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Abstract: A novel method for considering radiating structures independently to their feeding networks is presented. The
integration of both parts separately designed suffers a critical misalignment with the theoretical behaviour caused by the
mutual coupling effects between adjacent elements. This method analyses radiated near E-field monitors to adjust the whole
antenna after joining both independently designed parts. A linearly polarised patch array fed by a rectangular waveguide with
internal coupling patches for X band (11-12 GHz) has been designed to validate the method performance. A double stacked
microstrip patch structure with an integrated phase compensation microstrip line has been used as radiating element. The
coupling patches inside the waveguide are connected to the external radiating patches by means of metallic probes. The
presented method requires changes in the feeding structure as in the radiating elements. Several prototypes have been
manufactured and measured: the feeding waveguide structure connectorised, the radiating patches connectorised, the union of
both with SMA transitions and the final integration into the complete antenna. 18.5 dBi gain and 85% efficiency peak values,

as well as 6% usable bandwidth have been experimentally achieved.

1 Introduction

During the last decades, in high frequency applications slots
have been commonly used as radiating elements in
waveguide arrays with satisfactory results in the whole
microwave band [1-6]. However, these slotted waveguides
lack in versatility because of the strong dependency
between the radiating element and the feeding network. As
an alternative, a design with patches instead of slots as
single radiator was proposed by authors in [7]. In this case,
a clear independency between both the feeding and
radiating networks in the design process is then achieved.
Also a new coupling structure between the wave propagated
inside the waveguide and the external radiating patches was
introduced, which is formed by internal coupling patches
(ICPs) inside the waveguide. Exclusively for circularly
polarised (CP) arrays, a technique to tune the radiated phase
of each element consisting on the axial rotation of pin-fed
elements as helixes [8], curls [9] and patches [10, 11].
Otherwise for linear polarisation (LP), the new coupling
method provides the capacity of antenna reconfigurability
by the insertion of structures ([12]) and devices ([13-15])
externally placed to the waveguide network to achieve a
radiation pattern control. Finally in both [7, 12], the
elements were individually designed with a basic cell
model, without taking into account the degradation caused
by the coupling effects between adjacent elements. These
structures were fed by parallel plate waveguides. In [16], a
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substrate integrated waveguide (SIW) feeding network was
used for the first time to feed a patch array. A compensation
model was also satisfactory introduced to reduce mutual
coupling effects.

In this paper, a linearly polarised patch array fed by a
conventional rectangular waveguide (LP-PARW) is
presented for the first time. In addition, a complete design
as well as a characterisation process model is also specified.
A design methodology based on separated antenna modules
is followed, with a final integration stage which predicts the
full antenna performance. A detailed explanation of the
structure is presented in Section 2 and the design process is
described in Section 3. Simulated and measured results of
the manufactured prototypes to verify the proposed design
and characterisation model are detailed in Section
4. Finally, conclusions are drawn in Section 5.

2 Antenna structure description
2.1 Complete antenna structure

The full antenna structure (LP-PARW) is presented in Fig. 1a.
It consists of two main parts: a rectangular waveguide feeding
network (RWFN) and an external double stacked radiating
patch array network (RPAN) shown in Figs. 15 and c,
respectively. The RWFN is composed of ICPs (Fig. 1d).
The travelling wave propagated inside the waveguide is
partially coupled by the ICPs and pulled out the waveguide
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Fig. 1 Complete antenna structure and separated parts

a LP-PARW

b Rectangular waveguide feeding network

¢ Radiating patch array network

d 3-port model ICPs

e Double stacked patches and PCLs topologies

f3-element mutual coupling model with near E-field monitors

through metallic vias. Therefore each radiating element of the
RPAN is connected to its corresponding ICP of the RWFN by
these vias. The coupled signal is given to the radiating
element (double stacked patch) through a microstrip line
(phase compensation line [PCL], Fig. le) used to tune the
radiated phase of each element to achieve broadside
radiation. The RPAN is compound by the double stacked
patch array and the PCLs which are integrated in the same
layer than the lower patch structure.

