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ABSTRACT In this paper, investigations on heat sink property of a 4x2 wideband dual linear polarized
phased array antenna comprised of 3D metal printed all metallic radiators, serving also as heat sink, is
presented for X-band frequency. Two single radiators, each with a height nearly equal to λ/2 corresponding
to center frequency (9.50 GHz), shaped intuitively and placed orthogonal to each other and surrounded
by a metal ring of square cross-section with overall dimension of λ/2 × λ/2, constitutes the dual linear
polarized radiating element. Both radiators are fed by an orthogonal arrangement of stripline feeds through
a trapezium shaped metal plate, which in turn helps to integrate the antenna aperture with the beamforming
network (BFN). A set of via fences are placed beneath each antenna element, which work as a thermal
path between the BFN and antenna aperture. This radiating element resembles heat fins, and designed to
cover 8.5-11.5 GHz impedance bandwidth. Good radiation pattern with low cross-polarization is obtained
over the entire bandwidth, while the peak broadside gain is varying between 14-11 dBi. Beam scans
are viable ±50◦ in ϕ = 00 plane and ±30◦ in ϕ = 900 plane. The array antenna aperture is built
using 3D metal printing technology. The BFN is comprised of commercial silicon Radio Frequency
Integrated Circuit (RFIC) chips which have been integrated with the antenna aperture. A beamforming
algorithm is applied through serial peripheral interface (SPI) controller to achieve beam steering during
the measurement process. The temperature reduction of 60◦C is achieved with the heat sink structure
when the temperature distribution of BFN with and without heat sink are compared for the 4x2 array.
The temperature of the heat sink antenna is only 41◦C and the temperature distribution is validated with
an infrared (IR) camera.

INDEX TERMS Heat sink, 3D metal printed, dual linear polarized, phased array, RFIC, beamforming.

I. INTRODUCTION

NAVAL ships require high-speed wireless communi-
cations to improve their image sharing, multimedia

data sharing, and accelerate better coordination in battlefield
operations. The antennas that support high data rate wire-
less network require a wide impedance bandwidth, stable
radiation patterns, high gain, and beam steering properties.

Electronic scanning phased array antenna radiates huge
amount of microwave power in an intended direction, as well
as provides instantaneous beam steering [1], [2]. Recently
phased array antennas with integrated beamforming networks
comprised of silicon RFICs have gained major attention.
The coauthors (Sharma and Chieh) of this paper have

earlier published phased arrays using similar RFICs [3]–[5]
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at Ku- and Ka- bands using Anokiwave RFICs and have
successfully shown beam steering performance. In [5], an 8
× 4 dual linear polarized stacked patch phased array antenna
used a RFIC per radiating element and employed as a feed
source for a reflector antenna. The temperature measured
on the antenna aperture side of the patch array using the
infrared (IR) camera is 58.4◦C. The measured peak power
consumption of this antenna was 6.3W (3.5A, 1.8V). The
coplanar waveguide (CPW) transmission lines along with
ground via fencing is employed to excite the driven patch,
where the ground vias help in impedance matching as well
as in heat spreading.
With the recent advancement of the commercial silicon

beamforming chipsets, the heat generated by the chips in
the beamforming network (BFN) attached with the antenna
aperture can become a problem, and hence cooling arrange-
ment should be included to solve this. Again, heat sinks
are made of metal materials, and if heat sink dimensions
are comparable to the wavelength at operating frequency,
it can cause unwanted electromagnetic interference [6]–[8].
As radiation from heatsinks is usually undesirable, bond-
ing posts are employed to ground the heatsink structure to
a nearby printed circuit board (PCB) to mitigate heatsink
radiation in [9] and [10].
An antenna structure that can serve as radiator as well as

heat sink, can be proposed as a solution for the phased array
antennas that employ RFICs based BFN. A radiator work-
ing as heat sink as well, was proposed in [11], where a heat
sink loaded patch with improved radiation efficiency was
explored. In [12], a 3-D fractal heatsink antenna is proposed,
with improved radiation efficiency and gain and lower ther-
mal resistance in comparison to a conventional fin shaped
heat sinks. However, these proposed configurations consist
of a single antenna working at low frequencies.
One important aspect for the heat sink antenna is the

choice and placement of thermal spreader between the heat
source and heatsink. The metallic thermal via is a widely
used structure as in [13] and [14]. In [13], a single polarized
stepped notch antenna attached to a flat multi-layered printed
circuit board (PCB), working at Ku-band, is proposed which,
along with serving as a radiator, provide a thermal heat sink
for active arrays as well. The heat generated by the active
devices, such as high power amplifiers (HPA) or low noise
amplifiers, passes through the PCB, into the antenna aperture
through plated holes which provide the principal heat path.
A thin radome is placed above the 26 x 11 notch array, and a
maximum temperature of 60◦C is noted with 40◦ C inlet air
flow of 0.425 m3/s, and a heat load of 50 W. In [14], a single
polarized 4x4 heat sink antenna array on low-temperature
cofired ceramic (LTCC) substrate is proposed, where the
antenna element is a horn-like structure that consists of an
open-ended waveguide and two vertical metallic fins, and
the feeding network is comprised of the substrate integrated
waveguides (SIWs) with numerous metallic vias, which in
turn, helps to transfer the heat from chips to the heatsink,
and temperature reduction of 40.1◦C is achieved.

