTION
Characterization techniques for symmetric coupled transmis-
sion lines have been a topic of active research for years since
the use of differential circuits is notably increasing in mi-
crowave technology. This particular case of multiconductor

transmission lines is widely used for several applications in
the microwave and millimeter-wave frequency bands where
devices such as filters [1], power dividers [2], and directional
couplers [3] are extensively used. The knowledge of the ac-
tual propagation constant of quasi-TEM modes is of great
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FIGURE 1. Field configuration of coupled lines even (a) and odd (b)
modes.

relevance, especially for broadband applications, as well as
the difference in phase velocities, and therefore, dispersion
characteristics of modes propagating in the structure limit
remarkably the operational bandwidth of the device as it is
well-known [4].

In a pair of symmetric coupled transmission lines, as de-
picted in Fig. 1, the propagation mode is a combination of the
odd and even modes [5]. A modal analysis for extraction of
multimode propagation constants was presented in [6]. In gen-
eral terms, several methodologies have been proposed in the
literature to characterize the propagation constants of coupled
transmission lines. On the one hand, resonant methods [7],
[8] look to force resonances in the structure, and it is possible
to obtain a fairly accurate value of the propagation con-
stant. Their main drawback is that they only offer a solution
in a limited number of frequencies, only at those frequen-
cies where resonances occur. On the other hand, broadband
methods [9], [10] allow estimating, ideally, a solution that
covers the entire frequency sweep of the analyzer. Never-
theless, these works were limited to 20 GHz. For example,
in [10] a method based on reflection measurements is con-
sidered to take advantage of a destructive setup considering
the invariance of the cross-ratio of four complex numbers to
a bilinear transformation. However, for all broadband meth-
ods, their main inconvenience is the lack of accuracy when
estimating the attenuation constant of low-loss transmission
media. In [11], a SPICE-compatible equivalent circuit model
of on-chip coupled transmission lines was extracted, using
a similar procedure to the one in [12]. Regarding asymmet-
ric coupled transmission lines, in [13], it was presented a
method to characterize asymmetric coupled lines when the
modal cross powers are significant, based on relations be-
tween the transmission line’s conductor representation, its
modal representation, and its impedance matrix. The extrac-
tion of propagation constants is also the basis of the SPP light
method used in [14].

The characterization of differential devices can be per-
formed using a pure-mode four-port vector network analyzer.
In this case, two generators are used to provide differential
and common mode excitation to the device under test. It is
well known that this characterization is necessary for active
differential devices due to inherent nonlinearity. Meanwhile,
a conventional four-port vector analyzer for passive devices
is enough using the mixed-mode transformation [15], [16]. In

passive devices, conversion mode sub-matrices uncertainties
are reduced using a pure-mode vector network analyzer [17].
From pure-mode S-parameters, in [18] it was proposed to
characterize coupled microstrip lines from the transmission
line approach model in [19]. Regarding calibration, in [20],
a multimode through-line-reflect (TRL) calibration based on
generalized reverse cascade matrices was presented. In [21],
multimode TRL calibration was applied for the characteriza-
tion of homogeneous differential discontinuities.

This paper deeply studies the effects of the excitation of
even and odd modes for accurately modeling lossy coupled
transmission lines over a very broad frequency band. The
studied method pays special attention to the accurate charac-
terization of the attenuation constant, known as a problematic
parameter to be determined using broadband methods. For this
purpose, long lines can be used to increase measured insertion
losses, and the accuracy can be increased if higher differences
in line lengths are used [22]. The procedure for measuring
differential S-parameters, using a pure-mode network ana-
lyzer, as well as the separation of parameters of the even and
odd modes, are explained in Section II. Section III shows the
process of applying the method to each of the even and odd
mode matrices to extract the real and imaginary parts of the
propagation constant. Section IV discusses how the excitation
of the modes of the coupled transmission lines influences
the correct operation of the method. Section V includes the
analytical, simulated, and measured results of the performed
experiment to validate the presented theory. Conclusions are
given in Section VI.

