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Abstract: The rapid growth of wireless spectrum access through cellular and IoT devices, for example,
requires antennas with more capabilities such as being conformal and self-adapting beamforming. In
this paper, the adaptive beamforming patterns of microstrip patch antenna arrays on changing flexible
(or conformal) curved surfaces are developed by deriving array coefficients based on the projection
method that includes the mutual coupling between elements. A linear four-element microstrip patch
antenna array is then embedded on two deformed conformal surfaces to investigate the projection
method for desired beamforming patterns. The generated beamforming radiation patterns using the
computed weighting coefficients are validated with theoretical equations evaluated in MATLAB, full-
wave simulations in HFSS and measurement results. The measured results of the fabricated system
agree with the simulated results. Furthermore, new guidelines are provided on the effects of mutual
coupling and changing conformal surfaces for various beam-forming patterns. Such demonstrations
pave the way to an efficient and robust conformal phased-array antenna with multiple beam forming
and adaptive nulling capabilities.

Keywords: beam-forming antenna array; conformal surface; self-adapting

1. Introduction

More sophisticated wireless technology will certainly be required to meet the demand
of an increasing number of wireless users and IoT devices throughout the world accessing
the spectrum. One major component of a wireless system that will fulfill this need of
spectrum access is a smart antenna [1–10]. This is because a smart antenna can measure the
surrounding electromagnetic environment and steer the main lobe of the pattern towards
the desired users and move the nulls of the antenna toward unwanted noise sources; thus,
making the antenna adaptive and increasing the capacity of the overall system in real time.
Furthermore, to increase the coverage and capacity of multifunctional wireless platforms,
conformal smart antennas are being placed in unique locations such as buildings, vehicles
and aircraft [9,10]. In many of these locations, however, the conformal smart antennas
are subjected to forces that may deform the topology of the antenna and thus degrade
the performance.

In the area of conformal antennas, researchers have studied how the radiation pattern
of a conformal antenna changes as it is deformed in various ways [11–16]. It has been
shown that the overall gain of an antenna array can be reduced by as much as 25 dBi in
a particular direction without appropriate phase and amplitude compensation [16]. To
mitigate some of the unwanted effects of deformation on the overall gain of the array, sev-
eral compensation techniques have been proposed [17–26]. The aforementioned literature
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study shows that the main focus is on the broadside radiation pattern correction of a confor-
mal antenna array attached to a changing surface (i.e., vibrating surface) using composite
amplitude and phase errors measurements, mechanical calibration methods, hardware
sensor monitoring and the null points adjusting method. Then again, the previous work
(with the exceptions of [27–30]) was developed under the assumption that the main lobe
direction of the radiation pattern was fixed and the location of the nulls for beamforming
was not defined.

Thus, the objective of this work is to study the theory of beamforming for confor-
mal antenna arrays attached to the changing wedge- and cylindrical-shaped surfaces in
Figure 1a,b for a specific main lobe direction and null locations for the first time. Moreover,
the changing surface effects on the radiation properties of conformal beamforming anten-
nas will be explored. In particular, this work will focus on the beamforming for the one
dimensional 1 × N arrays on the wedge- and cylindrical-shaped surfaces in Figure 1a,b,
respectively. For both Figure 1a,b, the location of each antenna element on the conformal
surface is shown as a black dot and denoted as A±n where N is assumed to be even and
n = −N/2, . . . ,−1, 1, . . . , N/2. It should be mentioned that similar work could be carried
out for an odd value of N. Moreover, the wavefront is denoted as a grey dotted line and the
direction of propagation is shown with a black arrow. The wavefront is shown away from
the origin for illustration purposes only.
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2. Theory of Beamforming Antennas on Changing Conformal Surfaces
2.1. Beamforming of Antenna Array on a Singly Curved (Wedge Shaped) Surface

For this work, the 1 × 4 array (i.e., N = 4) on the singly curved (wedge)-shaped
surface shown in Figure 2a with a bend angle of θb will be considered first. The spacing
between adjacent antenna elements lying along the wedge is denoted as d and the location
of element A±n is denoted as (x±n, z±n). The motivation for using a beamforming antenna is
the feature of being able to generate a main beam in a desired direction while simultaneously
defining nulls in the radiation pattern in other directions. The main lobe can then be used
to communicate with a desired user in a particular direction and the nulls can be used
to reduce the incoming signal from users not of interest. For this work, the angle of the
signal of interest will be denoted as θSOI and one user of interest will be assumed while
the angle of the nth user not of interest will be denoted as θSNOIn . Because a four-element
array is being considered here, three nulls at θSNOI1 , θSNOI2 and θSNOI3 are defined. Now,
the goal is to define appropriate array weights that can be used to drive the four-element
array in Figure 1a,b to give a main lobe at θSOI and three nulls at θSNOI1 , θSNOI2 and θSNOI3 .
Furthermore, to determine how the shape of the wedge changes the weights, they are to be
determined for various bend angles θb of the wedge.
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Figure 2. Geometrical illustration of the proposed projection method for (a) antenna array on a
wedged-shaped surface with desired signal at angle θSOI; (b) antenna array on a wedged-shaped
surface with undesired signal at angle θSNOI and (c) antenna array on a cylindrical curvature with
desired (undesired) signal at angle θSOI(SNOI).

