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Internet of Things (IoT) shall be imperative in incorporating
different heterogeneous end systems including everything
from smart homes to the industrial Internet of Things with
smart agriculture, smart cities, and the smart grid. Apart
from the sophisticated communication protocols, the choice
of an antenna system will be a critical component of all
these node end smart devices. Choosing the right antenna
for an application imposes a key design challenge. As IoT
modules continue to shrink incorporating more wireless
technologies, making space for antennas is becoming an
increasingly significant challenge.Thus, IoT-module antenna
design faces the restrictions of ever-shrinking footprints
while maintaining reasonable antenna performance under
severe conditions such as noise, fading, and the need for effi-
ciency. Enhanced techniques for multiplexing, interference
mitigation, scheduling, and radio resource allocation work
alongside the antenna design for the realization of efficient
antenna systems for IoT.

The explosive growth of the Internet of Things and smart
industrial applications creates many scientific and engineer-
ing challenges that are the main intentions of this special
issue for ingenious research efforts for the development of
efficient, cost-effective, scalable, and reliable antenna systems
for IoT. The antenna designs for UWB and RFID tags in IoT
enabled environment, MIMO antenna systems, transmission
techniques of massive MIMO systems, and position toler-
ance design method and effects of randomness in element

positions in antenna arrays are given particular emphasis in
the contributions included in this special issue.

Contributions. This special issue contains 6 scientific papers
covering a range of antenna designs, techniques, and systems
related to the Internet of Things.

In “A Novel Dual Ultrawideband Cpw-Fed Printed
Antenna for Internet of Things (Iot) Applications” by Q.
Awais et al., the authors present a printed antenna with copla-
nar waveguide (CPW) feeding having rectangular shaped
blocks with dual-band characteristics. The antenna has com-
pact dimensions of 35 mm × 25 mm with an FR4 used as
substrate. For increasing the impedance bandwidth and gain
of the antenna, a technique of rounded corners is exploited.
The two ultrawidebands covered by the proposed antenna
are 1.1 GHz to 2.7 GHz and 3.15 GHz to 3.65 GHz, which
include 2.45 GHz Wi-Fi/Bluetooth, majority of the 3G, 4G
bands, and a lower 6 GHz 5G band of 3.4 GHz to 3.6 GHz.
The simulated results are compared with the measured ones
which are generally in good accordance with each other. The
antenna being low-profile is a suitable candidate for the 5G
IoT portable applications.

In “Position ToleranceDesignMethod for Array Antenna
in Internet of Things” by C. Wang et al., the authors discuss
the position error of array antenna which is a significant
factor of deteriorating the gain and sidelobe of the array,
thus seriously affecting the performance of antenna array for
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the Internet of Things (IoT). Using the sensitivity analysis
theory, the authors derive the sensitivity of the array radiation
field with respect to the position of the antenna element.
The authors have also proposed a novel design method of
position tolerance for array antenna and have applied it to a
20 x 20 planar array and have compared it with the antenna
array designed by the traditional method. It is found that
the gain loss of both of the antenna array is the same, i.e.,
0.5 dB, whereas the peak side lobe level is lowered by 1.937
dB (𝜙 = 0∘)/1.586 dB (𝜙 = 90∘). In addition, the uncertainty
analysis is also performed which has proved that the newly
designed array has higher probability to obtain the required
performance characteristics, which validates the new design
method being innovative and effective.

In “On the Capacity and Transmission Techniques of
MassiveMIMO Systems,” the authorM. A. Haleem discusses
the Massive-MIMO wireless system which is a multiuser
system having base stations consisting of a large number of
antenna elements with respect to the number of user devices
with each equipped with a single antenna. The potential of
the massive MIMO system is its ability to realize multiuser
channels with near zero mutual coupling. In a high bit rate
massive MIMO system with m base station antennas and n
users, downlink capacity increases as log

2
m bps/Hz and the

capacity per user decreases as log
2
n bps/Hz. This capacity

can be obtained by power sharing using signal weighting
vectors aligned with respective 1 x m channels of the users.
For a low bit-rate transmission, time sharing obtains the
capacity equivalent to that of power sharing. If the channel
coupling factor increases, the system capacity decreases.
The probability distribution of channel coupling factor is a
convenient tool to predict the number of antennas needed to
qualify a system as Massive MIMO.

In “Tunable Platform Tolerant Antenna Design for RFID
and IoTApplicationsUsingCharacteristicModeAnalysis” by
A. Sharif et al., the authors highlight the significance of Radio
Frequency Identification (RFID) as an emerging technology
for sensing, identifying, tracking, and localizing different
goods as being cost effective in tagging a large number of
goods. The authors have proposed a platform tolerant RFID
tag antenna having tuning capabilities. The Characteristic
Mode Analysis (CMA) is used to design and optimize the
proposed tag antenna.Theproposed antenna contains a patch
folded around an FR4 substrate and a loop as feeder printed
on a paper substrate. Feeding loop is stacked over the folded
patch thus providing impedance matching with different
RFID chips. Having separate radiator and feeder, the pro-
posed antenna exhibits the capability of getting its impedance
matched with a variety of RFID chips. The frequency band
covered by the proposed tag antenna is an American RFID
band of 902-928 MHz and has the capability of being able to
be tuned to the European RFID band of 865-868MHz) using
tunable strips. For the demonstration of platform tolerant
operation, the RFID tag is mounted on different materials to
measure its maximum read range, which is found to be 4.5 m
in free space, on a dielectric, and a value of 6.5mwhen placed
above a 200 mm x 200 mmmetal plate.

In “Compact Ultra-Wide Band MIMO Antenna System
for Lower 5GBands” byH.Al-Saif et al., the authors propose a

planar antennawith ultrawideband characteristics forMIMO
applications. The presented antenna is simulated in the CST
microwave studio and is designed to cover lower 5G bands
from 2 to 12 GHz, thus covering the IEEE 802.11 a/b/g/n/ac
as well.The proposed antenna has compact andminiaturized
dimensions of 25 mm x 13 mm x 0.254 mm. The measured
and simulated results are presented having good accordance
with each other. The simulated and measured reflection
coefficients S

11
for the proposed design are below -10 dB

over the frequency band in interest. The mutual coupling
found between the two antennas is under -20 dB in desired
frequency range.The 2D radiation patterns in E andH planes
exhibit omnidirectional far fields with a peak measured gain
of 4.8 dB. The fractional bandwidth of the proposed antenna
is found to be around 143%, thus showing its ultrawideband
characteristics.

In “Effect of Randomness in Element Position on Per-
formance of Communication Array Antennas in Internet of
Things” by C. Wang et al., the authors discuss the active
phased array antennas, being a critical component of wireless
communication, and face the restrictions of creating effective
performance with the effect of randomness in the position of
the array element, which are inevitably produced in the man-
ufacturing and operating processes of the antenna. A new
method for efficiently and effectively evaluating the statistic
performance of the antenna is presented, with consideration
of randomness in element position. A coupled structural-
electromagnetic statistic model for array antenna is pro-
posed from the viewpoint of electromechanical coupling.
In addition, a 12 x 12 planar array is illustrated to evaluate
the performance of the antenna with the saddle-shaped
distortion and random position error. The results show that
the presented model can obtain the antenna performance
quickly and effectively, providing an advantageous guidance
for structural design and performance optimization for array
antennas in a wireless application.

These contributions bring a good insight of the present
development activities and research happening related to
antenna systems for the Internet of Things. The editors
are optimistic that this special issue will contribute to the
knowledge base and benefit the scientific community.
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A massive MIMO wireless system is a multiuser MISO system where base stations consist of a large number of antennas with
respect to number of user devices, each equipped with a single antenna. Massive MIMO is seen as the way forward in enhancing
the transmission rate and user capacity in 5G wireless. The potential of massive MIMO system lies in the ability to almost always
realize multiuser channels with near zero mutual coupling. Coupling factor reduces by 1/2 for each doubling of transmit antennas.
In a high bit ratemassiveMIMO systemwith𝑚 base station antennas and 𝑛 users, downlink capacity increases as log2𝑚 bps/Hz, and
the capacity per user reduces as log2𝑛 bps/Hz. This capacity can be achieved by power sharing and using signal weighting vectors
aligned to respective 1×𝑚 channels of the users. For low bit rate transmission, time sharing achieves the capacity as much as power
sharing does. System capacity reduces as channel coupling factor increases. Interference avoidance or minimization strategies can
be used to achieve the available capacity in such scenarios. Probability distribution of channel coupling factor is a convenient tool
to predict the number of antennas needed to qualify a system as massive MIMO.

1. Introduction

Research and development activities in Multiple Input Mul-
tiple Output (MIMO) wireless systems originated more
than two decades ago. Nevertheless, the potential of MIMO
systems to enhance the capabilities of wireless mobile com-
munication is still to be utilized. Initial research activities in
MIMO wireless systems have been for point to point com-
munication between transceivers equipped with comparable
number of multiple antennas at both the transmitting and
receiving ends. The origin of this work can be traced back
to the application of the theory of random matrices in the
information theory of mutually coupled random vectors [1,
2]. The term MIMO is first found in [3] where the authors
derived the information capacity of certain MIMO channels
with memory. The results from this work have been useful
for solving the cross-talk problem in wired communication
systems [4] and the cross coupling problem in wireless
communications [5]. Consequently, the landmark papers on
the information theory of matrix wireless channels appeared
during 1990s [6, 7]. Codingmethods to realize the capacity of

MIMO wireless channel also have been reported around this
time period [8–10]. Published work on experimental MIMO
wireless systems followed [11].

Since commercial wireless communication systems have
been multiuser systems where typical user devices consist of
one or two antennas, the subsequent attention has been on
multiuser MIMO systems where base stations with multiple
antennas serve user devices equipped with relatively fewer
number of antennas. Although one can envision a system
with full cooperation among base stations and user devices
to form a single matrix channel in this context, theoretical
and practical issues to be solved are immense and are not
realistic for the state of the art in technology. It is difficult
to solve issues related to channel estimation and feedback,
synchronization, and precoding methods, to name a few.
Somewhat simpler forms of multiuser MIMO systems were
incorporated in 3G wireless standards where a base station
allocates a few antennas per user and each user device
comprises up to two antennas [12].Thedesign of such systems
involves the consideration of mutual interference among
different MIMO links within a cell site as well as the mutual
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interference among links from different cell sites [13]. These
methods are difficult to scale up as the system grows.

In recent years researchers and developers have been
working onmultiuserMIMO systems where the base stations
have large excess of antennas relative to the numbers of
users being served and each user device may have a single
antenna. This particular form of MIMO system is known
as massive MIMO or full-dimension MIMO system [14, 15].
Massive MIMO systems have several desirable properties.
The statistical characteristics make it possible to almost
always realize orthogonal or nearly orthogonalMultiple Input
Single Output (MISO) channels. In this scenario, the intracell
as well as intercell interferences of users become negligible.
Thus, the system is scalable with ease as the operational
user devices increase. Further, malfunctioning of a few
antennas will not affect the performance since the serving
antennas are a dynamic group (can be hot swapped) [16].
Many of the recent literature on massive MIMO focuses on
implementation issues such as carrier synchronization [17]
and pilot contamination [18]. Increased hardware complexity
due to the requirement of an analog radio frequency (RF)
chain for each antenna also has been a concern. Nevertheless,
low cost implementation is possible as individual RF chains
operate at significantly low power. The power per antenna
reduces as inversely as the number of transmit antennas. The
total transmit power increases only linearly as the number of
user terminals being served. Recently published work such as
[19] propose hybrid analog-digital techniques in the context
of millimeter wave based massive MIMO systems. Massive
MIMO systems are based on asymptotic results where the
number of transmit antennas is considered large and optimal
performance relies on the knowledge of channel covariance.
Real-time estimation of such statistical parameters is difficult
with large systems. Randomized algorithms have been stud-
ied for effective beamforming in massive MIMO systems as
an alternative [20].

This paper presents a study on the achievable downlink
capacity with ideally uncoupled (orthogonal) and partially
coupled multiuser channels where there are multiple anten-
nas at the base station and single antenna at user terminal.
Optimal/suboptimal transmission vector design strategies
to achieve the capacity are investigated. The analytical and
simulation results are obtained for a single cell. It is assumed
that the base station has complete knowledge of downlink
channels of all users. In Section 2 to follow, expressions of
Signal to Interference plus Noise Ratio (SINR) and trans-
mission capacity are scrutinized to draw key conclusions
on the trends when channel instantiations are uncoupled.
This case characterises ideal massive MIMO system. It is
shown that the selection of transmission vectors andmultiple
access techniques required to achieve the capacity in this case
is trivial. Next, Section 3 addresses the necessary strategies
when the channel instantiations are partially coupled. More
elaborate transmission vector designmethods are required to
achieve the capacity in this case. Rate regions of optimal and
suboptimal methods are studied and compared. Simulation
results are presented to illustrate the trends in relative
performances of different methods as the channel coupling
factor varies. Illustrations exemplify how the performances of

various strategies converge to the performance of trivial case
as the channels become uncoupled.

The coupling factors between channels of different users
are random and good uncoupling is achieved only in the
probabilistic sense. The probability distributions of coupling
factor are examined in Section 4. The cumulative distribu-
tions of coupling factor are derived for varying number
of base station antennas in this section. These curves are
examined to draw important conclusions on the antenna
requirements for a system to qualify as massive MIMO.

2. Transmission in Uncoupled Channels

In the system studied, there are𝑚 antennas at the base station
serving 𝑛user devices each having a single antenna. Let the 1×𝑚 vector channels between the base station and the 𝑛 users beℎ𝑘, 𝑘 = 1, 2, . . . , 𝑛. Each of the 𝑚 elements of ℎ𝑘 is the fading
coefficient of the wireless channel between a transmit/receive
antenna pair. The 𝑚 elements in each of these vector chan-
nels can be modeled as uncorrelated zero mean circularly
symmetric complex Gaussian random variables with unit
variance [21, 22]. This model assumes a physical wireless
environment rich in scatterers.The total available power𝑃𝑇𝑂𝑇
is distributed to the 𝑛 users. It should be noted that 𝑃𝑇𝑂𝑇 is
the spatial average power available at a receiver when there
is a single pair of transmit and receive antenna elements; i.e.,
the analytical framework accounts for path loss and shadow
fading loss. The distribution of power among 𝑚 transmit
antennas for each user is determined by a weighting vector𝑊𝑘, 𝑘 = 1, 2, . . . , 𝑛. This vector can be represented in the
normalized form,𝑊𝑘 = √𝑃𝑘𝑤𝑘, where 𝑃𝑘 is the share of total
power assigned to user 𝑘 and𝑤𝑘 has unit norm, i.e., ‖𝑤𝑘‖ = 1.
The norm of a 1 × 𝑚 complex vector 𝑤𝑘 here is ‖𝑤𝑘‖ =
√∑𝑚𝑙=1 |𝑤𝑘𝑙|2, where 𝑤𝑘𝑙, 𝑙 = 1, 2, ⋅ ⋅ ⋅ , 𝑚 are the elements of𝑤𝑘.

Received SINR at user 𝑘 can be written as

𝜌𝑘 =
𝑊𝑘 ∘ ℎ𝑘21 + ∑𝑛𝑖=1𝑖 ̸=𝑘 𝑊𝑖 ∘ ℎ𝑘2 = 𝑃𝑘 𝑤𝑘 ∘ ℎ𝑘21 + ∑𝑛𝑖=1𝑖 ̸=𝑘 𝑃𝑖 𝑤𝑖 ∘ ℎ𝑘2

. (1)

The notation ∘ stands for the inner product defined as𝑥∘𝑦 = 𝑥𝑦, where 𝑥 and 𝑦 are row vectors of size 1×𝑚 and 𝑦 is
the conjugate transpose of 𝑦.The notation |⋅| implies absolute
value. In this expression, the numerator is the received signal
power which results from the projection of the weighting vec-
tor onto the corresponding channel vector. The denominator
is the interference plus noise at the receiver. The weighting
vectors𝑊𝑘 are normalized to the noise voltages at the receiver.
Therefore, 𝑃𝑘 is normalized to noise power at the receive
antenna and so is 𝑃𝑇𝑂𝑇. The maximum achievable bit rate
(capacity ) of user 𝑘 in the information theoretic sense [23]
is

𝑅𝑘 = log2 (1 + 𝜌𝑘) (2)

and hence the maximum sum rate is

𝑅𝑇𝑂𝑇 = 𝑛∑
𝑘=1

log2 (1 + 𝜌𝑘) . (3)
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Since the capacity 𝑅𝑘 achieved by user 𝑘 is a monotonically
increasing function of 𝜌𝑘, maximization of 𝜌𝑘 given by (1)
maximizes 𝑅𝑘. Thus, it can be observed that the capacity of
user 𝑘 depends on the power allocations, the channels, and
the weighting vectors of all 𝑛 users. Power allocation and
weighting vectors are under the control of signal processing
algorithms, whereas the channels are decided by the propa-
gation environment. If an instantiation of 𝑛 vector channelsℎ𝑘, 𝑘 = 1, . . . , 𝑛 are mutually orthogonal (uncoupled), for a
given power allocation 𝑃𝑘, 𝑘 = 1, . . . , 𝑛, the weighting vectors𝑤𝑘, 𝑘 = 1, . . . , 𝑛 that are aligned to respective channels ℎ𝑘, 𝑘 =1, . . . , 𝑛 i.e., 𝜔ℎ𝑘 = ℎ𝑘/‖ℎ𝑘‖, maximize the numerator and null
the interference term in the denominator (1), thus maximiz-
ing 𝜌𝑘 and hence the transmission rate 𝑅𝑘. The rates achieved
are the capacities of user channels for the allocated shares
of power. On the other hand, it is possible to allocate the
total power to each user for a fraction time frame in turn to
implement time shared transmission. The capacities of time
sharing and power sharing methods are further discussed
in the subsections below.

