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Abstract—A novel wideband microstrip patch antenna with nonuniform transmission line feed is
presented using model predictive control. Nonlinear model predictive control (NMPC) is used to achieve
a nonuniform transmission line that matches with the microstrip patch antenna. The transmission line
is extended using cosine expansion with the impedance differential equation then being used as the
dynamic NMPC equation to find the unknown coefficients of that cosine expansion. The transmission
line is designed such that the impedance of the input port matches the impedance of the microstrip
antenna at the resonance frequency and its adjacent frequencies. The proposed antenna’s impedance
is 5.15-5.85 GHz. In this bandwidth, the radiation pattern is stable; the cross polarization and back
lobe are —30dB and —20 dB, respectively. The error in the impedance bandwidth is about 4.2%. The
simulation and measurement results are considered satisfactory.

1. INTRODUCTION

Microstrip patch antennas have been extensively considered by researchers in recent decades due to
their small structure, simple fabrication, low weight, and simplicity of integration with printed circuit
elements [1-3]. With the development of modern communication systems in recent years, expansive
studies have been conducted to increase the bandwidth of microstrip patch antennas along with
characteristics such as low profile and cross polarization [3,4]. Various techniques like adding a parasitic
strip around the radiative element [5,6], creating a slot in the patch [7,8], differential-feed [9,10],
increasing the thickness of the substrate and stacking [11], and exciting different radiation modes [13-
15] are presented for increasing said bandwidth. However, they have some disadvantages such as a
resulting increase of cross polarization, destabilization of the radiation pattern, and increase in the
substrate’s thickness.

In [5], two U-shaped parasitic elements were inserted around a microstrip patch antenna to increase
its impedance bandwidth. However, the size and thickness of the antenna were significant as the
antenna’s area and thickness were 1.3)\3 and 0.17),, respectively. A wideband microstrip patch antenna
with two parasitic mushroom-type arrays with an area of 2.78 was presented in [6]. The use of parasitic
elements made the antenna larger and destabilized the radiation pattern. In [7], the elimination of
a U-shaped slot from a microstrip antenna increased the bandwidth, but the antenna’s thickness was
0.06)\;. A wideband structure of a patch antenna with a thickness of 0.12\;, and a U-shaped slot
eliminated was presented in [8]. However, the antenna was made larger and two-layered to achieve a
suitable bandwidth. If the thickness of an antenna is low, an unwanted non-radiative mode is activated
in the antenna when a slot is eliminated. One method of increasing the impedance bandwidth is based
on supply feed. In [9], a differential-feed was used to increase the bandwidth. With this method, it is
very difficult to design a low-thickness structure, thus resulting in a substrate thickness of 0.05\,. An
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L-probe fed inverted EE-H shaped slotted microstrip patch antenna was introduced in [10]. The use of
this feed made the thickness of the antenna 0.11\; and the cross-polarization 10 dB at some frequencies.

Another method of increasing the impedance bandwidth is to increase thickness and stacking, which
enlarges the antenna. Therefore, such an antenna may not be suitable for some new applications which
require a low thickness [11]. Also, a defected ground structure was employed in [12] to make circular
ring microstrip wideband. Variation in the antenna ground made the back lobe approximately 5dB.
Yet another technique to increase the impedance bandwidth of a microstrip patch antenna is to excite
several radiative resonance modes. In [13], two modes were excited by placing a shorting pin in the
triangular microstrip patch, thus increasing the bandwidth. However, the resulting substrate thickness
was 0.09),, and the antenna’s area increased to approximately 2.9, thus becoming somewhat large. Two
radiation modes were excited in an aperture-coupled microstrip patch antenna in [14], and moreover, the
antenna’s bandwidth was 15. However, the side lobe level of the E-plane radiation pattern increased.
A dual-mode wideband circular sector patch antenna was then proposed in [15]; however, the antenna’s
gain was not stable on the broadside.

Most of recent works have been even concentrated on the real impedance matching, or they have
suffered from a large length [16]. Also researches which have used NTLs for complex impedance matching
had some disadvantages such as low bandwidth or large dimensions [17].

