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An Effective Approach to Deembed the Complex
Propagation Constant of Half-Mode

SIW and Its Application
Zheng Liu, Student Member, IEEE, Lei Zhu, Fellow, IEEE, Gaobiao Xiao, Member, IEEE, and Qiong Sen Wu

Abstract— In this paper, a numerical short-open calibra-
tion (SOC) method is presented to numerically deembed the
complex propagation constant of half-mode substrate integrated
waveguide (HMSIW). After three distinctive equivalent circuit
networks are described for SOC deembedding procedures, the
propagation characteristics of HMSIW can be extracted. The
numerical stability and convergence are illustrated. Two exam-
ples designed with the application of our method are given.
An HMSIW leaky wave antenna is designed, fabricated, and
measured. The radiation pattern calculated from the deembedded
complex propagation constant is well verified by the simulated
and measured ones. The scattering parameters of two classes
of single microstrip-to-SIW transitions are extracted and they
are used to validate the numerically deembedded complex
propagation constant of SIW.

Index Terms— Leaky wave antenna, propagation constant,
radiation pattern, short-open calibration (SOC), transition.

I. INTRODUCTION

MODERN communication systems are usually composed
of various kinds of microwave active and passive

components, whose miniaturization and integration are one
of the research topics in recent years. Substrate integrated
waveguide (SIW) and half-mode SIW (HMSIW) are widely
considered as promising candidates for microwave and
millimeter-wave integrated circuits due to their compact
size, low cost, and easy integration with other planar
circuits [1], [2]. Numerical papers have been published to
develop the principle characteristics of SIW or HMSIW and
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the applications, such as filters [3]–[9], couplers [10], [11],
antennas [12]–[15], and so on. Meanwhile, various commercial
electromagnetic (EM) softwares have been developed to allow
us to simulate the overall layout of an SIW or HMSIW
circuit block. As one drawback, these simulators can only
calculate the resultant network parameters at specified external
locations along the feeding lines and they cannot accurately
and directly calculate the propagation characteristics of SIW
or HMSIW due to the high-order mode effects and port
discontinuities in EM modeling [16], [17]. However, the
complex propagation constants of SIW and HMSIW are the
critical parameters, which are highly demanded in circuit and
antennas design, such as predicting the radiation pattern of
leaky wave antennas [12]–[15] and analyzing the crosstalk in
SIW high-speed interconnect circuits [18], [19].

To circumvent this problem, a few numerical methods,
such as method of auxiliary sources [20], finite difference
time domain [21], boundary integral-resonant mode expan-
sion [22], and so on, were proposed to accurately calculate
the propagation characteristics of SIW or HMSIW. However,
they usually require tedious procedure in programming. Some
closed-form formulas to calculate the phase constants of SIW
and HMSIW were derived in [22]–[24], while the attenuation
constant cannot be calculated by them, which has limited
their wide application in some situations. On the other hand,
various calibration techniques in experiment and simulation
are considered as an effective methodology to remove the port
discontinuities out of the device under test (DUT) or model.
Many papers have been published so far to investigate and
report the deembedded parameters for various microstrip-line
discontinuities and periodically varied guided-wave structures
in [25]–[30].

The short-open numerical calibration (SOC) technique pro-
posed in [25] was initially realized to deembed the microstrip-
line discontinuities in the 2.5-D method of moment (MoM)
algorithm, and it is extended in this paper to numerically
deembed the complex propagation constants of SIW and
HMSIW in the 3-D finite-element method algorithm. The
equivalent circuit networks and basic principle of this sim-
plified numerical calibration method are given. In addition
to verify the deembedded results as compared with those
from the numerical multiline method and empirical formu-
las, numerical convergence and accuracy of this method are
demonstrated and confirmed. Finally, two examples are given
to verify the accuracy of our method. One is an HMSIW
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Fig. 1. (a) Schematic for EM modeling of HMSIW. (b) Equivalent circuit
representation for SOC deembedding procedure.

leaky wave antenna. The radiation pattern calculated from
the SOC-derived complex propagation constant is found in
good agreement with the simulated and measured ones. The
other is to calculate the scattering parameters of two classes of
single microstrip-to-SIW transitions by using the numerically
deembedded complex propagation constant of SIW with our
proposed method.

