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Abstract—A novel leaky wave antenna, realized using gap 
waveguide concept, is here proposed. Both, the feeding structure 
and the antenna are realized in groove gap waveguide technology, 
thus simplifying the whole structure. A complete design 
procedure, starting from a given groove waveguide to the final 
radiation mechanism, is described in this paper. The results are 
supported with measurements of a prototype that operates in the 
X-band. The realized antenna has a gain around 18 dB between 9 
GHz and 11.5 GHz, demonstrating the potential of the proposed 
radiation technology. 

 
Index Terms—Groove gap waveguide, leaky wave antenna, 
metasurface, metamaterial.   
 

I. INTRODUCTION 
ECENTLY, a new technology, called gap waveguide, was 
introduced to build new type of waveguide components 

with special interest for the millimeter frequency range. 
Basically, gap waveguide is a two-dimensional metamaterial 
structure inside a parallel-plate waveguide which inhibits 
propagation along the structure, i.e. it generates a stop band for 
parallel-plate waveguide modes. The operation of gap 
waveguides is inspired by the concept of soft and EBG surfaces 
which stop the propagation of the electromagnetic waves along 
the surface in one or two directions, respectively [1], [2].  

A gap waveguide is a modified parallel-plate waveguide 
where the bottom metallic plate is replaced by a textured 
surface with periodic elements, usually metallic pins, which act 
as an artificial magnetic conductor (AMC). By placing a 
metallic plate at a distance smaller than λ/4 from the top of the 
pins, no electromagnetic waves can propagate between the 
AMC and the plate. In order to guide the waves in a desired 
direction, ridges, strips or grooves are introduced and 
surrounded by those metallic pins [3]-[6]. In this way there is a 
possibility to guide most of the electromagnetic energy along 
those modifications with a minimum of lateral leakage of 
energy. 
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There are many potential applications of the gap waveguide 
technology, in particular for frequencies above 30 GHz. Gap 
waveguide components can be used for packaging microstrip 
and coplanar waveguide (CPW) circuits [7] or to replace some 
standard RF components, like waveguides, filters [8]-[10], 
couplers [11], feeding network for slot antennas [12]-[15], etc. 
In comparison with classical waveguides, gap waveguides do 
not have a problem with leakage of the energy through the 
joints between multiple plates. In fact, the gap waveguide 
components are manufactured in two pieces that do not need to 
be in contact in the final structure (gap waveguide can be even 
manufactured without side walls), which is a real advantage for 
high frequency technology. In addition, gap waveguides 
introduce low losses, smaller than microstrip and CPW 
transmission lines [16]. 

Despite the enormous potential of this technology, until now, 
there have not been many proposed antennas in gap waveguide 
technology. There have been some initial works on arrays of 
slot-type antennas where the slots are placed on the top metallic 
plate, usually as one or two-dimensional configuration. The 
feeding network for those antennas is mostly realized using gap 
waveguide technology, like ridge or groove transmission lines 
[12, 13, 17]. If slots are fed by separate transmission lines, the 
array will have high side lobes since it is difficult to ensure 
element distances close to 0.5𝜆 (for example, in [12] the 
element distance was 0.875𝜆). Besides that, extensive 
optimization needs to be carried out in order to achieve good 
performance of the feeding network that is translated into a low 
coupling between the feeding network and the slots.   

There are many possibilities for combining gap waveguide 
technology with other technologies, especially in the area of the 
antennas. An effective way was proposed in [18] for the design 
of a leaky wave antenna, where a low profile gap waveguide 
(ridge gap waveguide) was used to form a wide transmission 
line with uniform field distribution as a feeding network. This 
innovative design overcame the usual drawbacks of high 
frequency technology (unwanted radiation and high dielectric 
losses of the feeding waveguide). Although this proposed 
design was proven to be very efficient, it requires an 
independent feeding with respect to the radiating structure. 
Consequently, that feeding increases the total physical length of 
the antenna.  
 The purpose of this paper is to present a novel design 
procedure for practical realization of leaky wave antennas 
based on gap waveguide technology.  The concept is proved 
through an antenna design supported with measurements. In the 
proposed design, the feeding structure is not physically 
separated from the radiating part. The feeding network is 
designed using groove gap waveguide technology, and it is also 
employed to leak the electromagnetic fields at one side of the 
groove. This radiation mechanism can be considered as a 
classical leaky wave antenna [19, 20]. Therefore, the main 
advantage of our proposed antenna design is its simplicity. The 
proposed design represents the first implementation of a leaky 
wave antenna fully integrated in gap waveguide technology. 
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II. GAP WAVEGUIDE DESIGN 

