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Zero-gap Waveguide: A Parallel Plate Waveguide

with Flexible Mechanical Assembly for mm-Wave

Antenna Applications
Abbas Vosoogh, Ashraf Uz Zaman, Vessen Vassilev, and Jian Yang

Abstract—A new gap waveguide concept is presented where
the air gap between the Perfect Electric Conductor (PEC)
and Artificial Magnetic Conductor (AMC) parallel plates of a
conventional gap waveguide structure has been reduced to almost
zero. When the air gap is reduced, the periodic metal pin layer
(which emulates the AMC characteristics) may come in contact
with the top metal layer. A statistical analysis of a random
contact of the pin texture and the top metal plate in this new
type of gap technology guiding structure, so-called zero-gap, is
elaborated in this work. The periodic pin texture creates a stop-
band for parallel plate modes, and it is also used as a mechanical
support while assembling the waveguide structure. This presents
a significant manufacturing advantage especially for corporate
feed-network of array antennas at mm-wave frequencies. A V-
band 8 × 8 slot array fed with this new waveguide is also
designed and manufactured to show the potential of this newly
proposed zero-gap waveguide structure. The measured results
shows 20% of relative impedance bandwidth (|S11| < -10 dB),
and an overall antenna efficiency larger than 60% over the 56.5-
69 GHz frequency band.

Index Terms—Artificial Magnetic Conductor (AMC), Electric
Discharge Machining (EDM), millimeter wave, stop-band, zero-
gap waveguide.

I. INTRODUCTION

O
VER the past few years, the millimeter wave (mm-

wave) frequency band has got a lot of attention in the

evolution of wireless communication systems towards 5G to

achieve higher data rates and lower latency. Further research

needs to be carried out to solve existing hardware challenges

such as active and passive components integration, packaging

problem and cost-effective manufacturing techniques in the

development of mm-wave applications.

Planar technologies such as microstrip, coplanar waveguide

(CPW), and substrate integrated waveguide (SIW) are widely

used due to the interesting characteristics of low-profile, low-

cost, ease of fabrication, and the best existing solutions for ac-

tive components integration. However, these transmission lines

have the drawbacks of high dielectric loss and field leakage,

especially for increasing operating frequency. One solution to

reduce the dielectric loss is to use thin-film substrate [1]. But,

a narrower strip must be used in order to have a 50 ohm line

impedance, which increases the conductive loss.
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Metallic hollow waveguides have benefits of low losses and

high power handling capability compared to planar technolo-

gies. Fabrication and assembly issues of complex waveguide

structures present a challenging task, in particular at mm-

wave frequencies. The traditional way to manufacture com-

mercial high-performance rectangular waveguide lines are us-

ing machining techniques, such as Computerized Numerically

Controlled (CNC) milling and Electric Discharge Machining

(EDM) in E-plane split-blocks. The strict mechanical require-

ments lead to the use of complex and high-precision manufac-

turing techniques, and thereby costly solutions for complicated

structures. A corporate-fed multi-layer rectangular waveguide

based slot array antenna is reported in [2]. This is based on

normal rectangular waveguide technology realized by diffusion

bonding of many thin copper plates in order to achieve good

electrical contact between all the plates.

There exists a gap between the planar transmission lines

and the non-planar hollow waveguides in terms of loss perfor-

mance and fabrication flexibility. It is desired to develop a so-

lution that has the benefits of the traditional technologies. Gap

waveguide technology was proposed in [3] with promising

characteristics and potential to overcome the above mentioned

challenges. Several passive components, such as filters [4]–[6],

planar array antennas [7]–[9], and active component packaging

[10]–[12] based on gap waveguide technology have been

presented over the past few years.

In this paper, we present a new type of gap waveguide

technology based guiding structure, the zero-gap waveguide,

to overcome the assembly problem associated with good

electrical contact, especially at mm-wave frequencies. Previ-

ous works on gap waveguide [13], [14] show that at high

frequencies the assembly tolerances, specially related to the

gap stability, can affect the overall component performance.

In the present work, a statistical analysis has been performed

to study the random contact between the pin texture and

the upper metal lid in order to investigate the effect of

uncertain capacitances between the pins and upper plate which

constitutes the gap waveguide. Also, we present a double layer

slot array antenna based on this technology, which is fabricated

by die-sink EDM, as a verification and application of this new

technology.