2.2 Rectangular waveguide feeding network

The RWFN consists of a rectangular waveguide in
conventional metallic technology with 16 ICPs inside
(Fig. 1b). The waveguide width is ¢=18.25 mm and its
height is »=6.6 mm. The travelling wave propagated inside
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the waveguide is partly coupled to external radiating
patches by means of the size (width W and length L in
Fig. 1f) of these ICPs. Therefore a progressive wave
feeding scheme is defined. The size of each ICP is
calculated to achieve the desired amplitude feeding
distribution. The waveguide is partially filled with a
TACONIC TLX-9 substrate (dielectric constant &, =2.5,
loss tangent tan &, =0.0019 and thickness b;=1.575 mm)
where the ICPs are printed (Fig. 2). Likewise, copper vias
of diameter d,;, = 1.26 mm connect the ICPs of the RWFN
with the top outside of the waveguide. With this
configuration of a partially filled waveguide, the propagated
pure TE;, fundamental mode is modified into a hybrid
Longitudinal ~Section Magnetic (LSM*) mode [17]
providing two different ways of coupling inside the
waveguide: the length of the vias and the size of the ICPs.
Corresponding to [17], the effective dielectric constant
inside the waveguide is &er=1.177 and the cut-off
frequency of the fundamental mode (LSMY,) in the
equivalent waveguide is 7.58 GHz.

2.3 Radiating patch array network

The RPAN is constituted by 16 double stacked circular
patches with microstrip PCLs (Fig. 1c). As Fig. 2 shows,
the stacked patches have been printed on b, =0.508 mm
(lower patches) and b,=0.762 mm (upper patches)
TACONIC RF-35 substrates (g,,=3.5, tan 8,=0.0027),
with a b3 =1 mm air gap between both layers. The air gap
has been implemented using ROHACELL 51 HF (g5=
1.05, tan 63=0.004) substrate to provide mechanical
stability to the structure. In addition, the ROHACELL
material has been used instead of a higher &, material to
reduce the surface wave generated between each lower and
upper patch layers. Lower patches are directly fed by
microstrip PCLs (Fig. le). The length of each line is
adjusted to compensate the phase difference between
adjacent radiating elements. This phase difference is
because of the distance between elements. The PCLs are
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joined with the ICPs of the waveguide by means of metallic
vias (dyia).

3 Design process
3.1 Proceeding

As preliminary step, the ICPs of the RWFN and the PCLs of
the RPAN are separately designed using a basic cell model
that only takes into account one single element as designs
presented in [7, 12]. Following, both parts individually
designed are put together in a full integration antenna
evaluating its behaviour. To compensate the mutual effects
inside both the waveguide feeding and the radiating
structures, a mutual coupling model introduced in [16]
between adjacent elements is applied. Finally, a deep
comparison of the results before (with the basic cell design)
and after the application of the mutual coupling model is
presented for evaluating the model performance.

3.2 Rectangular waveguide feeding network

The ICPs are first individually designed in a three port basic
cell model (Fig. 1d). Input (port 1), output (port 2) and a 50
Q coaxial structure (port 3) to simulate the impedance of the
radiating patch joint are set. The design has been done
with the assumption of no losses in the radiating structure
(Prad k= Peoup o With Py and Peoy, e the radiated and
coupled power of the kth array element in Fig. 2). The
amplitude coefficient of each element (|F;|) of a feeding
distribution is defined as the radiated power in the element
divided by the total array input power

|Fy| (dB) = 10'10g10<1{f—ki22> (D
Zi:l|Ei’

E} is the corresponding field value in the aperture of the kth
element of the array and M is the number of elements. For
a uniform amplitude feeding distribution, all the amplitude
coefficients (|F|) are equals to —12.04 dB [16]. However, in
this work a different amplitude feeding distribution is
proposed (|Filmeo in Table 1) to accomplish a —21 dB side

Table 1 LP-PARW amplitude distribution, coupling coefficients
and dimensions of ICPs with basic cell and mutual coupling
models

Elem. [Fiiheo, dB 1Cl, dB Mutual

coupling model

Basic cell
model

Lmm W, mm L mm W mm

1 -14.30 -14.30 only via only via

2 -14.45 -14.28 only via 1.76 1.76
3 —14.45 -14.12 only via only via

4 -12.96 -12.46 1.8 1.76 2.2 1.3
5 -11.80 -11.05 2.37 2.1 2.35 25
6 -10.68 -9.57 2.7 3.2 2.2 2.4
7 -10.13 -8.51 3.54 4.1 35 4

