
and ITU-R 1546. To highlight the proposed formulation

improvement, we also simulated the integral equations method

considering the ground as a PMC, as adopted in [6]. The MFIE

and EFIE results were generated with five segments per wave-

length k and the following ground parameters: eg ¼ 15 e0 and

rg ¼ 0.012S/m for land, and eg ¼ 81 e0 and rg ¼ 0.01 S/m for

fresh water. Table 2 shows the statistical parameters for the con-

sidered models. The results show the better performance of the

EFIE and MFIE when the ground is considered an IC.

4.3. FAFFA Results
The computational savings achieved by the FAFFA scheme are

depicted in Figure 5, where the graph shows the time save ver-

sus number of segments for all cases considered in this section.

The time save refers to the difference between the original com-

putation time and the FAFFA algorithm time. The number of

segments obtained reached up to 145,000 segments. One can

observe that the relative gain of the accelerating technique

increases proportional to the number of segments. This behavior

is expected and can be explained by the fact that the greater the

number of segments, the greater the proportion of segments in

the far field region.

5. CONCLUSIONS

This work presented an EFIE and MFIE-based technique for ra-

dio wave propagation over inhomogeneous smoothly irregular

terrain. The ground is modeled as an IC, and the energy loss

was estimated via Leontovich boundary condition. The proposed

formulation combines features of previously investigated integral

equations methods [2–4], resulting in a more accurate technique

with faster numerical convergence. The FAFFA [9] accelerating

algorithm was applied to improve the formulation performance

and computational savings of 93% were achieved.

A prediction software named SPRad was build in order to

implement the proposed method. Additional prediction models

were incorporated: ITU-R 1546 and Okumura-Hata. The EFIE

and MFIE were numerically tested with measured campaigns in

Denmark [2] and Brazil [13]. The results demonstrated that the

assumption of the ground as an IC provided better results when

compared with measured data. All case studies indicated the

usefulness of the proposed method in the simulation of radio-

wave propagation in irregular mixed path links.
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ABSTRACT: A 9-cm wavelength in the human brain at the 400-MHz
Larmor frequency for 9.4-T leads to pronounced B1 field contours and

TABLE 2 Statistical Parameters of the Simulations for the
Brasilia Case Study (values in dB)

Prediction

Method

Mean

Value Error

Absolute

Mean

Value Error

Standard

Deviation

MFIE �4.06 6.51 9.15

EFIE �6.71 6.99 5.06

MFIE [6] �6.80 11.56 8.63

EFIE [6] �12.15 12.46 9.8

ITU-R 1546 �9.51 9.66 5.69
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consequential image inhomogeneity. The objective of this study was to
develop a new technique to control this nonuniformity by designing the

phase and magnitude of radiofrequency (RF) power emanating from RF
coil antenna elements in a multichannel transceiver array.
Nonuniformity was used to steer a constructively interfering B1 field

node to spatially correlate with an anatomic region of interest. This
work outlines a convex (quadratically constrained quadratic problem)
formulation of the B1 localization problem and the benefits of such a

formulation. This convex formulation was used to design antenna
excitation magnitude and phase. Localization is demonstrated in

simulated finite difference time domain (FDTD) B1 field human head
distributions and human head phantom measurement. VC 2011 Wiley

Periodicals, Inc. Microwave Opt Technol Lett 54:31–37, 2012; View

this article online at wileyonlinelibrary.com. DOI 10.1002/mop.26456

Key words: magnetic resonance imaging; radiofrequency coil;
transmission line element; RF B1 field; convex optimization

1. INTRODUCTION

The motivation for this work originated from a desire to under-

stand and control the image intensity variations in high field

strength magnetic resonance imaging (MRI) systems. It is well

known that an increased B0 field strength leads to an improved

signal to noise ratio [1–3]. However, the increased radiofre-

quency (RF) field required for this improvement causes B1 field

nonuniformity. RF wavelengths of �9 cm can be expected in

human anatomy at 9.4 T. Typically, B1 field inhomogeneity is

insignificant at low B0 field strengths and is viewed as an error

to be corrected as field strength increases. In this work, how-

ever, B1 nonuniformity is viewed as a tool with which to control

B1 field variation. Given an effective technique to control B1

field, there is the potential to steer a localized intensity distribu-

tion to spatially correlate with an anatomic region of interest

(ROI) [4]. In a parallel RF transceiver system, individual

antenna elements (RF coil elements) are driven independently.

