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 

Abstract—Design of compact wideband circularly polarized 

(CP) antennas is challenging due to the necessity of simultaneous 

handling of several characteristics (reflection, axial ratio, gain) 

while maintaining a small size of the structure. Antenna re-design 

for various operating bands is clearly more difficult yet practically 

important because intentional reduction of the bandwidth (e.g., by 

moving the lower edge of the operating band up in frequency) may 

lead to a considerable size reduction, which can be beneficial for 

specific application areas. This paper proposes a rigorous 

approach to rapid re-design of miniaturized CP antennas involving 

inverse surrogate models and fast electromagnetic (EM)-based 

parameter tuning. Our methodology allows for a precise control of 

the lower operating frequency of the CP antenna (both in terms of 

the impedance and axial ratio bandwidth) and accomplishing the 

geometry parameter scaling at an extremely low cost of a few EM 

analyses of the structure at hand. Our methodology is 

demonstrated by re-designing a compact wide slot CP antenna in 

the range of 3.2 GHz to 5.8 GHz. The proposed approach can be 

used for fast rendering of the bandwidth/size trade-offs (the 

footprints obtained for the verification structure range from 783 

mm2 to 482mm2), thus determining the most suitable designs for 

particular applications. The numerical findings are validated 

experimentally. 

Index Terms—Circular polarization antennas, wideband 

antennas, surrogate modeling, rapid re-design, simulation-driven 

design, inverse modeling. 

I. INTRODUCTION

IDEBAND operation and circular polarization (CP) are 

highly desirable features of antennas for modern wireless 

communication due to high data capacity and high-

resolution requirements. Wideband antennas are 

important for accommodating ever-increasing demands for 

system functionality, whereas CP is essential to ensure reliable 
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data transmission [1-3]. Some of the many practical benefits of 

circularly polarized antennas include mitigation of the signal 

interference, reduction of multi-path losses and polarization 

mismatch, as well as alleviation of the Faraday’s effects [4]. In 

the process of advancing wireless technology, considerable 

research efforts have been directed towards the development of 

various types of circularly polarized antennas. These include 

dielectric resonator antennas [5], printed monopoles and dipoles 

[6-8], as well as the most common class of microstrip patch 

antennas (MPAs) [9-10]. MPAs generally require a large 

ground plane, which limits both their impedance and the CP 

bandwidth. In order to meet the increasing bandwidth 

requirements, a considerable number of topologies have been 

proposed for planarly-structured CP antennas with the emphasis 

on wide-slot antennas. The advantage of this particular type of 

antenna is geometrical flexibility and convenient excitation [11-

12]. Moreover, due to a low quality factor, these antennas are 

inherently wideband. This has been demonstrated by many 

researchers for both linearly polarized and CP structures [13-

17].  

The aforementioned shape flexibility of wide-slot antennas 

becomes the major source of their design challenges. Both the 

electrical and field properties of the antenna (including 

circular polarization) depend on the slot shape, which, in 

principle, can be arbitrary. Consequently, the conventional 

way of designing wide-slot antennas involves experience-

driven heuristic approaches based on the simulated field 

distribution on the surface of the structure at any given stage 

of the antenna topology development. The process is 

necessarily based on repetitive (thus expensive) full-wave 

electromagnetic (EM) analyses as any theoretical predictions 

of the operating frequency for arbitrary-shaped slotsare 

extremely complicated if not impossible. To alleviate these 

difficulties, the characteristics mode analysis has been 

implemented to obtain a physical understanding of generic 

wide-slot antennas [18-21]. However, this information is only 

limited to the particular shape that has been analyzed and 

cannot be generalized and applied to other shapes which 

therefore require individual analysis. Furthermore, the 

characteristic mode technique is independent of the source 

type and position and only depends on the shape and the size 

of the conducting object. Therefore, the predictions based on 
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this technique may vary from the actual response of the 

externally fed antennas.   

