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ABSTRACT In this paper, a planar active phased array antenna demonstration with linear polarization (LP)
at Ka Band (28-30 GHz) is presented. The proof of concept is carried out to evaluate the possible problems
that may arise, to analyze possible calibration stages and to assess the viability of the integration of an
active system with a Multi-Channel Beamforming Module (MCBM). To fulfill this task an 8 × 8-element
planar array arranged in column subarrays of 1 × 8 elements for 1D beam steering is proposed. The single
element consists of a printed circular patch connected to a microstrip feeding line through metallic vias in a
multilayered structure. Both the amplitude and phase distributions are performed by a commercial integrated
circuit (IC) designed for transmission purposes, from the common port to each of the 8 output ports. Thus,
an evaluation of the IC performance is also included within this work. Despite the inherent amplitude and
phase feeding errors of the IC, the beam-steering accuracy of the system is reasonable. A nice correspondence
between the simulated and measured 8 × 8-element array beam steering directions is obtained, with errors
below 1◦ in the steering of the beam.

INDEX TERMS Active phased array, beam steering, antenna integrated circuit, Ka band antenna.

I. INTRODUCTION
Nowadays, the need for higher data transmission rates
demanded by communication systems such as satellite com-
munications (SATCOM) [1]–[3] and 5G applications [4]–[6],
or the increasing in versatility experimented by radar sys-
tems [7] is leading to different design trends of beam-steered
antennas at higher frequencies, whose challenges may differ
from each other depending on the particular application or
segment.

A lot of SATCOM On-The-Move (SOTM) solutions for
the ground segment are reported in literature such as reflec-
tor, reflectarray, transmitarray and lens antennas that com-
bines different design approaches to obtain beam steering
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capabilities. Typically, this type of application makes use of
the frequency band between 18 GHz and 20 GHz and the
band between 28 GHz and 30 GHz for the reception and
transmission systems, respectively. These frequency bands
offer better bandwidth behavior than lower frequency bands,
as well as electrically bigger antenna surface for the same
physical dimensions.

Firstly, reflector antennas are commonly used in a
dual reflector configuration together with a phased array
feeder forming what is known as a Focal-Plane Array
(FPA) [8]–[10]. This is a versatile solution that may over-
come the speed problem of mechanical beam steering [11]
or achieve operation in several frequency bands [12]. Sec-
ondly, reflectarray antennas also provide a huge range
of design alternatives that include dual-band [13], dual-
polarization [14]–[16] or wide scanning angle [16], [17]
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behavior. Besides, transmitarray antennas may fulfill the
same requirements with a more compact structure [18]–[22].
With regard to lens antennas, they are implemented in both
dielectric [23], [24] and planar [25], [26] technology and
they usually require mechanical control to modify the beam.
Nevertheless, all these solutions do not show low profile
features, which are desirable for SOTM applications since
they require structures as aerodynamic as possible. Therefore,
planar phased array antennas seem to be a suitable solution to
perform an aerodynamical steering of the beam.

Since mechanical orientation in the two axes (2D) of the
antenna [1], [20], [23]–[26] does not meet low-profile prop-
erties for the entire system, many solutions tend to combine
electronic and mechanic means (1D), one per axis of the
antenna [1], [12], [14] or to develop a complete electronic
control of the beam [2]–[4], [14], [16], [18], [19]. Besides,
2D mechanical beam steering is unsuitable for rapid varia-
tion scenarios, and any possible mechanical control (1D or
2D) malfunction may be critical for the system performance
while an electronic misfunction may only affect to several
radiating elements. Thus, the current design trend is towards
fully electronic reconfiguration schemes for planar phased
array antennas [27]–[39], [42], [43], despite they increase the
complexity of the feeding network and its associated control
circuitry.

The phase shifting for the electronic reconfiguration of
the beam in planar phased arrays could be applied by means
of very different discrete elements. PIN diodes [27] usually
offer a cost-effective solution in spite of the losses they
present. On the contrary, varactor diodes [28], [29] present
a low-loss option with the same low-cost characteristics.
Nevertheless, a diode-based option usually requires sufficient
space to make integration at element level extremely difficult
for 2D planar arrays. A very promising solution to cope
with these integration requirements are the System-on-Chip
(SoC) or Integrated Circuit (IC) devices. The state-of-the-art
SoC solutions bring together different kind of fabrication
processes such as GaAs, CMOS or Si/SiGe BiCMOS for RF
purposes [40]. SoCs may also incorporate radio-frequency
microelectromechanical systems (RF-MEMS) for switch-
ing [41], phase delaying [42] or capacitance tuning [43].
When the SoC implements different RF/mmW circuitry it
receives the name of Monolithic Microwave Integrated Cir-
cuit (MMIC’s). They are able to integrate RF components
(including RF-MEMS [40]) in such a high-density manner
that different RF architectures may be performed within the
same IC, like multi-channel transceiver chains [38], [39] or
phased-array front-ends [45]. For last, the antenna system
may be embedded in the SoC, which is reported in literature
as Antenna-on-Chip (AoC) or Antenna in Package (AiC),
depending on the integration scheme [46]. Nevertheless, this
approach is not suitable for very large antenna structures
where scalability and efficiency are major issues.

As it can be seen, there are a lot of possible com-
binations of different technologies or architectures to
implement RF/mmW devices. For phased-array purposes,

the abovementioned front ends [45] seem to be a really good
choice when scalable, high-density, low-profile, high-speed
beam-steering properties are desired. Furthermore, several
commercial ICs designed for the reception system (from
18 GHz to 20 GHz) and for the transmission system (from
28 GHz to 30 GHz) are available on the market to develop
SOTM antenna systems. They consist of several independent
channels from a common port with discrete Amplitude Con-
trol (ACt) and Phase Control (PCt) per channel. That is why
they are also known as Beamforming Modules (BM) [34] or
Multi-Channel Beamforming Modules (MCBM) [35]. Fur-
thermore, due to the versatility they add, other properties
such as Sidelobe Level (SLL) and polarization control may
be obtained. Thus, this design approach is setting the trend
for current planar phased-array systems.