FIGURE 1. All metal 3D metal printed dual linear polarized 4x2 phased array heat
sink antenna with integrated beamforming.

In [15], preliminary study on a 4 ×8 dual linear polarized
phased array antenna, comprised of all metallic radiators,
serving also as heat sink as well, is presented for Ku-
band wireless communication applications. In this paper, a
4x2 dual linear polarized phased array antenna, as shown in
Fig. 1, with all metal 3D printed radiating elements, is thor-
oughly investigated for heat sink property. Considering the
fact that we will be using X-band Anokiwave chips (AWMF-
0101) for the beamforming network, the radiator is designed
to cover 8.5-11.5 GHz and shaped intuitively in such a way
that the antenna array aperture can serve as a heat sink
as well. A design principle of this new wideband metallic
radiator is provided in the following sections. The antenna
aperture is integrated with a multilayered BFN employing
Anokiwave RFICs. The scanning performance and thermal
analysis of the structure is presented here which is discussed
in the later sections. Section II of this paper describes the
configuration and heat sink properties of the single polar-
ized antenna. Section III includes the discussion about the
dual polarized antenna structure, the stack-up description of
the BFN, and presents a design guideline for the proposed
radiator. Section IV describes the design of the 2x2 sub-
array along with thermal analysis of the 2x2 dual polarized
sub-array. Section V presents the 4x2 array structure and
performances along with heat sink study of the 4x2 array.
Section VI presents the discussion about the chip and BFN,
and the fabrication and measurement results. Section VII
discusses the conclusion.

II. NOVEL RADIATING ELEMENT WITH HEAT SINK
FEATURE
A. STUDY OF THE STANDALONE RADIATING ELEMENT
Initially, a two-armed unique radiator surrounded by a metal
ring, is intuitively designed for X-band applications in such
a way that it will be working as a heat sink as well as
a wideband radiator. The top view and side view of the
proposed standalone radiator is shown in Figs. 2(a) and 2(b)
with specified dimensions where λ corresponds to the cen-
ter frequency (9.50 GHz). The standalone radiator is fed
by a lumped port. The radiator has two parts: two shaped
flared vertical arms and one metal ring around the two arms.
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FIGURE 2. The single polarized standalone antenna (a) side view, and (b) top view.

FIGURE 3. (a) Peak gain versus frequency for the single polarized standalone
radiator with and without metal ring, and (b) Radiation pattern of the only metal ring
atop BFN at 9.50 GHz (without two-armed radiator).

The two armed structure is combined with the outer metal
ring which in turn radiates like a rectangular large loop
antenna of λ/2 x λ/2 cross-section, thereby improving the
gain of the antenna. This metal ring helps in the fabrication
of the array aperture and its integration with the beamform-
ing board in addition to improving radiation performance.
The peak accepted gain versus frequency for a radiator with
and without metal ring is shown in Fig. 3(a). From Fig. 3(a),
it is clear that the proposed radiator is wideband subject to
impedance matching can be achieved. Also, we can see that
the peak accepted gain improves by approximately 1.5 dB
towards the lower end and to approximately 1 dB towards
the higher end of the bandwidth when the ring is employed.
To further clarify the contribution of the ring, the radiation
pattern of the only rectangular ring (without the two-armed
structure) atop BFN stack up (described in Section III) at
9.50 GHz is shown in Fig. 3(b), which shows that the ring is
radiating in broadside direction. Here the ring is not fed like
a conventional loop antenna and therefore, it is not prop-
erly matched for the operating band. However it is getting
induced excitation through the trapezium shaped metal plate

FIGURE 4. Peak gain versus frequency for the single polarized standalone radiator
for different heights.

FIGURE 5. Radiation pattern of the single polarized standalone radiator at 9.50 GHz.

(shown later in Fig. 8(b)) where the two-armed radiating ele-
ment is attached with BFN, hence it works as an inefficient
loop radiator.
The radiator is designed with a target to cover

8.5-11.5 GHz impedance bandwidth which includes the
bandwidth offered by RFICs employed for the BFN. The
radiator dimensions are optimized for X-band through thor-
ough parametric study. It is clear from the peak gain versus
frequency curves in Fig. 4 that the overall radiator height,
H = H1 +H2, should be λ/2 corresponding to 9.50 GHz to
get the best performance. After a thorough parametric study,
it is observed that optimum combination of the flared and
non-flared heights of the radiator is H1 = H2 = 8 mm,
whereas the width is t = 8mm and flare of the radia-
tor, S = 8mm, which is λ/4 at 9.50 GHz. The radiator
is surrounded by a square metal ring of overall dimensions
λ/2×λ/2 corresponding to 9.50 GHz. The radiation pattern
of the single polarized radiator at 9.50 GHz is shown in
Fig. 5. The radiation pattern shows a peak realized gain of
5.4 dBi, in addition to the co- to cross-polarization separation
of 17 dB.

