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1. Introduction

1.1 Magnetic resonance imaging

Since the 1970s, magnetic resonance imaging (MRI) has become the main

apparatus for scanning the human body. The reason is that compared to

other scanners, such as computed tomography (CT) scanners, MRI scan-

ners offer more freedom to change the resolution and contrast of the im-

age. As a result, many scientists have worked on developing MRI technol-

ogy during the last decades. In the following, the performance of the MRI

scanner is briefly explained.

1.1.1 General concept

According to quantum mechanics, protons in any atoms have a rotation

which makes them magnetized in the direction normal to the plane of

rotation. Fig. 1.1(a) shows this rotation and the magnetization vector. El-

ements may or may not create net magnetization depending on the num-

ber of protons and neutrons in each element. For example, Hydrogen (one

proton) and Phosphor (15 protons) elements have a magnetization on the

microscopic view, while Helium and other atoms having an even number

of protons and neutrons do not have this feature [1]. Moreover, because

atoms are distributed randomly in tissue (or human body), the total value

of this magnetization is zero in the macroscopic view, as shown in Fig.

1.1(b). When the human body (or the tissue) is located inside a static mag-

netic field, protons of atoms with non-zero total magnetic moment start to

align by this magnetic field, resulting in a non-zero total magnetization

(magnetic moment of unit volume). The higher concentration of atoms

with non-zero microscopic magnetization results in higher magnetization

of the unit volume. From a microscopic point of view, the magnetic mo-
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ment of each atom rotates around the direction of the static magnetic field

being tilted with respect to it. This phenomenon, called precession, is il-

lustrated by Fig. 1.1(c). The precession eigenfrequency, called the Larmor

frequency (after Joseph Larmor), depends on the strength of the static

magnetic field and the number of nucleons in the atom. For each magne-

tized atom, this precession has random phase, resulting in total magneti-

zation along the static magnetic field Mn. Transverse magnetization Mt

has evidently zero mean value.

Although the absolute value of Mn is proportional to the number of mag-

netized atoms in the tissue, its measuring is not possible due to the dom-

ination of the static magnetic field M0 in this direction. For biological

tissues |Mn| is by six orders of magnitude lower than |M0|. To make the

number of magnetized atoms measurable via magnetization, its vector

needs to be oriented transversely. The best way to satisfy this condition

is to apply a circularly polarized electromagnetic (EM) field whose mag-

netic field is orthogonal to the static magnetic field. Circular polarization

follows the precession i.e. such EM wave offers the resonant energy ex-

change with the precessing atoms. If this EM wave frequency is the same

as the frequency of the precession, the EM energy will be captured and

stored in the magnetized atoms. Absorbing more EM energy the kinetic

energy of precessing atoms grows. For the fixed Larmour frequency the

growth of the kinetic energy implies the increase of the angle between

the magnetization vector of the atom M and the direction of the static

magnetic field B0. Since all magnetized atoms of the same type rotate in

the directions, imposed by the applied circularly polarized magnetic field,

nonzero mean vector Mt appears rotating around the constant magnetic

field B0 together with the magnetic vector of the applied (pumping) EM

field. In Fig. 1.1(d) the case of counter-clockwise rotation is depicted.

The needed EM field can be radiated by an antenna or an antenna array

located in the scanner.

The Larmor frequency ω0 is expressed as follows:

ω0 ≡ γB0, (1.1)

where ω0 can be thought in megahertz (MHz), if γ (the gyromagnetic ratio)

is given in MHz per Tesla (T) and B0 is the value of the static magnetic

field in T. Gyromagnetic ratio is different for different atoms; for example,

gyromagnetic ratios of Hydrogen (H1) and Phosphor (P 31) are 42.58 and
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Figure 1.1. (a) Magnetization of a proton, (b) zero magnetization of tissue in a random
situation, (c) total magnetization (M0) of the tissue in the presence of a static
magnetic field, (d) total magnetization of the tissue in the presence of the
static magnetic field and circularly polarized EM field with ω0 frequency. Mn

and Mt, respectively, represent magnetization aligned with and orthogonal
to the direction of the static magnetic field.

17.24 MHz/T, respectively. Therefore, the operation frequencies in, e.g. 7

T MRI for scanning the Hydrogen and Phosphor atoms are nearly equal

to 298 MHz and 121 MHz, respectively. Hydrogen is one of the most com-

mon scanned atoms in the human body due to its abundance in the body,

its high magnetization and low inertia. H atom is a light atom comprising

one proton, whereas in atoms of many other elements the magnetic mo-

ments of constitutive protons cancel out completely or partially, and the

atom mass is much higher due to the presence of neutrons. In some cases

(scanning joints, brain, etc.) scanning other elements besides H (such as

P) is beneficial.

After storing enough energy the flip-angle of the magnetization becomes

close to π/2 (i.e. Mn ≈ 0, M ≈ Mt). At this time moment the transmit-

ter of the EM pump in most MRI applications is turned off. Then the

stored energy is delivered back to the surrounding medium in the form

of EM radiation called echo-signal. The echo-signal results from the ran-

domization of the precessing magnetic moments which transit from their

excited state (imposed rotation direction, almost direct flip-angle) to the

ground state (thermodynamic equilibrium). The central frequency of the

echo-signal spectrum is Larmor frequency and duration is dozens of mil-

liseconds. Being produced by the precessing atoms this radiation is cir-

cularly polarized. During this emission, the flip-angle of the magnetized

atoms decreases i.e. Mt reduces and Mn enlarges. At this time period, the

receiving antenna or the antenna array (in MRI both transmitting and re-
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ceiving antennas are called radio-frequency coils) captures the echo-signal

and the receiver measures its amplitude. This amplitude is proportional

to the number of magnetized atoms in the region of the body which pro-

duce the echo-signal at the operation frequency.

Why only the selected region (slice) of the body generates this echo-

signal? Why we can scan the substantial body part slice by slice? Briefly

speaking, it is achieved due to the non-uniformity of the static magnetic

field. More exactly, it is the action of the so-called gradient coils (also

called the dc-coils) embedded into the MRI bore which change the dc mag-

netic field compared to B0. During the MRI session the static fields pro-

duced by the set of gradient coils vary from pulse to pulse. This variation

corresponds to the scanning of the inspected part of the body. This is in

general, how the MRI scanner works. More details are given in the next

subsection.

1.1.2 MRI coils: gradient coils, radio-frequency coils and array
of coils

To explain the peculiarities of different types of coils used in MRI, a brief

excursion into this area is needed. First, let us discuss the dc-coils. As it

was mentioned above, they are used for the body slice selection. Let us ex-

plain, how it is done in practice. Two usual dc-coils located at both ends of

the bore, as it is shown in Fig. 1.2(a) are used scanning in the z-direction

(along the bore) [2]. These two coils are excited by dc currents of opposite

directions (currents in the right and left coils flow counterclockwise and

clockwise, respectively). These dc currents create a static magnetic field

that varies linearly along z and sums up with the main dc field B0. If the

currents in the coils have the same value the static magnetic field equals

B0 at the central cross section of the bore. Then the echo-signal at the fre-

quency ω0 will be generated only in this cross section. Changing the ratio

between these currents, we shift this cross section along the z axis. The

same principle can be applied to select the inspected regions in the x- and

y-directions. For it the paired dc-coils have quite unusual geometry which

is shown in Fig. 1.2(b) and (c) . Thus, every small slice of the body can be

excited with its specific Larmor frequency. In order to reduce the granu-

larity of the image obtained in this way, one uses, for example, sequential

excitation of all three pairs of gradient coils. Developing the received sig-

nal, one may retrieve the echo-signals generated in every small grain of

every slice. Additionally, one may use the coherence effects that arise un-
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Figure 1.2. Gradient coils: (a) gradient coils along the z-axis, (b) gradient coils along
the y-axis, (c) gradient coils along the x-axis. The figure is borrowed from
Jianping Huang’s thesis [2].

Figure 1.3. Birdcage coil practical for 1.5 T MRI. The figure is borrowed from MRIques-
tions.com created by Allen D. Elster [3].

der some conditions in the resonant magnetization. In these methods one

changes the phase of the pumping signal from pulse to pulse. The details

of these advanced methods offering the enhanced resolution to MRI can

be found e.g. in [1].

Radio-frequency (RF) coils have a different purpose (to transmit and re-

ceive the EM waves) and different geometry. Fig. 1.3 shows a commonly

used transmitting coil, the so-called birdcage coil. In the usual MRI scan-

ner (1.5 T), a birdcage coil is embedded inside the bore. Being excited

by two antenna ports with the phase shift π/2, it creates a circularly po-

larized transverse magnetic field of maximal uniformity across the body.

The uniformity is possible because at 1.5 T the Larmor frequency is low

and the field inside the body can be considered adequately in the quasi-

static limit. Depending on the body part that we want to scan, different

types of receiving antennas are combined with the transmitting birdcage.

These receiving coils usually are portable and located maximally close to

the human body (this is necessary because the echo-signal is weak).
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Receiving RF coils are often designed as antenna arrays. Simultane-

ous development of the received echo-signal in parallel channels substan-

tially shortens the imaging time. Also, several independent receivers of

the same input signal increases the effective signal-to-noise ratio (SNR)

making the image more reliable. Transmitting RF coils are also becoming

popular in MRI, especially at higher frequencies. Really, controlling the

amplitudes and phases of the radiating currents in the array elements

we may tune the pumping signal level and improve the axial ratio of the

circular polarization at the region of our interest. Though for 1.5 T and

even for 3 T MRI scanners, the birdcage transmitting coil still plays a key

role, for the ultra-high field (UHF) MRI (that means B0 ≈ 7 T or B0 > 7 T)

birdcage is rarely suitable. At 300 MHz and higher frequencies the bird-

cage antenna cannot work as a body coil because the radiation leakage

prevents the excitation of the needed eigenmode of the coil if its diameter

is larger than 30 cm. For scanning the head, feet and hand, the small bird-

cage operating in this range loses its main advantage – uniformity of the

pump field inside the body. It is so because the wavelength inside the tis-

sue of the human body and head becomes comparable with the sizes of the

body part under inspection. Since in UHF MRI there are no advantages

of the birdcage coil compared to antenna arrays, the arrayed solutions

for RF coils are preferred even for scanning the parts of the body – head,

knees, hands, palms, feet. Since the pump field is not anymore uniform

in the scanned body the optimization of the pump field in the region of

interest is required. It implies the tunability of the field value, that is

achievable only for a complex distribution of the amplitude and phase of

the radiating current around the inspected body. This is practically possi-

ble only using an antenna array surrounding the body or body part under

inspection.

Note that antenna arrays in MRI applications bear some distinct dif-

ferences from the antenna arrays in communications. For MRI scanners,

these differences are: (i) antenna arrays transmit and receive in the near-

field regions (1.5-3 T MRI) or in the intermediate-field regions (7 T MRI)

rather than in the far-field region, (ii) their inter-element gaps (0.1 of op-

eration wavelength λ or even smaller) are much smaller than those typ-

ical for communication arrays, and (iii) in most part of MRI applications

the magnetic types of antennas (loops) are preferred to the dipole anten-

nas. These differences make MRI arrays more susceptible to the ambient.

Most of the known methods for optimizing the communication antenna
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Figure 1.4. Image of human head scanned with usual and UHF MRI scanners. The figure
is borrowed from [5] created by Mark. E. Ladd et. al.

arrays are not applicable to them.

Finally, it is worth noticing that besides of the gradient coils and radio

frequency (RF) coils, there are also coils in a typical MRI scanner named

shimming coils. They are used to homogenize both static and RF mag-

netic fields inside the selected body slice (both for static magnetic field

– shimming coils, and RF magnetic field – RF shimming coils). Without

shimming the image, especially in UHF MRI turns out to be distorted.

1.1.3 More on ultra high field MRI

The new generation of MRI scanners is aimed to work with higher static

magnetic fields such as 7 T. The reasons for the increasing strength of the

static magnetic field are as follows:

• The resonant energy exchange increases with the growing Larmor

frequency (because the EM energy is proportional to ω4). Thus, the

signal-to-noise ratio and the image resolution improve [4]. As a re-

sult, session time becomes shorter because the higher signal mag-

nitude is received from magnetized atoms. Thus, the patient may

spend less time in the scanner.

• Needed level of the RF signal decreases because the elements of the

antenna array which can be located in between the bore and the body

can be easily made resonant i.e. very efficient. Thus, the supplied

power is reduced without the damage for the image.

Fig. 1.4 shows a scan of the human head obtained with a usual MRI scan-

ner (1.5 T), a high-field (3 T) one and a UHF one (7 T) with the purpose to

compare the achieved resolution of these scanners.

However, UHF MRI imposes also challenges. Since the operation fre-

quency is rather high, the pumping magnetic field cannot be uniform

across the body and even across the head. The wavelength in free space

20



Introduction

of the order of 1 m implies the wavelength inside the body of the order

of 15 cm, and the interplay of both near-field and far-field effect holds. It

becomes important to maximize the field at a given depth and/or to max-

imize the field penetration depth. Also, in some applications the dipole

antennas as array elements become preferred rather than loops. The ra-

diation of a dipole antenna is higher than that of a loop antenna of the

same perimeter excited by the same current. To use very large loops is not

possible because the space between the body and the bore is restricted. It

refers also to the receiving antennas since the sensitivity of a resonant

dipole is higher than that of a resonant loop. Therefore, in some scan-

ning applications, such as prostate imaging, the electric dipole antennas

overshadow magnetic dipole antennas. It was already mentioned that the

conventional solution for the transmitter – the birdcage coils – can rarely

be applied in UHF MRI. Thus, one has to develop novel antenna systems.

As it has been explained, the arrayed solutions with the maximal possible

number of antenna elements are preferred.

1.2 Coupling of antennas in the array and its impact on MRI
scanning

Mutual coupling is a common problem for arrayed antennas. In the sys-

tem of two or more closely located antennas, mutual coupling is harmful

in both cases: when the antennas are transmitting and when they are re-

ceiving. In the transmission regime, mutual coupling of antennas 1 and 2

implies the energy dissipated in the circuit of antenna 2 when antenna 1

transmits the energy. Then the antennas efficiency decreases and respec-

tively the radiated signal decreases. Besides this effect, the cross-talks

distort the radiating currents and therefore change the radiated signal

amplitude and phase. If the ambient is as complex as it is inside the

MRI scanner it is not so easy to take into account this distortion when

the antenna array is designed. In the reception, both antenna 1 and an-

tenna 2 work as receivers of the signal, e.g. echo-signal of magnetized

atoms. Then their mutual coupling implies the signal energy captured by

antenna 1 instead of antenna 2 and vice versa. It is also difficult to take

into account this redistribution of the signal energy. And again, there is

the second harm of the mutual coupling – the inter-channel scattering.

Then the presence of antenna 2 distorts the amplitude and phase of the

signal received by antenna 1 and vice versa.
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Figure 1.5. (a) Schematic view of radiation and mutual coupling between two transmitter
antennas. (b) Schematic view of the secondary field and mutual coupling
between two receiver antennas.

Fig. 1.5 shows the situations under discussion. In Fig. 1.5(a), V1 and V2

are applied voltages to antenna 1 and 2, Z is the characteristic impedance

of the transmission line connecting the sources to the antennas, wavelets

1 and 2 respectively represent energy radiated by antenna 1 and 2 to the

surrounding medium, wavelet 12 represents the captured energy by an-

tenna 2 which is radiated from antenna 1 and wavelet 21 represents the

captured energy by antenna 1 which is radiated from antenna 2. The ratio

between captured energy by antenna 2 and total radiated energy by an-

tenna 1 is called the coupling factor. This coupling factor depends on the

geometry of antennas, the distance between antennas, and the surround-

ing medium’s features. In the reception (shown in Fig. 1.5(b)), sources

V1 and V2 are replaced with impedance of the receiving networks ZR. In

this case, the source of energy is the incident field Einc and antenna 1 and

2 both capture this energy. However, part of this captured energy is ra-

diated back as a secondary field to the medium and some amount of this

scattered energy is recaptured by the other antenna. Hence, mutual cou-

pling reduces antenna efficiency in both the transmit and receive regimes

and distorts the signal shape that in the end results in low reliability of

the image.

Over the last decades, there have been many different methods sug-

gested to critically reduce the coupling in the antenna arrays or to com-

pensate the coupling somehow. The effectiveness of decoupling depends

on the antenna array type, its explicit design and application that deter-

mines the surrounding ambient. Besides decoupling of antennas other

aspects of the array performance evidently must remain not damaged or

22



Introduction

at least minimally damaged. In this thesis, UHF MRI (7 T) is the tar-

geted application and the decoupling methods will be discussed namely

for UHF MRI. Two main factors that should not be damaged by the em-

ployed decoupling method are: (i) operation bandwidth and (ii) RF mag-

netic field distribution inside the body. In the range of 300 MHz (Hydro-

gen scanning), 0.5 MHz operation band is the minimum required band-

width for both transmitting and receiving antennas . Therefore, the pro-

posed decoupling method should at least offer the 0.5 MHz band. Next,

the employed method should not randomly change the distributed mag-

netic field created by transmitting antennas and worsen the signal pen-

etration depth. It is clear that the decoupling techniques which create a

parasitic magnetic field in the body are prohibited (more details on it will

be presented in Section 2.2.5).

1.3 Dense antenna arrays for wireless power transfer

Some other applications are in a close relationship with MRI applica-

tions. Among them, there is wireless power transfer (WPT). The concept

of transferring the electric energy by RF EM field to a useful load is not

very different from the concept of the RF EM energy transfer to the mag-

netized atoms. In the first concept, transmitting and receiving antenna

arrays are advantageous since several channels are needed for better

tunability of the pump signal in the body and better development of the

echo-signal in the receivers. Decoupling is a factor of critical importance

because these channels may operate properly only being independent on

one another. In the second concept, the antenna arrays are advantageous

for both long-range WPT and short-range WPT. In the long-range WPT

the antenna array is the only practical technical solution since high direc-

tivity is necessary. A similar directivity can be offered also by parabolic

reflectors and large-area lenses but these components have huge weight

that makes them rarely practical. Antenna arrays are also advantageous

in short-rage WPT because more antennas are involved in the power ex-

change and more power can be transferred. On the other side, the larger

area in which the power can be transferred implies higher flexibility of

the WPT system. Namely, one can transfer power from several sources

to several loads, one can move the load over a large surface without the

damage for the transferred power, etc.

However, there are also two important differences: i) in MRI, the energy
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transferred to the body is delivered back and captured by the receiving

antennas, in WPT it is captured by the receiving antennas; ii) in MRI,

the transmitting antennas should be well coupled to the body of lossy

dielectric, in WPT it should be well coupled to the receiving antennas

performed of a conductor; Therefore the methods of decoupling the array

elements in these two applications are, as a rule, different. However, it is

possible that an antenna array be suitable for both MRI and short-range

WPT applications and the applied decoupling method works in both cases.

In the present thesis we will discuss such an array.

1.4 Objectives and contribution of this thesis

The main goal of this thesis is to introduce new and advantageous de-

coupling methods for arrayed RF coils utilized in UHF MRI. The thesis

is divided into two main parts: (i) decoupling of dipole antennas for UHF

MRI application, (ii) decoupling of loop antennas for UHF MRI. In the sec-

ond part we also study the use of RF coils (initially introduced for UHF

MRI) for WPT applications. It is an auxiliary goal of the thesis.

In the first part, decoupling of tightly packed dipole antennas is based

on adding passive scatterers in the middle between the array elements.

First, the required condition for decoupling by adding a passive scatterer

between two dipole antennas is analytically calculated. Then the possi-

bility of decoupling using dipoles and split-loop resonators (SLRs) as such

scatterers is verified for two and more dipole antennas. Numerical and ex-

perimental results confirm the analytical solution. Next, a novel method

of decoupling using a metasurface (MS) of resonant dipoles (and SLRs)

for decoupling is presented and studied. We show the advantages of the

decoupling of two adjacent dipoles by a MS compared to the decoupling

by a single scatterer. This part has a practical target: transmit antenna

array for scanning the prostate.