II. S-PARAMETERS OF SYMMETRIC COUPLED LINES
In a pair of microstrip coupled transmission lines two indepen-
dent quasi-TEM modes propagate: the even and odd modes, as
mentioned above. A diagram of the field configuration of these
modes is shown in Fig. 1. Their characteristic impedances, Z0o

and Z0e , can be calculated analytically from the line param-
eters following the Kirschning and Jansen model [23]. From
these characteristic impedances, and considering that the DUT
is symmetric and reciprocal, the S-parameters of each mode of
the transmission line can be computed as

S11o = S22o =
(

Z2
0o

− Z2
0

)
sinh (γol )

2Z0Z0o cosh (γol ) +
(

Z2
0o

+ Z2
0

)
sinh (γol )

,

S12o = S21o = 2Z0Z0o

2Z0Z0o cosh (γol ) +
(

Z2
0o

+ Z2
0

)
sinh (γol )

,

S11e = S22e =
(

Z2
0e

− Z2
0

)
sinh (γel )

2Z0Z0e cosh (γel ) +
(

Z2
0e

+ Z2
0

)
sinh (γel )

,

S12e = S21e = 2Z0Z0e

2Z0Z0e cosh (γel ) +
(

Z2
0e

+ Z2
0

)
sinh (γel )

,

(1)
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FIGURE 2. Diagram of the mixed-mode S-parameters measurement.
Circled numbers 1 to 4 represent single mode conventional ports. quared
numbers 1 and 2 represent the mixed mode ports.

being γe and γo the propagation constant of even and odd
modes respectively, and Z0 the impedance of each external
port. However, these S-parameters can not be measured in-
dependently. Instead, what is measured is a combination of
both since they propagate simultaneously unless a pure-mode
excitation is established.

A. DIFFERENTIAL S-PARAMETERS
To measure the S-parameters of each mode, from which its
propagation constant is going to be estimated, mixed-mode
S-parameters can be used. D. Bockelman and W. Eisenstadt
introduced them in 1995 [24] to model differential circuits
and devices using single-ended S-Parameters. Considering
these parameters, it is possible to characterize more precisely
the behavior of the common and differential modes of this
type of devices independently [17]. Conversion starts from a
single-ended measurement of a four-port device ([Sse]), which
is transformed into an equivalent device with two ports that in-
clude both the differential and common modes ([Smm]). Fig. 2
shows a diagram of the operation of mixed-mode S-parameter
measurement, where the four single-ended ports are consid-
ered as two ports, propagating differential and common modes
independently.

The single-ended S-parameters are given by⎛
⎜⎜⎜⎝

b1

b2

b3

b4

⎞
⎟⎟⎟⎠ =

⎛
⎜⎜⎜⎝

S11 S12 S13 S14

S21 S22 S23 S24

S31 S32 S33 S34

S41 S42 S43 S44

⎞
⎟⎟⎟⎠

︸ ︷︷ ︸
[Sse]

·

⎛
⎜⎜⎜⎝

a1

a2

a3

a4

⎞
⎟⎟⎟⎠ , (2)

whereas the mixed-mode ones are given by⎛
⎜⎜⎝

bd1

bd2

bc1

bc2

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝

Sdd11 Sdd12 Sdc11 Sdc12

Sdd21 Sdd22 Sdc21 Sdc22

Scd11 Scd22 Scc11 Scc12

Scd21 Scd22 Scc21 Scc22

⎞
⎟⎟⎠

︸ ︷︷ ︸
[Smm]

·

⎛
⎜⎜⎝

ad1

ad2

ac1

ac2

⎞
⎟⎟⎠ . (3)

The matrix in (3) can be viewed as four sub-matrices cor-
responding to pure differential mode (Sdd ), pure common

mode (Scc), and the sub-matrices Sdc and Scd , representing
the transfer of energy between the differential and common
modes. Sdc and Scd are usually named cross-mode matrices.
Matrices (2) and (3) can be related using [24]

[Smm] = [M][Sse][M]−1, (4)

being

[M] = 1√
2

⎛
⎜⎜⎜⎝

1 −1 0 0

0 0 1 −1

1 1 0 0

0 0 1 1

⎞
⎟⎟⎟⎠ . (5)

In a way, symmetric coupled lines work as differential de-
vices, in which the odd mode corresponds to a differential
excitation, whereas the even mode to a common one, as de-
picted in Fig. 1. However, this assumption would only be
entirely true if both modes had a reference impedance of 50
�. Taking into account the different impedances of the even
and odd modes, the transformation to be performed is

[Smm] = ([M1][Sse] + [M2]) ([M1] + [M2][Sse])−1 , (6)

where [M1] and [M2] can be calculated following the pro-
cedure described in [25]. If the lines were uncoupled, the
condition Z0 = Z0o = Z0e would be fulfilled and [M2] = [0],
[M1] = [M], and therefore, (6) reduces to (4).