The literature indicates that a large number of different slot 

shapes can be used to realize wideband CP antennas. These 

include basic shapes such as circular or rectangular, as well as 

irregular shapes [22-27]. Due to geometrical complexity and 

the lack of complete information about the behavior of these 

structures, it is difficult to predict their characteristics and re-

design them for other operating frequencies. Vast majority of 

the reported structures [11-17] are case studies concerned with 

particular applications and presenting wideband CP antenna 

operating at, and optimized for particular frequency ranges. 

No indicationsare typically given on how to scale the antenna 

geometry for other frequencies. Clearly, the development of a 

simple and computationally efficient re-design methodology 

would be indispensable to extend applicability of the reported 

structures. 

This paper proposes a rigorous approach to rapid re-design 

of wideband circularly polarized antennas. Our approach 

capitalizes on the recently proposed inverse surrogate 

modeling technique for a fast geometry scaling of high-

frequency structures [28], which is supplemented here with a 

forward design correction stage involving a fast 

electromagnetic (EM)-based parameter tuning. The proposed 

methodology allows for a precise control of the lower 

operating frequency of the CP antenna (both in terms of the 

impedance and the axial ratio bandwidth) and accomplishing 

the geometry parameter scaling at an extremely low cost of a 

few EM analyses of the structure at hand. The major 

contributions of the paper include: (i) development of a 

complete framework for low-cost wideband CP antenna re-

design; (ii) adaptation of the inverse surrogate modeling 

approach [28] and development of EM-based forward 

correction; (iii) demonstration (both numerical and 

experimental) of successful CP antenna geometry scaling with 

respect to the operating frequency as well as good control of 

both reflection and axial ratio in-band levels; (iv) practical 

(e.g., incurring low CPU cost) generation of a set of 

bandwidth-size trade-off designs. None of these has been 

previously reported in the literature.  

Validation of the method has been carried out by re-

designing a compact wide-slot CP antenna—in terms of its 

lower operating frequency—in the range of 3.2 GHz to 5.8 

GHz. As demonstrated, the re-design process can be 

accomplished at the cost of a few (three to five) EM 

simulations of the antenna, while controlling the operating 

frequency with a good precision and ensuring satisfactory 

reflection and axial ratio levels within the entire operating 

band. Our technique can be used for rapid generation of the 

bandwidth/size trade-offs (the footprints obtained for the 

verification structure range from 783 mm
2
 to 482 mm

2
), thus 

determining the most suitable designs for particular 

applications. Experimental validation of the selected design is 

also provided. 

II. CASE STUDY

The purpose of this section is to introduce a particular 

geometry of a wideband wide-slot CP antenna to be used as a 

case study throughout the work. Using this exemplary 

structure, the challenges pertinent to the CP antenna re-design 

will be demonstrated. More importantly, the structure will 

illustrate the re-design procedure proposed in Section III. 

The antenna [29] is implemented on Rogers RO4003C 

substrate (r = 3.38, tan = 0.0027, h = 0.813 mm). The front 

and the back view of the structure has been shown in Fig. 1. The 

antenna feeding network involves a metal-backed CPW and an 

inverted L-shape parasitic strip placed in a close proximity to 

the microstrip line extension of the length Lm. The coplanar 

spacing g between the ground planes and microstrip line feed is 

fixed at 50-ohm. The fundamental requirements for CP is 

excitation of two simultaneous electric field components with 

equal amplitudes and 90-degree phase shift. The orthogonal 

(horizontal/vertical) electric field components (here, denoted as 

Ex and Ey) are attributed to the high impedance parasitic strips 

placed along the x-axis and the y-axis, respectively.  

To facilitate the design process, it is imperative to handle a 

possibly small number of variables. Consequently, the parameters 

that are not effecting the CP and impedance bandwidth are kept 

fixed. The coplanar spacing g=0.6325 mm,g1 = 0.48 mm and g2 = 

0.33 mm, the widths of the parasitic strips Wv= 1.37 and Wh= 

2.16, and microstrip line monopole Wm= 1.35mm are 

dimensioned at the initial design stage and subsequently fixed. A 

modified geometry of the wide rectangular slot shown in Fig. 1(b) 

is etched in the backside ground plane. The parameters (Wc, Lc, 

Ws1, Ls1, Ls2,Ws2) defining the dimensions of the slots controls the 

width of the edges on the back side of the antenna.  The 

additional current paths created on the circumference of the wide-

slot adds to the enhancement of the CP bandwidth. This particular 

design has been optimized at a full-wave level of description and 

characterized for S11 and AR at 4.2 GHz. More details concerning 

the antenna operating principles and performance can be found in 

[29]. 