The first step in the realization of our leaky wave antenna is 
the design of an appropriate transmission line based on the 
groove gap waveguide technology. This transmission line will 
be composed of a groove surrounded by three rows of pins on 
each side, as illustrated in Fig. 1. Three rows of pins are enough 
to ensure a low leakage of energy in the lateral waveguide 
direction. In order to design such a transmission line, the first 
step is to calculate the dispersion diagram of the infinite 2D 
periodical structure made of pins, as it is shown in Fig. 2. This 
is done by applying periodic boundary conditions on a single 
unit cell (one element of the periodic structure). The structure 
dimensions are selected to ensure no propagation of the 
electromagnetic waves (stop band) around 10 GHz: a = 3.5 
mm, p = 8.5 mm and h = 10 mm. Pins with two heights are 
considered, L = 7.5 mm and L = 6.5 mm. It can be seen that the 
height of the pins strongly influences the lower cut-off 
frequency of the stop band, 8.02 GHz and 9.13 GHz, 
respectively. However the higher cut-off frequency remains 
constant at 13.7 GHz in both cases. All the calculations were 
made using CST Microwave Studio [21].  
 The next step in the design process is to further characterize 
the groove gap waveguide propagation characteristics. Three 
widths of the groove waveguide were considered, 22 mm, 20.4 
mm and 18.8 mm. They are slightly smaller than the width of 
the standard WR90 rectangular waveguide, which ensures a 
smooth transition from the standard feeding waveguide. The 
distribution of the E-field magnitude inside the transmission 
line at 9.5 GHz is presented in Fig. 3. As seen, after three rows 
of pins, the field strength is almost negligible. The obtained 
attenuation is around 50 dB for higher pins (L = 7.5 mm), i.e. 
for smaller distance between the pins and the upper plate.  For 
the shorter pins (L = 6.5 mm) the obtained attenuation after 
three rows is around 30 dB. 
 

 
(a) 

 
(b) 

Fig. 1. Sketch of the groove gap-waveguide: (a) Perspective view of a groove 
gap waveguide which is connected to a rectangular waveguide WR90; (b) Side 
view. 

 
 

 
Fig. 2. Dispersion diagram of a periodic pin (unit cell); dimensions: a = 3.5 mm, 
p = 8.5 mm, h = 10 mm. Labels X, M and Γ define the irreducible Brillouin zone 
of the two-dimensional periodic pin structure [22]. 
 

 
 

Fig. 3. Electric field distribution at 9.5GHz for the groove gap waveguide (top 
view, the cutting plane is located at h/2). The height of pins is L = 7.5 mm. 
 

III. LEAKY WAVE ANTENNA DESIGN 
In order to leak enough electromagnetic energy along the 

waveguide, two rows of the pins were removed from one of the 
lateral sides of the groove waveguide. Therefore, one of the 
sides remains with three rows of pins of height 7.5 mm, while 
only one row remains in the opposite side, as it is shown in Fig. 
4. Additionally, in order to enhance the leakage of the 
electromagnetic energy, the height of the pins is reduced to 6.5 
mm at the one-row side. As demonstrated in the Section II, a 
decrease of the height of the pins produces a higher radiation 
due to the proximity of the first mode of propagation (the 
lowest (TM) propagation mode in the lateral gap waveguide). 
This TM mode can even propagate at the lowest frequencies of 
operation of the leaky wave antenna.  

The first step in designing the leaky wave antenna is to 
determine the complex propagation constant 𝛾 = 𝛼 + 𝑗𝛽 of the 
groove gap-waveguide (with only one row of pins at one lateral 
wall). The real part α describes the losses, i.e. the radiated 
energy and the imaginary part is the phase propagation constant 
and will determine the angle of the main beam. Since the phase 
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constant is frequency dependent it provides a beam scanning 
capability which can be predicted as [20]: 

 
                             𝜙 = 𝑠𝑖𝑛−1(𝛽/𝑘0)                                 (1) 

 
where k0 represents the free space propagation constant. Fig. 5 
shows a sketched top view of the antenna with marked 
propagation constants.  

 

 
Fig. 4. Perspective view of the leaky groove waveguide antenna 

 
 

 

 
 

Fig. 5. Direction of the propagation constant inside and outside of the 
waveguide (qualitative top view). 
 