In the second part, the decoupling of loop antennas is discussed. In

this part, a modified type of loop antenna based on a split coaxial cable is

presented. Using a coaxial cable instead of a simple wire, one can benefit

from the transmission line and loop antenna features at the same time

and attain the so-called self-decoupling feature when there is no need for

any decoupling elements. By developing this kind of loop antenna, the

so-called high impedance coil (HIC) was suggested. An array of HICs has

been designed for scanning in the literature [6], however, in the seminal
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paper on HIC, this concept worked only in the reception. When the same

coil was applied in the transmit regime, it operated differently (basically

as a usual loop antenna) and the self-decoupling feature was achieved by

price of the efficiency reduction. In this thesis, we will show the coils

operating as a transceiver HIC. Moreover, a dual-band transceiver HIC

(TRHIC) is suggested and studied. It allows the simultaneous scanning of

both Hydrogen and Phosphor isotopes. The concept has been numerically

and experimentally verified. Finally, the possibility of using the proposed

HICs for WPT applications has been studied. Using the HIC concept,

an auto-detecting WPT system has been designed. The auto-detecting

receiver position allows to transfer the energy with very high efficiency

when the parts of the WPT system are movable.
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2. Decoupling of dipole antennas

In this chapter, we show how to decouple electric dipole antennas ar-

ranged with ultimate density. We consider the transceiver regime of the

arrayed RF coil dedicated for the 7 T prostate-oriented MRI. For scientific

and technical generality of our analysis, we, at first, consider two dipole

antennas in free space with a very small gap between them. It has been

known that if these antennas have a length shorter than the resonant one

they can be decoupled by a single passive scatterer. However, the decou-

pling of two resonant dipole antennas by a single scatterer was claimed

achievable only by loading this scatterer with a negative resistance, that

may be implemented as an operational amplifier. We show that in prac-

tice the negative resistance is not needed. Next, we study three dipole

antennas decoupled by two passive scatterers (also in free space). In the

literature [7], it was erroneously claimed that the same decoupling ap-

proach (one scatterer between two adjacent antennas) can be generalized

to three and more antennas only in a non-planar geometry, e.g. when

three dipole antennas parallel one another are located at the corners of

a proper triangle. We show that for resonant dipoles it is not so, and

achieve theoretically and experimentally the good decoupling in a usual

planar array of three parallel antennas. Further, we introduce the body

phantom – a cuboid with the electromagnetic properties of the human

body – and study how its presence changes the operation of the array. We

see that the decoupling improves in this case. Unfortunately, the pump

signal field distribution inside the phantom suffers from the presence of

decoupling scatterers. After revealing it we introduce a new decoupling

scheme that is free of this drawback. In this scheme, every two dipole an-

tennas of the array are decoupled by a metasurface of passive scatterers.

The MS can be formed either by resonant dipoles or by SLRs. We perform

this study for an array located in free space and for an array located near
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the phantom. Even in free space the MS may be beneficial since its pres-

ence does not worsen the far-field pattern of two decoupled antennas, that

is obviously damaged by a single passive scatterer.

Note, that our theoretical model comprises a strict proof of the possi-

bility of passive decoupling. It is shown that a planar array of resonant

scatterers may be decoupled by a MS without the damage of the radiated

signal in the body. It is worth to notice that in our array the gaps between

the adjacent dipoles are smaller than 1/30 of the operation wavelength.

Optimization of these structures was achieved via numerical simulations

and in all cases the theory was validated experimentally.

2.1 Challenge of decoupling for tightly packed dipole antennas

Decoupling of transceiver antennas used in UHF MRI represents a chal-

lenge in any explicit application of MRI, especially in the scanning of the

prostate [8–11]. An already adapted scheme for the prostate-oriented 7

T MRI is illustrated by Fig. 2.1(a). Here only 8 transceiver antennas are

used, and the distance between two adjacent antennas is nearly 12 cm i.e.

of the order of λ/10. However, the further development of MRI requires

increasing the number of channels – the optimal number for 7 T MRI is 32

transceiver channels. Moreover, 32 channels is optimal even for 3 T MRI.

The ultimate difficulty of this problem is evident – the spatial density of

antennas is ultimate.

Figure 2.1. (a) Schematic view of the human body and 8-channel transceiver system for
prostate scanning. (b) Schematic view of an antenna array for a 32-channel
transceiver system in the cross-section of the MRI camera.

Schematically, this geometry in a vertical cross-section of the MRI setup

is shown in Fig. 2.1(b). Here, antennas are assumed to be performed of

straight wires – electric dipoles. These dipoles are uniformly distributed

around the body. The distance between two adjacent antennas is as small
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as 3 cm i.e. for the 7 T MRI is smaller than λ/30. The presence of the

body beneath the antenna array and the camera wall surrounding it do

not allow us to decouple such antennas in a straightforward way – insert-

ing an extended absorbing screen in the gaps between them. If a similar

situation arises in microwave applications, one uses the so-called electro-

magnetic band-gap (EBG) structures for decoupling. A review of EBG

structures for decoupling the microwave antennas can be found in [12].

However, no one of the known EBG structures can decouple two antennas

separated by a gap λ/30. For the gap of the order of λ/10, i.e. for an array

of 8-10 dipoles an EBG structure offering the decoupling is known [13].

In work [13] 3 unit cells of the EBG structure in the gap between two

adjacent antennas turned out to be sufficient for decoupling. Judging

upon [12] this is the minimal amount of unit cells required in all known

cases. Two unit cells would not be sufficient. When the distance between

two adjacent antennas is as small as λ/30 this design solution is unsuit-

able (the gap covers only one unit cell of this EBG structure). Triple

miniaturization of the EBG structure as compared to known prototypes is

very difficult. Moreover, we have to keep in mind that decoupling should

be done with minimal damage to the radiated signal and should allow the

tunability of the antenna system.

Let us point out that in a local (organ-oriented) MRI the coupling of the

transmitting antennas becomes an even more important issue, than we

have discussed above. Namely, the coupling destroys the array tunability

and the decoupling restores it. The currents in the antennas of our array

should have different phases, dictated by the requirement of the maximal

spatial uniformity of the signal field (B+
1 ) in the inspected region of the

body called the region of interest [8, 9, 14, 15]. To reduce the distortion of

the image caused by the non-uniformity of the pump signal across the or-

gan even the amplitudes of the radiating currents in the antennas should

be slightly different. The set of needed amplitudes and phases is obtained

after the radio-frequency shimming procedure [1,8,14]. At the first glance,

there is no problem determining these phases and amplitudes of currents

in the antennas. However, in practice, antennas are fed by generators of

voltage having 50 Ohm output impedance. Therefore, the distribution of

currents in the array elements does not repeat that of voltages.

In order to better understand it, consider the interaction of two parallel

dipole antennas 1 and 2 as shown in Fig. 2.2. These antennas are fed

by voltages V1 and V2, respectively, and have identical self impedances
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Z11 = Z22 ≡ Z. Having in mind the generic structure, one may imply that

Z is not the self impedance of an antenna in free space. It is its input

impedance calculated in the absence of the second antenna but taking

into account the presence of the body (and the camera wall).

Figure 2.2. Sketch of the simplified structure based on two closely located dipole anten-
nas [I] ©Elsevier

.

A system of Kirchhoff equations can be written in terms of the mutual

impedances Z12 and Z21 and, alternatively, via the shared (additional)

impedances Zs
12 and Zs

21 of antennas:

I1Z11 + I2Z12 ≡ I1(Z + Zs
12) = V1, (2.1)

I1Z21 + I2Z22 ≡ I2(Z + Zs
21) = V2. (2.2)

Mutual impedance for two antennas, as it follows from the reciprocity,

is the same Z12 = Z21 ≡ ZM . Shared impedances of two antennas Zs
12 and

Zs
21 are different if I1 �= I2.

One may write I2 = αI1, where coefficient α is a complex value. If it

is different from unity Zs
12 = ZMα and Zs

21 = ZM/α are different. Re-

spectively input impedances of the equivalent antennas Z1 = Z +Zs
12 and

Z2 = Z + Zs
21 are also different. This means that the needed relation α

between the currents in our antennas requires a different relation of the

voltages applied to them – V2 �= αV1.

Is it possible to create the distribution of voltages taking into account

the mutual couplings – the distribution which would guarantee the needed

relationships between the current phasors in the array elements? Yes, in

principle, it is possible using active matching circuits in every antenna

controlled by a set of signals, elaborated by a specially designed control-

ling system [16]. Note, that for a transceiver array, these control signals
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should be different in the transmission and reception regimes. This way

of tuning the phased antenna arrays is, however, difficult and very expen-

sive. For military radar systems expenses are not an issue. However, MRI

systems are commercial products. For MRI, in order to optimize the sig-

nal field in the body in accordance with the shimming procedure the most

suitable way is to decouple the array elements. Decoupling makes the in-

put impedances of antennas 1 and 2 equivalent when their currents are

different. For decoupled antennas V2/V1 = I2/I1 is satisfied for whatever

α. Therefore, in the array the distribution of the currents in the elements

repeats that of the applied voltages. Then all we need is to control the

applied voltages via phase shifters and amplitude limiters.

Also, we should keep in mind other parasitic effects of the coupling we

have already discussed. For example, the coupling between transmitting

antennas results in parasitic losses in them. In this situation a part of

radiation produced by the array elements will be spent to induced elec-

tromotive forces and induced currents and lost in the circuits connected

to the antenna. Thus, decoupling, perhaps not ideal but reliable and tun-

able, is a key issue for antenna arrays used in the UHF MRI.

In general, decoupling is required in both receiving and transmitting

regimes. If the same antennas receive the echo-signal the currents in-

duced in them will have different distribution of phases and amplitudes.

In other words, the shared impedance of an antenna with the adjacent

antenna in the reception and transmission regimes are different. For the

whole array, it means that its elements even decoupled in the transmis-

sion regime are coupled in the reception regime. Mutual coupling of an-

tennas in the reception regime is also harmful – it destroys the spatial di-

versity of MRI [17–19]. This occurs because a given antenna receives the

result of its interference with the parasitic echo-signals scattered by other

antennas instead of the echo-signal produced by the body. In order to

avoid the ambiguity in the transmission and reception decoupling inher-

ent to transceiver arrays, one may use two different arrays: one for trans-

mission, another one for reception (see e.g. in [14]). In this case, in both

regimes one of two arrays is subjected to parasitic scattering. In order

to reduce it, the receiving array is specially detuned from the resonance

when the transmit-array radiates the pump signal and the transmit-array

becomes detuned in its turn when the echo-signal is received.

However, for the prostate-oriented 7 T MRI the mutual coupling in the

reception is not a very important issue. Receiving channels in the ar-

30



Decoupling of dipole antennas

ray are matched so that to maximize the signal-to-noise ratio (SNR) with

the complex-impedance preamplifier inputs [14,20]. It decreases the cou-

pling coefficient S12 in the reception regime by 10 dB. For 7 T MRI the

transceiver array does not practically imply a complication in decoupling

compared to the combination of two different arrays. The real challenge in

this case is decoupling the antennas namely in the transmission regime.

In the literature on arrayed RF coils for 3 T and 1.5 T MRI, decoupling of

antennas in the transmission regime is achieved with high accuracy using

low-impedance preamplifiers [1, 14, 15, 20, 21]. This is not a proper way

for decoupling in UHF MRI because when the dc field is higher, higher

pump signal is needed [1]. For 7 T MRI the use of preamplifiers for decou-

pling the transmitting antennas is restricted by operational non-linearity

inherent to high amplitudes of voltages. Here, one really needs to use

namely passive decoupling techniques.

These techniques have been sufficiently developed in the literature only

for antennas of magnetic type – for loops. Their coupling results from mu-

tual inductance. Mutual inductance of two loops can be positive or neg-

ative depending on their mutual location and connection. This property

of mutual inductance is used in the most elaborated technique of decou-

pling, first suggested in work [22]. This decoupling is achieved by spatial

overlapping of adjacent loops. Then the negative mutual inductance of

non-overlapping parts is compensated by the positive mutual inductance

of the overlapping parts, and the mutual inductive coupling vanishes. In

order to compensate for the capacitive coupling of overlapping loops (weak

but not always negligible) this approach is often complemented by the in-

sertion of small parasitic loops [10,15,20]. Other ways of decoupling based

on passive structures (capacitive decoupling, etc.) are also known only for

arrays of magnetic antennas [11,21,23].

However, we have already noticed that a magnetic dipole antenna is not

always the best radiator for a transmit-array operating in a 7 T MRI sys-

tem. In works [24, 25] an array of electric dipole antennas was analyzed

in comparison with loop antennas. Of course, the signal field is magnetic

and an antenna of magnetic type creates a higher magnetic field in its

near zone than that of the antenna of electric type with the same radiat-

ing current and sizes. However, the center of the human body where the

prostate (or any other internal organ) is located is not the near zone of

the antenna. The body has high permittivity ε � 1 and high electromag-

netic losses. Therefore, the wave field in it dominates over the near field.
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In the electromagnetic wave its magnetic field is linked to the electric

field via the wave impedance of the medium. In this situation, an array

of magnetic dipoles has no principal advantage compared to an array of

electric dipoles in the value of the signal [24, 25]. Due to higher pump

signal for the same accepted power, in 7 T full-body MRI and moreover in

7 T prostate-oriented MRI electric dipoles apparently offer an enhance-

ment to SNR compared to magnetic dipoles. Therefore, in this chapter

we aim to decouple a transmit-array of electric dipoles arranged with the

ultimate density (gap between the elements is close to λ/33). This density

corresponds to 32 antennas in the transmit-array of a 7 T MRI system.

2.2 Decoupling by single passive scatterers

Figure 2.3. Schematic view of the structure constituted of two closely antennas and
added scatterer between them [I] ©Elsevier.

First, one can strictly prove that it is possible to decouple dipole anten-

nas 1 and 2 at a certain frequency by one closely located scatterer 3, as

shown in Fig. 2.3. In the regime of decoupling the input impedances of

both antennas 1 and 2 are equivalent. If antennas are decoupled, the ra-

tio of voltages applied to antenna centers V2 = V1α must be accompanied

by the same ratio of input antenna currents I2 = I1α. If so, the impedance

of the first antenna shared with both antenna 2 and scatterer 3

Zs
1 = ZM

I2
I1

+ Z13
I3
I1

(2.3)

must be equal to the impedance of the second antenna shared with an-

tenna 1 and scatterer 3

Zs
2 = ZM

I1
I2

+ Z23
I3
I2
. (2.4)

Here Z13 and Z23 are mutual impedances of, respectively, antennas 1 and
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2 with scatterer 3 and ZM ≡ Z12. Below we derive a feasible condition

between mutual impedances making impedances 2.3 and 2.4 equivalent

and independent on currents I1 and I2.

Current I3 in the center of passive scatterer 3 is induced by primary

currents I1 and I2. The last current is by definition equal to αI1. Due to

the linearity of electromagnetic interaction, the current induced in a scat-

terer by a primary current must be proportional to this primary current.

In our case of two primary currents, we have I3 = κ13I1 + κ23I2. Here κ13

and κ23 are certain coefficients, determined by the system geometry and

independent on primary currents I1 and I2.

Then the equivalence of 2.3 and 2.4 can be written in a form:

(ZM + Z13κ23)α+ Z13κ13 = (ZM + Z23κ13)
1

α
+ Z23κ23. (2.5)

If the distances d1 and d2 are equivalent (the scatterer is located sym-

metrically) Z13 = Z23 and κ13 = κ23. In this case Eq. 2.5 becomes an

identity when α = 1. Of course, this equivalence of the input impedances

of two identical antennas with the same currents in their centers does not

mean their decoupling. However, Eq. 2.5 is also satisfied when

ZM + Z13κ13 = ZM + Z23κ23 = 0. (2.6)

This equation is the needed condition of decoupling. If decoupled, the

input impedance of antenna 1 (Z1 = Z + Zs
1) does not depend on I2 and

vice versa, i.e. electromagnetic responses of each of two antennas do not

comprise the impact of the other one. In the regime of decoupling the

shared impedances of antennas 1 and 2 do not depend on I1 and I2 and

equivalent: Zs
1 = Zs

2 = Z13κ13 = Z23κ23. This substitution for the shared

impedances means that the mutual coupling of antennas 1 and 2 is sub-

stituted by their separate coupling with scatterer 3.

To express κ13 through ZM ≡ Z12 and Z13 is easy if we assume that scat-

terer 3 is also performed of a wire. Then the method of induced electro-

motive forces (EMF) can be applied to it. Denote its self-impedance (also,

in the general case, taking into account the presence of the body and the

wall) as Z ′ ≡ Z33. Considering the case when antenna 1 is active and an-

tenna 2 is scattering we may write the system of Kirchhoff equations for

scatterers 2 and 3:

I1Z12 + I2Z + I3Z23 = 0,
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I1Z13 + I2Z23 + I3Z
′ = 0.

From this system we easily derive:

κ13 ≡ I3
I1

=
Z12Z23 − ZZ13

ZZ ′ − Z2
23

(2.7)

Similarly, considering the case when only antenna 2 is active we obtain

κ23 ≡ I3
I2

=
Z12Z13 − ZZ23

Z ′Z − Z2
13

(2.8)

With substitutions of 2.7 and 2.8 Eq. 2.6 can be rewritten in terms of

mutual impedances:

Z13 = Z23 =
√
Z ′ZM . (2.9)

The regime of decoupling is realizable if and only if the location of the

scatterer is symmetric: d1 = d2. Only in this case, mutual impedances

of both antennas with the scatterer 3 are equivalent. In the asymmetric

case, the decoupling for any α is not achievable.

Now let us discuss how to achieve and investigate our passive decou-

pling. Determining the mutual impedances analytically even in the sim-

ple case when all scatterers are identical electric dipoles (straight wires)

is possible in absence of the dielectric body. To implement the condition

2.9 one can use the standard formulas of the antenna theory for Z, Z13 and

ZM derived with the method of induced electromotive forces in antenna

handbooks (see e.g. [26]). However, the presence of the dielectric body

dramatically changes the dipole fields even if we admit that the metal

wall is covered by a perfect absorber and has no impact on the coupling of

our antennas. A closely located dielectric body (human body or its phan-

tom) whose sizes are comparable with the wavelength does not allow us

to express the dipole fields analytically.

Therefore, in presence of the body one has to engineer and study the de-

coupling regime numerically. Of course, to inspect the coupling coefficient

S12 for all possible complex values α = I2/I1 is hardly efficient. Instead,

one may inspect the regime when antenna 1 radiates and antenna 2 is

receiving. Two different values of α may correspond to two cases: when

antennas 1 and 2 are mismatched and when they are both matched. Van-

ishing of S12 in both these cases can be occasional and points out to the

decoupling. For reliability, one must also check the equivalence of input

impedances of antennas 1 and 2 in both regimes. This equivalence for

two equivalent antennas means that their shared impedances Zs
1 and Zs

2
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are also equivalent for two different α. The decoupling for two α and the

equivalence of the shared impedances reliably indicate that the mutual

coupling of antennas is really substituted by their coupling to the scat-

terer 3, and Eq. 2.6 is satisfied.

The ideal decoupling (when both real and imaginary parts of ZM in the

shared impedance of antennas are compensated exactly) is not achievable

with a passive scatterer. It can minimize the coupling of antennas 1 and

2 but cannot nullify it. Therefore, the equivalence of input impedances

of the antennas 1 and 2 in the two regimes (mismatched and matched) is

also approximate. In practice, one has to engineer a deep minimum of S12

in the operational frequency range and check that the input impedances

of both antennas are sufficiently close to one another at these frequencies.

As such, decoupling of two resonant dipole antennas by passive scatter-

ers is not new. In work [27] one achieved this goal by locating a scatterer

called stacked magnetic resonator. It is a complicated system of tightly

arranged complex-shaped loops centered exactly in the middle between

the dipoles. However, in this work no theoretical analysis of the decou-

pling was done – it was demonstrated as an experimental fact confirmed

by extended numerical simulations. Moreover, in this work, a different

situation was investigated. Namely, the gap between antennas was as

large as d = 7.6 cm i.e. λ/12 instead of λ/30. In this thesis, the situation

is more challenging for the case of d = 3 cm i.e. λ/33. Moreover, a so tiny

gap does not allow us to place the stacked magnetic resonator of [27].

In [7], a single decoupling scatterer has been introduced that can easily

be located in between our dipoles. However, in this work the authors used

an active load inserted in the center of the scatterer so that to kill the

coupling between the resonant dipole antennas. As to the passive dipole

scatterer, it performed the decoupling only for two short dipole antennas.

Here we show that the decoupling of two resonant (length λ/2) dipole an-

tennas performed by a single passive scatterer. Moreover, we successfully

extend this method for planar arrays with three and more dipole anten-

nas, though in [7] it was claimed impossible (see the discussion in the

chapter introduction).
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2.2.1 Decoupling by a single passive resonant dipole

Analytical solution

Formulas for the self-impedance of a dipole antenna located in free space

and for the mutual impedances of two parallel dipole antennas in free

space are well known in the antenna theory. Usually, these formulas are

presented via converging series [28], a closed-form combination of integral

sine and cosine functions [29], or polylogarithm functions [30].