The traditional way of designing a wide-slot type antenna 

involves a tedious heuristic approach, which leads to the 

stage-by-stage development of the antenna structure. The final 

topology is then optimized for a certain frequency band, 

usually using expensive parameter sweeping, often combined 

with other (more rigorous) optimization methods. The design 

obtained this way is operating at a particular frequency band, 

which is typically quite poorly controlled by the designer. For 

example, many designs reported in the literature feature 

excessively wide impedance bandwidth as compared to the 

axial-ratio bandwidth [2], [3]. Additionally, wide-slot CP 

antennas are very sensitive to some of their parameters, i.e., 

even slight parameter alterations lead to considerable 

degradation of the impedance matching the AR. Clearly, under 

these circumstances, re-design of the CP antenna for different 

frequency ranges becomes a major undertaking. 
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Fig. 1. Configuration of the parameterized reference antenna; metallization 

marked using gray color: (a) front view (b) back view. 

Such a re-design is of otherwise considerable practical 

value because maintaining the operating band (especially its 

lower end) as required by a particular application allows us, 

among others, to reduce the structure physical dimensions as 

much as possible (again, assuming a particular operating 

band). 

For the sake of illustration, a simple engineering insight-

driven re-design procedure of the antenna of Fig. 1, initially 

optimized for 4.2 GHz is discussed. In order to lower the 

operating frequency of the antenna, the current path on the 

periphery of the slot is lengthened by incrementing all the 

dimensions with the same ratio. As can it be observed from 

the antenna responses shown in Fig.2, increasing the 

dimensions of the antenna results in lowering the AR 

operating frequency to approximately 3.7 GHz but with almost 

70-percent degradation in the AR. Similarly, when the

dimensions are decreased, the operating frequency is shifted

upward to 4.5 GHz but the acceptance criteria (S11≤ –10 dB

and AR≤ 3 dB) are largely violated. In order to bring the

characteristics to satisfactory levels, antenna dimensions need

to be re-optimized which is—from the computational

perspective—the task as challenging as obtaining the initial

(or reference) design.

III. CP ANTENNA DESIGN TRADE-OFFS AND GEOMETRY 

SCALING METHODOLOGY 

In this section, the framework for computationally efficient 

re-design of CP antennas with respect to the operating 

frequency range is formulated. Verification cases will be 

discussed in Section IV. 

A. Problem Formulation. CP Antenna Design Trade-Offs

Although wideband CP antennas are typically designed to

extend the impedance matching and axial ratio bandwidth 

[14], [15], precise adjustment of the lower edge of the 

operating range fL allows us to control the antenna size which 

primarily depends on fL. As explained in the introduction, this 

parameter is rarely ―designed‖ but it is typically a by-product 

of a particular antenna topology and the ability of the designer 

to boost the performance parameters (including the 

bandwidth) using a combination of experience, parameter 

sweeping, and numerical optimization. Here, we are interested 

in rendering designs that feature precisely adjusted operating 

frequency ranges. This permits, among others, yielding 

geometries that constitute the trade-offs between the antenna 

bandwidth and its physical dimensions.  

(a) 

(b) 

Fig. 2. Antenna responses at different designs: the reference design (lower 

edge of the operating bandwidth equal to 4.2 GHz) (—),antenna initially re-

designed for 3.7GHz (- - -), antenna initially re-designed for 4.5 GHz (): (a) 

S11 (b) AR. 

For the purpose of our considerations, x  R
n
 will represent 

the vector of antenna geometry parameters, whereas S(x) and 

AR(x) will stand for the EM-simulated reflection and axial 

ratio characteristics. Although other antenna responses (e.g., 

the gain) can also be included in the design process, the 

proposed methodology will be explained and demonstrated 

using these two performance figures, which already poses 

considerable practical challenges as indicated in Section II. 