The waveguide phase constant (β) can be extracted from the 
dispersion diagram shown in Fig. 6, which was calculated for a 
one-dimensional infinite periodic structure made of one 
cross-section of the considered groove waveguide (here the 
periodic boundary conditions are used only in longitudinal 
direction, while PMC boundary conditions are used at the 
lateral walls). It can be seen that the wave propagation along the 
groove (red, green and black lines) occurs in the stop band of 
the periodic structure containing only pins (shown in Fig. 2). 
The value of the propagation constant can be determined using 
classical formula for metallic rectangular waveguide 𝛽 =

𝑘0√1 − (𝜆/2𝑤𝑒𝑓𝑓)2, where weff is the effective width of the 
groove gap-waveguide. To our best knowledge, there is no 
simple formula which can determine the effective width weff. It 
can be larger or smaller than the width of the groove as it has 
been discussed in [23]. In the considered case in Fig. 6 the 
effective width is 20 mm, 19.2 mm, 18 mm for the groove 
waveguides of width 22 mm, 20.4 mm and 18.8 mm, 
respectively.  

 

 
Fig. 6. Dispersion diagram of the groove gap waveguide (unit cell); versus the 
dispersion diagram of the pins (Γ-Χ of Fig. 2) for the dimensions: L = 7.5 mm, 
a = 3.5 mm, p = 8.5 mm, h = 10 mm, (w = 22 mm, 20.4 mm and 18.8 mm).  

 
The selection of the value α is crucial in the designing 

process of the leaky wave antenna. As a first approximation the 
electromagnetic energy leaks through the holes between the 
pins (similar effect is present in SIW, surface integrated 
waveguides) and through the gap between the upper conductor 
and the pins. For SIW and for slits in metallic waveguides there 
are approximate formulas that estimate the radiation losses 
[20], [24]. In both cases the constant α depends on geometrical 
parameters and on the guided wavelength inside the waveguide 
𝜆𝑔 = 𝜆/√1 − (𝜆/2𝑤𝑒𝑓𝑓)2 . A good approximation of α is 
obtained with  𝛼 ~ [𝜆/√1 − (𝜆/2𝑤𝑒𝑓𝑓)2]

4
, which is evidenced 

in Fig. 7 where the attenuation constant α is presented as a 
function of frequency and the width of the groove gap 
waveguide. The coefficient α is calculated from the normalized 
S21 parameter (i.e. from |𝑆21|2 (1 − |𝑆11|2⁄ )). A physical 
picture of this phenomenon is based on the size of the holes 
between pins that is seen by the electromagnetic waves (i.e. on 
the size of the projection of the holes to the direction of the 
electromagnetic wave propagation within the groove 
waveguide). As seen from Fig. 5 this projection decreases with 
increasing the propagation angle ϕ  (that means with increasing 
the frequency). 

In order to achieve good radiation characteristics, the value 
of α must be carefully chosen. It can be seen that for 
wavelengths a bit smaller than 2weff  (i.e. for frequencies just 
above the cut-off frequency of the groove waveguide) large 
percent of the electromagnetic energy is rapidly radiated 
through the lateral wall. However, in order to get a high-gain 
antenna, we should tailor this attenuation along the waveguide 
to obtain approximately a 90% of the incoming power radiated. 
If the value of α is too big, most of the energy is radiated in the 
first part of the antenna and the effective aperture (and 
consequently the gain) is small compared to the physical size of 
the antenna. On the other side, if the value of α is too small, the 
antenna will radiate less than the desired 90% of power. 
According to the Fig. 7, for an antenna length of the 39 cm (our 
antenna model) the ideal attenuation constant α is around 26 
dB/m. 
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Fig. 7. Attenuation constant α as a function of frequency for three different 
waveguide widths: w = 22 mm, w = 20.4 mm, w = 18.8 mm.  
 

Having in mind the frequency behavior of the attenuation 
constant α, we have decided to gradually (linearly) change the 
width of the groove waveguide, see Fig. 4. The starting and 
ending widths of the groove waveguide are w1 = 22 mm and w2 
= 18.8 mm, respectively. The antenna was designed to operate 
between 9 GHz and 11.5 GHz; and the dimensions employed in 
Section II are here maintained. The width of the radiating 
parallel-plate waveguide is set to d = 24 mm. One should note 
that one of the flanges (the one at the end of the waveguide) was 
cut in order to fit to the dimensions of the side antenna wall. 
The size of this cut has a length e = 22.63 mm and it was used to 
reduce the reflections of the leaky waves at the end of the 
flange. The total length of the antenna is 39 cm. The antenna is 
excited by the WR90 rectangular waveguide at the wider 
groove side, and the second port is terminated using the WR90 
waveguide with a matched load. 