Nevertheless, a lot of MCMB-driven planar phased array
antennas reported in literature [30], [31], [33]–[38] do not
analyze neither the behavior of the IC and its non-idealities
nor its direct impact on the radiation properties of the array
when both are integrated. However, it is true that many other
papers employ numerousmathematical analysis techniques to
infer the effects of devices such as amplifiers or phase shifters
on the radiation pattern. For example, in [47] a 4-element
printed linear array with a beamforming novel technique,
which uses a single ACt and a single phase shifter for the
entire array, is analyzed. Moreover, it includes one additional
amplifier for each radiating element, which is characterized
by a frequency-dependent non-linear behavioral model. With
a one-tone and two-tone signal description the proposed
analysis is capable of predicting the behavior of the entire
array antenna. Other techniques such as the application of
the non-linear Shimbo model [48], which takes into account
the memory effects of the power amplifiers, and other circuit
model approaches [49], [50] have been proposed by authors
to characterize active array antennas. Nevertheless, such tech-
niques becomes extremely hard to apply to MCMB-driven
antennas for several reasons. In these analytical works,
the active components associated with the antenna are known,
whereas in MCMB-driven antennas, the particular layout of
the utilized IC is unknown. For high-frequency purposes (as
in the present work), it becomes extremely difficult to make
room for active devices such the ones proposed in some of
the references [47]–[50]. Thus, MCMB modules are of great
relevance, and an analytical approach of a different active
antenna scheme is also discarded. In addition, and as it will be
covered below, these MCMB modules are sufficiently com-
plex (with dependencies between PCt and ACt and between
channels) that an analytical characterization based on empir-
ical measurements may not be feasible. Consequently, as a
preliminary step, the integration stage between the antenna
and the MCMB module is analyzed, prior to a more rigorous
mathematical characterization. In addition, the integration
stage means a key factor to analyze the potential problems
of the system or the possible calibration requirements that
will assess the viability of such type of systems. With this
work, a lot of applications may benefit from an agile and ease
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design and manufacturing process, since a calibration stage
may be unsuitable for very large aperture antennas that make
use of MCMBmodules. Besides, this work estimates the loss
in performance that the active antenna system may suffer.

This analysis approach is followed experimentally
throughout the present paper with a proof of concept
that works at Ka Band (28-30 GHz). For this purpose,
the AWMF-0109 commercial IC from Anokiwave is used.
This IC is a MCBM with 8 independent channels with
5-bit PCt and ACt. The commercial evaluation kit of the
IC is then used to evaluate the integration step of the IC
with the proposed planar antenna. Cables and coaxial-to-
microstrip transitions are also necessary to interconnect both
the antenna and the active device. Hence, the effects of these
parts on the system performance should be characterized
and calibrated. The planar array antenna is supposed to
validate the beam-steering accuracy achievable with this IC
and to analyze the viability of the complete active system.
A 8 × 8-element array arranged in 8 corporately-fed sub-
arrays of 1 × 8 elements for linear polarization (LP) 1D
beam-steering is proposed.

It is well known that satellite communications use anten-
nas with circular polarization and not linear polarization.
However, in order to achieve SOTM capabilities the antenna
has to be able to generate switchable circular polarization.
Consequently, the radiating elements require a dual-feeding
scheme to control not only the phase of the element, but
also the phase difference between ports to obtain left-handed
or right-handed circular polarization. With this architecture,
a single IC would drive an array of up to 4 elements, typically
arranged in a 2D squared grid. Each IC output port would be
attached to one of the two radiating element inputs. Hence,
either the radiators are single elements or larger subarrays,
the viability of the system becomes really hard to analyze.
In the first case, the main beam produced by the antenna
would be very wide, so even for little beam-steered angles
it gets very difficult to assess where the antenna is actually
pointing. In the second case, only 2 elements are controlled
no matter the size of the antenna or the axis in which the
pointing is to be performed. For this reason, if the radiation
properties of a switchable circularly polarized array need
to be analyzed, more than one IC should be used. Thus,
the analysis of a single IC is not possible, and the degree of
uncertainty increases in the analysis since more than one IC
would be tested at once.

With the proposed design the steering may be tested with
a narrow and well-defined beam. Switchable circular polar-
ization is replaced by linear polarization in order to control a
bigger number of radiating elements or in this case subarrays.
Specifically, one subarray for each port in the IC, which
leads to a more straightforward analysis. It is important to
highlight that the proposed analysis, calibration scheme and
the achieved results may differ for other type of antennas,
such as those that perform the switchable circular polar-
ization, as it will be discussed in the next sections. Since
the proposed proof-of-concept is dealing with low-profile

integration issues, the radiating elements are circular printed
patches connected to microstrip feeding lines by means of
metallic vias. For final integration and scalability other trans-
mission lines like stripline may be suiter, but this way it is
much easier to perform the proposed analysis. The reason
behind the shape of the radiating elements is to develop a
switchable circular polarization analysis in further research
steps with other radiating structures.

II. PROOF-OF-CONCEPT DESCRIPTION
The proposed proof-of-concept at Ka band (28-30 GHz) is
depicted in Fig. 1. It results from integrating the ICEvaluation
Board (IC-EB) with the board of the array antenna. This inte-
gration is performed via Minibend KR-6 cables and South-
west 1092-04A-6 2.92 mm end-launch connectors. Thus,
the potential transmission imperfections of such components
should be taken into account in the integration process and
should be calibrated and compensated as much as possible
through the IC ACt and PCt.

FIGURE 1. Proposed proof-of-concept integration scheme.