To compute the surface-dependent array weights, the projection method [31] will be
used along with the matrix method for computing antenna weights defined in [1]. Since a
maximum radiation in the direction of θSOI and nulls in the directions of θSNOI1 , θSNOI2 and
θSNOI3 are desired, the array will be considered as a transmitter. First, suppose the antenna
array is radiating in the direction of θSOI , as shown in Figure 2a. One method used to provide
a field in the direction of θSOI is to ensure that the fields radiated from elements A−2,
A−1, A1 and A2 reach at the reference wavefront with equal phases, thereby resulting in a
broad-side pattern to the wavefront. To ensure that these fields arrive with the same phase,
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the voltage phase driving each individual element can be adjusted with a phase shifter.
The amount of phase required is equal and opposite to the sign of the phase introduced by
the free-space propagation from the antenna element to the wavefront. To compute this
distance, the values for ∆−2, ∆−1, ∆1 and ∆2 in Figure 2a, which denote the distance from
the elements A−2, A−1, A1 and A2, respectively, to the wavefront (or the projected elements
on the wavefront), need to be computed. Furthermore, the expressions for A−2, A−1, A1
and A2 should be written in a general manner including surface dependent position of
each antenna element and the bend angle θb. A similar argument can be made for the case
when the array is transmitting a null in the direction of θSNOIn , which is shown in Figure 2b.
For this case, the values of ∆±n still need to be computed.

2.2. Computing the Distance to the Projected Elements on the Wave Front

For this work, the values of θSOI and θSNOIn are between−π/2 and π/2. Because of this,
the problem will be broken down into two cases. For the first case, −θb ≤ θSOI(SNOIn) ≤ θb.
For these angles of θSOI(SNOIn), the projected elements on the wavefront are all outside
of the wedge-shaped surface. For the second case, θb ≤ θSOI(SNOIn) ≤ π/2 or
−π/2 ≤ θSOI(SNOIn) ≤ −θb. For these angles of θSOI(SNOIn), half of the projected el-
ements are outside of the wedge-shaped surface and half are inside of the surface. This is
because when θSOI(SNOIn) ≥ θb or θSOI(SNOIn) ≤ −θb, the projected elements for A1 and
A2 or A−1 and A−2, respectively, are inside of the wedge-shaped surface in Figure 2a,b.

2.2.1. Case 1: Computing ∆±n for −θb ≤ θSOI(SNOIn) ≤ θb

Using the notation in Figure 2a,b and several identities, the projected distance from
antenna elements on the wedge to the reference wavefront is given by:

∆±n = d
|n|
2n

(2|n| − 1)sin
(

θb ∓ θSOI(SNOIn)

)
(1)

for 0 ≤ θSOI(SNOIn) ≤ θb and

∆±n = d
|n|
2n

(2|n| − 1)sin
(

θb ±
∣∣∣θSOI(SNOIn)

∣∣∣) (2)

for −θb ≤ θSOI(SNOIn) ≤ 0. Notice that the expressions in (1) and (2) are written as
a function of the flexing (bend) angle θb of the wedge and the location of each antenna
element, indicating the generality of the expressions.

2.2.2. Case 2: Computing ∆±n for θb ≤ θSOI(SNOIn) ≤ π/2 or −π/2 ≤ θSOI(SNOIn) ≤ −θb

Next, for the remaining values of θSOI(SNOIn), the projected distance from each antenna
element in the array to the reference wavefront can be calculated as:

∆±n = d
|n|
2n

(2|n| − 1)sin
(

θSOI(SNOIn) ∓ θb

)
(3)

for θb ≤ θSOI(SNOIn) ≤ π/2 and

∆±n = d
|n|
2n

(2|n| − 1) sin
(∣∣∣θSOI(SNOIn)

∣∣∣ ± θb

)
(4)

for −π/2 ≤ θSOI(SNOIn) ≤ θb. Notice that (3) and (4) are also written in terms of θb of the
wedge and the position of each antenna element in a general fashion.
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2.3. Computing the Radiation in the Direction of θSOI , θSNOI1 , θSNOI2 and θSNOI3

Next, the field from the array in the direction of θSOI (signal of interest), and θSNOI1 ,
θSNOI2 and θSNOI3 (signals of no interest) on the singly curved surface (wedge) is computed
with the Array Factor (AFw) expression in [15]:

AFw(θ, φ) =
−1

∑
n=−2

Fn,Lejk[uxn+vyn+zn cos θ] +
2

∑
n=1

Fn,Rejk[uxn+vyn+zn cos θ] (5)

where
Fn,L = wn cos θPLe±jk∆±n (6)

and
Fn,R = wn cos θPRe±jk∆±n (7)

A spherical coordinates system is assumed in (5) with u = sin θ cos φ, v = sin θ sin φ,
∆±n is defined in (1)–(4), (xn, yn, zn) is the location of the nth array element and wn are the
array excitation weights (amplitudes and phases) to drive the individual antenna elements.
Furthermore, the element patterns for A1 and A2 are denoted as eR(θ) = cosθPR and the
element patterns for A−1 and A−2 are denoted as eL(θ) = cos θPL where θPR and θPL are
defined in Figure 2.

2.4. Computing the Array Weights for N = 4 Elements

The complex weighting functions (i.e., array weights) in (5) are of interest in this work
because these are the array weights that need to be computed for beamforming of the array.
To compute these weights, the matrix method for smart antennas presented in [1] will be
used. Because the array studied here has four elements, four array weights are needed.
This then requires a set of four equations with four unknowns that can be written as a
square matrix. Then, the array weights can be computed using a matrix solver. The sum in
(5) has four terms for N = 4 and to obtain four equations with four unknowns, (5) will be
evaluated at each value of θSOI , θSNOI1 , θSNOI2 and θSNOI3 . This then gives the following
array factor matrix for antenna array on wedge-shaped conformal surface AFw:

AFw =


AFw(θSOI)

AFw
(
θSNOI1

)
AFw

(
θSNOI2

)
AFw

(
θSNOI3

)
 (8)

where θ = θSOI , θSNOI1 , θSNOI2 or θSNOI3 and φ = 0. Then, factoring out the array weights
gives,

AFw = AW (9)

where A is the array factor in (5) for antenna array on wedge-shaped conformal surface
with factoring out the complex weights and

W =


w−2
w−1

w1
w2

 (10)

Next, to ensure that the conformal antenna will have a main beam at the scan angle
θSOI , AFw(θSOI) must equal 1 in (8), or AFw(θSOI) = 1. Then, in order to provide nulls in the
direction of θSNOI1 , θSNOI2 and θSNOI3 , AFw

(
θSNOI1

)
= AFw

(
θSNOI2

)
= AFw

(
θSNOI3

)
= 0

in (8). This can be written in matrix form in the following manner:

AW = C (11)
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where

C =


1
0
0
0

 (12)

and AW is defined in (9). Finally, solving for the weights in (11) gives

W = A−1C (13)

By setting the first element in (12) to be 1 and the rest of the elements to be 0, the array
factor is forced to give nulls (or a zero field) analytically at the angles of θSNOI1 , θSNOI2

and θSNOI3 . Thus, the solution of (13) are the array weights required to give these pattern
null features. Furthermore, since the values of ∆±n in the array factor expression in (8)
are written in terms of the wedge angle θb and the location of each antenna element, the
weights computed with (13) are determined in a setting where the antenna, and hence the
wedge, can change shape.