Each of these antenna elements generates the B1 RF field. By

controlling the phase and magnitude of the RF excitation at

each antenna element, the phase and magnitude of the B1 field

excited by that antenna element can be controlled. The objective

of this study was to use convex optimization techniques to

design antenna element weights that would excite desired B1

field distributions. Convex optimization was chosen, as solutions

to problems formed in a convex way are globally optimal if

they exist. Arbitrarily accurate solutions can be obtained because

rigorous error bounds exist for problem solutions through duality

theory [5]. Another reason convex optimization was chosen is

that efficient solutions exist via efficient interior point method

software [6]. Efficient solutions are particularly important when

living human subjects are to be imaged because of the limited

time between patient movements.

The RF field parameters in MRI are well suited for optimiza-

tion. After the study of several phased array radar techniques,

the minimum variance distortionless response (MVDR) beam-

former leads to a formulation that can be solved accurately and

efficiently. The MVDR beamformer sets the sensitivity of a tar-

geted point to unity while minimizing the signal variance. This

ensures that the signal is received with a minimum of remaining

signal. With the use of these ideas, it was apparent that a local-

ized near field ‘‘beamformer’’ could be realized in MRI applica-

tions. Other techniques have been created to achieve localiza-

tion. The authors of Ref. 7 used the finite difference time

domain (FDTD) method to study RF propagation in the human

body. Using the FDTD solver, they adjusted the weights applied

to each of the RF coil elements and recalculated the RF fields.

Although this technique can be very accurate, it will be diffi-

cult to translate these numerical experiments to actual diagnos-

tic imaging due to the length of time these calculations require.

Another technique used to accomplish localization is the two-

dimensional (2D) pulse technique presented in Ref. 8 and else-

where. In this work, the authors varied the gradient fields dur-

ing the RF excitation stage. The Fourier space and RF power

are adjusted to ‘‘paint’’ the inverse Fourier transform of the

distribution the authors chose. This lead to very precise control

of B1 field; however, the use of the 2D pulse technique has

some problems. Very careful mapping of the B1 field, which

will be seen to be time consuming, and the B0 field must be

completed. B0 must be mapped because the pulse length is

long in comparison to the dephasing induced by the magnet

inhomogeneity. As a result, this variation must be taken into

account and designed into the pulse sequence. Because of the

length of the acquisition, this technique has only been demon-

strated with measurements of a phantom. In addition to the

long B1 and B0 mapping setup time, the RF pulses must be

very long to reach a sufficient number of points in Fourier

space, likely several orders of magnitude longer than the a typ-

ical imaging sequence. This creates questions about the safety

of the amount of RF energy being deposited into the patient.

However, the technique is innovative and the results are im-

pressive. A new localization technique will now be introduced.

This localization formulation will be outlined in Section 2.

Simulations and results follow in Section 3.

2. METHODOLOGY

2.1. Convex Optimization
Convex optimization was chosen in this study because efficient

methods exist for globally calculating optimal solutions on

standard computer equipment in reasonable amounts of time.

This technique is able to accomplish these results because of the

limitations imposed on the structure of problems that it is capa-

ble of addressing. First, convex problems must have convex

constraint sets. This means that points along a line between any

two points in the feasible set must also be in the feasible set.

