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Introduction

It is known to all that year after year in modern society there is an urgent
demand to consume wirelessly, and even stream ever larger multimedia content.
High-frequency technologies have made it possible to go from transmitting analog
voice and SMS text messages, to now transmitting live video in 4K quality from a
mid-range smartphone. The way to measure these advances is by the bandwidth

(Mb/s) reserved for each network user and the cost required to achieve it.

To achieve even higher bandwidths, it is essential to improve signal coding tech-
niques or increase the frequency of the signal, for example: to the mmWave bands

(25GHz - 100 GHz), where these high-frequency techniques come into play.

However, there is a frequency limit where current planar technology materials -
such as the printed circuit boards used to build RF devices - are so lossy that they are
not suitable at these mmWave frequencies. Current commercial solutions consist of
guiding the electromagnetic energy with hollow metallic waveguides, but they suffer
from the problem that as the frequency increases the diameter of these waveguides
gets smaller and smaller, so manufacturing tolerances increase exorbitantly. Not to
mention that they are usually manufactured in two parts, one upper and one lower,

whose joints are not always perfect and produce energy losses.

With these issues in mind, in 2009 the theory and basic science of a new electro-
magnetic energy guidance technology called Gap Waveguide was proposed, which

is based on the use of metasurfaces constructed with periodic elements similar to
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a bed of nails. There are several implementations of this technology, but the three
main ones are: Ridge, Groove and Inverted Microstrip Gap Waveguide. The latter
is the most compatible with conventional planar manufacturing technologies and
therefore the most cost-effective, although it also has drawbacks mainly in terms of

losses when compared to the other versions.

This thesis aims to deepen the study of the Inverted Microstrip guidance tech-
nology, its limitations and to develop with it some of the needed components in RF

systems such as filters, diplexers, amplifiers, antennas, etc.

Regarding the methodology for this thesis, a commercial simulation software for
the analysis of antennas and components, CST Microwave Studio [1], has been used.
AWR Microwave Office [2], a circuit simulator, has also been used to complement

the simulations.

On the other hand, there is a laboratory for the manufacture of prototypes in
printed technology (with some limitations in terms of resolution) and the corre-
sponding measurement laboratory, which includes network analyzers up to 40 GHz,

spectrum analyzers and an anechoic chamber.
In general, the work methodology has been:

-Study of the state of the art, i.e., bibliographic search of existing designs and

identification of the characteristics of these that are intended to be improved.

-Design using simulation tools. Throughout the design phase of the different
components and antennas, it is foreseeable that it will be necessary to carry out some

kind of study or even the development of models to avoid trial-and-error designs.

-Manufacture and measurement of prototypes for experimental validation. In
many cases this requires a previous phase of revision of tolerances and manufacturing

limits, as well as a mechanical study.

-Publication of the results in JCR journals, as well as their presentation at in-
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Thesis Structure

This thesis is mainly divided into two parts. Part I is dedicated to the advances
obtained with the Inverted Microstrip version of the Gap Waveguide technology

whose scheme will be:

- Chapter 1: This chapter begins by describing in a general way, as an intro-
duction to this first part of the thesis, the technology and basic science behind the
discovery of the Gap Waveguide solutions. It then focuses on the design consider-
ations when implementing Inverted Microstrip Gap components, as well as various

loss and impedance studies.

- Chapter 2: Based on the findings presented in Chapter 2, this section proposes
a novel Ka-band diplexer based on Inverted Microstrip Gap. It starts with the
bandpass filter designs, and then, with the power divider that performs the diplexer

function.

- Chapter 3: As a continuation of the previous chapter, this chapter proposes a
hybrid diplexer-splitter for use with dual-band antennas in Inverted Microstrip Gap
Waveguide (IMGW). Several dual-band radiating elements that may be compatible

with integration into this antenna-diplexer module are also presented.

In Part II several advances in designs with the Groove Gap version are proposed.

In detail:

- Chapter 4: Here we present the work developed with an antenna with a
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sum and difference pattern. In this case, the implementation of Groove technol-
ogy is made by using a periodic surface Glide Symmetric Holey EBG, whose main
advantage lies in the significant reduction in manufacturing cost compared to its

traditional version with periodic surfaces made together with pins.

- Chapter 5: This chapter describes the design process of a feed with distributed
amplification in conventional pin-based Groove Gap waveguide technology. The
integration of active circuits is a challenge for the Gap Waveguide technology that

needs to be solved in order to achieve a complete transceiver in this technology.

In Part III the most important conclusions of this thesis, together with future

lines of interest are presented.

- Appendix: This appendix presents the excellent results that the Gap Waveg-
uide technology offers as a packaging solution for mm-Wave and higher band devices
designed in conventional technologies such as microstrip. In particular, the devel-
opment of a wideband antenna slot array (> 10%) is described. The detailed design
process of the corporate feed network and a subarray to study the radiation char-
acteristics before modelling the complete system are presented including the final

prototype.
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Waveguide Components






Chapter 1

Inverted Microstrip Gap Waveguide

Design Considerations

1.1 Gap Waveguide Technology Background

The market economy and its globalization of the last two decades has had a
strong impact on trade, especially in consumer electronics, shifting the pole of mass
and low-cost manufacturing of this equipment to countries in the East and, mainly,
to China. This has turned it into the giant we all know and on which supply chains

throughout the West depend to a large extent.

In addition to the falling cost of Internet-enabled mobile devices such as smart-
phones and tablets, there have been advances in the miniaturisation of the transistors
used in chipsets. This has led in recent years to increasingly demanding requirements
for wireless consumption of digital content. As a result, there has been exponential
growth and massive adoption around the world, changing the paradigm of multi-
media consumption and personal communications. Displacing traditional desktop
computers with personal mobile computing that makes intensive use of wireless
communications; making the future slogan heard in the 2000’s about the 3G mobile

communication standard: "Every one, every time and every where" a reality. [3]



This is also facilitating the creation of new market niches such as the IoT (Inter-
net of Things) and the spread of applications that were unthinkable until recently
due to their low quality and high latency, such as high-resolution international video
calls; or due to the low capacity of the wireless access network and its geographical
deployment, necessary for the increasingly widespread autonomous car or critical
applications such as remote surgery, where the remote handling of robotic equip-

ment required minimum latencies that are now becoming possible. [/]

To meet these digital needs, several solutions have been offered to the market.
One of them is the improvement in signal processing to increase the quality of service
(QoS), which allows high-priority data packets such as those corresponding to voice
communications and, above all, real-time video to be unaffected by the congestion
produced by the exponential increase in global traffic. In addition to advances in
signal processing, one parameter that improves this QoS is the maximum point-
to-point latency offered by the network. This is achieved, among other things, by
moving more and more of the network’s intelligence and data processing from the

backbone (Core) to the access nodes. [5]

However, the electromagnetic spectrum is a limited resource, and its availability
by telecommunications operators is limited not only by administrative but also by
technical regulations. Therefore, another solution to increase the bandwidth avail-
able to each user is through broadband techniques and modulations such as OFDM,
spectrally efficient multi-carrier techniques (SC-FDMA, FBMC) or multi-antenna
techniques (MIMO, networking MIMO, massive MIMO).

But these solutions face the limitation of the maximum frequency available in the
transmission channel. Therefore, it is essential to develop technologies with good
performance at higher frequencies to support the rest of the solutions described

above.

Since, as discussed earlier, the paradigm that the consumer market is trending

towards is broadband, high capacity, ubiquitous and minimum latency wireless com-




munications, the components that make up the transceivers used in RF equipment
as well as antennas need to be adapted to higher frequencies, typically above 30
GHz while keeping the manufacturing cost low for mass adoption and commercially
profitable. The blockchain of a classic transceiver or RF frontend can be seen in

Fig. 1.1.

Transmit Filter
(TX)

PN
L) T
Power Amplifier
@ Oscillator

Receive Filter
(RX)

Modulator Information

Demodulator Information

Low Noise Amplifier Mixer

Figure 1.1: Block diagram of a generic wireless communications system.

If we are talking about high bandwidths, optical fiber is one of the best options.
However, although great advances are being made, for the moment, at the ends
of the transmission chain it always needs to be integrated with electrical circuits,
whose most efficient and economical design would be working at optical frequencies
without employing modulators from THz to the low operating frequencies of these

electrical circuits. [6]-[10]

Ideally, the guiding technology on which this thesis is based would allow the ma-
nipulation of signals directly at the transmission frequency of these high-frequency
systems. As a leading-edge technology in high-frequency electromagnetic energy
guidance, the so-called Gap-Waveguide presented in 2009 [11], and later patented
[12], solves two major problems encountered with commercially available waveg-

uides. The technology is so promising that a Swedish-based company, Gapwaves




AB was created some years ago and it is now commercializing the technology.

One of them is the losses of existing planar technologies based on dielectric sub-
strates, which become more pronounced with increasing frequency [13]-[15]. After its
presentation to the scientific community in 2001 by Ke Wu [16], Substrate Integrated
Waveguide (SIW) [17]-]20] based PCB solutions and applications with metallized
vias making walls have been proposed that significantly improve the ohmic and ra-
diation losses at high frequencies while maintaining a moderate cost. However, still
requiring a substrate through which the energy propagates, their losses remain a

limiting factor for the development of very high frequency solutions.

On the other hand, those related to the machining of metallic hollow guides whose
diameter is reduced with the increase in frequency, and therefore, the manufacturing
tolerances are inversely proportional to their profitability for large-scale production.
In addition to the disadvantage of having to manufacture them in two pieces that,
even if the manufacturing tolerances are very high, there are always power leaks with
variations of 20%-35% with respect to the theoretical values of the simulations [21].
Ensuring a good electrical contact between the two parts that allows a continuity of

currents is a technical problem widely studied but still poorly solved. [I1], [22]-]26].

In addition, there is the fact that essential components in many devices such as
narrow band (high Q) filters suffer a lot from manufacturing tolerances and small
imperfections can lead to large frequency deviations. Not to mention the insertion

losses that substrate-based filters present at mm-wave band frequencies. [27]

The physical principle of this new guiding technology stems from the fundamen-
tals of hard and soft surfaces, which, depending on various parameters such as peri-
odicity, height and orientation of the corrugations arranged longitudinally (hard) or
transversely (soft), allow (hard) or block (soft) the propagation of electromagnetic
energy [25], [29]. However, this technology makes use of an EBG (Electromagnetic
Bandgap) surface that blocks propagation in all directions without regard to the

orientation of the corrugations since they are designed as two-dimensional periodic




surfaces in the form of PMC (Perfect Magnetic Conductor). There have been pre-
vious studies [30]-[32] focusing on open surfaces and guides. The novelty of this
technology is the possibility to create guides and transmission lines locally between

two parallel metal plates by controlling the propagation of parallel plate modes [11].

The principle of operation can be seen in Fig. 1.2, where if we have a PEC
and a PMC boundary condition, separated from each other less than A/4, there is
not any solution of Maxwell’s Equations (no propagation between this boundary
condition plates) [33]. So with this in mind, we can create a waveguide with a PEC
path between the two bottom PMC surfaces. The problem is how we can make
a PMC surface, because no natural material exists with PMC properties, but we
can synthesize a Metasurface, that functions as an “Artificial Magnetic Conductor”

within a frequency range.

To date, numerous high-impedance periodic surfaces have been proposed that
replicate the PMC boundary conditions [32], [34]. From the first ones made with
rectangular metallic pins, where in [35] have been mathematical characterized, pass-
ing through pyramid-shaped pins [36], mushroom-type surface [32], [37], spring-
shaped pins [35], or with the novel technique of employing perforations in the metal
to create the required EBG [39]-[13]. A new Half-Groove Gap Waveguide for rapid
prototyping, lowering its cost for mass production has also been recently presented

to the community [14].

The performance of this EBG structure is determined by the dimensions of the
periodic elements we use to build these high impedance surfaces. Particularly for the
general case with pins (width, period, height), the height is the most determinant
parameter to fix the frequency at which the propagation blocking is observed [15].
But not only does this principle work at frequency fy, but in a range of these, which
we call "stop-band". The PMC boundary condition is created in a plane over the

pins.

There are works with in-depth parametric studies on various types of unit cells




and their influence on bandwidth, stop-band and propagation modes as in [15] and
in [16] as co-author, where higher symmetries are studied and interesting design

conclusions are provided.

PERFECT MAGNETIC ]
CONDUCTOR (PMC)

Boundary Conditions

rGap <4/,

(a) Each of the boundary conditions represented as PMC (blue) and PEC (green)
plates forces a polarization of the electric and magnetic field. If these plates
are gradually brought closer together, there will come a time when the distance
(gap) between PEC and PMC is less than \/4, at which point all electromag-
netic propagation is blocked. This gap height determines the stopband of the
Gap Waveguide.

IGAP <4,

PMC PMC PEC PMC

(b) Guiding mechanism between parallel PEC and PMC plates with the propagation
blocking zones marked until another PEC zone is included through which the
energy can be propagated.

Figure 1.2: Operating concept of the Gap Waveguide technology.

From the theoretical conception of this new guidance technology, different ver-
sions have been proposed and their operating principles and devices have been ex-
perimentally validated at frequencies as high as 320 GHz [17] by simply scaling the

dimensions and modifying the manufacturing methods and technologies.

Up to now, Groove Gap Waveguide (GGW) [18], Ridge Gap Waveguide (RGW)
[19], Inverted Microstrip Gap Waveguide (IMGW) [50] and a printed variation of the
Ridge have been proposed, denoted, Microstrip Ridge Gap Waveguide or Printed
Ridge Gap Waveguide (PRGW) [51]. The cross section of each of them along with

their fundamental propagation mode are shown in Fig. 1.3.




Each of these versions stands out from the others in terms of losses, cost, ease of
manufacture or integration with existing commercial planar technologies. Thanks
to their concept of parallel metallic plate-to-plate guidance, they are a highly rec-

ommended option for integration with aperture antennas.

An advantage of the Inverted Microstrip Gap Waveguide (IMGW) and Ridge Gap
Waveguide technologies is that they allow propagation of quasi-TEM modes, which
makes them easily integrated with printed technologies and other transmission lines,
while the Groove Gap version propagates TE/TM modes, much like rectangular

waveguides.
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(a) Groove Gap Waveguide cross section with plotted
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(b) Groove Gap Waveguide 3D model.
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(c) Ridge Gap Waveguide cross section with plotted

(d) Ridge Gap Waveguide 3D model.
field distribution (QTEM mode propagation,).

(e) Inverted Microstrip Gap Waveguide cross section

with plotted field distribution (QTEM mode prop-
agation).

(f) Inverted Microstrip Gap Waveguide 3D
model.
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(g) Microstrip Ridge Gap Waveguide cross section

with plotted field distribution (QTEM mode prop-
agation).

(h) Microstrip Ridge Gap Waveguide 3D
model.

Figure 1.3: The different versions of the Gap Waveguide technology developed and researched to
date, highlighting their propagation modes.

The first experimental verification of the Gap Waveguide technology in [19] has
been followed to date by numerous circuit and antenna designs based on it. For
example, filters are already available [52]-[59], couplers [60]-[06], diplexers [67]-]73],

aperture antennas [74]-[%1] and their corresponding feed networks [32]-[36] or the
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various transitions needed to connect to conventional connectors and guides [$7]-

[100].

Focusing on the Inverted Microstrip Gap Waveguide version, we can start by
looking at the advantage of using it even at frequencies as low as X-band. The sim-
ulated transmission coefficient |Sg;| between different microstrip versions is shown
in Fig. 1.4. For this example of a double bend 90° line, we see how the conventional
microstrip versions suffer from much higher losses, mainly due to radiation at the
bend discontinuities, as well as because they use the substrate as the energy propa-
gation medium. Whereas in the gap version the field travels largely through the air

and confined along the transmission line as we see in Fig. 1.5.

“0.2f \

-0.4+
-0.6 F

0.8F

SZl (dB)
4

| [m= Microstrip Gap Waveguide
1.6 mm  Inverted Microstrip
Normal Microstrip

8 9 10 11 12 13
Frequency (GHz)

Figure 1.4: Comparison of |Sa1| parameter for a double bent line: Conventional Microstrip,
Inverted Microstrip and Inverted Microstrip Gap.

{a) Microstrip Normal (b) Microstrip Inverted () Microstrip-gap

Figure 1.5: Representation of the E field for the three microstrip versions.
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We must shed light on some delicate aspects of this Inverted Microstrip Gap
Waveguide version. Despite all the works already published on devices that use it,
we find that there is a lack of practical design guides in the literature, which clearly
analyze the influence of the various parameters that make up this technology such as
pin density or substrate thickness on aspects that are necessary to take into account

for the design such as impedance value and losses suffered.

Previous studies have found that this technology suffers greatly with the density
of the pin bed, as it can alter the relative location of the printed lines with the pins
under the substrate, and with it, the characteristic impedance, greatly complicating
circuit design. In addition, as higher frequencies are used, the substrates necessarily
become thinner and susceptible to bending which can also cause disturbances in

propagation across the air gap, as this also modifies the impedance.

1.2 Study of the Line Impedance

Since the appearance of the Gap Waveguide technology, one of the challenges
has been to characterize and obtain its characteristic impedance [101]. Something
that prevents its calculation in the traditional way of a conventional inverted mi-
crostrip line is the use of metamaterials made with periodic surfaces. Different ways
of calculating its value have been proposed in the literature. Beginning with the
approximation of [102] to the more accurate one of [103], or based on the use of
variational methods [104]. In [105] some first sensitivity analyses were already pro-

posed with respect to some elements that define this technology.

The objective of this section is to investigate the sensitivity of the characteristic
impedance of the inverted microstrip gap waveguide line according to design param-

eters such as the dielectric thickness and the period of the pinned surface.

For these cases, where lines loaded with periodic elements are involved, we need

to deal with their Bloch impedance [106]-[110]. These waves analyses in periodic
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structures are based on the study of the propagation of forward and backward waves
existing in each unit cell, mathematically modeled as a cascaded lattice of unit cells,
defined by a matrix of amplitudes [106]. It can then be particularized for symmetric
2-port terminated and truncated networks. Or, in other words, one way to proceed
is to start from an infinite number of these elements which, subsequently, must be
truncated and add input/output ports; together with the corresponding impedance

transformers to adapt them to the input impedance of these ports [111].

Therefore, in order to perform the necessary parametric studies, we will use a
set of circuital parameters that are perfectly adapted to ladder network topologies.
For this, we start from the definition of the ABCD parameters, where we can obtain
the characteristic impedance of a homogeneous transmission line. Since, as we know
from basic high frequency circuit theory [112], we can define these ABCD parameters
of an ideal lossless line with characteristic impedance Zj, length [ and propagation

constant v = j3 as in Eq. 1.1:

A B cos [l | 7 sin Bl
_ & J4o & (1.1)
C D 3Yosin Bl cos Bl

that, particularizing for the reciprocal and symmetric case, we can obtain Z, as

in Eq.1.2:

Zy = \/g (1.2)

From this, we can concatenate more two-port networks with N — 1 periods in
order to iteratively reduce the size to that of a unit cell as proposed in the pub-
lications [113] and [ 14] in order to avoid mathematical instabilities related to the

complex quadratic solution of Eq. 1.2.
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And so, we combine the parameters to have:

e 3 widely used impedance transmission lines, whose widths are shown in paren-
theses for the nominal ideal case with PMC surface under the inverted mi-
crostrip line substrate: 35 Q (w = 3.6 mm), 50 Q (w = 2.19 mm) and 70 2
(w = 1.25 mm).

e 2 substrate thicknesses: hg,, = 0.508 mm and hg,, = 0.762 mm.

e 2 pin periods: p = 1.6 mm and p = 2.5 mm.

e 2 positions of the line w.r.t. the rows of pins. (See Fig. 1.6).

waveguide 1 waveguide  upper plate
microstrip line port microstrip line l
b %’ﬁmw — b hI :fﬁﬁs(ﬁ;i
bed of - o .. | bed of " Byin
nails Wy nails Wy
(a) (b)

Figure 1.6: Cross section of Inverted Microstrip Gap Waveguide with its most important pa-
rameters and the CST Studio Waveguide port dimensions, showing the differences
between routing: a) over one row of pins or b) between two rows of pins. Air gap
must be hgqp < \/4.