We will also denote by x(fL) the design that is optimized to 

satisfy the following requirements: 

 Reflection S(x(fL))  –10 dB for the frequencies ffL;

 Axial ratio AR(x(fL))  3 dB for the frequencies ffL.

Additionally, a certain maximum frequency fH is selected 

up to which both conditions should hold. More specifically, 

although the antenna re-design will be realized with respect to 

fL, the assumption is that the antenna bandwidth extends to the 

common fH for the entire range of fL.minfLfL.max considered. 

B. Geometry Scaling Using Inverse Surrogates

The initial re-design is realized using the methodology

adopted from [28]. In the first step, several reference designs 

x(fL.k) are pre-optimized to satisfy the conditions of Section 

II.A for the frequencies fL.k, k = 1, …, N, allocated within the

range of interest from fL.min to fL.max. These designs can be

already available (e.g., from the previous design work with the

same antenna structures) or obtained specifically for the re-

design purposes.

The second step is the construction of an inverse surrogate 

model s(fL) by approximating the reference designs x(fL.k). It is 

referred to as  ―inverse‖ because its input argument is the 

intended frequency fL, whereas the output is the vector of 

antenna geometry parameters corresponding to fL. The model 
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components are denoted as xs.k(fL,pk), k = 1, …, n (n is the 

number of antenna parameters), in which pk stand for the 

coefficients to be identified. Thus, we have 

 .1 1 .( , ) ( , ) ... ( , )
T

L s L s n L ns f x f x fP p p      (1) 

The overall parameter vector P = [p1  …pn]. Similarly, as in 

[28], the following analytical form of the surrogate is 

assumed:  

xs.k(fL) = p1 + p2exp(p3fL)  (2) 

where p = [p1p2p3]. An exponential function has been found to 

provide a reasonable representation of the relationship 

between the operating frequencies and geometry parameter 

values for antennas [30]. Also, the number of model 

coefficients should be small in order to be able to identify the 

major trends using a small number of reference designs 

without making the underlying regression problem 

underdetermined. 

Surrogate model identification is realized through the 

least-square regression 

2

. . .1
arg min ( ( , ) )


 

N

k s k L j j kj
x f x

p
p p ,   k = 1, …,n   (3) 

where xj.k is the kth component of x(fL.j). 

Assuming that the surrogate adequately represents the 

manifold containing the optimum designs x(fL) within the 

range of interest, the surrogate does return the optimum design 

for any given fL [fL.minfL.max]. In other words, we have x(fL) 

s(fL,P).

Unfortunately, it is not possible to obtain a perfect

representation of the aforementioned manifold using a limited 

number of reference designs. Consequently, a correction is 

necessary. In this work, it is realized in two steps. Assuming 

that the actual lower operating frequency of the antenna 

obtained as x(fL) is fL + dfL (with dfL being a re-design error), 

the first correction step is accomplished by re-evaluating the 

inverse model as follows 

( ) ( , ) L L Lf s f dfx P  (4) 

The correction (4) handles, to a certain extent, the 

geometry parameter scaling inaccuracies concerning the 

operating frequencies. The second correction stage is 

described in Section II.C. Note that the cost of (4) is only a 

single EM simulation of the antenna (necessary to verify dfL). 

C. Warm Start Forward Correction Using Trust-Region

Gradient Search with Broyden Updates

The major issue with the antenna re-design using the

inverse surrogate of Section II.B is that the relevant 

characteristics, here, the reflection and the axial ratio are not 

directly controlled in the process. Consequently, upon 

executing (4), the antenna responses may violate the 

conditions S(x(fL))  –10 dB, AR(x(fL))  3 dB, and still be 

slightly misaligned with respect to fL. All of these are fixed in 

the second correction stage which is essentially a trust-region 

(TR) gradient search [31]. In each iteration, the algorithm 

updates the design as 

; ( )
( ) arg min ( ( ), ( ))

   