II. ZERO-GAP WAVEGUIDE STRUCTURE

The gap waveguide technology has advantageous properties,

such as low loss and flexible manufacturing and assembly,
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Fig. 1. Cross-sections of traditional gap waveguide structures and similar
zero-gap concept. (a) Ridge gap waveguide, (b) Groove gap waveguide, (c)
Ridge zero-gap waveguide, and (d) Groove zero-gap waveguide.
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Fig. 2. Dispersion diagram for the infinite periodic unit cell including a
groove in pins texture (wg = 3.78 mm, d = 1.5 mm, a = 0.75 mm,
g = 0.05 mm, and p = 1.8 mm).

especially at mm-wave frequencies. This new transmission line

was introduced in [3] as an extension of previous works in [15]

on hard and soft surfaces. The basic principle operation of

gap waveguide is the use of soft/hard boundary conditions to

achieve a cut-off band of all propagating modes in a PEC/PMC

parallel-plate waveguide configuration. A periodic texture, e.g.

a metal pins surface, in combination with a smooth metal

plate creates a PEC/AMC stop-band and suppresses undesired

modes and leakage [16]. It acts as a high impedance surface

when the air gap between the pins and upper plate is smaller

than a quarter of the wavelength. The wave propagation can

be controlled by introducing a guiding structure, such as a

ridge or groove in between the textured surface. However, at

mm-wave frequencies this air gap becomes quite small (about

0.25 mm at 60 GHz) and adds some constrains regarding

mechanical tolerances for gap waveguide components such as

antennas and filters.

Fig. 1 shows the geometry of the traditional gap waveguide

structure and the equivalent zero-gap concept. In the zero-gap

structure, the pins can have mechanical contact with the upper

lid and thereby they can be used as a pillar for the upper metal

plate assembly. The gap between the pins and upper metal

plate can be made almost zero, and still maintaining the stop

band properties of the pin structure. However, there is no need

for electrical contact between the textured surface and upper

lid. This represents a manufacturing advantage and flexible

assembly technique, in particular for corporate feed-network

154 mm

Excitation port

Pin surface

Top metal plate

Fig. 3. Sketch of the proposed groove zero-gap waveguide line.
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Fig. 4. Percentage of the pins that have contact with the upper plate.

of array antennas.

Therefore, the motivation of the zero-gap waveguide con-

cept is related to the above mentioned constraint in air gap. We

show in this work that the air gap between the PEC/AMC plate

can be effectively reduced to almost zero and still a parallel-

plate stop band can be achieved similar to the traditional gap

waveguide with a fixed air gap between the PEC/AMC plates.

The dispersion diagram of a unit cell, consisting of a groove

structure and pins, which creates the stop-band in V-band

is shown in Fig. 2. A small gap (0.05 mm) is considered

between the pins and the upper plate. The dispersion diagram

is calculated using the Eigenmode solver of CST Microwave

Studio for the unit cell with periodic boundary condition. A

single mode, e.g. TE10, propagates between the two plates

similar to rectangular waveguides over the frequency band 40-

80 GHz.

III. STATISTICAL ANALYSIS OF RANDOM PIN CONTACT

Fig. 3 shows the schematic of the groove zero-gap waveg-

uide transmission line. It consists of a textured surface and a

metal plate at the top. Electrical contact between the building

blocks is not needed for electrical performance, however for

mechanical support, the upper metal lid can rest on the top

of pin texture. Practically, in presence of flatness problem in

upper metal plate, the gap between the pins and upper plate

can be varied. It can happen especially in a large surface, such

as feed-network of array antennas. Varying gaps can cause

variable and uncertain capacitances between pins and upper

plate, and thereby led to multi reflections. We study this effect

to ensure the good performance of zero-gap waveguide under

any circumstances.
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Fig. 5. Simulated S-parameters of a groove zero-gap waveguide line with
100 cases.

Frequency (GHz)
50 55 60 65 70 75

S
11
(d
B
)

-30

-20

-10

0
d =0.6 mm
d =0.8 mm
d =1 mm
d =1.3 mm
d =1.5 mm

Frequency (GHz)
50 55 60 65 70 75

S
21

(d
B
)

-2

-1.5

-1

-0.5

0

d =0.6 mm
d =0.8 mm
d =1 mm
d =1.3 mm
d =1.5 mm

Fig. 6. The envelopes of 100 simulations of random gap for different pin
heights.