2.5. Computing the Array Weights for N Elements

The previous expressions were determined for N = 4 and can be generalized for more
elements. More, specifically, (8)–(13) can be generalized in the following manner:

AFw =



AFw(θSOI)
.
.
.

AFw
(
θSNOI1

)
.
.
.

AFw(θSNOIn)


(14)

where

AFwn(θ, φ) =
−1

∑
n=− N

2

Fn,Lejk[uxn+vyn+zn cos θ] +

N
2

∑
n=1

Fn,Rejk[uxn+vyn+zn cos θ] (15)

and Fn,L and Fn,R are defined in (6) and (7), respectively. Then, factoring out the array
weights gives

AFwn = AnWn (16)

where An is the array factor in (15) for antenna array on wedge-shaped conformal surface
with factoring out the complex weights and

Wn =
[
w− N

2
. . . w−1 w1 . . . w N

2

]T
(17)

Finally, the coefficients in (12) can be generalized as

Cn = [c1 c2 . . . cn]
T (18)

and the weights can be computed using

Wn = An
−1Cn (19)
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Equation (19) can then be used to solve for the array weights that will result in a main
radiation pattern in the direction of θSOI and nulls in the directions of θSNOI1 , θSNOI2 , . . .
θSNOI(N−1)

for an N-element array, on a changing wedge-shaped surface.

2.6. Beamforming of a 1 × 4 Array on a Cylindrical-Shaped Surface

Next, the complex weights for antenna array on the cylindrical curvature shown in
Figure 2c are computed. Again, for illustration, the derivations will be carried out for
N = 4 elements. As with the wedge-shaped conformal surface, the projected distance
from the antenna elements on the cylindrical surface to the transmitted wavefront at angle
θSOI(SNOIn) must be computed. Again, these distances are denoted as ∆±n in Figure 2c.
First, the distance from the point where the cylinder intersects the z-axis (denoted as point
P in Figure 2c) to each antenna element is computed using the following equation

h±n =

√
(0− x±n)

2 + (r− z±n)
2, (20)

where again (x±n, z±n) is the location of the nth element on the cylindrical surface, x±n =
r cos φ±n, z±n = r sin φ±n and φ±n is defined in Figure 2c. As with the wedge-shaped
surface, the problem will be considered as two different cases.

The first case is for θSOI(SNOIn) ≥ 0 and the second case is for θSOI(SNOIn) ≤ 0. The
first case is shown in Figure 2c. The projected elements of A−2, A−1 and A2 in the direction
of θSOI(SNOIn) are outside of the cylindrical surface and the projected element of A1 in
the direction of θSOI(SNOIn) is inside of the cylindrical surface. Because some projected
elements are outside of the cylinder and some are inside, each case will be broken into
two parts. The first part will compute the distance from the elements A−1 and A±2 to the
projected elements on the wavefront and the second part will compute the distance from
the element A1 to the projected element on the wavefront (as shown in Figure 2c).

2.6.1. Case 1: θSOI(SNOIn) ≥ 0

Next, using (20) and several trigonometric identities, the projected distance from the
elements A−1 and A±2 to the transmitted wavefront is calculated as:

∆±n = h±n sin(∓θSOI(SNOIn) + θ±n) (21)

where θ±n = cos−1|x±n/h±n|. Then, for the element A1 the distance to the projected
element can be computed as:

∆+n = h+n sin
(

θSOI(SNOIn) − θ+n

)
(22)

2.6.2. Case 2: θSOI(SNOIn) ≤ 0

Again, using (20) and several trigonometric identities, the distance from the elements
A1 and A±2 to the projected elements can be computed as:

∆±n = h±nsin (±
∣∣∣θSOI(SNOIn)

∣∣∣+ θ±n) (23)

where θ±n = cos−1|x±n/h±n|. Then, for the element A−1, the distance to the projected
element can be computed as:

∆−n = h−n sin
(∣∣∣θSOI(SNOIn)| − θ−n

)
(24)

Several comments can be made about (21)–(24). As with the wedge-shaped surface,
these expressions have been written in a general manner in terms of antenna position on
the cylindrical surface and the radius of curvature. Moreover, special care should be taken
when implementing these equations if

∣∣∣θSOI(SNOIn)

∣∣∣ ≤ θ±n. This is because for these
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projected elements, angles on the wavefront will be outside of the cylindrical surface. In
this case, the distance to the wavefront can be computed using (21) or (23) (depending on
whether θSOI(SNOIn) ≤ 0 or θSOI(SNOIn) ≥ 0 and the computations of (22) and (24) are
not required.

2.7. Computing the Array Weights for N = 4 Elements

Next, as with the antenna array on the wedge-shaped conformal surface, the array
weights can be computed using (13). For the computations of these array weights on
the cylinder, the distance from the elements to the wavefront should be computed using
(21)–(24).

2.8. Computing the Array Weights for N Elements

Finally, (19) can be used (with the updated distances computed using (21)–(24)) to
compute the array weights for an N-dimensional array on a cylindrical surface with radius
r. As with the wedge-shaped surface, the expressions to compute the array weights
have been written in a general manner that includes element spacing and the radius of
the cylinder. This makes the technique presented here useful for an array attached to a
changing cylindrical surface.