The IC-EB scheme is shown in Fig. 2. It interconnects the
8 output ports and the common input port of the IC with
the corresponding 2.92 mm coaxial terminals of the IC-EB.
This connection is performed by means of grounded coplanar
waveguides (G-CPW), which are more suitable for soldering
this kind of ICs. As it can be appreciated, every output port is
labeled with its geographical position in relation to the center:
N for North, S for South, E for East and W for West. The
name also includes the virtual polarization each port would
control for other kind of dual-polarized radiating structures:
VT for Vertical Transmit and HT for Horizontal Transmit.
This fact reveals that this kind of ICs are meant to be used
in other kind of radiating structures (such as 2 × 2-element
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dual-polarized subarrays), as discussed above. Nevertheless,
with the proposed analysis the characterization and viability
assessment of a single-IC integration scheme in terms of
beam steering is not only easier, but possible. The IC-EB also
contains all the required hardware and software to control
the IC from a PC. Nevertheless, a proprietary tool has been
developed to automate the measurement process not only for
the IC-EB with a VNA but also for the measurement of the
proof-of-concept in the anechoic chamber.

Fig. 2 not only shows the general scheme of the IC-EB, but
it also provides an idea of the block diagram of the IC. It offers
8 different and independent paths where a 5-bit ACt may be
applied to the transmitted signals, with a Less Significant
Bit (LSB) value of 0.5 dB and a dynamic range of 15 dB.
Furthermore, a PCt with a LSB of 11.25◦ is available. Sev-
eral temperature and gain compensation amplification stages
are also included at the common branch. It is important to
highlight that the AWMF-0109 is a commercial device, so the
particular block diagram of the IC is unknown.

FIGURE 2. Integrated Circuit (IC) evaluation board and block diagram.

A scheme of the proposed planar array antenna appears
in Fig. 3. It consists of a 8×8-element Linearly Polarized (LP)
circular printed patch array. This aperture is arranged in
1× 8-element corporately-fed column subarrays. Therefore,
depending on the phase difference among the input ports,
an azimuth beam steering may be performed. The radiating
element of the proof-of-concept is in this case vertically
polarized. Each input port is named from 1 to 8 from the left
column to the right column when it is seen from the front.

The radiating element is fed from the opposite layer
by microstrip transmission lines. Then, patches and lines
are connected through metallic vias passing through an

FIGURE 3. Scheme of the proposed 8× 8-element planar array antenna
for azimuth beam steering with its corresponding stack-up.

intermediate ground plane by means of circular apertures.
All the corporate feeding network input lines end up in a
transition to the 2.92 mm Southwest connector. Additionally,
several intermediate prototypes were manufactured to verify
design process. Of course, all these designs were performed
in the same frequency band of the IC (28-30 GHz).

Finally, in Fig. 3 it is also depicted the stack-up of the
antenna. A Rogers RO3035 substrate is used for the patches
and for the microstrip lines. It presents an εr = 3.50 and a
tanδ = 0.0015 at 10 GHz. To attach both substrates, a Rogers
RO2929 prepreg is employed. It presents an εr = 2.94 and
tanδ = 0.003 at the same frequency.

III. PASSIVE ARRAY ANTENNA DESIGN AND
MEASUREMENT
In this section, passive array antenna design, manufacture and
measurement steps are discussed.

A. PASSIVE ARRAY ANTENNA DESIGN
Fig. 4(a) depicts the 8×8-element proposed design as viewed
from the front. All the radiating elements are arranged in
1×8-element column subarrays, all of them fed by a corporate
microstrip feeding network located on the opposite side of the
board (see Fig. 4(b)). Each of the networks is connected to
one of the eight ports of the prototype. However, this design
is limited by the separation between elements dx since it
determines the space available for the corporate microstrip
feeding networks. This fact could lead to mutual coupling
among different microstrip lines that may disturb the radia-
tion pattern of the array. In Fig. 4(c)-(d) it may be appreciated
respectively a detail view of the 8× 8-element array and the
set of 8 corporate microstrip feeding networks.

Regarding the radiating elements, the proposed antenna
uses circular printed patches fed by the microstrip transmis-
sion lines of the corporate feeding networks. Both of them
are connected by metallic vias. This connection is made
through a circular aperture performed on the ground plane
between them. Fig. 4(e)-(f) show, respectively, a detailed
view of the vertically polarized radiating element from the
front and from the back. The stack-up has been made trans-
parent within Fig 4(e)-(f) to better display the multi-layered
structure of the circular patch. For linear polarization,
rectangular patches may be suiter, but circular patches are
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FIGURE 4. Linearly polarized 8× 8-element circular printed patch array
antenna prototype: (a) front view, (b) back view, (c) 8× 8-element array
(detail), and (d) corporate feeding network array (detail). Circular printed
patch element: (e) front view, and (f) back view (all the stack-up is
hidden). Microstrip to patch metallic via transition detail view: (g) with
the microstrip feeding lines substrate hidden, and (h) with all the
stack-up hidden. (i) Corporate feeding network 4 detail view. Southwest
1092-04A-6 2.92 mm coaxial connector: (j) front view as seen from the
port, (k) front view as seen from the port (patches substrate and
connector body are hidden), (l) back view as seen from the port, (m) back
view as seen from the port (connector body is hidden), (n) back view as
seen from the feeding line, and (o) back view as seen from the feeding
line (detail). Design dimensions in mm are dpatch = 3.06, dap = 0.7,
dvia = 0.2, dpad = 0.4, probesep = 0.75, dx = dy = 0.5 · λ0 (@ 29 GHz)
= 5.17, wustrip = 0.26, w1 = 0.48, l1 = 1.67, w2 = 0.45, l21 = 0.5,
l22 = 1.65, w3 = 0.4, l31 = 1.3, and l32 = 1.1.

used in order to develop future research steps with the anal-
ysis of the IC performance in terms of axial ratio. Moreover,
in Fig. 4(g) it can be appreciated a detailed view of the
metallic via transition between the patches and the feeding
lines with the patches microstrip lines substrate hidden to
make the intermediate ground plane visible. Fig. 4(h) shows
the same via transition view but with all the stack-up hidden.