We keep constant in all calculations the pin width (0.8 mm) and air gap (0.508
mm) on the ideal RO4003C substrate without losses. The frequency used is 30 GHz

and the number of stages N = 6.

Regarding the feeding port configuration, the procedure followed to adequately
size the waveguide ports in CST [I]| should be highlighted. An analysis with ideal
boundary conditions (PEC, PMC) was performed to determine the most suitable
size to excite the periodic structure since the size has a significant influence on the
simulations. Fig. 1.7 shows that from a port size of 4 times the microstrip line width,
the values are already sufficiently accurate by covering the quasi-TEM mode of the

line cross section. Moreover, as already discussed in depth in |1 15] for the practical
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realization of the PMC with a bed of pins, the ports are extended to cover half of
the pin height; and towards the top plate part until it contacts the top plate (see
Fig. 1.6).

1.000 4
0.995 -
0.990 4
0.985 -
N 0.980 1
0.975 1
0.970 4

0.965 4

0.960

wplws

Figure 1.7: Normalized characteristic impedance vs. wp/ws simulated with ideal boundary con-

ditions PMC and PEC.

Results

The results obtained with the parameter combinations described above are pre-

sented in Fig. 1.8.

Although in these graphs we see an overview of the variations for each linewidth
case with respect to the nominal case with PMC, to improve their visualization and
to obtain better conclusions, it is convenient to normalize these values and show
them as a function of the "impedance relative error" with respect to this nominal

case as in Eq. 1.3. All these simulated and normalized results are shown in Fig. 1.9.

Zin — 2
IRE(%) = pTM;MC %100 (1.3)
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Figure 1.8: Simulated results obtained from the characteristic impedance according to the pro-
posed calculation method for various combinations of parameters as a function of
pin height (i.e., influence within the stopband), substrate thickness and pin period.
Depending on the relative position w.r.t. to the pin row, they are shown in solid
lines (between 2 pins) or dashed lines (over the pin row).[110]
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Figure 1.9: Relative error to the nominal case for the different cases shown in Fig. 1.8. Data
obtained for a frequency of 30 GHz, N = 6 versus the nominal case with PMC, for
different pin heights, different substrate thickness, and depending on the position
relative w.r.t. to the pin row, are shown in solid lines (between 2 pins) or dashed
lines (above the pin row).[110]

Some conclusions we can be drawn from these results:

e Using the thicker substrate (hg,, = 0.762 mm) results in the impedance

being maintained with less variation as a function of pin height.

e For denser bed of nails (p=1.6 mm), the difference between the

impedance between pins and over pins is smaller, as already advanced

in [105], [117].

o As the height of h,;, increases, the variation with respect to the nominal case

with PMC also increases both in absolute terms and in terms of relative error.

e Except for the case w = 3.61 mm with the smallest pin heights A, in all

cases the impedance is always lower than the nominal case.

e The anomalies observed in plots b) and d) for the smaller pin heights are
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explained by the closeness of the frequency to the lower limit of the lid of pins

stop-band. Fig. 1.10 shows the different stopbands for various study cases.

e On the impedance variation as a function of the relative position of the line
with respect to the rows of pins, there is no clear conclusion in general terms.
However, for the case hg,, = 0.508 mm we conclude that the relative error is

larger when the line is located between two rows of pins.

45
. - finf(stopban(
40 I fsu])(st()pbanc
"""" v finf(stopbam
N, | e Jsup(stopbanc Case 1 - StopBand (h,;,= 1.5, hy,;= 0.508)

w
ot
T

Case 2 - StopBand (h,;,= 1.5, hy,,= 1.016)
Case 3 - StopBand (h,;,= 2.0, hy;,= 0.508)
Case 4 - StopBand (h,;,= 2.0, hy,,= 1.016)
Case 5 - StopBand (h,;,= 2.8, hy,,;= 0.508)

Case 6 - StopBand (h ;= 2.8, h,,,= 1.016)

Frequency (GHz)
(98
e}

25 pin
4 h,
20 hsub L — T gap
B
1 5 I | | A hpin
1 2 3 4
Case number 3
(a) (b)

Figure 1.10: Lower and upper limits of the stopbands as a function of the case analyzed, to-
gether with the corresponding unit cell dimensions in mm.
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1.3 Study of the Line Attenuation

In addition to impedance, another important factor to consider when designing
high-frequency devices are the losses. This is specially relevant in the case of this
version of Gap Waveguide where, although most of the energy propagates through

the air, still needs a substrate to support the printed circuit boards.

1.3.1 Method 1 : Through Resonators

There are several methods to calculate the losses of these transmission lines.
One of them is by studying the Q factors in resonator circuits. This quality factor
measures the ratio between dissipated energy and stored energy. We know from
[112], that for transmission lines with TEM type propagation modes the attenuation

can be calculated as:

o =—" 1.4
200 (1.4)

with (8 as the propagation constant.

1 1 1
=4 1.5
Q. Qu Qs (1:5)
And where according to [118], [119] for 2-port networks, the external quality
factor Qg is given by Equation 1.6:

Qp = 10772, (1.6)

And so, according to [120] one can rewrite Qu as a function of Sy, as:
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Qr
= 1.7
Qu=1_ 5 (1.7)
For this purpose, and following the method of [121] where it had already been

studied for the Groove and Ridge versions, but not for Inverted Microstrip, X-band
resonators were designed for convenience in order to perform the measurements with

SMA connectors.

We know that if the ports are weakly coupled, Equation 1.7 can be approximated
as Qu ~ @, and this @1, can be defined as follows in 1.8. [112]:

_ bk
AdeB

QL (1.8)

So, at this point, a first approach is made by modeling a short-circuit resonator
with inverted microstrip gap on a low-cost bed of nails in order to be able to perform
numerous tests and variations. For this purpose, M2 metric screws are chosen as
cylindrical pins and the full-wave simulator CST Studio Suite is configured with
PEC as boundary conditions on the sidewalls. The stopband created by the unit
cell loosely covers this frequency band. In Fig. 1.11 we see the simulated results for
different commercial standard substrate thicknesses and as a function of the relative

position of the printed line with respect to the central row of screws.
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Figure 1.11: Comparison of the Q factor of a third order short-circuit resonator as a func-
tion of the 11 standardized thicknesses of the lossy dielectric RO4003C with ideal
metals PEC; and 5 positions of the resonator line with respect to the row of pins
under it.

From this preliminary analysis, it is clear that the losses increase with the sub-
strate thickness in all cases. On the other hand, the location of the microstrip w.r.t.
the pins has a very small effect on the losses. Finally, the periodicity of the pins
that is critical in order to achieve a more independent line impedance is practically

not affecting the losses.

However, it is necessary to verify the data experimentally. To this aim, from
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the aforementioned work [121], we know that open-circuit resonators present less
discrepancies between simulation and measurement than short-circuited ones, so the
models were made in this way from here on; particularizing only for 2 thicknesses
and 2 periodicities of the bed of nails as we see in Fig. 1.12 and 1.13. Note that
when obtaining the Q values using the 3dB width of the resonance seen in So;
(Equation 1.8), the "Transient" solver of CST in the time domain is not valid due
to its low resolution and extremely long simulation time in highly resonant circuits,
being necessary to make a tetrahedral mesh and use the frequency domain solver

(Fig. 1.14 and 1.15).

(a) Thin substrate (0.787 mm) y Dense AMC (b) Thin substrate (0.787 mm) y Non Dense
(period = 5 mm). AMC (period = 10 mm).

(c) Thick substrate (3.175 mm) y Dense AMC (d) Thick substrate (8.175 mm) y Non Dense
(period = 5 mm). AMC (period = 10 mm)

Figure 1.12: 3D models of built open-circuit resonators.
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Figure 1.13: Dimensions and assembly scheme of the model made with thin substrate (0.787
mm) and with dense bed of nails (period=5 mm). Note the way of fastening the
screws vertically on the metal plate with a perforated FR4 substrate embracing
the heads and giving rigidity to the whole together with nylon spacers (white) and

Teflon spacers (red) for the 1 mm gap.
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Figure 1.14: Resonances simulated using the Transient solver of CST Studio Suite for open-
circuit resonator.

S-Parameters. [Magrbude  6B]
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Figure 1.15: Resonances simulated using the Frequency solver of CST Studio Suite for open-
circuit resonator.

However, the first QQ tests in the laboratory gave an erratic result, probably due
to the poor electrical contact in the way the screws forming the bed of nails were
arranged, or perhaps their low conductivity, even though they were made of metal.
Therefore, a milled plate with metal pins was used for the following tests, although
its cost was considerably higher. In Fig. 1.16 we see the difference between the two
bed of nails solutions and in Fig. 1.17 the detail of the weakly coupled ports that

allow us to make the approximation Qy ~ Q).
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Figure 1.16: Low cost bed of nails with screws vs. new bed of nails machined with metal pins.

Figure 1.17: Detail of weakly coupled ports in the resonators.

The measurement process of the resonators with the VNA Rohde & Schwarz
ZVA40 after calibration with the Rosenberger RPC-2.92 02CK010-150 kit is shown
in Fig. 1.18. The results obtained from the measurements versus the simulated values
are presented in Fig. 1.19. These simulated values were calculated with the CST
F-solver with the following options: 3rd variable order, Adaptive Meshing (to refine
the meshing in the parts where there is more energy) and the rest of the options
were left as default. Table 1.20 compiles all the values obtained after measurements

versus simulated ones.
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Figure 1.18: Measurement process of open-circuit resonators in Inverted Microstrip Gap
Waveguide technology.
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Figure 1.19: Simulated vs. measured results for obtaining the Q of open-circuit resonators.
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Figure 1.20:

Qu(Sy)
844 8.9712 0.111310 304
855 9.0818 0.111233 331
889 9.6062 0.113156 96
928 9.9906 0.112738 357

8.811

8.946

9.189

9.654

0.303515 63.98 1.786 63.3
0.283028 61.28 1.495 60.7
1.002364 89.20 4.343 88.7
0.283183 61.53 3.369 60.2

Simulated and measured attenuation values for the 4 types of open-circuit res-
onators in Inverted Microstrip Gap Waveguide.
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1.3.2 Method 2 : Transmission Through Long lines

As the differences between the simulated and measured values were too large to
draw conclusions, an alternative method was considered to study how the different
design parameters of the Inverted Microstrip Gap Waveguide technology influence

its losses as well as the influence of the operating frequency within the stopband.

For sufficiently high frequencies in the region of 30 GHz, it is feasible to measure
the attenuation of sufficiently long lines of at least 10\ as in the work of [122], [123].
To this aim, different parameters have been combined based on a 50 €2 line with
2.18 mm width and 10 cm length, on a Rogers substrate RO4003C™ (g, = 3.55,
tand=0.0027). The air gap value is kept at the same 0.508 mm of the previous
impedance section; as well as the pin width at 0.8 mm. The thickness of the substrate
takes values of 0.508 mm and 1.016 mm (to be named as "thick" in the plots). The
periodicity of the pins will range between these 2 values: 1.6 mm and 2.5 mm. The
height of these pins will take values of 1.5 mm, 2.0 mm and 2.8 mm. Regarding the
position of the line w.r.t. to the rows of pins we will take into account two possible
cases: between two rows of pins and when the line is centered on a row of these pins
(Fig. 1.21). Finally, regarding the material of the pins, two versions are examined:
one, modeled as perfect electric conductor (PEC); and the other, with aluminum,

with a finite conductivity.

waveguide 1 waveguide  upper plate
microstrip line port i microstrip line
h 1 pikik h N «— gap (air)
sub yihp* - sub m l S e <« gubstrate
bed of | bed of ’ hy;,
nails Wy nails Wy

(a) (b)

Figure 1.21: Cross section of Inverted Microstrip Gap Waveguide with its most important pa-
rameters and the CST Studio Waveguide port dimensions, showing the differences
between routing: a) over one row of pins or b) between two rows of pins. Air gap
must be hgqp < A/4.
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Table 1.1: Combinations of parameter values used in the simulations for the study of influence

on losses.
Description Parameter Values
Gap gap H 0.508 mm ‘ ‘
Pin Width a H 0.8 mm ‘ ‘
Substrate thicknesses hosub H 0.508 mm ‘ 1.016 mm ("thick") ‘
Pin periodicity P H 1.6 mm ‘ 2.5 mm ‘
Pin height hpin H 1.5 mm ‘ 2.0 mm ‘ 2.8 mm
Line position w.r.t. pines pos H In between pins rows | Over pins row (“shifted”)
Pin metallic material material H PEC ‘ Aluminium (“lossy”) ‘

In Fig. 1.22 we see a compilation of the simulated results for the combinations
of values mentioned in Table 1.1. The "nominal" case refers to a substrate hg,, =
0.508 mm, pins modeled as ideal and the line placed centered between two rows of

pins (not "shift") (see Fig. 1.21).

From the plots we can conclude that the losses are higher whenever a thicker Ay,
substrate is used, as well as with the use of pins with finite aluminum conductivity.
The periodicity of the pins p and the relative position of the line on them hardly
affect the simulated losses. The height h,;, modifies the stopband of the bed of
nails, producing distortions especially at frequencies close to the lower limit of the

bed of nails, so it is not advisable to operate in these areas.
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Figure 1.22: Simulated losses as attenuation of the transmission factor |Sa1| for different cases
of pin heights, periods between pins from a) to f). Each figure contemplates dif-
ferent cases of study: Two substrate thicknesses and two relative positions of the
Inverted Microstrip Gap Waveguide line (on pins or offset between two rows).[116]
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Results

To experimentally test the hypotheses obtained with simulations, two bed-of-
nails prototypes are built with the values from Table 1.2. In Fig. 1.24 we see the
fabricated model together with a transition to conventional 502 microstrip to place
the Southwest 1092-04A-5 End-Launch connectors. As usual, to eliminate the in-
fluence of the connectors on the measurements, a TRL calibration kit has also been

engineered and built.

To design the transition, we follow the indications of [124], where they use the
same dielectric material for this transition as for the inverted circuit. In Fig. 1.23a we
can see the corresponding geometry of this transition. This is designed starting from
the inverted microstrip gap line with the width to obtain a characteristic impedance
of 50 Q with this RO4003C substrate and air gap dimension, ¢.e., w = 2.2 mm.
At the end, this width is reduced to that corresponding to an impedance of 50 2
for the same frequency in RO4003C substrate (w = 1.24 mm). Finally, over these
reduced width sections, the air gap is used to insert inverted sections of conventional
microstrip line of the same line width with the ground plane in contact with the
metallic top cover. Fig. 1.23b shows the good results achieved in matching (below
—15 dB) and its low losses (about —0.5 dB) in the band of interest. Simulated S-
parameters include lossy materials: aluminum pins, copper lids and metallizations,
and Rogers substrate. Fig. 1.23c shows the normalized E field distribution in this

transition.
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Figure 1.23: B2B transition from Inverted Microstrip Gap Waveguide to conventional Mi-
crostrip.

The results of the measurements compensating for the effect of the connectors

for the four parameter combinations are shown in Fig. 1.25. The equipment used to

perform them was an ANRITSU MS46122B VNA.

As expected, the losses increase with the use of thicker substrates and
with increasing frequency. The f,,, marks in the figure indicate the frequency
that restricts the stopband in each case where distortions similar to those simulated

can be seen.




33

Table 1.2: Selection of selected parameters for the loss study prototypes.

Description Parameter Values

Gap gap H 0.508 mm ‘ ‘

Pin Width a H 0.8 mm ‘ ‘
Substrate thicknesses hsub H 0.508 mm ‘ 1.016 mm ("thick") ‘

Pin periodicity P H ‘ 2.5 mm ‘

Pin height Nopin H ‘ 2.0 mm ‘ 2.8 mm
Line position w.r.t. pines pos H In between pins rows ‘

Pin metallic material material H ‘ Aluminium (“lossy”)

(2) (b)

Figure 1.24: Prototype of 10 cm transmission line built in Inverted Microstrip Gap Waveguide
with Rogers RO4003C substrate: a) The 2 bed of nails used for the measurements,
both of period p = 2.5 mm and heights hyin,, = 2.8 mm and 2.0 mm. b) Final as-
sembly of the prototype. ¢) TRL calibration kit used to eliminate the influence of
the End-Launch connectors.

——hpin=2.0 mm; p=2.5 mm (case 3)
— = hpin=2.0 mm; p=2.5 mm; thick (case 4)
~-~-hpin=2.8 mm; p=2.5 mm (case 5)
------ hpin=2.8 mm; p=2.5 mm; thick (case 6)| |

1
—_
T

Magnitude (dB)
S

4 ‘ ‘ ‘ ‘ ‘ ‘
25 26 27 28 29 30 31 32

Frequency (GHz)

Figure 1.25: Measured |Sa1| parameter for the manufactured models for the cases chosen from
the Table 1.2.
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1.4 Conclusions

This chapter provides an in-depth study of the influence of the parameters re-
quired for the design of Inverted Microstrip Gap Waveguide lines and how they
influence the characteristic impedance and losses in order to give a basis for design
considerations that are useful from the practical point of view of the design of de-
vices based on this technology. The first part analyzes how the impedance of the

inverted microstrip gap line varies as a function of the periodicity of the bed of pins.

The first conclusions we can draw are that using thicker substrates means that
the impedance is maintained with less variation depending on the height of the
pins. In addition, for denser bed of nails, the difference between the impedance
between pins and over pins is smaller. Another fact that we can conclude is that
working at frequencies near the lower limit of the stopband, can cause anomalies in
the calculations. These cases bring the practical realization of the BoN closer to the

ideal case with PMC.

Regarding losses, it has been experimentally demonstrated that the use of thicker
substrates will produce more losses; and that the other design parameters such as the
relative position of the line on the pins or the periodicity of the BoN have hardly any
influence. However, these losses will always be much lower than those of solutions

with conventional microstrip or inverted microstrip.




Chapter 2

Ka-band Diplexer in Inverted

Microstrip Gap

In this chapter, the design of a diplexer in Inverted Microstrip Gap Waveguide

technology is presented. This device is widely used in transceivers. [125]

2.1 Diplexer Design

When designing circuits in this technology, the first thing to consider is the
metamaterial in the form of periodic pins to be used. In addition, it is necessary to

choose the most suitable bandpass filter topology for this application.

In a first phase of the design process, parallel coupled line filters were chosen as
those employed in [117]. However, although previous studies have been conducted
in which the performance at frequencies as low as 10 GHz is as expected [67], for
Ka-band, parallel coupled line filters suffer from large tolerance issues due to their

position with respect to the pins under the substrate.