II. SOC DEEMBEDDING TECHNIQUE

Fig. 1(a) shows a general schematic for EM modeling of
an HMSIW with finite length (L). The entire layout in Fig. 1
is classified into three distinctive sections, i.e., two feeding
HMSIW sections in the regions of #1 − #1′ and #2 − #2′, and
core HMSIW section #1′ and #2′. P1 and P2 indicate the port
locations where the external field excitations are introduced,
whereas #1′ and #2′ stand for the reference planes, to which
only the dominant mode can reach from #1′ to #2′.

Fig. 1(b) shows its equivalent circuit representation with
three distinctive sections. The middle HMSIW section between
#1′ and #2′ is referred as to a DUT, and its ABCD matrix,
denoted as [Adut], needs to be deembedded. The feeding line
blocks are named the error boxes and their ABCD matri-
ces are expressed as [Ae] and [uAeu]−1, respectively. Thus,
[Adut] can be simply derived if [Ae] is determined [25]

[Adut] = [Ae]−1 [A] [u Aeu] (1)

where [A] = [e1, e2; e3, e4], [Ae] = [ae, be; ce, de], and
[u] = [1, 0; 0,−1].

The matrix [A] in (1) represents the overall ABCD matrix
and it can be obtained by simulating this entire HMSIW layout
in Fig. 1(a). Meanwhile, the feeding line blocks in Fig. 2, ter-
minated with electric and magnetic walls, can be simulated by
EM software, thus their input impedances, Zopen and Zshort, at
the source plane #1 can be obtained accordingly. Considering
that the error box is a reciprocal network, the complex
propagation constant of DUT can be explicitly calculated in

Fig. 2. Two calibration standards in SOC, namely, open- and short-end
circuits, by terminating the HMSIW feeders with (a) magnetic wall
and (b) electric wall.

Fig. 3. Calculated normalized complex propagation constants of HMSIW.
k0 is the free-space phase constant. w1 = 6.3 mm, S = 1.2 mm,
Le = 10.8 mm, L = 6 mm, and via’s diameter of 0.7 mm.

terms of the above-derived [A], Zopen and Zshort as follows:

cosh(γ L)= (Zopen + Zshort)(e1+e4) − 2Zopen Zshorte3 − 2e2

2(Zopen − Zshort)

(2)

where γ is the complex propagation constant of HMSIW,
including the phase and attenuation constants, β and α.

Note that in [25], the matrix [Ae] needs to be obtained first
so that the four independent equations must be established.
To solve this matrix, the port voltages and currents are
required, which had been obtained with the MoM in [25].
However, in this paper, only the two elements, i.e., ae and de,
are required to calculate the concerned complex propagation
constant, γ . As a result, only the two input impedances of
two one-port error boxes with short- and open-circuited ends
are needed in the 3-D full-wave software, thus simplifying our
deembedding implementation.

The calculated normalized complex propagation constants
of the HMSIW with and without carrying out SOC deem-
bedding procedures are shown in Fig. 3. They are plotted
together with the results from well-known multiline calibration
method [17], [31] and closed-form formula [24]. It is clear that
the normalized propagation constant from the SOC in Fig. 3
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is exactly the same as that from the multiline method and
closed-form formula (note that the attenuation constant cannot
be calculated with closed-form formula), whereas the direct
EM-derived results without calibration deviate from the cutoff
frequency significantly. After studying the latter case, we can
figure out that this numerical deviation or instability is mainly
attributed by approximate effect of the introduced fields at the
port terminals, P1 and P2, i.e., that is referred as to the port
discontinuities in EM modeling as emphasized in [16], [17],
and [25]. Compared with the closed-form formulas [22]–[24],
our proposed deembedding method can not only calculate
the phase constant, β, but also can derive its attenuation
constant, α. The numerical stability and convergence of the
multiline line method are directly related to the lengths of
two SIWs, which should be selected carefully. Based on
our experience, when their lengths are close to each other,
weak convergence and small perturbation of obtained complex
propagation constant may be observed, especially in the cutoff
frequency. On the contrary, our proposed method has good
numerical stability and convergence, which will be validated
in the following section III.

III. NUMERICAL STABILITY AND CONVERGENCE

Using the above-described SOC method, the two identi-
cal error boxes, including the port discontinuities and high-
order mode effects, can be numerically evaluated. As the
lengths of two feeding lines are enlarged beyond a certain
value [25], [26], all the high-order modes as evanescent waves
eventually disappear at the reference planes. The deembedded
ABCD matrix of the DUT, i.e., [Adut], corresponds to a finite-
length HMSIW with only its dominant propagating mode, and
thus the calculated complex propagation constant gradually
converges to a fixed value.