L
L S AR

f
f U

x d x x d
x L x L x   (5) 

where 

( ) ( ( )) ( ( )) ( ( ))   S L S L LS f f fL x x J x x x   (6) 

( ) ( ( )) ( ( )) ( ( ))   AR L AR L LAR f f fL x x J x x x         (7) 

are the linear expansion models of S and AR, respectively, 

with JS and JAR being their Jacobians. The meaning of (5) is 

that the linear models, representing the antenna responses 

(reflection and axial ratio characteristics) are optimized within 

the interval [x – d, x + d] to yield a candidate design xtmp, 

which is accepted if U(S(xtmp),AR(xtmp)) 

<U(S(x(fL)),AR(x(fL))), i.e., the (EM-simulated) objective 

function value at the candidate design is better than at the 

previous design x(fL) (in which cases we assign x(fL) = xtmp). 

Otherwise, xtmp is rejected and the optimization process is 

restarted with the reduced TR size d. The TR size vector dis 

adjusted using the standard rules [31], based on the gain ratio 

 defined as

( ( ), ( )) ( ( ( )), ( ( )))

( ( ), ( )) ( ( ( )), ( ( )))







tmp tmp L L

S tmp AR tmp S L AR L

U S AR U S f AR f

U U f f

x x x x

L x L x L x L x
   (8) 

which is the ratio of the actual (EM-simulated) versus linear-

model-predicted objective function improvement. In 

particular, we have d 2d if > 0.75, and dd/3 if < 0.25. 

The sub-problem (5) is solved using Matlab‘s fmincon routine 

which is a general purpose algorithm for continuous constrains 

optimization based on the sequential quadratic programming 

procedure. 

The objective function is defined as 

2 2 2

1 2( , ) [ ( , ) 3] ( ) ( )    L S ARU S AR AR f d dx x x       (9) 

in which 

dS(x) = max{max{fLffH : S(x,f) + 10},0}        (10) 

dAR(x) = max{max{fLffH : AR(x,f) – 3},0}    (11) 

Here, the explicit dependence of S and AR on frequency has 

been marked; fH is the maximum frequency of interest (user-

defined, cf. Section III.A). The penalty terms dS and dAR

quantify a possible violation of the requirements S(x(fL))  –10 

dB, AR(x(fL))  3 dB within the frequency range of interest, 

whereas the primary objective is defined to ensure that the 

actual AR bandwidth starts at fL; k, k = 1, 2, are the penalty 

coefficients. 

Normally, the TR algorithm evaluates the Jacobians using 

finite differentiation which makes the process CPU intensive, 

especially for highly-dimensional parameter spaces [32]. In 

this work, in order to maintain computational efficiency, the 

two mechanisms are incorporated into the process: 

1. The Jacobians are initialized using the sensitivity data

from one of the reference designs (the one that realized

min{k : |fL.k – fL|}). These Jacobians are already available

from the optimization process of the reference points;

2. For subsequent iterations, a rank-one Broyden update

[33] is used instead of finite differentiation. More

specifically, we have:

   
 

T

S

S S T

f J h h
J J

h h
(12)
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in which f = S(x(fL)) – S(x(fL)
old

), and h = x(fL)– x(fL)
old

 (the

superscript old stands for the parameter vector before the 

update (5)). 

The above mechanisms reduce the cost of the correction 

(5) to a single EM simulation of the antenna per iteration, and

are justified because the required design adjustment is

typically minor as it will be demonstrated in Section IV.

D. Redesign Procedure

The entire re-design procedure is summarized here.

Figure 3(a) shows the flow diagram of constructing the inverse 

surrogate model, whereas Fig. 3(b) explains the re-design 

process itself. Note that surrogate construction is a separate 

routine because, once the model is ready, it can be reused 

multiple times to re-design the antenna for various operating 

frequencies.  