2.9. Computing the Weighting Coefficients with Mutual Coupling

For the previous derivations of (13) and (19), it was assumed that there was no mutual
coupling between the elements. To model the mutual coupling, the work presented in [32]
was considered. More specifically, the work in [32] proposed a model for the mutual coupling
in adaptive arrays and demonstrated that the mutual coupling between the elements of an
adaptive array can cause a significant degradation in the signal-to-interference-plus-noise
ratio (SINR). The methods in [32] will be adopted here to model the mutual coupling
effects on the radiation pattern of the conformal beamforming array. The coupling between
the antenna elements can be modelled as an N + 1 port network, as shown in Figure 3.
The antenna elements in the array are all terminated with ZL and denoted as ports 1, 2, . . .
N. The antenna port driven by a voltage source Vs is denoted as N + 1. The port driven
with Vs is the representation of the transmitted (or incoming) signals at angles θSOI or
θSNOIn . Then, using the Kirchhoff relations for the N + 1 terminal network, the voltage at
the terminated port n can be written as:

VTn = I1Zn,1 + I2Zn,2 + . . . + InZn,m + . . . + IsZn,s (25)

where Zn,m is the mutual impedance between the nth and mth port, In is the current going
through the terminating load on the nth port, Zn,n is the self-impedance of the nth port and
Zn,s represents the mutual coupling term between the driven element with Vs and the nth

antenna element. Furthermore, the current at the nth port can be written in terms of the
terminal voltage and load impedance in the following manner:

In =
−VTn

ZL
(26)

Then, making use of the open circuit condition and removing the terminating impedances
results in I1 = I2 = . . . IN = 0. This simplifies (25) to VTn = IsZn,s. Under these conditions,
(25) represents the open circuit voltages at the nth port caused by the mutual coupling
between the driven element and the nth port, and can be computed as VTn = IsZn,sVOCn.
Next, substituting (26) into (25), making use of the open-circuit condition and writing (25)
in matrix form results in the following:

ZcVT = VOC (27)
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where

Zc =


1 + Z1,1

ZL

Z1,2
ZL

· · · Z1,N
ZL

Z2,1
ZL

1 + Z2,2
ZL

· · · Z2,N
ZL

...
...

. . .
...

ZN,1
ZL

ZN,2
ZL

. . . 1 + ZN,N
ZL

 (28)

VT = [VT1 VT2 . . . VTn]
T (29)

and
VOC = [VOC1 VOC2 ···VOCn]

T (30)

The normalized impedance matrix Zc includes self- and mutual-terms, and can be
determined from a 3D full wave simulator such as HFSS [33]. The open circuit voltage
column matrix VOC represents the array weights (i.e., the complex voltages used to drive
the beamforming conformal antenna) without including mutual coupling. This then results
in VOC = Wn where Wn is given in (19). The terminal voltage column matrix VT repre-
sents the array weights that include the mutual coupling and can be computed from (27)
as follows:

VT = Zc
−1VOC (31)

Next, to write the array weights with mutual coupling in terms of Zc, substitute
VOC = Wn into (19) and rearranging gives the following expression:

AnVOC = Cn (32)

Then, solving for VOC in (32) and substituting into (31) gives:

VT = Zc
−1An

−1Cn = Wc
n (33)

where Wc
n represents the new array weights with the coupling included in the computations.

In the next Section, validation of Wn using (19) and Wc
n using (33) for various values of

θSOI and θSNOIn will be presented followed by the characteristics of the array weights for
various conformal surfaces.
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or θSNOIn .

3. Validation with Analytical, Simulations and Measurement Results

In this Section, a beamforming array is used to validate the previously derived array
weight expressions using simulations and measurements. More specifically the array
weights are computed using (19) and (33) for the 1 × 4 element array on the singly curved
wedge and cylindrical curvature surfaces, shown in Figure 2. Two different beam-formation
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patterns were considered, and each pattern was evaluated on three different conformal
surfaces. The characteristics of each beam-formation pattern, denoted as pattern 1 and
pattern 2, are mentioned in Table 1. Furthermore, the three conformal surfaces considered
were the singly curved wedge surface with θb = 30◦ and θb = 45◦ and a cylindrical surface
with r = 10 cm.

Table 1. Specifications of the beamforming patterns.

Variable Pattern 1 Pattern 2

θSOI 0◦ 40◦

θSNOI1 −30◦ −45◦

θSNOI2 30◦ −25◦

θSNOI3 40◦ 10◦

3.1. Four-Element Beamforming Array

For measurement purposes, the four-element beamforming array shown in Figure 4a
was manufactured. The array consisted of connectorized voltage-controlled phase shifters,
voltage-controlled attenuators, a four-way power divider, an amplifier and four microstrip
patches designed to operate at 2.47 GHz. A picture of the attenuators, phase shifters and
power divider of the manufactured array is shown in Figure 4b, and a picture of the four
microstrip patches is shown in Figure 4c. Four individual microstrip patches were used for
the convenience of placing the array on the various conformal surfaces. The phase shifters
were manufactured by Hittite Microwave Corporation [34] (PN: HMC928LP5E) and the
power divider, attenuators and amplifiers were manufactured by Mini-Circuits [35] (PNs:
ZN8PD1-53-S+, ZX73-2500-S+ and ZX60-33LN-S+, respectively). Identical SMA cables
were used to connect each patch to a port on the power divider.

Sensors 2022, 22, x FOR PEER REVIEW 10 of 18 
 

 

weights are computed using (19) and (33) for the 1 × 4 element array on the singly curved 
wedge and cylindrical curvature surfaces, shown in Figure 2. Two different beam-for-
mation patterns were considered, and each pattern was evaluated on three different con-
formal surfaces. The characteristics of each beam-formation pattern, denoted as pattern 1 
and pattern 2, are mentioned in Table 1. Furthermore, the three conformal surfaces con-
sidered were the singly curved wedge surface with 𝜃  =  30° and 𝜃  =  45° and a cy-
lindrical surface with 𝑟 =  10 cm. 