Since the relative bandwidth of the defined frequency band
is around 7% this feeding method is enough to maintain
the structure matched. Besides, a single patch configuration
instead of a double-stacked patch structure has been used for
the proposed proof of concept.
Additionally, a detailed view of the corporate microstrip

feeding network together with its main dimensions is shown
in Fig. 4(i). It can be observed the three different division
levels with their corresponding λ/4 transformer. Depending
on the division level, the particular transformer is bended at
a different point in order to mitigate as much as possible the
mutual coupling effects between lines. Finally, Fig. 4(j)-(o)
show three different figure subsets with the connector model
and its transition to the microstrip line from different points
of view. The first subset (Fig. 4(j)-(k)) depicts the connector
transition viewed from the front of the antenna and from the
input port. Since the patches substrate and the connector body
are hidden, in Fig. 4(k) it can be appreciated the intermediate
ground plane and short-circuiting vias that interconnect it to
the transition. The second subset (Fig. 4(l)-(m)) represents the
connector transition viewed from the back of the antenna and
from the port. In the case of Fig. 4(m) only the body connector
is hidden, exposing the transition structure and the transition
contacts to the intermediate ground plane. The third subset
(Fig. 4(n)-(o)) displays the transition viewed from the back
of the antenna and from the microstrip line. In Fig. 4(o) the
place where the inner pin of the coaxial connector and the
microstrip line make contact is magnified.
Concerning the way in which the antenna is fed, the IC will

deliver a frequency-dependent complex feeding coefficient
An = an ·ej·αn to each column subarray of the antenna n, with
n= 1, . . . , 8. Regardless of the potential errors the IC would
introduce in these coefficients, the steering of the beammight
be achieved by varying the phase αn among the different
columns in such a way that the aperture field phase approach
a linear function with minimum error. This condition should
remain unaltered no matter the absolute phase value of each
element. This phase variation is called the progressive phase
shifting and it is defined as αn = α0 − n · ϕ, with n =
1, 2, . . . , 8, and α0 being an arbitrary value. Consequently,
a 1D azimuth steering of the beam is established by varying
this progressive phase shifting ϕ among column subarrays.
An amplitude distribution to reduce the Sidelobe Level (SLL)
parameter may be also applied to the radiation pattern by
modifying a1, a2, . . . , a8 coefficients.
Finally, the frequency dependence of the coefficients An

together with the errors in the transmission parameters intro-
duced by the IC should be taken into account when character-
izing the IC to decide if a calibration is required. These errors
may disturb the radiation pattern of the active array antenna
and consequently theymay reject the viability of the proposed
system.

B. PASSIVE ARRAY ANTENNA FABRICATION
The final prototype of the vertically polarized 8× 8-element
array antenna is represented in Fig. 5 (front view and
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back view). It can be seen the 8 different subarray columns,
with the first and the last one highlighted. Each input port of
the design is labeled with its corresponding column. Both of
them input port and column are connected by different bended
microstrip lines with different shapes, numbered with their
respective column and port. The purpose of these lines is to
distribute all the 2.92 mm coaxial connectors (also depicted
in Fig. 4(a)-(b) and Fig. 4(j)-(o)) around the entire contour
of the board while the array antenna is centered. These lines
have been designed to measure the same electrical length.
An intermediate prototype with all these transmission lines
was also considered to characterize any possible fabrica-
tion mismatches (Fig. 5(c) and Fig. 5(d)). If this happens,
the transmission phase differences among them could lead
to undesired effects on the final radiation pattern of the
active antenna. Since the IC is able to modify the transmis-
sion parameters, this analysis should be used to calibrate
the complete integrated system to achieve optimum active
performance. Fig. 5(b) shows also the 8 corporate microstrip
feeding networks located in the back side of the antenna,
where the first and the last one are highlighted. All of them are
named with their corresponding column, line and port. The
transition to the 2.92 mm coaxial connector is also displayed
and it is present in all the input ports of the design.

FIGURE 5. Linearly polarized 8× 8-element array antenna prototype:
(a) front view, and (b) back view. Microstrip feeding lines intermediate
prototype: (c) front view, and (d) back view.

C. PASSIVE ARRAY ANTENNA MEASUREMENT:
S-PARAMETERS AND RADIATION PATTERN
The measured and simulated results of the considered pro-
totype are depicted in Fig. 6. They can be divided into 2
different groups: passive S parameters for the column sub-
array 4 and active S parameters for some ideal beam-steered
directions.

It can be seen that the depicted passive reflection coeffi-
cient |S44| in Fig. 6(a) remains below −12 dB for the entire
frequency band. In addition, all the reflection coefficients

FIGURE 6. (a) Measured, and (b) simulated 8× 8-element array antenna S
parameter results: reflection |S44| and transmission |SX4| for column
subarray 4 and active reflection for ϕ = 0◦, 11.25◦, and 33.75◦.

of the rest of the column subarrays show similar responses
because mutual coupling among columns was taken into
account in the design process. This coupling parameter |SX4|
is also depicted within Fig. 6(a), and it presents maximum
amplitude levels of around −20 dB in the entire frequency
band, which are regarded as reasonable values for this kind
of structure. Higher mutual coupling values could lead to
several undesired effects and imbalances not predicted by
the classical array antenna theory. The radiation pattern of
the single elements and therefore of the entire array may
get distorted due to the surface currents induced by the cou-
pled fields. Thus, the obtained radiation pattern will differ
from what would be expected from the theory. In addition,
the coupled fields will be translated into a modification of
the active impedance (which is described below) at the input
port of the array. These changes could provoke the array to be
mismatched, and therefore, the Effective Isotropic Radiated
Power (EIRP) of the antenna to be downsized. As mentioned
hereafter, this decay will not be detected at the input of
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the IC. Naturally, the more the mutual coupling, the more
the antenna will be mismatched. Besides, mutual coupling
between elements could produce very strong decreases in the
achieved EIRP for beam-steered systems for certain point-
ing directions (blind angles). A maximum value of −20 dB
of mutual coupling between elements will not significantly
affect the antenna performance in terms of the radiation
pattern, maximum achievable EIRP or input impedance. If a
perfect input impedance matching and a maximum coupling
level of −20 dB for the adjacent radiating elements (it can
be seen in Fig. 6(a) that for further elements this coupling
level remains practically negligible) are considered, the input
impedance matching will change to |0in| = −13 dB (assum-
ing these couplings are combined in phase). For other com-
plex additions the input impedance matching level will be
below −13 dB. This change in the input impedance will
lead to a maximum gain decay of 1 − |0in|2 = −0.01 dB.
Therefore, these mutual coupling levels can be neglected for
this type of antenna. For other radiating structures this mutual
coupling parameter may get higher since more than one linear
polarization may be used. Thus, depending on the radiating
structure the mutual coupling value may be considered rea-
sonable or not.