2.1. Time Sharing. Let the base station sends data by sharing
the time between n users and allocating total available power
to a single user at a time.The user k achieves the rate 𝑅𝑘 using
a fraction 𝜆𝑘 of the time frame; thus, ∑𝑛𝑘=1 𝜆𝑘 = 1. From (1)
and (2) the capacity achieved by user 𝑘 with time sharing is𝑅𝑘 = 𝜆𝑘 log2 (1 + 𝑃𝑇𝑂𝑇‖ℎ𝑘‖2), or

𝑅𝑘 = log2 (1 + 𝑃𝑇𝑂𝑇 ℎ𝑘2)𝜆𝑘 . (4)

Binomial expansion and omission of higher order terms
with the assumption 𝑃𝑇𝑂𝑇‖ℎ𝑘‖2 << 1 results in the approxi-
mation:

𝑅𝑘 ≈ log2 (1 + 𝜆𝑘𝑃𝑇𝑂𝑇 ℎ𝑘2) (5)

and this is the rate achieved for low bit rate (low power)
transmission. The results of (4) and (5) are independent of
level of coupling between channels since transmission takes
place for one user at a time.

2.2. Power Sharing. For uncoupled channels ℎ𝑖 ∘ℎ𝑘 = 0 for 𝑖 ̸=𝑘 and the optimum weighting vectors are those in alignment
with respective channels, i.e.,𝑤𝑘 = ℎ𝑘/‖ℎ𝑘‖. From (1) and (2),
these vectors lead to the capacity:

𝑅𝑘 = log2 (1 + 𝑃𝑘 ℎ𝑘2) . (6)

Comparison of (5) and (6) reveals that, at low bit rate
transmission, the rate achieved by the user 𝑘 via time sharing
with a fraction 𝜆𝑘 of the time frame converges to the capacity
of the system achievable by simultaneous transmission to all
users in the entire time frame with shares of power 𝜆𝑘𝑃𝑇𝑂𝑇.
This is an elegant and useful result showing the possibility of
achieving capacity with simple time sharing, for low bit rate
transmission.

Figure 1 illustrates this fact for an example case. This
figure compares rate regions with time sharing and power
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Figure 1: Rate regions with time sharing and power sharing at low
bit rates (low power) transmission.

sharing for two users (𝑛 = 2) at total power levels ranging
from -21dB to -12dB in steps of 3dB. These results have been
obtained for the case of four base station antennas (𝑚 = 4)
and cos2𝜃12 = |ℎ𝑖 ∘ ℎ𝑘|2/‖ℎ𝑖‖2‖ℎ𝑘‖2 = 0.0018. Here cos12𝜃 is
the normalized coupling factor of the two channels.While the
number of antennas used in this illustration may not qualify
as “massive”, the pair of channels were selected by repeatedly
generating channel instantiations from zero mean circularly
symmetric Gaussian distribution of variance one until the
coupling level was significantly small. For high bit rate (high
power) transmissions, following results are obtained. Let in
(6) 𝑃𝑘‖ℎ𝑘‖2 ≫ 1. For sufficiently large number of base station
antennas 𝑚, ‖ℎ𝑘‖2 ≈ 𝑚. Assuming equal power shares for 𝑛
users (6) reduces to

𝑅𝑘 ≈ log2 (𝑃𝑘 ℎ𝑘2) ≈ log2 (𝑚𝑃𝑇𝑂𝑇𝑛 )
= log2 𝑃𝑇𝑂𝑇 + log2𝑚 − log2 𝑛.

(7)

Two observations aremade here. First the achievable capacity
of a user reduces by 1bps/Hz for each doubling of the number
of users 𝑛. Second the capacity increases by 1bps/Hz for each
doubling of the number of base station antennas𝑚.

Figure 2 exemplifies these results.The curves in the figure
have been obtained with 𝑚 = 4 and 𝑚 = 16 for a range
of power settings in steps of 1dB. With 𝑚 = 4 the power
levels are in the range from 20dB to 30dB, whereas with𝑚 = 16 a range of 14dB to 24dB has been used. The 6dB
difference has been kept so as to compensate for the factor
of 4 in the number of antennas 𝑚. Channel instantiations
are selected so as to have negligibly small values for coupling
factor cos 𝜃12. The two sets of curves for different values of𝑚 do not coincide in this case since the number of antennas
are not sufficient to satisfy the condition ‖ℎ𝑘‖2 ≈ 𝑚. It can
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Figure 2: Rate regions with power sharing for high bit rate (high
power) transmission. Illustration of antenna-power trade-off.

be observed that the optimal pair of rates are 1bps/Hz below
that achievable by allocating total available power to a single
user. It is worthwhile tomention here that in amassiveMIMO
system comprised of a large excess of base station antennas
compared to the number of users, the log2 𝑛 term in (7) can be
neglected and the capacity of any user becomes independent
of the total number of users.

This section has focused on transmission in uncouple
multiuser channel instantiations. In amassiveMIMO system,
most of the channel instantiations are mutually uncoupled.
Nevertheless, there exists a finite probability however small,
for the channels to have significant level of coupling. This
probability increases as the number of active users increase
with respect to the number of base station antennas. Thus,
a close look at the cases of coupled channels is necessary. In
this case, simple alignment of weighting vectors to respective
channels is suboptimal. Alternative strategies such as zero
forcing, best linear optimization, and Dirty Paper Coding are
considered to achieve better performance. Section 3 presents
the optimal weighting vector design techniques for coupled
channels.

3. Transmission in Coupled Channels

Maximization of transmission rate implies maximization
of SINR. To this end, methods such as Lagrangian based
best linear optimization (BLO) and Zero Forcing (ZF) are
studied and compared with Dirty Paper Coding (DPC).
DPC is known to be optimal for the scenario in concern
([24] and references therein). Relative performances of these
techniques are studied considering two users each equipped
with a single antenna and 𝑚 transmit antennas at the base
station.

In the discussion to follow, the two 1 ×𝑚 vector channels
are denoted by 𝑔 and h. The primary optimization problem

here is to maximize the sum capacity of two users for the
available channel instantiations as the fractions of total power𝑃𝑇𝑂𝑇 assigned to two users varies. The solution can be
obtained by first evaluating the surface of minimum total
power required to achieve pairs of rates in the 𝑅ℎ − 𝑅𝑔 rate
plane.The intersection of the surface ofminimum total power
and the plane at 𝑃𝑇𝑂𝑇 parallel to 𝑅ℎ−𝑅𝑔 plane gives the curve
of achievable capacities for the available total power.

3.1. Best Linear Optimization(BLO). For two users with chan-
nels 𝑔 and ℎ, the SINR expression of (1) reduces to

𝜌𝑔 = 𝑃𝑔 𝜔𝑔 ∘ 𝑔21 + 𝑃ℎ 𝜔ℎ ∘ 𝑔2 ,

𝜌ℎ = 𝑃ℎ 𝜔ℎ ∘ ℎ2
1 + 𝑃𝑔 𝜔𝑔 ∘ ℎ2

(8)

and the total power is 𝑃𝐵𝐿𝑇𝑂𝑇 = |𝑊𝑔|2 + |𝑊ℎ|2 = 𝑃𝑔 + 𝑃ℎ. The
optimum weighting vectors and power values can be found
by solving the Lagrange optimization problem given by

[𝑊𝑔,𝑊ℎ] = arg min{𝑊𝑔,𝑊ℎ}
{𝑊𝑔

2 + 𝑊ℎ
2

+ 𝜆𝑔 [𝑊𝑔 ∘ 𝑔2 − 𝜌𝑔 (1 + 𝑊ℎ ∘ 𝑔2)]
+ 𝜆ℎ [𝑊ℎ ∘ ℎ2 − 𝜌ℎ (1 + 𝑊𝑔 ∘ ℎ2)]}

(9)

The objective function given by this equation is minimum
when the partial derivatives with respect to the conjugate
transposes 𝑤𝑔 and 𝑤ℎ become zero. The optimum Lagrange
multipliers 𝜆𝑔 and 𝜆ℎ are the solutions to the set of hyperbolic
equations (10) and (11).

𝑠𝜆𝑔𝜆ℎ + 𝑎√𝑠𝜆ℎ − 𝑏𝑐√𝑠𝜆𝑔 − 𝑏 = 0 (10)

𝑠𝜆𝑔𝜆ℎ + 𝑐√𝑠𝜆𝑔 − 𝑎𝑑√𝑠𝜆ℎ − 𝑑 = 0. (11)

In these equations, 𝑠 = ‖𝑔‖2‖ℎ‖2−|𝑔∘ℎ|2 (Schwartz’s identity),𝑎 = ‖ℎ‖2/√𝑠, 𝑏 = 1/𝜌ℎ, 𝑐 = ‖𝑔‖2/√𝑠, and 𝑑 = 1/𝜌𝑔. The solu-
tion is two valued and one of the solutions leads to a feasible
set of power levels. Accordingly, the minimum total power
is achieved for the weighting vectors given by

𝜔𝑔 = ((1 − 𝜆ℎ𝜌ℎ ‖ℎ‖2) 𝑔 + 𝜆ℎ𝜌ℎ (𝑔 ∘ ℎ) ℎ)
(𝑔2 + 𝑠𝜆ℎ𝜌ℎ (𝜆ℎ𝜌ℎ ‖ℎ‖2 − 2))1/2 (12)

and

𝜔ℎ = ((1 − 𝜆𝑔𝜌𝑔 𝑔2) ℎ + 𝜆𝑔𝜌𝑔 (ℎ ∘ 𝑔) 𝑔)
(‖ℎ‖2 + 𝑠𝜆𝑔𝜌𝑔 (𝜆𝑔𝜌𝑔 𝑔2 − 2))1/2 (13)

Thus, the minimum power 𝑃𝑔 is given by (14).The expression
for power 𝑃ℎ can be easily written by replacing each parame-
ter in the numerator by its dual, i.e., 𝑔 by ℎ, ℎ by 𝑔, etc. Hence,
the total minimum power to achieve the pair of rates (𝑅𝑔, 𝑅ℎ)
is given by (15).
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𝑃𝑔 = ((𝑔2 − 𝜆ℎ𝜌ℎ𝑠)2 + 𝑔 ∘ ℎ2 𝜌𝑔) (‖ℎ‖2 + 𝑠𝜆𝑔𝜌𝑔 (𝜆𝑔𝜌𝑔 𝑔2 − 2)) 𝜌ℎ
(𝑔2 − 𝜆ℎ𝜌ℎ𝑠)2 (‖ℎ‖2 − 𝜆𝑔𝜌𝑔𝑠)2 − ℎ ∘ 𝑔4 𝜌𝑔𝜌ℎ

(14)

𝑃𝐵𝐿𝑇𝑂𝑇 =
{ [(‖ℎ‖2−𝑠𝜆𝑔𝜌𝑔)2+|𝑔∘ℎ|2𝜌ℎ][‖𝑔‖2+𝑠𝜆ℎ𝜌ℎ(𝜆ℎ𝜌ℎ‖ℎ‖2−2)]𝜌𝑔
+[|𝑔∘ℎ|2𝜌𝑔+(‖𝑔‖2−𝑠𝜆ℎ𝜌ℎ)2][‖ℎ‖2+𝑠𝜆𝑔𝜌𝑔(𝜆𝑔𝜌𝑔‖𝑔‖2−2)]𝜌ℎ }
(𝑔2 − 𝑠𝜆ℎ𝜌ℎ)2 (‖ℎ‖2 − 𝑠𝜆𝑔𝜌𝑔)2 − 𝑔 ∘ ℎ4 𝜌𝑔𝜌ℎ

(15)

3.2. Dirty Paper Coding (DPC). In the BLO of Section 3.1,
the transmission to the two users mutually interferes. It is
possible to eliminate interference to one of the users by
making the other user ‘phantom’ via precoding techniques
[25], Dirty Paper Coding (DPC) [26] in particular. Assume
that the user of channel ℎ is made phantom by precoding the
symbol transmitted to privileged user with channel 𝑔 with
respect to the symbol transmitted to phantomuser of channelℎ. The privileged user of channel 𝑔 does not experience
interference from the phantom user of channel ℎ and hence
(8) reduces to

𝜌𝑔 = 𝑃𝑔 𝜔𝑔 ∘ 𝑔2 ,
𝜌ℎ = 𝑃ℎ 𝜔ℎ ∘ ℎ2

(1 + 𝑃𝑔 𝜔g ∘ ℎ2)
. (16)

The phantom user of channel ℎ experiences interference
from privileged user of channel 𝑔. If the power available to
phantom user is significantly large compared to the power
available to privileged user, then the interference experienced
by the phantom user will not significantly degrade the SINR,𝜌ℎ. With such a precoding, the choice of weighting vector𝑤ℎ of the phantom user has no effect on the privileged user.
Thus,𝑤ℎ can be selected tomaximize phantomuser’s rate.The
choice 𝜔ℎ = ℎ/‖ℎ‖ achieves maximum rate. In this context,
there is a freedomof choice for theweighting vector𝑤𝑔. It can
be computed based on one of three different criteria leading
to polite, aggressive, and objective versions of DPC discussed
below.

3.2.1. Polite DPC. In this approach, the privileged user’s
weighting vector is selected such that the interference to
phantom user is avoided. The term “polite” emphasizes the
fact that the privileged user utilizing precoding to achieve
interference free reception from the phantom user chooses
the weighting vector to eliminate the interference to the
phantom user by zero forcing i.e., by choosing 𝜔𝑔 such that𝜔𝑔 ∘ℎ = 0. Gram-Schmidt ortho-normalization [27] provides
𝜔𝑔 = (1/‖𝑔‖ sin 𝜃)(𝑔 − (𝑔 ∘ ℎ)(ℎ/‖ℎ‖2)), where cos 𝜃 = |𝑔 ∘ℎ|/‖𝑔‖‖ℎ‖ is the channel coupling factor. Thus, total power
is

𝑃𝑃𝐷𝑃𝐶𝑇𝑂𝑇 = 2𝑅𝑔 − 1𝑔2 sin2 𝜃 + 2𝑅ℎ − 1
‖ℎ‖2 . (17)

3.2.2. Aggressive DPC. The rate of privileged user can be
maximized by aligning the weighting vector to the channel
i.e., with 𝜔𝑔 = 𝑔/‖𝑔‖ and this approach is dubbed aggressive
DPC. Here the privileged user achieves the best possible
rate leaving the phantom user to achieve the best rate with
interference. The total power in aggressive DPC is

𝑃𝐴𝐷𝑃𝐶𝑇𝑂𝑇 = 2𝑅𝑔 − 1𝑔2 + 2𝑅ℎ − 1
‖ℎ‖2

+ (2𝑅𝑔 − 1) (2𝑅ℎ − 1)𝑔2 cos2 𝜃
(18)

3.2.3. Objective DPC. In the objective mode of DPC, the
weighting vectors are selected to maximize the sum rate for
the available total power.The choice ofweighting vector of the
phantom user is similar to the previous two forms of DPC,
i.e., 𝜔ℎ = ℎ/‖ℎ‖. The choice of weighting vector 𝑤𝑔 of the
privileged user is so that tominimize the total power required
to achieve the specified pair of rates.The powerminimization
process is as follows. Substitution of 𝜔ℎ = ℎ/‖ℎ‖ in (16) leads
to𝑃𝑇𝑂𝑇 = 𝑃𝑔+𝑃ℎ = 𝜌𝑔/|𝜔𝑔∘𝑔|2+(𝜌ℎ/‖ℎ‖2)(1+𝜌𝑔(|𝜔𝑔∘ℎ|2/|𝜔𝑔∘𝑔|2)). Algebraic manipulations lead to 𝑃𝑇𝑂𝑇 = 𝜌ℎ/‖ℎ‖2 +𝜌𝑔(|𝜉|2/𝜉𝑄−1/2𝑔𝑔𝑄−1/2𝜉), where𝑄 = 𝐼+ 𝜌ℎ(ℎℎ/‖ℎ‖2) and 𝜉 =𝜔𝑔𝑄1/2. Minimization of 𝑃𝑇𝑂𝑇 amounts to maximization of
Δ = 𝜉𝑄−1/2𝑔𝑔𝑄−1/2𝜉/|𝜉|2and is achieved with 𝜉 = 𝑔𝑄−1/2.
Hence, the optimal weighting vector is 𝜔𝑔 = 𝑔𝑄−1 and the
corresponding Δ = 𝑔𝑄−1𝑔. It can be shown that 𝑄−1 = 𝐼−𝜌ℎℎℎ/‖ℎ‖2(1 + 𝜌ℎ). Thus, the total power is

𝑃𝑂𝐷𝑃𝐶𝑇𝑂𝑇 = (2𝑅ℎ − 1)
‖ℎ‖2 + (2𝑅𝑔 − 1)𝑔2

2𝑅ℎ
1 + (2𝑅ℎ − 1) sin2 𝜃 (19)

It can be observed that if the channels 𝑔 and ℎ are mutually
orthogonal, i.e., sin 𝜃 = 1, the total power requirements for
all three cases of (17)–(19) reduce to (20). This also is the
minimum total power to achieve the pair of rates in the case
of uncoupled channels discussed in Section 2.