However, one may use approximate relations valid in the vicinity of the

resonance. First, recall that the straight-wire resonance holds at a fre-

quency that is slightly lower than that at which Ld = λ/2. The resonance

frequency ω0 is defined as that at which the imaginary part of input impe-

dance is X = 0. For wires of radius 10−4λ < r0 < 10−3λ the resonant wave

number k0 ≡ 2π/λ with equals 0.994π/Ld. This value for the resonance

wave number can be easily seen in the plots of the dipole antenna reac-

tance [26]. At this frequency, the input resistance of the dipole is equal

R0 ≈ 70 Ω.

A very simple relation for the mutual impedance of two parallel anten-

nas performed of wires with radius 10−4λ < r0 < 10−3λ separated by a

gap d was heuristically obtained in [31]:

ZM = Z12 =
η

24πkd
e−jkd. (2.10)

Here η ≡ √
μ0/ε0 is free space impedance and d is the distance between

two antennas.

Formula 2.10 is rather accurate for sufficient distances d � r0 and for

frequencies within the resonance band of the dipoles |Γ| < 0.1. Here Γ =

(k − k0)/k0 = (ω − ω0)/ω0 is the relative detuning.

Now, the similar dipole (scatterer 3) is located in the middle between

dipoles 1 and 2. The same relation holds of course for the mutual impe-

dance of dipole 1 and dipole 3 with substitution d → d/2:

Z13 =
η

12πkd
e−0.5jkd (2.11)

The input reactance X of dipoles 1-3 within the resonance band is by

definition negligible compared to the resistance R whose dependence on

the relative detuning Γ can be modeled within the resonance band by a
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Figure 2.4. Reference structure of two dipole antennas with ideal lossless matching cir-
cuits (removed in the mismatched regime) [I] ©Elsevier.

linear function [22]:

Z ≈ R = R0(1 + βΓ), (2.12)

where β ≈ 59.

Substituting 2.10, 2.11 and 2.12 into 2.9, where Z ′ = Z and taking the

square power of the left and right-hand sides of this equation we obtain

R0η

24πkd
e−jkd(1 + βΓ) =

( η

12πkd

)2
e−jkd. (2.13)

Complex exponentials cancel out, and since η = 120π Ω 2.13 simplifies

to

70

(
1 + 59

k − k0
k0

)
=

20

kd
. (2.14)

In the case of resonant dipole scatterer (d = 0.19/k0 = 30 mm), this equa-

tion is satisfied when (k − k0)/k0 ≈ 0.007, i.e. at frequency ω ≈ 1.007ω0.

Therefore, the prerequisite of the derivation – the decoupling holds within

the resonance band – is respected. An approximate decoupling of two

dipole antennas is proved using an approximate model.

Numerical verification

Here, the proposed method is validated numerically. The simulation has

been carried out using CST Microwave Studio, Frequency Domain solver.

As a reference, we consider the system of two dipole antennas performed

of copper wires with geometric parameters L = 500 mm, r0 = 1 mm sep-

arated by the distance d = 3 cm. We simulate the s-parameters of the

system assuming our dipoles to be performed of copper wires. In these

simulations, dipoles 1 and 2 were excited by lumped ports either through

matching circuits or without them. This schematic of the reference an-

tenna system is shown in Fig. 2.4. In the matched case lumped voltage

sources V1,2 with internal resistances Ri1,i2 = 50 Ω are connected to the

dipoles centers through a lossless LC circuit whose parameters are cho-
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Figure 2.5. Simulation results for the reference and decoupled structures. Matching cir-
cuits are absent [I] ©Elsevier.

sen so that its reactance Xi1,i2 compensates the antenna input reactance

at 300 MHz and the input resistance transforms into 50 Ω. In this case in

the absence of scatterer 3 the coupling is maximal (|S12| = −1.2 dB) at 293

MHz that is an evident consequence of the maximal antenna currents at

this frequency. The band of matching in the reference structure defined by

condition |S11| ≤ −20 dB is equal [292.7,293.3] MHz (relative bandwidth

0.2%). It is desirable to keep this band in the regime of decoupling. In-

deed, a scatterer located so closely to our dipoles obviously brings an extra

mismatch. This mismatch can be compensated by adjusting the matching

circuit. However, ideal matching with a reactive circuit is possible at a

single frequency. Therefore, the decoupling element may severely shrink

the band of the antenna matching that may become narrower than that

of the transmitted signal. Then one has to introduce losses in the match-

ing circuit that means the decrease of the antenna efficiency compared

to the reference structure. Moreover, the band of decoupling can be even

narrower than the band of lossless matching. Eq. 2.14 allows us to find a

single frequency of decoupling and tells nothing about its matching band.

These fine issues can be hardly covered by our approximate theory and

we clarify them in extensive numerical simulations.

In Figs. 2.5 and 2.6 we depict the results of numerically calculated s-

parameters of two dipoles in the presence of a passive scatterer without

and with a matching circuit accordingly. These results confirmed the pre-

diction of the analytical model that decoupling of our dipoles 1 and 2 is

granted by the straight wire (scatterer 3) of the same length and radius,

located in the middle between 1 and 2. The decoupling is complete because
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Figure 2.6. Simulated S-parameters of the reference and decoupled structures. Matching
circuits are present.

it is achieved in both matched and mismatched cases. In the mismatched

case Xi1,i2 is the value of the order of Ri1,i2, whereas in the matched case

Xi1,i2 = 0. Therefore, the currents ratio in the passive and active antennas

(α = I2/I1) is different in these two cases. However, in both matched and

mismatched cases, we have obtained a local minimum of S12 at the same

frequency. This is evidence of the complete decoupling. Of course, S12

cannot exactly vanish in both these cases. Though the analytical model

is approximate, and the simulation shows that the reachable isolation is

incomplete, it can be seen that the complete decoupling condition is still

valid. Note that the isolation |S12| < −10 dB of two matched antennas is

sufficient in most applications.

As expected, the decoupled structure in the mismatched case manifests

an extra mismatch compared to the reference one. In the reference struc-

ture, the mutual coupling is not so harmful to matching. The mutual

impedance of two closely located (d ≈ λ/30) dipoles in their resonance

band has absolute values within limits [20,50] Ω (see e.g. in [26]), and

the shared impedance Zs
1 is smaller than the mutual impedance because

dipole 2 is passive and, therefore, |α| < 1. Consequently, for the reference

structure we see broadband (though poor) matching with the resonance

frequency 293 MHz, almost equal to that of an individual dipole. In the

decoupling structure dipole 3 is distanced by d/2 = λ/60 = 1.5 cm from

active dipole 1. For such a small distance, the mutual resistance of two

half-wave dipoles approaches the self-resistance and κ13 is almost real

and negative. Therefore, dipole 3 is excited in the opposite phase and the

shared resistance of dipole 1 almost compensates for its self-resistance. As
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a result, at the decoupling frequency 293 MHz, the absolute value of the

input impedance of dipole 1 turns out to be much smaller than Ri1 =50

Ω which implies a very strong mismatch we observe for the decoupled

structure in Fig. 2.5.

However, whatever nonzero input impedance can always be matched

at a single frequency using a lossless matching circuit. In Fig. 2.6 we

show the S-parameters of the matched system calculated in the absence

and presence of the scatterer. Again the decoupling holds at 293 MHz

because within the band 292.7-293.3 MHz the minimum of S12 (equal to

-20 dB) is achieved at 293 MHz. Beyond this band S12 also decreases

versus detuning, but this is a consequence of the mismatch and is not

decoupling.

From Fig. 2.5 and 2.6 we conclude that the minimum of S12 at 293 MHz

does not depend on the currents in antennas 1 and 2 and represents ev-

idence of the complete decoupling. Notice that the decoupling frequency

293 MHz fits very well the prediction of the analytical model. Our de-

coupling has an only drawback – a squeezed operational band because

our dipole 3 brings a strong mismatch that we compensate by a high-Q

matching circuit. Namely, in accordance with Fig. 2.6, the relative band of

matching defined via |S11| ≤ −20 dB shrinks from 0.2% (reference struc-

ture) to 0.05%. The matching band is practically equal to the band of

decoupling defined on the level |S12| = −15 dB.

Experimental Validation

For experimental validation of the theory, we built a setup whose general

views are pictured in Fig. 2.7. It comprised active dipoles 1 and 2 per-

formed of a copper wire with L =500 mm and r0 = 1 mm split at the center

with a small (0.6 mm) antenna gap. A vector network analyzer (VNA) Ro-

hde Schwarz ZVB20 was connected to the arms of the dipoles through log-

ical symmetric ports with the wave impedance 100 Ω each. In this scheme,

two identical coaxial cables are used to connect each of the dipoles. The

symmetric connection allowed us to measure the s-parameters properly

removing the cable effect in the whole frequency range. The distance be-

tween the dipole antennas was d = 3 cm. In the decoupling regime, the

similar copper wire (L = 500 mm, r0 = 1 mm but without a central split)

was located in the middle of the antenna structure. Measurements of the

s-parameters for the reference case (without scatterer 3) have shown an

excellent agreement with the simulations.
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Figure 2.7. Measurement setup comprises two dipole antennas connected to a VNA and
a passive scatterer.

Figure 2.8. Comparison of simulation and measurement results for the decoupled struc-
ture in mismatched regime.

For the structure with the decoupling scatterer, the agreement is still

acceptable as one can see in Figs. 2.8 and 2.9. In the measurement whose

result is depicted in Fig. 2.6 there are no matching circuits connected to

antennas 1 and 2. In simulations of this mismatched case, the minimum

of S12 occurs at 293 MHz, which is exactly the same as the experiment.

The same frequencies of the minima of S12 (simulated and measured ones)

keep for the matched case. The corresponding plot is shown in Fig. 2.9,

where the ideal two-port matching is supposed at all frequencies. The

coincidence of the frequencies of these minima in Figs. 2.8 and 2.9 is evi-

dence of the practically complete decoupling.

Note that here, instead of real matching circuits, we used MATLAB code

based on the method from [32]. This recalculation of the S-parameters

allows us to normalize S12 measured in the mismatched regime and de-

picted in Fig. 2.8 to the accepted power for an ideal symmetric and pas-

sive two-port (dual-side) matching. Mathematically, the obtained result is
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Figure 2.9. Comparison of simulation and measurement results for the decoupled struc-
ture when an ideal dual side matching of the two ports is performed.

equivalent to the presence of an ideal matching circuit transforming the

antenna input impedance into 50 Ohms at each of the plotted frequencies.

This approach allows us to avoid the fabrication of a tunable matching cir-

cuit.

2.2.2 Decoupling by a single split-loop resonator

Although decoupling of two dipole antennas using a passive resonant

dipole has been proved, it is beneficial to check the peculiarity of de-

coupling granted by another type of passive scatterer. In fact, different

decoupling scatterers located between our dipole antennas offer different

scattered fields in the surrounding medium. Regarding the main applica-

tion (UHF MRI), the scatterer which produces a lower secondary magnetic

field in the body phantom is preferable. In the previous part, a parasitic

dipole in which only electric dipole current can be induced has been stud-

ied. Here an SLR is presented as a decoupling element. Compared to the

straight wire, the SLR can have both electric and magnetic currents, and

it is possible that a combination of these currents reduces the secondary

magnetic field inside the phantom. If so, the SLR offering the same de-

coupling as that granted by a dipole scatterer would be preferred.

Fig. 2.10 shows the structure when an SLR is located between dipole

antennas to decouple them. Repeating the same procedure, it is possible

to show that decoupling is also granted by implementing an SLR. Analyt-

ical solution of decoupling by SLR is discussed in detail in Publication II

at the end of this thesis. Here we only show numerical and experimen-
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Figure 2.10. A resonant SLR 3 located in the middle between antennas 1 and 2 [II]
©Radio Science.

tal results of using SLR for decoupling and discuss the differences with

decoupling by a resonant passive dipole.

Numerical investigations of S12 parameter are calculated for dipoles 1

and 2 performed of a copper strip printed on FR4 substrate (with the

width of 5 mm and the length of 500 mm). For the reference case, S12 for

the mismatched and matched cases is equal -6 dB and -4 dB, respectively.

In our simulations for the matched case, we used the virtual matching

circuitry of the schematic toolbox of CST Microwave Studio. Namely, for

d = 30 mm the decoupling at frequency 312.8 MHz is achieved with the

values tabulated in Table 2.1 for the antennas and SLR:

Table 2.1. Values of parameters used in simulation and experiment.

Parameter r0 L1 Lw h g

Value (mm) 1 290.2 500 7 30

The numerical result of transmission/reception of the antennas in the

mismatched and matched cases are shown in figures 2.11 and 2.12, re-

spectively. The experimental setup is pictured in figure 2.13. In the ex-

periment, all parameters of the dipoles and SLR are the same as in the

simulations. We have avoided building a physical matching circuit for

the experimental setup. Instead, we uploaded the measured data into the

schematic box of CST Microwave Studio and used the same virtual match-

ing circuitry as we have used in the simulations. After adding the SLR,

the decoupling frequency was taken exactly equal to that predicted by the

theory (312.8 MHz) and the geometric parameters offering the decoupling

at these frequencies turned out to be surprisingly close to those predicted

by our theory.

The decoupling bandwidth of the fabricated structure is enhanced com-

pared to the simulated model, most probably due to the influence of the

support. We employed a foam desk encapsulated into the paper to fix the
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Figure 2.11. Frequency dependencies of S11 and S12 for the system of our dipoles 1 and
2 decoupled by our SLR 3 for the mismatched case [II] ©Radio Science.

Figure 2.12. Frequency dependencies of S11 and S12 for the system of our dipoles 1 and
2 decoupled by our SLR 3 for the matched case [II] ©Radio Science.

Figure 2.13. Picture of the fabricated prototype for the measurement verification [II]
©Radio Science.

experimental setup, as shown in Fig. 2.13. Moreover, this support was

placed over the wooden table desk. The effective permittivity of such the

substrate at ultra-short waves is definitely larger than unity. It should

result in higher radiation resistance and distortion of the pattern to the

side of the substrate. Higher radiation resistance obviously broadens the

resonance band and consequently, the band of decoupling broadens, too.
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In addition, this substrate permittivity manifests in a slight red-shift of

the resonance frequency compared to that obtained in simulations.

Our simulations and measurements for the matched case show that the

insertion of SLR (scatterer 3) decreases S12 at 312.8 MHz from (-4) dB

corresponding to the reference structure to (-14) dB. The operational band

equals 1.42 MHz which is twice wider than that offered by a decoupling

dipole in the resonant case and this broadening is our main practical re-

sult. The gain granted by the SLR is related to the broader band of the

dipole mode compared to the case of the decoupling dipole. Really, the

SLR consists of two rather long parallel wires (connected to each other by

two short wires of length h). The electric dipole mode (responsible for the

decoupling) corresponds to two equal currents in these long wires. There-

fore, the SLR dipole mode is nearly equivalent to that in a strip of width

h. However, our SLR is not fully equivalent to such a strip. Due to the

coupling between the electric and magnetic dipole modes, it resonates at a

frequency where its length is smaller than λ/2. It is similar to the loading

of a rather wide (h � r0) metal strip by an inductive load. The resonance

band of the loaded strip dipole is wider than that of the half-wave dipole

performed of the wire with radius r0. As a result, the operational band of

the system decoupled by the SLR turns out to be wider than that of the

system decoupled by a passive dipole.

2.2.3 Decoupling of three tightly active dipoles by two identical
passive resonant dipoles

Figure 2.14. (a) – Dense array of three active dipoles driven by arbitrary voltages, (b) –
Decoupled array with two parasitic dipoles [I] ©Elsevier.

Fig. 2.14 shows an array of three active dipoles (1, 3, and 5) without

(a) and with (b) two passive dipoles (2 and 4) inserted for decoupling the

active dipoles. The same procedure as what has been proved for decou-
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pling two dipole antennas can be applied for three antennas. In this case,

induced currents over scatterer 2 and 4 have a linear relationship with

currents over antennas:

I2 = κ12I1 + κ32I3 + κ42I4 + κ52I5 (2.15)

I4 = κ14I1 + κ24I2 + κ34I3 + κ54I5. (2.16)

κij is determined by the system geometry and independent of primary

currents I1, I2 and I3. Repeating the same approach as before, decoupling

condition for adjacent and non-adjacent antennas has been obtained as

follows (see Publication I for more details):

Z ′′(Z0 + Z00) =
(
Z ′)2 + Z ′Z ′′′, (2.17)

Z00

[(
Z ′)2 + (

Z ′′′)2]− 2Z0Z
′Z ′′′ =

(
Z2
00 − Z2

0

)
Z ′′′′. (2.18)

Here Z0, Z00, Z ′, Z ′′, Z ′′′, Z ′′′′ are respectively: self-impedance of scat-

terers 2 and 4; mutual impedance between scatterers 2 and 4; mutual

impedance between dipole antenna and nearest scatterer (antenna 1 and

scatterer 2 or antenna 3 and scatterer 2 (4) or antenna 5 and scatterer

4); mutual impedance between central antenna and edged antennas (an-

tenna 1 and 3 or antenna 3 and 5); mutual impedance between edged

antenna and far scatterer (antenna 1 and scatterer 4 or antenna 5 and

scatterer 2); and mutual impedance between distant antennas (antenna

1 and 5). We note self-impedance and mutual impedance between passive

scatterers Z0 and Z00, respectively, to emphasize that the passive scatter-

ers can also be other types of linear scatterers. Eq. (2.17) expresses the

decoupling condition for two pairs of the adjacent antennas (1-3 and 3-5),

whereas Eq. (2.18) is the condition of decoupling for the distant antennas

(1-5).

In the case of decoupling using resonant passive dipoles Z0 = Z and Z00 =

Z
′′ . Then, the decoupling condition (2.17) simplifies as

ZZ
′′
= (Z

′
)
2
+ Z

′
Z

′′′ − (Z
′′
)
2

(2.19)

and

Zij =
η

24πkDij
e−jkDij , (2.20)

where Dij = |i − j|d/2 is the distance between i-th and j-th dipoles. Then

using additionally the approximation for the dipole impedance (2.12) we
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obtain from (2.20):

R0 (1 + βΓ)
η

24πkd
e−jkd =

η2e−jkd

(12πkd)2
+

η2e−2jkd

(12× 36) (πkd)2

− η2e−2jkd

(24πkd)2
=

η2e−jkd

(12πkd)2
+

η2e−2jkd

12(12πkd)2
≈ η2e−jkd

(12πkd)2
.

(2.21)

Again, in Eq. (2.21) complex exponentials cancel out and it is easy to

see that this approximate condition of decoupling yields to Eq. (2.14).

It is not a trivial result because this decoupling condition takes into ac-

count the presence of the third active dipole. Moreover, the substitution of

Eqs. (2.12) and (2.20) into Eq. (2.17) also yields this equation to the form

(2.14). The condition of decoupling for two distant (edge) dipoles is also

implemented at the same frequency by the same passive dipoles which

decouple two adjacent dipoles. This is a very nontrivial and even unex-

pected result, in view of the forecast made in [7] that we have already

discussed above.

Similar numerical and experimental validations as above were done for

an array of three dipoles of copper wire with the same geometric param-

eters as the former. Here and below, active dipoles are excited by 50 Ω

voltage sources at their centers either through the matching circuits or

directly. For the reference structure, the resonant bands of antennas

overlap at 295 − 296 MHz. In the mismatched regime, coupling coeffi-

cients S13,53 and S15 are all around −5 dB in the whole range 295-296

MHz, which shows the high coupling between all array elements. In the

matched regime, coefficients S13,53 increase up to −2 dB at the frequency

of matching.