Regarding the active S parameters depicted in Fig. 6(a),
they represent the reflection coefficient of the proposed
antenna prototype for some ideal phase distributions of the
IC. These parameters are obtained by combining in simula-
tion all the measured SX,Y parameters for the same Y input
port. The output ports X go from 1 to 8, and the ideal phase
distribution per pointing direction is set at each port. Once
these parameters are calculated, they are combined in simu-
lation again for all the input ports Y, as if they are corporately
fed from a common port. The final results for this calculation
for both measured S-parameters and simulated S-parameters
of the antenna are the ones depicted in Fig. 6(a)-(b).
The angle ϕ is selected as a function of the pointing direction
and PCt is set tominimize que aperture phase error. A uniform
amplitude distribution (a1 = a2 = . . . = a8 = 1) is
considered, like all of the beam-steered states analyzed at the
end of the paper. This parameter provides an idea of how
these mismatches might affect to the maximum achievable
EIRP by the active antenna. Since the integration process does
not allow to access to this parameter, and the input reflection
coefficient of the complete antenna will be the one at the input
of the IC, the performance losses due to passive mismatching
may be quantified prior the integration process. So, the active
S parameters displayed in Fig. 6(a) (uniformly fed amplitude
and with no phase errors) remain below −12 dB. For the
beam-steered directions close to the broadside, the response
does not deviate from the passive response. For directions
away from the broadside this parameter is even lower, so it
can be concluded that a sub-optimal active antenna perfor-
mance is achieved. As it can be appreciated in Fig. 6(a)-(b),
the simulated and measured results match reasonably well.
The observed discrepancies may be caused by manufactur-
ing defects, insufficient characterization of the materials at

28 GHz - 30 GHz frequency band, buckling of the board due
to the asymmetry in the stack-up, and the clearance present
between the connectors and the board, which may cause them
not to make perfectly centered contact.

Finally, in Fig. 7 it can be seen the radiation properties of
the proposed passive array antenna. It shows the comparison
between measured and simulated normalized copolar (CP)
and crosspolar (XP) radiation patterns at the central frequency
of 29 GHz and the extreme frequencies of 28 GHz, and
30 GHz for the 8× 8-element prototype, and for the φ = 90◦

cut. As it can be appreciated, all the radiation patterns match
nicely with what was expected from the simulation results.
The response of the array at the other principle cut φ = 0◦ is
very close to the depicted response for φ = 90◦.

FIGURE 7. Copolar (CP) and crosspolar (XP) normalized radiation patterns
at 28 GHz, 29 GHz, and 30 GHz for one column subarray for φ = 90◦.

IV. INTEGRATED CIRCUIT CHARACTERIZATION
PROCEDURE
This chapter covers the characterization of the active device
of the system. Fig. 8(a) physically shows the Anokiwave
AWMF-0109 IC-EB. It has the eight output ports and the
input port surrounding the board. As previously said in
Section II, the eight output ports are labeled with their geo-
graphical position with respect to the center and the virtual
polarization that they would control if other type of dually
polarized structures are connected to them (as it was dis-
cussed above): e.g. NW-VT for NorthWest Vertical Transmit
port. The IC and its corresponding input/output ports are
connected by grounded coplanar waveguide (G-CPW) trans-
mission lines.

The measurement setup is depicted in Fig. 8(b). The IC-
EB is connected to the DC power supply and the VNA ports
1 and 2 are respectively connected to the input port and the
output port of the channel under test. The rest of the output
ports are loaded with 50 � coaxial terminations. A software
measurement tool that controls the IC and the VNA was
developed to automatize the IC characterization process due
to the high number of possible configuration states of the IC.
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FIGURE 8. Anokiwave AWMF-0109 IC-EB: (a) front view, and (b) within
the measurement setup.

For example, if a certain amplitude distribution is established,
there will be 2nbits possible phase selection for each element,
where nbits is the number of bits associated to the PCt. Con-
sidering only phases associated to some pointing direction,
the number of available directions is very large. Furthermore,
if for each phase configuration an ACt is applied, the number
ofmeasurements will be even higher. Hence, the software tool
automatizes all the measurements for all the defined config-
uration states. Then, each port is automatically measured for
all of the desired configurations, leaving the change of port
under test as the only manual operation.

For the S-parameter measurement discussion, a reference
configuration state for the ICwill be taken. This configuration
will be the one that generates the broadside state for the active
antenna. The other beam-steered configurations of the system
will start from it. Thus, a uniform amplitude distribution with
a progressive phase shift of ϕ = 0◦ is expected from the IC.
For this state, Fig. 9(a)-(c) displays the amplitude and phase
transmission state of each channel along with their reverse
transmission and reflection coefficients, and the input reflec-
tion coefficient of the AWMF-0109 IC. Fig. 9(a) depicts the
amplitude transmission parameter |S21| per port referenced to
SW_HT port. Considering a uniform amplitude distribution,
it can be seen that the amplitude error is below ±1 dB for
the worst case within the operational frequency band. This
amplitude error is significant and is above the amplitude value
of the LSB of the IC. Extensively, the absolute transmission
gain for the reference channel is around 18 dB for most of
the frequency band. Fig. 9(b), on the other hand, shows the
phase transmission parameter 6 S21 per port, also referenced
to the SW_HT. It can be appreciated that all the channels
are reasonably equalized in the phase transmission, with an
observed error value close to ±6◦ at 29 GHz. This error is
within half the phase value of the LSB of the IC. More-
over, Fig. 9(c) exhibits the reverse amplitude transmission
coefficient |S12| per channel, the reverse amplitude reflection
coefficient |S22|, and the input reflection coefficient |S11|
of the IC for this uniformly-fed broadside state. Both the
reverse amplitude transmission and reflection parameters are
reasonably below−35 dB and−10 dB respectively. However,
the input reflection coefficient is slightly worse, with a maxi-
mum value of−8 dB. It is important to highlight that the input
reflection coefficient of the active antenna will be the one