𝑃𝑈𝐶𝑇𝑂𝑇 = 2𝑅𝑔 − 1ℎ𝑔2
+ 2𝑅ℎ − 1ℎℎ2 (20)

On the other extreme when channels 𝑔 and ℎ are highly
coupled, sin 𝜃 → 0 and cos 𝜃 → 1. Total power
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Figure 3: Comparison of rate regions with significantly high
channel coupling.

requirement for Polite DPC of (17) grows without bound in
this case deeming it an unsuitable strategy. However, the total
power expressions of aggressive DPC of (18) and Objective
DPC of (19) converge to a unique form given by

𝑃𝑂𝐷𝑃𝐶𝑇𝑂𝑇 = (2𝑅𝑔 − 1)𝑔2 + 2𝑅ℎ (2𝑅ℎ − 1)
‖ℎ‖2 (21)

3.3. Zero Forcing Beam Forming. The approach here is to
null out mutual interferences to both users. Graham Schmidt
orthogonalization process leads to 𝜔𝑔 = (1/‖𝑔‖ sin 𝜃)(𝑔−(𝑔∘ℎ)(ℎ/‖ℎ‖2)) and 𝜔ℎ = (1/‖ℎ‖ sin 𝜃)(ℎ − (ℎ ∘ 𝑔)(𝑔/‖𝑔‖2)). Total
power requirement for such a zero forcing approach becomes

𝑃𝑍𝐹𝑇𝑂𝑇 = 1
sin2 𝜃 ((2𝑅ℎ − 1)

‖ℎ‖2 + (2𝑅𝑔 − 1)𝑔2 ) (22)

When 𝑔 and ℎ are mutually orthogonal, (22) reduces
to (20) as in the case of uncoupled channel discussed in
Section 2. This convergence is similar to that of DPC in all
three forms. However, for highly coupled channels, i.e., when
sin 𝜃 = 0, the total power required to achieve any given rate
pair grows without bound as with Polite DPC.

Figure 3 shows a comparison of achievable rate regions
with transmission techniques discussed above when the
channels 𝑔 and ℎ are coupled, i.e., cos 𝜃 ≫ 0. Rate region of
time sharing is included in this figure (labeled TDMA) as a
reference.

As can be observed in this figure, DPC (objective type)
achieves the best rate region. Curve labeledDPC-order 1 is the
rate region when the user with channel ℎ is made phantom.
This order provides better performancewhen power available
to user with channel ℎ is relatively larger compared to that
of user with channel 𝑔. The curve obtained with alternative
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Figure 4: Convergence of rate regions as coupling factor is reduced.

order (DPC-order 2) performs better when the power avail-
able to user with channel 𝑔 increases beyond certain share
of total power. Further, there is a range of power sharing, in
which adherence to only one order of DPC is not optimal.
In this range, optimal sum rate is achieved by time sharing
between two specific optimal powers sharing, each with the
corresponding optimal DPC order. The solid curve labeled
“DPC with Convex Hull” shows the combined optimal rate
region achieved by switching between twoDPCorders as well
by including time sharing whenever appropriate.

BLO (labeled best no DPC) results in the second best
performance. It is seen that there are two ranges of power
sharing; when the asymmetry in power levels of two users
is high, time sharing between single user transmission and
an optimal power shared simultaneous transmission is better
than BLO alone. ZF yields the third best performance. Here
too, time sharing is beneficial to achieve better performance.
Convex hulls of optimal rate regions are included for BLOand
ZF.

Figure 4 illustrates the trends in the rate regions of
objective DPC (labeled full DPC), BLO (labeled best, no
DPC), and ZF as the coupling level between channels 𝑔
and ℎ reduces. The three sets of curves have been obtained,
respectively, for number of base station antennas 𝑚 = 4, 8
and 16. Nevertheless, the convergence depends only on the
coupling factor cos 𝜃 as concluded from (17)–(22). As the
value of cos2 𝜃 changes from 0.4752 to 0.1004, the rate regions
of different weighting vector design strategies get closer to
each other. At a value of 0.0089, the rate regions converge
to one and the same region. At such a level of coupling,
transmitting using simple power sharing without paying
attention to mutual interference would perform as good as
any other method, if it is a high bit rate transmission. For
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Figure 5: Rate regions with high channel coupling.

low bit transmission, simple time shared transmission is
sufficient to achieve rates close to capacity, as discussed in
Section 2.

Figure 5 exemplifies the performance trends of objective
DPC, aggressive DPC, ZF, and time sharing (labeled TDMA)
in highly coupled channels, i.e., cos 𝜃 → 1. Since the power
level in this example is high, it corresponds to high bit rate
transmission. It can be seen that the rate region of time
sharing approaches DPC rate region. As can be concluded
from this figure as well as (17) and (22), performances of
DPC in polite mode and ZF become far inferior to all other
approaches because sin 𝜃 → 0 as channels become highly
coupled leading to large minimum total power requirements
to achieve any pair of rates.

Intuitively and as evident from the above example, time
sharing is the best approach when channels are highly
coupled regardless the power levels (transmission rates).
Previously it was concluded in Section 2 that time sharing is
the best approach for low bit rate (low power) transmissions
in uncoupled channels.

4. Channel Coupling Statistics

In the previous sections, performances of time sharing, power
sharing, and several interference minimization techniques
were studied using instantiations of channels drawn from
complexGaussian probability distribution.The instantiations
were selected with channel coupling factor (cos 𝜃) values to
represent low, medium, and high levels of channel coupling
so that to investigate the relative performances of signal
weighting vector design strategies for channels of different
levels of coupling. In this juncture, it is important to explore
the probability distribution of channel coupling factor in
multiuser wireless channel for different number of antennas
at base station. This provides insight on the requirements of
massive MIMO system.

Table 1: 99% orthogonality level.

99% ile coupling factor
No. of Tx. Ant. 10 log10 cos2 𝜃 cos2 𝜃
4 -1.01 0.7925
16 -5.55 0.2786
64 -11.44 0.0718
256 -17.23 0.0189
1024 -23.31 0.0046
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Figure 6: Cumulative distribution of 1 × 𝑚 channel orthogonality
factor.

Figure 6 shows the cumulative distribution of cos 𝜃 in
dB scale. The set of curves has been obtained for number
of base station antennas from 4 to 1024, doubling the
number of antennas each time. It is observed that, at any
given cumulative probability in the range 0-1, the coupling
factor reduces by approximately 3dB, i.e., the coupling factor
halves, for each doubling of antennas. Table 1 summarizes
the variation of 99% coupling factor for quadrupling of the
number of antennas. Observing the results in this table and
Figure 4, it can be concluded that number of base station
antennas in the order of 256 may ensure sufficiently low
coupling factors among pairs of channels for 99% of the
channel realizations such that a multiuser transmission with
simple power shared simultaneous transmission can achieve
throughput close to capacity.

5. Conclusion

This paper presented key results on the downlink transmis-
sion capacity of massive MIMO wireless system in terms
of the number of base station antennas and number of
user devices. The capacity and the simplicity of transmission
techniques in achieving the capacity are attributed to the
ability of massive MIMO system to naturally uncouple
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Table 2: Optimal transmission strategy.

Transmission Rate Coupling Factor
Low Medium High

High
Power Sharing

(Massive
MIMO)

DPC
BLO
ZF

Time Sharing

Low Time Sharing

multiuser MISO channels. However, when in a multiuser
MISO channel, the ratio of the number of base station
antennas to number of users is not sufficiently large, channel
instantiations with medium to high levels of coupling can
occur with significant probability. In such scenarios, trans-
mission vector can be optimized by selecting the best design
technique to match the prevailing channel coupling level.
In other words, a hybrid approach with flexibility to switch
between several weighting vector design methods is useful.
Interferenceminimization strategies are efficient in achieving
the available capacity when the channel coupling factor is
significantly large.

Table 2 summarizes signal vector design strategies appro-
priate for different channel coupling levels and transmission
rates. For low bit rate transmission, time sharing with full
power can achieve throughput close to system capacity, which
is independent of the channel coupling level. However, the
coupling factor plays a major role in deciding the capacity
for high bit rate transmission. When coupling factor is
high, time sharing is the best approach even for high bit
rate transmission. When the coupling factor is not so high
but not negligible, interference minimization or avoidance
methods such as DPC, BLO, and ZF is necessary to achieve
optimal performance. With negligibly small coupling fac-
tors, simple alignment of the signal transmission vector to
respective channels of users is the best approach for high
bit rate transmission. A massive MIMO system is one that
can almost always realize channels with negligible channel
coupling factors due to the excessive number of base station
antennas compared to the number of users to be served.
This ability simplifiesmany of the design and implementation
tasks.

As highlighted in this paper, massive MIMO system
increases the capacity and simplifies signal transmission
vector design process to achieve throughput reaching the
capacity. Massive MIMO system boasts many other merits
which are not addressed in this paper. Examples are robust-
ness, reliability, and use of low cost hardware. Among the
challenges faced in realizing the full potential of massive
MIMO are computational complexity, efficient distributed
processing algorithms, and synchronization of the antenna
units.
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This paper presents a novel compact 2 × 2 planar MIMO antenna system with ultra-wide band capability. Antenna system is
specifically designed to target lower 5th generation operating bands ranging from 2GHz to 12GHz. This band also covers the
IEEE 802.11 a/b/g/n/ac. The antenna array geometry has been simulated using CST MWS. The design is extremely miniaturized
with total structure size of 13×25×0.254mm3. The simulated and measured results have been presented. Measured and simulated
return loss values for designed antenna are less than −10 dB over the operating band and lowest values of −35 dB and −32.5 dB can
been seen at 5.2 GHz and 9.2GHz, respectively, whereas at the center frequency the return loss is −25.2 dB. The mutual coupling
between both elements is less than −20 dB over the transmission bandwidth. Simulated andmeasured radiation patterns in E andH
planes at center frequency show nearly isotropic far fields.Themaximum gain is measured as 4.8 dB. Promising results of Envelope
Correlation Coefficient and gain diversity of the design have been achieved. Simulated and measured results are found in good
agreement. The fractional bandwidth of antenna is measured as 143.2% which satisfies its ultra-wide band response.

1. Introduction

In the coming years, the global mobile data traffic is likely to
be projected by 45%; this means a ten times increase between
the years 2016 and 2022 [1]. This massive increase is mainly
due to mobile video streaming and implementation of Inter-
net ofThings (IoT).Thiswill result in approximately 18 billion
IoT out of total 29 billion devices [2]. Due to this reason,
the future 5th generation networks would need to overcome
the demand of wider spectrum in high frequency range. The
key constraint to implement and deploy 5G networks before
2020 is the availability of frequency spectrum; hence both the
higher and lower frequency bands are needed for 5G.

Lower 5G bands are ideal for early deployment, due to
their advantageous properties including wave propagation
and available bandwidth. The main spectrum bands between
2GHz and 6GHz are in the ranges from 3.3GHz to 4.2GHz
and from 4.4GHz to 4.990GHz. These bands are presently
being considered for initial trials of 5G networks in a number

of countries. Table 1 illustrates the operative regions and their
respective lower 5G bands [3].

In order to meet this challenge and according to the
current demands, a novel ultra-wide band (UWB) 2 × 2
Multiple Input Multiple Output (MIMO) antenna system has
been designed and simulated. This antenna system covers
the frequency band ranging from 2GHz to 12GHz, which
covers all the lower 5G frequency bands. Its array is an ideal
candidate for 5G enabled, handheld devices includingmobile
phones and tablets. Furthermore, this band also satisfies
operating regulations of the UWB according to Federal
Communication Commission (FCC) [4]. Also, the designed
antenna covers the IEEE 802.11 a/b/g/n/ac standards for Wi-
Fi operation in mobile devices.

By Using the UWB technology, wireless communication
devices can transmit over a very wide range of frequency
band while consuming lower powers [4]. Also the UWB
technology based devices have several other merits including
high data-rates, increased bandwidth, and being low in cost

Hindawi
Wireless Communications and Mobile Computing
Volume 2018, Article ID 2396873, 6 pages
https://doi.org/10.1155/2018/2396873

http://orcid.org/0000-0003-0581-7178
http://orcid.org/0000-0003-4596-0550
http://orcid.org/0000-0002-6020-2259
https://doi.org/10.1155/2018/2396873


2 Wireless Communications and Mobile Computing

W

L

Ｑ2

Ｑ1

，＠

，2
，1

Ｑ＠

(a) Front view of MIMO antenna

LgＱＡ2

ＱＡ1

(b) Back view of MIMO antenna

(c) Fabricated antenna

Figure 1

Table 1: Regions and lower 5G frequency bands.

Region Frequency range (GHz)
Europe 3.4–3.8
China 3.4-3.8, 4.4–4.5, 4.8–4.99
Japan 3.6–4.2, 4.4–4.9
Korea 3.4–3.7
USA 3.1–3.55, 3.7–4.2

[5]. In the UWB communication devices, front-end antenna
plays very important role. Thus, a lot of work and research
[6] has been done to design the UWB antennas for mobile
devices. Planar antennas are considered as promising solution
for the UWB applications due to their simple design, lower
cost, and performance [7].

MIMO antenna systems are vastly implemented in wire-
less devices to enhance the channel capacity and multipath
propagation [8]. In recent times, the UWB and MIMO
technologies have been integrated in wireless systems for
enhanced performance in terms of high data-rates [9].
The main challenge in designing these kinds of antenna
systems are to reduce the mutual coupling between the
radiating elements within smaller volumes of small handheld
devices. This can be achieved by polarization diversity or
by increasing the space between the antennas [8]. Cross-
polarized antenna geometries are usually complicated in
design, whereas increasing the space between the antennas
results in larger volumes [10]. For implementation of the
UWB MIMO systems, some good methods are radiation
pattern diversity, space diversity, and polarization diversity.

In this paper, space diversity is achieved by using two
asymmetric “F” type structureswith a very compact fractured
ground plane [11].

2. Antenna Design Methodology
and Configuration

The designed antenna is an extremely compact 2 × 2 UWB
MIMO antenna system. The antenna consists of two asym-
metric “F” type structures with a very compact fractured
ground plane. The overall volume of the antenna geometry
is 25 × 13 × 0.254mm3. The proposed antenna system has
been fabricated on Rogers substrate (5880) with relative
permittivity, dielectric loss tangent, and height values of 2.2,
0.0009, and 0.254mm, respectively. The front and rear views
of the designed antenna system are shown in Figures 1(a),
1(b), and 1(c).

To start with a single antenna element which has been
designed, a detailed parametric study has been done using
CST microwave studio. The final values of all geometric
variables are presented in Table 2.

The “F” shaped patched monopole design is selected due
to its wide band characteristics and enhanced performance in
S, C, andXbands [12–16].Theoverall dimensions of the single
F shaped patch have been optimized to achieve the UWB
characteristics. In order to incorporate a 2× 2MIMOantenna
array, a second F shaped patch has been reciprocated on the
same plane. Both antenna ports are resonated at an input
impedance of 50Ω. To reduce the coupling between the two
radiating elements, a distance of 13.9mm has been carefully
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Table 2: Antenna design geometric variables.

Variables 𝐿 𝑊 𝐻 𝑊𝑓 𝐿𝑓 𝑊1 𝑊2 𝑊3 𝑊𝑔1 𝑊𝑔2 𝐿𝑔 𝐿1 𝐿2 𝐿 𝑠 𝑊𝑠
Dimensions in mm 13 25 0.9 1.6 6.5 5.9 4.9 1.6 10 1.8 3 3.5 2 3 0.6
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Figure 2: Simulated and measured reflection coefficients (𝑆11, 𝑆22).

selected, where this value corresponds to a half wavelength
at the upper frequency of operation. Furthermore, compact
fractured ground plane has been incorporated; the size of
the ground plane is very compact having dimensions of 10 ×
3mm2. Fractured ground plane helped in achieving the target
port impedance at the resonant frequency band.

3. Results and Discussion

The presented ultra-wide band 2 × 2 coplanar MIMO array
antenna comprised two “F” shapedmonopoles.The geometry
has been further modified to achieve the targeted bandwidth
and reflection coefficient for 50Ω input port impedance. Both
antenna elements exhibited identical reflection coefficients
(𝑆11, 𝑆22). The simulated and measured reflection coefficients
are shown in Figure 2.

As it can be seen from Figure 2, the antenna geometry
is resonant at wide range of frequency band starting from
2GHz to 12GHz. The lowest values of refection coeffi-
cients are observed as −35 dB and −32.5 dB at 5.2 GHz and
9.2GHz, respectively. The return loss is well under −10 dB
for overall band, whereas at center frequency of 8GHz the
return loss has been measured as −25.2 dB. While designing
MIMO antenna systems, themain effort achieved lower value
of transmission coefficient between the ports and this is
regarded as a key factor in design. It can be seen in Figure 3
that both monopoles are well decoupled; also the mutual
coupling between both elements in operating band is well
under −20 dB. In case of the operation of UWB, usually the

−20

−25

−30

−35

−40

−45

S1
2 

(d
B)

2 3 4 5 6 7 8 9 10 11 12
Frequency (GHz)

Simulated
Measured

Figure 3: Simulated and measured transmission coefficient (𝑆12).

fractional bandwidth should remain above 50% [17], whereas
for the antenna system under consideration the fractional
bandwidth is measured as 143.2% which satisfies ultra-wide
band operation.

The normalized graphs of simulated and measured radi-
ation patterns for the designed antenna system are shown in
Figure 4.

For both antenna elements, the radiation patterns are
investigated in E and H planes at center frequency of 8GHz.
The center frequency has been selected to measure the
radiation patterns at which the return loss is −25.2 dB. The
measurement has been done by exciting each port at a time,
while the other port is connected to amatched load of 50Ω. It
can be observed in Figure 4 that both simulated andmeasured
far fields are in agreement to each other. Also, both elements
show near omnidirectional pattern. However, as it is a patch
antenna, therefore, maximum diversity can be seen along 𝑧-
axis. Furthermore,minor changes can be noticed inmeasured
patterns that are due to the absorption errors inside the
anechoic chamber. Still the results are very substantial.

Figure 5 shows the measured overall gain of the designed
antenna system over the band of frequencies ranging from
2 to 12GHz. A gain of 2.8 dB has been observed at center
frequency.

The gain diversity (𝐺app) is considered as most important
parameter in MIMO antenna system. This can be calculated
by measuring the Envelope Correlation Coefficient (ECC)
between the antenna elements of theMIMOsystem.There are
two mechanisms for calculating the values of gain diversity,
either using the 𝑆-parameters of the antenna elements or
using the radiation patterns. In this paper, the gain diversity
has been calculated using 𝑆-parameters of the ports. As
an assumption, uniform multipath environment has been
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Figure 4: Simulated and measured radiation patterns.

considered, and the ECC and 𝐺app can be calculated by using
the equations given as [18, 19].