8 -9.86 -759 53 5.1 4.3 45
9 -9.86 -6.76 6.5 6 3.4 4
10 -10.13 -599 7.25 6.95 7.6 7.9
11 -10.68 -5.28 7.65 8.23 4 4.3
12 -11.80 -488 7.65 8.9 7.65 10.8
13 -12.96 -433 7.65 9.73 7.65 10.5
14 -15.06 —-4.43 7.65 9.57 7.65 10.5
15 -15.54 -297 7.52 11.82 7.5 12.8
16 -15.63 0 matched load matched load
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lobe level (SLL) radiation pattern. The coupling coefficients
(ICy| in Table 1) defined as the ratio between the incident
(Pincx) and radiated (Praq4) powers in the kth array element
are obtained from the coefficients of the proposed
amplitude feeding distribution (|F|me, in Table 1) by the
proceeding shown in [16]. No residual power is considered
in the array (=0 in [16]). Therefore last array element is
designed as a matched load to radiate all its incident power.
As previously was indicated in Section 2.2, the size of the
ICPs defines the antenna feeding distribution. So the
required initial ICPs dimensions are directly obtained from
the |S5,| parameter values in the 3-port basic cell model
(Fig. 1d) to satisfy the calculated |C)| coefficients in
Table 1. No mutual coupling effects between the ICPs are
taking into account in this preliminary design process.

Once the sizes of the ICPs have been individually obtained,
they are arranged together into the RWFN. The ICPs
separation (d,) has been optimised to achieve the minimum
input reflection coefficient of the whole RWFN. In this
particular structure, both the element separation (dpacn) and
the ICPs separation (d,) are the same (dpach =dg). In [7], a
3Ag/4 (A, is the wavelength of the waveguide) separation
between elements was used to cancel the reflections two by
two. Nevertheless in this paper, the inclusion of the PCLs
adds an extra phase path to its corresponding element.
Therefore the reflection coefficient of two adjacent elements
k and k+1 (7, r+1) is redefined in (2) using the singular
reflection coefficients of each element (7, and 74.;), with
|7, [7i+1l, ¢r and ¢y the amplitude and phase of the
reflection coefficients r; and ry, respectively. B, is the
propagation constant of the waveguide. The amplitude
reflection coefficients of adjacent elements (|ry] and |rx4q])
have very similar values. However, their phases (¢; and
¢y+1) are considerably distinct because of the significant
differences between PCLs. For this reason, the initial
element separation dy=3A,/4 is tuned to achieve the
cancellation two by two of the reflection coefficients

Fep = |re] €% + [rp @0 - o2 )

Following (2), the distance between elements (d,) has been
optimised obtaining the lowest input reflection with d,=
18.5 mm (0.58A,) average spacing.

3.3 Radiating patch array network

A 16 element double stacked patch array structure (Fig. 1c)
has been designed. Each radiating element has been
adjusted to 50 Q. To achieve a broadside radiation, a
uniform phase distribution is aimed. The double patch
radiating elements are connected to straight microstrip lines
placed in the same substrate of the lower patches (Fig. le).
Furthermore, the straight lines are extended and bent to
increase  their length. These microstrip structures
compensate the phase difference between adjacent elements
caused by two reasons: the phase factor (e_JBgdg) of the
progressive wave in the path between two adjacent elements
and the phase modification in the transmitted wave under
the presence of the ICPs.

Three different topologies of PCLs have been designed
(Fig. le). Bends have been introduced to maintain the
location of the whole radiating structure fixed. Thus the
diversity of the PCLs does not affect the elements spacing.
The longest lines have been doubly bent to shorten the
perpendicular microstrip lines for reducing cross-polar (XP)
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LP-PARW Radiated Amplitude Coefficients
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Fig. 3 LP-PARW theoretical, basic cell and mutual coupling

a Amplitude coefficients
b Phase difference between elements at 11.5 GHz

radiation and enhancing co-polar (CP) radiation. The
impedance of the PCLs is 70 Q in order to reduce the
width; this minimises the undesired radiation of these lines.
Furthermore, two microstrip stubs (stub 1 and stub 2 in
Fig. le) have been designed to match the 50 Q coaxial and
the double patch structures to the 70 Q PCL.

3.4 Mutual coupling compensation model

As it was explained in Section 3.2, the preliminary design of
the RWFN was done with the ICPs individually designed in a
basic cell model. Besides, in Section 3.3 the lengths of the
PCLs were obtained from the individual simulations taking
as a reference the previous element [12]. However, mutual
effects between adjacent elements degrade the expected
radiating behaviour. For this reason, a mutual coupling
compensation model presented in [16] has been applied
over the integration of the preliminary RWFN and RPAN
designs. The model is iteratively applied to the central item
of a three element structure whereas the other two act like
dummies (Fig. 1f). In CST Microwave Studio, the actual
radiated amplitude and phase coefficient (Fj.q) of each
element is acquired by defining near E-field monitors in the
aperture (=1 mm height above the upper radiating patch)
(Figs. 1f and 2). Hence, they might be compared with the
theoretical ones (|Flmeo in Table 1). The phase difference
between adjacent elements &k and k£ — 1 (AD,) is defined in (3)

A, = LF, — LF,_4,

Vi > 1 3)

According to this model, two features have been modified
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from the initial values of the basic cell model. The size of
the ICPs to meet the required amplitude feeding distribution
(IFltheo in Table 1), and the length of the PCLs to achieve
the desired uniform phase for broadside radiation
(ADy heo =0°, VK). In Table 1, a comparison between the
size of the ICPs before and after applying the mutual
coupling model is shown. Several important changes have
been done to the dimensions to accomplish the aimed
radiation properties.