In contrast, NMPC specifically implements the problem constraints, thus it can be simply
formulated and finally, be solved issues with a standard software as a constrained optimization problem,
so the NMPC method is faster and more accurate. The purpose of this study is to increase a microstrip
antenna’s bandwidth with a nonuniform feed line. Since the line’s equation exists, and it is possible to
write the equation in a form of state space by using NMPC, it is possible to recommend a suitable feeding
line with high accuracy and speed. In recent years, using NMPC has been one of the key strategies in
control systems and process industries such as chemical plants, power electronics, ventilation, and air
conditioning (HVAC) System Energy Efficiency [18, 19].

In this paper, a wideband inset feed microstrip patch antenna with low cross polarization and a
substrate thickness of 0.02) is produced by using a proposed nonuniform transmission line to match the
antenna with a coaxial cable. Impedance of the microstrip patch antenna is calculated using HF'SS. In
order to match the input port, a transmission line that changes its width trigonometrically is proposed.
Suitable coefficients to achieve the optimal impedances at different frequencies are calculated using
NMPC. The antenna has an impedance bandwidth of 5.15-5.85 GHz and cross polarization of —30 dB,
and the simulation results and measurement results are satisfactory. The impedance of the microstrip
patch antenna and expansion of the non-uniform microstrip line are presented in Section 2. In Section 3,
the transformation of the differential equation of the output impedance variation of the transmission
line into a state-space equation is shown. Moreover, a suitable nonuniform feed line is designed using
NMPC to match the microstrip patch antenna. Section 4 provides the simulation results of the proposed
antenna obtained from HFSS along with the measurement results. The simulation results are in good
agreement with the measurement ones.

2. DESIGN OF THE ANTENNA USING MPC

A microstrip patch antenna has a low bandwidth because its impedance variations in single mode at
different frequencies are very large. Also, the impedance of the patch at one frequency is real whilst
having a small real part and a significant imaginary part at other frequencies. Since the transmission
line from the coaxial cable to the patch antenna has real impedance, the transmission line and microstrip
antenna cannot be matched except at the resonance frequency. To this aim, a nonuniform transmission
line can be used which has a real impedance at the central frequency while its impedance values at
adjacent frequencies around its exited mode are complex values close to the value of the antenna’s
impedance. In order to design the transmission line, the width of line should be extended using cosine
coefficients. Then, the differential equation of the transmission line’s impedance is solved using NMPC.
Finally, the proper unknown coefficients for obtaining the desired impedance of the transmission line
are extracted.

Figure 1 shows the proposed microstrip patch antenna with the nonuniform transmission line. The
substrate is Roger 4003 with a thickness of 0.8 mm and loss tangent of 0.02. The antenna’s dimensions
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Figure 1. Configuration of the proposed non-uniform feed microstrip antenna.

Table 1. Dimensions of the proposed antenna (cm).
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and characteristics are represented in Table 1. The dimension of the radiation patch is designed at a
frequency of 5.5 GHz.

If the width of the transmission line is 1.66 mm and uniform, the impedance of the transmission line
would be 50 ohms. The point at which the transmission line is connected to the patch is selected such
that the microstrip patch’s impedance is 50 ohms. Therefore, this antenna resonates at a frequency of
5.5 GHz. In order to match with the other frequencies near its excited mode, the antenna’s impedance
should be calculated at the other frequencies so that the proper transmission line can be designed.
Values of impedances for changes of Wg and Lg are measured at 5.25, 5.5, and 5.75 GHz, and the
impedance of the antenna for Wg = 5mm is Z{OFT = 4439, ZPORT — 50 and Z?FORT =5+41425. The
impedance achieved in HFSS is the impedance at the input port. In order to design the transmission line,
the impedance of the radiated patch is required; thus the impedance obtained for a 50 {2 transmission
line of 16 mm length at the input port is converted to the impedance at the antenna using Eq. (1).
The impedance of the antenna at the mentioned frequencies is Z{ = 2.8 — 15, Z§ = 52.75 — ¢0.8, and
7§ = 4.4 — 114, respectively. A transmission line should be designed to convert the 50 2 impedance of
the coaxial cable to these impedances [20].