B. HEAT SINK PROPERTY OF THE RADIATING ELEMENT
We have employed Ansys Icepak for the heat sink study.
Ansys Icepak is based on Navier-Stoke’s equations [16].
Navier-Stoke’s equations of fluid mechanics involves partial
differential equation that describes the flow of incompress-
ible fluids. Ansys Icepak solves the Navier-Stokes equations
for transport of mass, momentum, and energy. The governing
equations for Ansys Icepak are as follows [16].
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(i) The Mass Conservation Equation:

∂ρ

∂t
+ ∇.(ρ.−→v ) = 0. (1)

(ii) Momentum Equation:

∂
(
ρ−→v )

∂t
+ ∇.

(
ρ.−→v −→v ) = −∇p+ ∇.(τ ) + p−→g + −→

F (2)

where, stress tensor is given by,

τ = μ

[(
∇−→v + ∇−→v T

)
− 2

3
∇.−→v. I

]
(3)

Here, p is the static pressure, p−→g is the gravitational body
force, and

−→
F contains other source terms. And μ is the

molecular viscosity, I is the unit tensor, and the second term
on the right-hand side is the consequence of volume dilation.
(iii) Energy Conservation:

∂

∂t
(ρh) + ∇.

(
ρh−→v ) = ∇.[(k + kt)∇T] + Sh (4)

where, sensible enthalpy is given by

h =
∫ T

Tref
cPdT (5)

where, T is the temperature, Tref is 298.15◦K and ρ is the
density. Here, k is the molecular conductivity and kt is the
conductivity due to turbulent transport.

kt = cpμt/Prt (6)

The source term Sh takes into account any volumetric heat
sources defined by the user.

∂

∂t
(ρh) = ∇.(k∇T) + Sh (7)

A conduction equation, that contains the heat flux due to
conduction and volumetric heat sources within the solid, is
solved by Icepak in conducting solid regions.
The Anokiwave RFIC (AWMF-0101) employed in our

BFN design has measured peak power consumption of
1.35 Watts which is dissipated as heat. Each chip feeds four
dual polarized radiating elements simultaneously. Thus, each
2x2 subarray is fed by one RFIC source which in turn shares
heat dissipation resulting from the measured peak power con-
sumption of 1.35 Watts. The radiators are realized using the
3D metal printed process and hence we considered solid alu-
minum alloy (AlSi10Mg, conductivity 600000 S/m) for all
the radiating element simulations. For thermal analysis, no
forced air flow or no forced cooling arrangement is consid-
ered, and there is opening all around the antenna with air at
room temperature, i.e., 26.85◦C (300◦K) and a velocity of
0.1m/sec against gravity (indoor air flow can be assumed as
0.1m/sec).
Before describing thermal analysis of the proposed

2x2 subarray, we present the thermal analysis of the BFN
stack-up of this subarray (Fig. 6) without the proposed
antenna structure atop it, assuming the chip at center below
BFN has power consumption of 1.35 Watts. We noted that

FIGURE 6. Temperature distribution of the BFN stack-up without antenna aperture
(heat sink) with a RFIC of measured peak power consumption of 1.35 Watts below it.

the maximum temperature, without heat sink, ranges up to
90◦C. Here, it should be noted that the temperature distri-
bution has four peaks at four corners of the chip, whereas
temperature at the center position of the chip is lower than the
maximum temperature. This is due to the presence of metal
vias at the center of the stack up (as shown in Fig. 6) which
work as thermal spreaders.
Now, a single polarized 2x2 subarray antenna atop BFN

is simulated with the same 1.35 Watts at the center below
the BFN stack-up. We can notice, in the 2x2 subarray, each
radiator is connected with the adjacent radiator, thereby cre-
ating a continuous metal structure. This helps in realizing the
array antenna aperture using 3D metal printing in addition
to improved heat sink property. Fig. 7(a) shows the top view
of the antenna and the isometric view is shown in Fig. 7(b).
We can observe that the temperature varies between 39-42◦C
which is evenly distributed across the antenna aperture. If
we compare this with the temperature distribution of the
BFN without heat sink, we can observe that the proposed
heat sink antenna aperture helps to reduce the temperature
by approximately 50◦C compared to a structure without
the heat sink. Fig. 7(c) shows the temperature distribution
of the bottom view, where we observe that the maximum
temperature is 60◦C. The reduction in temperature happens
because of the periodic arrangement of conducting copper
vias underneath each radiator (shown in Fig. 8) helps in
spreading the heat from the source at the bottom surface of
the PCB to the antenna atop BFN, and the heat sink antenna
in turn further reduces temperature by spreading out the heat
to the surrounding air. Heat sink employs the principle of
thermal diffusion and air convection, where heat sink con-
tinuously diffuses heat in surrounding air and the heated air
become lighter and moves upward and reduced temperature
is maintained in this way.
In view of the above, while designing the proposed heat

sink antenna structure, the target is to maximize the surface
area of the structure to enhance the interaction of the struc-
ture with air, whereas the thermal spreaders transport the
heat from the chips to the heat sink and distribute the heat
over entire structure evenly. On the other hand, our aim is to
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FIGURE 7. Temperature distribution of 2x2 all metal heat sink antenna atop a RFIC
with the peak power consumption of 1.35 Watts (a) top view, (b) isometric view,
and (c) bottom view.

design a dual linear polarized antenna array. Hence in this
case, we have to take into account the heat sink performance
as well as the coupling between the X- and Y-polarized radi-
ators. In the next section, we discuss additional details about
this aspect of the design and analysis.