The cross-mode parameters can be assumed as negligible in
correctly excited coupled microstrip lines, so Scdi j = Sdci j =
0∀i, j, and the sub-matrices can be decoupled as(

bd1

bd2

)
=
(

Sdd11 Sdd12

Sdd21 Sdd22

)
·
(

ad1

ad2

)
, (7a)

(
bc1

bc2

)
=
(

Scc11 Scc12

Scc21 Scc22

)
·
(

ac1

ac2

)
. (7b)

These parameters will be the starting point of the consid-
ered method for the estimation of the propagation constant:
(7a) will be used for the odd mode and (7b) for the even
one. Nowadays, depending on their configuration, network
analyzers allow measuring differential and common mode
S-parameters directly, without performing any transformation,
provided they have the option to perform pure-mode measure-
ments using two different tone generators [26]. In this work,
we use a VNA which includes two independent tone genera-
tors so pure mode differential and common mode generation
on every subset of two ports are available.

B. PURE-MODE NETWORK ANALYZERS
Pure-mode measurements were introduced in [27]. To per-
form them, it is necessary the availability of a pure-mode
vector-network analyzer (PMVNA). For this type of measure-
ment, four physical ports must be used. The main idea is to
generate the four virtual ports shown in Fig. 2 associating
2 for the common mode and 2 for the differential mode.
For this purpose, it must be ensured that there is a phase
difference of 0° and 180° between physical ports 1 and 2,
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FIGURE 3. Concatenation diagram of the transmission line T-parameters
for simulation and measurement.

and ports 3 and 4, respectively, to generate real common and
differential excitations. From these excitations, it is possible to
obtain, directly from the network analyzer, the mixed-mode S-
parameters matrix ([Smm]). It is essential to highlight the need
for the network analyzer to have two different tone generators
operating simultaneously. It was demonstrated that PMVNA
uncertainty is lower for cross-mode parameters than that of a
traditional four-port vector network analyzer when measuring
differential devices [17].

III. DESCRIPTION OF METHOD BASED ON
TRANSMISSION LINES OF DIFFERENT LENGTHS
The method used estimates the propagation constant of 2-port
transmission lines in broadband. It is based on the one pro-
posed by Bianco and Parodi in [28] and later used in TRL
calibration [29], [30] to get the propagation constant value.
The key to using it for coupled lines is to work independently
with odd and even mode matrices, previously separated, mea-
sured using a PMVNA. It is relevant to convey that the
characteristic impedance cannot be estimated using this kind
of method based on two-port mathematical invariants. Any
transmission line of a given impedance Z0x can be transformed
into another transmission line of impedance Z0y with ideal
transformers in cascade, whose turns ratio depends on both
impedances values [31]. This ideal transformer is therefore
embedded in the transitions considered as linear two-port
circuits ([TAi ], [TBi ]), and information is lost as matrices in-
variants are the core of the method used. The characteristic
impedance can be calculated afterward using the propagation
constant estimated using several strategies [32] or even time
domain techniques if available afterward. Similar behavior
is noticeable in coupled transmission lines [33]. The proce-
dure starts with the measurement of the S-parameters of two
coupled lines of different lengths. To concatenate parameters,
a transformation to T-parameters is performed. As seen in
Fig. 3, these parameters ([Ko,e]) include both the effects of the
transitions ([T ]) and those of the transmission line ([Lo,e]).
In this way, [Ki], which will be different for each propa-
gation mode, can be expressed as [Ko,ei ] = [TAi ][Lo,ei ][TBi ]
(i = {1, 2}, i = 1 represents the shortest line, and i = 2, the
longest one). However, this expression includes both the ef-
fects of transitions and the effect of the line. To solve this
problem, a mathematical transformation must be applied to
eliminate the effect of transitions. This is done by measuring

lines of different lengths and using the mathematical concept
of invariants [34]. This process assumes that matrices [TAi ]
and [TBi ] are invariants for every line, so from now on, they
will be considered as [TA] and [TB]. Since this concept was
raised, there have been several mathematical strategies to iso-
late the effect of the line from that of the transitions. On the
one hand, there are strategies based on the calculation of traces
or determinants of matrices. However, in [35] it was shown
that the most efficient strategy was to use methods based on
eigenvalues since these are the least affected by random errors.
For this reason, an eigenvalue-based variant method will be
used in this paper. The starting point is T-parameters matrices
[Ko,e1 ] and [Ko,e2 ]. These matrices can be combined following