ECC, 𝜌𝑒

=
𝑆∗11𝑆12 + 𝑆∗21𝑆22

2

(1 − (𝑆11
2 + 𝑆21

2)) (1 − (𝑆22
2 + 𝑆12

2))

𝐺app = 10√1 − 𝜌, 𝜌 = 𝜌𝑒

(1)

Figures 6 and 7 represent the measured and simulated
results of ECC and gain diversity, respectively. The simulated
and measured results for both parameters are very much
comparable.

Ideally, the ECC of fully decoupled MIMO antenna
system should be zero. As it can be seen from Figure 7,
over most of the band the value remains zero. There are few
variations present in the measured result at 2GHz, 5GHz,
and 12GHz; this is due to the reflections which are usually
caused by the certain components that are present in the
anechoic chamber.
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Figure 5: Measured gain of the proposed antenna.

Figure 7 shows the simulated and measured values of
gain diversity. As it can be seen from the results, the gain
diversity reaches up to 10 dB over the band of frequencies
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Figure 7: Simulated and measured gain diversity.

under consideration. Certain variation can be observed in
measured results due to reflections.

A comparison of performance of the proposed antenna
with similar antennas available in literature is given in Table 3.
This table clearly indicates that the proposed antenna is very
compact with high isolation and good MIMO and diversity
performance as compared to similar antennas available.

4. Conclusion

A novel compact UWB MIMO antenna system has been
presented in this paper. The 2 × 2 MIMO antenna systems
consisted of two asymmetric “F” type structures with a
very compact fractured ground plane. The presented MIMO
antenna system has very compact size; the overall volume is

Table 3: Performance Comparison of the proposed antenna with
previously published work.

Reference Size
(mm2)

Bandwidth
(GHz)

Isolation
(dB) ECC DG

(dB)
[20] 35 × 40 3.1–10.6 −16 0.01 -
[21] 27 × 28 3–10.6 −16 0.02 -
[22] 32 × 32 3.1–10.6 −15 0.04 -
[23] 50 × 30 2.5–14.5 −20 0.04 7.4
Proposed work 13 × 25 2–12 −20 0.009 9.8

13 × 25 × 0.254mm3. The distance between two elements of
the antenna system is 13.2mmand the coupling between both
elements over the total transmission bandwidth is less than
−20 dB with peak minimum values reaching up to −35 dB.
The maximum gain of 4.8 dB has been observed, whereas
the gain at the center frequency was measured as 2.8 dB.
Furthermore, the radiation patterns are observed isotropic.
Good agreement has been achieved between the results of
designed prototype of the MIMO antenna system and its
simulated model.
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Radio frequency identification (RFID) is a key technology to realize IoT (Internet of Things) dreams. RFID technology has been
emerging in sensing, identification, tracking, and localization of goods. In order to tag a huge number of things, it is cost-effective
to use one RFID antenna for tagging different things. Therefore, in this paper a platform tolerant RFID tag antenna with tunable
capability is proposed. The proposed tag antenna is designed and optimized using characteristic mode analysis (CMA). Moreover,
this tag antenna consists of a folded patch wrapped around FR 4 substrate and a feeding loop element printed on a paper substrate.
The inductive feeding loop is stacked over folded patch and it provides impedance match with RFID chip. Because of separate
radiating and feeding element, this tag antenna has a versatility of impedance matching with any RFID chip. Furthermore, this tag
is able to cover American RFID band (902–928MHz) and can be tuned to European RFID band (865–868MHz) by adding tunable
strips. In order to demonstrate platform tolerant operation, the read range of RFID tag is measured by mounting it on different
materials.Themaximum read range of RFID tag is 4.5m in free space or on dielectrics and 6.5m above 200 × 200mm2 metal plate,
respectively.

1. Introduction

The modern wireless technologies are driving this world
towards a new paradigm which includes Internet of Things
(IoT) and Internet of Everything (IoE). In IoT world, every-
thing will have its own unique identity.The Internet ofThings
(IoT) will provide an emerging integrated wireless platform,
where physical and virtual things can be uniquely identified
on a global scale and are connected with a global network.
IoT becomes prevalent in both research and industries due to
its unique emerging applications like smart cities [1, 2], con-
nected vehicles [2], healthcare monitoring [3–5], and so on
[2]. Radio frequency identification (RFID) is one of the vital
technologies of IoT since it enables a device (object) not only
to share its unique digital code across a network wirelessly,
but also to capture its physical status for localization on a
global scale [6]. RFID in combination with IoT has opened a
new paradigm and new era of applications [7]. A descriptive

modal to enable an IoT network integrated with RFID tech-
nology is shown in Figure 1.

The thing’s basic information will be stored in electronic
RFID tag in form of electronic product code (EPC) or uni-
versal identification (UID) and this information can be read
by wireless RFID reader, which can be accessed from any-
where through Internet [8–10].

Passive ultrahigh (UHF) RFID tags are more attractive
for most of applications because of their long-read range
and high data rate capabilities. Moreover, the low cost, easily
printable structure of UHF RFID tags enables them to inte-
grate or embed inside tagged objects, to give them a unique
attribute. However, UHF RFID tags are much more sensitive
towards host tagging objects such as metals, wood, and glass.
This sensitivity, on one side, is good for exploiting UHF
RFID tags as sensing device. On the other hand, this sensiti-
vity towards different surfaces requires a separate UHF RFID
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Figure 1: IoT descriptive modal integrated with RFID.

tag design for each tagged entity [7, 11].Therefore, it is advan-
tageous and cost-effective to design one low cost, platform
tolerant antenna solution to tag most of the things.

In literature, there are many solutions available to solve
this problem of platform tolerant UHF RFID tag especially
for countermetallic surface effects [12, 13]. In [14], a dual layer
PIFA antenna was introduced for platform tolerant appli-
cations. However, the performance of this design is highly
depending on location of vias. Also, the dual layer structure
with introduction of vias makes it a costly solution. A single
layer coupled loop based antenna fabricated on 3mm thick
FR 4 substrate was proposed in [15], for tagging metal and
low permittivity dielectric materials. Although this proposed
antenna works on metal with read range of 6m, its major
drawback is substrate thickness. In [16], a stepped impedance
coupled patch antenna was designed on a thin substrate.
However, this coupled patch has small bandwidth especially
on metallic surfaces. Another folded patch antenna with dig-
ital edge serration was designed in [17], for tagging metallic
objects. This antenna was wrapped around 3mm thick sub-
strate with RFID chip mounted on vertical edge, which leads
to a structure which is expensive and difficult to fabricate.
Also, the vertical chip mounting configuration is more vul-
nerable to damage. Another solution was proposed in [18] by
employing a hybrid dual port tag antenna, which consists of a
dipole embedded with a patch antenna. This design has large
size with 3.2mm substrate thickness.

There are many techniques to design an efficient platform
tolerant antenna such as impedance analysis, employingmet-
amaterials (electromagnetic bandgap (EBG), artificial mag-
netic conductance (AMC)), and circuit analysis.

Characteristicmode analysis (CMA) in combinationwith
theory of characteristic modes (TCM) is becoming a preva-
lent systematic tool to design efficient terminal antennas.The
use of TCM in antenna design was not new topic. It was
first proposed by Garbacz and later redefined by Harrington
and Mautz [19]. However, in some recent years, TCM was
revisited to get physical insight into antenna designing. TCM
is more attractive and systematic approach because of its
following features [19, 20]. (1) It provides a more systematic

design approach rather than a brute-force. (2) It also allows
designer to get physical insight into antenna’s operation. (3)
It can help to find resonance frequency of specific mode. (4)
It also allows finding the optimum feed arrangement to excite
these specific modes. Moreover, there are very few designs
available using CMA for RFID [21, 22] and IoT applications
[23].

In this paper, a tunable platform tolerant folded patch
antenna is proposed for UHF RFID and IoT applications
using characteristic mode analysis. This antenna consists of
a folded patch (wrapped around FR 4 substrate) and a small
inductive feeding loop. The feeding loop printed on a paper
substrate is stacked over folded patch configuration. The
proposed folded patch is optimized using CMA to resonate
at 915MHz. The small feeding loop is connected with RFID
chip to provide a conjugate impedance match.

Because of separate radiating and feeding element, the
proposed tag antenna has a versatility of impedancematching
with any RFID chip. Furthermore, this tag is able to cover US
RFID band and can be tuned to European RFID band by add-
ing tunable strips. In order to validate platform tolerant
operation, the read range of RFID tag is measured by mount-
ing it on different materials. The maximum read range of
RFID tag is 4.5m in free space or on dielectrics and 6.5m
above 200× 200mm2metal plate, respectively.Moreover, this
tag can also be equippedwith IoT based sensors to sense envi-
ronmental effects and processes, thanks to its platform toler-
ant capability. The low cost, tunable, and platform tolerant
feature of this antenna makes it suitable for RFID and IoT
applications.

2. Characteristic Mode Analysis

2.1. Theory of Characteristic Modes (TCM). Characteristic
modes can be defined as orthogonal surface current modes
of an arbitrary shaped conducting body, which totally depend
on its shape and size and are independent of any feed source.

Moreover, characteristic modes (CM) can be derived
by solving eigenvalue equations, obtained from Method of
Moments (MoM) based impedance matrix as follows:
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Mode 1 (J1)

Mode 2 (J2)

Mode 3 (J3)

Mode 4 (J4)

Figure 2: Normalized current distribution at 915MHz of first four
associated modes of 160 × 25mm2 rectangular plate.

[𝑋] [𝐽]𝑛 = 𝜆𝑛 [𝑅] [𝐽]𝑛 , (1)

where 𝑅 and 𝑋 are real and imaginary components of MoM
impedance matrix; 𝐽

𝑛 are eigencurrents and 𝜆𝑛 are eigenval-
ues:

𝑅 = 𝑍 + 𝑍∗2 ,
𝑋 = 𝑍 − 𝑍∗2𝑗 .

(2)

Furthermore, because of the orthogonality of characteristics
modes, they can be used to derive total surface current 𝐽 of
an antenna as follows:

𝐽 = ∑
𝑛

𝑉𝑖
𝑛
𝐽
𝑛1 + 𝜆
𝑛

, (3)

where𝑉𝑖
𝑛
ismodel excitation coefficient and it can be obtained

as expressed by

𝑉𝑖
𝑛
=∯
𝑆

𝐽
𝑛
⋅ 𝐸𝑖𝑑𝑠. (4)

The product𝑉𝑖
𝑛
𝐽
𝑛
determines the coupling between 𝑛thmode

and excitation. It also provides information about which
mode of antenna is excited by feed or incident electric field
(𝐸𝑖).
2.2. Characteristic Mode Analysis for Rectangular Plate. The
theory of characteristic modes (TCM) has been employed to
calculate characteristic modes of a rectangular plate (160 ×
25mm2) mounted on a FR 4 (2mm thick, loss less) substrate.
Themultilayer solver of CSTMicrowave studio has been used
for modal analysis.

Figure 2 shows the normalized current distribution (at
915MHz) of first four associated characteristic modes of
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Figure 3: Eigenvalues of typical rectangular plate in free space.

rectangular plate (as shown in subset of Figure 3). In order
to understand behavior of these modes, eigenvalues will be
used in combination with normalized current distributions.
The eigenvalue associated with resonating modes is zero; it
is concluded that the smaller the eigenvalue associated with
a mode is, the more efficiently it will contribute to radiation.
Moreover, the sign of eigenvalue determines whether a mode
is storing electrical energy (𝜆

𝑛
< 0) or magnetic energy (𝜆

𝑛
>0). The eigenvalues associated with aforementioned modes

of rectangular plate in free space are shown in Figure 3. The
mode 𝐽

1
resonates near 1.1 GHz as eigenvalue is zero near

1.1 GHz. Because of symmetry, the mode 𝐽
1
will propagate

even if we use half of the length of rectagular plate. As can
be seen from Figure 2, the mode 𝐽

2
behaves like an inductive

mode; it can also be confirmed from its associated eigenvalue
(𝜆
𝑛
> 0). Furthermore, mode 𝐽

3
represents capacitator like

current distribution with eigenvalue (𝜆
𝑛
< 0). Mode 𝐽

4
is a

resonating mode at 1.6 GHz.
Another parameter known as modal significance is also

very useful in determining how efficiently a mode resonates.
Also, with the application of external excitation source,modal
significance determines the contribution of particular mode
to total radiation. The modal significance associated with
characteristic modes of 160 × 25mm2 rectangular plate is
shown in Figure 4.

Mode 1 and Mode 4 are resonating modes and will con-
tribute to radiation, when excited by a source, since their
modal significance approaches 1 (as shown in Figure 4).

Modal significance can be defined as follows:

MS
𝑛
= 11 + 𝑗𝜆𝑛 . (5)

Additionally, characteristic angle computed from eigenvalues
as expressed by (6) is also very useful in determining exact
resonance frequencies especially where more than one mode
needs to be excited (e.g., circular polarized antenna design).
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Figure 4: Modal significance of first four modes of 160 × 25mm2
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rectangular plate.

The characteristic angle associated with first four modes of
160 × 25mm2 rectangular plate are presented in Figure 5. For
resonating modes 𝛼

𝑛
= 180∘, therefore, Mode 1 and Mode 4

are resonating modes at 1.1 GHz and 1.6GHz, respectively.

𝛼
𝑛
= 180∘ − tan−1𝜆

𝑛
. (6)

3. RFID Tag Antenna Design Using CMA

3.1. CMA of Dipole Patch. Start from Mode 2 (𝐽
2
) of afore-

mentioned rectangular plate (160 × 25mm2). As discussed
earlier Mode 2 is an inductive mode. In order to make it
as a resonating mode, a small slot (corresponding to adding
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Figure 6: Eigenvalues of dipole patch in free space.

Mode 1

Mode 2

Figure 7: Normalized current distribution at 915MHz of two asso-
ciated resonating modes of dipole patch.

a capacitance) is created and it becomes dipole like patch as
shown in subset of Figure 6. As can be seen from Figure 7,
the two modes are resonating at 920MHz and 1.1 GHz, re-
spectively. Furthermore, it can be inferred from normalized
current distribution (shown in Figures 2 and 7) that Mode 1
of rectangular plate and Mode 2 of dipole patch are same. It
means that the introduction of slot has no effect on thismode.

InductiveMode 2 of rectangular plate becomes a resonat-
ing mode with introduction of capacitance introduced by
small slot.

3.2. CMAof Proposed Folded Patch. Thedipole patch is work-
ing at 920MHz (US RFID bands 902MHz to 928MHz);
however its length is more in order to use it as RFID tag.
Due to symmetry, Mode 1 (resonating at 920MHz) of dipole
patch will still resonate, even if half of the dipole patch is used
(80mm). In order to reduce the length further the patch is
folded with same length on FR 4 substrate as shown in subset
of Figure 8. The eigenvalue plot of resulting folded patch
antenna is illustrated in Figure 8. To confirm its operation
as platform tolerant design, the eigenvalue plot of one res-
onatingmode is depicted in Figure 8, after placing this folded
patch in free space and above a finite perfect electric conduc-
tor (PEC) boundary. It can be observed from eigenvalue plot
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Figure 8: Eigenvalues of folded patch in free space and above metal
plate.

that the resonance frequency of Mode 1 is almost same for
both in free space and above PEC boundary conditions.

However, the slope of eigenvalue plot of Mode 1 is differ-
ent for two different boundary conditions. Moreover, Mode 1
of folded patch has a steep slope, above metal plate as com-
pared with free space, which means that folded patch has
more bandwidth in free space as compared with above metal.

3.3. CMA of Proposed Folded Patch with Tunable Strips. As
can be seen from normalized current distribution of folded
patch antenna expressed in Figure 9, since the current in
Mode 1 is maximum near folded end and decreases towards
the slot, it behaves like cavity backed slot antenna. The
effective length of current path can be increased by adding
two tunable strips on both sides of folded patch near the
slot as depicted in subset of Figure 10. Hence, the antenna
can be tuned to European RFID band (866MHz–868MHz).
The tuning of folded patch to European RFID band can also
be confirmed from eigenvalue and modal significance plot
(Figure 10) of this folded patch after adding tuning strips.

4. Simulation Results

In order to realize an RFID tag antenna, a feeding strategy
should be proposed for the folded patch obtained after
characteristic mode analysis. Since most of RFID tag chips
have capacitive impedance, requiring the tag impedance to be
inductive for conjugate match, therefore, inductive coupled
loop is a good option to feed this antenna. Besides, the
conjugate matching, a separate coupled inductive loop, also
provides a versatility of impedance matching with any RFID
chip, just by altering loop parameter, without any change in
main radiator (folded patch).

The complete antenna geometry of proposed folded patch
RFID tag is shown in Figure 11. Finally, the proposed design

Mode 1 (air)

Mode 1 (metal)

Figure 9: Normalized current distribution at 915MHz of folded
patch.
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Figure 10: Eigenvalue and modal significance of folded patch (with
tunable strips) above metal plate.
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Figure 11: Geometry of proposed folded patch RFID tag antenna.
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Figure 12: Normalized surface current distribution of proposed
folded patch RFID tag with feeding loop.

Table 1: Parameters of the antenna (mm).

Ls Ws L1 L2 L3 Lp Wp Lt h1 h2
50 25 38.55 8.5 3 11 17 8 2 0.3

consists of a folded patch as main radiator and a small
inductive feeding loop in order to match with RFID chip.

Furthermore, Figure 12 shows the surface current distri-
bution after placing the inductive feeding loop above folded
patch; it is clear from Figure 12 that the feed loop excites the
same mode as expressed in characteristics mode analysis of
folded patch antenna (Figure 9). The proposed folded patch
is wrapped around a low cost FR 4 substrate (𝜀𝑟 = 4.3, 𝛿 =0.025). Furthermore, the inductive feeding loop is printed on
a 0.25mm thick paper substrate.