Fig. 4(a) and (b) shows the calculated normalized phase
constants and attenuation constants of the DUT, respectively,
with respect to different feeding-line lengths. As the via-to-via
unit number, ne, exceeds 3 or feeding-line length increases to
three times via-to-via spacing S, i.e., Le = 3S, the calculated
complex propagation constants numerically converge to a fixed
graph, as shown in Fig. 4.

When the port discontinuities have been included in the
error boxes, the calculated normalized phase constant and
attenuation constant should converge to a fixed value, respec-
tively, which is independent of the length of DUT in Fig. 1(a),
i.e., L. Fig. 5 shows the normalized complex propagation
constants under the number of vias, n = 2, 3, 5, and 7. We can
see that the results agree well with each other under different
values of n and have good numerical stability.

Figs. 4 and 5 show that the length of the error box is a key
factor which can affect the numerical stability. Compared with
the well-known multiline method, our method has simplified
the problem of selection of lines’ length and can avoid the
numerical stability effectively.

IV. EXPERIMENT VERIFICATION

The proposed SOC approach is effective and easy to imple-
ment for numerical deembedding the guided-wave characteris-
tics of SIW and HMSIW. The main procedures for applying it

Fig. 4. Numerical convergence on deembedded complex propagation
constants with respect to different HMSIW feeding lengths, Le = ne S.
ne: vias’ number. S: via-to-via spacing. L = 3S, w1 = 6.3 mm, and
S = 1.2 mm. The via’s diameter is 0.7 mm. (a) Normalized attenuation
constants. (b) Normalized phase constants.

Fig. 5. Numerical convergence on deembedded complex propagation
constants with respect to different DUT lengths, L = nS. n: vias’ number.
S: via-to-via spacing. Le = 4S, w1 = 6.3 mm, S = 1.2 mm, and the via’s
diameter is 0.7 mm.

to calculate the propagation characteristics of SIW or HMSIW
are listed as follows.

1) Simulate the entire layout of the two-port SIW or
HMSIW network, including two error boxes and
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Fig. 6. Electric-field distribution in an HMSIW guided-wave structure.

one core section under deembedding so as to numeri-
cally obtain its ABCD matrix [A].

2) Calculate the two input impedance Zshort and Zopen
of the error boxes terminated by electric and magnetic
walls, respectively.

3) Determine the complex propagation constant of the core
SIW or HMSIW with formula (2).

It is worthwhile to note that in order to tradeoff the
simulation time and numerical convergence, the length of the
error-involved feeding section or error boxes is set a little
longer, while the length of the core SIW and HMSIW can
be set slightly shorter. The substrate used in this paper is the
Taconic TLX with a thickness of 1 mm, relative permittivity
of 2.55, and dielectric loss tangent of 0.0019.

A. Example of an HMSIW Leaky Wave Antenna

Fig. 6 shows the 3-D view of HMSIW and its relevant
unsymmetrical field distribution. Since the dominant guided-
wave mode propagating along the HMSIW is a fast wave,
the HMSIW may leak a certain portion of power into the air
through the open aperture in its right side [14]. This property
may be useful for the construction of a leaky wave antenna.
With the use of the above-derived complex propagation con-
stant, its H -plane radiation pattern can be simply and directly
calculated as

Fθ = sinh((γ − jk0 sin θ)Ls/2)

(γ − jk0 sin θ)Ls/2
cos θ (3)

where k0 is the free-space phase constant. It is clear that
the radiation pattern of the HMSIW leaky wave antenna is
primarily determined by its complex propagation constant
γ (γ = α + jβ). In short, the phase constant β determines
the main radiation direction, while the attenuation or leakage
constant α determines the radiation beamwidth and efficiency.

The effects of a few critical geometrical dimensions on
the phase and leakage constants of the HMSIW guided-wave
structure for the application in leaky wave antennas were
studied with our proposed method. Fig. 7 shows the three
sets of normalized complex propagation constant with respect
to the dielectric thickness, h. Beyond the cutoff frequency
at ∼7.3 GHz, the calculated leakage constant is found to shift
up while its relevant phase constant gets a certain increment
as h increases. It can be intuitively understood that the width

Fig. 7. Complex propagation constants versus dielectric thickness of h.

Fig. 8. Complex propagation constants versus top metal width w1.

Fig. 9. Photography of the fabricated HMSIW leaky-wave antenna and the
parameters and coordinate correspond to the ones in Fig. 6. Ls = 188.4 mm,
w2 = 0.2 mm, w1 = 6.3 mm, S = 1.2 mm, and the diameter of via is 0.7 mm.

of the radiation aperture, h, is enlarged and the EM field in
the HMSIW disperses itself from the substrate to air.