We have done a statistical analysis of random contact

between the pin texture and upper metal plate. The initial

structure has a pin height of 1.5 mm with a fixed air gap

of 0.05 mm between all pins and upper lid. A uniform

random number between 0 − 0.1 mm is added to the height

of each single pin, located in the two rows around the groove.

Therefore, statistically 50% of the pins have electrical contact

with the upper plate, as shown in Fig. 4.

Fig. 5 shows simulated results of a 154 mm long (32λ at

62.5 GHz) groove zero-gap line with 100 cases. Simulation

results for the case with fixed gap equal to 0.05 mm for all

the pins, and the case when all pins have contact with the

upper plate are also presented. We have used silver as material

of the structure. As shown in Fig. 5, varying the gap causes

extra reflections, comparing to the case with the fixed gap.

Fig. 7. Photograph of the fabricated Zero-gap waveguide straight line.
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Fig. 8. Comparison of simulated and measured S-parameters of the fabricated
Zero-gap waveguide prototype.

The case when all of the pins have electrical contact with

the upper plate has the best performance and it is the ideal

case. However, realizing the good electrical contact between

the textured surface and the upper plate is very difficult and not

needed in gap waveguide technology. The actual performance

of the structure in Fig. 3 is expected to be below the envelope

of the simulation results in Fig. 5.

Fig. 6 shows the envelopes of the S-parameters of 100

simulations with random gaps, for different pin heights. Half

of the pins do not have electrical contact with the upper lid.

For shorter pins, the stop-band is shifted to higher frequencies

and therefore with improper stop-band the performance of the

structure is degraded.

In [17] an air-filled SIW solution is presented to overcome

the problem of high dielectric loss and limited power handling

of substrate based transmission lines. It consists of three

sandwich substrates, where an air-filled waveguide channel is

made by removing the dielectric in the middle layer by using

laser micromachining. A Rogers RT/Duroid 6002 substrate

with thickness of 0.508 mm is used as middle layer substrate.

It is reported that the insertion loss is reduced from 0.23

dB/cm to 0.06 dB/cm at U-band (40-60 GHz). However, in

this solution good electrical contact between that layers is

required in order to avoid field leakage through vias. This
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Fig. 9. (a) Photograph of the fabricated H-plane split-block rectangular
waveguide. (b) Cross-section of the original line. (c) Cross-section of the
modified line.
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Fig. 10. Measured S-parameters of the rectangular waveguide with flat top
walls.

is the main difference between gap waveguide technology and

SIW. In gap waveguides the pins height is around quarter of

the wavelength to produce a stop-band which eliminates any

possible leakages. When the plated vias in SIW are properly

implemented, the power leakage is not significant, and can be

ignored. However, in SIW structures the via holes height are

very short (equal to the substrate thickness and around λ/14 at

U-band in [17]) and therefore without good electrical contact

there will be significant leakage.

Fig. 7 shows the fabricated zero-gap waveguide line. The

prototype is fabricated in brass, and afterwards plated with sil-

ver. The measured S-parameters of the prototype is presented

in Fig. 8. The measurement is carried out by using Keysight

N5241A PNA-X Vector Network Analyzer and VDI WR-

15 extenders, with TRL (Thru, Reflect, and Line) calibration

method. There is some discrepancy between the simulated

result with a fixed gap and the measured S11, which is due

to uncertain gaps between the pins and top plate. However,

the measured S11 is below the envelope of statistical analysis.
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Fig. 11. Measured S-parameters of the fabricated modified rectangular
waveguide.

TABLE I
COMPARISON BETWEEN DIFFERENT WAVEGUIDE TECHNOLOGIES

FABRICATION AND ASSEMBLY METHODS

Ref. Fabrication
Freq.

(GHz)

Split-

block

Loss

(dB/cm)

[18] CNC (Al) 75-110 E-plane 0.045

[19] 3-D printing1 75-110 E-plane 0.11

Modified RW CNC (brass) 50-70 H-plane 0.05

Zero-GGW
CNC

(brass+ silver plating)
50-70 H-plane 0.033

1 Stereolithography apparatus (SLA) with copper plating.

The measured insertion loss is around 0.033 dB/cm and it is

slightly higher than the simulated one, which is due to the

surface roughness and larger conductive loss of the fabricated

prototype.