The detailed dimensions of proposed design are illus-
trated in Figure 13. Antenna design parameters involved in
simulation are optimized further using frequency domain
solver of CST microwave studio and are listed in Table 1.
Moreover, Alien Higgs H3 has been used as RFID chip with
impedance (30–201 j) computed from equivalent circuit of
parallel 1500 ohms resistance and 0.85 pF capacitance.

As shown in Figure 14, the simulated input impedance
plot of this tag design confirms the working antenna in
American RFID band (US) without tunable strips and can be
tuned to European RFID (EU) band with tuning strips. The
real and imaginary impedance of antenna is ranging from 30
to 40Ohms and 180 to 205Ohms, respectively, in required
RFID bands, which is best matched with Alien Higgs-3 RFID
chip.

To verify antenna performance as platform tolerant de-
sign, for simulation purpose, the antenna is placed on two
different materials: (1) a 200 × 200mm2 plate with relative
permittivity 𝜀𝑟 = 4, representing a low permittivity dielectric;
(2) a 200 × 200mm2 metal plate. For both cases, the power
reflection corresponding to conjugate match of this proposed
design is shown in Figure 15. The 3 dB bandwidth of antenna
is more than 40MHz for both cases in US band, with a little
bit shift in center frequency for metal case. However, the
bandwidth of antenna is enough to protect it from detuning.
Moreover, the antenna also provides 3 dB bandwidth of
30MHz in EU band. Also, in this case, there is a small shift in
center frequency as compared with metal and dielectric case.

Furthermore, the directivity of this tag antenna is
5.87 dBi, after mounting it on a 200 × 200mm2metal plate as
depicted in Figure 16.

5. Measurement and Discussion

Aprototype of proposed RFID tagwas fabricated on a ground
substrate with one shorted end as shown in Figure 17. Alien
Higgs H3 RFID chip is connected with small feeding loop
printed on a paper substrate. This paper substrate containing
feed loop is then pasted on slot of folded patch.

To validate the performance of antenna on different
materials, the input impedance of this tagwasmeasured using
Agilent E8363B vector network analyzer by following the
procedure expressed in [24].

The impedance measurement setup is depicted in the
inset of Figure 18. The outer coats of two coaxial cables were
soldered together, while the single end of each cable was
attached with open ends of feeding loop. The return loss of
antennawas computed by formula given in [24] using param-
eter measured from this setup.

As compared with simulated results (Figure 18), a better
impedance match was observed for 865 to 868MHz band,
whereas the value of measured return loss is more for 902
to 928MHz band. Overall, the measured results show a good
agreement with simulation results with a little reduction in
bandwidth.Thismay be due to some fabrication error or cable
loss. Moreover, the measurement procedure also introduces
some discrepancies.

Furthermore, the glue used to paste the feeding loop also
introduces some change in permittivity and thickness of sub-
strate.

The theoretical read range of RFID tag can be estimated
using Friis equation as follows:

𝑅tag = 𝜆4√𝑃𝑟𝐺𝑟𝐺𝑎𝜏𝑃th , (7)

where 𝑃
𝑟
, 𝐺
𝑟
are transmitted power and gain of RFID reader,𝐺

𝑎
is gain of tag antenna, and 𝑃th is minimum threshold

power of chip.
However, another better and more practical approach

to estimate maximum read range with maximum permitted
EIRP is to calculate read range first for small value of EIRP
with a fixed distance as expressed by

𝑅max = 𝑅ref√EIRPmax
EIRPref

. (8)

where 𝑅max is maximum read range of the tag, 𝑅ref is refer-
ence fixed distance measured in lab, EIRPmax is maximum
permitted EIRP = 4Watts formost of the regions, and EIRPref
is reference EIRP of range measuring equipment. A Tagfor-
mance Pro device (fromVoyantic Company) based setup was
employed to measure maximum read range in lab as illus-
trated in Figure 19. A frequency sweep is run by the Tagfor-
mance with a fixed distance (𝑅ref ) provided by foam spacer.
The theoretical read range is estimated by system software
using formula expressed by (8). The measured read range
of proposed tag above 200 × 200mm2 metal plate using
Tagformance setup is shown in Figure 20. As is clear from
Figure 20, the measured read range of proposed tag is 6.2m
on 200 × 200mm2 metal plate.
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Figure 13: Dimension of proposed folded patch RFID tag. (a) Front view; (b) front view with tuning strips; (c) side view.
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Figure 14: Simulated impedance of proposed folded patch RFID tag.

To verify the robustness of this tag solution, the read
range of RFID tag was measured after mounting on different
materials in outdoor and indoor lab environments with 4W
EIRP.Themeasurement setup includes a laptop, Impinj R420
reader, and a circular polarized reader antenna. The read
range measurements are carried out at 920MHz.

Furthermore, the different mounting materials used in
range measurement were of plastic, wood, glass, and book
(200 × 200mm2). The maximum measured read range on
aforementioned materials is illustrated in Figure 21. More-
over, the maximum read measured on metal plate is 6.5m,

while the measured read range on all other materials is more
than 4.5m in indoor environment. However, there is a small
reduction in read range observed in outdoor environment.

Moreover, the measured read range pattern of this tag
design is shown in Figure 22. A good unidirectional read
range pattern with maximum read distance of 6.5m is
acquired in 𝑥𝑧-plane. Also, it can be observed from Figure 22
that the maximum read angle is tilted since the surface
current distribution is more near folded edge.

Thecomparisonofproposed designwith someotherRFID
tags in terms of size and performance is listed in Table 2.
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Figure 16: Radiation pattern of tag on 200 × 200mm2 metal plate.

Table 2: Comparison of proposed antenna with other several designs.

Reference Size (mm3) Metal plate size (mm2) Read range (m)
(metal/dielectric) Tunable

This work 50 × 25 × 2 200 × 200 6.5/4.5 Yes
[14] 56 × 25 × 3.5 500 × 500 4/- No
[15] 55 × 41.5 × 3 200 × 200 6.1/14 No
[16] 88 × 60 × 0.76 150 × 150 5.4/5.7 (body) No
[17] 30 × 30 × 3 200 × 200 7/3.5 No
[18] 84 × 41 × 3.2 200 × 200 5.6/8 No
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Figure 17: Fabricated prototype of proposed RFID tag antenna.
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Figure 18: Measured return loss of proposed RFID tag on 200 ×
200mm2 metal plate.
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Figure 19: Tagformance based read range measuring setup.

6. Conclusion

In Internet of Things (IoT), every object can be connected to
Internet through a unique digital code to identify it on global
scale. RFID in combination with IoT has opened a new para-
digm and era of applications. In order to tag a huge number

Figure 20: Theoretical read range proposed RFID tag on 200 ×
200mm2 metal plate using Tagformance.
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10 Wireless Communications and Mobile Computing

of things, it is cost-effective to use one RFID tag antenna for
different things. Therefore, in this paper, a platform tolerant
folded patch antenna with tunable capability is proposed for
UHF RFID and IoT applications using characteristic mode
analysis. The proposed design consists of a folded patch
wrapped around FR 4 substrate and a small inductive feeding
loop printed on a paper substrate.The proposed folded patch
is optimized usingCMA to resonate at 915MHz. Since this tag
has a separate radiating and feeding element, therefore it can
be reusable and has a versatility of impedance matching with
anyRFID chip. Furthermore, in order to prove platform toler-
ant capability of proposed RFID tag, its read range is mea-
sured after mounting on different material. The maximum
read range of RFID tag is 4.5m in free space or on dielectrics
and 6.5m above 200 × 200mm2metal plate, respectively.The
platform tolerant capability of this antennamakes it favorable
for integration with IoT sensors, which can be used to
sense environmental effects and processes. Moreover, the low
cost and tunable features of this antenna make it suitable
candidate for RFID and IoT applications.
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This paper presents a dual-band coplanar waveguide (CPW) fed printed antenna with rectangular shape design blocks having
ultrawideband characteristics, proposed and implemented on an FR4 substrate. The size of the proposed antenna is just 25mm ×
35mm. A novel rounded corners technique is used to enhance not only the impedance bandwidth but also the gain of the antenna.
The proposed antenna design covers two ultrawide bands which include 1.1–2.7 GHz and 3.15–3.65GHz, thus covering 2.4GHz
Bluetooth/Wi-Fi band and most of the bands of 3G, 4G, and a future expected 5G band, that is, 3.4–3.6GHz. Being a very low-
profile antennamakes it very suitable for the future 5G Internet ofThings (IoT) portable applications. A step-by-step design process
is carried out to obtain an optimized design for good impedancematching in the two bands.The current densities and the reflection
coefficients at different stages of the design process are plotted and discussed to get a good insight into the final proposed antenna
design. This antenna exhibits stable radiation patterns on both planes, having low cross polarization and low back lobes with a
maximum gain of 8.9 dB. The measurements are found to be in good accordance with the simulated results.

1. Introduction

Internet of Things (IoT) applications incorporate major
advancements of computer networking, microelectronics
andmodern communication system.This technology enables
physical sensing and actuating devices to be controlled
remotely over the Internet. To attain reliable communication,
these devices are required to be compact, cost-effective, and
energy efficient to operate on multibands for LTE, WLAN
(IEEE 802.11 a/b/g/n), WiMAX (IEEE 802.16), ZigBee (IEEE
802.15.4), GSM (800MHz, 850MHz, and 1900MHz), and so
on. Scope for Internet of Things (IoT) operating on these
bands can be seen as in 2003; the world population was 6.3
billion and connected devices per personwere 0.0793%,while
with population grown to 7.2 billion in 2015, revolutionized
connected devices per person increased to 3.4%. This trend
is expected to grow exponentially so the demand for smaller

devices along with the better antenna module will grow as
well. Due to miniaturization of embedded systems, multiple
modules can be assembled on these small gadgets to improve
efficiency, reliability, and robustness for various scenarios of
environmental monitoring, smart cities, smart healthcare,
smart grid, military/defense, and so on [1, 2].

Apart from the many advantages of power options,
flexibility, ease of installation, and replacement there are
numerous challenges of scalability, fault tolerance, energy
harvesting, and security issues which need to be addressed
for worldwide acceptability [3]. The antenna system, being
the front end of all hand-held communication devices
is expected to cover all major frequency bands of IEEE
802.11 (2.4–2.48GHz) and IEEE 802.15.4 (2.5–2.69GHz/
3.4–3.69GHz/5.25–5.85GHz) with acceptable gain and radi-
ation pattern for multiple integrated services. Further, it is
anticipated that modern antenna design should be flexible
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Table 1: Comparison between different existing CPW designs and our proposed work.

References Type Total area (mm2) Bandwidth Peak gain (dBi)
[12] Dual-band 1020 2.3–2.5 and 2.9–15.0GHz 2.5
[13] Dual-band 900 1.86–1.97 and 3.0–12.0GHz 3.0
[14] Dual-band 1250 3.4–3.6 and 8–15GHz -------
[15] Tri-band 1600 2.28–2.58, 3.38–3.66, and 5.07–5.86GHz 3.3
[16] Tri-band 839.5 2.33–2.76, 3.05–3.88, and 5.57–5.88GHz 2.8
[17] Dual-band 2700 2.26–2.57 and 4.81–6.56GHz 3.2
[18] Dual-band 1500 2386–2510 and 4878–6002MHz 2.6
[19] Tri-band 896 2.3–2.8, 3.1–4.0 and 4.6–5.3 GHz 3.0
[20] Dual-band 1400 2.2–2.55 and 3.0–5.6GHz 2.0

Proposed work 875 1.1 GHz–2.7GHz and 3.15–3.65GHz 8.9 dB

enough to regulate impedance bandwidth for various center
frequencies independently [4].

Some well-known techniques such as slots in the radiat-
ing patch, defected ground structures (DGS), engraving strips
on antenna, and the induction of band notched structures in
the designs have been adopted to satisfy the abovementioned
characteristics [4, 5]. Apart from these orthodoxmethods, the
use of metamaterials and complementary split ring resonator
(CSRR) techniques are employed in literature for getting
higher gain in order to reduce cross frequency interference.
Ahmed et al. implemented a magneto-electric (ME) dipole
antenna that showedwide impedance bandwidth, better gain,
and matching radiation patterns on both E-plane and H-
plane [6]. But such cross-magneto-electric structures are not
suitable for mass production in Internet of Things (IoT) due
to the large size and sensitive design parameters. On the other
hand, the coplanar waveguide method has advantages such
as wide bandwidth, uniplanar design and ease of installation
withMMIC, and active components, making it more suitable
for targeted IoT applications.

Various CPW-fed antennas have been reported in liter-
ature such as multiband [3–8], CPW antennas with added
strip forWLAN [9–11], and asymmetric coplanar strip anten-
nas [12–20]. However, majority of these designs have large
antenna dimensions and do not cover all the major bands
of WLAN/WiMAX/LTE [13–16, 18]. Dual-band antenna in
[21] with an average gain of 2.5 dB having dimensions 25mm× 25mm being compact in size operates only in WLAN
band. Further, in some other designs, the antenna gains and
reflection coefficient parameters are not impressive compared
to the antenna dimensions [15–20, 22–25]. In [26], a CPW-
fed multiband antenna having dimension 70.4mm × 45mm
is implemented having an impedance bandwidth of 127MHz
forWiMAXband only. Similarly, a 70mm× 70mmCPW-fed
WLAN antenna implemented in [27] operating at 2.4GHz
with peak gain of 6.5 dBhas a very low impedance bandwidth.
The rounded corners concept is found in literature to enhance
the overall gain, with stable radiation patterns [22–25].
Moreover, frequency dispersion is reduced and current is
uniformly distributed on radiation surface corners using this
procedure. Adjustable strips in our design enabled CPW
design to improve bandwidth over higher frequency bands

2a

2b

2c

ℎ

GroundGround Feed

Figure 1: Feed line calculation in CPW design.

without compromising the overall size of 875mm2. In order
to reduce size and avoid the complexity, major overlapped
slots have been introduced in the proposed antenna design
along with two strips above and below the main radiating
patch. Compact ground plane length ratio to the overall
length of the antenna is optimized to achieve 50Ohm
impedance matching by adjusting the microstrip width and
gap between the microstrip and the sides of the ground plane
[6, 8, 24]. In Table 1, a comparison is made between different
existing CPW designs found in literature and our proposed
work. Design working principle and antenna dimensions are
explained in the following sections along with the detailed
simulated and experimental results.

2. Design Specifications

The feed line calculation in CPW design is depicted in
Figure 1, whereas the detailed geometry of the proposed
antenna is shown in Figure 2. The antenna is fabricated on
an FR4 substrate with relative permittivity of 4.4 having a
standard thickness of 1.6mm. The length, width, and the
wavelength of the main rectangular patch is calculated and
gradually modified by calculating the resonant frequencies
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Figure 2: Geometry of the proposed antenna: (a) parametric details and (b) major components of proposed antenna.

Table 2: Proposed CPW antenna design parameters values.

Parameter 𝐿 𝑊 𝐿1 𝑊1 𝐿2 𝑊2 𝐿3 𝑊3
Value/mm 35 25 14.8 2 3.7 10.5 2 13
Parameter 𝐿4 𝑊4 𝐿5 𝐿6 𝑅1 𝐿7 ℎ 𝑔
Value/mm 14.3 17 3 7 2.5 0.5 1.6 1

for first and second resonance bands using the following
expressions for coplanar waveguide design.

𝐿4 = 𝑐4𝑓min√𝜀𝑟.eff (1)

𝐿2 = 𝑐4𝑓max√𝜀𝑟.eff (2)

𝑓1 = 𝑐4𝑌𝑔√𝜀𝑟.eff (3)

𝜀𝑟.eff = 𝜀𝑟 + 12 , (4)

where “𝑐” is the speed of light, 𝜀𝑟.eff is the effective relative
permittivity of substrate which is equal to 2.7, and “𝑌𝑔” is the
guidedwavelengthwhich depends on the length of upper and
lower strips for both bands. Characteristics impedance of the
feed line having finite width ground planes on each side of
FR4 substrate is given by Van Caekenberghe et al. [28].

𝑍𝑜 = 30𝜋2√𝜀𝑟.eff
𝐾 (𝑘)𝐾 (𝑘)Ω, (5)

where “𝐾” is complete elliptic integral of first iteration and
“𝑘” and “𝑘” are CPW line dependent variables. These two
parameters are calculated as follows:

𝑘 = 𝑐𝑏√ 𝑏2 − 𝑎2𝑐2 − 𝑎2
𝑘 = √1 − 𝑘2 = 𝑎𝑏√ 𝑐2 − 𝑏2𝑐2 − 𝑎2 .

(6)

Center frequencies 𝑓1 and 𝑓2 are calculated from (3) and
optimized using Ansoft’s High Frequency Structure Simula-
tor (HFSS) software package.

The strip lengths 𝐿4 and 𝐿2 are optimized close to a
quarter wavelength of center frequency considering 𝑓min
around 2.1 GHz and 𝑓max at 3.6GHz. The gap between the
ground and feed elements “𝑔” is 1mm and the length of
the feed line is 18.7mm, while the radius of small rounded
corners on the main antenna segment is 1.4mm.The detailed
antenna design parameters values are illustrated in Table 2.
The gap between the one of the ground planes and feed line is
optimized through simulation software to be 1mm. Band stop
function is realized by adding overlapped rectangular and
circular slot in the main rectangular radiator. This reduces
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(a) (b)

Figure 3: Fabricated antenna prototypes of (a) evolved antenna design and (b) proposed CPW antenna.

(a) (b) (c) (d)

Figure 4: Evolution process of antenna: (a) Antenna 1, (b) Antenna 2, (c) Antenna 3, and (d) final proposed antenna.

the interference and creates notched frequencies between
2.4GHz and 3.4GHz bands. Similar kind of reactively loaded
CPW antenna in [29] shows promising results with y-shaped
and u-shaped slots in rectangular patch. In literature, various
shapes of the slots are used to enhance the bandwidth of
CPW designs including square wavelength line slot, fractal
shaped slots, asymmetrical CPW slots, and circular slots [25–
27, 29–32]. Square shaped slot implemented in [33] showed
ultrawideband bandwidth and reduced overall antenna size
effectively.

