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ABSTRACT
One of the versions of gap waveguide technology, the inverted microstrip, is studied in terms of
the effects that the parameters of the substrate and the bed of nails used for its implementation
have in the behaviour as a transmission line. Mainly, the line impedance sensitivity and the losses
are evaluated for different design parameters. To this aim, a methodology based on simulations
is described and some experimental verifications are as well included. The results are of great
interest for designers of antennas and components in this technology.

1. Introduction
Gap waveguide technology was first proposed in 2009 [1] and demonstrated in 2011 [2]. Since then, the tech-

nology has advanced in all its different implementations such as the ridge [3], groove and inverted microstrip (also
known as suspended microstrip [4]) gap waveguides. Inverted microstrip gap waveguide topology has larger losses
than the groove and ridge versions [5], [6], but it has advantages from the point of view of simplicity of design and
manufacturing. A description of the waveguide is presented in Fig. 1. The design simplicity is due to the fact that
in this version the periodic structure (bed of nails) is uniform and the circuit design is made in a similar way as for
conventional inverted microstrip technology. With respect to the manufacturing, the circuit is made with standard PCB
manufacturing techniques and a uniform bed of nails is used as an Artificial Magnetic Conductor (AMC). As conse-
quence, this topology is a good candidate in terms of compromise solution between losses and complexity [7] for the
design of complicated circuits such as high-order filters, diplexers, or feed networks. Recently, their losses have been
measured at 60 GHz [8], showing how this technology outperforms any alternative printed technology, and designs in
this technology up to that frequency band have been presented such as filters [9] and feed networks [10].

Even if designs made with inverted microstrip gap waveguide technology have been presented, there is still an
unsolved important aspect to be considered when facing a new design: how to choose the dimensions of the bed of
nails and the thickness of the substrate. No studies that explain how the relative position within the stop-band (related
with the selected pin’s height) or any of the other parameters affect the losses exist.

These two parameters can definitely affect the performance of the circuit. On the one hand, and in an ideal case, the
bed of nails should provide the perfect magnetic conductor (PMC) condition in an homogeneous way in order to make
the placement of the different lines or discontinuities of the circuit under design independent of the relative position of
the bed of nails (BoN). However, it has been reported in previous works [11] how the sensitivity of the line impedance
with respect to this position is not always negligible. On the other hand, moving up in frequency implies the use of
very thin substrates that may experience deformations. Obviously, this affects the gap size and consequently the local
impedance. How much this substrate thickness affects the performance in terms of impedance sensitivity and losses is
another key aspect to be treated in this work.

The calculation of the line impedance in this particular version of the gap waveguide has deserved a lot of attention
from the beginning of the use of the technology [4]. As there is a periodic structure involved in this calculation, the
impedance differs from the one in a regular inverted microstrip line. Different options have been considered to calculate
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Figure 1: Description of inverted microstrip gap waveguide technology.

the value of this impedance, from the one proposed in [12] to a more accurate one developed in [11]. More recently,
analytical methods have been proposed [13] to this aim and also the calculation of the impedance for the ridge version
of this technology was recently revisited [14], meaning that this is an issue that still is of interest.

Parametric studies are of great importance for the design of any high frequency circuit, in order to improve the
performances of future designs [15, 16, 17]. Under this scope, the purpose of this work is to analyse the sensitivity of
the line impedance variation with the position and the losses of the line mainly as a function of the dielectric thickness,
periodicity of the BoN and the position of the operation frequency with respect to the stop-band created by the pins
(at the beginning, in the middle or at the end of the stop-band). We will consider the Ka-band to conduct this analysis,
which is a candidate band for the future generation of communications 5G. Section II presents the studies about the
impedance of the line, together with the methodology used for the calculations whilst the analysis of the losses is
presented in Section III based on the study of the S21 parameter in a two-port network configuration. The conclusions
will be validated with some experimental results presented in Section IV and the main conclusions will be summarized
in Section V.

2. Study of the line impedance
By using different techniques to compute the impedance, a sensitivity analysis with respect to the different param-

eters of design has been presented in [18]. One of the main derived conclusions is that the key aspect to have a minor
sensitivity in the impedance is the periodicity of the BoN. The denser the bed of pins is, the smaller the variation of
the impedance will be or in other words, the closer to a uniform PMC behaviour will be.

A periodically loaded transmission line can be described by means of its Bloch impedance. In what follows, the
characteristic impedance of an equivalent smooth transmission line will be used instead for the study. The ABCD
parameters of a two-port network consisting on the transmission line containing N rows of the bed of nails and ex-
cited with conventional waveguide ports are calculated first. Since an ideal lossless transmission line with length l,
characteristic impedance Z0 and propagation constant 
 = j�, has an ABCD matrix given by eq. (1):

(

A B
C D

)

=
(

cos �l jZ0 sin �l
jY0 sin �l cos �l

)

(1)

then, for the reciprocal and symmetrical case it is straightforward to obtain an estimation of the characteristic impedance:

Z0 =
√

B
C

(2)

Then the procedure described in [19] can be used, where a second two-port network withN −1 periods is cascaded to
original one with the aim of reducing the size to that of one unit cell and to avoid the numerical instabilities related to
the branch selection for the solution of the complex square root in (2). A similar methodology was employed in [20]
for calculating the dispersion diagram of lossy guiding structures.