III. DUAL LINEAR POLARIZED RADIATING ELEMENT
A. STACK-UP DESCRIPTION OF THE PCB
As mentioned earlier, while discussing Fig. 7, Fig. 8(a) shows
the PCB stack up and feed structure used for the array

implementation. Rogers 4350B (εr = 3.48 and tan δ =
0.004) is used throughout the board as a core material. The
total thickness of the PCB is approximately 45 mils. Two
sets of blind vias are used in this design to route RF signal
to the dual polarized element. A set of blind vias are present
underneath each metal ring for shorting the ground planes.
These blind vias in turn helps in suppressing the surface
waves generated due to multi-layered substrate as well as
helps in heat transfer.
The thermal expansion coefficient of RO4350B material is

comparable to that of copper [17]. The coefficient of thermal
expansion (CTE) of copper is 16 ppm/◦C, whereas that for
R4350B is 10 ppm/◦C along X-axis and 12 ppm/◦C along
Y-axis. So the material shows excellent dimensional stability
which makes it good for mixed dielectric multi-layer boards
construction. The PCB has eleven metal layers, with dif-
ferent power, ground, and digital routing planes underneath
the stripline feed layer to bias and control the Anokiwave
chipsets. Two orthogonal striplines (Fig. 8(a)), employed to
feed two orthogonal two-armed antenna structures, are per-
pendicular to each other and placed asymmetrically between
the two same ground planes, which provides dual-linear
polarization as discussed in the next subsection. The power
splitter network that feed the chips is simulated in Ansys
HFSS and the BFN layout is developed in Altium software.
There is a square shaped copper ring with trapezium shaped
plates of the same dimension as antenna footprint with an
adhesive layer of bulk conductivity of 263160 S/m atop it
on the top surface of the stack-up as shown in Fig. 8(b).
This conducting adhesive helps to adhere the antenna aper-
ture with the BFN. The exploded bottom view and top view
of the antenna and BFN stack-up are shown in Fig. 8(c)
and Fig. 8(d), which explains arrangement of the stripline,
microstrip line and vias underneath each metal ring around
the two orthogonal two-armed antenna structures.

B. DUAL LINEAR POLARIZED SINGLE ELEMENT ATOP
PCB STACK-UP
In the dual polarized radiating element another two-armed
flared structure is placed perpendicular to the first one within
the same metal ring. The single polarized radiator is a
two-armed balanced radiator, and hence, balanced feed tech-
nique should be applied. Here stripline1 and stripline2 are
employed to feed Y-polarized and X-polarized radiators,
respectively. These striplines are placed perpendicular to
each other, on both sides of a prepeg layer, and are placed
asymmetrically between ground planes 3 and 4, as shown
in Figs. 8(a) and 8(b). The Figs. 8(e) and 8(f) show the
isometric and top view of the structure of the dual polarized
single radiating element, respectively.
It is observed from the gain versus frequency graph

(Fig. 4) of the single polarized radiator that the best
performance is obtained when overall height of the radi-
ator is λ/2 corresponding to 9.50 GHz. Fig. 9(a) shows
the parametric study for the magnitude of reflection coef-
ficient for X-polarized radiator for different combinations
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FIGURE 8. (a) Side view of the PCB stack up of the multi-layered feed structure with zoomed in feed structure, (b) Exploded isometric view of the antenna structure and feed
structure, (c) Exploded bottom view of the stack-up and antenna aperture, (d) Exploded top view of the stack-up and antenna aperture, (e) Isometric view of the antenna structure
and (f) Top view of the antenna structure.

of H1 and H2. It is observed that optimum bandwidth is
obtained for H1 = H2 = λ/4 corresponding to 9.50 GHz.
Fig. 9(b) shows the parametric study for the magnitude of

reflection coefficient for X-polarized radiator for different
values of the thickness, t of each arm of the radiator. It is
observed that optimum bandwidth is obtained for t = λ/4
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FIGURE 9. The magnitude of reflection coefficient for (a) different combinations of
H1 and H2, (b) different values of ‘t’ , and (c) different flare value ‘S’ for X-polarized
array.