In-depth studies on these tolerances have already been detailed in the previous

chapter. For this reason, End-Coupled bandpass filters have been chosen, following
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the methodology described in [126]. In this type of filters there is much less influence
on the impedance due to the location of the lines with respect to the pins under the
substrate. The diplexer will be used to separate the frequency bands of 24 and 28
GHz.

2.1.1 Bed of nalils selection

As explained above, the Gap Waveguide technology needs to emulate a Perfect
Magnetic Conductor (PMC) surface, which does not exist in nature, with an Ar-
tifical Magnetic Conductor (AMC) in the form of a bed of nails for its simplicity
of fabrication. With the stopband in mind covering both operating bands of both
filters (24 GHz and 28 GHz), a unit cell is designed with the dispersion diagram
shown in Fig. 2.1. Because of its availability, in a first phase of the design, a Rogers
RO4003C™ (g, = 3.55, tand=0.0027) substrate was chosen. From the following
unit cell dimensions, we obtain a stopband from 18.10 to 29.66 GHz: substrate
thickness = 0.508 mm; pin height = 3 mm; gap = 0.5 mm, period = 2 mm and side
= 1 mm. However, due to the poor results obtained with the diplexer using this
substrate, the very low loss RO5880™ substrate (g, = 2.2, tand = 0.0009) is finally

chosen. The dispersion diagram for this material is added to Fig. 2.1.
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Figure 2.1: Stopbands for substrate 4003C vs 5880 in 2 different pin heights (2.8 mm and
3 mm). The dispersion diagram is included for the 5880 substrate on which the
diplexer will be finally designed, constructed and measured.
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2.1.2 Filters Design

For the design of circuits in Inverted Microstrip Gap it is advisable to start with
the PMC ideal boundary condition under the substrate for its simplification and
computational cost savings. Afterwards, we have to add to the preliminary design
with PMC, the bed of nails. Here, we will have to perform more computationally

expensive adjustments and simulations but predictably in smaller number.

A good approach to the filter design process is the one followed in [127]. In
order to add precision we must handle the discontinuity by including the effect of
the pins under the microstrip lines. This is done with the considerations of |120]
as a m-network of capacitances as presented in Fig. 2.2a,b. For different values of
the discontinuity gap we obtain different values of the Y-parameters for this 2-port

network.

Subsequently, by means of Equation (2.1) we obtain the associated capacitances.

C, = _Im(Ym); C, = _Im(Yn +Yo) (2.1)

Wo wo




38

De-embedded ports

Im
|

= i
P 5

—

r

riod apingaan

h

J4od apinsaangy

5 2]

P a

(a) End-coupled lines discontinuity effect in Inverted Microstrip Gap Waveguide

technology.
0.1

g \ — CyucH:
La N — Cp20H=
- . === Cy2aH-
S
€ 005}
3
=
k3
3
o
S
O oL

0

s (mm)
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Figure 2.2: Discontinuity model with capacitors in Inverted Microstrip Gap Waveguide technol-
0gy.

From these initial data, we can make modifications with the CST full-wave sim-
ulator. Following the classical procedure, two Chebyshev End-Coupled fifth order
band pass filters are designed, with a bandwidth of 3.3% and 0.5 dB of ripple in
the passband at center frequencies of 24 GHz and 28 GHz, but by subsequent ad-
justments, the highest possible flatness in the passband was sought. The starting
dielectric material is RO4003C™ (£,=3.55;tand=0.0027).

The result is shown in Fig. 2.3. We see three versions of the design: the first
one, with the PMC boundary condition, and the remaining ones with pins either
considering substrate and metal losses or not. Passband losses of about 1.6 dB are
achieved. We can highlight the great similarity between the models with PMC and

with pins.
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Figure 2.3: Simulated S-parameters of PMC and AMC designed filters (with pins).

Additionally, a study was carried out to determine the origin of the losses ap-

pearing in our filter with pins. In Fig. 2.4 we see the comparison between the case

without losses ('Lossless’), and for the cases of only losses in the 'pins’, the 'lid’; the

‘circuit’, the ’substrate’ or in the case of all components having losses ('Lossy’). We

note that most of the losses are originated in the substrate, at least in this frequency

band.
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Figure 2.4: Loss study in Ka-band End-Coupled lines passband filter in Inverted Microstrip Gap
technology (RO4003C, substrate thickness = 0.508 mm,).

2.1.3 Power Splitter Design

Once we have the two filters designed with pins under the substrate we need a

way to distribute the power that is frequency dependent. To do this, we need a

po put
arr 28].
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12 ll
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Figure 2.5: Block diagram explaining the operation of the diplexer as a function of frequency.

The power divider uses a conventional T-junction, where we start from a design
with the PMC boundary condition and then add the bed of nails. The length of the
symmetrical branches are calculated with the distance A, 24/4 and A, 25/4 as shown

in Fig. 2.6.
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Figure 2.6: Designed 1 to 2 power divider in Inverted Microstrip Gap Waveguide.

These initial values of the length of the power divider branches need to be ad-
justed with full-wave simulations after including the previously designed filter stages.
In Fig. 2.7a we have the simulated diplexer where the common port appears in the
central part along with the filters. The simulated S-parameters with ideal pins and
materials without losses are shown in Fig. 2.7b, where we appreciate an excellent
performance and the flatness of the passband of each channel (24 GHz and 28 GHz).
We can even observe the stopband limits that create the pin surface, where they
broadly cover the working bands of the device until couplings appear at the extremes
(below 22 GHz and above 31.5 GHz). In Fig. 2.8 we can see the transmission losses
that occur when real materials are included in the simulation. The losses are about

-2 and -2.3 dB, for 24 and 28 GHz, respectively.
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Figure 2.7: Design result of the Inverted Microstrip Gap Waveguide diplezer in Ka-band with
ideal RO4003C™ materials without losses.
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Figure 2.8: Diplezer simulated S-parameters with pins and lossy RO4003C substrate.
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2.1.4 Microstrip to Inverted Microstrip Gap Transition

With the aim of integrating this technology with conventional connectors with
which to perform the measurements of the prototype built in a reliable, robust and
consistent way, we need to design a transition with conventional microstrip output,

where the various End-Launch connectors appropriate for these bands will be placed.

To this aim, we follow the indications of [124]|, where they use the same dielectric
material for this transition as for the inverted circuit. In Fig. 2.9a we can see
the corresponding geometry of this transition. This is designed starting from the
inverted microstrip gap line with the width to obtain a characteristic impedance of
50 © with this RO4003C substrate and air gap dimension, i.e., w = 2.6 mm. At the
end, this width is reduced to that corresponding to an impedance of 50 €2 for the A,
in RO4003C substrate (w = 1 mm). Finally, over these reduced width sections, the
air gap is used to insert inverted sections of conventional microstrip of the same line
width with the ground plane in contact with the metallic top cover. In Fig. 2.9b
we can see the good results achieved in matching (below —14 dB) and its low losses

(about —0.25 dB) in the band of interest.
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(a) 3D view.
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(b) Simulated S parameters.

Figure 2.9: B2B transition from Inverted Microstrip Gap Waveguide to conventional Mi-
crostrip.

In Fig. 2.10 we can see the result of the simulated S-parameters when these
transitions are added to the 3 ports of the above lossy diplexer. We see that the

losses remain in the order of —2 dB and —2.3 dB at the 24 and 28 GHz frequencies.
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Figure 2.10: Final diplexer design in Inverted Microstrip Gap Waveguide including
RO4003C™ real materials and transition to conventional Microstrip.

2.1.5 Losses Analysis in Materials

However, although the simulated losses are much lower than those of other mi-
crostrip filters at similar frequencies [129]-[133], it is worth finding out where the

different contributions of losses come from, therefore a study was conducted.

From the analysis of absorbed losses in each of the diplexer materials (substrate,
aluminum for the pins and the top lid, and copper for the lines) shown in Fig. 2.11 we
conclude that most of these losses are due to the substrate used Rogers RO4003C™,
so we proceeded to the complete redesign of the diplexer and transitions with a
new substrate of very low losses such as Rogers RO5880™ whose parameters are
g, — 2.2 and tand = 0.0009. It should be noted that this new substrate is more

expensive because of its excellent properties in this respect.
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Figure 2.11: Percentage of absorbed losses in each of the diplexer materials.

2.1.6 Design with Low Loss Rogers RO5880 Substrate

At this point, we recalculated the values of the inverted microstrip gap model
between lines on pins with the new RO5880™ substrate, and subsequently, the
same process with the filters independently and with the diplexer power divider as

a whole.

As seen in Fig. 2.12, which is reproduced here again for the reader’s convenience,
the dispersion diagram remains very similar when changing the unit cell substrate,
however, a modification of the pin height from 3 mm down to 2.8 mm was considered,
since the proximity of the stopband at the top to the 28 GHz channel disturbed both

matching (S71) and transmission (Sy;) performance.

A lower pin height shifts the stopband to higher frequencies as shown in Fig. 2.12.
A summary of the exact stopband frequency values for the different substrate ver-

sions and heights considered is given in Table 2.1.
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Figure 2.12: Stopbands for substrate 4003C vs 5880 for two different pin heights.

Table 2.1: Changes in the stopband as a function of the substrate under consideration and the
unit cell pin heights.

Substrate Pin height Freq. inf (GHz) Freq. sup (GHz)

RO4003C 3 mm 18.1 29.7
RT5880 3 mm 19.9 31.7
RT5880 2.8 mm 21.1 33.1

We see in Fig. 2.13 the distortion produced by the proximity of the stopband
for the above mentioned case and the reason why this height has been modified. In
Fig. 2.14 we see the final diplexer design with the new very low loss substrate and
2.8 mm pins along with a detail of the low insertion loss achieved. Fig. 2.15 shows
the frequency-dependent operation of the diplexer showing the absolute electric field

distribution across the diplexer circuit.
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Figure 2.15: Normalised E-field as a function of frequency for RO5880 substrate and pin
height = 2.8 mm.

2.2 Mechanical Fabrication

Once the full-wave simulation results are in accordance with the specifications,
we move to the mechanical design phase for fabrication. The fabricated prototype
consists of several parts shown in Fig. 2.16a, along with the dimensions of the two
bandpass filters and power divider in 2.16b. It should be noted that the diplexer
is not symmetrical due to the difference in size of the filters, with the 28 GHz one
being shorter than the one resonating at 24 GHz. Fig. 2.16¢ shows the transition
from inverted microstrip to microstrip, where the End-Launch connectors will be
placed. Finally, in Fig. 2.16d the 3D model of the pin bed with its dimensions is
shown. It should be noted that in the common port part of the diplexer several
pins were removed for reasons of space with the connector, without affecting the
simulated performance. Fig. 2.17 shows the built prototype and separated into the

different parts that form it.




o1

2.3 Results

To obtain measurements without the influence of the connectors, it is common
to make TRL (Thru, Reflect, Line) calibration kits. This TRL kit is shown in
Fig. 2.18. In the result of these measurements shown in Fig. 2.19, we see that we
obtain insertion losses of -1.4 dB in the 24 GHz channel and -2 dB for the 28 GHz
channel. Although these are higher than those simulated (-1.07 dB at 24GHz and
-1.14 dB at 28 GHz), they are still acceptable. Note also that these losses include

the transition from inverted microstrip gap to microstrip.

The slight frequency shift of the measurements with respect to the simulations
is highly likely to be due to variations in the permittivity of the substrate. To check
this, we have run a simulation changing the permittivity of the dielectric from the
reference 2.2 to 2.0 and in Fig. 2.20 we can see the shifting in frequency. This
decrease of the permittivity of the material with the frequency has been reported in

the datasheet by the manufacturer.
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Figure 2.16: Inverted Microstrip Gap Waveguide Diplexer: Geometry and Dimensions.
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(a) Parts breakdown of diplezer.

(b) Intermediate assembly.

(c) Top of assembled diplexer with transition and connectors.

Figure 2.17: Inverted Microstrip Gap Waveguide Diplexer: Mounting and Assembly.
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Figure 2.18: TRL kit for eliminating the effect of End-Launch connectors.
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Figure 2.19: Measured S-parameters of the diplexer built in Inverted Microstrip Gap Waveguide

with the low loss RO5880 substrate.
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Figure 2.20: Simulated S-parameters for 2 permittivities of RO5880 substrate.

2.3.1 Comparative study with other diplexers

If we compare the most important parameters of other diplexers in similar fre-
quency bands as presented in Table 2.2, we can see that the designed diplexer has
insertion losses of the order or even lower than some of them while maintaining a
"Low" cost characteristic. A classification has been made of the various existing
technologies in this comparison so that we give a "Very Low" cost for conventional
microstrip; those based on waveguide, as "High", and other more complex versions
as "Very High". So this technology is a good competitor with SIW, improving iso-
lation by 30 dB.
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Table 2.2: Comparative study with other diplexers [125].

fo (GHz) 1IL (dB) Isol (dB) BW (%) Cost Type
[134] 35 0.35 NA 1.7 High Waveguide
[135] 66 1.5 50 59 Very High Waveguide + SSL
[136] 20 4 50 24 Very High Cryo-Microstrip
[137] 30 1.4 35 5 Very High Membrane coupled microstrip
[138] 60 2.5 25 8.8 Very High LCP (Liquid Crystal Polymer)
[54] 60 0.9 60 1.7 High Groove Gap WG
[139] 35 3.5 30 3.7 Very Low  Classic Microstrip
[140] 60 6 30 6.25 Low SIW
Our 28 2 60 3.5 Low Inverted Microstrip Gap WG

2.4 Conclusions

In this chapter, a must-have device type in RF front-ends has been presented.
The operation of the diplexer in inverted microstrip gap waveguide (IMGW) tech-
nology has been demonstrated for the lower part of the mm-wave spectrum, where
it can be employed for future uses in 5G technologies and beyond. Although this
diplexer has been designed along classical lines of coupled line filters, there are more
complex devices [111], [112] that could be adapted to this technology without any

problems.

The concept of this diplexer was initially formed by two Chebyshev type filters
centred at 24 GHz/28 GHz, with a bandwidth of 1 GHz and a ripple of 0.5 dB,
but, by subsequent adjustments, the highest possible flatness in the passband was
sought. Initially, following a more classical concept, the problem of the filters was
approached as parallel coupled line bandpass filters, although various problems of
the lines with respect to the position on the pins placed under the substrate led
to a change to End-Coupled passband filters. The substrate on which the design

was carried out was RO4003C™, although in order to improve the insertion losses,
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acceptable as they already were, the diplexer was completely redesigned with a very
low loss substrate RT5880™ with a change of permittivity from 3.38 to 2.20 in the

latter.

The measurements are in accordance with the simulations except for a slight
increase in losses and a slight frequency shift. The insertion loss in the 24 GHz
passband is 1.5 dB and 2 dB for the 28 GHz passband. Regarding the slight band
offset we have shown that it is due to a discrepancy with the permittivity value of
the material, something easily correctable if necessary and with high reproducibility
in terms of mass production. When we compare this proposed diplexer with others
published in similar bands, we see that we get similar or even better insertion losses
than some of them, keeping the cost relatively low, especially when comparing with
other variants of the Gap Waveguide technology (Ridge and Groove), which also do

not allow such a simple integration of amplifier elements and aperture antennas.
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Chapter 3

Hybrid Splitter-Diplexer for Dual
Band Array Antenna Compact

Module in Inverted Microstrip Gap

This chapter deals with the development of a Hybrid Splitter-Diplexer in Inverted
Microstrip Gap Waveguide technology compatible with low-profile array antennas,
and based on the diplexer proposed in the previous chapter. Much of this work was
carried out during a stay at Concordia University in Montreal, Canada, under the

supervision of Prof. Ahmed Kishk.

For this purpose, the diplexer designed in groove gap waveguide technology pre-

sented in [70] was taken as reference to build the diplexer function.

3.1 Hybrid Splitter-Diplexer Design

The work in this section is a direct continuation of the previous chapter.

From the model that includes the conventional microstrip transition, one of the

first steps in the design of this device has been to extend the common port sym-
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metrically with respect to the axis containing the End-Coupled line filters to create
a second common port and check the obtained result. In Fig. 3.1a we can see the
preliminary result of the simulated device. We check that, to the insertion loss we
already had in the previous model of the diplexer with only one common port, —3 dB

more is added, since we are dividing the power between the two common ports.

The next step, and given that the number of meshcells in this model reaches 17
million and results in very long simulations, is to reduce the complexity of the model

as far as possible without losing accuracy in the results.

For this purpose, it is evaluated how much the distortion is in the simulations of
the model without transitions with respect to the simulations that include the tran-
sition from inverted microstrip gap to conventional microstrip. We see in Fig. 3.1d
that the result is acceptable, and the computing cost savings is remarkable, decreas-
ing the number of meshcells to 3 million (83% reduction). There is also a slight
offset in frequency towards lower frequencies, but it is sufficient to take into account
the new center frequency in future adjustments so that when the transition is added,

the center frequencies return to 24 GHz and 28 GHz, respectively.
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Figure 3.1: Simulated models and S-parameters for the version with and without transition.
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In addition, after several similar analyses and similar electric field distribution in
the structure, it is concluded that the complexity of the model can be further reduced
by taking into account that from the 2nd resonator counted from the common ports,
the energy is negligible, so that much of the opposing filter can be omitted to simulate
each channel band separately. That is, to simulate the 28 GHz channel, the opposed
filter can be removed from the computational domain of the CST solver, as seen
in Fig. 3.2, decreasing the number and complexity of the computational domain by

another 30% to 1.8 million meshcells. The same is done with the 24 GHz filter.
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(a) Non-transition model without the metal covers for better visualization
with the 24 GHz counter filter removed up to the first resonator.

(b) E field distribution at 28 GHz in absolute value.

0 S
— 51,24
—~ ) ~
M — 5128
Z-10} Sa4.98 i
&
)
£ 20! ]
S
9]
% .30
S 30| i
N
_40 I I I A
22 24 26 28 30

Frequency (GHz)

(c) Simulated S-parameters of the model with the opposite filter at 24
GHz removed.

Figure 3.2: Methodology for the simplification of the filter model up to the 2nd resonator.
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Now, taking the above mentioned reference work in groove gap technology [70]
and making some assumptions by establishing parallelisms with the "zero" resonator
of this reference, a diamond shaped power divider is proposed. In Fig. 3.3 the best
result achieved after adjusting the 10 resonators that form the 2 filters and the power
divider is shown. We see that the reflection coefficients (|S1;|) in each of the bands
is less than —10 dB, however, the insertion loss presents some distortions at the
extremes of each of the passbands. The isolation between the filters is more than
40 dB, being out of the graph.
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(a) Model with symmetrical diamond shape power divider.

(b) E field distribution feeding from 28 GHz and 24 GHz filter, respectively.
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(c) Simulated S-parameters.

Figure 3.3: Model of the diplexer-splitter with symmetrical diamond-shaped power divider.
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After analyzing the propagation of the electric field through each of the branches,
the asymmetry in the response as a function of frequency is observed, so it is pro-
posed to consider this dispersive behavior by adding a modification in the power
divider in the form of an asymmetry. This change forces to readjust all model pa-
rameters. In Fig. 3.4 we see the achieved result. The response is now flatter and
more balanced throughout the passband, after adjusting the poles of the filter res-
onators to the impedance seen by them. It is possible to observe the frequency
offset of 300 MHz because we are not including the transition in the simulations.
The insertion loss is 4 dB, which corresponds to 3 dB due to the ideal power divider
and 1 dB from the losses in the conductive and dielectric materials (aluminum and
Rogers RT5880™  respectively). The isolation between the filters is, again, more

than 40 dB, falling outside the graph.
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Figure 3.4: Model of the diplexer-splitter with asymmetrical diamond-shaped power divider.
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3.2 Dual Band Radiating Elements Designs

Once the hybrid splitter-diplexer model has been adjusted, a study of different
radiating elements compatible with dual-band aperture antennas is carried out. The
determining factor is that it must allow matching to two bands at 24 GHz and 28
GHz. This can be achieved with a wide bandwidth design that covers these frequen-
cies, or by making modifications to radiating elements with 2 resonant frequencies

to separate them sufficiently to cover both.