Illustration of the electromagnetic energy leakage at the 
radiating antenna side is shown in Fig. 8 where the E-field 
distribution is presented. The phase distribution shows that the 
electromagnetic field is leaking out of the structure with a 
certain angle and forming the main beam of the radiation 
pattern at that direction. 
 

 
(a) 

 
 (b) 

Fig. 8. E-field distribution of the leaky antenna at 9.5 GHz (top view without 
flanges, cutting plane at h/2): (a) magnitude of the field distribution (b) 
snapshot of the field distribution. 

We have added several corrugations on the top and bottom 
plate of the antenna. Their purpose is to prevent the diffraction 
of the field over the edges of the plates and to stop the radiation 
of the antenna on the back side (i.e. on the non-radiating side) 
within the operating frequency bandwidth. Dimensions of the 
corrugations are chosen to ensure a stop band between 9.5 GHz 
and 11.5 GHz; the depth of the corrugations is equal to 9.0 mm, 
thickness is 3.5 mm and finally the period is 8.5 mm (same as 
for the metallic pins inside the antenna). 

IV. ANTENNA PROTOTYPE 
 
The antenna prototype was built following the dimensions 

given in the previous section. The picture of the antenna 
prototype is given in Fig. 9. 

 

 
Fig. 9. Gap waveguide leaky wave antenna prototype. 

 
 

 
          (a) 

    
           (b) 

Fig. 10.  Simulated and measured S-parameters (a) |S11| parameter, (b) |S21| 
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parameter. 
 

The comparison of simulated and measured S-parameters of 
the realized antenna is given in Fig. 10. There is a good 
agreement between them, in particular between the S21 
parameters, while S11 parameter shows that the antenna is well 
matched at the frequency band of interest, although there are 
some discrepancies between the results in particular at the 
beginning of the working frequency band. The value of the S21 
parameter indicates that more than 90% of energy is radiated 
around the central frequency. 

 
 

 
 

Fig. 11. Comparison between measured and simulated radiation patterns at 10.5 
GHz. 
 

The radiation pattern at 10.5 GHz is presented in Fig. 11. 
There is a very good agreement between calculated and 
measured radiation patterns. The direction of the main beam is 
45 deg. from the broadside direction, and the obtained gain is 
approximately 19 dB for both simulation and measurement. 
The frequency dependence of the main beam direction is 
presented in Fig. 12, where the simulated results are compared 
with the measurements. There is a difference up to 5º between 
the measurements and the value obtained from Eq. (1) when 
applied to the calculated β calculated by the dispersion diagram 
(Fig. 6, w=20.4 mm). Therefore, the basic properties of the 
proposed leaky wave antenna can be predicted with 
characterizing the groove waveguide [25]. Fig. 12 also 
illustrates that the scanning range of the antenna is around 19 
deg. in the frequency band of interest. 
 

 
Fig. 12. Direction of the main beam as a function of frequency. 

 
 Measured radiation patterns at all frequencies of interest are 
presented in Fig. 13. Because of the gradual change of the width 
of the groove waveguide (from w1 to w2 as shown in Fig. 4), the 
antenna gain is stable when enlarging the frequency (i.e. the 
gain is not decreasing with frequency as in the case of leaky 
wave antenna with groove waveguide of constant width).  

The side lobe level slightly changes with frequency and is 
lower than -10 dB in the whole frequency band (see Fig. 14). 
The highest side lobe is located next to the main while the next 
side lobe is smaller than -20 dB. The level of the cross 
polarization is lower than -30 dB.  
 

 
 
Fig. 13. Measured radiation patterns in frequency range of interest (9 GHz-11.5 
GHz). 
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Fig. 14. Variation of the antenna gain and side lobe level as a function of the 
operational frequency. 

V. CONCLUSION 

A novel leaky wave antenna based on the gap waveguide 
technology was proposed and manufactured. The main 
advantage of the developed antenna is its simplicity and 
easiness of integration with both the new gap waveguide and 
the traditional waveguide technology, while high gain and low 
side lobe level are retained. The results have been validated 
with the manufacturing and measuring of a prototype operating 
in the X-band.  
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