Sets shaped as spheres and ellipses possess this property,

whereas sets shaped as stars and toroids do not. The second nec-

essary condition is that the optimization objective functions

must be convex. Again, this means that the objective function’s

second derivative must be positive at all points. Equivalently, all

points lying on a line between any two points on the surface of

the range of the function must have a greater value than that of

the function at that point. Convex optimization is able to

achieve efficient and optimal solutions because of the limitations

that are placed on the types of problems that it is able to

address. Thus, the challenge is formulating the problem to be

solved in a convex way. After formulation, problems can be

solved using freely available software packages such as Ref. 6.

2.2. Mathematical Formalism
This section will discuss a convex formulation of the localiza-

tion problem. Before this can be done, however, some mathe-

matical formalism is introduced. Let Bt
1 be the 3D time har-

monic magnetic flux density in the load caused by the RF coil

during the RF excitation phase of the FLASH imaging sequence

[9]. Here, t represents transmit, not transpose which will be

denoted as T. The z-directional portion of this field will be

neglected as it is small compared to the B0 field and will be

approximated to be zero, i.e., âz � Bt
1 ¼ 0. New functions Bt

1;x

and Bt
1;y are defined as
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Bt
1;x ¼ âx � Bt

1; Bt
1;y ¼ ây � Bt

1; (1)

where x and y are the directional components of the Bt
1 field,

respectively. If the space in the load is discretized into m posi-

tions, Bt
1;x and Bt

1;y (functions of position) may be listed in vec-

tors Bt
1;x;i and Bt

1;y;i where the ith row corresponds to the ith
position of m in the load. In a parallel transceiver system, each

of these rows can be further separated into components caused

by each of n antennas in the RF coil array by linear superposi-

tion theory. The results are the matrices Bt
1;x;i;j and Bt

1;y;i;j where

the jth column corresponds to the jth of n antennas in the paral-

lel transceiver coil. The net positively polarized transmitted field

is then defined as

Btþ
1 ¼ Bt

1;x þ jBt
1;y: (2)

As a result of this formulation, Btþ
1 [ Cm � n, is an m by n com-

plex matrix whose entries are the positively polarized B1 trans-

mitted field at each of m position in the load caused by each of

the n RF coil elements. Next, let w [ Cn be the antenna drive

weights applied to each of the antenna elements. The magnitude

of w is the time harmonic current of the jth antenna and the

complex angle is the applied phase. By the application of linear

superposition theory, Btþ
1 w gives a column vector whose entries

correspond to the net B1 positively polarized transmit field at

each point within the load. The magnitude of this gives the

named field intensity at all of the chosen points.

2.3. Formulation
The initial objective of achieving localization can now be

restated. The objective is to control Btþ
1 w such that a targeted

region receives a relatively large magnitude of field while the

magnitude of the field in the rest of the load is suppressed and,

this is to be accomplished by designing w. The method chosen

to achieve the restated objective is related to that of a MVDR

beamformer used in phased array radar applications [10]. This

technique is also known as the Capon beamformer, after its pro-

poser, in the phased array radar and array signal processing

field. A location near the center of the targeted region is

selected and |Btþ
1;targetedpoint w| is constrained to be unity. Next, an

upper bound is placed on all |Bt
1w| in the suppression region.

This upper bound is then minimized. The region that was previ-

ously called the targeted region will now become a transition

region and will provide transition from the unity constrained tar-

get point to the suppression region. By constraining the targeted

point to unity magnitude, the targeted region will also be par-

tially filled with Btþ
1 field because the field variation of Btþ

1 is a

linear combination of B1 fields generated by the individual

antenna elements. This B1 spatial field variation is on the order

of the wavelength in the human body which is �9 cm at 9.4 T.

Observed spatial field variation is somewhat higher due to the

interaction of dielectric resonances, standing waves, scattering,

attenuation, and other phenomena in the human body, but spatial

variation is limited nonetheless. Perhaps equally important, this

formulation makes the problem a convex problem and efficiently

solvable.