When we introduce two decoupling dipoles, the resonant band of the

active dipoles in our simulations shifts to 292 − 293 MHz, whereas the

radiation resistance of all active dipoles drops once more. It especially

concerns the input resistance of dipole antenna 3 that decreases by an

order of magnitude due to the coupling with the scatterers. In our simula-

tions for the decoupled mismatched array S13,53 has the minimum at 295

MHz, and S15 is minimal at 294.4 MHz. Both these coefficients are below

−30 dB in the same range 296.1 − 296.5 MHz – the operation band of the

matched array. Introducing (in the numerical model) two lossless match-

ing circuits tuned at 296.3 MHz we still achieve the S-parameters suitable

for operation in the band 296.1 − 296.5 MHz. In this band, the matching

is good enough, whereas the coupling between all active dipoles is also

sufficiently suppressed. In the decoupled structure S13,53 and S15 are all
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below −15 dB at the operational frequencies 296.1 − 296.5 MHz. Thus,

two dipole scatterers decouple three dipole antennas with the similar ef-

ficiency as one dipole scatterer decouples two dipole antennas. Similarly,

the substitution of the coupling between the antennas by the coupling be-

tween the antenna and the scatterer results in the double shrink of the

operational band. However, the shift of the resonance frequency is more

important, and the suppression of the radiation resistance of the antenna

is also noticeable, which in practice should result in a decrease in an-

tenna efficiency. It is important to stress that this decrease refers to an

individual antenna. For an antenna array the decoupling is definitely fa-

vorable. When the antennas are strongly coupled, most part of the energy

is transferred between them instead of being radiated to free space. Since

the antennas are connected to the voltage sources with the internal impe-

dance 50 Ω, when they are coupled their radiation is mainly absorbed in

these resistors. The radiation resistance of any antenna in the array is

damped by the coupling. Our antennas in absence of decoupling elements

radiate very weakly even within the band of their individual resonance.

At a frequency of decoupling the radiation resistance of every antenna

sharply grows. Instead of being absorbed in the resistors connected to two

other antennas, the power is radiated to free space that grants the reso-

nant increase of the radiation resistance compared to the array without

the decoupling scatterers. The radiation resistance of the array elements

approaches to that of an individual antenna.

However, it is so good only if the array elements are lossless and the

decoupling scatterers are lossless, too. In practice, they have losses. A

very strong coupling between the antennas and the decoupling scatterers

results in the generation of very high near fields whose reactive power

is responsible for shrinking the operational band of our antennas. These

enhanced near fields imply the enhanced absorption in the metal wires.

Therefore the gain in the efficiency granted by the decoupling scatterers

(in the present case – straight wires of copper) is not as spectacular, as it

could be for an antenna array of perfectly conducting wires decoupled by

similarly perfect wires.

In order to validate the theory experimentally, we have built a setup pic-

tured in Fig. 2.15. We have measured the S-parameters of the decoupled

antenna array and compared them with our simulations. In Figs. 2.16

and 2.17, we present four numerical and experimental frequency depen-

dencies for two reflection coefficients S11 = S55, S33 and two transmission
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Figure 2.15. Measurement setup with active dipoles, passive dipoles, and VNA [I]
©Elsevier.

Figure 2.16. Simulation and measurement results for the decoupled array (3 active
dipoles and 2 passive dipoles) in the mismatched regime [I] ©Elsevier.

coefficients S13 = S53, S15. Our simulations are in a rather good agree-

ment with the experiment. The maximal disagreement refers to the res-

onance of antennas 1 and 5 (290 MHz versus 294 MHz). Notice that in

Fig. 2.16 the resonance of antenna 3 is not visible in the curve of S33 due

to the strong suppression of the radiation resistance. As to the transmis-

sion coefficients, the disagreement for frequencies of their minima does

not exceed 1.1 MHz. Their deeper minima and narrower bands predicted

by simulations is an evident consequence of the setup losses that could

not be taken into account by our numerical model.

2.2.4 Decoupling of dipole antenna array by identical split-loop
resonators

Since, the decoupling of a dipole array by straight wires of resonant length

has an evident drawback – shrinking the operational band (that also im-

plies not very high gain in the radiation efficiency granted by the decou-

pling elements) – we have to continue our study of decoupling replacing

the straight wires with SLRs. Consider an array formed by three active
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Figure 2.17. Simulation and experiment results for the decoupled array with active
dipoles matched at 296.3 MHz by lossless matching circuits [I] ©Elsevier.

dipoles and two passive SLRs located as shown in figure 2.18(a). In this

case, Z0 and Z00 are self-impedance and mutual impedance between SLRs,

respectively. It can be shown analytically that the absolute values of Z0

and Z ′ are much larger than those of Z ′′′ and Z00 [33]. Therefore, we can

use the following approximation for decoupling the neighboring dipoles

instead of (2.17):

Z0Z
′′
= (Z

′
)
2
. (2.22)

Considering equations (2.17) and (2.18), any type of scatterers that sat-

isfies these equations results in the decoupling between all three array

elements. It is possible to prove that replacing the passive dipoles with

passive SLRs allows satisfying these equations as well. However, equa-

tion (2.18) cannot be for resonant SLRs reduced to the same form (2.22),

like it was done for resonant dipoles. The decoupling condition for the

adjacent dipoles is analytically solved in Publication II at the end of this

thesis and the condition is satisfied at the frequency ω ≈ 1.0432ω0. The

decoupling condition for the distant dipoles is numerically solved. There

is no analytical solution for mutual coupling between two SLRs in the

literature.

In fact, there are two components of their mutual impedance resonating

at nearly the same frequency. The first one is the electric-dipole compo-

nent related to the symmetric part of the loop current (the same current

in the top and bottom sides of the SLR). The second one is the magnetic-

dipole component, related to the asymmetric part of the SLR current. For

the electric-dipole component, the problem was solved in Publication I.

For the magnetic-dipole component, the problem can be solved in princi-

ple also analytically. However, calculating it is out of the scope of this the-

sis. At the highest frequency (ω ≈ 1.0432ω0), that corresponds to the best

50



Decoupling of dipole antennas

Figure 2.18. Array of three dipole antennas decoupled by two SLRs. (a) Schematic view,
(b) fabricated prototype [III] ©Elsevier.

decoupling of the neighboring dipoles, the eigenmodes of two SLRs are po-

larized in-phase. At the middle frequency (ω ≈ 1.017ω0), the eigenmodes of

two SLRs still remain polarized in-phase (that will be numerically demon-

strated). At the lowest frequency (ω ≈ 0.982ω0), the eigenmodes of two

SLRs are polarized with opposite phases. In the case simulated below

ω0 = 2πf0, f0 = 284 MHz. It is the common resonant frequency of the

active dipoles and SLRs in our array.

All three decoupling frequencies are within the resonance band of the

dipole antennas. This is concise with the initial assumption of the ana-

lytical model and promises us suitable antenna efficiency (not damaged

by the decoupling elements). Additionally, it means that the interaction

between two SLRs grants us a broader operational band. Really, the max-

imal decoupling of the neighboring and distant dipoles hold at three very

close frequencies, i.e. the bands of the decoupling overlap and a total de-

coupling band is broader than that in the case of one decoupling SLR. In

the broadened operational band the decoupling will be though not ideal

but suitable. And the decoupling band for the distant dipoles 1 and 3

should manifest two local minima of S13.

Introducing 2 SLRs with following geometric parameters – L1 = 322

mm, h = 10 mm, g = 30 mm, r0 = 1 mm, and d = 30 mm – between
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the dipoles as shown in Fig. 2.18, we come to the results presented in

Fig. 2.19. The measurements were done similarly to the corresponding

measurements for passive dipoles. Dipoles and SLRs are made of copper

wire with the same dimensions used in the simulation. Simulation and

measurement results for the mismatched case are seen in Fig. 2.19(a).

This regime is important because the coupling coefficients manifest the

aforementioned minima in the band of decoupling. Moreover, at the in-

dividual resonance the decoupling in the mismatched regime grants the

self-tuning – minima of the reflection coefficients S22 (central dipole) and

S11 = S33 (edge dipoles) are clearly seen in Fig. 2.19(a).

This partial self-tuning is a feature of our antenna decoupling. It is

the result of the gain in the radiation efficiency compared to the non-

decoupled array. The radiation resistance at the frequencies of decoupling

grows and approaches to 50 Ohm that implies better matching, whereas in

the regime of the strong coupling the radiation is roughly speaking substi-

tuted by the non-radiative transfer of power between transmitting anten-

nas. Of course, the decoupled antennas are strongly coupled to the SLRs,

and this coupling is also rather destructive for their radiation. This is why

the minima of S11 corresponding to the self-tuning are rather small. How-

ever, they are more noticeable than in the case of the resonant straight

wires. Straight wires are more resonant (high-Q) scatteres, and produce

higher resonant near fields. It results in higher absorption in the copper

of the wires. Thus, we may conclude that for a dipole antenna array in free

space SLRs as decoupling elements are better for the antenna efficiency

than the dipole scatterers.

Now let us discuss the results of the experimental validation. The sim-

ulated and measured curves for the reflection coefficients almost coin-

cide. The experimental and theoretical curves for the coupling coefficients

slightly differ from one another but are in a qualitative agreement. What

is important – in the experimental curve for S13 we clearly distinguish

two minima predicted by the theory and very pronounced in the simu-

lated curve. The difference between the simulations and measurements

are here standard – more smooth and spread experimental curve implies

that some electromagnetic losses present in the experimental setup were

not taken into account in simulations. The minima for two coefficients

S13 = S31 and S12 = S21 = S23 = S32 strongly overlap and grant the broad

decoupling band of width nearly 5.5% on the level -10 dB, from 281.6 to

297.3 MHz.
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Figure 2.19. Simulation and measurement performance results of the structure consist-
ing of three active dipoles and two SLRs. (a) The mismatched regime, (b)
the matched regime [III] ©Elsevier.

In the matched regime a similar broadband is manifested as a band of

matching in which the maximum of S12 and S13 is suppressed from -2 dB

to -8 dB. Here the criterion is taken on the level -8 dB since higher de-

coupling in the matched regime is impossible and the coupling below the

critical value of -6 dB is acceptable. The same refers to the reflection co-

efficient of the antenna. The results obtained by adding a virtual lossless

matching circuitry between the voltage sources and the dipole antennas

are shown in Fig. 2.19(b). Since the same procedure can be applied to

both simulations and experimental results, we show here only the sim-

ulated curves – the same agreement between the experimental and nu-

merical data as in Fig. 2.19(a) keeps for the matched case. According to

Fig. 2.19(b), the operation bandwidth of the antenna array is enhanced

due to the replacement of the passive dipoles by passive SLRs from 0.5%

to 1.6% (if we apply to the results for coupling coefficients from Publication

I the same criterion of -8 dB) from 294 to 298.6 MHz.

We will see below that in presence of the body phantom located beneath

the antenna structure, the decoupling will be enhanced and S12 drops
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Figure 2.20. Array constituted of four active dipoles decoupled by three passive SLRs.
(a) Schematic view. (b) Simulation result in the mismatched regime. (c)
Simulation result in the matched regime [III] ©Elsevier.

to (-10) dB. In the presence of the body, most of the radiated energy is

transferred to it and absorbed in it, and the power transfer between the

antenna elements is not so pronounced. The decoupling affects the radi-

ation efficiency not strongly and the self-tuning feature of the decoupling

by SLRs decreases. In presence of the body the above conclusion about

the advantage of SLRs compared to dipole scatterers will be inverted (see

below, more details about that can be found in Publication III).

In order to emphasize the possibility of extending this method to ar-

rays with more active dipoles, we simulate the array constituted of four

active dipoles decoupled by three SLRs (shown in figure 2.20(a)). The

performance of the structure by the same parameters as before is demon-

strated in figures 2.20(b) and (c), which shows decoupling between all ac-

tive dipoles around 290 MHz.
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In the same manner, we can show that the reason for this triple-resonance

decoupling band is three different eigenmodes created by three SLRs. For

one eigenmode, the induced current over all three are in phase; for the

second eigenmode, the current over the middle SLR is out of phase and

for the third eigenmode one of the SLRs on the edge is out of phase. We

matched this structure at frequency 292.3 MHz. The exact values of S-

parameters at this frequency are tabulated in Table 2.2. Again, by locat-

ing the structure near the human body, these values will be enhanced.

These results justify that this method can be considered as the first step

for decoupling the 32-dipole array used in Ultra-High Field MRI.

Table 2.2. S-parameter values at 292.3 MHz (dB).

Channel 1 2 3 4

1 -22.1 -7.1 -24.8 -5.3
2 -7.1 -23.2 -4.8 -24.8
3 -24.8 -4.8 -23.2 -7.1
4 -5.3 -24.8 -7.1 -22.1

2.2.5 Decoupling of dipole antennas by single passive scatterer
in presence of a phantom

In this part, we numerically and experimentally investigate the scheme

of previous structures in the case when the antennas are located at a very

small height over the phantom having the averaged material properties

of a human body. In absence of the phantom, the decoupling scatterer is

located exactly in the middle between two antennas. In presence of the

phantom, its correct location is a priority not clear since the theory of [7]

is not applicable. Moreover, it is not clear a priori how a single scatterer

will work as a decoupling element. If the body increased the coupling of

two closely located antennas, then the effect of a passive scatterer would

be not enough and one would need an active load in it; no need to say that

using an active load is a very difficult and expensive technique. Fortu-

nately, the body is located so close to the antennas that is strongly coupled

with them, and this coupling decreases the coupling between the anten-

nas. However, it also means that the planar symmetry of the structure

is broken and the mutual interaction of the scatterer with two antennas

may shift its optimal position from the antenna array plane. How to prop-

erly shift it: closer to the body or perhaps, farther? We will see that for

both decoupling dipole and decoupling SLR we have to raise the scatterer
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Figure 2.21. Schematic view of active dipoles decoupled by a passive dipole and by a
passive SLR in the presence of the phantom [IV] ©Electromagnetic Waves.

to obtain the best decoupling effect. Furthermore, we observe that the

magnetic field, created by the decoupling dipole distorts the antenna field

lower than one created by the SLR, whereas the effect of shrinking the

operational band by the decoupling scatterer plays no role – high absorp-

tion in the phantom broadens the operational band and eliminate this

problem. Therefore, the resonant dipole turns out to be advantageous for

decoupling compared to the resonant SLR for MRI applications.

Interplay of the phantom and scatterer

Above we have analytically proved the possibility of decoupling two or

three resonant dipoles parallel to one another using one or two passive

scatterers located in the same plane. These scatterers could be unloaded

resonant dipoles (straight wires) or an SLR (long and narrow broken loops).

In both cases the scatterer is located exactly in the middle between two

antennas. The presence of the phantom can be discussed in two terms:

the first one is the impact of the phantom on decoupling conditions; the

second one is the impact of the decoupling element on the magnetic field

created by each active antenna inside the phantom. Let us discuss the

first issue.

In presence of the phantom, the absence of the symmetry can be inter-

preted in terms of the quasi-static images. Since the height of the dipole

antennas hd over the phantom is electrically very small, the interaction

of the dipole antennas and the scatterer with the phantom is mainly the

near-field one, and the quasi-static image principle is qualitatively appli-

cable. In accordance with this principle, the dipole antennas are replaced
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by a pair of the real dipole and its image located at the depth hd smaller

than d. In the image dipole, the current direction inverts and its ampli-

tude is smaller than that in the real dipole (if the phantom permittivity

tends to infinity the image dipole amplitude is evidently the same since

this case is equivalent to a perfect conductor). Such a pair of dipoles has a

nonzero electric dipole moment and a significant magnetic dipole moment.

Will two such electric and magnetic pairs interact weaker or stronger than

two parallel (real) dipoles? It is easy to show that in the case of the PEC

body they will interact weaker because the electric dipole moment of the

pair disappears, and the interaction of two effective magnetic dipoles is

lower than that of two resonant electric dipoles. This is so because hd is

very small, and the magnetic dipole formed by a real and an image wires

creates the near fields lower than those of the electric dipole of the same

length. In the case of the body phantom, the situation is not very differ-

ent because the complex permittivity of the human body is very high (of

the order of 100). Consequently, the mutual interaction of two antennas

shown in Fig. 2.21 decreases and the required coupling of an antenna

with the scatterer should be lower than that required in absence of the

phantom. In other words, the location of the scatterer (still parallel to

the antennas) must be beyond the plane of two antennas. If we locate the

scatterer beneath their plane, it will produce a higher parasitic field in the

phantom and its interference with the field of the active antennas may be

overcritical. From these speculations it is clear that we have to raise the

scatterer over the plane of antennas by a certain height h1. Now, we have

to discuss the second issue brought by the presence of the phantom – the

damage to the magnetic field inside it caused by the scatterer.

The structure under study with the raised decoupling scatterer is shown

in Fig. 2.21. Since there is no analytical solution for a dipole antenna

over a finite phantom, we find the optimal height h1 and other parame-

ters from full-wave numerical simulations which are, further, validated

experimentally. Even in this geometry, the presence of the scatterer re-

sults in a certain distortion of the signal magnetic field distribution inside

the phantom.

It is clear that the presence of a highly refractive phantom should pro-

duce the red shift of the resonance frequency (of both array element and

scatterer). Next, the impact of the lossy phantom due to higher power flux

into it should manifest in the wider decoupling frequency band and in the

different matching conditions for antennas. We will see below that the in-

57



Decoupling of dipole antennas

crease in the radiation resistance granted by the phantom is significant.

Therefore, the advantage of the SLR as a decoupling scatterer for a dipole

array located in free space – twofold broader operation band compared

to the case of decoupling by a dipole – disappears in the presence of the

phantom. Due to high radiation resistance, the decoupling band in the

matched regime turns out to be sufficient for the normal operation of the

antenna array for both dipole scatterer and SLR. A truly important issue

is the parasitic magnetic field produced by the scatterer in the phantom.

In the following, we study the impact of the scatterer on the magnetic field

in the phantom numerically and experimentally.

For MRI application, the desired decoupling between antennas 1 and 2

means isolating these antennas from each other, while the magnetic field

created by antenna 1 inside the phantom in the ideal case remains the

same as if antenna 2 was absent. Having in mind this goal, although

adding the passive scatterer between dipole antennas 1 and 2 decouples

them from each other without great damage to the operational band-

width, this scatterer obviously produces a parasitic magnetic field inside

the phantom. When the currents in the antenna array in the parallel

transmit regime vary in amplitudes and phases so that to better image

the target area of the body this parasitic field will change. Thus, in the

steady regime, the secondary radiation of the decoupling scatterer rep-

resents a random distortion of the MRI signal field. Therefore, in the

present case, the best decoupling corresponds to the minimal magnetic

field inside the phantom created by the decoupling scatterer. Of course,

the decoupling scatterer should be located higher over the body than the

antennas. Therefore, its parasitic magnetic field inside the phantom is

not as high as that of the antennas. However, it is still comparable with

that and the negative impact is noticeable. Therefore, we have to choose

either a dipole or an SLR namely based on the comparison of their mag-

netic fields in the phantom.

Numerical study and experimental verification

In the simulation, the dipoles and the SLR performed of copper wires have

all the same geometric parameters as before. The parameters of the phan-

tom are defined based on the mean human body tissue and correspond to

salty water with σ = 1.59 S/m and εr = 78 [34,35]. Geometric parameters

of the antennas, scatterers and phantom are gathered in Table 2.3.

As a reference structure, we simulated two resonant dipole antenna over
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Table 2.3. Values of the geometric parameters.

Parameter Value (mm) Parameter Value (mm)

LW 500 hp 360
L1 290 ho 50
LP 400 WP 600
h 7 d 30
hd 20 g 20

the phantom in the absence of the passive scatterer. In the matched case,

the transmission coefficient between two antennas achieves (-4) dB at the

operation frequency and shows a very high coupling between the anten-

nas. After adding the passive scatterers, we performed the simulation of

the S-parameters gradually increasing h1. Based on these simulations,

optimal h1 for the cases of the dipole scatterer and the SLR are 20 mm

and 10 mm, respectively. The simulation results for these optimal cases

are shown in Fig. 2.22. Fig. 2.22 completely confirms our previously dis-

cussed expectations. We obtain the redshift of resonant frequencies (from

293.2 MHz to 291.8 MHz for the case of the decoupling dipole, and from

312.8 MHz to 290.9 MHz for the case of the decoupling SLR). We also

obtain the wider decoupling band and a wider matching band whose in-

tersection gives the operational band of the antenna system. Contrary

to decoupling in the absence of the phantom, the decoupling bandwidth

granted by the passive SLR is narrower than that one offered by the pas-

sive dipole. However, taking into account the needed operational band-

width of the array for ultra-high field MRI (0.3 - 0.5 MHz) the impact of

the phantom makes it possible to use both the dipole and SLR for decou-

pling. The wider operation band offered by the decoupling dipole in the

present application is, therefore, not important. After this numerical in-

vestigation, the distribution of the magnetic field inside the phantom has

been studied. Since the goal is to approach the magnetic field H in the

phantom in presence of antenna 2 and the scatterer to that created by

antennas 1 and 2 with equivalent unit current in each, whose magnetic

field in the phantom we call the reference distribution of H-field.