3.2.1 Dual Band Off-Centered T-feed Slot

The first proposal was the design of a "Dual band off-centered T-feed Slot" type
antenna as shown in Fig. 3.5. In Fig. 3.6, we present the simulation results after
tuning. We see that each of the resonances creating this antenna loosely covers the
two bands with matching values below —10 dB. The slots include rounded corners
thinking in the fabrication with conventional machining on a 1 mm thick metal

plate.

(a) Dual band off-centered T-feed Slot in In- (b) Dual band off-centered T-feed Slot in In-
verted Microstrip Gap Waveguide model verted Microstrip Gap Waveguide (3D).
(details of the dimensions).

Figure 3.5: Dual band off-centered T-feed Slot in Inverted Microstrip Gap technology with 1
mm thickness aluminium lid.
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Figure 3.6: Dual band off-centered T-feed Slot simulated S-parameters superimposed on the re-
sult of the hybrid splitter-diplexer designed in the previous section.

3.2.2 Dual Band Off-Centered T-feed Slot (printed technology)

A second model is proposed in which this metal plate supporting the slot is of the
thickness of the metallization of a typical substrate (35 pm), in order to machine
it with technologies for printed circuit boards. Fig. 3.7 and Fig. 3.8 contain the

designed model and the S-parameters simulation results, respectively.

(a) Printed model for the Dual band off- (b) Printed model for the Dual band off-
centered T-feed Slot (details of the dimen- centered T-feed Slot (3D).
sions).

Figure 3.7: Dual band off-centered T-feed Slot in Inverted Microstrip Gap Waveguide with lid
prepared for printed technology.
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Figure 3.8: Dual band off-centered T-feed Slot simulated S-parameters superimposed on the
result of the hybrid splitter-diplexer designed in the previous section. The figure

shows the difference between the result for rounded slots (‘blend’) and those with
straight corners.

However, something to take into account when designing antennas is the cross
polarization generated, so this issue is studied and shown in Fig. 3.9 and Fig. 3.10
for the two designed cases. We see that for both 24 GHz and 28 GHz frequencies,
the 35 mm thick antenna has a very high cross-polarization level, consequently this

model could be discarded.
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Figure 3.9: COPOL-XPOL at 24 GHz / 28 GHz and Imm upper metal plate.
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Figure 3.10: COPOL-XPOL at 24 GHz / 28 GHz and 0.035mm upper metal plate.

3.2.3 Centered Dual band T-feed Slot (printed technology)

A third variation studied is the same slot with T-feed as in the previous section
but without offset. In this case, it is designed to have sufficient bandwidth to cover
both bands. Fig. 3.11 shows the best obtained model, together with the simulated
S-parameters. As we can see, this model does not meet the specifications as it does

not cover the lower band, but could be used for other designs with closer bands.
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Microstrip Gap Waveguide. result of the hybrid splitter-diplezer designed in

the previous section.

Figure 3.11: Centered Dual band T-feed Slot in Inverted Microstrip Gap Waveguide.

For this design, the cross-polarization is also calculated and, in Fig. 3.12, we see
that only in the H-plane of each band do we obtain a cross-polarization level that
is relevant. In the E-plane it has levels below —90 dB. This design was only made

with the 35 pm lid model.
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Figure 3.12: COPOL-XPOL at 24 GHz / 28 GHz and 0.035 mm upper metal plate.
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3.2.4 Wide-band T-feed Bowtie Slot

Using the metallization of a substrate as the ground plane of the antenna over the
air gap required by the Inverted Microstrip Gap technology increases the difficulty
in the assembly as it lacks sufficient robustness. Furthermore, it has been verified
that the matching bandwidth is worse than in the case with a 1 mm metal lid (see

Fig. 3.6 and Fig. 3.8), so the following designs will use this 1 mm thickness.

To extend the bandwidth, a model with a Bowtie-shaped slot is studied. However,
although we managed to create a new resonance with which to have one more degree
of freedom, it is still not enough to cover these two widely separated bands at 24 GHz
and 28 GHz. Fig. 3.13 shows the model and S-parameters. The cross-polarization
levels in H-plane are similar to the previous case, however in the E-plane these levels

increase to —12 dB (Fig. 3.14).
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(a) Wide-band T-feed Bowtie Slot model in In- (b) Simulated S-parameters superimposed on the
verted Microstrip Gap Waveguide. result of the hybrid splitter-diplexer designed in

the previous section.

Figure 3.13: Wide-band T-feed Bowtie Slot model in Inverted Microstrip Gap Waveguide.
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Figure 3.14: COPOL-XPOL at 24 GHz / 28 GHz and 1 mm upper metal plate with Bowtie
Slot.
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3.2.5 Hybrid Diplexer-Splitter Loaded with two Dual band off-centered
T-feed Slot Antennas

After these preliminary analyses, the initial model "Dual band off-centered T-
feed Slot" is chosen and only for the purpose of analyzing the influence of loading the
hybrid splitter-diplexer designed in the previous section, two of these antennas are
loaded in each common port and the 10 resonators and the diamond-shaped power
divider are readjusted. From the splitter-diplexer design process we know that we
can reduce the simulation time by almost half by designing the filters separately,
truncating up to the 2nd resonator of the opposing filter. The same is done in
this case. Fig. 3.15 shows this methodology along with the number of parameters
that need to be adjusted. For the complete final design with the two filters and two
antennas, the good result of the achieved matching is shown. It should be mentioned
that the offset in the center frequency of the passbands is calculated to include the

transitions to achieve more centered bands at 24 GHz and 28 GHz respectively.
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(a) Hybrid Diplexzer-Splitter Loaded with 2 Slot (b) Simulated S-parameters of the COMPLETE
Antennas Design Methodology. Hybrid Diplexer-Splitter Loaded with 2 Slot
Antennas.

Figure 3.15: Hybrid Diplexer-Splitter Loaded with 2 Slot Antennas S parameters.
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3.3 Corporate Feed Network and Subarray Design

Regarding the design of the corporate feed network, we started with the design
of a 1:2 power divider using 1-section transformers of A/4 to avoid taking up too
much space and impairing the complete design of the corporate feed network of the
array. Since that feed network will run over pins and pinless areas, we check by
a sensitivity analysis on the relative position of the line w.r.t. the pins that in all

cases the matching remains below —15 dB. (Fig.3.16).
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Figure 3.16: Wideband power divider in Inverted Microstrip Gap Waveguide Technology.

Now that we have adjusted the splitter-diplexer to be matched to 2 antennas
on the common ports, we study a 2-element subarray including the power divider.
Unfortunately, we observe that the minimum dimensions between the 2 elements
with a margin of 1 mm produces grating lobes at the upper frequency (28 GHz),
since the separation between elements is > A, specifically, 1.04\. In Fig. 3.17, the
S-parameters are presented and in Fig. 3.18 the radiation patterns with the grating
lobes due to the spacing between array elements being greater than A or very close

can be observed.
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Figure 3.17: Two Slot Array Antenna with wideband power divider in Inverted Microstrip Gap
Waveguide.
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Figure 3.18: Radiation pattern for the Dual Slot Array Antenna with wideband power divider
in Inverted Microstrip Gap Waveguide.

Following the same scheme, a 4-slot subarray was adjusted. Fig. 3.19b shows the
best result achieved with 50 2 impedance lines even with the modification of the
input line to move it away from the lower left quadrant slot (see Fig. 3.19a). To
avoid this coupling, half width lines are also tested (100 €2), but the results are also
unsatisfactory. In addition, this narrower line width, as already seen in the chapter
on characteristic impedance, is very susceptible to the relative position of the line

with respect to the pins under the substrate, complicating the design of the feed

network.
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Waveguide.

3.4 Conclusions

This chapter presents the design of a hybrid splitter-diplexer device in Inverted
Microstrip Gap technology with RO5880 substrate, based on an similar design made

in Groove Gap Waveguide technology.

The starting point of the design is the diplexer obtained in the previous chapter
with the addition of a power divider. Given the computational cost of this model,
the first task to do is reducing its complexity as much as possible, analysing the loss
in accuracy of the results when the transition from microstrip to inverted microstrip
gap is removed. This causes a slight frequency shift of 300 MHz that will define
our new working central frequencies. By integrating the transition afterwards, these
frequencies will return to 24 and 28 GHz. After analysing the electric field distri-
bution exciting from the 24 GHz filter port, it is observed that the energy does not
propagate beyond the second resonator of the filter, so it can be removed from the
simulation further reducing the computational cost. The behaviour is similar with

the filter at 28 GHz.

From the aforementioned reference work, parallelisms of the central resonator in
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groove gap waveguide technology are established to model our power divider as a
4-port diamond-shaped element. The results obtained in simulation are satisfactory
both in matching and in transmission losses (about 4 dB), of which 3 dB correspond

to the power divider function. The isolation between the filters is more than 40 dB.

After analysing the propagation of the electric field through the structure, an
asymmetry is observed depending on whether the energy comes from the 24 GHz
filter or the 28 GHz filter. This leads us to consider adding an asymmetry in the
diamond shape to avoid this dispersive behaviour. The performance improves at the
extremes of the passbands, achieving a more uniform response while maintaining the

same level of losses and isolation.

After adjusting this splitter-diplexer, different dual-band radiating elements com-
patible with the diplexer bands are studied. We start with a dual band off-centered
T-feed slot antenna in inverted microstrip gap that achieves a good matching of
less than —10 dB at 24 and 28 GHz. The 1 mm thick metal lid is replaced by
the thickness of the metallization of a typical substrate (35 pm) in order to study
its suitability for fabrication with low cost printed technologies. Unfortunately, its
matching and level of cross-polarisation are not as good as in the previous case
and this path is discarded. In addition, this form of assembly presents robustness
problems over the air gap. A wide-band centered T-feed bowtie slot was also de-
signed, but it did not achieve sufficient bandwidth, so the element finally chosen was
the dual band off-centered T-feed Slot. Subsequently, the hybrid splitter-diplexer is
readjusted when the splitter-diplexer output ports are loaded by two of these anten-

nas.

Next, a broadband 1:2 power divider is designed, which will be a key element
in the corporate feed network. This design employs a conventional T-junction to
which only one A/4 transformer is added to avoid taking up too much space. Given
the known problems of impedance sensitivity of the inverted microstrip gap line

impedance with its position w.r.t. the pins, a study is carried out. This study
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confirms that in all cases the matching will be below —15 dB.

For the subarray design, we start with only two elements to study the minimum
distance at which they can be placed without generating mutual coupling problems
and grating lobes. Unfortunately, the minimum distance is of the order of \ for the
upper frequency (28 GHz). Similarly, a 4-element subarray is designed with poor

results.

We can conclude that the use of broadband T-feed antennas requires the use of
large slots, making it impossible to design arrays without creating grating lobes.
Some solutions that can be proposed in order to demonstrate the performance of
the device are the use of frequency bands less separated from each other, e.g. 26
GHz and 28 GHz, in fact, the reference paper on which this chapter is based works
on 28 GHz and 29 GHz. Another possible solution is to use another layer for the
subarray feed structure, although this complicates and makes the final design much

more expensive.
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Part 11

Design of Groove-Gap Waveguide

Components
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Chapter 4

K-Band Monopulse Antenna with
Sum and Difference Pattern in
Groove Gap Waveguide technology
implemented with Modified Glide

Symmetric Holey EBG

This part of the thesis presents the design challenges and results of an K-band
antenna for monopulse RADAR designed in Groove Gap Waveguide technology at
24 GHz, which, instead of being implemented with conventional rectangular pins, is

implemented with a modification of the Glide Symmetrical Holey EBG structure.

4.1 Introduction to Monopulse Tracking Radar

The most intuitive way to detect and track targets using RADAR systems, de-

fined as those in which the transmitter emits a signal and expects to receive the echo

83
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in the form of backscattering, is by means of the azimuth /elevation angle sweep, me-
chanically or electronically, of a high directivity antenna that detects the maximum
amplitude of this echo, thus obtaining its angular position. Among the errors of
this system are the accuracy of azimuth detection, which depends on the antenna
beamwidth, thermal noise, and scintillation (fluctuations in the cross-section of the

target that distort the echo signal).

However, a monopulse system avoids interference between other echo signal
pulses, reducing the error in the position indeterminacy. In these systems it is
common to use slot array antennas fed with uniform amplitude and phase, which,
adding phase shifters and couplers allow generating sum (X) and difference (A) ra-
diation patterns. The sum pattern is used in the transmission mode (Tx) and the
difference pattern for the reception mode (Rx). [143]. In these systems, the radia-
tion lobe of the sum pattern is reoriented by means of servomotors (or electronics)
controlled by closed-loop control systems so that it is always illuminating the target,
which allows the signal to noise ratio in detection to be superior to other methods

used in moving target localization.

To calculate the angle of arrival in azimuth, called OBA (Off-Boresight Angle),

the monopulse function defined in Eq. 4.1 compares the signals of both channels.

(4.1)

Monopulse systems, however, are not without drawbacks such as increased com-
plexity and cost. In their conventional implementation, one of the slotted antennas
is connected to a 90° phase shifter and the other to a rectangular waveguide without
phase shifter. Then, both subsystems are fed through a hybrid coupler that equally
splits the power and adds an additional 90° to the waveguide including the phase
shifter, resulting in 180° or 0° depending on whether we excite through one port or

the other as we see in Fig. 4.1a. For 3D monopulse systems (azimuth + elevation) it
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is necessary to use 4 arrays of antennas to obtain in addition the Apgg), which im-

plies duplicating all the components to be able to make the comparisons of Fig. 4.2.

This system is designed to perform amplitude comparisons as the antennas of
both channels share the same phase center (Fig. 4.1). In this case, the Eq. 4.2 would

be particularized to the amplitude or absolute value of the ratio of these values X

and Xs.
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(b) Amplitude comparison monopulse princi-
ple.

Figure 4.1: Monopulse antenna system.
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Figure 4.2: Signal processing of the 3D monopulse system consisting of 4 antennas.
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(4.3)
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4.2 Groove Gap Waveguide Implementation with Glide Sym-
metric Holey EBG

As we saw in the "Gap Waveguide Technology Background" section, there are

several ways to implement the Gap Waveguide technology.

To date, numerous high-impedance periodic surfaces have been proposed that
replicate the PMC boundary condition [32], [31]. From the first ones made with
rectangular metallic pins, that were mathematical characterized in [35], passing
through pyramid-shaped pins [30], mushroom-shaped pins [32], [37], spring-shaped
pins [38], or with the novel technique of employing perforations in the metal to
create an EBG structure [39]-[13]. A new Half-Groove Gap Waveguide for rapid
prototyping, lowering its cost for mass production has also been recently presented

to the community [14], here again using pins.

Great progress has also been made so far in the understanding and mathematical
analysis of holey implementation of the Groove Gap Waveguide technology, [39],
[145]-[152]. In particular, details such as the modeling of the conical shape of the
bottom of the drilled holes in [116]. The fact is that the biggest advantage of this
new form of implementation over CNC machined pins is the ease of fabrication by
drilling. In addition, to achieve a stop-band in a given frequency range, the size of
the holes is much larger than that of the pins [153], [154]. This advantage starts
to become considerable from millimeter-wave bands and above. Also it is frequent
that larger stopbands are achieved with this implementation compared to the version
with pins [115]. Some very important considerations on the design of gap waveguide

structures with glided-symmetrical holey are presented in [155].

Fig. 4.3 shows a unit cell designed with Glide Symmetrical Holey EBG structure
for different gaps. It is observed that only with gap = 0.01 mm the stopband matches
with our working frequency (24 GHz). This exposes us to be outside the stopband

due to the manufacturing tolerances and the roughness of the metal plates in case
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the gap is bigger. Furthermore, due to the complexity of the device we are going to
design, we cannot use larger holes or periods. As a consequence, we propose a new
combination of holes as shown in Fig. 4.4, which do have the forbidden band at our

frequency even until a gap of 0.1 mm.
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Figure 4.3: Conventional Holey Glide Symmetric EBG with period=5.2 mm, hole radius=1.7
mm, hole deep=2.5 mm and variable gap.
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Figure 4.4: Modified Holey Glide Symmetric EBG with period=5.2 mm, hole radius=1.7 mm,
hole deep=2.5 mm and variable gap.
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An example of qualitative comparison of the stopband and 4x4 unit cell size
between the implementation with pins and with holes for a similar frequency band

can be seen in Fig. 4.5, Fig. 4.6 and Fig. 4.7.
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(a) Dispersion diagram with inset for glide symmetric holey (b) Unit cell dimensions.
structure (orange=top, blue=bottom,).

Figure 4.5: EBG stopband achieved with Modified Glide-Symmetric Holey Unit Cell from 19.17
GHz to 36.51 GHz with period=5.2 mm, hole radius=1.7 mm, hole deep=2.5 mm
and gap=0.1 mm.
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Figure 4.6: EBG stopband achieved with pins from 15.8 GHz to 32.8 GHz with period=3 mm,
pin=1 mm, height=3 mm and gap=0.1 mm.
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Figure 4.7: Example of equal scale comparison between 4 unit cells with Modified Glide Sym-
metry and 4 cells with Inverted Microstrip Gap Waveguide pins for similar EBG
stopband.

However, this new combination can also present problems in some specific de-
signs, in particular with the antenna that is the subject of this chapter, as we will

see in the following.

4.3 Riblet Coupler Design

Now, we can consider the design of the antenna components for the monopulse
design. The first one is the most critical and consists of a "Riblet Short-Slot cou-
pler", chosen for its compact size and good performance over a moderate bandwidth
[156]-[158]. This type of coupler is a 3 dB hybrid in which the power is equally
splitted between the "coupled" and the "through" outputs with a 90° phase shift
between them. The operating principle of this coupler is to allow the T'Eyy and T F1q
modes to be propagated simultaneously in the middle part of it where the central
wall of 2 longitudinally juxtaposed guides is eliminated. The size of the central sep-
tum determines the frequency at which this power splitting between the 2 output

branches occurs. This size must be bigger than A,/2 [159].
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4.3.1 Rectangular Waveguide Design

To facilitate the design and subsequent parameter setting, we start by making
this Riblet coupler in standard rectangular waveguide technology with lossy metals
(aluminum), and closed, i.e., without gap between the 2 parallel plates. In
Fig. 4.8 we show the ideal case with the approximate dimensions that will serve as a
starting point for the design with holes. We can see the coupler and its dimensions
(Fig. 4.8a and b), the S parameters with equal power distribution between the
outputs (-3 dB in each port) (Fig. 4.8¢c), and the distribution of the electric field
in absolute value for 24 GHz in Fig. 4.8d. Here, it is qualitatively appreciated the
phase difference between the output ports corresponding to 90.47° obtained from
the simulation.
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Figure 4.8: Riblet Coupler design in conventional Rectangular Waveguide Technology.
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4.3.2 Holey Glide Groove Gap Waveguide Design

With these initial parameters of the coupler in RWG technology, we proceed as
with the other designs based on Gap Waveguide, determining the dimensions of the
holes (unit cell) to achieve the stop-band in the working band. In Fig. 4.9 we repro-
duce again for the reader’s convenience the dispersion diagram of the comparison of
the initial part of the chapter with the final design parameters of the chosen periodic

structure with holes with modified glide symmetry.
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(a) Dispersion diagram with inset for modified glide symmetrical holey (b) Unit cell dimensions.
structure (orange=top, blue=bottom).