The method of overlapped symmetrical rectangular and
circular slots is embedded in our proposed antenna to reduce
interference of adjacent frequency bands to obtain efficient
antenna parameters. To determine a good impedance match-
ing, the electrical wavelength of the top and bottom strips
is kept close to the quarter wavelength along with wideband
microstrip coplanar strip line to couple the electromagnetic
energy for better radiation efficiency. Similar kinds of small
slit loaded antennas in [31, 32, 34] use series inductive slits
and rectangular and circular shaped slots for impedance
bandwidth improvement. Through iterative simulations, it is
experienced that wider overlapped circular and rectangular

slots are more productive in widening the impedance band-
width and improving antenna gain.

3. Antenna Performance

The fabricated prototypes of the two final designs are shown
in Figure 3. The simulations are performed in Ansoft’s HFSS
and the reflection coefficients of the proposed antenna are
measured using a Vector Network Analyzer (E5072A). An
SMA connector is carefully coupled with ground and feed
structures to obtain measurements.

3.1. Antenna Evolution. The evolution process of final an-
tenna is shown in Figures 4(a)–4(d). Simulated reflection
coefficient results for all antenna design steps/types are
depicted in Figure 5. The antenna design process is started
from a coplanar waveguide fed printed antenna by attach-
ing a rectangular patch with feed line that attains a very
broad fractional impedance bandwidth of more than 100%
(1.1 GHz–3.9)GHz for 𝑆11 < −10 dB thresholdwithout having
second resonant band. However, our design goal is to make
a dual-band antenna in which each band tuned/modified
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comparatively independently without significantly affecting
the other band as per our design needs. The 2nd design goal
is to increase the gain of the antenna as CPW-fed printed
antennas are generally omnidirectional antennas. In order to
achieve these design goals, Antenna 1 is modified by adding
an additional rectangular strip that creates a second reso-
nance around 3.4GHz as shown in Figure 4(b). Antenna 3 is
created by adding another top strip and etching overlapped
slots in first rectangular patch that shows first resonance
at 2.4GHz with impedance bandwidth from 1.0GHz to
2.7GHz and a second resonance at 3.4GHz with impedance
bandwidth from around 3.1 GHz to 3.7GHz. Finally, Antenna
4 (proposed) is simulated and fabricated with imbedded
rounded corners technique for improved performance in
terms of reflection coefficient and gain. This design attains
dual bands with a simulated result of around 80% fractional
bandwidth (1.1 GHz–2.8GHz) in the first band and around
23% fractional impedance bandwidth (3.0GHz–3.75GHz)
in the second resonance band. This is worth mentioning
that 𝑆11 has shown better notched frequency characteristic
between the two bands. On the other hand, it is noted
that introducing rounded corners has a very low effect on
the resonant frequencies, but it has effectively improved
the fractional impedance bandwidth and the gain of the
final antenna design. Detailed parametric studies have been
carried out including all the major lengths, widths, feed lines,
and positions of rectangular strips to achieve higher gain of
the proposed design.

3.2. Current Distribution and Impedance Matching Analysis.
Figure 6 shows the current distribution on the antenna at
2.4GHz and 3.4GHz to get a better insight of the antenna
designwhich depicts that the current varies along the antenna𝑥-axis dimension with minimum current at the ends due to
the reduced “end effect.” As a matter of fact antenna radiates
energy because of radiation resistance. Loss resistance of the
antenna is small compared to radiation resistance that is

usually considered negligible in measurements. Input pulse
and corresponding electric field intensity are calculated by the
following expression:

FF = max𝜏
{{{{{

∫𝑆𝑇 (𝑡) 𝑆𝑅 (𝑡 − 𝜏) 𝑑𝑡
√𝑆2𝑇 (𝑡) 𝑑𝑡√𝑆2𝑅 (𝑡) 𝑑𝑡

}}}}}
, (7)

where “𝑆𝑇” is the input signal and “𝑆𝑅” is the received
signal in the antenna far-field. Using Ansoft’s HFSS, full-
wave time domain results are studied. Maximum current
at top strip is obtained on both frequencies which have
90-degree phase shift that justifies the inductance of top
cladding strip. The rounded corner concept serves well as
it reflected more and more energy to the metal strips at
resonant bands.Nevertheless, consistent large current density
is concentrated on top strip for both frequency bands as
common characteristics.

Figure 7 show the real and imaginary components of
the input impedance of final two designs. Rounded corners
model is tightly aligned to 50Ω line in real part and has less
tolerance in case of imaginary part. Overall better impedance
matching is achieved by rounded corners design for both first
and second resonance bands.

3.3. Results and Parametric Study. Figure 8 shows the simu-
lated and measured results of reflection coefficients 𝑆11 [dB]
versus frequency of the final proposed CPW antenna. It is
shown that the antenna covers two ultrawide bands which
include 1.1 GHz–2.7GHz and 3.15–3.65GHz, thus covering
2.4GHz Bluetooth/Wi-Fi band (IEEE 802.11, 2.4–2.48GHz)
and most of the bands of 3G, 4G such as IEEE 802.15.4
(2.5–2.69GHz, 3.4–3.69GHz), WiMAX (IEEE 802.16), Zig-
Bee (IEEE 802.15.4), DCS (1800), PCS (1900MHz), Extended
IMT (2100MHz), and LTE (1700, 1900MHz), and a future
expected 5G band, that is, 3.4–3.6GHz. There is generally
a good agreement between simulated and measured results
where differences between simulated and measured results
can be attributed to factors such as small antenna size,
SMA connector quality, soldering effect, and uncertainties in
substrate dielectric constant. Major rectangular/circular slot
size and lengths/widths of both top and bottom strips are
optimized during designing process. The effects of variations
in the width of bottom strip on the reflection coefficient𝑆11 are plotted in Figure 9. It is experienced that the first
resonance frequency increases with the decrease in the width
of bottom strip and has negligible effect on second band,
while variation of top strip controls the 3.4GHz resonance
frequency (second resonance band) that makes it simple and
easy to reconfigure design for other adjacent frequencies
if needed. The gains of the antennas with and without
rounded edges/circular slot in dB versus frequency are shown
in Figure 10. Comparing Antenna 3 and Antenna 4, the
value of peak gain is subsequently improved from 6.2 dB
to 8.9 dB. This shows that the gain is reasonably increased
when the bottom strip edges are rounded and circular slot are
overlapped on some of the corners of the upper strip which
depicts the variation in gain between 6.2 dB and 8.9 dB in the
range of interest.
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Figure 6: Current distribution on the proposed antenna: (a) vector current distribution at 3.4GHz, (b) Vector current distribution at 2.4GHz,
and (c) Current densities at 2.4GHz and 3.4GHz.
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Figure 7: Input impedance of the final two designs: (a) real part (b) imaginary part.
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The radiation patterns of this dual-band antenna at first
and second resonance bands are illustrated in Figure 11 for
both 𝐸- and 𝐻-planes. High order modes are responsible to
generate distribution effect at higher frequencies. It is clearly
evident from the 2D patterns that the antenna performs as a
directional radiator at𝐸-plane and quite close to bidirectional
in 𝐻-plane. These characteristics make this novel design
a strong candidate and effectively suitable for profound
Internet of Things (IoT) applications.

4. Conclusion

In this article, a novel rectangular shape CPW antenna with
overlapped circular slots and rounded edges is proposed
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Figure 10: The gains of the antennas with and without the rounded
edges/circular slot in dB versus frequency in GHz.

and implemented. Top strip and bottom strips effectively
control 2.4GHz and 3.4GHz resonance bands. Rounded
corners technique is used to attain ultrawide bandwidth of
1.1 GHz–2.71 GHz at first resonance band and 3.15–3.65GHz
for second resonance band and to improve antenna gain. Each
of these bands can be individually tuned through variation
of top and bottom strip dimensions. The proposed antenna
shows directional radiation pattern, good return loss, and
better gain with acceptable radiation efficiency.The proposed
design is very small in size (875mm2) which makes it a
suitable contender for different portable and handheld IoT
applications.
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Figure 11: 2D radiation patterns of the proposed antenna: (a) 𝐸-plane at 2.4GHz, (b) 𝐻-plane at 2.4GHz, (c) 𝐸-plane at 3.4GHz, and (d)𝐻-plane at 3.4GHz.
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As a critical component for wireless communication, active phased array antennas face the restrictions of creating effective
performancewith the effect of randomness in the position of the array element, which are inevitably produced in themanufacturing
and operating process of antenna. A new method for efficiently and effectively evaluating the statistic performance of antenna is
presented, with consideration of randomness in element position. A coupled structural-electromagnetic statistic model for array
antenna is proposed from the viewpoint of electromechanical coupling. Lastly, a 12 × 12 planar array is illustrated to evaluate
the performance of antenna with the saddle-shaped distortion and random position error. The results show that the presented
model can obtain the antenna performance quickly and effectively, providing an advantageous guidance for structural design and
performance optimization for array antennas in wireless application.

1. Introduction

The application of wireless communication promotes the
realization and development of physical things in our daily
life exchanging information from a network, which is called
the Internet of Things (IoT) [1–3]. In the wireless communi-
cation, the choice of antenna is a critical component. Active
phased array antennas have such significant advantages,
including rapid reconfiguration or revisit rate, multibeams,
shaped beams, sidelobe control, and high reliability over
other types of antennas, and there has been an increased
interest in their use for a wide variety of communication and
remote-sensing applications, such as serving as the ground
station terminal to track the satellite for IOT data connection
[4]. In the working process, however, the manufacturing
and processing of the antenna, any movement of the carrier

platform, and the external environment load could lead to
the structure errors, including both the random position
error and systematic error. The combination of the random
position error and systematic distortion finally results in the
randomness in element position. Finally, the electromagnetic
performance of array antenna could be degraded, such as the
gain loss, sidelobe level (SLL) rising, beamwidth broadening,
and pointing error [5–9]. As a result, the communication
distance will be shortened and the resistance to interference
will be reduced, which seriously restricts the realization of
high performance of array antenna. The antenna faces the
restrictions of creating effective performance under structure
errors. Therefore, it is necessary to explore deeply the cou-
pling relationship between structure error and electromag-
netic performance for active phased array antenna with the
effect of randomness in element position [10–12].
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Figure 1: Element configuration of planar array antenna.

The present works for analyzing the effect of structure
error on electromagnetic performance of array antenna are
carried out mainly from the following three aspects. Firstly,
assuming that the systematic distortion of antenna is a
certain shape and that the influence of only systematic
error on performance is analyzed, [13] studied the effect of
symmetrical and unsymmetrical bend of array plane on the
performance of planar antenna. Reference [14] discussed the
influence of four array plane distortions including the sag,
potato chip, and sinusoidal and Bessel character for array
antenna. The above works in [13, 14] consider only the sys-
tematic error without considering the randomposition errors
which are also produced inevitably during themanufacturing
and working process. Secondly, some works are focusing
on the analysis of the effect of random error uncertainty.
Reference [15] explored the influence of random errors on
the performance of hexagonal active phased array antenna
and achieved some instructive conclusions. But there are no
discussions on the systematic distortion. Furthermore, there
is research indicating that the effect of random errors could
be equivalent to the influence of excitation current errors, and
the performances of antenna with random current errors are
studied [16, 17]. However, there is lack of direct relationship
of random position error with the antenna performance. In
addition, [18] investigated the subarray position error and its
influence on antenna performance by using the probability
statistical theory. But the method requires lots of repeated
calculations to get the statistical performance of antenna.
Thirdly, some works introduced the linear combination of
random error and systematic distortion to analyze their effect
on antenna performance. In [19, 20], the sum of random
error and systematic error was regarded as the structure
error item, used to analyze the performance of distorted
array antenna. However, in practice the degrees of random
error and systematic error show great differences; the linear
combination could mitigate the effect of random error when
there is big difference between the degrees of random and
systematic errors. Moreover, systematic error is supposed
to be deterministic but random error is stochastic; the
combination errors could result in the randomness of electro-
magnetic performance. So it is more accurate to estimate the
electromagnetic performance from the perspective of statistic
property when random error exists.

Therefore, this paper presents a new method for effi-
ciently and effectively evaluating the statistic performance
of active phased array antenna, with consideration of ran-
domness in the position of the array element. A coupled
structural-electromagnetic statistic model is proposed, from
the viewpoint of electromechanical coupling. The method
provides an advantageous guidance for structural design
and performance optimization for array antennas in wireless
application.

2. Coupled Structure-Electromagnetic
Statistic Model with Randomness in
Element Position

As shown in Figure 1, the array radiation elements are
assembled with an equal interval, whose numbers are 𝑀×𝑁.
The intervals of the array elements along 𝑥 and 𝑦 directions
are 𝑑𝑥 and 𝑑𝑦, respectively.(𝜃, 𝜙) is the direction of the far-field target relative to
the coordinate system 𝑂𝑥𝑦𝑧 as shown in Figure 2, whose
direction cosine is (cos𝛼𝑥, cos𝛼𝑦, cos𝛼𝑧) [21].

The manufacturing and working process of antenna lead
to the structure errors, including the random error and
systematic distortion. Suppose the random error of element(𝑚, 𝑛) (0 ≤ 𝑚 ≤ 𝑀−1, 0 ≤ 𝑛 ≤ 𝑁−1) is (Δ𝑥𝑟𝑚𝑛, Δ𝑦𝑟𝑚𝑛, Δ𝑧𝑟𝑚𝑛);
the phase difference ΔΦ𝑟𝑚𝑛 in regard to the coordinate origin
in Figure 1 is given as follows.

ΔΦ𝑟𝑚𝑛 = 𝑘 (Δ𝑥𝑟𝑚𝑛 sin 𝜃 cos𝜙 + Δ𝑦𝑟𝑚𝑛 sin 𝜃 sin𝜙
+ Δ𝑧𝑟𝑚𝑛 cos 𝜃) . (1)

Next, suppose the systematic distortion of element (𝑚, 𝑛)
is (Δ𝑥𝑠𝑚𝑛, Δ𝑦𝑠𝑚𝑛, Δ𝑧𝑠𝑚𝑛); the phase difference ΔΦ𝑠𝑚𝑛 in regard
to the coordinate origin in Figure 1 is given as follows.

ΔΦ𝑠𝑚𝑛 = 𝑘 (Δ𝑥𝑠𝑚𝑛 sin 𝜃 cos𝜙 + Δ𝑦𝑠𝑚𝑛 sin 𝜃 sin𝜙
+ Δ𝑧𝑠𝑚𝑛 cos 𝜃) . (2)

According to the superposition principle of the array
antenna without element coupling, the filed density pattern
function for planar rectangular active phased array antenna
with systematic distortion and random position error is
developed as follows.

𝐸𝑠𝑟 (𝜃, 𝜙)
= 𝑓𝑒 (𝜃, 𝜙)𝑀−1∑

𝑚=0

𝑁−1∑
𝑛=0

𝐼𝑚𝑛 ⋅ 𝑒𝑗(ΔΦ𝑚𝑛+ΔΦ𝑟𝑚𝑛+ΔΦ𝑠𝑚𝑛+𝜑𝑚𝑛𝐵), (3)

where𝑓𝑒(𝜃, 𝜙) is the pattern function of element in free space,𝐼𝑚𝑛 is the amplitude of excitation current of element (𝑚, 𝑛),𝜑𝑚𝑛𝐵 is the array’s inherent phase difference determined by
phase shifter, and ΔΦ𝑚𝑛 = 𝑘𝑚𝑑𝑥 sin 𝜃 cos𝜙 + 𝑘𝑛𝑑𝑦 sin 𝜃 sin𝜙
is the initial spatial phase distribution.

In practice, random position errors of elements are
probabilistic variables; it is necessary to analyze the statistic
property of electromagnetic performance for array antenna
with random error included. Suppose the random position
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Figure 2: Space geometrical relationship of far-field target.

errors along 𝑥, 𝑦, and 𝑧 directions are Δ𝑥𝑟𝑚𝑛, Δ𝑦𝑟𝑚𝑛, and Δ𝑧𝑟𝑚𝑛,
which are subjected to the normal distribution, withmeans of
zero and variances of 𝜎2𝑥, 𝜎2𝑦, and 𝜎2𝑧 , respectively. Then phase
difference ΔΦ𝑟𝑚𝑛 in (1) is also normally distributed, and the
variance is obtained as follows.

𝜎2Φ𝑟 = 𝑘2 [𝜎2𝑥 (sin 𝜃 cos𝜙)2 + 𝜎2𝑦 (sin 𝜃 sin𝜙)2
+ 𝜎2𝑧 (cos 𝜃)2] . (4)

For any random variable with normal distribution,
expressed as 𝑥 ∼ 𝑁(0, 𝜎𝑥), the function relations cos𝑥 and
sin𝑥 can be obtained from [22]. Applying the function rela-
tions, themean of exponential function is 𝑒𝑗𝑥 = 𝑒−𝜎2𝑥/2.There-
fore, the mean of the field density pattern function 𝐸𝑠𝑟(𝜃, 𝜙)
in (3) is deduced as follows.

𝐸𝑠𝑟 (𝜃, 𝜙)
= 𝑓𝑒 (𝜃, 𝜙)𝑀−1∑

𝑚=0

𝑁−1∑
𝑛=0

𝐼𝑚𝑛 ⋅ 𝑒𝑗(ΔΦ𝑚𝑛+ΔΦ𝑠𝑚𝑛+𝜑𝑚𝑛𝐵) ⋅ 𝑒𝑗ΔΦ𝑟𝑚𝑛
= 𝐸𝑠 (𝜃, 𝜙) ⋅ 𝑒−(1/2)𝜎2Φ𝑟 ,

(5)

where 𝐸𝑠(𝜃, 𝜙) is the field density pattern function with only
the systematic distortion existing.