corresponding to 9.50 GHz. Fig. 9(c) shows the paramet-
ric study for the magnitude of reflection coefficient for
X-polarized radiator for different flare values ‘S’ of the
radiators. Satisfactory impedance matching is obtained for
S = λ/4 corresponding to 9.50 GHz. Identical performances
are observed for the Y-polarized radiator, hence not shown
for the sake of brevity.
Fig. 10(a) shows the magnitude of reflection coefficient

for both polarizations and isolation between two ports and
Figs. 10(b) and 10(c) show the radiation patterns at 9.50 GHz
for X- and Y-polarized radiators for the optimum dimensions.
It can be observed that the single dual-polarized element pro-
vides wideband performance with respect to S11 of −10dB
between 8 − 11.5 GHz and port to port isolation (S21) of
around −20 dB, along with acceptable radiation pattern. But
the separation between peak co- and cross-polarized fields is
not more than 15dB, which may become worse for the array
implementation. This non satisfactory co-cross separation is
resolved in the next section while designing the 4x2 array.
Brief design guidelines for this wideband dual lin-

ear polarized radiator can be developed from the above
observations.

FIGURE 10. (a) The magnitude of reflection coefficient for both polarizations and
isolation between the two ports, and Radiation patterns at 9.50 GHz for (b) X-polarized
radiator, and (c) Y-polarized radiator.

FIGURE 11. Peak gain versus frequency and Total efficiency versus frequency for
both X-polarized and Y-polarized radiators.

1. The height of each arm of the radiator is nearly H = λ/2
at the center frequency
2. The height of the flared and non-flared sections should

be (H1 + H2) = (λ/4 + λ/4) = λ/2
3. The thickness (t) of each arm is nearly λ/4
4. The width of the flare should be S = λ/4
5. The dimension of the metal ring is Sx = Sy = λ/2
The peak realized gain and total efficiency (Factoring mis-

match and dielectric and Ohmic losses) for the both X- and
Y-polarizations is shown in Fig. 11. Peak realized gain varies
from 5 – 6 dBi for both polarizations, whereas the efficiency
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FIGURE 12. Top view of a 2x2 all metal heat sink array (same for configurations I,
and II), (b) Bottom view of configurations I, and (c) Bottom view of mirror feed
configurations II showing feed orientations and phase values.

is above 85% over the entire bandwidth. Considering the 3D
metal printing using the aluminum alloy, the total efficiency
is quite good.

IV. 2X2 SUBARRAY USING DUAL POLARIZED ELEMENT
A. 2X2 SUBARRAY CONFIGURATION
The top view of a 2x2 all metal heat sink subarray is shown
in Fig. 12(a). Here, the inter-element spacing is half of the
free space wavelength (λ/2) corresponding to 9.50 GHz, i.e.,
16mm. In Figs. 10(b) and 10(c), it is observed that the
peak cross-polarization level is quite high. With an aim to
reduce peak cross-polarization level, two different feed con-
figurations of 2x2 subarray are studied. Bottom view of the
configurations I, and II are shown in Figs. 12(b), and 12(c),
respectively. Configuration I employs the conventional feed
structure of a 2x2 subarray. In configuration II, the upper
right and the lower left elements are mirrored with respect to
a vertical plane [18]. The mirror ports must be excited with
a 180◦ phase to achieve in phase or broadside radiation, as
shown in Fig. 12(c). The radiation pattern for both polariza-
tions of configuration I are shown in Figs. 13(a) and 13(b)
and configuration II are shown in Figs. 13(c) and 13(d),
respectively. We can observe that configuration II causes
notable cross-polarization improvement as compared to con-
ventional array, which makes it a better choice for the bigger
array. Configuration II provide more than 30dB co- to cross-
polarization separation whereas only 15 dB separation is
obtained for the conventional array.

B. HEAT SINK PROPERTIES
Figs. 14(a) and 14(b) show the top view and isometric
view of the thermal analysis (Simulation setup as in single

FIGURE 13. Radiation Patterns at 9.5 GHz, (a) X-polarized array for Configuration I,
(b) Y-polarized array for Configuration I, (c) X-polarized array for Configuration II,
and (d) Y-polarized array for Configuration II.

polarized 2x2 subarray)) of a dual polarized 2x2 subarray
assuming a RFIC of 1.35 Watts of power consumption at
center dissipating as heat. It is observed that the tempera-
ture ranges from 36-39◦C. Fig. 13(c) shows the bottom view
of the array where we can see the maximum temperature
is nearly 59◦C which is similar to Fig. 7(c) with the same
source.
In heat sink study, usually cooling fluid passes across the

surface of the warm heat sink and heat sink diffuses the heat
in air. So if we assume air flow in one particular direction
over heat sink, we observe the temperature of the outlet air
is much higher than the inlet air. Here, we have assumed that
the whole antenna is in air box with a velocity of 0.1m/sec
against gravity (indoor air flow). Although dual polarized
antenna offers more metal surface area to diffuse more heat,
the dual polarized structure is offering hindrance in normal
air flow due to the presence of antenna elements in both X-
and Y-directions, therefore, we have observed little difference
in the temperature distribution between the single polarized
(39-42◦C) and dual polarized (36-39◦C) sub-arrays.