In Fig. 2 the results of the impedance relative error (IRE) with respect to the PMC ideal case (IRE(%) = (Zpin −
ZPMC )∕ZPMC ∗ 100) from the previous proposed method at 30 GHz for N = 6 as function of the pin height are
shown. Two relative line position cases shown in Fig. 3 (the microstrip line placed in between two rows of pins and
the microstrip line placed over the pins) are considered. In addition, the results were calculated for three typical line
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impedances with their corresponding line widths w: 35 Ω (w = 3.61 mm), 50 Ω (w = 2.18 mm) and 70 Ω (w = 1.24
mm). Also, two different substrate heights (ℎs = 0.508mm and ℎs = 0.762mm) and two pin periods (p = 2.5mm and
p = 1.6 mm) were used. In all cases the width of the pins was 0.8 mm, the gap 0.508 mm and the substrate a lossless
Rogers RO4003. For all the simulations, an inverted microstrip line with an ideal PMC case was used as reference.
Regarding the simulation setup, CST Waveguide ports were used for the excitation of the different structures used in
this study. Given that the port size has an important impact on the simulated response, a study was carried out for the
50 Ω case to establish the value for the port width that gives a good estimation with the extraction method described,
trying to keep its size as small as possible. Ideal PMC and PEC boundary conditions were used for this purpose. A port
width wp of four times the strip width w was found to be enough to get very accurate results. Besides, in all the BoN
simulated cases, the waveguide port was extended vertically to cover half of the pin’s height to ensure a quasi-TEM
excitation between the PEC and the microstrip line. That is to say, the height of the port ℎp is equal to half the size
of the pins, plus the substrate height and the gap size. A representation of the waveport characteristics is shown in
Figure 3.

The anomalous behavior of some of the curves for small pin heights is due to the proximity of the operation
frequency to the lower limit of the BoN stop-band (the stop-bands for each of the selected cases are shown in Fig. 4.)
From the results obtained with these simulations, the following conclusions can be derived:

• The relative error of the line impedance using a BoN in comparison with the PMC case is always higher when
the pins height increases (the increase in the pin height moves the stop band down in frequency [21]). This
means that if the initial design is made using the ideal PMC condition, when selecting the BoN to emulate the
PMC, if the operation frequency is located at the beginning of the stopband, the behavior of the lines in terms
of impedance will be closer to the ideal case.

• For the nominal substrate height (ℎs = 0.508 mm), the impedance variation with respect to the position of the
line is higher when the line is located between two rows of pins, except for w = 3.61 mm, where the variation
is higher when the line is over a row pins.

• The obtained impedance is smaller than the reference value in all the cases butw = 3.61mm (wide line) for the
smallest pin heights.

• For higher substrate thickness, a lower variation of the impedance regarding the pin height is observed.
• For the shorter period case (p = 1.6 mm) the difference between the two line positions cases is lower.
• The impedance variations of the studied cases are moderate in all cases in terms of their effect on return losses

for the terminated two-port network.

3. Losses analysis
Another key aspect to be considered is the effect of the same considered parameters in terms of losses. To this

aim, simulations based on resonators were carried out in the past [5]. When the frequency under study is high enough,
another option to analyze the losses is by using a long line (of at least 10�) to calculate the � as in [8] and [6]. This is
the methodology used in this work.

Here again, the objective is to assess the effect of the position of the selected operation frequency within the stop-
band provided by the pins and the influence of other parameters over the losses of the topology. The same parameters
as in Section II will be considered.

A 50 Ω printed line of width 2.18 mm and length 10 cm is etched on a Rogers RO4003 ("r=3.55, tan�=0.0027).Two thicknesses of the substrate ℎsub are used: 0.508 and 1.016 mm. The gap and pin width are the same as before,
i.e., 0.508 mm and 0.8 mm, while the pin periodicity p varies from 1.6 to 2.5 mm and the pin height ℎpin takes discretevalues of 1.5, 2.0 and 2.8 mm. The shown studied cases for simulations are a combination of the following variations:

• Variation of ℎpin with values of 2.8, 2.0 an 1.5 mm.
• Variation of ℎsub with values of 0.508 mm and 1.016 mm (named “thick" case).
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(a) (b)

(c) (d)

Figure 2: Simulated impedance relative error with respect to the ideal PMC case, at 30 GHz, as a function ℎ��� for two
reference positions of the line with respect the pins: over the pin (dashed lines) and between two pins (solid lines) and
for different substrate heights and pin periods. a) ℎ�=0.508 mm and �=2.5 mm. b) ℎ�=0.508 mm and �=1.6 mm. c)
ℎ�=0.762 mm and �=2.5 mm. d) ℎ�=0.762 mm and �=1.6 mm.