depicted in Fig. 9(c), that is fixed by the IC, and not the active
one depicted in Fig. 6(a)-(b). This active input reflection
coefficient, which is the one of the passive array antenna
for a certain beam-steered state, will downsize the maximum
available EIRP of the system without being reflected on the
|S11| of the active antenna.

Despite the phase error coming from the IC is relatively
low, the amplitude error is considerably high. In fact, it is
high enough to try to mitigate it with the ACt of the IC.
Fig. 9(d)-(e) shows the S-parameter measurements of the
amplitude calibration applied to the uniformly-fed broad-
side state represented within Fig. 9(a)-(c). This calibration is
performed by only modifying the ACt of the IC to equal-
ize all the output ports of the IC, while leaving the PCt
applied in Fig. 9(a)-(c) unaltered. It can be appreciated that
the amplitude transmission parameter |S21| per port refer-
enced to the SW_HT port depicted in Fig. 9(d) has slightly
changed compared to the previous state displayed in Fig. 9(a).
The amplitude error among ports is now around ±0.25 dB,
which represents a much better result to obtain an amplitude
distribution as uniform as possible at the active antenna aper-
ture. Nevertheless, the original phase distribution portrayed
in Fig. 9(b) has also been altered compared to the phase
distribution depicted in Fig. 9(e). Although most of the phase
states remains very similar compared to the phase configu-
ration of the initial state depicted in Fig. 9(a)-(c), the phase
state of the SE_VT port has been significantly changed. This
channel presented the highest amplitude deviation for the
initial state of the IC. This reveals a not negligible ACt/PCt
(Amplitude Control to Phase Control) interaction effect on
the IC transmission mechanism. This undesired alteration,
which usually occurs in the amplification stage, modifies
the transmission phase response when only the amplitude
response is changed. This phenomenon may distort the pro-
posed IC auto-calibration scheme. Moreover, the opposite
PCt/ACt (Phase Control to Amplitude Control) interaction
effect is also observed when trying to re-calibrate the phase
distribution once the amplitude distribution has been modi-
fied. In this case, the phase-shifting step introduces an ampli-
tude deviation in the transmission response when only the
phase response is modified. It becomes clear that the IC is
not able to self-calibrate its amplitude and phase errors at
once for any possible configuration. The IC amplitude and
phase transmissions are not independent and modifying one
of them has an impact on the other, and with no control over
it. Thus, a certain no auto-calibratable error will be assumed
at the active antenna aperture. Additionally, the reflection
parameters at the input and output ports alongwith the reverse
amplitude transmission of the state depicted in Fig. 9(d)-(e)
remains very similar with respect to the parameters displayed
in Fig. 9(c).

Nevertheless, this amplitude and phase error levels will
not significantly affect the radiation properties of the active
antenna, as will be seen afterwards, regardless of how severe
the ACt/PCt interaction effects are for a certain configura-
tion. But for other radiating structures, that are capable of
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FIGURE 9. Measured Anokiwave AWMF-0109 broadside state: (a) amplitude transmission parameter |S21| per port referenced to SW_HT port, (b) phase
transmission parameter 6 S21 per port referenced to SW_HT port, and (c) reverse amplitude transmission parameter |S12| per port, reverse amplitude
reflection parameter |S22| per port, and input reflection parameter |S11|. Measured Anokiwave AWMF-0109 amplitude-calibrated broadside state:
(d) amplitude transmission parameter |S21| per port referenced to SW_HT port, and (e) phase transmission parameter 6 S21 per port referenced to
SW_HT port.

generating switchable circular polarization, the assumed error
and the no-calibration approach may not assess the viability
of the system, at least for a single IC.

V. ACTIVE ARRAY ANTENNA MEASUREMENT
In this section, the integration procedure of the proposed array
antenna and the IC-EB is addressed.

Prior to the integration stage, all the elements that represent
a source of systematic phase and/or amplitude errors to the
system in the integration process may be characterized to

calibrate their responses with the IC. Components such as
cables (which demonstrate high stability characteristics with
bending), connector transitions or manufacture disparities on
the feeding lines are taken into account in the performed
calibration of the proof of concept. Unlike these systematic
deviations suffered by the proposed system, which may be
calibrated by the IC as accurate as possible, the IC errors
are randomized due to the ACt/PCt and PCt/ACt interaction
phenomena. These effects make it really difficult to equalize
the amplitude and phase distribution by an auto-calibration
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procedure as explained before. Hence, there is no other option
but to assume them in the system. In addition, all these errors
depend also on the frequency. Nevertheless, this dependency
may be included into the calculation of the beam-steering
direction, which is discussed within the next section. The
behavior of the system against all the sources of amplitude
and phase errors may reject or not the viability of the pro-
posed analysis. As discussed within the previous sections,
these issues do not affect the behavior of the proposed pas-
sive array antenna. For other type of antennas with different
polarization schemes these errors will influence their radi-
ation properties in such a different way that this viability
assessment should be performed with them.