[Ko,e1 ][Ko,e2 ]−1 = [TA][Lo,e1 ][Lo,e2 ]−1[TA]−1. (8)

This equation can be rewritten if matrices [Ko,e] and [Lo,e]
are defined as [Ko,e] = [Ko,e1 ][Ko,e2 ]−1 and [Lo,e1 ][Lo,e2 ]−1,
so (8) can be expressed as

[Ko] = [TA][Lo][TA]−1,

[Ke] = [TA][Le][TA]−1. (9)

Equation (9) is a similarity transformation, so [Ko,e] and
[Lo,e] are similar matrices and, therefore, their eigenvalues,
determinants, and traces coincide. Being γo = αo + jβo, γe =
αe + jβe, �l = l2 − l1, and matrices [Lo], [Le] are diagonal
matrices defined as

[Lo] =
[

e+γo�l 0

0 e−γo�l

]
,

[Le] =
[

e+γe�l 0

0 e−γo�l

]
, (10)

and its eigenvalues are λ1 = e−γo,e�l and λ2 = e+γo,e�l . These
eigenvalues coincide with those of matrix [Ko,e]. In this way,
the de-embedding process is performed by the method itself.
Therefore, the propagation constants γo and γe can be calcu-
lated using

γo = 1

�l
ln

(
1/λ1o + λ2o

2

)
,

γe = 1

�l
ln

(
1/λ1e + λ2e

2

)
(11)

respectively. At this point, it is important to mention that if the
obtained method were applied to two-port single transmission
lines, it would not be required to calibrate the analyzer since
the effects of transitions have been eliminated by introducing
the concept of invariant. A deeper discussion can be found
in [35]. In the case of using a pure-mode vector network
analyzer to use ports combined to establish common and dif-
ferential excitation, a SOLT calibration must be performed to
establish the phase reference for 0° and 180°.

Although this way of obtaining the propagation constant
would be sufficient under ideal conditions, the truth is that
the presence of random errors due to manufacturing or the
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FIGURE 4. Attenuation constant (a) and effective relative permittivity
(b) obtained from port simulations and considering S-parameters matrices
using the proposed method.

measurement system reduces the method’s accuracy. That is
why many authors have proposed increasing the number of
lines to obtain a more precise broadband characterization.
In [35], it was shown that the standard deviation of random
errors decreases as the number of lines increases. To improve
the accuracy of the method, it is proposed to use a least-
squares fit, which is the maximum likelihood estimator for a
Gaussian distribution of random errors, solving the equation
in a similar way as single mode but independently for every
mode, differential, and common modes,

min
αo,βo

1

2

N∑
n=1

∣∣∣∣
(

1/λ1no + λ2no

2

)
− e+(αo+ jβo)�l

∣∣∣∣2,
min
αe,βe

1

2

N∑
n=1

∣∣∣∣
(

1/λ1ne + λ2ne

2

)
− e+(αe+ jβe )�l

∣∣∣∣2 (12)

where N is the number of possible combinations between
all the i lines, and λ1n , λ2n the eigenvalues corresponding to
combination n. The lengths of these lines can be chosen con-
sidering a quasi-linear or logarithmic criterion, as explained
in [35].

Regarding mixed-mode S-parameters measurement, the
transformation carried out in (4) does not change the method
behavior, since, like (9), both equations are similarity trans-
formations. To validate the operation of the proposed method
in an ideal case, two pairs of coupled lines, like the ones in
Fig. 1, have been simulated in the full-wave simulator AN-
SYS HFSS [36]. This simulation corresponds to the structure

FIGURE 5. Configuration of coupled lines using no bend (ideal case) (a),
90° (b), and 30° (c) bends. Note that (a) is only possible in analytical or
simulation scenarios.

depicted in Fig 5(a). Using these simulations, comparison by
mixed-mode or single-mode ports is possible. In real system
transitions, bends and connectors must be used. For this pur-
pose, it has been used Rogers 4350B substrate, with 508 μm
thickness, εr = 3.66, tan δ = 0.0031, and 17.5 μm thick cop-
per metallization. The relative permittivity of the substrate
up to 50 GHz has been imported using the dispersion model
provided in [37]. The line widths are set to 1.095 mm, to get a
50 � characteristic impedance at interface ports, whereas the
lengths are 10 and 35 mm, respectively. The gap between lines
is set to 150 μm.