azi ., 77 . B
- +J/3Z(x) —jBZ (x) =0 (1)

where constant Z(z) is the line characteristic impedance which varies with the line length x and j =/—1.
Let us write Z; as the input impedance.
The width equation of the transmission line is presented in Eq. (2):

2 4 6
W (z) =ap+a; cos ( i ) +as cos ( i ) +as cos < ke ) (2)
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According to the formulation reported in [21], the link between W (x) and Z(z) is:
w
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where

a (%) =6+ (2r — 6) - exp [— <m>0'7528] (4)

w

with 79 being the air impedance and .5 the effective permittivity of the medium.

Unknown coefficients of ag, a1, as, and ag should be found so that the transmission line can be
properly matched with the antenna. NMPC is used in order to find these coefficients. To find the
coefficients for a different W, its impedances are calculated. Then the coefficients proportional to the
minimum reflection coefficient are obtained.

3. NONLINEAR MODEL PREDICTIVE CONTROL

NMPC is one of the nonlinear control methods which can be used as a method of optimization. As
mentioned above, it is used for optimization as a simple control approach for complex systems. Given
the general form of Eq. (1) and the derivative part (“ff;), using NMPC seems preferable to other
optimization algorithms such as Genetic Algorithm (GA) and Invasive Weed Optimization (IWO). The
main reason for this success is the MPC design’s ability to deliver high-performance control systems
that can operate for long periods of time without expert intervention.

It is possible to summarize the incredible benefits of this approach as follows:

Precise prediction of future plant behaviour.

The possibility of optimizing the current state by considering the future modes.

Computing the requisite corrective control action required to bring the expected output as close to
the desired target value as possible.

e Best for processes with a significant number of variables regulated and controlled.

NMPC is a digital controller, that is, a method of discrete time. Thus when computation of the control is
accomplished using a digital computer and at each sampling time, the results are applied online. NMPC
obtains a finite horizon open-loop optimal control problem subject to system dynamics and constraints.
Here, we investigate model predictive control for nonlinear control and optimization systems of the
form [22]

z(k+1)=f(z(k), u(k))z(0)=z0o (5)
where x(k) and u(k) are the system state and input vector at sampling place k, respectively. Also f is
the NMPC equation which is defined in Eq. (6).

As previously mentioned, in a moving horizon approach, this procedure is repeated. The concept
of the moving horizon is shown in Figure 2. Suppose that we are at the given sampling place k. The
past output (Z) and input (u) patterns are known up to k and k — 1, respectively. Therefore, the cost
function tries to find those control actions that move the desired reference approach towards the future
trend of the output. The control actions are found through iterations. The output and input constraints
are also considered in the optimization problem. The first control action u(k|k) is then chosen over the
interval [k, k + 1] and applied to the real plant. In this method, (H),) and (H.) are the prediction and
control horizons, respectively (over a control horizon (H.) < (H,)). The number of parameters used
to obtain the subsequent control history is described by H., and the number of control steps used to
optimize the objective function subject to ((H.) < (H,)) is described by H,. H, dictates how ‘far’ we
wish the future to be predicted. The MPC implementation is not limited to any specific type of model,
but the selected template type greatly affects the implementation and computation criteria.

Since Z,= u (output) and Z;= x, the state space equation is as follows:

f=xk+1)=(z(k))+ L Zjﬁ [—2%(k) /u + u(k)] (6)

where ( is the phase constant, and L is the length of the matching line.
The cost function, which is defined along the predicted horizon, should be minimized to calculate
the optimal input of the plant as follows:
5.75 Hp g  He—1
=33 Hzf(k +ilk) — Zf(/.g)HQ + 3 Idulk+ k)% for k=0,1....K—1 ()
f=5.25 i=1 i=1
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Figure 2. Receding horizon control scheme.
In the above, R and () are constant weights. Z is the predicted impedance, and