V. 4X2 ANTENNA ARRAY CONFIGURATION
A. THE 4X2 DUAL POLARIZED ARRAY WITH MIRROR
FEED STRUCTURE
The 4x2 dual polarized array is designed using the subarray
discussed in Figs. 12(a) and 12(c) with mirror configura-
tion. The array has overall dimension of 104 mm x 84 mm,
with 8 radiating elements and total 16 ports. Fig. 15 shows
the top view of the 4x2 antenna aperture. Here, the inter-
element spacing is designated as Dx = Dy = 16 mm (λ/2 at
9.50 GHz), and width W1 = 2 × 16 = 32 mm, Length
L1 = 4 × 16 = 64 mm, W2 = 52 mm, W3 = 72 mm,
L2 = 84 mm, L3 = 104 mm. It is to be noted that each
single element structure is connected with the adjacent struc-
ture. Also, there is metal extension around the 4x2 radiating
aperture, which in turn helps in 3D metal fabrication of a
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FIGURE 14. Temperature distribution of 2x2 dual polarized antenna aperture atop a
RFIC of power consumption of 1.35 Watts (a) Top view, (b) Isometric view,
and (c) Bottom view.

continuous metallic antenna aperture, and in addition helps
in enhancing the heat sinking property.
Magnitude of the reflection coefficients for all the ports

for X- and Y-polarized array elements are shown in
Figs. 16(a) and 16(b), respectively. The broadside radiation
pattern of the X-polarized array and Y-polarized array at
9.50 GHz are shown in Figs. 16(c) and 16(d), respectively.
It is observed that the array offers good impedance matching
over 8.5-11.5 GHz with excellent broadside radiation pattern,
the peak co- to cross-polarization separation being more than
20 dB over entire bandwidth. Fig. 16(e) shows the peak real-
ized gain and the total efficiency. We can observe that the
total efficiency is nearly 80% which is acceptable considering
that we are using aluminium alloy with a conductivity of

FIGURE 15. Top view of the 4x2 all metal heat sink antenna array.

FIGURE 16. (a) The magnitude of reflection coefficient for X-polarized array for all
ports, (b) The magnitude of reflection coefficient for Y-polarized array for all ports,
(c) Radiation pattern at 9.5 GHz for X-polarized array, (d) Radiation pattern at 9.5 GHz
for Y-polarized array, and (e) Broadside peak realized gain and total efficiency for both
polarizations.

600000S/m. The peak realized gain varies between 11 dBi
to 14 dBi over the entire bandwidth.
Figs. 17(a) and 17(b) show the scanning performance of

both X-polarized and Y-polarized cases in ϕ = 00 plane.
In Fig. 17(a) and 17(b), it can be seen that gain drops
from 12.8 dBi to 12.5 dBi as beam scans till ±50◦ for
X-polarized case and ±45◦ for Y-polarized case in ϕ = 00

plane. Figs. 17(c) and 17(d) show the active S-parameter of
the Element (2, 1) for the broadside and ±50◦ beam scan
in ϕ = 00 plane for the both X-polarized and Y-polarized
cases. It is observed that active S-parameter is below −10dB
almost over entire bandwidth for maximum scan as well.
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FIGURE 17. Scanning performance of the 4x2 array in ϕ = 00 plane
for (a) X-polarized array, and (b) Y-polarized array. Active S-parameter for the
broadside and maximum scan angle for (c) Element (2, 1) for X-polarized radiator,
and (d) Element (2, 1) for Y-polarized radiator.

B. THERMAL ANALYSIS OF THE 4X2 DUAL
POLARIZED ARRAY
For thermal analysis included here, there is no forced air
flow or no forced cooling arrangement. One Anokiwave
X-band chip is feeding four dual polarized radiators, as dis-
cussed earlier. Each chip has a RF power consumption of
1.35 Watts which dissipates as heat. Here, two chips are
present underneath the 4x2 antenna array aperture. There
is opening all around the aperture with air at room tem-
perature, i.e., 26.85◦C (300oK) with a velocity of 0.1m/sec
against gravity.
The temperature distribution of the BFN without the heat

sink (antenna aperture) is shown in Fig. 18. It shows that the
maximum temperature of the BFN is approximately 100◦C

FIGURE 18. Temperature distribution of the BFN without the 4x2 heat sink radiator
antenna with the two chips where each chip has power consumption of 1.35 Watts.