Table 1. Specifications of the beamforming patterns. 

Variable Pattern 1 Pattern 2 𝜃       0°    40° 𝜃  −30° −45° 𝜃     30° −25° 𝜃     40°    10° 
3.1. Four-Element Beamforming Array 

For measurement purposes, the four-element beamforming array shown in Figure 4a 
was manufactured. The array consisted of connectorized voltage-controlled phase shift-
ers, voltage-controlled attenuators, a four-way power divider, an amplifier and four mi-
crostrip patches designed to operate at 2.47 GHz. A picture of the attenuators, phase shift-
ers and power divider of the manufactured array is shown in Figure 4b, and a picture of 
the four microstrip patches is shown in Figure 4c. Four individual microstrip patches were 
used for the convenience of placing the array on the various conformal surfaces. The phase 
shifters were manufactured by Hittite Microwave Corporation [34] (PN: HMC928LP5E) 
and the power divider, attenuators and amplifiers were manufactured by Mini-Circuits 
[35] (PNs: ZN8PD1-53-S+, ZX73-2500-S+ and ZX60-33LN-S+, respectively). Identical SMA 
cables were used to connect each patch to a port on the power divider. 

 
Figure 4. (a) Topology of the four-element beamforming array, (b) a picture of the power divider, 
voltage-controlled phase shifters and voltage-controlled attenuators used for measurements and (c) 
a picture of the microstrip patch elements used for attachment to conformal surfaces. 

3.2. Beamforming Results on the Conformal Wedge Antenna Array with 𝜃  =  30° 
First measurements taken were for the 1 x 4 element beamforming array on the singly 

curved flexing wedge in Figure 2a for 𝜃  =  30°, and the array weights were computed 
using (33). The inter-element spacing was 0.5𝜆 and a picture of the array being measured 
on the surface with a 2-port network analyzer in a fully calibrated anechoic chamber is 
shown in Figure 5a. The results from these measurements for both patterns summarized 
in Table 1 are shown in Figure 6a,b. Next, the four-element beamforming array was mod-
elled in HFSS and the weights computed using (33) were used to drive the array. More 
specifically, the separate substrates, conducting layers and SMA connectors were model-
ling in HFSS to provide an accurate representation of the measurement setup in Figure 5. 

Figure 4. (a) Topology of the four-element beamforming array, (b) a picture of the power divider,
voltage-controlled phase shifters and voltage-controlled attenuators used for measurements and (c) a
picture of the microstrip patch elements used for attachment to conformal surfaces.

3.2. Beamforming Results on the Conformal Wedge Antenna Array with θb = 30◦

First measurements taken were for the 1 × 4 element beamforming array on the singly
curved flexing wedge in Figure 2a for θb = 30◦, and the array weights were computed using
(33). The inter-element spacing was 0.5 λ and a picture of the array being measured on the
surface with a 2-port network analyzer in a fully calibrated anechoic chamber is shown in
Figure 5a. The results from these measurements for both patterns summarized in Table 1
are shown in Figure 6a,b. Next, the four-element beamforming array was modelled in
HFSS and the weights computed using (33) were used to drive the array. More specifically,
the separate substrates, conducting layers and SMA connectors were modelling in HFSS to
provide an accurate representation of the measurement setup in Figure 5. The radiation
pattern from these simulations can also be seen in Figure 6a,b at 2.47 GHz. Then, for a third
comparison both patterns were computed analytically using the array factor expression
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in (5) with the weights determined using (19). These results are also shown in Figure 6a,b.
Finally, new weights that include the mutual coupling were computed using (33) and used
in (5) to compute the radiation pattern analytically. These results are shown in Figure 6a,b.
Overall, agreement between measurements, simulations and analytical computations (with
both sets of array weights) is shown. The array weights for the results in Figure 6a,b are
shown in Tables A1 and A2 in Appendix A.
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3.3. Beamforming Results on the Conformal Wedge Antenna Array with θb = 45◦

Next, measurements were taken for the four-element beam-forming array on the
singly curved flexing wedge in Figure 2a for θb = 45◦. The adjacent element spacing was
again 0.5 λ and (33) was used to compute the new array weights. The results from these
measurements for both patterns summarized in Table 1 are shown in Figure 7a,b. Next, the
four-element beamforming array was simulated in HFSS with the array weights computed
using (33) for θb = 45◦ and the radiation pattern can also be seen in Figure 7a,b at 2.47 GHz.
Then, for a third comparison, the expression in (19) was used to compute the analytical
results shown in Figure 7a,b. Next, the four-element beamforming array was simulated in
HFSS with the array weights computed using (33) for θb = 45◦ and the radiation pattern can
also be seen in Figure 7a,b at 2.47 GHz. Then, for a third comparison the expression in (19)
was used to compute the analytical results shown in Figure 7a,b. New weights that include
the mutual coupling were also computed using (33) for the new value of θb = 45◦. These
weights were then used in (5) to compute the radiation pattern and these results are shown
in Figure 7a,b. As with the θb = 30◦ results, agreement between measurements, simulations
and analytical computations is shown. The array weights for the results in Figure 7a,b are
shown in Tables A3 and A4 in Appendix A.
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3.4. Beamforming Results on the Conformal Cylindrical Antenna Array with r = 10 cm

Finally, the same comparison between measurements, simulations and analytical
computations was conducted for the four-element array on the cylindrical-shaped surface
with r = 10 cm. The array being measured in the full anechoic chamber is shown in Figure 5b
and the results are shown in Figure 8. It should be mentioned that in order to measure the
array on a cylindrical surface, a sphere was used and the antenna elements were placed
along the equator. This then resulted in an antenna shape similar to a cylindrical surface.
Simulation results and analytical computations with and without the coupling are also
shown in Figure 8 and overall agreement is shown. The array weights for the results in
Figure 8 are shown in Tables A5 and A6 in Appendix A.
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4. Discussions

For the results in Figures 6 and 7, the most agreement is between the measured results,
the HFSS simulations and the analytical computations with the array weights including
the mutual coupling. This illustrates the improved accuracy of the weights computed
using (33).