To characterize the change of the magnetic field in presence of the scat-

terer and antenna 2 quantitatively, we define an observation point on the

depth ho = 50 mm in the phantom. Then we simulated the structure in

the presence of antenna 2 and the scatterer (either dipole or SLR, located

at the corresponding optimal positions for decoupling) and found how the
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Figure 2.22. Simulation results of the decoupled structure by passive dipole and passive
SLR with their optimal h1 in the presence of the phantom: (a) mismatched
regime, (b) matched regime. In the matched regime, the bandwidth of S12

granted by the decoupling dipole bandwidth is twofold of that granted by
the SLR [IV] ©Electromagnetic Waves.

absolute value of the H-field changed at the observation point.

Fig. 2.23 shows the simulation results of these structures. In these sim-

ulations, antenna 1 located at the left is active and antenna 2 at the right-

hand side is loaded by 50 Ω. Respectively, the distribution of the magnetic

field is not symmetric inside the structure. We see that the absolute value

of the magnetic field at the observation point in the case of the SLR de-

coupling is lower than the value calculated for the reference structure

than the value obtained in the case of the dipole decoupling. The higher

parasitic radiation of the SLR into the phantom holds due to the lower

height of this scatterer needed for decoupling compared to the optimal

height of the decoupling dipole. Having in mind the target MRI appli-

cation (with many parallel dipole antennas separated by the 3 cm gap),

we simulated the case of three dipole antennas above the phantom and

used either shortcut dipoles or SLRs to decouple them. Again, for finding
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Figure 2.23. H-field distribution inside the phantom: (a) reference structure when an-
tenna 1 is active and antenna 2 is loaded by 50 Ohm (in the figure antenna
2 is shown as active to be distinguishable from passive resonant dipole for
decoupling), (b) using the passive resonant dipole between antenna 1 and 2
for decoupling, (c) using the passive SLR for decoupling. The value of the
signal at the selected depth is marked. In case (b) it is nearly equal to that
in case (a), whereas in case (c) it is lower [IV] ©PIER.

the optimal decoupling conditions we varied the position of the passive

dipoles and SLRs. In this case, the optimal heights for decoupling dipoles

and SLRs over the antenna plane are h1 = 10 mm and h1 = 1 mm, respec-

tively. The simulation results for the mismatched and matched regimes

are shown in Figs. 2.24 and 2.25, respectively. We can see in these

Figure 2.24. Simulation results of three decoupled dipole antennas by two passive
dipoles and passive SLRs located exactly between them in the presence
of the phantom in mismatched regime: (a) decoupled structure by passive
dipoles located at 10 mm above the antennas, (b) decoupled structure by
SLRs located at 1 mm above the antennas [IV] ©Electromagnetic Waves.

figures, that the interaction between SLRs shifts the decoupling band to

lower frequencies. Moreover, SLRs should be located closer to the phan-
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Figure 2.25. Simulation results of three decoupled dipole antennas by two passive
dipoles and passive SLRs located exactly between them in the presence of
the phantom in matched regime: (a) decoupled structure by passive dipoles
located at 10 mm above the antennas, (b) decoupled structure by SLRs lo-
cated at 1 mm above the antennas [IV] ©Electromagnetic Waves.

tom in order to offer suitable decoupling. It automatically means a higher

parasitic effect of the magnetic field in the phantom. Fig. 2.26 depicts

the color map for the magnetic field inside the phantom (central vertical

cross-section, as well as above). In Fig. 2.26(a), the central dipole antenna

is active, whereas two edge antennas loaded by 50 Ω. In Fig. 2.26(b, c)

our decoupling elements are located between them (raised on the optimal

height h). From this figure, we see that decoupling by passive dipoles is

more advantageous due to the more uniform distribution of the magnetic

field. In the case of decoupling SLRs, we observe a rather pronounced

interference pattern – the SLRs are located closer to the phantom and

strongly disturb the signal field distribution. This distortion is especially

drastic in the case when the active dipole in the array of three dipole an-

tennas is the edge dipole (the central dipole antenna is loaded by 50 Ω).

Meanwhile, in the structure with two decoupling dipoles, the field distri-

bution in the phantom contain fewer features of wave interference.

In order to validate these theoretical predictions experimentally, two se-

tups have been fabricated and the operational characteristics measured.

The first step of this experiment was preparation and characterization of

the phantom with sizes 29 cm ×34 cm and material properties σ = 1.59

S/m, εr = 78. The phantom contained 0.9% solution of NaCl in distilled

water. Complex permittivity of the solution was measured using the pre-

cision dielectric measurement system SPEAG DAK-12 and a vector net-

work analyzer Agilent E8362C [36].

The main experimental setup is shown in Fig. 2.27. It comprises a vector

network analyzer VNA Rohde and Schwarz ZVB-20, two copper dipole an-

tennas excited at their centers through the coaxial cables, the fabricated

phantom, and the passive scatterer (either dipole or SLR) supported by
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Figure 2.26. H-field distribution inside the phantom: (a) reference structure when the
central antenna is active and distant antennas are loaded by 50 Ohm, (b)
using the passive resonant dipoles between antennas for decoupling, (c) us-
ing passive SLRs for decoupling [IV] ©Electromagnetic Waves.

Figure 2.27. Measurement setup for verifying the possibility of decoupling in the pres-
ence of the phantom [IV] ©Electromagnetic Waves.

foam over the phantom. The geometric parameters of the structure are

the same as in Table 2.3.

S-parameters of the dipoles (while either the passive dipole or SLR is

present) have been measured for different positions of the scatterer over

the antenna plane. In remarkable accordance with our numerical investi-

gation, the true decoupling (both matched and mismatched regimes) holds

when the passive dipole is distant by 20 mm and the SLR is distant by 10

mm from the antenna plane. The measurement results for the decoupled

structures in the mismatched case are shown in Fig. 2.28(a) in compari-
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son with simulations. For the matched case, the s-parameters of the de-

coupled structure are shown in Fig. 2.28(b). Similar to the simulation

results, measurement results prove the wider decoupling bandwidth by

using the passive dipole (2% relative decoupled bandwidth by adding the

passive dipole and 1.4% relative decoupling bandwidth by adding the pas-

sive SLR). The small discrepancy between our simulations and measure-

ments results from the mechanical support, fabrication inaccuracy and

the finite size of the real wave ports. However, in general, the measure-

ments confirm the simulated results in both matched and mismatched

regimes. Fig. 2.29 pictures the scanning setup. The scanning near-field

magnetic probe was a small loop antenna on a movable arm inserted into

the phantom. In this measurement, antenna 1, antenna 2, and the probe

were connected to channel 1 of VNA, to the matching load and to chan-

nel 2 of VNA, respectively. For measurements, first, the effect of cables

was taken into account via calibration. A probe – small loop antenna –

has been connected to the VNA port via RF coaxial cable attached to the

supporting arm. The scattering by the loop antenna distorts the magnetic

field it measures, especially if the loop is coupled to the supporting arm.

For scanning, the probe moved in a vertical plane orthogonal to the plane

of antennas measuring the horizontal component of H-field distributed in

the cross-section of the phantom. Similar to the simulation, first, the H-

field of the reference structure (equivalently fed antennas 1 and 2) was

measured.

Further, the H-fields of the decoupled structures (first, by the passive

dipole and, second, by the SLR) were measured, respectively. The results

are shown in Fig. 2.30. In the case of the SLR, the interference pattern is

more spread than in the case of the dipole, that matches the simulations

shown in Fig. 2.23; though this advantage is not as spectacular as it was

in simulations. Moreover, the penetration depth in our measurements

decreases when the decoupling dipole is replaced by the decoupling SLR.

Observed value of H at the depth ho = 50 mm for the reference structure,

for the decoupled structure with the dipole scatterer, and for the decou-

pled structure with the SLR are equal to 0.008 A/m, 0.008 A/m, and 0.004

A/m, respectively. The decoupling dipole does not affect the penetration

depth, whereas the SLR decreases it twice.

With these results in mind, one can conclude that the presence of the

phantom changes the preference for the decoupling scatterer. SLRs result

in higher parasitic magnetic field. decrease the penetration depth of the
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Figure 2.28. Measured and simulated results for the decoupled structure with a passive
dipole at height h1 = 20 mm and a passive SLR at h1 = 10 mm; (a) mis-
matched regime, (b) matched regime [IV] ©Electromagnetic Waves.

Figure 2.29. Measurement setup for measuring distributed magnetic field inside the
phantom [IV] ©Electromagnetic Waves.

Figure 2.30. Measurement results of the distributed magnetic field inside the phantom;
(a) the reference structure with two active dipole antennas. (b) the structure
decoupled by the passive dipole, (c) the structure decoupled by the SLR [IV]
©Electromagnetic Waves.
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pump signal, and even slightly shrink the operational band. The negative

impact of the decoupling dipole much lower – it allows the sufficient op-

eration band of 0.3 MHz and its parasitic magnetic field is out of phase

with the magnetic field of the antennas. Therefore the penetration depth

does not suffer. However, there is a qualitative difference in the magnetic

field distribution from the reference case. Therefore, in the next section,

our decoupling technique will be improved due to replacement of a single

straight wire by a metasurface of such wires.

2.3 Decoupling by metasurfaces

The main drawback of the decoupling with a single resonant scatterer

is high parasitic interference. Why it is so high? Though the scatterer

is passive the dipole antenna located aside it at the distance d/2 ≈ λ/60

induces a very high current in it. The radiation of the dipole array is engi-

neered so that to maximize the magnetic field (signal) in the region of in-

terest (ROI) – a part of the body to be imaged – and to minimize there the

electric field (that does not contribute to pumping and only causes the RF

thermal noise and the patient body heating). Therefore, the reference pat-

tern created by every dipole of the array should be maximally preserved in

presence of the decoupling structure. This pattern is schematically shown

in Fig. 2.31(a).

The current induced in the decoupling resonant dipole sketched in Fig.

2.31(b) by the active resonant dipole antenna located at the strongly sub-

wavelength distance has the opposite phase. As a result, the second dipole

antenna is isolated from the active one, but the scatterer reduces the to-

tal field compared to that produced by the active dipole as is illustrated by

Fig. 2.31(b). Formerly, it was shown that this distortion is even stronger

when the single decoupling scatterer is not a resonant dipole but a res-

onant split loop. Thus, the issue to be solved is the parasitic scatter-

ing as such that needs to be damped. Here, it is worth noticing that

known decoupling structures such as EBG or multipolar resonator from

works [13,27] grant a good compromise between the maximal isolation of

two adjacent antennas and minimal distortion of the RF-field pattern in

the ROI. Compared to the parasitic field created by a single scatterer they

practically do not radiate electromagnetic waves into the phantom. They

are excited by the near field of the active dipole and create basically the

near fields themselves. Their drawback in view of our application is their
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substantial size that demand the minimal room d ≥ λ/10 between two ad-

jacent dipole antennas. We need a decoupling structure which also would

not radiate but would be much more compact – its width is restricted by

d ≈ λ/33 at the central operational frequency.

The target of this section is to achieve the same level of isolation – at

least (-10) dB for two matched resonant dipole antennas – together with

much lower field distortion in the ROI compared to that corresponding

to the single decoupling dipole. The new structure must be very narrow

(maximal width is equal d), weakly coupled to propagating waves and

strongly coupled (via the near fields) to the active dipole 1 and matched

dipole 2. This is possible if the structure is a resonator supporting high-

order (not dipole-type) eigenmodes. We propose an ultimately dense array

of parallel wires of resonant length referred to as a metasurface (MS). At

the operational frequencies this MS supports high-order modes that can

be excited by our active antennas.

���

Figure 2.31. Schematic illustration of the proposed idea. (a) – Active dipole (its cross-
section is shown as a red spot) creates a desired RF-field pattern in a phan-
tom (the region of interest – ROI). (b) – Active dipole is isolated from another
(matched) dipole by a single passive scatterer (resonant wire). The field
scattered by the wire causes an RF-field interference destructive for imag-
ing the ROI. (c) – Decoupling is achieved by the excitation of a high-order
mode in the metasurface of multiple wires. Due to the strong confinement
of the field of the excited mode, the metasurface creates only near fields and
the desired field pattern created by the active dipole in the ROI is restored
[VI] ©IEEE.

2.3.1 Theory

Consider an array of M = N − 2 parallel scatterers performed as straight

wires (M ≤ 2). This structure is schematically shown in Fig. 2.31(c). De-

noting mutual impedances between antenna 1 and m-th scatterer as Z1m

we may write for the impedance of antenna 1 shared with both antenna 2

and the array of scatterers:

Zs
1 = ZM

I2
I1

+
N∑
3

Im
I1

Z1m. (2.23)
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For current Im induced in the m-th scatterer by antennas 1 and 2 we have

Im = κ1mI1 + κ2mI2. Therefore Eq. 2.23 can be rewritten as

Zs
1 = (ZM +

N∑
3

κ2mZ1m)
I2
I1

+

N∑
3

κ1mZ1m. (2.24)

Similarly, we may write for the impedance shared by antenna 2:

Zs
2 = (ZM +

N∑
3

κ1,N−mZ2,N−m)
I1
I2

+

N∑
3

κ2,N−mZ2,N−m. (2.25)

Since the scatterers 3, 4, ..., N are identical and located symmetrically we

have for mutual impedances of m-th and (N − m)-th scatterers with an-

tennas 1 and 2 the following identities:

Z1,N−m = Z2,m, Z1,m = Z2,N−m. (2.26)

The similar symmetry holds for the current response coefficients:

κ1,m = κ2,N−m, κ2,m = κ1,N−m. (2.27)

Substituting 2.26 and 2.27 into 2.25 gives for the shared impedance of

antenna 2 a relation generalizing Eq. 2.24:

Zs
2 = (ZM +

N∑
3

κ2mZ1m)
I1
I2

+

N∑
3

κ1mZ1m. (2.28)

The condition of decoupling of two antennas for arbitrary α = I2/I1 is

evident:

ZM +
N∑
3

κ1,N−mZ1m = ZM +
N∑
3

κ2mZ2,N−m = 0 (2.29)

or, equivalently, the generalization of Eq. 2.6 to the case when M > 1

ZM = −
N∑
3

κ2mZ1m.

It is worth repeating that the lack of one mutual impedance Z1m between

antenna 1 and m-th scatterer raised to a height h (h is of the order of d) is

reimbursed by the sufficient amount of such scatterers.

If and only if Eq. 2.29 is satisfied the shared (and input) impedances in

both antennas 1 and 2 will be independent of the currents in them and
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the shared impedances of two antennas are equivalent:

Zs
1 = Zs

2 =

N∑
3

κ1mZ1m.

Scatterers must be resonant, otherwise the mutual coupling of antennas

with them will be insufficient. An array of resonant scatterers offers more

opportunities for damping the parasitic impact of their dipole fields than

a single scatterer may do. First, the decoupling array can be sufficiently

raised which is most important because the near field of a dipole decays

very rapidly. Second, an array of resonant scatterers supports a set of

modes existing at different frequencies.

We have to find such an eigenmode of the MS that its total dipole mo-

ment is minimal – smaller than that of an individual scatterer. Since

the electric dipole creates higher radiation than higher multipoles, this

means that the needed mode is weakly radiative. Low radiation losses

imply the high quality of our MS considered as a resonator. The decou-

pling should be achieved at the eigenfrequency of the high-Q mode that

must be engineered in the operation frequency region.

This regime is obviously accompanied by a strong (resonant) concentra-

tion of local electric fields. Of course, the local electric field in the near

vicinity of each resonant scatterer will be high. However, it cannot be

harmful to the signal in the body and cannot create a parasitic specific

absorption rate. At the distances from the planar array larger than the

array period s the quasi-static electric field of the array elements is substi-

tuted by the consolidated wave field of the array that has no pronounced

local maxima and is rather spatially uniform [37]. This parasitic electric

field in the body will be lower than the field of a single scatterer located

at the same distance from the body and very low compared to the local

electric fields inside the MS.

2.3.2 Method

Eq. 2.29 gives us an analytical solution of complete decoupling between

two dipole antennas. However, the analytical calculation of Z1m (and con-

sequently κ1,N−m) is not possible. In fact, Eq. 2.10 is valid when two

dipole antennas are located in free space. It is not correct to use the same

equation when one of the dipoles is surrounded by other wires in the MS.

Also, analytically calculating mutual impedances between active dipoles

and between active dipoles and each wire in the MS is out of the scope of
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this dissertation. Therefore, having in mind the concept of decoupling us-

ing MS of wires (resonant passive dipoles or SLRs), one can numerically

find the best solution and verify it experimentally. To do that, we follow

these steps:

1. Finding the optimal number of wires in the MS. Notice that in the

presence of the phantom, the MS should be raised up over the plane

of active dipoles. In addition, there is limited space between ac-

tive dipoles and the camera wall in the MRI scanner. Therefore, the

number of wires in the MS should not be a few because the secondary

field created by this MS will be high in the phantom (only lower

modes are available); also the number of wires in the MS should not

be too many because there is a restriction for inter-element spacing

s between wires in the MS. In fact, s should be much higher than

the radius of wires, otherwise the MS seems to be a wide conduct-

ing strip that acts as a single scatterer. Considering these criteria,

we found five wires – N = 7 where 1 and 2 are dipole antennas –

the optimal amount of wires in the MS. More details are discussed

in Publication VI. Knowing the optimal number of wires, we could

calculate different excited modes of the MS using Eigenvalue Solver.

2. After finding different modes of the MS based on 5 wires, we located

the MS over the plane of two dipole antennas to verify the veracity of

the decoupling method in the presence of active antennas. Note that

the calculated eigenmodes are exact when a plane wave illuminates

the MS and using dipole antennas as sources may affect the exci-

tation of these modes. In Publication VI, we show that the induced

current over the wires of our MS excited by dipole antennas is so

similar to that one induced by a plane wave. In this case, by chang-

ing the distance between the MS and antennas, different modes of

the MS are excited at the required frequency. Both MS constituted

of straight wires and MS constituted of SLRs are checked in this

situation.

3. Finally, we add the phantom to the structure and find the exact posi-

tion of the MS where a high order mode (which grants us decoupling)

is excited at 300 MHz. Then, we calculate the secondary magnetic

field created by this MS and compare it with that of the single scat-

terer. For this part, only MS of straight wires is discussed because

the result of the case based on MS of SLRs is almost the same as
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Figure 2.32. Eigenmodes of MS composed of 5 half-wave wires: top row – phases of wire
currents; bottom row – transverse-plane magnetic field magnitude patterns
[VI] ©IEEE.

that of the MS of resonant passive dipoles.

2.3.3 Numerical study

Eigenmodes

In absence of the body phantom the analytical model allowed us to find

the eigenmodes of the MS with a home-made Matlab code and to identify

these modes excited by the active dipole in the presence of the matched

dipole (second dipole antenna) to be isolated. The phase of the currents

in the wires of the proposed MS composed of 5 half-wave wires and re-

spective near magnetic field distributions corresponding to five different

eigenmodes were calculated. The results are shown in Fig. 2.32.

Five wires of our MS are electromagnetically coupled very strongly be-

cause the MS period is as small as s = d/4 ≈ λ/120. As a result, the MS

supports 5 hybridized eigenmodes [38]. These modes have very different

magnetic field patterns which allow us to easily classify them. The mul-

tipolar nature of these modes is clear from Fig. 2.32 which depicts by the

colors the phases of the currents in the wires at all five eigenfrequencies

and the corresponding magnetic field patterns (distributions of the mag-

nitude) in the central transverse plane. With all wire currents flowing

in phase, mode 1 is the electric dipole mode. As we expect, in terms of

decoupling, this mode behaves similarly to a resonant mode of a single

scatterer. Mode 2 is anti-symmetric in terms of the current distribution.

It is the combination of an off-diagonal (zx-component of the tensor) elec-

tric quadrupole and a magnetic dipole oriented along y. The values of

the quadrupole and magnetic dipole moments in this mode are balanced

that makes the off-diagonal electric quadrupole and the magnetic dipole

not distinguishable if we inspect the electromagnetic fields in the central
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transverse plane (H-plane of the array) [39]. The currents of this mode

create in this plane the magnetic field identical to that of a horizontal

loop of the same length [40, 41]. The higher modes (3–5) are character-

ized by faster spatial oscillations of the effective surface current across

the metasurface. These oscillations are visible in Fig. 2.32. Mode 3 is

the balanced combination of an off-diagonal magnetic quadrupole and an

electric dipole, mode 4 and 5 are combinations of all these multipoles and

multipoles of higher order.