The convex optimization problem, as stated in words to this

point, is written formally as

minimize U

subject to Btþ
1 w ¼ 1 i ¼ target

jBtþ
1 wj�U i 2 suppression region;

(3)

where U is an upper bound to be minimized. The problem is

now a second-order cone problem and is convex.

2.4. Generating the Btþ
1 Matrix

To design the antenna weights as outlined above, the Btþ
1 matrix

must be determined. There are numerous methods for calculat-

ing this matrix. If a simulated load is to be used to determine

Btþ
1 , any electromagnetic simulation or closed form analytical

technique can be used. These techniques include integral equa-

tion techniques, finite element methods, FDTD techniques as

well as analytical techniques, if they exist. The use of results

obtained from some of these simulation techniques will be out-

lined in Section 3. Alternatively, a B1 map of an imaged object

or patient can be used. The collection and use of a B1 map of a

phantom and patient will be discussed as well. To simplify solu-

tion, the optimization problem outlined may be recast as a quad-

ratically constrained quadratic program (QCQP). The QCQP for-

mulation has the added benefit that implementation will provide

a more efficient solution.

2.5. Reformulation
If the inequality constraint is squared, and a new (arbitrary) con-

stant of the same name is used to replace U, the constraint

becomes |Btþ
1;iw|

2 � U. This can be shown to be completely

equivalent to wHBtþH
1;i Btþ

1;iw � U where H represents the Hermi-

tian transpose. With this replacement and the replacement of the

constant, the problem becomes

minimize U

subject to Btþ
1 w ¼ 1 i ¼ target

wHBtþH
1;i Btþ

1;iw�U i 2 suppression region;

(4)

which is a QCQP. There are two advantages of this reformula-

tion. First, the solution technique discussion is simpler because

the generalized log barrier of the second-order cone can be

avoided and is now replaced with a standard log barrier.

The second advantage is that an implementation based on

this formulation will be more efficient. This is because QCQP

solvers are generally more efficient than SOCP solvers as they

as less general.

The results gathered in this article were generated by the

freely available Matlab toolbox SeDuMi which performs a pri-

mal dual interior point method search over self dual cones [6].

To simplify programming, the SeDuMi user interface CVX,

which enforces disciplined convex programming [11], was used.

3. RESULTS AND DISCUSSION

3.1. Finite Difference Time Domain
Because of the availability of a highly accurate human body

model [12], the FDTD is commonly used to study RF propaga-

tion into the body. Data of RF propagation into a human head

were available from previous studies [2], these data were used

in the early stages of the development of the optimization algo-

rithm. Simulations were run with each individual channel of a

16-channel head coil [13] excited at 400 MHz. The steady state

x-, y-, and z-direction harmonic B1 field components were then

exported at 130 � 130 grid points on an axial plane. The field

magnitude and phase was computed from these data. Masks

were used on the raw image to separate out different regions.

One mask was used to designate the location of free space and

RF coil structures. As the goal was not to optimize over these

structures, the B1 field data numerically computed for this region
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were removed from the optimization. Another mask was used to

select the region over which to minimize. This ‘‘important’’

region is the set of grid locations the optimization will attempt

to reduce. This mask was used to exclude skin areas near RF

coil elements where B1 field reduction was very difficult with

the given head and coil geometry. The final mask was used to

determine the transition region and the targeted point. The tar-

geted point was defined to be the geometric center of the final

mask. Each of these mask sets can be seen in Figures 1 and 2.

Optimization was performed on a SunBlade 2500 (Sun Micro-

systems, Santa Clara, CA) desktop computer with 2 GB of

RAM. Run time varied as the size of the suppression region var-

ied depending on mask region selection. For example, if a large

transition region was selected, less suppression region remained.

As a smaller suppression region leads to fewer points over

which to optimize and hence fewer inequality constraints, the

run time was reduced. Run times were always less than 1 min

for reasonably selected mask sets.

The results of the localization on FDTD human data are

shown in Figures 1 and 2. The left columns are a polar repre-

sentation of the weights designed by the localization algorithm.