Moreover, when comparing the pattern 2 results in Figure 6b and b, it is shown that
more agreement between the results around −60◦ exist for the θb = 45◦ surface than for
the θb = 30◦ surface. This is thought to be due to the more severe surface deformation that
exists for the θb = 45◦. Overall though, the array weights computed using (19) and (33)
have been shown to be accurate and the effects due to the mutual coupling and surface
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deformations on the radiation pattern have been demonstrated. Thus again, the weights
computed using (33) can be used to model the coupling, and with proper optimization, an
improved beam-formation could be achieved in a general setting that includes the mutual
coupling between elements on a changing conformal surface.

The approach to beamforming presented in this paper has many applications ranging
from IoT devices, 5G and mobile satellite communications. As devices in these spaces
become smaller, phased array antennas are required to operate in the vicinity of scattering
surfaces and other array elements, hence requiring knowledge of mutual coupling.

5. Dependence of Complex Weights on the Geometry of the Conformal Surface

Next, the array weights for a three-element array were computed analytically using
(19). This was undertaken to show how the array weights are dependent on bend angle
θb and the radius of curvature r. It should be mentioned that = 3 was chosen because the
problem becomes much more complex for N > 3 and requires a numerical analysis of the
matrices in (19). After several algebraic steps it can be shown that the array weights can be
written as:

w+1 =
1

F1,R
∆ − DF−1,L

∆ (34)

w0 = 1− w+1[F1,R(θSOI)− DF−1,L(θSOI)] (35)

and
w−1 = −w+1D (36)

where

D =
F1,R

(
θSNOI2

)
− F1,R

(
θSNOI1

)
F−1,L

(
θSNOI2

)
− F−1,L

(
θSNOI1

) (37)

F1,R
∆ = F1,R(θSOI)− F1,R

(
θSNOI1

)
, F−1,L

∆ = F−1,L(θSOI)− F−1,L
(
θSNOI1

)
and Fn,L and

Fn,R are defined in (6) and (7), respectively, with the weights factored out. For a small value
of N the results in (34)–(36) show that the expression for the array weights can be quite
complicated. Then again, it does also show the dependency of each weight on the angle
θSOI(SNOIn) and the location of each antenna element in the array.

To illustrate the behavior of the weights using (34)–(36) for various surfaces, the
three-element array was considered on a wedge-shaped surface for various values of θb.
For these computations, the values of θSOI and θSNOIn were θSOI = 40

◦
, θSNOI1 = −45

◦

and θSNOI2 = 10
◦
. The amplitude and phase of the array weights computed using (34)–(36)

are shown in Figure 9. The results show that for a fixed beam-formation there is a strong
relationship between the array weights and the conformal surface. A similar derivation
could be conducted to compute (33) for the array weights that include coupling, and the
same relationship between the array weights and the surface deformation was shown to
exist for the cylindrical surface.
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6. Conclusions

Beamforming of a one-dimensional array on a changing singly curved wedge and
cylindrical curvature surface was investigated. New matrices for computing the array
weights that both do not include and include the mutual coupling between elements are
presented. The computations of these array weights were then validated with the simulation
and measurements of a four-element beamforming array. Overall agreement between the
results was shown and the characteristics of a beamforming array on a conformal surface
were discussed.
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Appendix A

The following tables summarize the array weights for the results in Figures 6–8.

Table A1. Array weights of the conformal antenna on the wedge-shaped surface with θb = 30◦

without coupling using (19).

Pattern 1 Weights Pattern 2 Weights

w−2 = 0.98∠+ 128.76
◦

w−2 = 0.31∠− 72.72
◦

w−1 = 0.21∠− 75.85
◦

w−1 = 0.56∠+ 135.57
◦

w1 = 1.00∠+ 35.24
◦

w1 = 1.00∠− 2.34
◦

w2 = 0.59∠− 174.73
◦

w2 = 0.84∠− 78.45
◦

Table A2. Array weights of the conformal antenna on the wedge-shaped surface with θb = 30◦ with
coupling using (33).

Pattern 1 Weights Pattern 2 Weights

w−2 = 0.96∠+ 88.34
◦

w−2 = 0.35∠− 112.26
◦

w−1 = 0.26∠− 108.76
◦

w−1 = 0.61∠+ 91.65
◦

w1 = 1.00∠− 8.1
◦

w1 = 1.00∠− 39.52
◦

w2 = 0.65∠+ 146.62
◦

w2 = 0.84∠− 124.1
◦

Table A3. Array weights of the conformal antenna on the wedge-shaped surface with θb = 45◦

without coupling using (19).

Pattern 1 Weights Pattern 2 Weights

w−2 = 1.00∠− 154
◦

w−2 = 0.26∠− 14.85
◦

w−1 = 0.74∠− 31.9
◦

w−1 = 0.26∠+ 165.14
◦

w1 = 0.62∠+ 65.6
◦

w1 = 1.00∠+ 39.57
◦

w2 = 0.52∠− 107.1
◦

w2 = 0.88∠− 16.86
◦

Table A4. Array weights of the conformal antenna on the wedge-shaped surface with θb = 45◦ with
coupling using (33).

Pattern 1 Weights Pattern 2 Weights

w−2 = 1.00∠− 155.1
◦

w−2 = 0.34∠− 15.8
◦

w−1 = 0.41∠− 56.29
◦

w−1 = 0.14∠+ 121.26
◦

w1 = 0.24∠+ 55.72
◦

w1 = 0.17∠+ 21.0
◦

w2 = 0.53∠− 116.44
◦

w2 = 1.00∠− 28.94
◦
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Table A5. Array weights of the conformal antenna on the cylindrical-shaped surface with r = 10 cm
without coupling using (19).