Then the mean of the power pattern function for array
antenna is deduced according to the property of variance𝜎2𝐸𝑠𝑟 = 𝐸𝑠𝑟(𝜃, 𝜙) ⋅ 𝐸∗𝑠𝑟(𝜃, 𝜙) − 𝐸𝑠𝑟(𝜃, 𝜙) ⋅ 𝐸𝑠𝑟(𝜃, 𝜙)∗ as follows.

𝑃𝑠𝑟 (𝜃, 𝜙) = 𝐸𝑠𝑟 (𝜃, 𝜙) ⋅ 𝐸∗𝑠𝑟 (𝜃, 𝜙)
= 𝜎2𝐸𝑠𝑟 + 𝐸𝑠𝑟 (𝜃, 𝜙) ⋅ 𝐸𝑠𝑟 (𝜃, 𝜙)∗. (6)

Substituting the function 𝐸𝑠𝑟(𝜃, 𝜙) into (6), the mean of
power pattern function is expressed as follows.

𝑃𝑠𝑟 (𝜃, 𝜙) = 𝜎2𝐸𝑠𝑟 + 𝐸s (𝜃, 𝜙)2 ⋅ 𝑒−𝜎2Φ𝑟 , (7)

where𝜎2𝐸𝑠𝑟 is the variance of function𝐸𝑠𝑟(𝜃, 𝜙).The expression
of the variance 𝜎2𝐸𝑠𝑟 is presented as follows.

Firstly, as a vector quantity, 𝐸𝑠𝑟(𝜃, 𝜙) can be represented
as the combination of the real part and imaginary part [23].
Assume 𝑋 = ∑𝑀−1𝑚=0 ∑𝑁−1𝑛=0 𝑋𝑚𝑛 and 𝑌 = ∑𝑀−1𝑚=0 ∑𝑁−1𝑛=0 𝑌𝑚𝑛 are
the real and imaginary parts, respectively. The expressions of𝑋𝑚𝑛 and 𝑌𝑚𝑛 are 𝑋𝑚𝑛 = 𝑓𝑒(𝜃, 𝜙) ⋅ 𝐼𝑚𝑛 ⋅ cos(ΔΦ𝑚𝑛 + ΔΦ𝑟𝑚𝑛 +ΔΦ𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵) and 𝑌𝑚𝑛 = 𝑓𝑒(𝜃, 𝜙) ⋅ 𝐼𝑚𝑛 ⋅ sin(ΔΦ𝑚𝑛 + ΔΦ𝑟𝑚𝑛 +ΔΦ𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵), respectively.

Next, the variance 𝜎2𝐸𝑠𝑟 is deduced as follows.

𝜎2𝐸𝑠𝑟 = 𝜎2𝑋 + 𝜎2𝑌 = 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝜎2𝑋𝑚𝑛 + 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝜎2𝑌𝑚𝑛 , (8)

where 𝜎2𝑋𝑚𝑛 = 𝑋2𝑚𝑛 − 𝑋𝑚𝑛2 and 𝜎2𝑌𝑚𝑛 = 𝑌2𝑚𝑛 − 𝑌𝑚𝑛2.
Since the function cos(ΔΦ𝑚𝑛 + ΔΦ𝑟𝑚𝑛 + ΔΦ𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵) is

equal to cos(ΔΦ𝑚𝑛 + ΔΦ𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵)𝑒−(1/2)𝜎2Φ𝑟 , then
𝑋𝑚𝑛 = 𝑓𝑒 (𝜃, 𝜙) ⋅ 𝐼𝑚𝑛

⋅ cos (ΔΦ𝑚𝑛 + ΔΦ𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵) 𝑒−(1/2)𝜎2Φ𝑟
𝑋2𝑚𝑛 = 𝑓𝑒 (𝜃, 𝜙)2 ⋅ 𝐼2𝑚𝑛

⋅ 1 + cos (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵) 𝑒−2𝜎2Φ𝑟
2 .

(9)

Therefore, the variance 𝜎2𝑋𝑚𝑛 is deduced as follows.

𝜎2𝑋𝑚𝑛 = 𝑓𝑒 (𝜃, 𝜙)2 𝐼2𝑚𝑛
⋅ (1 + cos (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵) 𝑒−2𝜎2Φ𝑟

2
− 1 + cos (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵)2 𝑒−𝜎2Φ𝑟) .

(10)

Since the function sin(Δ𝜑𝑚𝑛 + Δ𝜑𝑟𝑚𝑛 + Δ𝜑𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵) is
equal to sin(Δ𝜑𝑚𝑛 + Δ𝜑𝑠𝑚𝑛 + 𝜑𝑚𝑛𝐵)𝑒−(1/2)𝜎2Φ𝑟 , then

𝑌𝑚𝑛 = 𝑓𝑒 (𝜃, 𝜙) ⋅ 𝐼𝑚𝑛 ⋅ sin (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵)
⋅ 𝑒−(1/2)𝜎2Φ𝑟 (11)

𝑌2𝑚𝑛 = 𝑓𝑒 (𝜃, 𝜙)2 ⋅ 𝐼2𝑚𝑛
⋅ 1 − cos (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵) 𝑒−2𝜎2Φ

2
(12)
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𝜎2𝑌𝑚𝑛 = 𝑓𝑒 (𝜃, 𝜙)2 𝐼2𝑚𝑛
⋅ (1 − cos (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵) 𝑒−2𝜎2Φ𝑟

2
− 1 − cos (2ΔΦ𝑚𝑛 + 2ΔΦ𝑠𝑚𝑛 + 2𝜑𝑚𝑛𝐵)2 𝑒−𝜎2Φ𝑟) .

(13)

The variance 𝜎2𝐸𝑠𝑟 then is deduced by substituting (10) and
(13) into (8) as follows.

𝜎2𝐸𝑠𝑟 = 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝜎2𝑋𝑚𝑛 + 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝜎2𝑌𝑚𝑛
= 𝑓𝑒 (𝜃, 𝜙)2 (1 − 𝑒−𝜎2Φ𝑟 )𝑀−1∑

𝑚=0

𝑁−1∑
𝑛=0

𝐼2𝑚𝑛.
(14)

Finally, themean of power pattern functionwith random-
ness in element position, which is also called the coupled
structure-electromagnetic statistic model, is developed as
follows.

𝑃𝑠𝑟 (𝜃, 𝜙) = 𝐸𝑠 (𝜃, 𝜙)2 𝑒−𝜎2Φ𝑟 + 𝑓𝑒 (𝜃, 𝜙)2 (1 − 𝑒−𝜎2Φ𝑟 )
⋅ 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝐼2𝑚𝑛 = 𝐸𝑠 (𝜃, 𝜙)2

⋅ 𝑒−𝑘2[𝜎2𝑥(sin 𝜃 cos𝜙)2+𝜎2𝑦(sin 𝜃 sin𝜙)2+𝜎2𝑧(cos 𝜃)2]
+ 𝑓𝑒 (𝜃, 𝜙)2
⋅ {1 − 𝑒−𝑘2[𝜎2𝑥(sin 𝜃 cos𝜙)2+𝜎2𝑦(sin 𝜃 sin𝜙)2+𝜎2𝑧(cos 𝜃)2]}
⋅ 𝑀−1∑
𝑚=0

𝑁−1∑
𝑛=0

𝐼2𝑚𝑛.

(15)

3. Verification of Coupled
Structure-Electromagnetic Statistic Model

In order to illustrate the effectiveness of the developed
model, the coupled structure-electromagnetic statistic model
is verified by simulations with HFSS software, which can
provide stable and accurate solutions at even high frequencies
and has been widely used by engineers to design reliable
products [24].

In consideration of the array antennas in wireless appli-
cations, an 8 × 8 patch array antenna is illustrated [25], with
the intervals along 𝑥 and 𝑦 directions being both 0.75𝜆, as
shown in Figure 3. The frequency of the patch array antenna
is 30GHz. The physical size of the patch array antenna is
60mm × 60mm. For each patch antenna, the length and
width are 𝐿 = 3.953mm and 𝑊 = 3.160mm, respectively.
The initial excitation current is equal in amplitude and phase.
Saddle-shaped distortionwith themaximumdisplacement in𝑧 direction of 𝜆/6 is assumed as the systematic distortion, and
the random position errors in 𝑥, 𝑦, and 𝑧 directions are all

Table 1: Parameters of HFSS-based and coupled model-based
results.

Performance HFSS-based
result

Coupled
model-based result

Gain/dB 60.12 60.12
First SLL/dB

in 𝜙 = 0∘ plane 50.17 50.17
in 𝜙 = 90∘ plane 49.87 49.96

Second SLL/dB
in 𝜙 = 0∘ plane 44.15 44.52
in 𝜙 = 90∘ plane 43.88 44.07

Third SLL/dB
in 𝜙 = 0∘ plane 41.34 41.61
in 𝜙 = 90∘ plane 40.28 40.61

Fourth SLL/dB
in 𝜙 = 0∘ plane 39.23 39.66
in 𝜙 = 90∘ plane 37.46 37.85

Fifth SLL/dB
in 𝜙 = 0∘ plane 37.44 37.84
in 𝜙 = 90∘ plane 33.71 34.19

Beam width/∘

in 𝜙 = 0∘ plane 8.80 8.80
in 𝜙 = 90∘ plane 8.79 8.79

Boresight pointing/∘

in 𝜙 = 0∘ plane 0.15 0.15
in 𝜙 = 90∘ plane 0.13 0.13

Note. Every SLL is the right SLL.

assumed to satisfy the normal distributionwithmean of 0 and
variance of 𝜆/30.

Firstly, random samples of structure errors are generated
by adding the specific saddle-shaped distortion with each
random position error sample produced according to the
normal distribution. Then the antenna performance with
every structure error sample is simulated separately with
HFSS software without consideration of element coupling.
Lastly the mean of the antenna performance is calculated
by averaging the sum of the performances obtained from
all the structure error samples. Here simulations with 1000
structure error samples are taken because the mean of
antenna performance with greater than 1000 samples results
in no further change. The comparison with the performance
calculated by the developed model is shown in Figure 4 and
the corresponding parameters are listed in Table 1.

As shown in Figure 4 and Table 1, the coupled model-
based andHFSS-based results show good consistency in both
the main lobe area and sidelobe area. The gain, beam width,
and boresight pointing are the same in both 𝜙 = 0∘ and𝜙 = 90∘ planes, which indicate that the main lobe areas
are the same obtained by the coupled model and HFSS,
respectively. The differences of the first sidelobes in absolute
values are 0 dB and 0.09 dB in 𝜙 = 0∘ and 𝜙 = 90∘ planes,
respectively. For the second, third, fourth, and fifth sidelobes,
the maximum differences in absolute values are 0.43 dB and
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Figure 4: HFSS-based and coupled model-based results comparison.

0.48 dB in 𝜙 = 0∘ and 𝜙 = 90∘ planes, respectively. Therefore,
the results above prove that the proposed coupled model is
effective for analyzing the effect of randomness in element
position on electromagnetic performance for array antennas.

4. Simulation and Discussion

For active phased array antenna, both the random position
error and systematic distortion consist of the structure
deformation for antenna in practice. Random position error
appears as the random variable.

In engineering, the antenna array region is generally
distorted into a representative saddle shape. Based on the
mathematical features of the surface, the 𝑧-coordinate of the

phase centre of array element (𝑚, 𝑛) in saddle shape is given
as follows.

Δ𝑧mn = Δ𝑧max ( 𝑥2𝑚𝑛𝑥2max
− 𝑦2𝑚𝑛𝑦2max

) , (16)

where 𝑥max and 𝑦max are the half-length and width of the
array aperture size, respectively, and Δ𝑧max is the maximum
displacement of the array elements in 𝑧 direction that belongs
to the systematic error.

Therefore, the planar array antenna with both the saddle-
shaped distortion and element random position error is
discussed as follows. A 12 × 12 planar rectangular array
is illustrated, with the intervals of array elements in 𝑥 and𝑦 directions being both 𝜆/2. The frequency is 9.375GHz



6 Wireless Communications and Mobile Computing

Table 2: Parameters variations with systematic distortion and different random errors.

Performance Random sample 1 Random sample 2 Random sample 3 Random sample 4 Statistic random error

Gain loss/dB −2.00 −2.53 −1.89 −2.22 −2.23
First SLL change/dB

in 𝜙 = 0∘ plane +0.40 +0.41 +0.56 +0.72 +0.53
in 𝜙 = 90∘ plane +1.65 +2.09 +0.64 +2.10 +1.53

Second SLL change/dB
in 𝜙 = 0∘ plane −1.32 −0.14 −0.52 −0.39 −0.01
in 𝜙 = 90∘ plane −0.16 −1.47 +0.93 −1.40 −0.01

Third SLL change/dB
in 𝜙 = 0∘ plane −4.91 +1.26 +0.63 +0.79 −0.31
in 𝜙 = 90∘ plane +0.28 +0.66 −1.40 +0.29 −0.31

Fourth SLL change/dB
in 𝜙 = 0∘ plane −0.34 −5.45 +1.74 +0.59 −0.25
in 𝜙 = 90∘ plane +1.26 −0.52 −0.92 −1.25 −0.25

Fifth SLL change/dB
in 𝜙 = 0∘ plane −0.54 +0.56 −0.87 −2.36 −0.09
in 𝜙 = 90∘ plane −2.89 +1.21 −2.81 −0.28 −0.09

Beam width change/∘

in 𝜙 = 0∘ plane +0.30 +0.34 +0.23 +0.28 +0.29
in 𝜙 = 90∘ plane +0.40 +0.34 +0.28 +0.34 +0.35

Boresight pointing/∘

in 𝜙 = 0∘ plane +0.34 −0.31 +0.12 −0.14 +0.28
in 𝜙 = 90∘ plane +0.33 +0.30 −0.31 +0.16 +0.19

Note. Every SLL is the right SLL, + indicates upgrade and right side of 𝜃 = 0∘, and − indicates decrease and left side of 𝜃 = 0∘.

and the initial excitation current is equal in amplitude and
phase. After analysis suppose the random errors along 𝑥, 𝑦,
and 𝑧 directions are subjected to the normal distribution,
with mean of zero and the same variance of 𝜆/20, and the
maximum displacement of the saddle shape in 𝑧 direction
is selected as 𝜆/5. The presented statistic model is applied to
evaluate the statistic performance of distorted array antenna.
In addition, the comparison with the existing linearly com-
bination of systematic distortion and different random dis-
tributions of random errors is also discussed, where the used
power pattern function is 𝑃𝑠𝑟(𝜃, 𝜙) = 𝐸𝑠𝑟(𝜃, 𝜙) ⋅ 𝐸∗𝑠𝑟(𝜃, 𝜙) and𝐸𝑠𝑟(𝜃, 𝜙) is the field density in (3). The systematic distortion
is taken as the same saddle shape. Meanwhile, four random
samples from sample 1 to sample 4 are generated according
to the same normal distribution, taken as the random errors
along 𝑥, 𝑦, and 𝑧 directions. The comparison results are
shown in Figure 5 and the corresponding parameters are
listed in Table 2.

As shown in Figure 5 and Table 2, it follows that(1) the gain decreases greatly when saddle shape and
random error coexist, with the maximum gain loss being−2.53 dB. The gain loss obtained from the statistic random
error, which is directly substituting the variances of the
random errors and systematic distortion into the presented

statistic model, shows a little difference from the values
calculated by the four random samples, which are obtained
by, respectively, adding each random sample with the system-
atic distortion as the whole structure error. The maximum
difference is 0.34 dB, which indicates that the change of gain
depends mainly on the systematic distortion.(2) the sidelobe levels change differently with the four
random samples in both 𝜙 = 0∘ and 𝜙 = 90∘ planes. From
the first to the fifth sidelobe level, the maximum change
is −5.45 dB, which indicates that the sidelobe level is closely
related to the distribution of random error. Large perfor-
mance errors will be produced when evaluating from any
random distribution. Thus the effect of statistics of random
error must be considered. The sidelobe levels from the
statistic model could be regarded as the evaluation values for
they are given from the mean of power pattern function.(3) the beam width changes in small scales with different
random samples, and the values are almost the same with the
statistic random error. The maximum variations in 𝜙 = 0∘
and 𝜙 = 90∘ planes are 0.06∘ and 0.07∘, respectively. It shows
that the beam width is influenced mainly by the systematic
distortion.(4) for the saddle shape is symmetry without influence on
the pointing direction, the boresight pointing changesmainly
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Figure 5: Performance with systematic distortion and random error.

from the different random error distribution. So it is more
precise to extract from the statistic performance than from
the performance calculated by adding a random sample with
systematic distortion.

In addition, the performance obtained from the presented
statistic model is further verified especially on the sidelobe
level and boresight pointing. Firstly the above four random
samples are increased to one thousand samples with the
same normal distribution. Next the mean of power pattern
function is calculated by averaging the sum of performances
obtained from all the samples. After one thousand times
of calculations for all the samples, the average gain loss is−2.23 dB, which is the same value from the statistic model.
The first sidelobe levels increase by 0.52 dB and 1.54 dB in 𝜙 =0∘ and 𝜙 = 90∘ planes, respectively. The absolute errors are
only 0.01 dB in both the two planes. The beam width changes
by 0.29∘ and 0.34∘, respectively, and the boresight pointing
varies by 0.28∘ and 0.19∘, respectively, which are almost the
same values as obtained from the presented static model.

Therefore, the presented coupled structure-electromag-
netic statistic model can evaluate the antenna performance
quickly and effectively with the effect of randomness in
element position.