IV. NUMERICAL RESULTS AND EXPERIMENTAL 

VALIDATION 

The procedure of Section III is demonstrated here for the 

antenna of Fig. 1 (cf. Section II). The objective is to re-design 

the structure for the selected lower operating frequencies fL 

within the range 3.2 GHz to 5.8 GHz. Three reference designs 

have been pre-optimized for the purpose of inverse surrogate 

model construction. We have x(fL.1) = [7.73 7.27 6.24 8.34 

16.27 22.0 13.06 8.27 10.36 5.96 16.19 16.19 8.38 22.8]
T
, 

x(fL.2) = [6.91 5.93 4.65 8.93 15.74 21.95 11.78 7.59 9.72 5.76 

12.79 12.79 8.37 22.5]
T
, and x(fL.3) = [5.29 5.10 1.50 12.11

14.61 20.56 12.98 5.23 9.72 5.08 10.5 10.5 8.99 21.0]
T
. Their 

characteristics have been shown in Fig. 4. The average 

simulation time of the antenna is 2.5 minutes, whereas the 

average cost of finding the reference design is 180 EM 

antenna simulations, which is the major contributor to 

surrogate model construction. Note that the axial ratio upper 

frequency for the 3.2 GHz design is slightly below 8 GHz, 

therefore, the maximum frequency of interest fmax has been set 

up to 8 GHz (cf. Section III.C, below (9)). Figure 5 shows the 

extracted inverse surrogate model for the selected antenna 

parameters. Note that the model is interpolative because the 

number of reference designs coincides with the number of 

model coefficients. 

EM solver

Acquire reference 

designs x(fL.k)

Assume analytical 

form of the surrogate

Model identification 

(curve fitting)

s(fL,P)

{x(fL.k)}

Optimizer

P

(a) 

EM solver

Evaluate inverse 

surrogate

Compute dfL

Stage I correction:

x(fL) = s(fL – dfL,P)

x(fL)

s(fL,P)

Inverse 

surrogate

fL

Stage II correction:

update x(fL) using (5)

dfL

(b) 

Fig. 3. Flow diagram of surrogate-assisted CP antenna re-design procedure: 

(a) inverse model construction, (b) re-design process. 

For the sake of verification, the antenna of Section II has 

been re-designed for the following five lower operating 

frequencies: 3.5 GHz, 3.8 GHz, 4.5 GHz, 5.0 GHz, and 5.5 

GHz. Table I shows the geometry parameter values of the 

antenna upon applying the procedure of Section III, whereas 

Fig. 6 shows the reflection and axial ratio characteristics. It 

can be observed that the inverse surrogate already provides a 

decent design, especially for the first three verification 

frequencies. For the remaining two cases, a certain amount of 

overshoot can be noticed.  

As demonstrated in Section II, the antenna characteristics 

are very sensitive to some of the parameters so that the designs 

obtained from the surrogate can be considered satisfactory.  

The first correction stage considerably improves the antenna 

characteristics in terms of providing a better alignment with the 

required values of fL. The second stage essentially realizes fine-

tuning. The final designs indicate that the proposed approach 

does ensure a precise control over the lower operating 

frequency. 

At the same time, the reflection and axial ratio levels are 

maintained below –10 dB and 3 dB, respectively. It should be 

emphasized that our methodology is computationally efficient. 

The overall cost of accomplishing the re-design process is 

only between three to five EM simulations of the antenna 

structure, which is between 10 to 15 minutes of the CPU time. 

The verification designs gathered in Table I also illustrate 

possible trade-offs between the antenna bandwidth and its 

physical dimensions. The footprint ranges from 742 mm
2
 to 

535 mm
2
 (or from 783 mm

2
 to 482 mm

2
 if the reference 

designs are included). This means that the proposed 

methodology allows us to yield the antenna design that 

features the minimum possible footprint for a particular lower 

operating frequency. Consequently, it can be considered a 

useful tool in making educated design decisions in the context 

of specific applications. 
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Fig. 4. Reflection and axial ratio characteristics for the three reference 

designs, corresponding to the lower operating frequencies of 3.2 GHz (top), 
4.17 GHz (middle), and 5.8 GHz (bottom). The vertical lines represent the 

mentioned frequencies, whereas the horizontal lines mark the –10 dB and 3 

dB acceptance levels for |S11| and AR, respectively. 