A. BEAM-STEERING DIRECTION CALCULATION FOR THE
ACTIVE ANTENNA
When it comes to integrate both antenna and IC-EB, the
calculation of the different phases per port to feed the antenna
is discussed. As mentioned in the previous sections, the IC is
capable of performing a 5-bit ACt and PCt over the transmis-
sion parameter S21 of each channel of the IC-EB. Therefore,
there are 25 possible amplitude and 25 possible phase states
for each transmission parameter. Hence, the number of all
the different configurations of the IC is completely dispro-
portionate, with a value of 8 · 25 · 25 = 8 · 210 different
states. Due to this fact and to the discussed PCt/ACt and
ACt/PCt interaction phenomena demonstrated at Section IV,
it becomes unfeasible either to completely characterize the IC
for all its possible configuration states or to calibrate the IC
for each considered configuration. Moreover, this calibration
process requires a re-calibration step (presumably more than
one step) to adjust the amplitude when a particular set of
phases is set or to adjust the phase when a particular set of
amplitudes is set. Consequently, not only the discretization
error in the phase will be assumed, but also the amplitude
error that the particular phase distribution will generate due
to the PCt/ACt interaction phenomenon. This assumed error
is transferred to the antenna aperture and may degrade the
generated radiation pattern. Nevertheless, it will be seen that
this error does not affect the viability of the proposed system,
but also helps to perform a smoother sweep when the pointing
angle direction is changed.

For this analysis, a uniform amplitude distribution will
be also considered. Thus, all the channels are set to their
respective maximum gain state (see Fig. 2). Due to the
PCt/ACt interaction effect of the IC this maximum gain
states will vary with the phase distribution to point the active
antenna to the required angle, and the amplitude difference
between ports may be higher or lower depending on the
configuration.

To calculate the progressive phase shifting ϕ between
columns that is necessary to perform the steering of the
beam towards the pointing angle direction θ , the expression
used for a 1D linear array placed in the x-axis is utilized as
ϕ = k0 · dx · sin(θ ), where k0 is the free-space wavenumber.
Once the progressive phase shifting ϕ is calculated, each

of the ports is set to the nearest phase state that preserves
the previously mentioned relationship αn = α0 − n · ϕ.
To perform the PCt of the n-th column subarray to change
its phase state αn, the initial phase state δn of every channel
is considered as the starting point and is associated to the
nominal zero phase for any channel. This initial state δn per
port is depicted in Fig. 9(b) referenced to SW_HT port, and
it corresponds to the phase transmission parameter 6 S(n)21 of
each port. The computed phase shift is rounded to the closest
multiple of shfmin, where shfmin is the minimum phase step
of the IC (11.25◦), until the potential phase error in ϕ with
respect to the previous column is minimized. The constant α0
can be fixed to some specific value or adjusted for minimum
discretization error at each pointing process, depending on
the system interest of small phase jumping or computing
capacity of the data processor. For other kind of passive
antennas (e.g. the dual-polarized 2× 2-element passive array
for switchable circular polarization), the calculations would
include not only the progressive phase shift ϕ for steering the
beam, but also the 90◦ phase difference among dual ports
to set the desired circular polarization. Thus, the potential
amplitude and phase errors that would occur at the antenna
aperture may impact differently on the antenna performance.
Consequently it might happen that these errors cannot be
assumed in the aperture, and another calibration strategy has
to be applied (at least for antennas with a small number of
elements).

Ideally, the parameter ϕ would not depend on the chan-
nel, the amplitude distribution, or the phase distribution,
and should be constant between adjacent columns for each
different configuration. However, and because of all the
possible sources of error of the IC: amplitude discretiza-
tion, phase discretization, PCt/ACt, and ACt/PCt interaction
effects, the phase differences among channels will differ
from the ideal distribution. Furthermore, depending on the
considered phase distributionϕ therewill be some port phases
further away from the expected than others. As previously
mentioned, this discretization error will be assumed at the
active antenna aperture. Moreover, all these errors will help
the system to perform a smoother steering of the beam
instead of a stepped steering of the beam. The root mean
square error in ϕ is calculated for every considered con-
figuration to quantify how much the amplitude and phase
feeding coefficients are far from the ideal ones. In addition,
for high beam-steered configurations the sidelobe level (SSL)
is going to be increased due to the inclusion of the repli-
cas of the main lobe in the visible region. Because of this,
the maximum beam-steered configuration to analyze will
be θ = ±50◦.

B. ACTIVE ARRAY ANTENNA MEASUREMENT RESULTS
In the current section all the measured radiation properties
of the 8 × 8-element active array antenna are discussed.
In Fig. 10 it can be shown the final prototype inside the ane-
choic chamber with all the RF, power and control interfaces
connected to it.
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FIGURE 10. Active array antenna proof-of-concept within the anechoic
chamber.

First of all, only 7 configurations of the antenna will be
presented. They demonstrate the beam steering capabilities
of the antenna for θ = {0◦, 5◦, 10◦, 20◦, 30◦, 40◦, 50◦}.
All of them assume a uniform amplitude distribution with the
inherent amplitude errors of the IC.

The measured copolar radiation patterns for the considered
beam-steered configurations are shown in Fig. 11. The radi-
ation patterns are only displayed for the middle frequency.
However, the measured radiation patterns at the upper and
lower frequencies exhibit a very similar behavior. It might be
appreciated how the amplitude and phase imbalances impact
on the radiation pattern by causing it to be asymmetrical.
Nevertheless, these errors do not affect considerably to the
radiation performance of the active antenna. All the radiation
pattern asymmetries are reasonably low, and the influence of
the array factor prevails.

FIGURE 11. Simulated and measured copolar (CP) normalized radiation
patterns for the beam-steered configurations of the active array antenna
proof-of-concept.