The final simulated radiated amplitude coefficients
obtained after the mutual coupling model (JF;[my™") have
been greatly adjusted with this method compared with the
basic cell design process (|Fk|$’:§'°) (Fig. 3a). The initial
phase differences between elements obtained with the basic
cell design (ADYYS) have been reduced to less than +5°
with the application of the mutual coupling model
(AD) (Fig. 3b).

Moreover, if the RPAN is removed from the integrated
structure, the simulated amplitude coupled coefficients form
the RWFN (at point A in Fig. 2) obtained after the mutual

mutual

coup ), suffer critical deterioration

coupling model (|F ol
compared with the initial basic cell values (|F k|«t:’31811;>
(Fig. 4a). This demonstrates that the external mutual
coupling effect is much more significant than the internal
one because the basic cell results and the theoretical values
are practically the same. Therefore the basic cell method is
only useful for the initial stage, but then a mutual coupling
model over the integrated design is strictly necessary.

To confirm this statement, Fig. 45 shows the improvement
obtained over the simulations of the radiation pattern after

MNormalised Radiation Pattern. f = 11.5 GHz ( = 907)
0 - —

[~ Theoretical
|- - -Basic Cell
— Mutual Coupling|

Fig. 4 Simulation results obtained after applying the mutual coupling model

a RWEN coupled amplitude coefficients at 11.5 GHz: theoretical, single cell and mutual coupling
b Theoretical and LP-PARW simulated basic cell and mutual coupling normalised radiation patterns at 11.5 GHz (¢ =90° see axes in Fig. 1)
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y ($=90°)

Full Integration (LP-PARW)

Fig. 5 Manufactured prototypes

a RWFN +RPAN
b LP-PARW

applying the mutual coupling model. Practically the whole
radiation pattern is adjusted to the theoretical except a
misalignment around 60°. This effect can be produced by
the spurious radiation of the PCL of each element that is
not captured by its corresponding near E-field monitor.

4 Experimental results

RWFN and RPAN connectorised prototypes have been
separately manufactured (Fig. 5) and measured. In this case,
the metallic vias have been substituted by 50 Q SMA panel
mount connectors for the measurements. The full
S-parameters characterisation of both prototypes has been
experimentally developed and the complete antenna
behaviour has been predicted. Following, both parts are
assembled together by 16 SMA male-male transitions
(RWFN +RPAN) as is shown in Fig. 5a and measured.
Finally, a fully integrated prototype of the complete antenna
without SMA transitions (LP-PARW) has been also
manufactured (Fig. 5b) and measured.

A comparative between reflection coefficients of the two
manufactured prototypes of the whole antenna (RWFN +
RPAN and LP-PARW) is presented in Fig. 6. A notable
correlation between simulations and measurements is

Input Reflexion

-35 |- Simulated LP-PARW LY

|---Meas. RWFN + Meas. RPAN| % /'
-40 | —Meas. RWFN+RPAN
| - - Meas. LP-PARW

0.8 11 11.2 114 116 11.8 12 122
Frequency (GHz)

Fig. 6 Comparison of simulated and measured input reflections
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observed. The interconnection by software of the measured
RWEFN and RPAN separated S-parameter responses (Meas.
RWEFN + Meas. RPAN in Fig. 6) have a very similar shape
and level than the final measurement of the SMA joint
prototype (Meas. RWFN+RPAN in Fig. 6). This
demonstrates that the separate design assumption between
feeding and radiating networks is possible and predictable
with the appropriate mutual coupling model and design
process. Even though Fig. 6 shows a certain misalignment
between the measured reflections of the full integrated
prototype (Meas. LP-PARW in Fig. 6) and the
connectorised structure (RWFN+RPAN) because of
manufacturing and joint-process tolerances, it is necessary
to clarify that the key point of this work is the importance
of the mutual coupling model application to realise a
correct assumption in the combination of the feeding and
radiating structures. In addition, the separated assembly of
both components (Fig. 5a) corroborates the approximate
behaviour of the integrated prototype (Fig. 5b). As Fig. 6
shows, the achieved reflection response is under —15 dB in
the whole operating band (11-12 GHz).