Figure 4.9: EBG stopband achieved from 19.17 GHz to 36.51 GHz with period=5.2 mm, hole
radius=1.7 mm, hole deep=2.5 mm and gap=0.1 mm.

It should be noted that thinking about the antenna part and to avoid separating
the 2 slot antennas by more than A to avoid grating lobes, the distance between the
outputs should be adjusted to the minimum possible; and, in this way, only one row
of holes displaced in one direction fits. Therefore, in this part of the component we
would have a "soft" surface with propagation blocking in the direction perpendicular
to it, instead of an EBG with blocking in the entire 2D plane. Still this structure

has been successfully used in previous designs such as [160], [LG1].
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This part of the component must be designed to allow the assembly of WR34
transitions to perform the measurements with VNA. To this aim, the input has the
ports separated to accommodate them, producing a conformal hole repositioning

following the profile of the guides.

It should be noted that in this design we do not use "matching posts" [160],
in order to make the device easier and cheaper to be manufactured. These pins
allow phase rebalancing in the odd mode in addition to improving matching [159],
although in our case they were not necessary. Only mechanical alignment pins on

the outside of the circuit are used to match the two lids.

The model in Fig. 4.10a shows the final design with its dimensions, where the
holes in the upper part have been marked with a thicker line and those in the lower
metal plate with a thinner line. A 3D view and the front view of the model are

shown in Fig. 4.10b and c.

To see the phase shift between the outputs we can look at Fig. 4.11a where the
electric field distribution at 24 GHz is shown and in Fig. 4.11b it is shown the exact
value calculated as a function of the frequency. This achieved phase shift is 80° at

the frequency of interest.

Finally, Fig. 4.12 shows the simulated S-parameters of this coupler, where the
transmission losses we obtain with this model considering in the simulations the
losses of the materials (aluminum) are -0.91 dB at most, since -3 dB are due to the

symmetrical power split between the outputs at 24 GHz.

If we wish to go a little deeper into the origin of these losses in order to improve
the structure, we can carry out a study of the absorbed power with CST, discrimi-
nating by type of material and propagation characteristics. The nomenclature used
by this software is summarized in Fig. 4.13a, where it is shown that the power
stimulated to the structure is composed of outgoing power through all ports, plus

the power accepted by the structure. This, in turn, is divided into power absorbed
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(losses) by metals and dielectrics and radiated power. CST normalizes the excitation
power to 1 W, and we observe in Fig. 4.13b,c that the losses are mainly due to lossy
metals, aluminum in this case, with values of 55.5 mW at the frequency of interest,
and to a lesser extent, radiation losses, with 30.7 mW at the same frequency of 24
GHz, whose sum (86.2 mW) corresponds to the power accepted by the structure of
88.3 mW with an error of 2 mW, possibly due to rounding errors of the simulation
algorithm or modes not considered in the port excitation. A radiation loss peak is

also observed at 21 GHz.

Note that in the designed complete model, a wedge-shaped taper in the coupler

septum is added to improve matching when coupling the antenna.
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(a) Designed model with dimensions and detailed (b) Designed model in 3D.
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(¢) Frontal view of the Riblet Coupler.

Figure 4.10: Designed Riblet Coupler in modified Glide Symmetrical Holey Groove Gap Waveg-
uide Technology.
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(a) E field (absolute value) distribution @ 2/
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Figure 4.11: Phase offset in Riblet Coupler with modified Glide Symmetrical Holey Groove Gap
Waveguide Technology.
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Gap Waveguide Technology.
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4.4 Phase Shifter Design

In order to radiate with a sum or difference pattern, we need to place a 90° Phase
Shifter after the Riblet Coupler to achieve a phase shift of 180° or 0° between the

outputs, depending on the port from which we excite the structure.

One way to phase shift a signal of one channel with respect to that of another
is by means of differential phase shifters, modifying the electrical length of one
of them. The disadvantage of this solution with rectangular waveguides is the size,
added complexity and, therefore, cost. Another solution is with insertion phase
shifters, where the phase shift occurs between the output and input signal of an
internally modified waveguide, taking as a reference the phase at the output of the

one that remains unmodified.

Within the insertion phase shifters, in rectangular waveguides we can choose to
increase the width (a) of one of the guides, which decreases the cutoff frequency,
and therefore increases the propagation constant S (decreases the ),), as we see in
Egs. 4.4 and 4.5. The cutoff frequency of the T'F;y mode is shown since after the

Riblet coupler it is the only mode that would propagate.

fe(TEy) = i (4.4)

Coanfi-GpyE )

Another insertion method widely used in phase shifters is the use of dielectric
slabs with which we can modify the effective electrical permittivity of the waveguide,

being the one that has been chosen in this work for its good results.

To achieve this, a dielectric sheet has been used in the center of the guide, where

the T'F19 mode is maximum, and whose length determines the phase shift achieved.
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In some cases with groove gap waveguide (GGWG) technology, such as the work
presented in [162] it is necessary to widen the part of the waveguide that coincides
with the slab to contribute to the phase shift and to improve the matching avoiding
power reflections, although it was not necessary in this case and the two waveguides
were kept straight in parallel, facilitating and simplifying the design and, therefore,

reducing the manufacturing cost.

As with the Riblet coupler design, a design was first made with rectangular

waveguides to estimate the sheet length and then the holes were added.

The dielectric used for the phase shifter slab is a very low loss Rogers RT5880™

(e, = 2.2, tand = 0.0009), with 0.51 mm thickness, for which we need a length of
30 mm to obtain 90° phase shift with respect to the other guide. We have used a

low permittivity material to avoid reflections.

Fig. 4.14 shows the designed phase shifter model with its most relevant dimen-
sions and a 3D view. Fig. 4.14c shows the simulated S-parameters where the inser-
tion loss is —0.34 dB and the obtained matching is below —15 dB in the band of
interest. This good matching and low losses are achieved due to the small thickness

of the film and its low permittivity as mentioned.

In Fig. 4.15a the distribution of the electric field in absolute value normalized to
the maximum value for a simultaneous excitation of the two input ports is presented.
Note the same amplitude level is observed inside the waveguides and in the external
frame as the holes do not extend to the edge to simplify the fit of the model in

simulation. In Fig. 4.15b we can appreciate the obtained phase shift of 89°.
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4.5 Riblet Coupler and Phase Shifter Integration

4.5.1 Central Row of Holes Design

Having calculated the dimensions of the phase shifter, the next logical step is
to add it next to the Riblet coupler while maintaining the periodicity of holes on
both sides of the waveguides and in the center row in the propagation direction.
However, doing so produces a large power imbalance between the outputs as we see
in Fig. 4.16, with port 2 having a value of -10.49 dB and port 4 having -1.14 dB.
Modifications to the Riblet coupler septum were tried without success by modifying
the straight wall to a more progressive wedge-shaped bifurcation (V-shape taper

central walls) that would reduce reflections.

After many modified designs it was discovered that the absence of the second
coupler septum hole exactly leaving one period from the first one was very critical.
In the following figures, Fig. 4.16, 4.17, 4.18 and 4.19, the differences between some
solutions designed in order to equalize the output power when extending the coupler
waveguides, all still without the phase shifter sheet, are shown. The most plausible
explanation for this behavior after analyzing the electric field distribution through
the structure is that this area without holes allows the filtering of energy towards the
other waveguide decreasing the impedance seen by the wave, acting as a "matching

no-hole".
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(b) E field distribution (absolute value @ 24 GHz) for port 1 excita-
tion. Model #0.

510
=
z
Q
© -20
=
g
oo}
o8
o0 -30

Septum holes offset = 0

X24
Y -1.14897
o

— SZl

R S31
_— S41
_40 1 | |
20 22 24 26

(c) Simulated S parameters of the Extended Riblet Coupler model

#0.

Figure 4.16: Waveguide Extended Riblet Coupler Model #0 with continuous center row of
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(b) E field (absolute value) distribution @ 24 GHz for excitation
port 1 for model #1.

X24
Y -5.13221

X24
Y -6.35213

—
o

S parameters (dB)
o o
o ]

_40 | | |
20 22 24 26 28

Frequency (GHz)

c) Simulate parameters of the Extended Riblet Coupler mode
Simulated S f the E. ded Riblet Coupl del
#1.

Figure 4.17: Waveguide Extended Riblet Coupler Model #1 leaving a half-period spacing (a/2)
in the center row of holes.
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Figure 4.18: Waveguide Extended Riblet Coupler Model #2 leaving a space of three-quarters of
a period (3/4 a) in the center row of holes.
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Figure 4.19: Waveguide Extended Riblet Coupler Model #3 leaving a one-period space (a) in
the center row of holes.
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4.5.2 Dielectric Strip Position Design

After improving the power unbalance problem occurred after extending the guides
in the Riblet coupler, we can now place the phase shifter slab to obtain an extra

phase shift of 90°.

Although intuitively it would seem that the position of this dielectric slab should
not affect the power unbalance of the outputs, the simulations indicate otherwise.
Therefore, the distance at which we should place it with respect to the beginning of

the phase shifter block was also adjusted.

In Fig. 4.20, we see for the case where the slab is located just at the beginning of
the first hole in the phase shifter module, that the unbalance between the outputs
is remarkably high (—2.6 dB vs —6.2 dB). In Fig. 4.21, this slab has been shifted
one period (a), obtaining a power unbalance similar to the previous case. We must
shift the slab at least 7.5 hole periods (7.5a) for the power to stop being affected
and obtain balanced outputs of the order of —3.6 dB. The phase shift obtained in
this model is 188° (See Fig. 4.22).
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(a) Waveguide extended coupler model with phase shifter slab and
detailed ports.

(b) E field (absolute value) distribution @ 24 GHz for excitation
port 1.
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Figure 4.20: Riblet Coupler and Phase Shifter Model with the phase shifter slab at the begin-
ning of the continuous row of holes.
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Dielectric offset (a)

(a) Waveguide extended coupler model with phase shifter slab and
detailed ports.
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Figure 4.21: Riblet Coupler and Phase Shifter Model with the phase shifter slab at 1 period of
the continuous row of holes.
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(a) Waveguide extended coupler model with phase shifter slab and
detailed ports.

(b) E field (absolute value) distribution @ 24 GHz for excitation

port 1.
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Figure 4.22: Riblet Coupler and Phase Shifter Model with the phase shifter slab at 7.5 periods
of the continuous row of holes.
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Therefore, as we can see, at least a distance of 7.5 periods (7.5a) is needed for the
slab to be undisturbed. The holes are also extended to the edge of the structure.
After some minor adjustments, we see in Fig. 4.23 the final design of the Riblet

coupler with the integrated phase shifter.
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(a) Waveguide extended coupler final model with integrated phase
shifter and detailed ports.

S~ | .H
ays s 8- ee | 3
'ﬂ,nf‘ﬂl' L & - e
lo i 0 R SSNE SR ead A |
0@ DUe c2000000000
(- (230 o\ Q @ 000000906000 00 00000
1S 0OYa0000000000 j

R, RS AURTOTDIT | DRODSTAD P

e 001 ur a e O e
R rse ; !
£ (5T B W |
B e = i D |

port 1 (difference) for model with integrated phase shifter.

Figure 4.23: Riblet Coupler and Phase Shifter Final Model with integrated phase shifter.

Fig. 4.24 shows the simulated S-parameters and the phase offset between the
outputs for a excitation from port 1 (difference pattern). We note the identical
power split between the outputs of -4.44 dB at the frequency of interest, indicating

insertion losses of -1.44 dB in total.

The resulting phase shift after exciting the structure from port 1 (difference pat-
tern) is 175° right at 24 GHz. This design also incorporates the wedge-shaped taper
in the coupler septum because of improved matching when coupling the antenna

described in the following section.
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4.6 Slot Array Antenna Design

It is observed that the optimum performance of the coupler array with the phase
shifter is very narrow band, practically resonant. Now for radiating from these par-
allel plate waveguides we will integrate slot array antennas. Adding two narrowband
elements in cascade may lead to incompatibilities, however, this type of antenna is
chosen for its simplicity and ease of integration into the structure. As with the
other two subsystems, this array was first designed with conventional rectangular

waveguides.

For radiation to occur in a slotted hollow cavity, the propagating mode current
lines must be disturbed by the slots. For this antenna, they are placed parallel to
the guide axis all spaced an identical distance apart from the guide axis (X, ) and
spaced \,/2 apart, with A, the guided wavelength, to obtain the same amplitude
and phase in all of them and thus increase directivity. By alternating the slots on
opposite sides of the guide axis, we get the main lobe to radiate at 90° (’broadside’),
as shown in Fig. 4.25. The slots should have an aspect ratio much longer than wide

of at least 10:1, with an approximate value of the length of Ly, = Ao/2. [163]

To excite the slots there are two methods: One is to feed the guide with a
progressive wave by placing a matched load at the end to avoid reflections, and
the other is to create a standing wave by placing a metal wall at the end of the
waveguide, placing the closest slot to A,/4 where the first maximum of the standing
wave 1s located. This resonant array’ option is the one we will follow because of its

east

(a) .

Figure 4.25: Rectangular waveguide resonant slotted array antenna design principle.
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The following parameters are taken as design specifications:

Propagation mode: T Eq

Operating frequency: fy = 24 GHz

Number of slots: N =9

Rectangular waveguide size: WR34 (a = 8.636 mm, b= a/2)

Although for the Riblet coupler and Phase Shifter not explicitly detailed in the
previous sections, we must first check that the T E;y mode can propagate to the 24
GHz frequency in the WR34 guide, and we start by calculating the cutoff frequency
of the fundamental mode in the waveguide with Eq. 4.6, with c as the speed of light
in vacuum, ¢, as the permittivity of the dielectric filling the guide (air with e, = 1),

m=1and n = 0.

fo= 2;5‘ / (%)2 + %)2 (4.6)

particularizing for the requested specifications, we obtain a f. = 17.37 GHz, so

it is mathematically demonstrated that it is a propagating mode.

To obtain the array design parameters, we start by calculating the wavelength in

vacuum as \g = ¢/ fo = 12.5 mm and the guided wavelength according to Eq. 4.7:

M= 20 1811 mm (4.7)

- (fy

With this, we obtain the length of the slotted guide as: Lioiar = 9(A\y/2)+ Ay /4 =
86.02 mm.

The only value left to calculate is the separation of the slots to the waveguide

axis (Xgpt), which we do by means of Eq. 4.8 of the conductance of each resonant
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slot normalized to the admittance of the T'E}y mode developed in [164]:

A
E_O)2Sin(nglot)2 (48)

Aga
;= 2092~
g 003(2 Y

Ao b
and knowing that the total conductance of the waveguide can be modeled as an
equivalent circuit of N=9 conductances in parallel, where if they are fed from one

end, we have gyoray = 1, and, therefore, g; = 1/9; we obtain X, = 0.786 mm. [164]

In Fig. 4.26 we can see the radiation pattern of the designed rectangular waveg-
uide antenna at 24 GHz. It has a directivity of 16.4 dBi and the SLL=-13 dB, as

expected for a uniformly illuminated slot array. [164]

0 | ‘ ‘ 20
?l Z 10
2., g
a >
<15 E 0
g 5
5201 § -10+
»n =
A
25 4 20+
!\/\ N ‘ ‘
5 2 21 2% 28 -180 -90 0 90 180
Frequency (GHz) Theta (0)
(a) Simulated S parameters (b) Radiation pattern in E-plane (¢ = 90°) and H-

plane (¢ =0°).

Figure 4.26: Simulated results for Slot Array in Rectangular Waveguide at 24 GHz.

Once the correct operation of the array with conventional rectangular waveguide
technology was verified by means of simulations, the model was modified to groove
gap waveguide, replacing the metallic walls with the holey glide-symmetric version

as shown in Fig. 4.27 with its final dimensions.

The disadvantage that exists in this design is the separation between the two
arrays of slots, since the diameter of the holes located in the central row between
the two guides determines the minimum distance at which they can be separated,

the model being at the limit of producing grating lobes since its value is close to
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Ao = 12.5 mm. Therefore, the width of the separation wall is 3.9 mm and the
diameter of the holes is 3.4 mm, with 0.2 mm of metal wall on each side. The top
and bottom walls which form the waveguide, have 1.4 mm of metal up to the first

row of holes.
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Figure 4.27: Final dimensions of the slot array model in modified Glide-Symmetric Holey
Groove Gap Waveguide technology.

In Fig. 4.28 we see the model matching with this consideration having a lower
value of —25 dB at the 24 GHz frequency for the 'sum’ excitation. However, we
observe that for the simultaneous excitation with one of the ports phase shifted
180° (*difference pattern’) a frequency offset appears. It is found that this distortion
will be compensated by including the antenna in the final monopulse array as we

will see in the next section.

Fig. 4.29 shows the distribution of the electric field normalised to the maximum
value for a simultaneous excitation of the two input ports in phase (sum pattern)
and opposite phase (difference pattern). It is easy to see that the slots match the

maxima of the standing wave created by the PEC boundary condition implemented
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with holes.
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Figure 4.28: S-parameters of the designed slot array antenna in modified Glide-Symmetric Ho-
ley Groove Gap Waveguide. Blue line for excitation of the 2 in-phase ports (am-
plitude = 1 V, phase = 0 °). Red line for excitation of 1 of the ports with ampli-
tude = 1 V, phase = 180 °.
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(a) E field distribution for simultaneous in phase  (b) E field distribution for simultaneous opposite

excitation port 1 and 2 for sum pattern. phase excitation port 1 and 2 for difference
pattern.

Figure 4.29: F field distribution for designed slot array antenna in modified Glide-Symmetric
Holey Groove Gap Waveguide.

When simulating the radiation pattern, a directivity problem is observed given
the small size of the antenna ground plane. Due to the small transverse size of the
two antenna arrays of approximately 42 mm (3.3)\¢ in the E-plane), it is decided
to add corrugations on both sides of the slots to increase the overall directivity of
the antenna (see Fig. 4.27). These corrugations create a high impedance surface for

a particular polarization and direction of propagation reducing the back radiation.

[163]
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The design values of these corrugations are: Height = 3.25 mm, period = 2 mm,
width = 1 mm, number of corrugations = 3. The reason for adding this number of
corrugations is to be able to compare on equal terms with another prototype made
at the University of a monopulse antenna using Groove Gap waveguide technology
implemented with pins. In Fig. 4.30 we see the difference in directivity before and
after adding these elements. We get an improvement of almost 5 dBi, going from
16.8 dBi to 21.7 dBi, with SLL (sum pattern’) = —8.9 dB. In Fig. 4.31 we see the

radiation pattern in polar coordinates for the model with corrugations.
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Figure 4.30: Simulated radiation pattern for designed holey groove gap waveguide slot array
antenna with/without corrugations.
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(a) E-plane radiation pattern for simultaneous in phase excita-
tion port 1 and 2 for sum pattern.