As mentioned above, two types of simulations have been
carried out. On the one hand, a modal simulation has been
used, from which the constant propagation of even and odd
modes in the ports of the structure is obtained, ([Smm]). On
the other hand, a terminal simulation has been carried out in
which the 4-port S-parameter matrix of the structure ([Sse])
is obtained. The transformation to differential S-parameters
is applied to this matrix, obtaining the matrices of the even
and odd modes to which the considered method is applied,
no matter whether pure mode or conversion is used. Fig. 4
shows the results using both simulations, as well as an in-
set picture of the simulated structure. For ease of view, the

680 VOLUME 3, NO. 2, APRIL 2023



FIGURE 6. Current density, J, at 10 GHz (a), (b), (c), 50 GHz (d), (e), (f) and 67 GHz (g), (h), (i) using an ideal feeding line, and 30° and 90° bends.

phase constant is represented in terms of effective relative
permittivity, using the transformation εr,e f fo,e = (cβo,e/ω)2.
As seen, both the simulated propagation constants and the
ones obtained from the proposed method clearly coincide. The
results show the method’s validity to obtain the propagation
constant of both modes in simulation for a structure like the
one in Fig. 5(a). Thus, it is shown that the theory explained
in Section II for single-ended measurements, transforming
them to differential and common mode matrices using (4) (as
simulations are performed) is valid to obtain the S-parameters
of the even and odd modes correctly. Modal simulation re-
sults are equivalent to the pure-mode measurements that were
mentioned above.

The problem arises when trying to validate the method
experimentally. It is necessary to place connectors at the end
of the lines. These connectors do not fit in the configuration
of two coupled lines, so it will be necessary to look for a
configuration based on bends that makes it possible to feed
the lines separating the access ports. A deeper discussion
will be presented in the next section discussing how a proper
selection of feeding transmission lines is necessary to get the
best possible results.

IV. MODES EXCITATION
To place the connectors at the edges, it is necessary to get
enough space, so they fit in the structure. For that reason,
bends are used to adequately separate connectors. First, a
simple structure with two 90° mitered bends for each port
is proposed, as shown in Fig. 5(b). As all the access lines
are the same, it is guaranteed that coupled lines will have a
differential or common mode correct excitation. However, for
PMVNA measurements, it is necessary to use a SOLT calibra-
tion that compensates for the differences between the analyzer
ports to ensure that ports can have differential or common
mode excitations. It is noteworthy that this is a substantial
difference compared to when the studied method is applied
for single-mode 2-port transmission lines.

The main problem associated with bends in literature is
radiation losses [38]. These losses are especially significant
when the angle of the bends increases [39] and at high
frequencies when the length of lines between bends is compa-
rable with guided wavelength. For this reason, an additional
configuration with only a 30° bend is considered and depicted
in Fig. 5(c). The use of 30° bends still allows a proper con-
nection to the VNA. Lower values can be used, but 30° is
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FIGURE 7. � (a) and δ (b) figures of merit using 90°, 30°, and no bends and
lines of 10 and 35 mm.

a balance between admissible parasitic effects and adequate
connections with reasonable lengths for feeding microstrip
lines. To show the degradation suffered by the signal as it
passes through the bends, the current density, J , at 10, 50,
and 67 GHz, has been plotted in Fig. 6, for a straight ideal
transmission line (Fig. 5(a)) and the two proposed bends con-
figuration (Fig. 5(b) and (c)). As seen, at 10 GHz, the behavior
is quite similar, but when increasing frequency, the current
density distribution degrades considerably after propagating
through the bends. However, the 30° configuration shows a
behavior much more similar to that of the ideal line than the
90° one.