As we expected, when the mode order increases the corresponding elec-

tromagnetic field better concentrates around the MS. It becomes weakly

coupled to plane waves and its radiation decreases. Despite the radiation

of the high-order mode is low, their near fields at the distance compara-

ble to one period s from the wires are high. It means that depending on

the height h of the MS one of the high-order modes can couple to both

active and matched dipoles through the near field. At the same time, once

excited, such the mode should not create the noticeable field in the ROI

because the decoupling MS should be sufficiently raised over the plane of

our antenna array. The mode near fields vanish along the path from the

MS to the body, whereas the far fields of the mode are negligibly small

(in the eigenmode solver they do not arise at all if the eigenfrequency is

real). The number of five dipoles in the MS is the result of optimization

– details about MS with M elements varying from 3 to 6 are presented in

Publication VI. Note, that the same study was also done for a MS of M

SLRs.

Decoupling by MS in free space

Here, we discuss only an MS of resonant straight wires, though the same

procedure was applied to an MS of SLRs (see Publication V). As mentioned

above, the presence of dipole antennas as sources does not change the

behavior of eigenmodes drastically. In this case, depending on the height

h of the MS over the antenna plane, every mode of our MS is excited

at different frequencies. To study the decoupling potential of different

eigenmodes, we have calculated the mismatched S12 coefficient, the true

isolation coefficient S∗
12 (corresponding to the case when both dipoles are

matched to 50 Ohm impedance of the external circuit) and the magnetic

fields created in free space when the active dipole is fed in the frequency

range 285–305 MHz. In this study the MS height h varied from 0 to 40

mm.
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Figure 2.33. Results of semi-analytical calculations of the isolation levels and fields pro-
vided by the MS of N = 5 wires in free space and their comparison with the
case of a single wire scatterer. (a) – Coupling coefficient in the mismatched
regime |S12| versus frequency. Nine characteristic decoupling regimes are
numbered. (b) – Magnetic field patterns of the active dipole in presence
of the decoupling MS in these regimes (nine panels correspond to nine
regimes). (c) – Actual isolation of two matched dipoles is seen in the plots of
|S12|∗ versus frequency. (d) – Dependence of |S12|∗ on both height h of our
MS and frequency [VI] ©IEEE.

In accordance with the discussions above, an object of comparison is a

single resonant wire serving as a decoupling scatterer. It can be shown

that it affects S12 of the two dipoles only around one frequency, i.e. the

frequency of its resonance at 298.9 MHz (case 1 in the first plot in Fig.

2.33(a)). At the same frequency, it provides |S12|∗ = −32 dB at the optimal

height h = 9.5 mm as shown by the dashed curve in the second plot in Fig.

2.33(c). The corresponding field pattern (case 1) is shown in Fig. 2.33(b).

It can be seen that the passive scatter produces an equally strong field

as the active dipole. But since it is excited with the opposite phase it not

only cancels the induced current in the matched dipole, it also causes the

strong parasitic field beneath the antenna plane.

Now let us change h of our MS, see the differences and explain them

in terms of the excited eigenmodes. This discussion will identify at which

frequencies high-order mode enables the decoupling and how the parasitic

magnetic field beneath the antenna plane changes compared to the case

of a single scatterer.

The results of parametric variation of h are shown for S∗
12 in Fig. 2.33(d).

From this plot it is clearly seen that there are two areas, where isolation
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is provided, i.e. |S12|∗ < −10 dB: the broadband region for h from 25 to

35 mm and the narrowband region for h from 6 to 13 mm. To under-

stand these decoupling mechanisms let us discuss the frequency behav-

ior of S-parameters and related magnetic field patterns. Any excitation

source coupled to the MS generally excites a linear combination of modes

depicted in Fig. 2.32. Once, the mode fields are known, the complex co-

efficients of this linear combination at an arbitrary frequency can be cal-

culated numerically using expansion into eigenmodes. However, our goal

was limited to identification of the mode, which is mostly responsible for

strong isolation in different regions of Fig. 2.33(d) without quantitative

determinations of specific eigenmode contribution to the dipole field in-

side a phantom. It is well known that in the case of a high-quality factor

(narrowband resonance) and in absence of mode degeneration, the contri-

bution of a mode around its resonance frequency is dominant. This fact

allowed us to identify modes by comparing the pattern of the field excited

by the dipole in the MS in any regime of interest, to eigenmode fields pre-

sented in Fig. 2.32. In fact, the excitation of all the modes of the MS can

be observed in the frequency dependence of the mismatched S-parameter

S12. Such curves are shown in the second, third, and fourth plots of Fig.

2.33(a) for h =35, 26 and 8.5 mm correspondingly.

When the height of the MS is as large as 35 mm one observes two rel-

atively shallow minima of |S12| at 287 and 294 MHz (panels 2 and 3 in

Fig. 2.33(b)). One can check that the true isolation level reaches -10 dB at

both these frequencies. Looking for the field pattern in panel 2 and com-

paring to Fig. 2.32 one can conclude that the first minimum is achieved

due to excitation of the dipole mode of the MS. Since the MS has multiple

wire currents instead of one this regime corresponds to higher h than in

case 1 (single scatterer). This case 2 is not the regime we are looking for,

because it is similar to decoupling using just one scatter. All the currents

in the MS wires are induced in phase, but with the opposite phase to the

active dipole. However, this side result can be a useful modification of

the single-wire approach as explained below. The second minimum de-

coupling is provided by the excitation of mode 2, which is evident from

the corresponding field pattern (see panel 3 in Fig. 2.33(b)).

As h reduces, the two shallow minima of |S12|∗ merge into one at 292.6

MHz as can be seen in Fig. 2.33(d). The cut of this diagram at h = 26

mm is shown in the second plot of Fig. 2.33(c), where the best isolation

of -55 dB is reached. At this height there is only one relatively broad
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decoupling band, which is much broader than one provided by a single

scatterer (compare to the dashed curve on the same plot). The decoupling

band measured at the level |S12|∗ = −10 dB is 4.7 times broader with the

MS of five wires than with the single scatterer (2.8 MHz instead of 0.6

MHz). This broadband decoupling can be explained by degeneration of

modes 1 and 2, which can be observed in case 4 marked in Fig. 2.33(c),

where the field in the vicinity of the MS is a superposition of the symmet-

ric mode 1 and anti-symmetric mode 2. Moreover, it is worth noting that

at any h there is a frequency where instead of decoupling the MS leads to

almost full transmission between the dipoles (|S12|∗ is close to 0 dB). This

regime is shown by a dash-dot red curve in Fig. 2.33(d). The example of

this regime for h = 26 mm is case 5. From Fig. 2.33(b) one can deduce

that this transmission is also provided by the resonant excitation of mode

2.

Our analysis based on Fig. 2.33(b) shows that at heights h ≥ 25 mm

decoupling in the proposed MS is achieved due to modes 1 and 2 (cases 2

and 3), or their combination in the particular case (case 4). Since the fields

of these modes are not confined in the vicinity of the MS these modes are

not better than the dipole mode of a single scatter. Neither mode 1 nor 2

can solve the problem of field distortion in the phantom. So, let us now

investigate the effect of high-order modes – with the order of 3 and higher.

Excitation of the high-order modes 3–5 affects |S12| at any h if only the

frequency is close to the corresponding resonances. Thus in the third plot

of Fig. 2.33(a) the cases 6,7 and 8 correspond to these higher-order modes.

Despite h = 26 mm they do not isolate efficiently (|S12|∗ ≈ −2 dB), the cor-

responding modes are clearly excited. One can recognize their field pat-

terns by comparing the plots in panels 6, 7 and 8 of Fig. 2.33(b) with the

mode fields depicted in Fig. 2.32. Inspecting the diagram of Fig. 2.33(d)

one can conclude that efficient isolation is possible only at the resonance

of mode 4 for the heights between 6 and 13 mm. The optimal height for

this mode is h = 8.5 where |S12|∗ = −16 dB is achieved. The field pattern

corresponds to case 9 in Fig. 2.33(d). At the level of (-10) dB for coupling

coefficient the band of decoupling is only 40 kHz. This band is insufficient

than that required for MRI in the range of 300 MHz. However, in pres-

ence of the phantom this band will be definitely broader i.e. the mode 4

should be considered as promising.

Therefore we can make the next conclusion. Despite all high-order modes

3,4 and 5 can be excited at their resonant frequencies, only mode 4 leads
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to the decoupling of two dipole antennas with both suitable confinement

of the magnetic field and though narrow but reasonable bandwidth. This

fact can be explained by achieving at h = 8.5 mm the optimal coupling co-

efficient between this mode and the dipoles, which is impossible for modes

3 and 5. Therefore, mode 4 does provide the desired high-order mode de-

coupling regime (case 9), which is the main result.

Decoupling by MS in presence of the phantom

In presence of the phantom our semi-analytical model is not applicable,

and for this case full-wave numerical simulations were performed. The

phantom was located 20 mm below the plane of the dipoles. Hereinafter

we consider the MS composed of N = 5 wires with the separation of 7.5

mm. All other parameters are the same as before. The same paramet-

ric variation of the MS height h was repeated numerically to find the

optimal height providing the best isolation. The results confirm that in

the presence of the phantom the same two decoupling regimes are avail-

able: a relatively broadband low-order mode regime of decoupling due to

the excitation of modes 1 and 2 at the same frequency and a relatively

narrowband high-order regime of decoupling due to mode 4. The said is

confirmed by |S12|∗ vs. frequency plots calculated for two corresponding

optimal heights h = 30 and 10 mm, shown together with the results for

the absence of decoupling and the single decoupling scatterer cases in Fig.

2.34. The insets in the plot represent the magnetic field patterns created

by the active dipole in the vicinity of the MS near the corresponding reso-

nance frequencies (cases 4 and 9 in Fig. 2.34).

Comparing to cases 4 and 9 in Fig. 2.33(b) one can see that excitation

of the same modes is responsible for decoupling in presence of the phan-

tom: the combination of modes 1 and 2 at h = 30 mm (case 4) and mode

4 at h = 10 mm (case 9). Thus, in presence of the phantom, the MS pro-

vides the same low- and high-order decoupling regimes, where the latter

is, again, due to excitation of mode 4. Therefore, this desirable regime is

stable to the presence of the phantom. Meanwhile, the optimal frequen-

cies and heights obtained analytically in free space and numerically with

a phantom are slightly different. With the phantom, the combination of

modes 1 and 2 provides |S12|∗ = −28 dB at 297.7 MHz, while mode 4

reaches the isolation of -18.6 dB at 282.6 MHz with the suitable band. At

the level |S12|∗ = −12 dB the band is close to 200 KHz, at the maximal

allowed level of |S12|∗ = −10 dB the decoupling band is very broad. So,
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Figure 2.34. Numerically calculated |S12|∗ of two dipoles in presence of phantom without
decoupling, with single scatterer and with MS at h = 30 and 10 mm. Insets
demonstrate normalized magnetic field patterns created by the active dipole
in corresponding cases indicated by numbers similarly to Fig. 2.33(b) [VI]
©IEEE.

besides the better confinement of the secondary magnetic field, the MS

with the mode 4 better suppresses the coupling between antennas 1 and

2 than the single dipole does.

Now let us compare the effect of each of the considered decoupling regimes

on the magnitude and distribution of the magnetic field in the phantom.

The normalized H-field patterns are presented in Fig. 2.35. While the

depth of the phantom in the simulations was 400 mm, the region of inter-

est (ROI) was chosen to be a layer at the depths from 40 to 80 mm from

the phantom surface. The ROI is indicated in Fig. 2.35 by a dashed-line

contour. The reference case is shown in Fig. 2.35(a), where a single active

dipole at the height 20 mm over the phantom creates in the ROI a rela-

tively homogeneous field. The aim of our decoupling method is to provide

a similar pattern in the presence of a matched dipole (while keeping the

isolation between the dipoles on the level |S12|∗ < −10 dB). In the pres-

ence of the matched dipole 2 at the distance d ≈ λ/30 from the dipole 1

the field distribution does not degrade in terms of homogeneity as shown

in Fig. 2.35(d). However, the magnitude |H| in the middle of ROI normal-

ized by the square root of the accepted power reduces by 40%. In addition

to poor isolation with |S12|∗ = −5 dB, it clearly indicates that a decou-

pling structure is really required. Note that in Fig. 2.35 all the patterns

are normalized by the maximum value to compare the homogeneity of the
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H-fields.

When the dipoles are decoupled by a single scatterer located at its opti-

mal height the isolation reaches (-30) dB, but there is a strong distortion

of the signal magnetic field in the ROI due to the destructive interference.

When the MS operates at the frequencies where modes 1 and 2 are com-

bined we have a more broadband decoupling with the isolation level (-28)

dB. Recall that the dipole mode 1 creates scattering similarly to the sin-

gle dipole scatterer. Therefore, in this range, as it is seen in Fig. 2.35(c),

similarly to a single scatterer a local minimum of the signal field appears

due to the same destructive interference. Due to the contribution of mode

2 it appears only in the left part of the ROI, and the minimum is not as

deep as that due to a single scatterer. Indeed, in Fig. 2.35(c) the field in

the minimum is higher than at the corresponding point in Fig. 2.35(b).

So, the combination of modes 1 and 2 of the MS is favorable compared to

the single scatterer. The difference 2 dB in the coupling coefficient is not

so important on the level of about (-30) dB. Now let us consider the most

favorable regime of decoupling, that based on the excitation of mode 4.

For the optimal height h = 10 mm, the normalized magnetic field in the

phantom corresponding to case 9 with the isolation of (-18.6) dB at 282.6

MHz indicated in Fig. 2.34 is shown in Fig. 2.35(e). It can be seen that

the field in the ROI becomes homogeneous. The interference minimum

is not completely absent but it is sufficiently spread. Using mode 4, one

can reduce the destructive interference in the phantom keeping the high

isolation improvement – 13 dB compared to the reference case (without

decoupling structure).

The high-order mode decoupling can be used in two versions. For the

first one, at h = 10 mm the best isolation improvement is achieved (at

the operating frequency the coupling coefficient decreases by 13 dB) with

noticeably lower field distortion in the ROI as compared to the case of the

single decoupling scatterer. However, the parasitic interference is still

visible in the top part of the phantom. In the second version h = 15 mm

and the isolation keeps on the target level of -10 dB (improvement of the

isolation is only 5 dB ). However, in this regime, the parasitic field created

by our MS is practically absent in the whole phantom.

2.3.4 Experimental verification

In order to study the decoupling regimes of the MS and to compare the

proposed technique to the single-scatterer decoupling, we have measured
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Figure 2.35. Simulated magnetic field patterns normalized by the maximum in the cen-
tral axial slice of the phantom: (a) reference case of one dipole; (b) active
dipole and matched dipole decoupled by a passive scatterer; (c) the same
but decoupled by MS in which modes 1 and 2 are excited (h = 30 mm); (d)
the same when the MS is located at the optimal height h = 10 mm and the
excited mode is mode 4; (e) the same when the height is h = 15 mm [VI]
©IEEE.

the s-parameters of two dipoles and the field patterns created by the ac-

tive dipole in the presence of our MS with 5 wires and the single scatterer.

The experimental setup with the liquid phantom, two dipoles, and the

five-wires MS is shown in Fig. 2.36 (geometric parameters and phantom

electromagnetic features are the same as simulation).

The measured isolation |S12|∗ at the frequencies of the low-order mode

and high-order mode decoupling regimes of the MS (measured frequencies

280 and 293 MHz) depending on the height h are shown with marker

curves in Fig. 2.38. As one can see, there is a good comparison between

the achievable isolation levels in both regimes. The MS can decouple with

the isolation of around -30 dB at h = 30 mm.

First, we discuss our auxiliary results. The experiment shows the pres-

ence of a low-order decoupling regime which confirms our theoretical pre-

dictions. Indeed, as follows from Fig. 2.37(d) the measured magnetic field

pattern in the phantom looks similar to one in the case of the single scat-

terer (compare to Fig. 2.37(b)), though the minimum is not as sharp in the

left part of the ROI, as the theory predicted. However, qualitatively the

measured patterns are in a quite good agreement with the simulations

presented in Fig. 2.35. We confirmed that our MS in the regime of modes

1 and 2 operates similarly to a single scatterer.

The main result is a more narrow-band (however, with the suitable

bandwidth) high-order decoupling regime. In accordance to the theory

is holds due to mode 4 and the experiment confirms this regime. Here

the experimental optimal height is not h = 10 but h = 15 mm, when the

isolation reaches -18 dB. The measured field pattern in the phantom is
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Figure 2.36. Experimental setup for measurement of normalized magnetic field patterns
created by the active dipole in liquid phantom (in the left top inset the photo
of both active and matched dipoles are shown; in the top right inset the MS
photo is demonstrated) [VI] ©IEEE.
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Figure 2.37. Measured magnetic field patterns normalized by the maximum in the cen-
tral axial slice of the phantom: (a) reference case of one dipole; (b) active
dipole and matched dipole decoupled by a passive scatterer; (c) the same
but decoupled by MS with modes 1+2 (h = 30 mm); (d) the same but decou-
pled by MS with mode 4 (h = 15 mm) [VI] ©IEEE.

shown in Fig. 2.37(c). The field distribution in this case is much closer to

the target field (created by an individual active dipole) as compared to the

case when the active and matched dipoles are decoupled by a single scat-

terer (and by the same MS operating with the low-order modes). There-

fore, while reaching good isolation, mode 4 of the MS was experimentally
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Figure 2.38. Numerically calculated and measured |S12|∗ vs. height h of two dipoles in
presence of phantom at resonant frequencies corresponding to: the combi-
nation of modes 1,2 (297.7 MHz) and mode 4 (282.6 MHz) [VI] ©IEEE.

shown to create the needed effect. The difference of the optimal height

for this mode from that predicted by the simulation can be explained to a

very high sensitivity of isolation to the level of liquid in the phantom, that

was difficult to control in the experiment with the needed accuracy. We

note that there are also some quantitative discrepancies between the sim-

ulated and measured H-field patterns. These were caused mainly by the

cable effect of probes, small deviations in the positioning of the dipoles

over the phantom and, perhaps, penetration of the dust into the latter

one. Nevertheless, qualitatively all theoretical predictions where experi-

mentally confirmed. .

2.4 Conclusion of the chapter

In this chapter, we have suggested and studied the passive decoupling

structure for two and/or three electric dipole antennas operating in the

regime targeted to the 7 Tesla MRI. We have developed the analytical

model of passive decoupling in an array of two and three resonant dipole

antennas in free space. It is shown that decoupling of two and three par-

allel resonant dipoles is possible using one and two, respectively, simi-

lar passive dipoles (straight wires). The same idea by using split-loop

resonators instead of passive dipole was also developed and resulted in

the wider operation band of the decoupled array. Comparing the perfor-

mance of these two decoupling elements in presence of a body phantom,

it was shown that resonant passive dipole creates lower parasitic field in-

side the phantom in the decoupled regime, whereas the advantage in the

bandwidth granted by the SLRs in free space is lost in presence of the

phantom. Though the decoupling dipoles in this case operate better than
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the decoupling SLRs, still they produce too high parasitic scattering in

the body. Therefore, the decoupling for a practical structure has been per-

formed by a planar array of parasitic resonant scatterers – metasurface.

For generality, the decoupling of an array in free space using the MS of

resonant dipoles and that of SLRs was studied. Knowing the advantages

of decoupling based on different decoupling modes in the MS, we selected

the most promising MS of 5 parallel wires. This metasurface remains the

optimal decoupling structure also in presence of the phantom. When it

is located at the optimal height over the antennas placed closely to the

inspected body a high order mode can be excited in this MS that performs

the decoupling and produces a sufficiently low parasitic field inside the

phantom. As a result, a passive decoupling method based on the MS for

decoupling tightly arranged dipole antennas with the distance 1/33 of the

operation wavelength between them has been proved.
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3. Decoupling of loop antennas

3.1 Simple loop antennas

3.1.1 Circuit model

As we have already discussed for scanning many parts of the human body

such as the knee, hand, foot and head, arrays of loop antennas or a combi-

nation of loop and dipole antennas are preferable compared to the dipole

arrays even in UHF MRI. To make a simple coil – loop antenna – resonant

at a specific frequency, one needs to add a capacitance (or a couple of them)

to it. Fig. 3.1(a) shows the schematic view of a conventional coil of a cir-

cular wire and a capacitor. Circuit models of this coil in the transmitting

and receiving regimes are shown in 3.1(b) and 3.1(c), respectively. When

this coil receives a signal from an external source, this signal induces an

electromotive force (EMF) in the coil. This EMF creates a current over

the antenna which is highest at the resonance. This is so because the

LC-circuit is series and the induced EMF at the resonance is loaded only

by the radiation resistance Rrad (for a typical loop used in UHF MRI with

diameter 15-20 cm resonating in the range of 300 MHz it is the value

of the order of 10 Ohm) and the input impedance of the receiving net-

work. Usually it is real and equal 50 Ohm, however, in order to transfer

the maximal power to the network one needs the matching regime. The

matching circuit equates the impedance of the receiving network equal

to Rrad. A so small impedance is loading the induced EMF meaning that

the induced current is very high. Therefore, the secondary field created

by this current around the receiving loop is also high. This inter-channel

scattering in an array of loops creates high cross-talks and parasitic dis-

sipation of energy. One way to reduce this current is to use a preamplifier
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Figure 3.1. (a) Schematic view of a resonant conventional coil – red-dash line represents
the connection to the source in the transmission regime; – blue-dot line rep-
resents the connection to the receiving system in the reception. (b) Circuit
model of the conventional coil in the transmission regime. (c) Circuit model
of the conventional coil in the reception.

which effectively increase the loop resistance and the absolute value of

the impedance seen by the induced EMF at the resonance drastically in-

creases. It results in the reduction of the induced current. However, these

preamplifiers are narrow-band, difficult to tune and expensive. Therefore,

for an array of simple coils with series resonance the coupling problem is

ultimately keen.