FIGURE 19. Temperature distribution of 4x2 array antenna with the two chips each
having power consumption of 1.35 Watts: (a) isometric view, (b) top view,
and (c) bottom view.

without the heat sink structure. Here also we can notice the
peak of temperature distribution is located at the positions
of four corners of the chip (as observed in Fig. 6 as well).
The results for thermal analysis of the antenna aperture

atop BFN is shown in Fig. 19. From Figs. 19(a) and 19(b),
we see the maximum temperature of the antenna aperture
ranges from 40◦-41◦ C. Since we know that each chip feeds
four radiators simultaneously, and located at the center of
each 2x2 sub array, which implies two chips are separated by
32mm and each chip individually dissipates 1.35 Watts of the
consumed power into heat. Therefore, the overall combined
temperature of the backside of the PCB ranges from 40◦C to
62◦C, as shown in Fig. 20(c). So we can see there is more
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FIGURE 20. Temperature distribution of 4x2 array for the different input power
consumptions (a) total 1 Watt, (b) total 2 Watt, (c) total 2.7 Watt, (d) total 3 Watt,
(e) total 4 Watt and (f) Input Power versus maximum temperature (the temperature
when each chip has power consumption of 1.35 Watts is marked with a box in graph).

than 20◦C temperature difference between the temperature
of the heatsink and the backside of the BFN board.
With the same simulation setup, the temperature of same

antenna structure with different input power is studied, which
is shown in Figs. 20(a-e). The input power versus maximum
temperature curve is shown in Fig. 20(f), where it is observed
that temperature rise is not perfectly linear with the input
power, however the rise in power by 1 Watt causes approx-
imately 4-5 ◦C rise in temperature for the same heat sink
structure. It can be noted that when each chip is assumed to
be causing power consumptions of 0.5 Watt (total 1 Watt),
1 Watt (total 2 Watt), 1.35 Watt (total 2.7 Watt), 1.5 Watt
(total 3 Watt) and 2 Watt (total 4 Watt), the temperature
ranges from 27◦–32◦C, 25◦–37◦C, 35◦–40◦C, 35◦–42◦C and
39◦–47◦C, respectively.
Figs. 21(a) and 21(b) shows the comparison of the

4x2 antenna aperture simulated with the same simula-
tion setup assuming each chip with power consumption of
1.35 Watts dissipating as heat, where Fig. 21(a) is consider-
ing aluminum alloy (already used for other simulations) and
Fig. 21(b) is considering copper as material. Since copper is
much better heat conductor than aluminum alloy, therefore,
we see that temperature ranges from 25◦–31◦ C for copper
(Fig. 21(b)) whereas it ranges from 36◦–42◦ C for aluminum

FIGURE 21. Temperature distribution of 4x2 array for (a) Aluminum based structure,
and (b) Copper based structure.

FIGURE 22. Temperature distribution of the 4x2 array of aluminium alloy for (a) no
air flow, and (b) 0.5 m3/sec air flow.

alloy (Fig. 21(a)). So if the same heat sink antenna struc-
ture with same dimensions can be built using copper, further
temperature reduction of 11◦C can be achieved.

Finally, in Figs. 22(a) and 22(b), the comparison of
the 4x2 antenna aperture is simulated with same simu-
lation setup assuming each chip has power consumption
of 1.35 Watts dissipating as heat, where no air flow is
considered in Fig. 22(a) and 0.5 m3/sec air flow is con-
sidered for Fig. 22(b). It is noticed that temperature of
Fig. 22(a) is nearly 42◦C whereas for Fig. 22(b) it ranges
from 24-28◦C. So if some forced air flow can be arranged
better heat sinking can be achieved with the same antenna
structure. In most commercial applications, a fan is usu-
ally used to create air flow over heat sink, and in that
case more temperature reduction can be achieved com-
pared to that without any forced air flow depending on fan
speed.

VI. BEAMFORMING BOARD LAYOUT, ANTENNA
APERTURE, AND EXPERIMENTAL VERIFICATION
A. BFN LAYOUT, RFIC AND 3D METAL PRINTED
ANTENNA APERTURE
In Fig. 23, the location of the two RFICs, position of the
dual polarized antennas, and the antenna footprint in the BFN
board layout is shown. Anokiwave RFICs (AWS-0101) [19]
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FIGURE 23. The beamforming board layout, showing the position of chips and
antenna.

are used for the beamforming network. The AWS-0101 is a
highly integrated silicon quad core IC which finds applica-
tion in radar and phased arrays. Single chip supports four
radiating elements, single beam transmit, and dual beam
receive and provides all required beam steering controls for
6 bit phase and gain control. The 6 bit phase control implies
each step is of value 2π/26 = 5.625◦. The device provides
20 dB gain during transmit mode, 13 dBm output power dur-
ing transmit, and 4.0 dB noise figure (NF) during receive.
The device features electrostatic discharge (ESD) protection
on all pins, operates from a +1.8V supply, and is packaged
in a 56 lead 7x7 QFN for easy installation in planar phased
array antennas. The chip footprint is approximately 6 mm
x 6 mm. The multilayered beamforming board is fabricated
and the antenna aperture is assembled with it. Direct Metal
Laser Sintering (DMLS) 3D printing process is employed for
the fabrication of the antenna aperture using aluminum alloy
(AlSi10Mg, conductivity 600000 S/m). Fig. 24(a) shows the
fabricated antenna prototype in San Diego State University’s
Antenna and Microwave Laboratory (AML) inside far-field
anechoic chamber that supports pattern measurements within
800 MHz to 40 GHz.