Pattern 1 Weights Pattern 2 Weights

w−2 = 0.95∠+ 48.27
◦

w−2 = 0.53∠− 133.55
◦

w−1 = 0.22∠+ 38.35
◦

w−1 = 0.86∠+ 83.9
◦

w1 = 1.00∠− 7.36
◦

w1 = 0.91∠− 51.41
◦

w2 = 0.60∠+ 110
◦

w2 = 1.00∠− 136.1
◦

Table A6. Array weights of the conformal antenna on the cylindrical-shaped surface with r = 10 cm
with coupling using (33).

Pattern 1 Weights Pattern 2 Weights

w−2 = 0.97∠+ 5.39
◦

w−2 = 0.59∠+ 168.29
◦

w−1 = 0.26∠+ 102.15
◦

w−1 = 0.94∠+ 29.34
◦

w1 = 1.00∠− 75.79
◦

w1 = 1.00∠− 102.68
◦

w2 = 0.93∠+ 61.92
◦

w2 = 0.88∠+ 169.59
◦

References
1. Balanis, C.A. Antenna Theory: Analysis and Design, 3rd ed.; John Wiley and Sons: Hoboken, NJ, USA, 2005.
2. Lockyer, A.J.; Alt, K.H.; Coughlin, D.P.; Durham, M.D.; Kudva, J.N.; Goetz, A.C.; Tuss, J. Design and developement of a conformal

load bearing smart skin antenna: Overiew of the AFRL smart skin structure technology demonstration (S3TD). In Proceedings of
the 1999 Symposium on Smart Structures and Materials, Newport Beach, CA, USA, 1 March 1999; Volume 3674, p. 410.

3. Bellofiore, S.; Balanis, C.; Foutz, J.; Spanias, A. Smart-antenna systems for mobile communication networks. Part 1. Overview and
antenna design. IEEE Antennas Propag. Mag. 2003, 44, 145–154. [CrossRef]

4. Balanis, C.A. Smart antennas for future reconfigurable wireless communication networks. In Proceedings of the 2003 IEEE Topical
Conference on Wireless Communication Technology, Honolulu, HI, USA, 15–17 October 2003; pp. 181–182.

5. Lockyer, A.J.; Alt, K.H.; Kinslow, R.W.; Kan, H.-P.; Goetz, A.C. Development of a structurally integrated Conformal load-bearing
multifunction antenna: Overview of the Air Force Smart Skin Structures Technology Demonstration Program. Proc. SPIE 1996,
2722, 55–64.

6. Varadan, V.K.; Varadan, V.V. Design and development of conformal smart spiral antenna. In Proceedings of the 1996 Symposium
on Smart Structures and Materials, San Diego, CA, USA, 25–29 February 1996; Volume 2722, p. 46.

7. Benedetti, M.; Azaro, R.; Massa, A. Experimental validation of full-adaptive smart antenna prototype. Elec. Lett. 2008, 44, 661–662.
[CrossRef]

8. Ohira, T. Electronically steerable passive array radiator antennas for low-cost analog adaptive beamforming. In Proceedings of
the 2000 IEEE International Conference on Phased Array Systems and Technology, Dana Point, CA, USA, 21–25 May 2000; pp.
101–104.

9. Choi, S.; Shim, D. A novel adaptive beamforming algorithm for a smart antenna system in a CDMA mobile communication
environment. IEEE Trans. Veh. Technol. 2002, 49, 1793–1806. [CrossRef]

10. Schippers, H.; Verpoorte, J.; Jorna, P.; Hulzinga, A.; Meijerink, A.; Roeloffzen, C.; Heideman, R.G.; Leinse, A.; Wintels, M.
Conformal phased array with beamforming on airborne satellite communication. In Proceedings of the International ITG
Workshop on Smart Antennas, Hamburg, Germany, 26–27 February 2008; pp. 343–350.

11. Schippers, H.; Spalluto, G.; Vos, G. Radiation analysis of conformal phased array antennas on distorted structures. In Proceedings
of the 12th International Conference on Antennas and Propagation (ICAP 2003), Exeter, UK, 31 March–3 April 2003; pp. 160–163.

12. Schippers, H.; Knott, P.; Deloues, T. Vibrating antennas and compensation techniques research in NATO/RTO/SET 087/RTG 50.
In Proceedings of the IEEE Aerospace Conference, New York, NY, USA, 3–10 March 2007; pp. 1–13.

13. Knott, P. Deformation and vibration of conformal antenna arrays and compensation techniques. In Proceedings of the Meeting
Proceedings RTO-MP-AVT-141, Neuilly-sur-Seine, France, October 2006; Multifunctional Structures/Integration of Sensors and
Antennas. pp. 19-1–19-12.

14. Wincza, K.; Gruszczynski, S. Influence of Curvature Radius on Radiation Patterns in Multibeam Conformal Antennas. In
Proceedings of the 36th European Microwave Conference, Manchester, UK, 10–15 September 2006; pp. 1410–1413.

15. Haupt, R.L. Antenna Arrays: A Computational Approach; John Wiley and Sons, Ltd.: Hoboken, NJ, USA, 2010; pp. 287–315.
16. Braaten, B.D.; Roy, S.; Nariyal, S.; Al Aziz, M.; Chamberlain, N.F.; Ullah, I.; Reich, M.T.; Anagnostou, D. A Self-Adapting Flexible

(SELFLEX) Antenna Array for Changing Conformal Surface Applications. IEEE Trans. Antennas Propag. 2013, 61, 655–665.
[CrossRef]

http://doi.org/10.1109/MAP.2002.1039395
http://doi.org/10.1049/el:20083689
http://doi.org/10.1109/25.892584
http://doi.org/10.1109/TAP.2012.2226227


Sensors 2022, 22, 6616 18 of 18

17. O’Donovan, P.L.; Rudge, A.W. Adaptive control of a flexible linear array. Electron. Lett. 1973, 9, 121–122. [CrossRef]
18. Lier, E.; Purdy, D.; Kautz, G. Calibration and Integrated Beam Control/Conditioning System for Phased-Array Antennas.