5. Conclusion

Aimed at the restrictions of creating effective performance
under the effect of randomness in the position of the array
element, a coupled structural-electromagnetic statisticmodel
for active phased array antenna is presented. The effect of
randomness in element position on antenna performance is
analyzed, compared with the electrical parameters obtained
from the random sample errors combined with systematic
distortion. The results show that random errors lead to the
randomness of electromechanical performance of antenna,

especially on the sidelobe levels compared to the gain and
the beam width. The electrical parameters obtained from
the statistic model are more accurate than from any ran-
dom sample errors. The performance got from the statistic
model is almost the same with the average of the sum of
performances from a large amount of random samples. Thus
the presented method can evaluate the antenna performance
quickly and effectively. It provides an advantageous guidance
for structural design and performance optimization for array
antennas in wireless application. In addition, it can effectively
reduce the repeated design time of antennas to achieve the
objective of lower development cost and time.
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The position error of array antenna significantly deteriorates the gain and sidelobe of the array, which seriously hinders the
realization of high performance of communication antenna for Internet of Things (IoT). Based on the sensitivity analysis theory,
the sensitivity of the array radiation field with respect to the position of the antenna element is derived. Besides, a novel design
method of position tolerance for array antenna is proposed and applied to a 20 × 20 planar array. Compared with the array
designed by traditionalmethod, the gain loss is basically the same (being 0.5 dB), while the peak sidelobe level is lowered by 1.937 dB
(𝜑 = 0∘)/1.586 dB (𝜑 = 90∘). Besides, the uncertainty analysis results show that the newly designed array has a much higher chance
to achieve the desired performance, which fully demonstrates the innovation and effectiveness of the new method.

1. Introduction

The Internet of Things (IoT) has received considerable
attention in many areas like smart cities [1], health care [2],
and so on [3–6]. The array antenna is a key component
to acquire the target information in the Internet of Things
[7]. In the complicated electromagnetic jamming condition
caused by a large number of other objects, the high gain
and low sidelobe of array antenna are crucial parameters for
the accurate acquisition of the targets’ state [8, 9]. However,
affected by the fabrication accuracy and temperature load, the
actual position of array element is inevitably deviated from
its nominal position, resulting in a significant decrease in the
gain and a severe increase in the side lobes [10–16].This paper
focusses on the design method of the position tolerance of
antenna element.

There have been a large number of studies focusing on
the tolerance design of antenna element. The tolerance of the
amplitude and phase error of the excitation is first studied.
Ruze [17] first studied the effect of random amplitude and
phase error on themean value of gain and sidelobe level (SLL)
from the statistical point of view. Hsiao [18] made a further
step and studied the effect of random amplitude error on
the peak sidelobe level (PSLL). Besides, the interval method
is adopted to analyze the effect of random amplitude/phase
error whose probability distribution is unknown [19, 20].
Besides, with the development of the studies on the position
tolerance of amplitude and phase error, the tolerance of
the position error of antenna element also receives a lot
of attention. Bailin and Ehrlich [21] studied the effect of
errors in slot lengths and position on the performance of
the slot array. Wang [22] deduced the relationship between
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the position tolerance of antenna element and the gain loss
of the array. Elliott [23] proposed the method to design the
position tolerance according to the allowable PSLL increase-
ment. Lanne [24] studied the influence of the position
error tolerance of subarray. Besides, the effect of random
and deterministic position error on the performance of the
array is also analyzed [25, 26]. One thing in common with
these tolerance design methods is that in order to meet
the requirements of array performance, the tolerance of all
elements should be less than the same standard, called the
“traditional method” in this paper. However, it is obvious
from the qualitative theoretical analysis that the influence of
an array element on the electrical performance of array varies
from others. If the tolerance of array elements which have
larger influence is strictly controlled and that of the array
elements which have small influence is reasonably increased,
then the performance of the array should be more easier
to be satisfied than the “traditional method.” Therefore, in
order to provide the position tolerance design method of
antenna element, how to assess the influence of the position of
antenna element on the array performance becomes a crucial
problem, which is not yet seen in the public literature.

In this paper, the sensitivity of the main lobe of the array
radiation field to the position of antenna element is taken as
the parameter to evaluate the influence of the gain on the
position of the array, and the corresponding computational
model is derived. Besides, the position tolerance of a 20 × 20
planar array is designed based on the positional sensitivity.
The results show that compared with the array designed by
the “traditional method” the gain loss of the newly designed
array is basically the same as the “traditional” one, whereas
the PSLL is much lower, which proves the validity and
innovation of the new method.

2. Mathematical Derivation of
the Sensitivity Model

The sensitivity analysis can be used to evaluate the influence
of independent variables on dependent variable [27] and has
been widely used in various fields [28–30], but its application
in array antenna design is not found in the public literature.
Therefore, it is necessary to derive the sensitivity of the array
radiation field to the element position. For a planar array as
is shown in Figure 1, the radiation field is 𝐸 as follows:

𝐸 =
𝑀−1

∑
𝑚=0

𝑁−1

∑
𝑛=0

𝐼𝑚𝑛 ⋅ exp [𝑗𝑘 (𝑚𝑑𝑥𝜇 + 𝑛𝑑𝑦] + 𝑧𝑚𝑛𝜔)] . (1)

The sensitivity 𝑆𝑚𝑛 of the array radiation field 𝐸 to the
position of the antenna element (𝑚, 𝑛) is in fact calculated
by the partial derivative. The greater the modulus of the
partial derivative, the higher the position sensitivity of the
element (𝑚, 𝑛), so the position tolerance of the element
should be smaller. Besides, it is obvious that (1) satisfies the
conditions of derivable function [31]. In addition, it has been
proved that compared to the position error in 𝑥, 𝑦 direction
the position error in 𝑧 direction causes a much larger gain
loss and sidelobe level [26]. Therefore, the sensitivity of the
array radiation field to the position error in 𝑧 direction is
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Figure 1: Spatial geometric distribution of array antennas.
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Figure 2: Position sensitivity distribution of array elements.

Table 1: Parameters of the array.

𝑀 𝑁 Freq 𝑑𝑥 𝑑𝑦 Weight

11 11 10GHz 0.65𝜆 0.65𝜆 Taylor
(−25 dB)

analyzed in this paper, and the result can be easily extended
to the analysis of positions in 𝑥, 𝑦 direction. The 𝑆𝑚𝑛 can be
calculated by the following equation:

𝑆𝑚𝑛 =
𝜕𝐸
𝜕𝑧𝑚𝑛

= 𝑗𝑘𝜔 ⋅ 𝐼𝑚𝑛 exp [𝑗𝑘 (𝑚𝑑𝑥𝜇 + 𝑛𝑑𝑦] + 𝑧𝑚𝑛𝜔)] .
(2)

Taking a 11×11 planar array as an example, the sensitivity
𝑆𝑚𝑛 is calculated and is shown in Figure 2.The structural and
electrical parameters of the array are shown in Table 1.

It can be seen from Figure 2 that the highest position
sensitivity is located in the central region of the array, and the
lowest is located in the edge region. Based on the previous
analysis, in order to meet the performance requirements, the
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Figure 3: Normalized position tolerance distribution Tnorm.

higher the position sensitivity is, the smaller the position
tolerance should be.Therefore, it is assumed that the position
tolerance of each antenna element is positively linearly
correlated to the reciprocal of the corresponding sensitivity.
Here Tnorm is defined as the normalized position tolerance
distribution and calculated as follows:

T𝑚𝑛norm =
(1/𝑆𝑚𝑛)

max (1/𝑆𝑖𝑗)

(𝑖 = 0, 1, . . . ,𝑀− 1; 𝑗 = 0, 1, . . . , 𝑁 − 1) .

(3)

In this case, the normalized position tolerance distribu-
tion Tnorm is shown in Figure 3. Then the position tolerance
distribution of the array can be written as T = 𝑇max ⋅ Tnorm,
where 𝑇max is the maximum position tolerance of all the
array elements. Suppose the acceptable gain loss caused by the
random position error is GLmax, then how to determine 𝑇max
according to GLmax becomes a critical issue, which is studied
in the next section.

3. Position Tolerance Design Method
and Verification

3.1. Process for Position Tolerance Design. The very first point
that needs to be noted here is that the position tolerance
𝑇max is a definite value, whereas the position error of antenna
element is randomly distributed within the tolerance zone
T, so the gain loss of the array under T is uncertain, too.
In order to quantitatively evaluate the gain loss caused by
the position errors that submitted to 𝑇, the reliable gain
loss (R-GL) is defined, which means there is a very small
possibility that the gain loss under 𝑇 is greater than R-GL.
Exactly speaking, suppose𝑋 groups of position error samples
are generated under𝑇 and there are𝑋 gain losses accordingly.
Then R-GL is the smallest gain loss of those that ranks in
the top 5% of all gain loss. The definition is also suitable for
reliable PSLL (R-PSLL). It is important to note that bothR-GL
and R-PSLL are directly related to the groups of position

Calculate the sensitivity S of main lobe of 
E to z direction position

Calculate the normalized position 

through function fitting

Obtain the tolerance distribution

Set the max allowable ＇，Ｇ；Ｒ

tolerance distribution TＨＩＬＧ

Determine ＇，Ｇ；Ｒ = f(TＧ；Ｒ · TＨＩＬＧ)

Solve the function ＇，Ｇ；Ｒ = f(TＧ；Ｒ · TＨＩＬＧ)

T = TＧ；Ｒ · TＨＩＬＧ

Figure 4: Flow chart for determining the tolerance distribution 𝑇.

error samples generated, that is,𝑋. The bigger𝑋, the smaller
the variation range of R-GL/R-PSLL. When the variation
range of R-GL/R-PSLL is within an acceptable precision, 𝑋
is acceptable and called the reliable group number 𝑋𝑟.

Meanwhile, it is known from previous studies that there
exists a certain functional relation between the reliable gain
loss R-GL [15] and the position tolerance distribution 𝑇.
Suppose GLmax = 0.5 dB, then the maximum position tol-
erance 𝑇max can be obtained by directly solving the function
GLmax = 𝑓(𝑇max ⋅Tnorm).Therefore, in order to obtain𝑇max, it
is necessary to find the functional relationship 𝑓, which can
be carried out through the following steps:

(a) Calculate the normalized position tolerance distribu-
tion Tnorm through (3).

(b) Generate a series of tolerances 𝑇𝑡max randomly and
calculate RGL𝑡 accordingly.

(c) Select the fitting function according to the distribution
trend of RGL𝑡 relative to 𝑇𝑡max.

(d) Perform the function fitting in MATLAB to get the
function RGL = 𝑓(𝑇max ⋅ Tnorm).

(e) Solve the function GLmax = 𝑓(𝑇max ⋅ Tnorm); then the
correspondingmaximumposition tolerance𝑇max is obtained.

In summary, the position tolerance allocation of array
antenna is determined as shown in Figure 4.

3.2. Verification of Design Method. In order to embody the
advantage of the position tolerance design method in this
paper, it is necessary to compare the electrical performance
parameters like gain loss and sidelobe level of array designed
by the method proposed in this paper and that of the array
designed by the “traditional method.” For the convenience of
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Table 2: Parameters of the array.

𝑀 𝑁 Freq 𝑑𝑥 𝑑𝑦 Weight

20 20 10GHz 0.65𝜆 0.65𝜆 Taylor
(−25 dB)
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Figure 5: Normalized position tolerance distribution Tnorm.

narration, the previous array is denoted as SA and the latter
one as UA.

The following are the verification process and parameter
settings. In order to meet the requirements for antielectro-
magnetic interference capability of most IoT array antennas,
a 20 × 20 planar array is taken as an example to illustrate
the comparison. The structural parameters and electrical
parameters are shown in Table 2, and the normalized position
tolerance distributionTnorm is shown in Figure 5.The perfor-
mance of SA and UA is compared under the same allowable
requirements. Specifically speaking, the relationship between
the GL and the position tolerance T for SA is obtained
through the new method (GLS = 𝑓(T)), and the relationship
for UA (GLU = 𝑔(T)) is obtained from Wang [22] that is
frequently cited by relevant researchers. Then suppose the
allowable gain loss for SA and UA both is GLSa = GLUa =
0.5 dB. The position tolerance for SA (TS

a) and UA (TU
a )

is obtained through GLSa = 𝑓(T) and GLUa = 𝑔(T),
respectively. Finally 10∧4 sets of position error samples of
antenna element are generated underTS

a andT
U
a , respectively.

The corresponding R-GL and R-PSLL of SA and UA are
calculated based on these position error samples. Besides, the
uncertainty analysis based on the tolerance distribution of
SA and UA is also performed for the comprehensive view
of the result. The mean and the standard deviation of the
corresponding electrical performance are calculated. What
is more, the ratio of the gain loss that is less than 0.5 dB
(GL ≤ 0.5 dB) and the ratio of the ΔPSLL that is less than
1 dB (ΔPSLL ≤ 1 dB) are counted. The reliable group number
𝑋𝑟 is obtained through the theory of minimum sample size
in mathematics of statistics [32] and numerical simulation.
When the variation range of R-GL is 0.05 dB, the reliable
group number is 𝑋𝑟 = 100. Furthermore, the uncertainty of

Table 3: Comparison of electrical performance parameters between
UA and SA (unit: dB).

R-GL R-PSLL
(𝜑 = 0∘)

R-PSLL
(𝜑 = 90∘) Tolerance

SA 0.502 −24.442 −24.328 0.023𝜆∼0.163𝜆
UA
(Ref. [22]) 0.491 −22.505 −22.742 0.053𝜆

Difference −0.011 −1.937 −1.586 /
Here the difference is the parameter of SA minus that of UA.

Table 4: Uncertainty analysis of SA and UA under the precondition
of equal gain loss.

Mean Std. Ratio

Gain
loss

SA 0.433 0.034 97.2%
UA

(Ref. [22]) 0.414 0.028 99.8%

PSLL
(𝜑 = 0∘)

SA −25.616 0.697 96.0%
UA

(Ref. [22]) −24.214 0.721 49.5%

PSLL
(𝜑 = 90∘)

SA −25.607 0.6974 95.9%
UA

(Ref. [22]) −24.201 0.721 49.0%

the result is also analyzed.The single run time of the program
is 58 minutes and 36 seconds.The results are shown in Tables
3 and 4.

It can be seen from Tables 3 and 4 that for the SA and
UA that are designed under the precondition of equal gain
loss, the R-PSLL is 1.937 dB (𝜑 = 0∘ plane)/1.586 dB (𝜑 = 90∘
plane) lower than that of UA. Besides, the average PSLL of
SA is 1.402 dB (𝜑 = 0∘)/1.406 dB (𝜑 = 90∘) lower than that of
UA. What is more, the ratio of ΔPSLL ≤ 1 dB of SA is very
close to 100% and is almost twice that of UA, which indicates
that the position tolerance of SA basically guarantees the
requirements for the gain and the PSLL of SA.

Besides, another verification work is done in order to
give a comprehensive view of the new method. Suppose the
requirement for the array is the allowable increasement of
the peak sidelobe level ΔPSLLa ≤ 1 dB, then the preset
requirement of SA and UA is ΔPSLLSa = ΔPSLLUa = 1 dB
and the R-GL of SA and UA is compared. Here the way to
obtain the relationship ΔPSLL = 𝑓(T) for SA is similar to
the way to obtain GL = 𝑓(T) that is shown in Figure 4,
except that the position tolerance TS

a is obtained based on the
preset requirements for ΔPSLLa while the latter is based on
the preset requirements for GL. The UA is designed by the
method proposed by Elliott [23] who deduced relationship
between the PSLL and the position tolerance TU

a . The reliable
group number𝑋𝑟 = 5000when the variation range of ΔPSLL
is 0.1 dB. The result is shown in Tables 5 and 6.

It can be seen from Tables 5 and 6 that the mean PSLL
of SA is 0.749 dB (𝜑 = 0∘)/0.726 dB (𝜑 = 90∘) lower than
that of UA. Besides, although the R-GL and the mean gain
loss are 0.285 dB and 0.252 dB higher than those of UA,
respectively, the mean position tolerance of UA (0.025𝜆) is
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Table 5: Comparison of electrical performance parameters between
UA and SA (unit: dB).

R-GL R-PSLL
(𝜑 = 0∘)

R-PSLL
(𝜑 = 90∘) Tolerance

SA 0.421 −24.452 −24.436 0.021𝜆∼0.150𝜆
UA
(Ref. [23]) 0.136 −24.255 −24.372 0.025𝜆

Difference 0.285 −0.197 −0.064 /
Here the difference is the parameter of SA minus that of UA.

Table 6: Uncertainty analysis of SA and UA under the precondition
of equal PSLL.

Mean Std. Ratio

PSLL (𝜑 = 0∘)
SA −25.609 0.655 96.6%
UA

(Ref. [23]) −24.860 0.474 87.2%

PSLL
(𝜑 = 90∘)

SA −25.607 0.654 96.5%
UA

(Ref. [23]) −24.881 0.477 87.7%

Gain loss SA 0.441 0.029 97.5%
UA (Ref.
[23]) 0.189 0.010 100.0%

much lower than that of SA (0.073𝜆), which indicates that
the small gain loss of UA is achieved by greatly improving
the position accuracy of all antenna elements. What is more,
it can be seen from Tables 5 and 6 that the gain loss of SA
has met the restriction for the requirements of GL ≤ 0.5 dB.
Therefore, the SA designed through the new method is able
to realize the desired performance through a more economic
way.The above results fully demonstrate the effectiveness and
the novelty of the new method proposed in this paper.

4. Conclusion

The high performance of array antenna guarantees the
effective communication and accurate acquisition of target
information in the Internet of Things. The position tolerance
design of array antenna is one of the important research areas.
In this paper, the sensitivity model of the array radiation
field to antenna element position is derived, and a novel
method for array tolerance design is proposed based on the
position sensitivity. Compared with the array designed by
the “traditional method,” the desired electrical performance
of the newly designed array can be better achieved through
a more economic way, which demonstrated the innovation
and effectiveness of the new method. Besides, the sensitivity
model can also be used for the theoretical basis of structural
strength design. In a word, the study in this paper provides
theoretical guidance for the implementation of Internet of
Things.
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