Fig. 8 shows the normalized complex propagation constants
of HMSIW versus a different width of top metal, w1. It is
clearly demonstrated that the cutoff frequency of HMSIW is
mainly determined by the value of w1. With the increase in the
value of w1, the cutoff frequency decreases, and what is more,
the leakage constant decreases as well. An HMSIW leaky wave
antenna with a small leakage constant usually deteriorates
the radiation efficiency, but it can achieve the narrow main
radiation beam.

Then, according to the analysis above, an HMSIW leaky
wave antenna working at 7.5 GHz is designed. In order to
improve the radiation efficiency, the width of the top metal
is set as 6.3 mm with an increased leakage constant α.
The photograph of fabricated antenna is shown in Fig. 9.
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Fig. 10. (a) Simulated and measured reflection coefficients. (b) Calculated,
simulated, and measured radiation patterns at 7.5 GHz.

The conventional tapered transitions are introduced at two
ports to feed this antenna. The simulated and measured reflec-
tion coefficients of the HMSIW leaky wave antenna have been
shown in Fig. 10(a), and visible discrepancy between them
is mainly caused by the nonideal Sub-Miniature-A (SMA)
connectors and fabrication tolerance.

Using (3), the H -plane radiation pattern of this HMSIW
leaky wave antenna can be directly calculated, and it is plotted
together in Fig. 10(b) with those from the direct simulation
and experimental test. The calculated radiation pattern is
found to agree well with the simulated and measured ones,
especially in the H -plane over a wide angular range around its
main beam. The reflection-caused side lobes in the simulated
and measured results appear at about −55°, and they are
mainly caused by the impedance and field mismatches at the
loading port of this antenna [32], [33]. Through this design
example, the accuracy of the calculated phase and leakage
constants deembedded from the presented SOC method has
been satisfactorily verified.

B. Example of Microstrip-to-SIW Transitions

A transition is a key element to interface different kinds
of components in microwave integrated circuits. Thus, many
approaches to design microstrip-to-SIW transitions have

Fig. 11. (a) Model of the classical back-to-back SIW structure with tapered
transitions. (b) Equivalent cascaded topology of (a).

been reported in [34]–[38]. To the best of our knowledge,
the proposed SIW-based transitions themselves have not
yet been well studied as a single transition since the SIW
terminals cannot be rigorously defined using EM software
as a waveport [16], [17], [25]. As an indirect approach, the
reported works only demonstrated the scattering parameters
of a so-called back-to-back transition, which is composed
of the two single transitions cascaded via an SIW section
in the middle. But, this kind of research has not yet really
demonstrated the scattering characteristics of a single
microstrip-to-SIW transition itself. A method to calculate the
scattering parameters of a single SIW-based transition has been
given in [16], but the detailed extraction procedures have not
been provided. We have presented an approach to numerically
deembed the scattering parameters of a single wideband
microstip-to-Coplanar waveguide (CPW) transition with virtue
to the precalculated complex propagation constant of the CPW
in [34]. This method is further developed herein to accurately
extract the scattering parameters of a single microstrip-to-SIW
transition when the complex propagation constant of the SIW
is precalculated using our proposed SOC method.

As such, the two back-to-back transition structures, as
shown in Fig. 11(a), are constructed by cascading the two
identical single transitions via the connecting SIW in the
middle with two different lengths, i.e., l1 and l2. Their respec-
tive scattering parameters at the two microstrip feeding lines
are represented by [S l1 ] and [S l2 ], and they are numerically
calculated by the EM software. The scattering parameters of
a single transition of our concern herein can be explicitly
calculated as

S11 = Sl1
11Sl2

21e−γ l2 − Sl2
11Sl1

21e−γ l1

Sl2
21e−γ l2 − Sl1

21e−γ l1

S22 = Sl2
11 − Sl1

11

Sl2
21e−γ l2 − Sl1

21e−γ l1

S2
21 = 2Sl2

21Sl1
21 sinh[γ (l1 − l2)]

Sl2
21e−γ l2 − Sl1

21e−γ l1
(4)

where γ stands for the complex propagation constant of the
SIW and it consists of the phase and attenuation constants,
β and α.

Authorized licensed use limited to: Shanghai Jiaotong University. Downloaded on April 10,2024 at 06:26:45 UTC from IEEE Xplore.  Restrictions apply. 