Farfield Dwectnty Abs (Phe=10)
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(b) E-plane radiation pattern for simultaneous opposite phase
excitation port 1 and 2 for difference pattern.

Figure 4.31: Simulated radiation pattern for designed holey slot array antenna model in polar
coordinates.
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4.7 Complete Monopulse Antenna

After designing and checking the operation of the monopulse antenna subsystems
in simulation environment, we proceeded to join and fine tune them to compensate
for small reflections and distortions that the models of the components, separately,
did not produce and which affected the parameters S;; and Sy;. In Fig. 4.32 and

Fig. 4.33 we see the model ready to manufacture with its most relevant dimensions.

The matching at the frequency of interest manages to be excellent and consistent
for both the 'sum’ port excitation (with |Sy;| = —17 dB) and the ’difference’ port

excitation (]S11] = —23 dB) as shown in Fig. 4.34a.

Although the theoretical stopband of the chosen unit cell ranges from 19.17 GHz
to 36.51 GHz (Fig. 4.9), we can see in Fig. 4.34a the large number of resonances
outside the 23.5 GHz - 25 GHz band in which the monopulse antenna components
are tuned to operate. In Fig. 4.34b we can see in detail the excellent matching and

moderate inter-channel isolation of the antenna.

Fig. 4.35 shows the distribution of the electric field normalised to the maximum
value for both the excitation by the port generating the sum pattern (2, up) and
the excitation by the port generating the difference pattern (1, down). To see the

radiation patterns we have to look at Fig. 4.36.

In the final version, despite including the corrugations of the previous section
and extending the width of the monopulse antenna to 70 mm from the previous 42
mm to include the WR34 transitions, the simulated directivity for the sum pattern
is 20 dBi versus almost 22 dBi for the separate slot array. This is due to small
distortions throughout the system that prevent getting the exact same amplitude
and phase in all slots. Radiation efficiency is 71% and the SLL (sum pattern) is
—5.3 dB. Note that, for the previously designed slot array, SLL (’sum pattern’) was
—8.9 dB.
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(a) 8D view of the monopulse antenna consisting of two machined metal parts with detail in

the centre of the Rogers 5880 phase shifter slab.

4.800 mm,

0.100 mm

3.500 mm

70.000 mm

22,410 mm

2.500 mi

16.260 mm

L1 L1

8.636 mm

: wiw pzo°
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™

(b) Front detail of WR3/ flanges for connection to VNA and other measuring equipment.

Monopulse antenna model with details of the most relevant dimensions.

Figure 4.32
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Figure 4.33: Monopulse antenna model with details of the most relevant dimensions. Top, bot-
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(b) S-parameters of the full monopulse antenna (zoom,).

Figure 4.34: Simulated S-parameters of the complete monopulse antenna array with coupler,
phase shifter and slot arrays.




122

HAE A A © o o o o o a o 6}

1. = = o = s = e =
L O O L L )

R ey - =

: - =r i

e s * o NQve Q._.’......._ ‘fH‘*

'- ax . |:|.| i r'l Ii-lr_\llll i 3 IF’IH o F‘l—ll = bt b
s e I P DL L S T L e e S e umkﬁﬂmjﬁ_ﬁﬁﬁﬁiﬁtﬂ e
HEEEEEES o o o 5] o] ] 0 o 0

(a) With excitation for sum pattern from port 2 (up).

0 o o o o o] o] o

J‘.c L s S L T L L gmmxmmf

1) ﬂﬂ'. e ogepalegnie egegngegal

-

=
_""E
v

1 b
1

|
1=

T ‘.;C'..':...llli_.;

5
<

_-a._ila__ _”” ¥ flt‘hsld'l’ o IFHI J[JHL:I“IQJ-d;H»} tL'ﬁ_.;ﬁ'ii’:_d {E ig’ gr:

e 5ESHEEE © o) 0 o] o] (o] 0 Q. (o]

(b) With excitation for difference pattern from port 1 (down).

Figure 4.35: FE field distribution for monopulse antenna in modified Glide-Symmetric Holey
Groove Gap Waveguide technology.
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Figure 4.36: Simulated radiation pattern for designed monopulse antenna in modified Glide-
Symmetric Holey Groove Gap Waveguide technology at 24 GHz.

The results of the sum pattern are not good enough and are due to problems

with the feed system and this is observed as asymmetries in the pattern and high

side lobes different directions (# = +43.17° and 0§ = —40.8°).
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4.8 Manufacturing and Measurements

4.8.1 Implemented Monopulse Antenna in Groove Gap Waveguide Tech-
nology with Holey Structure

Fig. 4.37 shows the built aluminum CNC machined monopulse antenna designed
with this new implementation of Groove Gap Waveguide technology. Due to the
unavailability of the 0.51 mm thickness RT5880™ (e, = 2.2), the metallization of
two 0.25 mm thickness RT5880™ strips was eliminated with ferric acid. To avoid
changing the total permittivity of the phase shifter, and thus altering the designed
phase between the channels, cyanoacrylate glue (€, = 3.3) to attach these two strips

was considered.

(a) Top and bottom lids. WRS3/ transitions and (b) Top and bottom lids (open,).
Matched Loads 50 Q.

e

(¢) Detail of the phase shifter RO5880 strip. (d) Detail of the WR3/ input ports.

Figure 4.37: Glide-Symmetric Holey Implemented Monopulse Antenna in Groove Gap Waveg-
uide Technology: Mounting and Assembly.
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S-parameters of the monopulse antenna implemented with glide symmetric holey
structure were measured with VNA Rohde & Schwarz ZVA40 after calibration with
the Rosenberger RPC-2.92 02CK010-150 kit in each frequency range. Fig. 4.38
shows the results. It is observed that the antenna is matched for both sum and

difference excitation between 23.8 GHz and 24.1 GHz.
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(a) S-parameters of the full monopulse antenna. (b) S-parameters of the full monopulse antenna
(zoom,).

Figure 4.38: Measured with VNA S-parameters of the Glide-Symmetric Holey Structure Imple-

mented Monopulse Antenna in Groove Gap Waveguide Technology. (Calibrated for
each frequency range).

The radiation pattern measurements were performed at the Centre for High Tech-
nology and Homologation (CATECHOM) at the University of Alcala de Henares. A
holder to attach the antenna to the anechoic chamber positioner was designed and
built with 3D printing using PLA (polylactic acid) filament on a PRUSA i3 MK3
printer (see Fig. 4.39b). This holder must take into account the simulated antenna
phase centre (Fig. 4.39a) to align it with the rotation axis of the chamber positioner.

Fig. 4.39¢c and d show the installed antenna on the anechoic chamber positioner.
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(¢) Installed antenna on the positioner (d) Installed antenna on the positioner (frontal
(panoramic view). view).

Figure 4.39: Glide-Symmetric Holey Implemented Monopulse Antenna in Groove Gap Waveg-
uide Technology: 3D Printed Holder and installed antenna for the measurement of
radiation patterns.
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Figure 4.40: Radiation pattern (measurement) of the Glide-Symmetric Holey Implemented
Monopulse Antenna in Groove Gap Wavequide Technology.

The measured radiation patterns are shown in Fig. 4.40. The results are in
very good agreement with the obtained in simulation. E-plane sum and difference
patterns are clearly seen. The SLLs of the sum pattern are similar to the simulated
SLLs (=5 dB). This result of the sum pattern is not good enough and is probably
due to problems with the feed system requiring further research. High side lobe

levels have 0 = +45° and 8 = —44° directions.
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4.8.2 Bed of Nails Implemented Monopulse Antenna in Groove Gap
Waveguide Technology

The monopulse antenna developed with Modified Glide Holes could be compared
with another project carried out at the University previously implemented with the
conventional way of designing devices in Groove Gap (Bed of Nails). This design

has similar dimensions as the design with holes.

The s-parameters were measured with VNA Rohde & Schwarz ZVA 40. Fig. 4.41
shows the result. We observe a bandwidth from 23.5 GHz to 24.5 GHz for the
'difference’ excitation with matching below —10 dB and below —7 dB for ’sum’
excitation from 23.5 GHz to 25 GHz. The manufactured prototype is shown in
Fig. 4.42.
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(a) S-parameters of the full monopulse antenna. (b) S-parameters of the full monopulse antenna
(zoom,).

Figure 4.41: Measured S-parameters of the Bed of Nails Implemented Monopulse Antenna in
Groove Gap Waveguide Technology. (Calibrated for each frequency range).
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(c) Assembly of the two lids. (d) Detail of the input ports for mea-
surements. WR34 flange (port 1) +
matched load (port 2).

Figure 4.42: Bed of Nails Implemented Monopulse Antenna in Groove Gap Waveguide Technol-
ogy : Mounting and Assembly.
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As in the previous case, another holder to be used in the anechoic chamber was
designed and 3D printed. The measured radiation patterns are shown in Fig. 4.43.
In Fig. 4.43a the E-plane difference pattern is clearly seen, and in Fig. 4.43b and ¢
the two main planes of the sum pattern are presented. This pattern has a SLL of

—10 dB in E-plane as expected in simulation.

-90 -45 0 45 90
Theta (0)
(a) E plane (DIF).
0 0
-10 ¢ -10+
8 -20, 8 -20¢
301 ] 301
-40 : : : -40 &
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(b) E plane (SUM). (¢) H plane (SUM).

Figure 4.43: Radiation pattern (measurement) of the Bed of Nails Implemented Monopulse
Antenna in Groove Gap Waveguide Technology.
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4.8.3 Comparison

The first observed difference between the two measured antennas is the matching
bandwidth. The monopulse antenna designed with Groove Gap Waveguide imple-
mented with pins obtains a good matching that goes from 23.5 GHz to 25 GHz,
although the excitation from the sum port presents some ripples that reach —7 dB.
On the other hand, the antenna implemented with the modified glide-symmetrical
holey structure has a smaller bandwidth. This antenna is matched from 23.9 GHz

to 24.1 GHz for both sum and difference excitation.

The results of the radiation patterns are in good agreement in both cases with
their respective simulations. The version with holes shows a non-good SLL level
which requires further investigation of the origin of the non-uniform phase and am-

plitude illumination in the slots of the two arrays.

Finally, Fig. 4.44a shows the simulated and measured realized gain in the version
with holes. We see that the measured gain in the version with holes is lower than

expected. Fig. 4.44b shows the measured gain for both pin and hole versions.

—Pins

0L |“| I |— Directitivy sin
/u | I | —Gain 4
1 ! - 'Gainmeas
0Ll ‘ 10 ‘ ‘
23 24 25 23 24 25 26
Frequency (GHz) Frequency (GHz)
(a) Measured vs simulated gain (Holes). (b) Measured gain for Pins vs Holes implementa-

tion.

Figure 4.44: Comparison between gain measurements of the Bed of Nails and Glide-Symmetric
Holey implemented monopulse antenna in Groove Gap Waveguide technology for
excitation from sum port.
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4.9 Conclusions

This chapter presents a monopulse antenna in Groove Gap Waveguide (GGW)
technology implemented with modified glide-symmetric holes. This way of realising
the GGW has significant manufacturing and cost reduction advantages over the con-
ventional machining of metal pins. However, the bigger hole size at equal bandgap,
presents drawbacks in complex designs. In particular, in this monopulse antenna,
where two channels run parallel to feed two arrays of slots, the separation between
the antennas could not be less than 1 A, which pushes the possible occurrence of

grating lobes to the limit.

This monopulse antenna system consists of three blocks: a Riblet coupler, a
phase shifter and two slot array antennas. First, a Riblet coupler is designed in
conventional rectangular waveguide technology. This compact hybrid coupler splits
equally the power into two channels by phase shifting the output of one channel by
90° with respect to the other. After verifying correct operation, the version with
holes is implemented. The same procedure is used for the phase shifter. This phase
shifter requires the use of a non-metallized RO5880 dielectric strip. It achieves 90°
degrees between its outputs to achieve 0° or 180° degrees depending on whether we

excite the input coupler through one port (sum) or the other (difference).

Several problems appeared during the integration of the Riblet coupler with the
phase shifter. Also, when adding the dielectric slab in the centre of the guide, where
the T'E19 mode is maximum, to achieve the necessary phase shifter of 90°, we also
obtained results that forced us to estimate the optimum distance of this slab with
respect to the Riblet coupler block by trial and error. Failure to do so would have
resulted in an imbalance in the power feeding the 2 slot arrays after the phase shifter,
resulting in an squint of the main lobe in the sum pattern, which would distort the

whole concept of the monopulse radar antenna.

The design of the slot array did not present any difficulties worth mentioning.
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After the theoretical design for implementation with rectangular waveguide technol-
ogy, and checking the result by simulation, the metal walls were replaced by holey
walls. The distance between the two arrays was adjusted to the maximum allowed
by the diameter of 1 hole, reaching almost 1 A, which is at the limit of generating

‘grating lobes’.

The small electrical size of these two slot array antennas (42 mm = 3.3} in
E-plane) limits the directivity that is not as high as it could be. To improve this
drawback, corrugations are added on both sides of the antennas in E-plane to in-

crease the directivity, resulting in a 5 dBi improvement.

Despite all the problems encountered during the development of this device, the
results for both the sum and difference port excitation matched the specifications
and were below |Sy| = —17 dB and |Sy1| = —23 dB, respectively; with isolation

between the two channels of 13 dB.

The radiation pattern shows a slight degradation of the monopulse antenna as
a whole with respect to the individual block of slot array antennas, mainly due to
distortions that prevent perfectly uniform illumination in amplitude and phase of
the slots, reducing the maximum directivity of the total pattern from 21.7 dBi to

20 dBi.

Measured reflection coefficient and radiation patterns are in good agreement
with the simulations. From 23.8 GHz to 24.1 GHz, both in sum and difference
excitations, the |Sy;| is below —10 dB. The SLLs of the sum pattern are also similar
to the simulated SLLs (=5 dB). This result of the sum pattern is not good enough

and is probably caused by problems with the feed system requiring further research.

It was also possible to compare the performance of this antenna with holes with
another one made at the university implemented with metal pins with the same
dimensions. The measured gain with sum excitation for the version with pins is 20

dBi from 23.5 GHz to 24.5 GHz. However, for the holey version, the measured gain
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was only about 15 dBi between 23.8 GHz and 24.2 GHz.
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Chapter 5

Amplified Power Distribution Feed
for Slot Array Antenna in Groove

Gap Waveguide Technology

This chapter presents advances in Groove Gap technology implemented with
conventional pins to explore distributed amplification solutions for feeding antenna

arrays. Part of this work was presented at the 2017 EuCAP international conference

[52].

5.1 Introduction

The work presented here is part of a more ambitious project to design a slot an-
tenna array in which the power is amplified in a distributed manner. The motivation
for employing spatial power combining/splitting methods lies in the limited ability
of certain solid-state MMIC (Monolithic Microwave Integrated Circuit) amplifiers to
handle high power, as their size is often inversely related to their ability to dissipate
the heat produced by ohmic losses [165]. To this end, numerous works have been

published in the literature to divide and combine EM fields in free space, with "quasi-
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optical power combining" techniques based on lenses and reflectors [166], [167] in
order to direct the distributed power towards an array of amplifiers whose joint ca-
pacity to handle power is greater than that which could be achieved individually;
and subsequently recombine the amplified power. Among the problems encountered
are, ohmic losses when the frequency is in the millimetre range or higher, low radi-

ation efficiency, diffraction losses in lenses, etc. [168]-[171]

As one of the most promising technologies for millimetre band transceiver design,
Gap Waveguide technology allows us to reduce the cost of waveguide fabrication
by being modelled as two lids without the need for electrical contact and by not
requiring as tight manufacturing tolerances as its competitors, while at the same
time greatly reducing losses; aspects that have been detailed in the introduction
chapter. This is why it is so interesting to study their ability to integrate active

elements that allow us to build a complete transceiver in this technology.

However, as we saw in Fig. 1.3 in the first chapter, there is a discrepancy between
the propagation modes in Groove guides (T'E/TM) and those used by amplifier
circuits on PCB substrates (QT EM) or the Ridge Gap version (QT EM); therefore,
it is necessary to use transitions that manage to transform the energy in the cavity
of the metal guide and confine it in the substrate on which the MMICs are mounted.
There are already numerous publications of transitions using Gap Waveguide at one
of its ends such as [51], [90], [175]-177] and we will use some of them in this part

of the work.

Hence, the block diagram of the targeted X-band slot array antenna with dis-

tributed amplified power is shown in Fig. 5.1.
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Figure 5.1: Block diagram of the slot array antenna with distributed amplified power, with de-
tails of mode conversion and DC supply lines.

5.2 1:2 Groove Gap Waveguide Power Divider Design

We must start with a Groove Gap Waveguide that is dimensionally consistent
with rectangular guides at the desired band. In this case, as a proof of concept, the
X-band, i.e., WR90 (22.86 mm, 10.16 mm) will be selected. In this way we will use
MMMIC amplifiers operating at 10 GHz and and we will use the bed of nails as
packaging. Another requirement of the specifications is that the amplifier DC bias

network must be easily accessible from outside the device.

As we have already seen, the first thing to calculate when working with Gap
Waveguide is the dimensions of the unit cell that will provide the desired stopband
in the band of interest. Fig. 5.2 shows the result of the dispersion diagram centered
at 10 GHz (X-Band) with a stopband ranging from 7.2 GHz to 14.8 GHz. We see
that the unit cell has a gap = 1.9 mm, making this the maximum height that our

amplifier MMIC can have if we use the same structure for packaging.
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Figure 5.2: Dispersion diagram for the designed unit cell with detailed dimensions in the inset.
Stopband: 7.2 GHz to 14.8 GHz.

According to published electric field attenuation studies and experimental tests
with this technology ([11], [178]), for the GGW power divider design, it is sufficient
to place 2 rows of pins acting as sidewalls so that the energy is confined and does
not leak. 1:2 Y-junction power divider is the chosen topology. Here, the septum
has only one row per output channel, but this is sufficient, since the power of each
output channel is 2 rows apart. The septum and the dimensions of the power divider
are shown in Fig. 5.3 and Fig. 5.4. Note the chamfered pin at the beginning of the

septum and the optimisation of the position of several pins.

The simulated S-parameters of this divider are shown in Fig. 5.5, where we see
the expected —3 dB transmission losses. We can see in Fig. 5.6 the electric field

distribution at 11 GHz normalised to its maximum value.
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Figure 5.3: Top view of the designed Groove Gap Waveguide splitter with detail of the pins that
have their position modified and the dimensions of the chamfered pin..
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Figure 5.4: Front view (from the input port) with detail of the dimensions of the splitter de-
signed in Groove Gap Waveguide technology.
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Figure 5.5: Simulated S-parameters of the 1:2 power divider in Groove Gap Waveguide technol-
0gy.
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Figure 5.6: 11 GHz power divider 1:2 electric field distribution in Groove Gap Waveguide tech-
nology.

5.3 Transition from Groove Gap to Microstrip Design

Classic wirebonding technology is not suitable at frequencies above 100 GHz,
and above 40 GHz it has reduced performance because we need to compensate the
low pass filter response of wirebonding with extremely low values of capacitance (of
the order of femtofarads). Although a paper with integrated active device into gap
waveguide technology through wirebonding at frequencies of the order of 30 GHz was

published [179], at long-term, with higher frequencies, this approach is not suitable.