In Fig. 12 it is depicted the Root Mean Square (RMS) error
for the considered seven IC configurations. It evaluates how
far are the measured S21 parameters for the 8 channels of the

IC-EB with respect to the discretized ideal S21 parameters.
Thus, the inherent IC imbalances are evaluated. It is well
known that the associated gain reduction due to discretiza-
tion depends strongly on the number of bits nbits and it is
barely negligible when nbits ≥ 4 [51]. It can be seen that the
amplitude RMS error and the phase RMS error remain below
approximately 1 dB and 10◦ respectively. With these error
levels, the impact on the gain decay is around 0.3-0.4 dB,
and the pointing accuracy results outstanding. Hence, the via-
bility of the proposed system is demonstrated. It is worth
mentioning that the phase shifting approach of the IC is
constant in phase, but not constant in delay (or True Time
Delay (TTD)). Thus, the instantaneous bandwidth available
for the transmitted signal is reduced. However, the frequency
of the signal may be considered in the calculation of the
steering of the beam, and consequently the transmission may
be optimized.

FIGURE 12. Amplitude and phase Root Mean Squared (RMS) errors of all
the presented configurations between the measured and the ideal
amplitude and phase distributions.

Additionally, in Fig. 11 the achieved accuracy between
the expected pointing angle θ from the simulated and the
measured results of the active array proves to be really
precise. The error is negligible and below 1◦ for the most
extreme case. This demonstrates a really good performance
of the active array regarding the beam steering accuracy and
assessing the viability of the proposed system and analysis
approach. Besides, since the beamwidth of the active antenna
is wide enough, the directivity difference between the simu-
lated and measured results is also negligible.

Finally, in Fig. 13 it is depicted the maximum directivity
achieved by each beam steering configuration of the active
array. For the broadside state and the beam-steered directions
close to it, the maximum directivity is very similar with a
value around 22.3 dBi. For the directions farther from the
broadside state this value begins to decay as expected. Never-
theless, it seems to be very stable within the frequency band.
Since the complete system is an active device, the classic
efficiency concept for passive antenna losses its meaning
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and consequently, the gain concept has no interest except
for interstate comparison [52]. Thus, and because the system
under study is for transmission, an analysis of the maximum
achievable Effective Isotropic Radiated Power (EIRP) is per-
formed within the next section.

FIGURE 13. Measured maximum directivity achieved for every beam
steering configuration of the active array.

C. EFFECTIVE ISOTROPIC RADIATED POWER (EIRP)
ANALYSIS
As mentioned before, when dealing with active transmitting
antennas, the Effective Isotropic Radiated Power (EIRP) that
they can achieve becomes a very important Figure of Merit
(FoM). In particular, the EIRP of the active antenna will be
measured in the plane of the aperture for the broadside state.
The measurement setup of the EIRP of the active antenna is
very similar to that of Fig. 10. A Standard Gain Horn (SGH)
is located in front of the active antenna placed in the probe
positioner of the anechoic chamber. Besides, the gain of
the SGH is accurately characterized to perform the EIRP
calculation. The received power is measured at the interface
of the anechoic chamber with the exterior. Thus, the losses of
the RF chain between the measurement port and the SGH are
also characterized for the EIRP calculation. So, the EIRP of
the active antenna is extrapolated backwards with these data
and the free-space losses occurring from the active antenna
to the SGH. The received power measured from outside
the anechoic chamber is sampled at 28, 29 and 30 GHz.
This measurement approach is then validated at the active
antenna side. The received power is sampled at the input
port of the active array and then it is weighted by the max-
imum gain of the active array. The measurement results with
both methods proved to be very similar, so the proposed
EIRP measurement technique turned to be as accurate as
expected.

Next, the active antenna EIRP is measured with all the
channels of the IC at their maximum gain state, and the ampli-
fier at the input branch with its attenuation level going from
15 dB to 2 dB (see Fig. 2). The EIRP measurement results
for the considered frequencies are depicted in Fig. 14. All the

displayed curves are reasonably linear until the attenuation
level of 2 dB, where the IC seems to become unstable. Nev-
ertheless, no saturation effects on the system are observed.
Thus, a maximum achievable EIRP from 14 dBm to 20 dBm
is demonstrated, depending on the operating frequency. The
attenuation level of 1dB was not considered due to the power
consumption demanded by the IC, which revealed a highly
unstable behavior.

FIGURE 14. Effective Isotropic Radiated Power (EIRP) measurement
results.

VI. CONCLUSION AND FURTHER RESEARCH
In this article, an 8 × 8-element active phased array
antenna proof-of-concept for Ka band transmission appli-
cations is developed. The complete system consists of the
integration of the AWMF-0109 IC from Anokiwave with a
8 × 8-element passive printed patch array antenna. This
antenna is in turn divided into 8 1×8-element corporately-fed
column subarrays. Thus, a beam steering control of the radi-
ation pattern of the array is performed in the azimuth plane.
The AWMF-0109 IC is characterized in terms of amplitude
and phase error among output ports, which are different
depending on the amplitude and phase distribution config-
uration of the IC. Additionally, all the components which
mean a source of error for the system are calibrated within the
IC properties.

Despite all the described errors present in the system,
the control in the radiation properties of the array resulted
really promising. The error on the beam-steered direction is
always below 1◦. Maximum EIRP value of the active array
antenna goes from 14 dBm to 20 dBm depending on the
operating frequency.

Further research steps will be to study the radiation
properties of other passive array antennas to integrate with
the IC, such as the previously mentioned dual-polarized
2 × 2-element array with switchable circular polarization
capabilities. Therefore, the amplitude and phase errors of the
IC that are assumed at the aperture could be analyzed within
this structure to verify if any calibration step is required or
not. These errors can drastically affect the performance of
arrays with few elements, but for larger apertures this may not
be critical. For this reason, circular patches were also used
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within this work despite the polarization scheme was linear
and not circular (and some other patch shapes may work
better). This way, the performance of the IC in terms of axial
ratio would be also tested. An additional research step would
be to apply a formal mathematical analysis such as [47]–[50]
to the IC that has been used. In this way, the behavior of the IC
could be inferred and the active antenna calibration process
would be possible. Our intention is also to measure a fully
integrated antenna attaching the IC inside the antenna board
to avoid line and connection losses and to obtain a real low
profile planar antenna.
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