We have also manufactured a rectangular waveguide line

with the same length in H-plane split-block. Fig. 9 (a) shows

the manufactured prototype. We have used the same top metal

plate for both rectangular and zero-gap waveguide prototypes.

The bottom block of the fabricated rectangular waveguide is in

brass. Fig. 10 shows measured S-parameters of the rectangular

waveguide line with flat top walls, as shown in Fig. 9 (b).

The measurement shows significant leakage due to the tiny

gap between the two blocks. To improve the electrical contact

between the blocks and therefore reduce the leakage, the

bottom block of the prototype is modified by making small

steps at the sides of the waveguide walls. The cross-section of

the modified waveguide is shown in Fig. 9 (c).

The measured S-parameters of the modified waveguide

is presented in Fig. 11. The measured results of the zero-

gap waveguide line are also presented. Adding a small step

drastically improves the performance. However, the zero-gap

waveguide prototype shows lower loss than the H-plane split-

block rectangular waveguide. It is worthy mentioning that

the fabricated rectangular waveguide is a straight line and in

present of discontinuity the performance will degrade as well.

In practice, waveguide structures are manufactured in E-

plane split-blocks to avoid such leakage. In [18] an E-plane
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Fig. 12. Configuration of the zero-gap slot array antenna. (a) Center fed Corporate feed-network (wr = 1 mm, wt = 3.5 mm, lt = 0.76 mm, wq = 1.36 mm,
lq = 1.2 mm, lt1 = 0.9 mm, lg = 1 mm, dr = 1.1 mm, wT = 0.6 mm, lT = 1.9 mm, wm = 0.4 mm, and lm = 0.82 mm). (b) Cavity layer (L = 8 mm,
wc = 0.95 mm, lc = 2.9 mm, ml1 = 1.55 mm, mw1 = 0.8 mm, ml2 = 1 mm, mw2 = 0.7 mm, w = 6.8 mm, and l = 6 mm,). (c) Radiating layer with 8× 8

slots (ws = 1.6 mm, ls = 2.7 mm, and Hs = 1.2 mm).

split-block rectangular waveguide is reported with average

insertion loss of 0.045 dB/cm at W-band. However, E-plane

split-blocks are not really suitable for complicated wideband

slot antenna arrays, such as the one presented in [2]. This

mechanical flexibility of zero-gap waveguide gives an extra

advantage for slot array applications and offers new opportuni-

ties for making cost-effective antennas at mm-wave frequency

range.

Table I shows a comparison between different manufactur-

ing techniques of air-filled metal rectangular waveguides. The

fabricated groove zero-gap waveguide line shows a comparable

performance to the E-plane split-block hollow waveguide

lines, with a low insertion loss.

IV. CORPORATE-FED 8× 8 SLOT ARRAY ANTENNA

We have designed a multilayer wideband corporate-fed slot

array antenna with a ridge zero-gap waveguide distribution

network to future verify the concept. The designed antenna

consists of three distinct metal layers.

Fig. 12 shows the configuration of the design in more detail.

A distribution feed-network is designed in the bottom layer in

ridge zero-gap waveguide (Fig. 12(a)). The antenna is fed at

the center by a WR-15 standard flange from the back side.

A vertical transition between rectangular waveguide to ridge

zero-gap waveguide is designed as an interface. 8×8 cavity-

backed slots are used as radiating elements of the antenna.

Each 2×2 slots on the top layer (Fig. 12(c)) are fed by a cavity

in the middle layer (Fig. 12(b)). All the slots are excited with

the same phase and amplitude to achieve maximum directivity.

A comprehensive design procedure is presented in [20]–[22].