Fig. 5. Inverse surrogate for the CP antenna of Section II for selected 

geometry parameters: geometry parameter values at the reference designs (o), 

and the inverse model (—).  

An important comment should be made at this point, which is 

that the presented re-design procedure is not oriented towards 

size reduction but towards obtaining the design that has a 

particular lower operating frequency (and maintains 

acceptable reflection and minimum AR within its operating 

band). Therefore, is it possible to further reduce the antenna 

size by explicit (EM-driven) footprint minimization. In such a 

process, the antenna footprint becomes the primary objective, 

whereas the acceptance thresholds for the reflection and AR 

within the operating band are enforced by constraints similar 

to those discussed in Section III.C. For the sake of illustration, 

the 5.5 GHz design has been re-optimized for minimum size 

yielding the footprint of 400 mm
2
 with the outer dimensions of 

Ls = 21.5 mm and Ws = 18.6 mm. Clearly, this incurs 

additional computational expenses. 

(a) 

(b) 

(c) 

(d) 

(e) 

Fig. 6. Reflection and axial ratio characteristics for the antenna of Section II re-

designed for five lower operating frequencies of (a) 3.5 GHz, (b) 3.8 GHz, 
(c) 4.5 GHz, (d) 5.0 GHz, and (e) 5.5 GHz (bottom). The vertical lines represent 

the mentioned frequencies, whereas the horizontal lines mark the –10 dB and 3 

dB acceptance levels for |S11| and AR, respectively. Design obtained directly 

from the inverse surrogate (), design upon the first stage of correction (- - -), 

and final design obtained after the second correction stage (—).

Two of the verification designs, namely the 3.5 GHz and 

5.0 GHz ones have been fabricated and measured for 

additional validation. Figure 7 shows the photographs of the 

fabricated prototypes. The simulated and measured S11, AR 

and realized gain of the two fabricated designs are illustrated 

in Fig. 8. Vertical lines mark the intended lower operating 

frequencies of the antenna. It can be clearly observed from the 

reflection and AR responses that both the antennas maintain 

wideband characteristics with excellent agreement between 

simulation and measurements. The average realized gain of 

the antennas within the CP operating bandwidth is 3.47 dBic 

with the peak gain of 4dBi. The simulated and measured 

radiation patterns in the xz-plane and the yz-plane are depicted 

in Figs. 9 and 10, respectively. A stable bi-directional 

radiation characteristic in both planes can be observed at all 

the frequency points in the ±z-direction.   
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V. BENCHMARKING 

The antenna operating at the lowest operating frequency is 

compared with the recent state-of-the-art designs in terms of 

AR, S11, and size of the antenna. As indicated in Table II, the 

proposed antenna outperforms the reference designs in all of 

the performance figures. 

TABLE I GEOMETRY PARAMETERS OF RE-DESIGNED CP ANTENNA  

Geometry 

parameters 

Lower operating frequency fL 

3.5 GHz 3.8 GHz 4.5 GHz 5.0 GHz 5.5 GHz 

Lv 7.51 7.17 6.53 6.33 6.65 

Lh 6.93 6.23 5.80 5.59 5.43 

Ls1 6.29 5.16 4.39 3.88 3.18 

Ws1 8.66 8.70 9.07 9.40 10.07 

Lm 16.17 15.86 15.55 15.40 15.09 

Lc 22.04 21.80 21.54 21.37 21.09 

Wc 12.57 12.60 12.61 12.62 12.71 

Ls2 7.76 7.65 7.11 6.77 6.30 

Ws2 10.05 9.87 10.24 9.72 9.74 

Lg2 5.93 5.78 5.62 5.53 5.44 

Wg1 15.32 13.58 12.46 11.90 8.65 

Wg2 15.32 13.58 12.46 11.90 8.65 

Lg1 8.36 8.38 8.42 8.49 8.60 

Ls 22.69 22.46 22.15 21.94 21.71 

Ws 32.62 29.14 26.90 25.78 24.65 

Antenna 

footprint 

[mm2] 
740.14 654.48 595.89 565.66 535.42 

(a) 

(b) 
Fig. 7. Photographs of the fabricated verification designs: (a) design for fL = 

3.5 GHz, (b) design for fL = 5.0 GHz. Front (left) and back (right). 

     (a)                                                          (b) 

Fig. 8. Reflection, axial ratio, and realized gain characteristics: (a) design for 
fL = 3.5 GHz, (b) design for fL = 5.0 GHz. Simulation (gray) and measurement 

(black). Vertical lines mark the intended lower operating frequency, 

horizontal lines mark the acceptance levels for |S11| and AR. 