(a) (b)

Figure 3: Inverted microstrip line position with respect to the pins and port excitation characteristics. a) Over a row of
pins. b) In between two rows of pins.

• Variation of � with values of 2.5 and 1.6 mm.
• Variation of line position with respect the pins: in between pins and over a pin (named “shift" case).
• Pins made of perfect conductor (PEC) and made with a finite conductivity material such as aluminium of � =

3.77 × 107 S/m (named “lossy" case)
The named “nominal" case is now the inverted microstrip line with ℎ��� = 0.508 mm, pins made of PEC and the line
placed in between two rows of pins (Fig. 3.b).

A summary of the simulated results is presented in Fig. 5, that shows transmission coefficient |�21| of the invertedmicrostrip gap waveguide as a function of the frequency and for the studied cases previously described. From the
simulation results we can see that for all the proposed scenarios, the transmission losses are lower on the thinner
substrate cases. In addition, the position of the microstrip line with respect the pins has a small influence on the
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Figure 4: Lower and upper bounds of the stop-bands for the different simulated cases as a function of its parameters. All
dimensions are in mm

behavior of the transmission coefficient, i.e., on the losses. The pin height, as it has an influence on the stop-band
frequencies, will change the behavior of the transmission line specially when the operation frequency is close to the
lower frequency limit of the stop band created by the pins (best behaviour) but not as evident as for the case of the
impedance. The periodicity also has an influence over the band, but does not add any additional losses on the line.
Finally, if the pins have a finite conductivity, the transmission losses are slightly higher.

4. Experimental results
Taking into account the results in Fig. 5 two pin structures have been selected to be constructed which corresponds

to a bed of nails of ℎ��� = 2.8 mm and a bed of nails of ℎ��� = 2.0 mm, having both the same period between pins of
� = 2.5 mm. In addition, the two substrate thicknesses previously studied have been used for etching the transmission
lines (Rogers RO4003 with heights of 0.508 and 1.16 mm). In order to ensure a constant gap size, an Evonik foam
of 0.5 mm was used between the substrate and the top metal plate. Fig. 6 shows the manufactured inverted microstrip
gap waveguide.

The manufactured structures are fed with a contact 50Ω transition from a conventional microstrip line made in a
substrate with the thickness of the gap and overlapping the two of them as shown in Fig. 6. At the end of each transition,
a 50Ω Southwest 1092-04A-5 end-launch connector was used. To remove the effect of this end-launch connector and
a TRL calibration kit was designed and manufactured.

The transmission coefficients of the mounted structures were measured using an ANRITSU MS46122B Vector
Network Analyzer. The measured results for the two periodic structures and two different substrate heights are pre-
sented in Fig. 7. In order to evaluate only the transmission losses introduced by the structure we have removed the
influence of the input reflection in �11. In the figure, the sign ����� indicates the theoretical upper bound frequency of
the stop-band for the corresponding measured case (taken from Fig. 4), which corresponds to case 4 (ℎ��� = 2.0 mm,
ℎ��� =1.016 mm and � = 2.5 mm) and case 6 (ℎ��� = 2.8 mm, ℎ��� =1.016 mm and � = 2.5 mm). As expected, the
cases with the thicker substrate have higher losses, and this become more important while increasing the frequency on
the band. Concerning the variations of the pin height, the measurement results confirm the results from simulations.

5. Conclusion
In this work, an analysis of the effect on the line impedance and losses as function of several parameters of an

inverted microstrip gap waveguide structure was presented. The parameters included variations of the dielectric and
the bed of nails characteristics and the variation of the line impedance with the relative position of it with respect to
the pins and for the first time for different pins heights has been evaluated. There is a clear influence of these two
parameters on the line impedance. A thicker dielectric reduces the variation of the impedance in all cases and the
impedance is closer to the one calculated using an ideal PMC when the frequency of use is close to the beginning of
the stop band.
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(a) (b)

(c) (d)

(e) (f)

Figure 5: Simulated |S21| as function of the frequency for different inverted microstrip gap waveguide. a) ℎpin = 1.5 mm,
p = 2.5 mm b) ℎpin = 2.0 mm, p = 2.5 mm c) ℎpin = 2.8 mm, p = 2.5 mm d) ℎpin = 1.5 mm, p = 1.6 mm. e) ℎpin = 2.0
mm, p = 1.6 mm f) ℎpin = 2.8 mm, p = 1.6 mm.

The line losses have been evaluated using a long line (10�). The parameter that affects more the losses is the
dielectric thickness while the relative position of the line with respect to the pins has a negligible effect on the losses.
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