It can be thought that it is not so keen if we connect the loading capacitor

in parallel to the antenna input. Then the inductance of the loop resonates

with it in parallel, and the resonant impedance is much higher than Rrad.

However, this is the impedance of the antenna seen by the receiver. The

current in the receiving network at this parallel resonance is really low,

but the current in the loop will be as high as in the case depicted in Fig.

3.1(a). The induced EMF will see this tuning capacitance similarly to the

capacitance located on top of the loop. Though this scheme of the loop

tuning is usable in the antenna technique, it is rarely applied in MRI. It

can be advantageous only in the case when the loop is very small and,

therefore, inefficient. For example, if the operation frequency is about

300 MHz and the loop diameter is 10 cm or smaller, Rrad is of the order

of 1 Ohm or lower. In this case, the shunting capacitor allows to match

the loop with the 50 Ohm antenna port raising its input resistance at the

parallel resonance up to 50 Ohm. This is an only advantage granted by

this location of the tuning capacitor, and it is evidently not suitable for

transceiver arrays.
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The design solution when the operation frequency is engineered equal to

that of the loop fundamental resonance is also not very suitable. Though

the fundamental resonance of a loop antenna is the parallel one and at

this frequency the induced current in the receiving loop is small, this res-

onance holds when the loop diameter is larger than λ/3. So big loops (di-

ameter close to 40 cm if the operation frequency is equal 300 MHz) cannot

be practically used in the MRI arrayed coils. Multiturn loop antennas

are not very helpful. Well, they also have the fundamental resonance of

parallel type and even two turns would offer to a loop with suitable diam-

eter (15 cm) resonating at nearly 300 MHz. However, multiturn resonant

loops though popular as receiving antennas in telecommunications and

RF sensing are not suitable in transceiver arrays [1]. It is so because the

electric dipole mode (see below) is very pronounced in their current distri-

bution at the resonance frequency. Therefore, the ratio of the electric and

magnetic components of the near electromagnetic field is not low. At the

resonance frequency the electric field between the turns of the spiral of

such the loop is very high and results in the high Ohmic loss in it. Losses

are especially high in the transmission regime when the loop is radiat-

ing and the loop current must be high enough. Thus, one needs either

to invent a more efficient magnetic-type antenna with the parallel reso-

nance than the multi-turn loop or to decouple somehow the conventional

single-turn wire loops.

3.1.2 Decoupling methods

Let two loops 1 and 2 are coupled. Then loop 1 creates the the magnetic

flux density B in the area A of loop 2, that implies the electromotive force

V induced in loop2:

V = −dΦB(t)/dt, (3.1)

where the magnetic flux created by loop 1 in the area of loop 2 is as follows:

ΦB =

∫
A
B(r, t) · dA. (3.2)

Here A is the vector of the second loop area. In the quasi-static approx-

imation one can cancel this magnetic flux by partial overlapping loops 1

and 2 – in the coaxial part of loop 2 and in its the coplanar part the flux

will have different signs. As a result, the induced EMF vanishes and the

antennas are decoupled. However, this method has the following limita-

tions:
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Figure 3.2. Schematic view of a head coil loop array arranged in cylindrical geometry.

• In arrays forming cylindrical chains as in Fig. 3.2 overlapping the

loops works not so well as in linear arrays, mutual inductance is not

completely damped. This may cause problems even in 3 T MRI.

• This method decouples in principle only neighboring antennas. Non-

neighboring antennas still have non zero magnetic flux over each

other even in linear chains where the level of coupling keeps notice-

able though acceptable for 1.5 and 3 T MRI.

• This method resolves the issue only for small loop antennas which

are not very efficient (for transmission regime in MRI). If we want to

enhance the loop antenna efficiency and perform it with the perime-

ter larger than λ/3 (here λ is operational wavelength) the current

distribution over the loop becomes non-uniform (one may introduce

lumped capacitors to compensate for this non-uniformity, yet these

capacitors tolerate limited power and restrict the flexibility of the

coil). Then the other multi-pole modes besides the magnetic dipole

arise in the loop. Below the frequency of the fundamental loop res-

onance the electric dipole mode is the most important among them.

Consequently, the coupling between high-efficiency loop antennas

comprises both magnetic and electric components. In this case, over-

lapping the loops though may nullify the magnetic coupling does not

affect the electric coupling [42]. The electric coupling may be criti-

cal for antennas with the diameter larger than λ/10 even if they are

overlapped so that to nullify the mutual inductance.

For two loop antennas rotating the second loop around the normal axis

allows one to reduce the electric coupling. However, it does not work in

the multi-element chains like that depicted in Fig. 3.2. The electric cou-

pling may be also compensated if we reduce or increase the overlapping

compared to that corresponding to the absence of the mutual inductance.
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Figure 3.3. Schematic view of initial high impedance coil.

However, in this case the magnetic coupling is not fully compensated and

one has to accept a certain unavoidable coupling in the arrayed loops.

For small loops having a modest effectiveness this compromise may be

acceptable. However, for arrays of RF coils of magnetic type with high

effectiveness operating at frequencies when the diameter of the coils is

close to λ/5 or larger, the problem of coupling demands better technical

solutions. Several decoupling methods have been introduced in the litera-

ture for such arrays, most of which are expensive or complicated. We have

already discussed this issue in the introduction.

Recently, a new type of loop antenna constituted of coaxial cable has

been suggested. The idea of this loop antenna is the basic idea on which

the present section is built. It is self-decoupling due to the parallel reso-

nance which holds well below the frequency at which the loop perimeter

is equal λ and without a capacitor shunting the antenna input. This be-

comes possible because the circular loop is performed of coaxial cable. Fig.

3.3 shows this novel shielded loop antenna.

In [6], this coil is named high impedance coil (HIC) and introduced as

a receiving antenna for 3 T MRI. It is made of a coaxial cable and has

a split in the shield on top of the loop. Though this work is seminal it

comprises a conceptual mistake. Namely, it is claimed that this method

is not suitable for 7 T MRI because the central conductor for operating

at 300 MHz should be too thick and such the coil would be impractical.

This claim was short time after overturned in work [43]. Moreover, the

underlying physics of the HIC not been clarified comprehensively in this

experimental work. The question why the authors did not try to use this

HIC as a transceiver coil has not been answered.
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Below the physics of the initial HIC from [6] is explained comprehen-

sively. Moreover, the modification needed so that to use this type of coils

as transceivers will be done and discussed in details. In the next section,

we discuss the performance of the HIC in the receiving regime. We show

that a low-impedance receiver connected to its port is necessary to sup-

press the current on the coil shield in the receiving regime. Then, we will

explain the performance of the basic HIC in the transmitting regime and

point out the possible ways how to make this coil suitable for transmit

regime as well. We aim to introduce a modified HIC working for 7 T MRI

operating similarly good (much better than the conventional coils) in both

transmit and receive regimes. After proper modification of the basic HIC,

we have fabricated and measured the performance of an array of 8 HICs

dedicated for scanning the human head in a 7 T MRI scanner. Next, we

introduce a qualitative extension of our transceiver HIC – a dual-band

high impedance transceiver coil (dual-band HITRC) which works both in

the transmit and receive regimes with excellent isolation coefficient S12

allowing the scanning of two chemical elements. Finally, we study the ap-

plicability of the modified HIC to prospective systems of wireless power

transfer.

3.2 Analysis of the initial High Impedance Coil

3.2.1 Receive regime

The idea of HIC in the receive regime means that we should design the

coil in a way that induced EMF sees a very high input impedance. In fact,

in MRI application, the signal received from the human body (echo-signal)

manifests itself as the induced EMF in the coil. The aim is to transfer this

EMF to the receiver network without a noticeable current on the exterior

part of the shield. If the induced EMF creates the current on the shield,

there will be a secondary radiated field. It will be transmitted to the body

creating a parasitic pump signal and to the neighboring coils creating

the cross-talks and parasitic dissipation we have already discussed. To

prevent this current, we need to capture the induced EMF loading it by a

huge resonant impedance.

In other words, the concept of HIC in the receive regime means that the

coil is designed so that the impedance loading the EMF is much higher
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than the mutual impedance between two receiving coils. Therefore, most

induced EMF is transferred to the receiving system, while a small amount

of this induced EMF is applied to the mutual impedance. In the case of the

conventional coil, one often connects a preamplifier to the coil as a part of

receiving system which makes the resonant impedance loading the EMF

equal to |Zin| = Rrad + Rpreamp where Rpreamp is very high. This way one

may engineer the effective self-impedance of the order of 10 000 Ω while

the mutual impedance of two coils is of the order of 1-10 Ω. However, the

operating bandwidth of a preamplifier where it can operate as a linear el-

ement with huge resistance is narrow and difficult to tune. To achieve the

same goal for wide operating bandwidth and without expensive pream-

plifiers, one may use the parallel resonance granted by the HIC in the

receive regime.

Fig. 3.3 shows the initial HIC presented in [6]. In this figure, points A

and B are the feeding points in the transmission regime. In the receiv-

ing regime they are points to which the receiving network (including the

matching circuit) is connected. Points m and m′, respectively, represent

points (in the left and right halves of the coaxial cable, respectively) lo-

cated on the edges of the split shield. Points n and n′ are located on the

central conductor (in the left and right halves of the coaxial cable in front

of point m and m′, respectively). Point G is located on the inner surface

of the shield so that the distance GA is equal to GB. Due to the problem

symmetry, this point can be considered as a virtual ground.

For simplicity, let us discuss the case when this coil is illuminated with

a plane wave whose magnetic field is aligned with the coil axis. Illumi-

nated by the plane wave, an EMF is induced over the exterior surface of

the shield. This induced EMF creates an induced current over the exte-

rior part of the shield. This current first feels the inductance due to the

length of the shield. In [6] size of the coil is small compared to the operat-

ing wavelength and calculating the inductance of the exterior part of the

shield is as follows:

Lshield ≈ μ0r0(ln
8r0
b

− 2). (3.3)

Where μ0 stands for free-space permeability, r0 is radius of the loop and b

is radius of the cable.

When induced current reaches points m and m′ it obviously flows around

the edges to the inner side of the shield and induces the backward current

in the central conductor of the cable. To make a closed path, the current

89



Decoupling of loop antennas

Figure 3.4. (a) Circuit model of the basic HIC in the receive regime. (b) The simplified
circuit model of the coil.

sees the impedance between points m and n and then the impedance of

the wire connecting points n and n′ and finally the impedance between

points n′ and m′. The impedance between points n and n′ is very small

and mainly inductive; we neglect it in our circuit model [42]. The impe-

dance between points m and n is equal to the input impedance of the

transmission line (left half of the coaxial cable) seen from these points.

The impedance between points m′ and n′ is equal to the input impedance

of the transmission line (right half of the coaxial cable) seen from these

points. To calculate these impedances, we implement the theory of trans-

mission lines and draw the coil circuit model, as shown in Fig. 3.4(a).

In this figure, we show the circuit model related to the outer side of the

shield by blue color (LShield and Rrad represent, respectively, the induc-

tance of the outer side of the shield and the radiation resistance of the

coil). The circuit corresponding to the interior of the cable – inner side of

the shield and inner wire – is the transmission line with CTL and LTL as

capacitance per unit length and inductance per unit length, respectively.

This circuit is shown by green color. For simplicity, we assume that the

cable is lossless. Point G – virtual ground – is marked by red color. Due

to symmetry, we can simplify this circuit model to what is depicted in Fig.

3.4(b). In this figure, CR and LR manifest the matching circuit used in the

transmission regime. If the coil is only a receiving coil, then no matching

circuit is demanded. Instead, there is a reverse preamplifier and LR is in-

serted in the same place. More details on this circuit model are available

in Publication VII.
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Considering this circuit model, the impedance of the left side of the coil

– between points A and B in Fig. 3.4(b) – is of the order of ωLR or smaller.

Therefore, by properly choosing the length of the transmission line and

LR we can make |Zin
TL| very large compared to |jωLshiled| + Rrad because

the quarter-wave transmission line reverses the loading impedance. It

means the total impedance seen by Vemf is very high and the induced

current flowing through the effective resistance Rrad is very small. Prac-

tically, there will be no secondary field, no scattering by this coil. At the

same time, the induced EMF is transferred to points A and B through the

transmission lines and finally goes to the receiver. In conclusion, we can

suppress the induced current on the cable shield without the damage for

the transfer of the induced EMF to the receiving system.

Let us now describe this physics in the language of formulas. Assume

for simplicity that the impedance of the receiver is very large i.e. the

impedance at the left side of the line AB is equal to jωLR. Then, we have

Zemf
in = ZTL

in + Zshield
L +Rrad (3.4)

where

ZTL
in = Z0

ZR + jZ0tan(βl)

Z0 + jZRtan(βl)
. (3.5)

Here ZR = jωLR, Z0 is the characteristic impedance of the coaxial trans-

mission line, l = 2πr0 is the total length of the transmission line and

β ≈ ω/c is the propagation constant in it. Taking into account eq. 3.5,

at some specific frequencies |Zin
TL| equals infinity where the induced cur-

rent will be zero. While, around these frequencies |Zin
TL| is not infinite

but high (in the order of 1000 Ω which is very high compared to Rrad). It

means that although the input impedance seen by the induced EMF is

not infinite, it is much higher than the input impedance seen by the in-

duced EMF in the case of conventional coils. Fig. 3.5 shows |Zin
TL| based

on parameters used in [6] when a 90 nH inductor is connected to points

A and B (this coil is designed as a receiving coil working at 123 MHz

for 3 T MRI). Clearly, the input impedance seen by the induced EMF is

higher than 1000 Ohm in the frequency band of 100 MHz to 140 MHz –

broadband performance.

As an additional check of our theory, we simulated in CST Studio the

case when the coil presented in [6] is illuminated with a plane wave. We

calculated the induced current on the shield when LR is equal 90 nH and

when it is infinity i.e. the antenna circuit is open. Fig. 3.6 shows these
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Figure 3.5. Input impedance of the transmission line used in [6]. Design parameters for
the HIC are taken from [6] [VII].

simulation results. We see: when a very high impedance load is connected

to the coil, the induced current is also very high (opposite to the case of

the conventional coil). When a low impedance load is connected to the

coil, the induced current over a wide range of frequencies is low. We do

not see a minimum in the response related to 90 nH load at 123 MHz

though the approximate calculations in Fig. 3.5 promises it due to the lo-

cal maximum of the impedance. This maximum arises there because the

values of Lshield and Z0 used in our approximate theoretical model were

estimated roughly. One may spread this minimum slightly varying these

values. More important is the vary high value of the impedance in the

broad frequency range – from 120 to 150 MHz. The current in this band

keeps very small (in this example lower than 10 mA that is by two or-

ders of magnitude smaller than the current induced in a simple loop of

the same size) if the loading impedance is small. If it is very large (open

circuit) the current in the same range experiences the resonant enhance-

ment. Our analytical model and our simulations are in agreement about

both these points.

Now let us consider a second receiving HIC located near the first one in

the same plane. In this situation, also mutual impedance between these

two coils must be added to the circuit model. The mutual impedance is

due to the interaction of the shields external surfaces. Therefore, the mu-

tual impedance in the circuit model must be added next to that related

to Lshield. Note that the mutual impedance between two simple loops is

of the order of 10 Ω considering the adopted size of our HICs and oper-

ating frequency. In spite of this mutual coupling, most of the induced

EMF is applied to ZTL
in and captured by the receiving network. This is so
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Figure 3.6. Induced current over the HIC with different loadings, when the port AB is
open – blue line – and when the port AB is connected to a 90 nH inductor –
red dashed line [VII].

Figure 3.7. Circuit model of the HIC from work [6] in the transmission mode [VII].

because the receiving antennas are self-decoupled due to their very high

impedance effectively loading the EMF. More details about the simulation

procedure are available in Publication VII.

3.2.2 Transmission regime

In the transmission regime, the circuit model of the initial HIC is similar

to the circuit model in the reception, but not exactly the same. There is

no induced EMF in the circuit model of the transmission, and instead of

the receiving system, we have a source connected to the antenna match-

ing circuit. In this regime the matching circuit has no so strong impact, it

cannot qualitatively change the properties of the antenna system. Leav-

ing the matching circuit aside, the HIC circuit model in the transmission

regime is shown in Fig. 3.7. For the radius of the coil and the resonance

frequency (r0 = 40 mm and 123 MHz) chosen for the initial HIC in [6],

the current distribution over the outer surface of the shield is uniform

(see also in [42]). In accordance with the theory of loop antennas, only the

magnetic mode is excited in this case since the quasi-static model is appli-

cable. As to the input impedance, it can be found from our circuit model.

In this model, the antenna represents two transmission lines formed by

the inner wire and the shield inner surface. These two lines are con-
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nected through the load formed (due to the presence of the gap) by the

cable shield exterior forming the external loop.

Note that for the transmission regime, the initial HIC has been known

since 1946 and its circuit model shown in Fig. 3.7 was, for the first time,

published in an old work [42]. We calculated the resonance frequency with

this model very close to that found in [6] from a different model. Of course,

the resonance frequencies of the antenna are the same in the receive and

transmit regimes (resonance bands are different). In the transmit regime,

the initial HIC operates as a conventional loop antenna shunted by a ca-

pacitor. For the first time it was noticed in the same work [42]. Though

the input impedance at the resonance is high compared to Rrad, the radi-

ating current is quite large (otherwise the antenna could not work) and,

what is most important, in the transmission mode the antenna also re-

ceives the signal and receives it very efficiently. The coupling coefficient

between two closely located transmitting HICs is high. The electromotive

force induced by the second HIC is comparable with the voltage feeding

the first HIC. In other words, although the input impedance of the coil

experiences the parallel resonance, the mutual impedance between two

transmitting coils is similarly high, and the HICs in the transmit regime

are not self-decoupled.

To decouple the neighboring HICs, in the quasi-static case one needs

to overlap them as if they were usual loop antennas. Our simulations

of a planar array of transmitting HICs show that the coupling between

them is even higher than that between usual capacitively loaded loops of

the same size (for more details, see Publication VII). We have also simu-

lated a structure in which two transmitting HICs are overlapped so that

the mutual inductance is nullified. For comparison we have simulated

also two overlapped conventional loops. Overlapping the HICs we have

decreased the mutual coupling to the same level as that obtained for over-

lapping loops. Also, we have simulated the same arrays in presence of the

human body phantom and saw the input impedance of the HICs mani-

fests a higher sensitivity to the phantom parameters compared to conven-

tional loops. Thus, the basic HIC in the transmit regime has a drawback

compared to conventional loop antenna for MRI applications and is not

self-decoupling at all.

Although basic HICs do not grant lower coupling than conventional

coils, they may be still beneficial in the transmission regime. It is so be-

cause they create lower scattering in the phantom compared to the usual
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loop antennas. The high coupling between transmitting antennas is per-

formed via electromotive forces and not via high induced currents. As

mentioned earlier, the input impedance of HIC in the transmission regime

is high at the resonance. Therefore, in the matching circuit points A and

B are obviously connected by an inductance LR. The presence of this in-

ductance means that the transmitting HIC operates as a receiving HIC as

well and the induced current over neighboring HICs by a reference HIC

is very small (see Fig. 3.6). The scattering in the transmit regime is as

low as it was in the receive regime and the field in the phantom is not as

distorted as it was distorted by scatterers decoupling the array of dipole

antennas. The field in the phantom is even less distorted than it is dis-

torted by the scattering from conventional loops operating in the transmit

regime. In the last case the scattering results from the incomplete decou-

pling in the array of overlapping loops.