TABLE II   COMPARISON WITH STATE-OF-THE-ART CP ANTENNAS 

Ref %AR %BW Size [λo
2]

Substrate  

(h (mm), ε) 

[4] 42 42.6 0.17 RT(0.81, 3.38) 

[17] 49 62 0.20 AD(0.762, 2.5) 

[34] 27 50.2 0.23 FR4 (1.6,4.4) 

[35] 41.3 84 0.28 RT(1.6, 2.2) 

[36] 27.45 71.63 0.42 FR4 (1.6,4.4) 

[37] 39.4 57 0.78 AD(0.762, 2.5) 

[38] 40 90.2 0.28 FR4 (1.6,4.4) 

[39] 27 111 0.38 FR4 (0.8, 4.4) 

[40] 14 27 0.13 FR4 (0.8, 4.4) 

[41] 22 37 0.89 RT(0.8, 4.4) 

[42] 42 55.5 0.15 FR4 (1,4.4) 

Proposed 81 89 0.09 RT(0.81, 3.38) 

 It should be emphasized that the purpose of the paper is a 

presentation of the rapid re-design procedure, which is the 

novelty of the work, rather than a presentation of the particular 

antenna topology, which was merely selected as a 

demonstration example. 

 (a)                                   (b) 

Fig. 9.  Simulated (gray) and measured (black) radiation pattern of the 

proposed antenna in the xz-plane with RHCP (solid) and LHCP (dashed): (a) 
design for fL = 3.5 GHz (patterns shown at frequencies, from top to bottom: 

3.5 GHz, 5.5 GHz, 7.5 GHz), (b) design for fL = 5.0 GHz (patterns shown at 

frequencies, from top to bottom: 5.5 GHz, 6.5 GHz, 7.5 GHz). 
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 (a)                                           (b) 

Fig. 10.  Simulated (gray) and measured (black) radiation pattern of the 
proposed antenna in the yz-plane with RHCP (solid) and LHCP (dashed): (a) 

design for fL = 3.5 GHz (patterns shown at frequencies, from top to bottom: 
3.5 GHz, 5.5 GHz, 7.5 GHz), (b) design for fL = 5.0 GHz (patterns shown at 

frequencies, from top to bottom: 5.5 GHz, 6.5 GHz, 7.5 GHz). 

VI. CONCLUSION

In this paper, a rigorous and computationally efficient 

approach for re-design of miniaturized CP antennas has been 

proposed. Our methodology involves inverse surrogate models 

and fast EM-based parameter tuning. A combination of 

inverse-model-based geometry scaling and forward correction 

of antenna characteristics allows for precise control of the 

operating band and, consequently, yielding the designs that 

feature possibly small sizes (given particular lower operating 

frequencies of choice). The proposed technique has been 

demonstrated using a particular example of a wide-slot CP 

antenna. Our numerical and experimental results indicate that 

rapid re-design can be realizedwithin a wide range of 

operating frequencies, here,from 3.2 GHz to 5.8 GHz. At the 

same time, both the reflection and the axial ratio responses are 

kept within the acceptable levels throughout the operating 

band. Furthermore, the computational cost of the re-design 

process is kept extremely low (a few EM analyses of the 

structure at hand). The presented method can be used to fast 

rendering of the bandwidth/size trade-offs and, consequently, 

determining the most suitable designs for the intended 

applications. The future work will include the extension of the 

method to allow handling other antenna characteristics such as 

gain, as well as to permit explicit size reduction of the 

structure at hand. 
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