The radius of the points on these plots represents the linear

magnitude of the weights and the angular locations represent the

designed phase. These plots show that the optimal weights are

highly nonintuitive. Further, they differ greatly from the stand-

ard drive parameters of equal magnitude and evenly spaced

phase for all transmit coils. As these weights appear to be ran-

dom on visual inspection, they will not be presented in further

results. The center columns show the chosen mask sets. Here,

the important region is shown to clearly exclude the scalp,

external fat layer, and nasal cavity in the head as they are

known from experimentation to be very difficult to control due

to the close proximity with the RF coil elements. The brightest

sections show the target region. Figure 1 shows very good front-

to-back control of the localization for this 16-channel head coil

and head. Figure 2 shows very good side-to-side control and the

final row of plots show the effect of creating a larger selection

region. Mask shapes other than circles did not perform well in

experiments and will not be presented here. This is to be

expected, as only a single point is being selected and the limited

spatial frequency variation of the RF field is being relied on to

fill the remainder of the transition region.

3.2. Phantom
After verification with FDTD numerical data, experiments were

performed on a phantom at the 9.4 T, 65 cm bore system out-

lined in Ref. 2. A cylindrical phantom measuring 13 cm in di-

ameter and 28 cm in length consisting of aqueous solution 100

mM myoinositol, 100 mM sodium chloride, and 10 mM sodium

acetate was used. The phantom was placed somewhat centrally

in an eight-channel TEM head coil [2]. This combination was

chosen because of phantom and coil availability and the per-

ceived measurement time advantage as will be discussed later.

Data were collected with the FLASH imaging sequence [9] at a

resolution of 128 by 256. An axial slice of the phantom was

chosen and a B1 map was collected using the small angle

approximation. The method was modified to accommodate a

multichannel receive system. Considerable effort was expended

to collect a B1 map using the double angle method [14]. With

this method, two scans are collected with different flip angles

and an arcsin is applied to the ratio of the two to calculate B1

intensity. One intensity should be near a p/2 (90�) flip angle and

the second should be approximately half this value. This is chal-

lenging because the flip angle varies with RF signal power,

which is seen to be very inhomogeneous. Two flip angles were

collected and the arcsin method was applied. A magnitude was

collected but it was unclear what phase to assign to the map. It

is thought that the difficulty in finding the correct phase was

due to the use of channel recombination technique. Further work

will be required to correct this issue. Problems with image ac-

quisition time became apparent when the double angle method

was used to collect complete B1 maps. First, a base image was

collected at two flip angles to use as a reference for absolute

phase. Then, images were collected at each transmit coil for two

flip angles resulting in 16 images collected. Each image required

128 scan lines and each scan line required 7.5 s between scans

for 3 T1 relaxation. The result was that the mapping process

required 4.8 h to complete. This is a reasonable time for phan-

tom measurements but not for human measurements where the

time between patient measurements and the resultant B1 map va-

lidity lifetime is limited. The time problem will need to be

addressed in the human measurements. Instead of using the dou-

ble angle method, a single low flip angle image was collected

with both phase and magnitude. The small angle approximation

was made and flip angle was assumed to be linear with B1. This

cut in half the number of images that needed to be collected and

cut repetition time between scans considerably. As a result, the

entire mapping sequence was less than 15 min. Because of the

choice of mapping technique, Btþ
1 was no longer being directly

mapped. Instead Btþ
1 pointwise multiplied by Brþ

1 , the receiver

sensitivity to positively polarized field, and S, the signal caused

by anatomy, was mapped. Depending on the application of the

pulse sequence, this may or may not be an acceptable approxi-

mation of Btþ
1 . A map was collected with each transmit channel

excited individually at the proton frequency. The datasets were

then combined with a user specified mask set to complete the

Btþ
1 matrix. As previously described, a standard desktop work-

station was used to complete the localization and run times were

less than 1 min for reasonably selected mask sets.