To show the effect of the bends, two figures of merit are
proposed to compare how the two configurations can affect
the considered method, which are key to understanding how
the method works. This way, an evaluation of the subsequent
results can be done before fabrication to ensure useful results.
On the one hand, the attenuation constant strongly depends on
the absolute value of the S-parameters [35]. To satisfy energy
conservation, the equation

N∑
n=1

|Snm|2 ≤ 1 ∀m (13)

must be fulfilled for each line [40]. In this sense, and to
evaluate radiation losses, the energy conservation expression
can be used as a figure of merit �s and can be defined, for the
feeding lines (see Fig. 6), as

�s = |S11|2 + |S21|2 ≤ 1. (14)

Referring to the 4-port structure, the equivalent figure of
merit, using the common and differential mode S-parameters,
can be written as follows

�o = ∣∣Sdd11

∣∣2 + ∣∣Sdd21

∣∣2 + ∣∣Sdc11

∣∣2 + ∣∣Sdc21

∣∣2 ≤ 1, (15a)

FIGURE 8. Power scheme for the definitions of � parameters.
(a) Single-mode straight transmission line. (b) Differential/odd
mode excitation. (c) Common/even mode excitation.

�e = ∣∣Scc11

∣∣2 + ∣∣Scc21

∣∣2 + ∣∣Scd11

∣∣2 + ∣∣Scd21

∣∣2 ≤ 1. (15b)

These figures include the transmitted and reflected power in
the same mode and between differential and common ones.
The relationship between the input and output power is rep-
resented in the diagram of Fig. 8 for the three different �

parameters defined.
On the other hand, the phase constant depends on the phase

difference between two lines with different lengths. For this
reason, appropriate figures of merit δo and δe can be defined
as

δo = �Sdd212
− �Sdd211

(16a)

δe = �Scc212
− �Scc211

. (16b)

If the lines were well matched, the phase difference be-
tween two lines of different lengths would be completely
linear. If there is no matching, as happens when bends are
introduced, the phase difference will not be linear, but its trend
will still be linear. This fact can be effortlessly checked when
evaluating (1) for two lines with Zo,e �= Z0.

The two defined figures of merit will serve to evaluate how
bends can affect the behavior of the considered method. On
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the one hand, Fig. 7(a) shows the simulated �s for an ideal
feeding line and the two proposed configurations based on
bends. It is a lossless simulation, in order to isolate the effects
of the radiation. As can be seen, there is much greater power
loss due to radiation when using 90° bends, finding a similar
behavior to the straight line (no bend case) when using the
30° configuration. This irregular behavior will cause the esti-
mated attenuation constant to deteriorate rapidly. Bad results
are expected for α even at low frequencies beyond 20 GHz
(Fig. 7(a)).

On the other hand, δ is plotted in Fig. 7(b) for the two lines
simulated in the previous section using 30° and 90° bends,
and for the ideal case that has no bends. For the 90° bends
configuration, the phase difference does not have a linear
behavior with frequency, which is a fundamental condition for
the correct functioning of the method [35]. For this reason,
the phase constant will not be correctly calculated at high
frequency, as will be seen in the experimental validation.
Therefore, 30° bends configuration is expected to make the
method works better, as the phase difference, δ, is almost the
same as the ideal case, as depicted in Fig. 7(b).

In the microstrip prototype fabricated, no propagation of
TM0 surface wave mode has been verified by simulation.
Another problem that could affect the performance of the
method is the propagation of higher-order modes, which limits
the useful bandwidth of the microstrip [41], [42]. However,
the first mode of interest, which corresponds to a Transverse
Microstrip Resonance, does not propagate up to 60.8 GHz for
the microstrip dimensions and substrate used, so it is ruled
out that the propagation of higher-order modes could limit
the performance of the considered method. The slab-mode,
and high-order microstrip modes, including microstrip surface
wave modes, do not propagate even out of the bandwidth of
the used vector network analyzer.