Therefore, we need a transition that converts the TE mode to QTEM, prefer-
ably with an inline topology that allows easy integration with planar technologies.
Following the indications in [176], a non-contact back-to-back (B2B) transition is
designed that transforms from Groove Gap to Ridge Gap, with which we would
already have the QTEM mode compatible with MMICs confined in a plane. Then,
through non-contact couplings, the field propagates from Ridge Gap to microstrip,
with an intermediate step in SIW (Substrate Integrated Waveguide) as shown in the
schematic in Fig. 5.7, where the energy propagates mainly along the 50 €2 microstrip
line. The bed of nails above the transition from SIW to microstrip is used as circuit
packaging to avoid coupling and resonances that can distort the operation of the

MMIC amplifier.
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Figure 5.7: B2B Groove Gap Waveguide to conventional Microstrip Transition.
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A 34 parameters fine tuning optimization was carried out using CST Time do-
main solver and a genetic algorithm. The simulated S-parameters of the back-
to-back transition "Groove-Ridge-SIW-Microstrip-SIW-Ridge-Groove" are shown
in Fig. 5.8. The relative bandwidth at the centre frequency (11 GHz) is 31%,
with about 0.5 dB insertion loss (B2B). The substrate used is Rogers TMM 10i
(e, = 9.9, tand = 0.0020).
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Figure 5.8: Simulated S-parameter of the B2B Groove Gap Waveguide to conventional Mi-
crostrip Transition.

With the B2B transition operation verified, the previously designed 1:2 power
divider is added to obtain the simulated S-parameters shown in Fig. 5.9, where we
verify that the same matching bandwidth is maintained, and the transmission losses
remain in the —0.5 dB range. In Fig. 5.10 the distribution of the 1:2 distributed
and 2:1 recombined electric field at 11 GHz is depicted.
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Figure 5.9: Simulated S-parameters B2B transition with power divider 1:2 in Groove Gap
Waveguide.

Figure 5.10: FE field distribution along the B2B transition with power divider 1:2 in Groove
Gap Waveguide at 11 GHz.
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5.4 Active MMIC Integration Feasibility

Now, with the power properly distributed and confined along the microstrip lines,
it is time to study the feasibility of integrating MMIC amplifiers in this band as a

proof of concept.

To do this, we model and extract a 4-port model to the B2B transition without
the power divider at this point. We do this by adding two discrete ports (50 €2)
(2 & 3) at the points where the amplifier is to be inserted maintaining the waveguide
input and output ports (1 & 4) because we need to find out which is the maximum
value of the unwanted positive feedback there (Port 3 to Port 2 loop) which is given
by the parameter |Sas|. This will influence the amplifier gain we can use without

cause oscillations as seen in Fig. 5.11a, i.e., amplifier gain must be < |Sas|.

Doing this, we can see with the 4-port model S-parameters in Fig. 5.11b that the
maximum amplifier total gain could have is 12 dB. With this in mind, we can choose a
commercial device according to its RF band, gain, dimensions and a simple amplifier
bias network. The Macom™ MAAM-011101 amplifier with TFDN6 package [130]
meets these specifications. A lumped capacitor (Murata GRM0335C1E101 100 nF)
and an inductor (Murata BLM15GG471 470 ) (See Fig. 5.12) are sufficient to bias

the amplifier and its height is 0.75 mm (our gap is 1.9 mm).
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Figure 5.11: MMIC integration feasibility blocks model and B2B with 4-ports S-parameters sim-
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Figure 5.12: Recommended MACOM MAAM-011101 amplifier mounting schematic. [150]

5.5 Integration into Back to Back Transition

With the extracted 4-port model (.sp4 Touchstone file) and the 2-port S param-
eter matrix from the amplifier manufacturer for DC bias = 8 V, we modelled the
assembly by two connected subsystems as in Fig. 5.11b using CST Design Studio™.

The result of the S-parameters is shown in Fig. 5.13. We obtain a design where the
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relative bandwidth is 30% (approximately from 9.6 to 12.6 GHz) and the resulting
gain is 10 dB with a flatness of 1 dB.
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Figure 5.13: Simulated S-parameters of the B2B Groove Gap Waveguide to conventional Mi-

crostrip Transition including MACOM amplifier. Zoom in the frequency band
where matching exists (|S11] < —10 dB).

5.6 Manufacturing

5.6.1 Metallic block

For the experimental verification of the simulated results, 3 different prototypes
with increasing complexity are proposed for the agile localisation of manufacturing

and measurement problems.

The first prototype consists of the B2B Groove-Microstrip transition amplified
with the MACOM chip. In the second prototype, the groove 1:2 power divider will
be added to the previous one; and in the third prototype, the recombinant 2:1 part
of the B2B transition with divider will be replaced by 2 arrays of slots as shown in

Fig. 5.14.
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(a) Prototype #1: Back to back Groove Gap Waveguide to Mi-
crostrip transition including amplifier.

(b) Prototype #2: Back to back Groove Gap Waveguide to Mi-
crostrip transition including amplifier and 1:2 splitter and 2:1
power recombiner.

(¢) Prototype #3: Transition Groove Gap Waveguide to Microstrip
with 1:2 power divider including amplifier with slot array anten-
nas at output.

Figure 5.14: Manufacturing phases of the prototypes to be made in metal.
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In order to determine the ideal manufacturing technology for the construction of
the metal blocks, an analysis of the manufacturing tolerances is carried out by means
of a parametric study of the most critical values of the contactless coupling zone (t,
and t,). It is determined that in order not to compromise B2B transition matching
below —10 dB, these values must be within the values shown in the Fig. 5.15.
The analysis is carried out with the rounded values to facilitate and reduce the

manufacturing cost without losing accuracy.
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Figure 5.15: Cross-section of the non-contact coupling area between ridge and PCB.

With this data, the possibility of manufacturing the metal blocks by 3D metal
printing (DMLS, Direct Metal Laser Sintering) or with 5-axis CNC (Computer nu-
merical control) under standard "DIN ISO 2768-1 fine" is considered and it is con-
cluded that the cost of DMLS printing is 10 times higher than CNC and its resolution
is not much better. The result of the fabricated metal block can be seen in Fig. 5.16,

note the centered stepped ridge and the periodic structure.
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Figure 5.16: Back to back Groove Gap Waveguide to Microstrip transition: Metal part manu-
factured by 5-azis CNC machining.

5.6.2 PCB

In terms of PCB fabrication technology, we determined that it is a class 4 PCB
(limited to 0.20 mm), given that the minimum spacing between conductive tracks
we need is 0.21 mm (see Fig. 5.17b). Given its dimensions (1.5 x 1.2 mm 6-Lead
TDFN package), the MMIC must be mounted using a vapour chamber. Access to

the external DC power supply needs to be lateral through a connector.
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(a) B2B Groove Gap Waveguide to Microstrip transition area with — (b) Detail of the mini-
amplifier mounting detal. mum spacing between
conductive tracks,
which determine the
PCB fabrication cate-

gory.

Figure 5.17: Implementation of the MMIC amplifier in the microstrip part (50 Q) according to
the manufacturer’s recommendation for use.

With these considerations, the PCB shown in Fig. 5.18c is designed. To evaluate
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the performance of the amplifier independently with conventional SMA inputs, an
evaluation PCB (Fig. 5.18b) is also designed. The way to experimentally test the
performance of the B2B transition without using amplification is by means of the

PCB in Fig. 5.18a.
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Figure 5.18: Necessary PCB types that have been designed for the different project phases.

Using the VNA ZVA40 and 2.92 mm transitions (K connectors), it has been
possible to measure the prototype #1 without amplification, obtaining the results
shown in Fig. 5.20. We observe that the transmission loss of the whole back-to-
back transition is around —2 dB. |Sy;| parameter fully matches the simulated one
reaching a bandwidth from 9.5 GHz to 12.2 GHz. These higher than expected
losses may be due to the manufacturing and mounting tolerances of the PCB in
the metal structure, since its position determines the non-contact coupling of this
component. Furthermore, we see that the losses are proportional to the frequency,
which is compatible with the losses due to the substrate. Fig. 5.19 shows details of

the fabricated prototype and the measurement process.
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Figure 5.19: Prototype #1 (B2B Groove Gap Waveguide to Microstrip transition without am-
plification): Measurement process with VNA ZVA40.
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Figure 5.20: Simulated and measured S-parameters for the B2B Groove Gap Waveguide to Mi-
crostrip transition.

5.7 Conclusions and Future Lines

In this chapter, the ability to integrate active devices with Gap Waveguide tech-
nology has been explored, in particular with the Groove version. The design starts
by designing a 1:2 power divider in order to distribute the power into two differ-
ent branches in which to place an amplifier in each. Since the propagation modes
must be converted from TE (Groove) to QTEM (Microstrip), a transition is used
that confines the field via intermediate stages through Ridge Gap and SIW to Mi-
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crostrip.

Once the operation of the back-to-back transition has been checked, the feasibility
of integrating active elements is analysed by extracting a 4-port model in which
the maximum gain value of the amplifier to be used to avoid feedback loops is
obtained. With this data, a MACOM model is chosen that meets the specifications of
bandwidth, gain and dimensions compatible with the air gap that the encapsulation
with pins in the area above the microstrip allows. This packaging is an additional

advantage of the use of this technology.

On the manufacturing side, the metal block is made by CNC machining as metal
3D printing does not offer better resolution and its cost is 10 times higher. In
addition to the PCB that includes the amplifier with the power supply network
recommended by the manufacturer, two more PCBs are designed to evaluate the
operation of the B2B transition and another one for the evaluation of the amplifier

separately with inputs with a 50 €2 connector.

Initial results measured with the transition with the PCB without the amplifier
show higher losses than expected and future analyses of manufacturing and assembly

tolerances will have to be carried out.

Experimental verification of the prototype with the B2B transition amplified
with the built-in 1:2 power divider (#2 prototype) and the prototype with the
slot antenna array (#3 prototype) are also proposed as future lines of research.
Furthermore, it would be easy to extend this project by using 1:4 and 1:8 power

dividers for radiating or recombining.

In addition, the work in this chapter was made at low frequencies (X band) as an
initial proof of concept. Its extension to the millimeter-wave band is also a future

research line, although the concept to be used will be the same.
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Conclusions

Part I: Design of Inverted Microstrip Gap Waveguide Compo-

nents

This thesis is structured in two main parts. The first part focuses on the Inverted
Microstrip Gap Waveguide technology. This part begins with a chapter on essential
aspects that must be considered when designing components in this technology, such

as the characteristic line impedance and its attenuation.

In order to perform the necessary parametric studies for impedance analysis,
ABCD matrices are used. The considered frequency is 30 GHz and different com-
binations are chosen between: a) the three most frequent line widths corresponding
to: 35 Q (w = 3.6 mm), 50 Q (w = 2.19 mm) and 70 Q (w = 1.25 mm), all
cases implemented with RO4003C™ substrate and gap—0.508 mm; b) two sub-
strate thicknesses: hg, = 0.508 mm and hg, = 0.762 mm, ¢) two pin periods:

p = 1.6 mm and p = 2.5 mm, and d) two positions of the line w.r.t. the row of pins.
The following conclusions can be drawn:

1) Using the thicker substrate results in the impedance being main-
tained with less variation as a function of pin height. 2) For denser bed of
nails (p = 1.6 mm), the difference between the impedance between pins

and over pins is smaller, as already advanced in [105], [117].
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The study of the attenuation is especially relevant in this version of the sub-
strate based Gap Waveguide technology. The first method used is by means of
open-circuit resonators. However, as the differences between the simulated and
measured values were too large to draw conclusions, an alternative method using

long lines (10 A\) was considered.

With this method, the design of a transition using the same substrate from
inverted microstrip to microstrip is needed together with a TRL calibration kit
to eliminate the influence of the End-Launch connectors that are mounted on the
microstrip part. From the measurements, we observed that, as expected, the losses
increase with the use of thicker substrates and with increasing frequency.
The other design parameters such as the relative position of the line on the pins or
the periodicity of the BoN practically do not affect the losses. In any case, these
losses will always be much lower than those of solutions with conventional microstrip

or inverted microstrip lines.

After that, the design of a critical device of RF front-ends has been presented.
The operation of the Diplexer in Inverted Microstrip Gap Wveguide (IMGW)
Technology has been demonstrated for the lower part of the mm-wave spectrum,
where it can be employed for future uses in 5G technologies and beyond. This
diplexer was designed with coupled line filters. Other more complex devices [141],

[142] could be also easily translated to this technology.

The diplexer is formed by two Chebyshev type filters centred at 24 GHz/28 GHz,
with a bandwidth of 1 GHz and a ripple of 0.5 dB, although, by subsequent adjust-
ments, the highest possible flatness in the passband was sought. The filters were
made with End-Coupled line resonators using initially RO4003C™ and redesigned

afterwards with a very low loss substrate RT5880™ to reduce the insertion losses.

The measurements shown a good agreement with the simulations except for a
slight increase in losses and a slight frequency shift. The insertion losses in the 24

GHz passband were 1.5 dB and 2 dB for the 28 GHz passband. Regarding the slight
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band offset we have shown that it is due to a discrepancy with the permittivity value
of the material, something easily correctable if necessary and with high reproducibil-
ity in terms of mass production. When we compare this proposed diplexer to others
published in similar bands, we see that we get similar or even better insertion losses
than some of them, keeping the cost relatively low, especially when comparing to
other versions of the Gap Waveguide technology (Ridge and Groove), which also do

not allow such a simple integration with active components.

Based on the work done with this diplexer, the next chapter proposes a Hybrid
Diplexer-Splitter for Dual Band Array Antennas by adding a power divider
to the common port of the diplexer. The design was inspired in the work made
with Groove Gap Waveguide presented in [70], using as power divider a 4-port
diamond-shaped element. The results obtained in simulation are satisfactory both
in matching and in transmission losses (about 4 dB), of which 3 dB correspond to
the ideal power divider function. The isolation between the filters is more than 40
dB. An asymmetry in the behavior was observed depending on whether the energy
comes from the 24 GHz filter or the 28 GHz filter. This was solved by adding an
asymmetry in the diamond shape. The performance improves at the extremes of
the passbands, achieving a more uniform response while maintaining the same level

of losses and isolation.

After adjusting this splitter-diplexer, different dual-band radiating elements com-
patible with the diplexer bands were studied. Among them, the use of a dual band
off-centered T-feed slot antenna in inverted microstrip gap with 1 mm thick metal
lid achieves a good matching of less than —10 dB at 24 and 28 GHz. As key element
in the corporate feed network, a broadband 1:2 power divider is designed that has
to be compact to avoid grating lobes and at the same time keep a moderate mu-
tual coupling level. Unfortunately, the minimum required distance is of the order of
one wavelength for the upper frequency (28 GHz). The design was extended to a
4-element subarray with poor results also in terms of cross-polarization levels, and

some solutions are proposed to be studied as future lines.
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Part II: Design of Groove-Gap Waveguide Components

The second part focuses on the advances made with the Groove Gap Waveguide
technology. It begins with a chapter proposing a K-band monopulse RADAR
antenna using a modification of the holey glide symmetrical unit cell. This
two-port system obtains 'sum’ and ’difference’ radiating patterns depending on the

excitation from one port or the other.

The implementation of groove gap waveguide with periodic holes instead of pins
has significant manufacturing and cost reduction advantages over the conventional
machining of metal pins. However, the bigger hole size required to produce the same
bandgap, presents drawbacks in complex designs. In particular, in this monopulse
antenna, it was not possible to keep the separation between the two implemented

antennas below one wavelength to avoid grating lobes.

This monopulse antenna consists of three blocks: a Riblet coupler, a phase shifter
and two slot array antennas. First, a Riblet coupler was designed, initially in conven-
tional rectangular waveguide technology. This compact hybrid coupler splits equally
the power into two channels by phase shifting the output of one channel by 90° with
respect to the other. After verifying its correct operation, the version with holes is
implemented. The same procedure is used for the phase shifter. This phase shifter
requires the use of a non-metallized RO5880 substrate strip. It achieves 90° degrees
between its outputs to achieve 0° or 180° degrees depending on whether we excite

the input coupler through one port (sum) or the other (difference).

After several partially solved problems appeared during the integration of the
Riblet coupler with the phase shifter, the slot array antenna was designed. Following
the same methodology, the metal walls in conventional rectangular waveguide design
were replaced by holey walls. The distance between the two arrays was adjusted to
the minimum imposed by the diameter of one hole, reaching almost one wavelength,

which is at the limit of generating grating lobes. Corrugations are added on both
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sides of the antennas to increase the directivity, resulting in a 5 dBi improvement in
the sum pattern. The performance of the antenna in simulations shows well defined

sum and difference patterns with a reasonable gain.

Measured reflection coefficient and radiation patterns agree well with the simu-
lations. From 23.8 GHz to 24.1 GHz, both in sum and difference excitations, the
|S11] is below —10 dB. The SLLs of the sum pattern coincide the simulated ones
(=5 dB). This result of the sum pattern is not good enough and, probably, it is

originated by problems with the feed system requiring also further research.

The performance of this antenna implemented with holes was compared to an-
other similar one made at the University but implemented with metal pins. The
measured gain with sum excitation for the version with pins is 20 dBi from 23.5
GHz to 24.5 GHz. However, for the holey version, the measured gain was only 15
dBi between 23.8 GHz and 24.2 GHz and the reason for this loss of gain compared

to simulations is currently under study.

The following section proposes the integration of active elements for dis-
tributed amplification in Groove Gap technology implemented with pins.
The design starts by designing a 1:2 power divider in order to distribute the power
into two different branches where an amplifier will be placed (in each one of them).
Since the propagation modes must be converted from T'E}, (Groove) to QTEM (Mi-
crostrip), a transition is used that confines the field via intermediate stages through
Ridge Gap and SIW to Microstrip. The design also considers the packaging of the

amplifier using as well the gap waveguide concept.

With the operation of the back-to-back transition checked, the feasibility of in-
tegrating active elements is analysed by extracting a 4-port model in which the
maximum gain value of the amplifier to be used to avoid feedback loops is obtained.
With these data, a MACOM model is chosen that meets the specifications of band-
width, gain and dimensions compatible with the air gap that the packaging with

pins in the area above the circuit allows. This packaging is an additional advantage
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of the use of this technology.

Initial results measured with the transition with the PCB version without the
amplifier show higher losses than expected and future analyses of manufacturing

and assembly tolerances will have to be carried out.

Finally, in the appendix, we present the development of a slot array antenna
based on microstrip in millimeter band, in which a PMC type packaging
is added to eliminate the back radiation typical of these antennas designed with
microstrip. In particular, an 8x8 slot array antenna implemented in conventional
microstrip technology at 28 GHz is designed. With this packaging, in addition to
reduce the back radiation, the couplings between the corporate feed network lines are
almost completely blocked, which favours the uniform illumination of the array, thus
increasing its directivity. This PMC packaging, although made with metal parts,
does not produce cavity modes making it a good solution for creating planar arrays
of many more elements where the integrated active beam scanning electronics can
be added. A prototype was manufactured and measured and a very good agreement

with the simulated results was obtained.

Future work

As expected, the realization of this Thesis lets open several research lines. Some
of them are related to the first part of the project as it is the case of the development
of solutions for the hybrid splitter-diplexer. In particular, a solution to be explored
is the use of frequency bands less separated from each other than the ones used in
this Thesis. For instance, 26 GHz and 28 GHz can be considered. This, for sure,
will generate a solution with good performance also for the antenna and could be
manufactured and measured. Another possible solution and research line is to use
another layer for the subarray feed structure, thus creating a multi-layer structure

although this complicates and makes the final design more expensive. Finally, the
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use of some kind of directive antenna instead of the slot, could be a solution that

will allow a bigger separation among the array elements.