US Patent 6163296, 19 December 2000.
19. Lier, E.; Purdy, D.; Ashe, J.; Kautz, G. An On-Board Integrated Beam Conditioning System for Active Phased Array Satellite

Antennas. In Proceedings of the 2000 IEEE International Conference on Phased Array Systems and Technology, Dana Point, CA,
USA, 21–25 May 2000; pp. 509–512.

20. Lier, E.; Zemlyansky, M.; Purdy, D.; Farina, D. Phased array calibration and characterization based on orthogonal coding: Theory
and experimental validation. In Proceedings of the 2010 IEEE International Symposium on Phased Array Systems and Technology
(ARRAY), Greater Boston, MA, USA, 12–15 October 2010; pp. 271–278.

21. Guo, J.-L.; Li, J.-Y. Pattern synthesis of conformal array antenna in the presence of platform using differential evolution algorithm.
IEEE Trans. Antennas Propag. 2009, 57, 2615–2621.

22. Wu, Y.; Warnick, K.F.; Jin, C. Design study of an L-band phaed array feed for wide-field surveys and vibration compensation on
FAST. IEEE Trans. Antennas Propag. 2013, 61, 3026–3033. [CrossRef]

23. Purdy, D.; Ashe, J.; Lier, E. System and Method for Efficiently Characterizing the Elements in an Array Antenna. U.S. Patent
2002/0171583 A1, 21 November 2002.

24. Yang, P.; Yang, F.; Nie, Z.-P.; Li, B.; Tang, X. Robust adaptive beamformer using interpolation technique for conformal antenna
array. Prog. Electromagn. Res. B 2010, 23, 215–228. [CrossRef]

25. Seidel, T.J.; Rowe, W.S.T.; Ghorbani, K. Passive compensation of beam shift in a bending array. Prog. Electrom. Res. 2012, 29, 41–53.
[CrossRef]

26. Salonen, P.; Rahmat-Samii, Y.; Schaffrath, M.; Kivikoski, M. Effect of textile materials on wearable antenna performance: A case
study of GPS antennas. in Proc. IEEE Antennas Propag. Soc. Int. Symp. 2004, 1, 459–462.

27. Irfan, U.; Braaten, B.D. Nulls of a conformal beamforming array on an arbitrary wedge-shaped surface. In Proceedings of the
2014 IEEE Antennas and Propagation Society International Symposium (APSURSI). Memphis, TN, USA, 6–11 July 2014; pp.
1788–1789.

28. Irfan, U.; Braaten, B.D. On the effects of a changing cylindrical surface on the nulls of a conformal beamforming array. In
Proceedings of the 2014 IEEE Antennas and Propagation Society International Symposium (APSURSI). Memphis, TN, USA, 6–11
July 2014; pp. 1790–1791.

29. Ullah, I.; Munsif, H.; Razzaq, S.; Najam, A.I. Cylindrical phased array with adaptive nulling using eigen-correlation technique.
Int. J. RF Microw. Comput.-Aided Eng. 2021, 32, e22969. [CrossRef]

30. Munsif, H.; Najam, A.I.; Irfanullah. Eigenbeam analysis of singly curved conformal antenna array. Prog. Electromagn. Res. M 2021,
103, 27–36.

31. Chiba, I.; Hariu, K.; Sato, S.; Mano, S. A projection method providing low sidelobe pattern in conformal array antennas. In
Proceedings of the Digest on Antennas and Propagation Society International Symposium, San Jose, CA, USA, 26–30 June 1989.

32. Gupta, I.J.; Ksienski, A.A. Effect of mutual coupling on the performance of adaptive arrays. IEEE Trans. Antennas Propag. 1983, 31,
785–791. [CrossRef]

33. Ansys Inc. Ansoft HFSS, Version 13.0.1. Available online: http://www.ansoft.com (accessed on 24 August 2022).
34. Hittite Microwave Corporation. Available online: http://www.hittite.com (accessed on 24 August 2022).
35. Mini Circuits. Available online: http://www.minicircuits.com (accessed on 24 August 2022).

http://doi.org/10.1049/el:19730089
http://doi.org/10.1109/TAP.2013.2254438
http://doi.org/10.2528/PIERB10061504
http://doi.org/10.2528/PIERC12030403
http://doi.org/10.1002/mmce.22969
http://doi.org/10.1109/TAP.1983.1143128
http://www.ansoft.com
http://www.hittite.com
http://www.minicircuits.com

	Introduction 
	Theory of Beamforming Antennas on Changing Conformal Surfaces 
	Beamforming of Antenna Array on a Singly Curved (Wedge Shaped) Surface 
	Computing the Distance to the Projected Elements on the Wave Front 
	Case 1: Computing n  for - b SOI(SNOIn) b  
	Case 2: Computing n  for b SOI(SNOIn) /2  or - /2 SOI(SNOIn) - b 

	Computing the Radiation in the Direction of SOI , SNOI1 , SNOI2  and SNOI3  
	Computing the Array Weights for N = 4 Elements 
	Computing the Array Weights for N Elements 
	Beamforming of a 1  4 Array on a Cylindrical-Shaped Surface 
	Case 1: SOI(SNOIn) 0  
	Case 2: SOI(SNOIn) 0  

	Computing the Array Weights for N = 4 Elements 
	Computing the Array Weights for N Elements 
	Computing the Weighting Coefficients with Mutual Coupling 

	Validation with Analytical, Simulations and Measurement Results 
	Four-Element Beamforming Array 
	Beamforming Results on the Conformal Wedge Antenna Array with b = 30 
	Beamforming Results on the Conformal Wedge Antenna Array with b = 45 
	Beamforming Results on the Conformal Cylindrical Antenna Array with r = 10 cm 

	Discussions 
	Dependence of Complex Weights on the Geometry of the Conformal Surface 
	Conclusions 
	Appendix A
	References