In the first measurement result, as shown in Figure 3, an im-

portant region mask was used but was found to be unnecessary

and was not used in the subsequent two images. In this set of

results, somewhat less localization capability is apparent relative

to the FDTD simulations. This is most likely due to the use of

an eight-channel head coil when compared with the 16-channel

coil used in the FDTD experiments. This resulted in fewer

degrees of freedom over which the optimization could operate.

3.3. Human Head Measurements Plans
Once localization was physically verified by measurement of a

phantom, experiments were planned on a human subject in the

9.4-T system described earlier. Because of the limited time

between patient movements, B1 map acquisition, antenna weight

design done by the optimization algorithm, and image data ac-

quisition must be completed rapidly. If the patient were to move

during any of these stages, the map used to generate the antenna

weights would be invalidated and the process would need to

begin again. Because of the convex formulation described in

Section 2, antenna weight design is very rapid. It became appa-

rent during the phantom measurements, however, that the time

required to fully collect relaxed double angle B1 maps was

unreasonable for human subjects. To alleviate this problem, low

power settings were used and the low flip angle approximation

was used to calculate B1 maps. This cut the number of images

required to generate a map in half when compared with the dou-

ble angle method. Additionally, the repetition time needed

between scan lines was reduced because of the low power set-

ting. With these changes to the technique used in the phantom
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Figure 2 FDTD results of set 2. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 1 FDTD results of set 1. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com]
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measurements, B1 map generation time can be reduced from

hours to minutes, which is within the range of living physiologic

measurement. Mask sets were planned to be generated as with

the FDTD dataset and localization was planned on a few

selected regions of the head.

3.4. Improvements
A number of techniques may be used to improve on the methods

presented here. It was seen that by reducing the number of chan-

nels from 16 in the FDTD simulation to 8 in the phantom meas-

urements, the resolving quality of the localization was reduced.

From this, one can extrapolate that increasing the number of

channels above 16 should improve resolving ability. Also, it

would be a straight forward mathematical formulation adjust-

ment to allow for multiple RF excitation time slots. This would

allow a different weight set to be used for each of many time

slices. Implementation would most likely encounter problems

but should result in a similar effect to increasing the number of

RF coil elements. Finally, the use of convex optimization does

not need to be limited to localization in the MRI field. There

are many areas of electromagnetic design and signal processing

that stand to benefit from techniques such as the one presented

here.

4. CONCLUSION

A technique for localizing an RF field on a ROI based on the

ideas of the MVDR beamformer was presented. Convex optimi-

zation techniques were used to formulate and solve a problem to

design antenna weights which result in the localized B1 field dis-

tributions. This is immediately useful in spectroscopy and other

areas of imaging where localization can be used to improve sig-

nal to noise ratio. Also, this work demonstrates the effectiveness

of convex optimization for controlling B1 field and is an impor-

tant step toward the goal of uniform image intensity and

improved SNR at high field.
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ABSTRACT: In this work, a computationally efficient antenna
modeling technique. Our methodology is a two-stage approach is

present. In the first stage, a Cauchy-based approximation model is
constructed using coarsely discretized full-wave simulation. The
accuracy of this model is improved using a space mapping (SM)

approach. A limited number of high-fidelity antenna simulations
are used in the SM phase. We show that our approach obtains a

modeling accuracy comparable to that provided by direct Cauchy
approximation of the high-fidelity electromagnetic simulation data.
The computational cost is, however, much lower. We successfully

illustrate our approach through a number of antenna modeling
examples. VC 2011 Wiley Periodicals, Inc. Microwave Opt Technol Lett

54:37–40, 2012; View this article online at wileyonlinelibrary.com. DOI

10.1002/mop.26455

Key words: computer-aided design; antenna modeling; Cauchy
approximation; space mapping

1. INTRODUCTION

Simulation-driven design becomes increasingly important in

contemporary antenna engineering. In many cases, including

ultrawideband (UWB) antennas [1] or dielectric resonator anten-

nas [2], electromagnetic (EM)-simulation-based design is the

only option due to the lack of design-ready theoretical models.