114 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 6, NO. 1, JANUARY 2016

Fig. 12. Comparison of reflection coefficients of single SIW-based transitions
between with our calibration method and conventional back-to-back structures.
ft = 15.6 mm, wt = 7 mm, w1 = 14 mm, and S = 2 mm. The diameter of
via is 1 mm. l1 = 88.8 mm and l2 = 84 mm for calibration.

In numerical deembedding procedure, two different lengths
of SIW, i.e., l1 and l2, should be carefully chosen in order to
avoid the numerical singularity at

e−(α+ jβ)(l1−l2) = Sl2
21

/
Sl1

21. (5)

Considering the fact that the attenuation constant α is
usually very small and its value is very close to zero in the
operating frequency bandwidth [17]. In this context, the trans-
mission coefficient Sl2

21 is almost equal to Sl1
21 in magnitude

regardless of different lengths, l1 and l2. Following (4), we can
figure out that the two SIW lengths in the middle, l1 and l2,
should be chosen in the range as defined as

0 < |βmax(l1 − l2)| < π (6)

where βmax is the maximum phase constant of the SIW to be
tolerated when (2) is used.

Based on the above-described method, the scattering para-
meters of a single microstrip-to-SIW transition can be deter-
mined in general. Fig. 12 compares the extracted reflection
coefficient, S11, of a single tapered transition in Fig. 11(a)
and the results obtained from the conventional back-to-back
structures. It can be observed that the result of the transition,
derived from our numerical calibration, has a wider bandwidth
in high frequencies. Moreover, we can see that the reflection
coefficients obtained by the conventional methods are tremen-
dously affected by the selected lengths of SIW (l1) between
two transitions.

As another advantage, the proposed method can help us
to accurately evaluate the performance of different structures
of these SIW-related transitions. As an example, the two
typical microstrip-to-SIW transitions, i.e., slot coupling [35]
and tapered structures are designed. Based on our proposed
SOC method, the complex propagation constant γ of SIW is
numerically extracted first. Then, the scattering parameters of
a single transition for different structures can be accurately
extracted with (4), respectively.

For evident verification, these two transitions are fabricated
with their photos shown in Fig. 13. Fig. 14 shows the extracted

Fig. 13. Photos of two fabricated back-to-back transitions. (a) Microstrip-
to-SIW tapered transition (l1 = 88.8, l2 = 84, ft = 15.6, and wt = 7).
(b) Slot-coupling transition (slot with/length: 0.2/12, l1 = 84.6,
and l2 = 82.2). The other parameters are identical to the ones
in Fig. 12 (unit: mm).

Fig. 14. Extracted scattering parameters from the simulated and measured
results of two different structures of SIW-based transitions.

scattering parameters of these single SIW transitions from
the simulated and experimented results. It is found that the
slot-coupling transition has more compact physical size and
better performance near the cutoff frequency, whereas the
tapered transition has a wider operating bandwidth up to
high frequency. For the slot-coupling transition, the extracted
reflection coefficients from the measured and simulated results
in Fig. 14 are lower than −15 dB from 6.7 to 12 GHz and
slight discrepancy can be observed. The obtained reflection
coefficients of the tapered transition show certain disagreement
in their shape in Fig. 14, however, both their reflection coef-
ficients have achieved below −20 dB over the 7.3–13.4 GHz
and it indicates that the reflected power occupies less than 1%
of the incident power. The mentioned visible discrepancies
may be mainly attributed to the nonideal SMA connectors in
measurement and fabrication tolerance in etching process.

V. CONCLUSION

In this paper, the conventional SOC has been further
extended in the 3-D commercial full-wave software to
accurately deembed the complex propagation constants of
the SIW and HMSIW. The SOC procedure is described,
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and its numerical stability and convergence are confirmed. Two
examples are given to apply our proposed method. An HMSIW
leaky wave antenna is designed, and its calculated radiation
pattern using the deembedded phase and leakage constants is
well confirmed in simulation and measurement. Then, the scat-
tering parameters of two classes of single microstrip-to-SIW
transitions are studied by our presented extraction approach,
and they are both confirmed as well. Experimentally, these two
back-to-back microstrip-to-SIW transitions are fabricated and
tested to provide evident validation on the predicted frequency
response of single microstrip-to-SIW transitions over a wide
frequency range. It is our belief that our SOC technique can
also be applied to accurately and effectively deembedding
of other guided-wave structures with periodically varied
geometries.
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