There are also opened research lines related to the second part of the Thesis.
The first of them concerns the design of the monopulse antenna with the version of
the groove gap waveguide implemented with the holey structure. The performance
of the proposed design was not satisfactory and further studies on the origin of
the non-uniform amplitude and phase illumination of the array slots are deserved.
Additionally, the use of more corrugations both on the sides and in between the two
arrays could be also studied with the purpose of reducing the side lobe level in the

E-plane.

Another interesting future research line is the design of a monopulse antenna by
extending the proposed design to the 3D case where both azimuth and elevation can
be discriminated. To this aim, four slot array antennas allowing discrimination in
two spatial coordinates (azimuth and elevation) simultaneously will be required in
order to create the sum and difference radiation patterns, one for each plane. This
design could be first made using conventional groove gap waveguide implementation
with the bed of nails, and in a second phase, to implement it with a glide symmetrical

holey EBG structure.

About the amplified distribution, the experimental verification of the prototype
with the B2B transition amplified with the built-in 1:2 power divider and a prototype
with the slot antenna array are also proposed as future lines of research. To extend
this project by using 1:4 and 1:8 power dividers for radiating or recombining can be
also considered. In addition, as the work in this chapter was made at low frequencies
(X band) as an initial proof of concept, its extension to the millimeter-wave band is

clearly an open research line.

Finally, concerning the implementation of the groove gap waveguide with holes,
a new structure was proposed in this Thesis which is not the conventional glide sym-

metrical disposition of holes. The proposed structure is more compact and creates
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big stopbands. These properties help to overcome the integration challenges that
the holey structure presents when compared to the case with pins. The new pro-
posed structure deserves a deeper analysis and characterization to fully understand
its properties. Related to this, hybrid versions of groove gap waveguide combining

pins and holes can be considered for study as a trade-off solution for some designs.
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Appendix A

PMC Packaging Application for
Wideband mm-Wave Slot Array

Antennas

This chapter presents another work published by the author of this thesis [181]
related to Gap Waveguide technology, which highlights the excellent properties that
this technology offers as a packaging solution for high frequency transceivers (circuits
and antennas) designed in conventional, low cost and widely used technologies such

as microstrip transmission lines.

A.1 Introduction

As described in the introduction of this thesis, the increasingly demanding need
for bandwidth is pushing the state of the art of RF technology to work at higher and
higher frequencies. The advent of 5G wireless technology has highlighted the urgent
need to offer solutions in previously underused frequencies, such as the millimetre

wave band.
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Some of the advantages of using frequencies as high as 28 GHz is that the band-
width of radio spectrum available to mobile operators can be licensed from 100
MHz to 800 MHz without much problem. However, for 700 MHz bands, bandwidth
licences are typically around 5-10 MHz. This bandwidth conditions the data down-
load speed and the number of simultaneous customers that can be served by each
base station. For this reason, there is a growing trend to use frequencies as high as
millimeter-wave in densely populated urban environments with large concentrations
of users such as transport interchanges, airports, metro and train stations, sports

stadiums, convention centres, etc.

However, the use of these frequencies is not without drawbacks. One of them
is poor coverage due to its propagation and attenuation characteristics. Since this
coverage is inferior to that offered by lower bands, the number of base stations
needs to be increased, and interference control between nearby equipment sharing

base station locations becomes more stringent.

On the other hand, printed technologies (based on dielectric substrates), which
are the lowest cost, have high losses at 28 GHz, so it is preferred to design high
efficiency and high directivity slot arrays based on all-metal technologies in order
to dispense with the substrate, although this increases the cost significantly due to

design complexity, which lengthens delivery times, and manufacturing tolerances.

If instead of conventional narrowband resonant antenna slot arrays the designs

are wideband (>10 %), the fabrication becomes more complicated and expensive as

additional layers and modules are needed [33], [122], [182], [183]. In Gap Waveguide
technology [11], [29], [33], [34], [15], [19] there are already published papers that work
with only a single layer [35], [1&1], but are still all-metal when using the 'Ridge’ and

'Groove’ versions, respectively; which makes it difficult their fabrication as low-cost,

mass-produced solutions.

However, mixed designs can be made with Gap Waveguide concept where some

part of the antenna that is less susceptible to losses is designed in printed tech-
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nology as in [185] where only the corporate feed network is machined in a metal
block. Arrays based on SIW technology, on the other hand, also allow for a certain

compromise between losses and cost, [136], [L87].

But, despite back radiation and other power leakage, microstrip slot or patch
array antennas remain the preferred choice due to their ease of integration with

active components.

A way to solve some of the problems of microstrip technologies is the use of Gap
Waveguide technology as an effective packaging method as demonstrated in [188]
and [189]. Regarding the type of unit cell used to form the structure, in this chapter
the classical bed of nails is applied, although other structures can be used, such as

pyramid-shaped pins [36], mushroom-shaped pins [32], [37] or even spring-shaped

pins [38].

The packaging of microstrip feed networks reduces the coupling, the leakage and

the radiation in bends or discontinuities.

This chapter describes the development of a PMC packaged bed of nails 8 x 8
wideband slot array made entirely of microstrip technology in which the back ra-
diation and the couplings between the components forming the feed network are

blocked as shown descriptively in Fig. A.lc.

With the classical topology shown in Fig. A.la, the antenna has a strong back
radiation and coupling between the feed network lines and the electronic compo-
nents to be mounted under the substrate. Fig. A.1b solution with ground plane at a
distance of A/4 manages to avoid back radiation, but magnifies unwanted coupling
between feed lines and active devices due to the excited cavity modes, so it is not a
good option for beam scanning applications. One way to avoid this with microstrip
technology is to isolate the different components on the different layers of the PCB,
which increases the cost significantly due to its complexity, which can be uncompet-

itive for a company.
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4
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(a) Classic (no packag- (b) With ground plane (c) Bed of nails type PMC
ing): Strong back located at \/4 form- Packaging: No back
radiation, unwanted ing a cavity: No back radiation, No un-
coupling. radiation, unwanted wanted coupling and

coupling and cavity cavity issues.
modes.

Figure A.1: Types of radiation of a slot array antenna according to encapsulation (microstrip
line feed under substrate).

A.2 Feed Network Design

The design strategy followed was to obtain a 1:16 power divider on a 0.5 mm
thick, very low loss Rogers RO5880™ substrate (¢, = 2.2 and tand = 0.0009). For
this purpose, an optimal distance between the output ports of 0.7 mm (0.65 \g) is

determined for operation at 28 GHz avoiding grating lobes.

The corporate feed network strategy shown in Fig. A.2 is first designed with
the PMC CST boundary condition on the circuit at a distance g = 0.5 mm from
the substrate. In the T-junctions of the lines, the design includes 4 types of \/4
impedance transformers to optimise the matching over as wide a bandwidth as
possible. Fig. A.3 shows the simulated result for the 16-port S-parameters, with a
loss of —0.3 dB since —12 dB is the ideal output power after 4 power dividers 1:2
(—3 dB). We can see that the matching (|S11]) is better than —15 dB in a band
from 26 GHz to 30.5 GHz.
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Feed Network

e e .
TTTTTTITITITIT

Side view

Subarray

Figure A.2: Descriptive view of the feed network over the bed of nails (left). Side view of the

packaging located at a distance of g (gap) (top right). 3D view of the subarray
components: Slots array, substrate, microstrip and bed of nails (bottom right).
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Figure A.3: Simulated S-parameters of feed network 1:16 with PMC boundary condition.

Frequency

The next step is to replace the PMC boundary condition with the bed of nails.

To do this, as with all Gap Waveguide designs, we must first adjust the unit cell

whose stopband loosely covers the band of interest. Fig. A.4 shows the dispersion

diagram together with the dimensions of the metal pin used. The stopband achieved

ranges from 25.6 GHz to 37.7 GHz.
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—Mode 1

Figure A.4: Unit cell’s dispersion diagram needed to implement the PMC boundary condition

as a bed of nails. Inset with its dimensions. The stopband ranges from 25.6 GHz
to 87.7 GHz.

After placing this bed of nails on the 1:16 power divider and making adjustments

with full wave simulations, we achieve the simulated S-parameters in Fig. A.5. It

is observed that the losses have increased slightly from —0.3 dB to —0.6 dB when

using real aluminium materials. The dimensions of the final design are presented in

Fig. A.6 where the 4 types of 1:2 power dividers used are shown.
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Figure A.5: Simulated S-parameters of feed network 1:16 with pins.
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Figure A.6: Feed network designed with pins, with details of their dimensions and those of the
4 types of power dividers that compose it.

For ease of manufacturing and assembly with more robust pins and to study the

influence of extending the pin dimensions from 2.5 mm to 3 mm, the S-parameter

simulation of Fig. A.7 is performed, where we find that they still cover the band

loosely from 21.8 GHz to 33.4 GHz and the feed design is not affected.
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Figure A.7: Simulated S-parameters of feed network 1:16 with pins (h =3 mm).




172

Additional simulations are performed with the pin-optimised feed, in which the
encapsulation is removed, which would be equivalent to an 'open’ boundary condi-
tion (Fig. A.la) and whose results are shown in Fig. A.8a; and another, in which
a metal plane is placed at a distance \¢/4, which would be equivalent to placing a
'PEC’ boundary condition (Fig. A.1b). It can be seen that in the case of not placing
the encapsulation, the losses start to be significantly higher than in the case with
packaging, even more above 28 GHz. In the case of the PEC surface, the cavity
modes produced in this space distort the response and the transmission losses are
no longer homogeneous among the 16 ports (Fig. A.8b) and again higher than in
the case with packaging. This would inevitably lead to inhomogeneous feeding of

the array slots and thus to a decrease in directivity.

. i /
10!l Sa,Vi#1 /', 10l Si, Vi #1 R |

-15

20+

Magnitude (dB)
Magnitude (dB)

-25¢

26 27 28 29 30 31 32
Frequency Frequency

(a) Open (No packaging) (b) PEC (reflector)

Figure A.8: Simulated S-parameters of feed network 1:16 (additional simulations).

A.3 Subarray Design

Following the design strategy shown in Fig. A.2 it is now the turn of the subarray.
First, a 2 x 2 slot array with microstrip feed is designed with the PMC condition

located at distance g = 0.5 mm.

The slots are placed at the distance between elements previously calculated for
the corporate feed network of 7 mm, both in the % and in the § direction (% being
the direction perpendicular to the plane containing the antenna). This determines

the distance at which the slot can be placed closest to the feed line without causing
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unwanted coupling. After the design with PMC, the dimensions are readjusted with
the pins and the dimensions of the final subarray are shown in Fig. A.9. Fig. A.10
shows the simulated S-parameters for the two cases with PMC and with pins. A

good matching is found from 27.4 to 30.2 GHz for the with pins case.

Unlike the feed network, and due to space constraints in the subarray, for the
design of the 1:2 power dividers using A/4 transformers is avoided and have only

one taper across the width of the lines.

0
—~
=
Z 10t
5}
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=}
=
§0 220 ¢
2 —- Sll, subarray PMC
f— sll, subarray PINS
-30 ' '

26 27 28 29 30 31 32
Frequency (GHz)

Figure A.10: Simulated S-parameters of the designed subarray both with the PMC boundary
condition and after pins replacement and fine tuning.
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To simulate the radiation pattern, we modelled the boundary conditions in CST
with a periodic array to have 4 x 4 subarrays in its version with pins. Fig. A.11
details the radiation pattern for different frequencies between 27.5 GHz and 30 GHz
in both the E- and H-plane. Directivity of approximately 25 dBi and SLLs below
—12 dB are achieved in all cases. Note that due to periodic boundary conditions,

only half of the space is considered.

~ 20 Y I
Z 10} —= Bw | Z 10k
iy iy
Z of Z o
k3] B3]
£ 10/ £ 10/
A A
-20 0
-180 180 -180 180
0 (degrees) 0 (degrees)
(a) E plane. (b) H plane.

Figure A.11: Radiation pattern (simulation) of the designed subarray as a function of different
frequencies.

A qualitative way to demonstrate the performance of the PMC packaging is
by plotting the electric field distribution of at least 4 subarrays with simultaneous
excitations of the 4 ports to see the couplings. Fig. A.12 shows the comparison
between the option of not using packaging (Open), of placing a metal plane at a
distance of A/4 or with PMC packaging implemented with pins. It is clear how the

use of PMC packaging avoids couplings between slots and between subarrays.

Fig. A.12d shows the electric field distribution normalised to the maximum value
for the full array design fed from a single port. We see that there are some slots
with a small phase shift in their excitation, which will lead to a slight decrease in

the directivity of the array, as we will see in the next section.
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(a) Open.

(¢) Bed of Nails PMC implementation. (d) Full microstrip slot array design
with PMC' packaging.

Figure A.12: Comparison between the electric field distributions for the cases (a) without en-
capsulation, (b) with the metal plane located at A/4, (c) for the case with PMC

packaging for the subarray with simultaneous feeding of the ports, and (d) for the
final array design with the previously designed corporate feed network.

A.4 PMC Packaged 8 x 8 Slot Array Antenna

Once we have verified the correct operation of the 2 x 2 subarray both in matching
and in its radiation pattern, we add the 16 subarrays to the outputs of the previously
designed 1:16 power divider and proceed to make fine adjustments with full wave

simulations to improve the matching. Fig. A.13 shows the simulated S-parameters
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for the final design with both PMC and pins with a bandwidth > 11% in the band

of interest.
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Figure A.13: Simulated S-parameters of the designed array both with the PMC boundary condi-
tion and after replacement with pins.

In Fig. A.14 the radiation patterns are shown for the same frequency cases and
planes as for the subarray and in Table A.1 the obtained results are detailed. Now
the obtained directivity ranges from 22.8 to 24.5 dBi compared to 25 dBi in the case
of the 4 x 4 subarray model. This decrease is due to the slight phase differences
between the aperture illuminations when the corporate feed network is used to feed

them, due to small couplings of some lines with the nearest slots.
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(a) E plane. (b) H plane.

Figure A.14: Radiation pattern (simulation) of the designed complete array as a function of
different frequencies.
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Table A.1: Antenna parameters [151]

Frequency [GHz] 27.5 28 29 30

Sim. Directivity [dB] 22.8 23.4 24.3 24.5
Sim. Gain [dB] 22.3 22.7 23.6 23.5
Meas. Gain [dB] 19.6 21.5 22.2 23.5
Sim. SLL (E) 14.9 -16.2 12.3 -10.3
Sim. SLL (H) 9.7 9.8 115 105
Meas. SLL (E) -10.9 135 9.8 117
Meas. SLL (H) -13.6 -10.2 -10.3 -11.9

A.5 Manufacturing and measurement of the prototype

Fig. A.15 shows the fabricated prototype: It can be seen the slot array with
an End-Launch connector, the feed network and the bed of nails acting as PMC
packaging. Due to the use of this type of connector a transition from coplanar to

microstrip is needed.

Figure A.15: The 3 parts of the constructed prototype: Metal plane with the slots, corporate
feed network and bed of nails. [151]

To measure the prototype, it was necessary to create a TRL (Thru, Reflect,
Line) kit to eliminate the effect of the connector, since the SOLT (Short-Open-
Load-Thru) calibration gave unsatisfactory results. Except for a slight shift towards
higher frequencies, we can see in Fig. A.16 the great similarity of the measurement

with the simulated value after applying TRL, where we obtain a bandwidth of 3
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GHz (27.5 GHz to 30.5 GHz).
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Figure A.16: Comparison between the simulated S-parameters of the complete array with PMC
packaging and the measured values by SOLT and TRL calibration.

The normalised radiation patterns are shown in both planes and for different
frequencies as they can be seen in Fig. A.17. The detailed measured values are

listed in Table A.1.

We obtain even better back radiation suppression results than the simulated
ones, since in the E-plane between § = £90° and 6 = £180° the levels are lower
than —25 dB, in particular, for 6§ = 180°, the simulated front-to-back ratio was at
—32 dB (24 dBi vs -8 dBi), while the measured value is lower than —50 dB.

In the H-plane we observe an even better behaviour because in the range between
0 = £90° and 6 = +180° the levels are lower than —35 dB, in particular for § = 180°,
the simulated front-to-back ratio was, again, approximately —32 dB (24 dBi vs -

8 dBi), while the measured value is lower than —50 dB.

As for the measured side lobe level (SLL) the results around —12 dB are in line
with what can theoretically be expected for a uniformly illuminated array (—13 dB).
This shows that the PMC packaging manages to avoid coupling and distortions in

the amplitude/phase of the field over the aperture.
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-180 -90 0 90 180
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(a) E plane. (b) H plane.

Figure A.17: Radiation pattern (measurement) of the designed complete array as a function of
different frequencies.

Additionally, Fig. A.18 shows the decomposition of the COPOL and CROSS
components of the radiation pattern for 29 GHz where it can be seen that the cross-
polarised component is —30 dB below the co-polar one in the direction of maximum

directivity (broadside).

This is noteworthy, as such low cross-polarisation is more typical of very narrow
slots, with very small bandwidths (resonant); and this array has used wide slots
where much higher levels would be expected. This can be seen as one of the ad-
vantages of PMC packaging, which, overall, has achieved a high aperture radiation

efficiency (79%) (estimated with the measured gain and the simulated directivity).

-60 fEE —— E39 co measured, normalized

= B9 cross measured, normatized
T

-180 -90 0 90 180 -180 -90 0 90 180

0 (degrees) 0 (degrees)
(a) E plane. (b) H plane.

Figure A.18: Radiation pattern (measurement) of the complete designed array at 29 GHz with
CROSS-COPOL decomposition.

The last result to show is the comparison between simulated and measured gain
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as a function of the frequency. Again, Fig. A.19 shows the good agreement between

the two sets of values.
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Figure A.19: Simulated directivity and gain and measurements of slot antenna array with PMC

packaging.

To evaluate the performance of this design, it has been compared with other

similar PCB-based planar arrays, the most important values of which are detailed

in Table A.2. In it, a higher radiation efficiency is observed for the case with PMC

packaging (efficiency is estimated with the measured gain and the simulated direc-

tivity).

Table A.2: Comparison with other PCB-based planar arrays [151]

fo #Els #Lay Size BW Gain SLL Rad.eff Type
(GHz) (Xo) (%)  (dBi) (dB) (%)
[187] 20 256 2 12x12.6 15 29.1 -17 76 SIW+Mstrip
[190] 60 50 1 <7 12.5 25.2 -9 63.7 SIW+Mstrip
[191] 12.5 64 2 6.3x6.3 13 24 -12 NA SIW
[192] 60 144 1 NA 4.16 22 -15 68 Mstrip
[193] 30 64 12 6x7.6 13.3 22.5 -12 57.8 Mstrip
This 30 64 2 7.2x7.7 11.1 23.5 -11.7 794 PMC+Mstrip
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A.6 Conclusions

In this section we have presented the development of a slot array antenna based
on microstrip in millimetre band, in which a PMC type packaging is added to elim-
inate the back radiation typical of these antennas designed with microstrip. In
addition, the couplings between the corporate feed network lines are almost com-
pletely blocked, which favours the uniform illumination of the array, thus increasing
its directivity. This PMC packaging, although made with metal parts, does not pro-
duce cavity modes that produce interference between amplifier elements that can
be integrated, making it a good solution for creating planar arrays of many more

elements with integrated active beam scanning electronic.
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