Au(k), Au(k+1),...,Au(k+H,—1) are the set of present and future incremental moves. As shown
in Eq. (7), in which the second term represents the physical constraints on the input and its movement,
the second term can be combined and formulated as constraints on the input movement and then added
to the optimization problem. This treatment is more suitable because the cost function consequently
contains only the input movements. Inputs are not optimized because they create steady state offsets.
Also, it is obvious that for a feasible trajectory Z, the NMPC leads to improvement over the offline
optimization.
According to fabrication restrictions, the system constraints are as follows:

Umin < U < Umax (8)
Lmin S x S Tmax

Figure 3 shows impedance variation at frequencies of 5.25, 5.5, and 5.75 GHz along the transmission
line based on the optimized coefficients.

The results obtained using MATLAB for coefficients of the nonuniform transmission line are
presented in Table 2. Considering Eq. (1), with this coefficient, the reflection coefficients at 5.25,
5.5, and 5.75 GHz are 0.1, 0.3, and 0.13, respectively. The convergence time of model analysis and
predictive control is 5 seconds.

Table 2. The cosine extension’s coefficient of the transmission line for wideband microstrip antenna
for W (x) based on millimeter.

a aj a9 as
05| —-04|14|14

4. RESULTS

According to the dimensions of the patch and optimized transmission line, the proposed antenna and
conventional antenna are simulated in HFSS. The proposed antenna is fabricated and shown in Figure 4.
The measurement results are obtained using the HP8510 network analyzer and an anechoic chamber.
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Figure 3. The impedance of the proposed non-uniform transmission line at 5.25, 5.5, and 5.75 GHz.

(a) 3D view, (b) reactance at feed’s length, (c) resistance at feed’s length, (d) ratio between reactance
and resistance.

Figure 4. The fabricated proposed microstrip antenna.

Figure 5 shows the impedance value of the proposed antenna obtained from the HFSS software at the
feed location.

Figure 6 shows the reflection coefficient of the conventional and proposed microstrip patch antenna.
The structure in which the nonuniform transmission line is present results in a good impedance matching
throughout the bandwidth of 5.15-5.85 GHz. The impedance bandwidth of the proposed nonuniform
feed microstrip patch antenna is 13%, which is approximately four times greater than the conventional
microstrip patch antenna. The radiation patterns of the antenna with a nonuniform transmission line
at 5.25, 5.5, and 5.75 GHz are shown in Figure 7, where the cross polarization is 30 dB. The low cross
polarization and stability of the pattern show that the impedance bandwidth is improved while the
characteristics of antenna are preserved. The cross-polarization is —20dB, —30dB, and —40dB at
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Figure 5. The impedance of the proposed microstrip patch antenna with non-uniform feed line.
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Figure 6. Reflection coefficient of the conventional and the proposed antenna.
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Figure 7. Radiation patterns of the non-uniform feed microstrip patch antenna at (a) 5.25 GHz, (b)
5.5 GHz, (c) 5.75 GHz.
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the frequencies of 5.25 GHz, 5.5 GHz, and 5.75 GHz, respectively. Moreover, the back lobe is —15dB,
—25dB, and —20dB at the above-mentioned frequencies, respectively.

As can be seen in these figures, the simulation and measurement results are in good agreement
with each other. The mean peak gain and efficiency at the frequency bandwidth are 6.5 dBi and 89%,
respectively.

5. CONCLUSION

In this paper, NMPC is used to design a microstrip antenna. A transmission line is presented to match
the 50-ohm impedance of the coaxial cable with the complex impedances of the microstrip patch at
different frequencies. Using the impedance variation equation of the transmission line as the dynamic
equation of the NMPC, the unknown coefficients of the nonuniform transmission, which are extended
in cosine form, are calculated. This transmission line provides a minimum reflection coefficient at
the frequency bandwidth. The proposed antenna provides 13% bandwidth at the central frequency
of 5.5 GHz. Therefore, the simulation and measurement results show the proposed method’s high
performance.
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