V. ASSESSMENT OF THE METHODOLOGY
To assess the performance of the considered method, several
experiments have been carried out. Two of them are presented
to demonstrate experimentally the effect of different bend
angles using RO4350B substrates. Experiments consisted of
7 lines, whose lengths were chosen taking the quasi-linear (q
= 1.2) criteria [35] (10, 12.91, 16.69, 20.88, 25.37, 30.09, and
35 mm). The first experiment has been manufactured using a
substrate of 762 μm high and a line width of 1.65 mm and a
gap of 200 μm. The second experiment uses a 508 μm high
substrate, and the line width was set to 1.095 mm, with a gap
between lines of 500 μm. On the one hand, the 90° experiment
layout is as depicted in Fig. 5(c). On the other hand, the struc-
ture with 30° bends was used, like the one shown in Fig. 5(c).
These structures were manufactured and subsequently mea-
sured using the network analyzer Agilent PNA-X (N5247 A).
The VNA configuration was set up as follows: fstart = 10
MHz, fstop = 67 GHz, and 6401 data points were taken, using
a delay before measuring each point of 250 μs. The bandwidth
of the IF bandpass filter was set at 10 kHz, whereas the port
power to −5 dBm. The calibration kit for SOLT calibration

FIGURE 9. Photograph of manufactured coupled lines and the
measurement setup using vector network analyzer for Pure Mode
S-parameters measurement.

at external ports was the Agilent 85058E-1.85 mm. Results,
as well as measured and simulated � and δ figures of merit,
are depicted in Figs. 10 and 11. The analytical model used
to compare with simulated and measured results is the one
proposed by Hammerstad and Jensen in [43]. Simulated re-
sults have been obtained using a modal simulation of the ideal
structure, without bends, in the full-wave simulator ANSYS
HFSS. A photograph of the simulated structures is included
in that figure. The measurement setup is depicted in Fig. 9.

Fig. 10 shows the experimental results for a 90° bend as
transition for coupled lines excitation. The graph for the figure
of merit �, Fig. 10(d), considered shows a great ripple that
clearly affects the attenuation constant from very low frequen-
cies. In the case of the effective permittivity, it is usable under
30 GHz but clearly not for upper frequencies. Useless results
are shaded gray. Fig. 11 shows the experimental results for a
30° bend as transition for coupled lines excitation. As seen,
the accuracy of the obtained attenuation constant is good up
to 50 GHz. Regarding the effective relative permittivity, the
results obtained are highly accurate, similar to those of the an-
alytical and simulated models. Excellent results for the phase
constant have been obtained in the full measured bandwidth,
as the phase difference tendency remains linear (δ). Using
30° bends allows a significantly better performance of the
method considered as predicted by the proposed figures of
merit. Results are coherent with the use of the figure of merit
proposed whose result can be compared by using Figs. 10(d)
and 11(d) (Note different scales for clarity in both graphs).
The attenuation constant is better than the one that could have
been obtained using 90° bends, as � and δ are quite similar to
the ones of the ideal feeding lines.
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FIGURE 10. Experimental results of the attenuation constants and
effective relative permittivities using the proposed methods with 90°
bends (Fig. 5(b)), in comparison with electromagnetic simulation and
analytical model, as well as simulated and measured � and δ figures of
merit, using lines #1 and #7 (h = 762 μm, w = 1.65 mm, s = 200 μm).

FIGURE 11. Experimental results of the attenuation constants and
effective relative permittivities using the proposed methods with 30°
bends (Fig. 5(c)), in comparison with electromagnetic simulation and
analytical model, as well as simulated and measured � and δ figures of
merit, using lines #1 and #7 (h = 508 μm, w = 1.095 mm, s = 500 μm).
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VI. CONCLUSION
This work presents a study of the effects of the excita-
tions when obtaining the even and odd modes propagation
constant of microstrip coupled lines from 4-port pure-mode
S-parameters measurements. The method uses the measures
of different length coupled lines. It allows obtaining excel-
lent results, in comparison with the analytical and simulated
models, for the phase constant, whereas reasonable results
are obtained for the attenuation constants over the entire
measurement bandwidth (0.01–67 GHz), depending on the ex-
citation of propagation modes involves. In this sense, a study
has been performed, showing that reducing the angle of the
bends improves the excitation of the modes, since radiation
is drastically reduced, causing the result of the attenuation
constant to be considerably enhanced and the bandwidth of
the phase constant extended to the whole available frequency
band. Two figures of merit have been defined to evaluate how
the accuracy of the results can be improved. The experimental
validation has served to assess the theory presented, show-
ing very accurate results for the phase constant throughout
the entire bandwidth of the vector network analyzer used.
Therefore, it can be concluded that, despite its simplicity, the
considered method using different-length transmission lines
allows obtaining the propagation constant quite accurately as
the bend angle is correctly chosen for mode excitation.
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