B. BEAMFORMING ALGORITHM
During the development of the graphical user interface (GUI)
and beamforming algorithm, the mirror feed structure (for
realizing low cross-polarization) is taken care of. The mir-
ror ports must be excited with a 180◦ phase (as shown in
Fig. 12(c)) to achieve in phase or broadside radiation. We
have employed uniform excitation in our measurements to
demonstrate the performance although if only phased array
performance is to be evaluated, we can apply non-uniform
excitations also. The beamforming algorithm calculates the
necessary phase of each of the channel, which is sent to
the beamformer chip from the remote computer through the
serial peripheral interface (SPI) controller. The current con-
sumption of each chip is 870 mA at 1.8V which accounts to
1.56 Watts, however in our power experiments it drew only

750 mA, hence for our study we used 1.35 Watts throughout
the paper, as mentioned earlier.

C. FABRICATION CHALLENGES AND MEASUREMENT
RESULTS
The main effort in this work is heat sink investigations and
its experimental verification, however we also performed
some beam steering measurements. Since a 3D metal printed
antenna structure has a rough surface, we observed that there
were air gaps in the assembly after adhering the metal struc-
ture to the PCB. This was in part due to the uneven surface
roughness of the 3D printed part, but also in part due to
the difference of thermal coefficient between the board and
the metal structure, as 150◦C for 60 minutes is the cure
temperature of the conducting adhesive employed to adhere
the two parts together. Though the exact thermal expan-
sion coefficient of Aluminum alloy is not available from the
manufacturer, but the CTE of Aluminum is 25.5 ppm/◦C
whereas that of copper is 16.7 ppm/◦C, hence, fabricating
such an array has still some challenges and a better assem-
bly methodology needs to be considered in future. For this
reason, we believe that the antenna array elements were not
uniformly excited.
Figs. 24(b) and 24(c) show the comparison of the normal-

ized measured and simulated radiation pattern for broadside,
20◦ scan angle and −45◦ scan angle for X-polarized array
for ϕ = 00 plane at 11 GHz, respectively. Though we can
see almost the same 3 dB beamwidths for the measured
and simulated patterns, but we also noticed the presence
of a slight dip in the broadside measured pattern as well
as presence of sidelobes and high cross-polarized fields in
measured broadside pattern. The measured scan pattern for
-45◦ scan angle is in acceptable agreement with the sim-
ulated result, whereas for 20◦ scan angle there is no gain
drop in simulated pattern but measured pattern shows nearly
0.7 dB gain drop. The fabrication issues mentioned ear-
lier has caused disagreements between the measured and
simulated radiation pattern results as discussed and also
discouraged us from performing exhaustive pattern measure-
ments. However, it slightly affected heat sink experimental
verification. Fig. 24(d) shows the temperature distribution
of the fabricated array measured using an infra-red (IR)
camera. We can see the measured maximum temperature
of the antenna is nearly 41◦C, whereas the maximum tem-
perature distribution ranges from 40-41◦C in the simulated
result (Fig. 18). So in case of the thermal analysis, measured
results are in good agreement with the simulated results. We
can also see the temperature of the PCB from backside in
Fig. 24(e). In Fig. 24(e), it is seen that each chip is nearly
60◦C, which agrees with that observed in Fig. 19(c). Thus,
we can infer that the measured heat sink results are in good
agreement with the simulated ones.

VII. CONCLUSION
As far as we know, this is the first dual linear polarized
all 3D metal printed phased array antenna integrated with
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FIGURE 24. (a) Fabricated antenna in anechoic chamber, (b) normalized simulated radiation pattern at broadside, 20◦ scan angle and −45◦ scan angle for ϕ=00 plane at
11 GHz for X-polarized array, (c) normalized measured radiation pattern at broadside, 20◦ scan angle, and −45◦ scan angle for ϕ = 00 plane at 11 GHz for X-polarized array,
(d) The temperature distribution of the fabricated antenna array measured by IR camera, and (e) The temperature distribution of the antenna’s BFN side (Backside) measured by
IR camera.

RFICs based BFN where radiating elements are also serving
as heat sink structures. The heat sink study has been vali-
dated with an IR camera. The antenna employs Anokiwave
chips to generate dual linear polarization as well as achieve
beam-steering performances. The mirror feed technique is
applied to improve the cross-polarized fields. The antenna
covers 8.5 GHz to 11 GHz with acceptable radiation patterns
and low cross-polarized fields, and scans till ±50◦ in both
X- and Y-polarizations. The maximum temperature on the

antenna array is only 41◦C, which indicates the fact that the
antenna aperture is working as an efficient heat sink. We have
achieved temperature reduction by 60◦C with 4x2 antenna
array heat sink structure when compared to temperature dis-
tribution of the BFN stack-up without the 4x2 array heat
sink radiator. Though we have faced some fabrication chal-
lenges and cannot refabricate it again due to lack of funds,
the measured patterns and temperature distribution prove that
this dual linear polarized all metal antenna is working as heat
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sink also. Such an array antenna can be extended to other
frequency bands and larger array sizes except that further
maturity in fabrication and integration of a metal radiator
with BFN board is needed.
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