A prototype is manufactured by using die-sink EDM in

steel with a simple mechanical assembly. The fabricated

prototype is shown in Fig. 13. The total size of the antenna is

42 mm (length) × 42 mm (width) × 9 mm (height). In [22]

the use of die-sink EDM technique to manufacture high gain

Transition to

 WR-15

Corporate-feed

Network

Cavity layer Radiating slots

Fig. 13. Photograph of the zero-gap 8 × 8 slot array antenna fabricated by
die-sink EDM.
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Fig. 14. Comparison of simulated and measured input reflection coefficient
of the fabricated prototype.

antenna based on gap waveguide technology is presented for

the first time. In EDM technique, a desired pattern is made

by removing the material by high energy discharges between

two conductive materials (a workpiece and an electrode). The

electrode consists of the negative version of the required

pattern. The electrode is usually made of graphite or copper

alloys due to their high electrical and thermal conductivities,
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TABLE II
COMPARISON BETWEEN THE PROPOSED AND REPORTED PLANAR ARRAY

ANTENNAS

Ref.
Feeding

network

Frequency

(GHz)

# of

elements

Bandwidth

(-10 dB)

Antenna

efficiency

[23] SIW 60 16× 16 15.3 % 49 %

[24] LTCC1 94 8× 8 14.9 % 42 %

[2] RW2 60 16× 16 12.1 % 80 %

[20] RGW3 60 8× 8 14 % 65 %

[22] RGW4 60 16× 16 17.6 % 60 %

Present

work
RGW4 60 8× 8 20 % 60 %

1 LTCC Ridge gape waveguide, 2 Rectangular waveguide (diffusion bonding), 3 Ridge gape waveguide (CNC milling).
4 Ridge gape waveguide (die-sink EDM)
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Fig. 15. Measured and computed realized gains of the designed 8 × 8 slot
array antenna. The dashed lines are the directivities with 90%, 80%, 70%,
and 60% aperture efficiencies.

and high melting temperature.

Thermal and electrical conductivities of the workpiece are

the most important parameters that determine the manufac-

turability and the quality of the final product by using EDM

process. They determine how the material heats up and va-

porizes. In [22] aluminum is used to fabricate the antenna

with EDM technique. The thermal conductivity of aluminum

is 204 W/mK. That makes aluminum a good thermal conductor

and difficult to efficiently heat up locally by sparks. On the

other hand, steel has lower thermal conductivity (42.6 W/mK),

which makes it a better candidate material for EDM process.

We have achieved a tolerance of less than 15 µm for the

fabricated prototype in this paper, in contrast with the reported

tolerance of 40-100 µm in [22].

Fig. 14 shows the simulated and measured input reflection

coefficients of the antenna. The measured reflection coefficient

is below -10 dB with relative impedance bandwidth of 20%

(56.5 to 69 GHz). The simulated and measured realized gains

of the antenna are shown in Fig. 15. The simulated realized

gain for steel with electrical conductivity of 0.7 × 107 S/m

and aluminum with electrical conductivity of 3.58× 107 S/m

are presented. The measured antenna efficiency is above 60%

for most of the operating band. The reduction in gain could

be due to the conductive loss and also magnetic loss of steel.

A comparison between the presented array antenna and

several published planar array antennas is presented in Table II.
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Fig. 16. Simulated and measured radiation patterns in E- and H-planes at.
(a) 57 GHz, (b) 62 GHz, and (c) 68 GHz.

The SIW based corporate-fed array in [23] shows lower

antenna efficiency than the hollow waveguide array antenna

in [2], due to higher losses in the feed-network. A wide

impedance bandwidth has been achieved with the proposed

antenna. Moreover, the designed antenna shows similar effi-

ciency to the ones in [20], [22].

The simulated and measured normalized radiation far-field

patterns of the antenna in the E- and H-planes at different

frequencies are presented in Fig. 16. There is a good agreement

between the measured and simulated co-polar radiation pattern

in a large bandwidth. The measured cross-polar patterns are

also presented with cross-polarization better than -40 dB in

all the planes. The designed antenna exhibits good radiation

pattern performance over a broad frequency range as shown

in Fig. 17.

V. CONCLUSION

A new waveguide solution to overcome the problem of

good electrical contact due to mechanical assembly constraints

maintaining low loss has been presented in this paper. In this

new gap waveguide structure, the pins can have mechanical

contact with the upper lid and still present a good perfor-

mance. Our study shows that the key characteristic of gap

waveguide structures is the height of the pins, which creates a

parallel-plate modes stop-band. This represents a manufactur-

ing advantage especially for the design of complex corporate

feed-network of array antennas in mm-wave frequencies. A

corporate-fed 8 × 8 slot array antenna has been designed to

show the advantage of the zero-gap concept. The measured
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Fig. 17. Measured far-field radiation patterns versus frequency. (a) E-plane,
and (b) H-plane.

results show a wide impedance bandwidth and good radiation

patterns.
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