The design process would involve selecting an initial structure,

whose response does not satisfy the designed specifications. An

optimizer is then used to drive the simulator. Changes are made

to the values of the various designable parameters to obtain a

feasible or optimal solution. The accuracy of the obtained results

can be trusted only using high-fidelity antenna simulations.

Unfortunately, high-fidelity antenna simulations are computa-

tionally expensive and, therefore, may not be suitable to perform

tasks such as design optimization or statistical analysis.

Over the past two decades, many techniques were developed

to model the response of high frequency structures including

antennas. These techniques create computationally cheap models

(surrogates) that can be used in design optimization. These tech-

niques include radial basis functions interpolation [3], kriging

[3], fuzzy systems [4], neural networks (e.g., [5, 6]), support

vector regression [7], and multidimensional Cauchy approxima-

tion [8]. These methods require a large number of high-fidelity

EM simulations. This high initial cost can be justified in the

case of library models for multiple. This cost is, however, not

justified for parametric optimization or yield estimation.

Another class of approaches aims at constructing a surrogate

model with a good accuracy without excessive amount of CPU-

intensive high-fidelity simulations. The space mapping (SM; [9–

11]) is a main approach within this class of techniques. SM con-

structs a surrogate model by enhancing a computationally cheap

low-fidelity (or ‘‘coarse’’) model with auxiliary mappings. How-

ever, practical applicability of SM for antenna modeling is lim-

ited because fast and reliable coarse models, for example, equiv-

alent circuits [9], are not available for antennas, in general.

In this work, we propose an alternative approach to antenna

modeling. Our technique exploits multidimensional Cauchy

approximation [8], the coarsely discretized EM model of the

antenna structure of interest, and SM. The coarse model is a

Cauchy-based approximation constructed using coarsely discre-

tized EM simulations. The accuracy of this model is then

enhanced using SM and a limited number of high-fidelity

antenna simulations. The proposed approach is applicable to any

antenna structure. The use of coarsely discretized EM models

reduces the computational cost of creating the surrogate,

whereas SM correction ensures its accuracy. Two broadband

antennas are designed using our approach.

2. MODELING METHODOLOGY

In this section, we formulate the proposed modeling methodol-

ogy exploiting Cauchy approximation and SM. Verification

examples are presented in Section 3.

2.1. Coarse Models for Space Mapping Surrogates
In this work, SM technology [11] is used to construct the antenna

model (also referred to as the surrogate and denoted as Rs). The

most important component of SM is the coarse model Rc. SM

requires the coarse model to be physics-based, so that it describes

the same phenomena as the high-fidelity (or ‘‘fine’’) model Rf.

This would ensure that the surrogate model constructed from Rc

has good prediction capability [9]. It means, in particular, that

having Rc aligned with the high-fidelity model at a few training

points (designs) should result in good alignment within the entire

region of the surrogate model validity. Another requirement for

the coarse model is that it should be fast, so that the SM surro-

gate model is computationally much cheaper than the fine model.

The most versatile type of the coarse model that is available

for any conceivable antenna structure is a coarsely discretized

EM model. Typically, it is implemented with the same EM sim-

ulator as that used to evaluate Rf by applying relaxed mesh

requirements. Unfortunately, coarse-discretization EM models

are normally too expensive to be an immediate basis for effi-

cient SM surrogate because each evaluation of the surrogate

would require evaluation of the underlying coarse model. More-

over, coarse-discretization EM models usually have poor analyti-

cal properties (e.g., numerical noise and discontinuity).

2.2. Coarse Models Using Cauchy Approximation of Coarsely
Discretized EM Simulations
We would like to find a satisfactory trade-off between accuracy

and evaluation time of the coarse model as well as to ensure its

good analytical properties (e.g., smoothness). As stated in
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