On the other hand, the RWFN + RPAN and the LP-PARW
radiation patterns measured at the ¢=90° plane (see Fig. 5

Normalised Radiation Pattern. f = 11.5 GHz (¢ = 90°)

v ~—Meas. LP-PARW XP
el - Sim. LP-PARW CP
—Meas. LP-PARW CP
10 - -Meas. RWFN+RPAN CP

Fig. 7 Normalised radiation patterns of RWFN + RPAN and
LP-PARW prototypes at 11.5 GHz (¢ =90°)
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Fig. 8 Simulated and measured results of RWFN prototype at 11.5 GHz

a Coupled amplitude coefficients
b Phase difference between elements
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Fig. 9 Measured and simulated patterns of LP-PARW in frequency band

a LP-PARW measured radiation pattern at 11 and 12 GHz (¢=90°)

b LP-PARW gain and efficiency at the main lobe angle: Simulated gain, measured gain and efficiency

axes) are presented in Fig. 7. The broadside radiation
observed confirm that the PCLs worked as it was expected.
In both cases, a side lobe level below —17.4 dB and a 5°
value of —3 dB beamwidth have been obtained at the
design frequency (11.5 GHz). A notable level of cross-polar
(XP) radiation under —30dB has also been measured.
Nonetheless, a slight asymmetric radiation pattern in the
SLL is also observed. The measured |F|.ou values (at point
A in Fig. 2) of the RWFN (showed in Fig. 8a) demonstrate
that the first six elements couple more power than the
expected in the simulations. Likewise, four elements have a
small phase deviation from the predicted values (Fig. 8b).
This deterioration is produced by the tolerance errors during
the completely manual manufacturing process. However,
the proposed method allows the detection of degradations in
each element without the necessity to measure the near
radiated field in the aperture of the antenna. According to
the observed SLL deviation because of manufacturing
tolerances and good polarisation response, this kind of
antennas could be suitable for systems with moderate
radiation pattern requirements, as high bit rate outdoor
mobile communications in X band.

The measured radiation patterns of the LP-PARW ()=
90°) at different frequencies are shown in Fig. 9a. The
typical main beam frequency scanning of this kind of
progressive wave antennas is verified. Main beam tilt angles
at 11 and 12 GHz are -3.5° and 3.5° respectively.
Therefore the usable bandwidth is reduced to 6% (11.15 —
11.85 GHz) under +2.5° beamtilt criteria [18]. The obtained
6% usable bandwidth is wider in comparison with [18]
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(3%) and [19] (2.5%). This improvement is because of the
lower effective dielectric constant (g.¢=1.177) in the
RWEFN which leads to wider bandwidth under the same
main beam tilt criteria.

The simulated and measured LP-PARW gain responses, as
well as the measured efficiency at the main lobe angle are
presented in Fig. 9. The efficiency has been calculated as
the ratio between the simulated and the measured gains.
Peak gain of 18.5dBi and 85% efficiency values are
obtained at 11.5 GHz. Better efficiency is achieved with this
patch array fed by rectangular waveguide design in
comparison with previously published papers by authors in
SIW [16] (80% at 17 GHz) or parallel plate waveguide [7]
(60% at 12 GHz) technologies.

5 Conclusions and future research

In this article, a complete design model for a linearly
polarised linear patch array over a rectangular waveguide
has been presented. Internal rectangular coupling patches
have been used to couple the power inside the waveguide to
the radiating elements. External microstrip PCLs have been
used to achieve broadside radiation without placement
limitation. The proposed methodology considers separated
antenna feeding (RWFN) and radiating (RPAN) modules.
Likewise, a mutual coupling compensation model has been
used for the final adjustments of the full integrated design.
The RWFN and the RPAN have been manufactured and
measured separately. The final behaviour of the RWFN and
the RPAN union (RWFN +RPAN), has been predicted by
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their separated characterisation. Finally, a full prototype of the
LP-PARW has been also manufactured and measured
obtaining a 18.5 dBi gain an 85% efficiency values at the
main lobe angles at 11.5 GHz. Also a usable bandwidth of
6% has been achieved. After the analysis of the results, the
suitability of the mutual coupling method has been proved.
The following steps in this research are headed towards
more flexible systems for compensating the radiated phase
as digital, mems or varactor phase shifters. The inclusion of
this kind of devices (only possible in the proposed patch
structures in the case of rectangular, SIW or parallel plate
waveguides feeding topologies) will allow to obtain an
adaptive radiation pattern, trending to a smart antenna.
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