3.3 Enhancing the performance of a high-impedance coil in the
transmission regime

3.3.1 Modes

Before discussing how we can improve the performance of the mentioned

coil in the transmission regime, we need to explain different excited modes

in it. We simulated the performance of the basic HIC in a wide range of

frequencies to find its resonance frequencies in the transmission regime.

The parameters of the structure are based on the parameters in [6] except

the radius of the coil which is in our simulations was enlarged twice and

equal to 80 mm. We decided to increase it because we mainly target our

version of HICs for imaging the head and not palms and knees as the

initial HIC from work [6]. In this application the coil diameter 16 cm is

suitable.

Fig. 3.8 shows the input impedance seen at the feeding point. This

figure shows that in the frequency range of 30 - 1200 MHz, there are

four frequencies at which the input impedance of the basic HIC becomes

very high due to the parallel-circuit resonances. At the resonant frequen-

cies marked on the plot this impedance is real. Also, we see two minima

around 300 MHz and 900 MHz at which the input impedance also be-

comes real but is low due to the series resonances. At these frequencies
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Figure 3.8. Input impedance of a basic HIC. Different resonance frequencies where the
coil works as HIC are shown with markers [VIII] ©IEEE.

Figure 3.9. Current distribution over the exterior part of the shield at the resonance
frequencies marked in Fig. 3.8 [VIII] ©IEEE.

the performance of the coil is qualitatively the same as that of fundamen-

tal mode of conventional coils. In the frequency ranges between parallel-

circuit resonances and series-circuit resonances, the coil input impedance

is a complex value with dominating imaginary part. This refers to both

transmit and receive regimes though in the reception, the resonance fre-

quencies are slightly different from those marked in Fig. 3.8. This shift

is small because the inductance of the split loop formed by the exterior of

the shield is the value of the order of LR – few dozens of nH.

In Fig. 3.9 we plotted the current distribution over the exterior of the

shield at all four parallel-circuit resonances we have marked. This figure

shows that the first resonance (81.08 MHz) corresponds to the magnetic
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dipole mode. Note, that we have also calculated this current at the se-

ries resonance (300 MHz) and saw that it corresponds to the hybrid mode

when both magnetic and electric dipole moments are present in the loop

with nearly same magnitudes. The second (525.3 MHz) and third (697.8

MHz) parallel resonances correspond to the purely electric dipole mode

and to the second hybrid mode wherein the electric quadrupole is present

together with the magnetic dipole. Fourth (1126 MHz) parallel resonance

is that of the magnetic quadrupole. If we extend the frequency range, we

will see higher modes as well. Knowing the loop eigenmodes, we may find

the way to make the coil self-decoupled also in the transmission regime.

3.3.2 Shielded coaxial cable coil for 7 T MRI

In [43], the authors aimed the same target, they designed a HIC similar to

the initial one from [6] and used as an element of a transceiver array for 7

T MRI scanning knees and hands. Note, that the successful performance

of the initial HIC in the reception for 7 T MRI overturned the one of the

claims of [6] (we have already mentioned it).

In the reception, the main difference from [6] was a parallel capacitor

instead of a parallel inductance LR because the electric dimensions of the

loop changed compared to the initial ones and the matching circuit was

redesigned. As to transmission, the antenna from [43] did not operate at

a parallel resonance – as well as the initial HIC in the transmit regime. In

transmission, instead of the parallel-circuit resonance where the antenna

input impedance is high and real, the authors engineered the operation

frequency between the first series and second parallel resonances of an in-

dividual coil. In this situation, the coil input impedance (before the match-

ing circuit) is a complex value with the inductive reactance. Meanwhile,

the mutual impedance between two loop antennas in the case when they

were not overlapped corresponded to the negative mutual inductance. As

a result, in this case the decoupling in the array was absent. In the case

when the loops were overlapped the decoupling was achieved, however

the antennas in the transmitting array were significantly detuned form

the resonance. For this case, authors of [43] used a capacitive match-

ing circuit that compensated the antenna input inductance. In this way,

the transceiver array performance was really enhanced due to decoupling.

However, working at the detuned frequency implies low efficiency. In this

case the input impedance of the transmitting antenna circuit (that seen

by the source) is not high and the radiation part in it is comparable withe

97



Decoupling of loop antennas

lossy part. The efficiency of such the coils turns out to be lower than that

of the conventional coil operating at the series resonance. Thus the oper-

ation in the basic HIC in a transceiver array for 7 T MRI was achieved by

price of reducing efficiency – higher applied power is required.

Note that unlike authors of [43] we do not categorize the antenna sug-

gested and studied in their work as a modification of the initial HIC. An

only modification was the use of different matching circuits in the trans-

mission regime and in the reception. The antenna as such remained the

basic one.

3.4 Modified HIC

3.4.1 Prerequisites

In the previous sections of thus chapter, we discussed that the basic HIC

is advantageous in the receiving regime compared to conventional coils.

In the transmitting regime, the advantage of these coils is modest. They

allow one to decrease the parasitic fields due to lower scattering compared

to the conventional coils, but the level of coupling between the array ele-

ments is not decreased. Above, we studied this basic HIC when its size is

small compared to the operating wavelength (in the order of 0.1 λ). This

study was useful for scanning the movable parts of the body such as hands

and knees in a usual (3 T) MRI scanner. In this section, we will modify

the HIC so that it would operate properly in a 7 T scanner for scanning at

least the human head (and perhaps also other body parts). Our "properly"

means without the damage for the antenna efficiency which was adopted

in work [43].

Let us discuss the overall size of such the HIC. Due to Hydrogen’s higher

Larmor frequency in 7 T MRI, the size of the basic HIC to keep the same

performance as in [6] should be smaller. It is shown in [6] that it is not

possible to change the characteristic impedance of the coaxial cable to

make it resonance at 298 MHz if its size remains the same. One way is

to scale the basic HIC for 7 T MRI, reducing the loop dimensions. This

approach has its own advantage – it will allow one to create 32 chan-

nels i.e. to approach the best possible image resolution. However, in the

transmit regime the self-decoupling of the coils will be absent. The over-

lapping of the loops will not resolve the problem because the coupling of

98



Decoupling of loop antennas

non-adjacent loops will remain and an only way to keep the advantage

granted by the large number of channels is to use the active decoupling.

It makes this approach very expensive and will not go this way. We will

target the array of 8 elements i.e. our HICs will be rather big but they

will grant the self-decoupling due to the parallel resonance at the same

frequency in both transmit and receive regimes.

The radius r0 of our HIC should be larger than the HICs of [6,43] where

the required operating frequency was lower or, respectively, the scanning

area was more restricted. For our purpose, the radius of a transceiver HIC

is chosen equal r0 = 80 mm that namely corresponds to covering the head

with 8 coils. In this case, the perimeter of the coil is PHIC = 2πr0 ≈ λ/2

at 300 MHz which means that the basic HICs – that of works [6, 43] – is

not electromagnetically small. In our HIC, not only the magnetic dipole

is excited. It makes an analytical model and the design procedure more

difficult compared to the basic HIC. Since to balance several multipole

moments for optimzing the coil operation is challenging we will design it

so that only two fundamental modes of the current – magnetic dipole and

electric dipole – would exist in it at the operation frequency. First, we have

to raise the fundamental resonance of our substantial (16 cm diameter)

cable loop from its initial value below 100 MHz to nearly 300 MHz. This

is our first task. Next, we have to reduce |S12| for two neighboring HICs

in the transmission regime keeping the self-decoupling in the receiving

regime (our second task).

To approach these tasks let us discuss the method used in [44] to decou-

ple simple loop antennas beyond the quasi-static regime. In this work,

loop antennas were self-decoupled due to the interplay of the magnetic

and electric couplings between the adjacent elements of the array. In an

individual coil, a lumped capacitor was located on top of the coil – oppo-

site to the feeding point. For a proper value of the capacitance, the current

distribution over the transmitting coil represented two balanced current

modes – the magnetic dipole mode (uniform part of the current) and the

electric dipole mode which added to the magnetic mode current on top

of the loop and subtracted from it on the bottom. Fig. 3.10(a) shows the

current distribution over this loop. Due to the balance of the modes the

magnetic coupling coefficient Km and electric coupling coefficient Ke of

two coplanar loops could be equal in magnitude and with opposite phase:

Km = −Ke. The decoupling of these coils is illustrated by Fig. 3.10(b). All

the same, this technique does not decouple non-adjacent antennas if the
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Figure 3.10. Self-decoupled loops of electrically substantial size: (a) – current distribu-
tion over the loop comprising both magnetic and electric modes; (b) – total
coupling between two loops with compensated magnetic and electric cou-
plings.

adjacent ones are decoupled. Therefore, the coupling in the array remains

close to the maximal allowed level. Moreover, lumped capacitors on top of

the loops are substantial and they restrict the scanning of the moving

body parts because of their fragility. This approach is suitable only for the

head, whereas we hope to apply our HICs also for knees, hands and feet.

3.4.2 Idea of modifications

Let us start from the second task. We performed it almost in the same

way as discussed above. It is possible to balance the electric dipole and

the magnetic dipole modes engineering the proper capacitive load of the

external loop. Above we have seen that the split on top is not a capacitor

for the external loop – the split capacitance is negligibly small and the

loop is loaded by two cable lines connected on the bottom via the matching

circuit. However, if we make two additional cuts of the shield located

aside they may work as the capacitors. Two cuts are needed to preserve

the symmetry (more details how the symmetry break changes the coil

operation will be presented in the next section). Capacitive impedances

model these cuts because two cable lines between the top split and the

sides splits are shorter than quarter-wavelength. Varying the positions

of the cuts we may tune the ratio of the electric and magnetic modes and
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Figure 3.11. (a) Schematic view of the new coil with added cuts to both central conduc-
tor (red) and shield (blue) at the angles α and β. (b) Current distribution
over the external loop and radiated magnetic field in the near zone when
both magnetic and electric dipoles are balanced at the operating frequency
298 MHz. (c) Alternative arrangement of the HICs so that to minimize the
coupling [VII].

may achieve their balance.

Next, we perform the first task. According to the perturbation approach

(see e.g. in [45]), we add a perturbation at the points where the in-

duced current component corresponding to the magneto-dipole mode is

high enough. This perturbation results in the destruction of the funda-

mental magnetic mode resonance at the initial frequency. If this pertur-

bation is a simple cut of the inner wire this resonance experiences the

blue shift. Note, that these cuts (two cuts in the inner wire are also sym-

metrically located) do not destroy the coil operation because the cuts are

shunted via the shield interior. Depending on the position where we add

these cuts (near the maxima of the charge distribution or near the max-

ima of the current distribution), these cuts can be modeled as loading ele-

ments – either inductors or capacitors. The exact position of these cuts as

well as the shield splits should be found numerically. Fig. 3.11(a) shows

the new HIC with splits of the inner wire (angles α) and the shield (angles

β). These angles should be chosen such that our enlarged HIC resonates

at 298 MHz with balanced electric and magnetic current modes.

For this properly designed HIC, we show in Fig. 3.11(b) both near-zone

magnetic field distribution in the loop plane and current distribution over

the shield surface. If two such HICs are positioned back to back (upside
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down), they do not produce magnetic flux over each other and are decou-

pled not only in the reception regime but also in the transmission regime.

However, this arrangement cannot be extended to arrays with more than

two coils. In this case, we may arrange the chain of HICs with alternating

locations of the antenna inputs so that the feeding points and the central

split were aside of the chain array (see Fig. 3.11(c)). Then the closest coils

will be not completely decoupled but still weakly coupled because in Fig.

3.11(b) we see that the near field aside the loop is nearly twice reduced.

Below we will see that this solution grants a reduction of the coupling in

the array with respect to the known analogues.

All these modifications are important for the transmit regime. In the

receive regime the performance of our coil is still similar to that of the

basic HIC [6]. Of course, in this regime also the non-uniformity of the in-

duced current holds and plays a certain role for the coupling coefficients.

However, the main factor of decoupling in this case is different – the high

impedance loading the induced voltage. In the transmit regime the mu-

tual impedance is reduced due to the partial compensation of the electric

and magnetic couplings. In the receive regime the coils are self-decoupled

because the induced current is negligibly small.

3.4.3 Numerical verification

To verify the applicability of the perturbation method to our HIC, we sim-

ulated the transceiver HIC with different positions of the added perturb-

ing gaps. In the simulation, r0 = 80 mm, b = 1.2 mm, a = 0.5 mm and

the dielectric permittivity of the coaxial cable is εr = 2.2. Similar to the

HIC presented in [6], there is a gap on top of our transceiver HIC to make

the coil radiative. To raise the resonance frequency, we added two sym-

metrically positioned cuts to the shield and varied the angle β shown in

Fig.3.11(a) from 20◦ to 160◦. The resonance frequency of the coil changes

as depicted in Fig. 3.12 – there is no local maximum on the red line be-

cause the maximum corresponds to β = 180◦. Next, we fixed the optimal

β = 180◦ and added two more symmetrically positioned cuts to the inner

wire at the angle α, changing it also from 20◦ to 160◦. The result is de-

picted as a blue line in Fig. 3.12. Again, when these added cuts in the

inner wire are closer to the top of the coil, where also the electric field

produced by the electric dipole mode is maximal, the resonance frequency

increases rapidly. When the cuts in the inner wire are close to those in

the shield, their impact is lower.
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Figure 3.12. Resonance frequency of the modified HIC with respect to the two symmetri-
cally added gaps to the shield – red line – and with respect to the two sym-
metrically added gaps to the inner wire while there is one gap at β = 180◦
on the shield – blue line [VII].

Thus, by introducing our additional cuts we may increase the resonance

frequency of our enlarged HIC from 56 MHz up to 350 MHz. Now, let

us optimize the angles α and β to create resonance namely at 298 MHz

and to balance the electric and magnetic modes minimizing the mutual

coupling in an array.

We simulated two in-plane HICs in free space separated by a 3 cm gap

(nearly λ/33 at 298 MHz) with antenna inputs located upside down and

loaded by LR in both transmission regime and reception. In these simula-

tions, we found β = 180◦ (two cuts unite into one) and α = 32◦ which grant

the required operating frequency and mode balance. For two transmitting

HICs, S12 = −4.6 dB at 298 MHz. It is not so bad result for an array of

ideally matched antennas in free space with ultimately small distance be-

tween the elements (here we intentionally did not use the overlapping).

For two conventional coils of the same size with the feeding points also ar-

ranged upside down and located with the same distance from each other

(note that the current distribution over these conventional coils is almost

the same as in our HICs) we S12 = −5.4 dB. For two conventional loop an-

tennas supporting at the same frequency a uniform current distribution

(due to different loading capacitance that implies also a different match-

ing circuit) we have obtained S12 = −3.36 dB. 2 dB of improvement is the

evidence of the same decoupling mechanism for conventional coils. If the

feeding points of the loops are not overturned the presence of the electric

dipole mode increases the resonant coupling.

Although coupling between our modified HICs in the transmit regime is

not lower than that of the conventional coils, it is not worse and having in

mind the absence of parasitic scattering promises the advantageous oper-
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Figure 3.13. (a) Simulation of the mean induced current in the receiving regime for three
different loads at the port. (b) Fabricated transceiver HIC (with the match-
ing circuit) and the arrangement of the ports in the array (inset) [VII].

ation in presence of the phantom. Moreover, the bandwidth of our HICs

is wider than that of the conventional loop antennas. Simulations of the

HIC loaded by a body emulating the head confirmed these expectations

and showed that the parameters of the HIC are more stable compared to

conventional coils with respect to the variations in the complex permit-

tivity and size of the body. Overlapping the modified HICs allowed us to

reduce the coupling coefficient in the operational band below (-10) dB.

In the reception, using the optimal LR = 100 nH, we obtained S12 be-

tween two of our HICs nearly equal to (-15) dB at 298 MHz. We have also

checked that for the open receiving port the induced current at the reso-

nance becomes large as it was predicted by the model. Fig. 3.13(a) shows

the simulation result of the induced current for three values of ZR. Since

the induced current is not uniform over the external loop, the current in

this plot is the mean value (averaged over the loop perimeter). This result

confirms once more what we have claimed about the decoupling in the

reception.

Moreover, we also studied the performance of this modified HIC in terms
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of MRI applicability and compared it with the performance of the conven-

tional coil. Our simulation results show that total transmit efficiency,

specific absorption rate (SAR) efficiency, and signal to noise ratio (SNR) of

the modified HIC are so close to that of the conventional coil. Therefore,

while having better performance in both transmit and receive regimes,

our modified HIC brings no damage to other features compared to con-

ventional coils. More details about MRI applicability are presented in

Publication VII.

3.4.4 Experimental verification

To study the performance of the modified HICs experimentally in the

presence of the phantom, on the first stage we fabricated an array of 3

transceiver HICs operating at 298 MHz and arranged them as shown in

Fig. 3.13(b). Dimensions of our HICs were the those found by simula-

tions, however the circular shape of the loops keeping the same perimeter

was slightly modified as it is often done with RF coils in the MRI scan-

ner. Fig. 3.13(b) shows one of the fabricated transceiver HICs with its

matching circuit. In the matching circuit, the inductance LR = 170 nH

was connected in parallel with a capacitor. This matching circuit allowed

us to combine the proper ZR in the receiving regime together with the

matching in the required operation band (0.5 MHz). Due to lower cou-

pling between two transceiver HICs compared to conventional loops, we

could match our HICs easier. Here, it is worth to note that overlapping

the conventional loops decouples the adjacent ones quite well, but the cou-

pling between non-adjacent loops keeps noticeable and the S-parameters

of the loops are rather sensitive to the parameters of the phantom. A

slight variation of the phantom size, relative permittivity or conductivity

causes a deviation in the resonant S-parameters that may increase the

coupling of adjacent loops.

By creating weaker fields aside, the modified HICs not only grant lower

coupling to non-neighboring elements, our array is more stable with re-

spect to these variations. This is an important advantage of the HIC, not

mentioned in works [6, 43]. We measured the S-parameters of an array

constituted of three transmitting HICs in the presence of three different

phantoms and compared the results with those for an array of three con-

ventional coils. The phantoms were as follows:

• cylindrical vessel of salty water with εr = 75, conductivity σ = 0.5
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Figure 3.14. Structure including antennas and phantom in the dummy bore [VII].

S/m, length 200 mm and radius 75 mm (this is strong loading in the

MRI terminology),

• spherical vessel of salty water with radius 50 mm, other parameters

are same (it can be referred as moderate loading),

• cylindrical vessel of vegetable oil with εr = 3, conductivity σ = 0.01

S/m, length 250 mm and radius 60 mm (weak loading).

The conventional coils were made of insulated copper wires with 3 mm

core diameter. These loop coils had a radius r0 = 80 mm and six inserted

capacitors ranging from 2.7 to 3.3 pF made the loops resonant at 298 MHz.

This conventional array was optimized for the case of strong loading. In

the measurement, to be more realistic, we put the array of three HICs

over a transparent (εr = 2) plastic cylindrical shell with a length 250 mm

and radius 170 mm and located the phantoms at its center. Then we put

the structure inside a dummy bore – a metallic cylindrical shell which

imitates the MRI machine bore in what concerns the screening effect on

the antennas performance. Notice that the matching circuits were cho-

sen taking into account the bore presence. Then the S-parameters of the

antennas have been retrieved by Vector Network Analyzer.

Fig. 3.15 shows the S-parameters of both arrays under comparison in

the presence of three different loads. We can see that both Sii and Sij of

the HIC array are more stable than that of the conventional array. Also,

our HIC provides better decoupling for non-adjacent coils 1 and 3. While

changing the phantom load, S12 keeps stable (-15 dB) for HICs whereas

for the loop array we have S12 = −15 dB only for the case of the strong

loading. In two other cases we have S12 = −12 dB (moderate loading)
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Figure 3.15. Measurement results (in dB) for resonant S-parameters of the antenna ar-
ray of three HICs and the same for three conventional coils in presence of
three different phantoms [VII].

Figure 3.16. Fabricated array of 8 modified HICs arranged to scan human head. A cylin-
drical phantom is located inside the array.

and S12 = −10 dB (weak loading). Our numerical and experimental re-

sults clearly show that the suggested transceiver HIC is advantageous

compared to the conventional coils and extends the advantages of the re-

ceiving HIC to the transmission regime.

3.4.5 Full array of coils for the head imaging

On the second stage of the studies, we approached closer to the practice

and fabricated an array of 8 modified HIC. Fig. 3.16 shows the fabri-

cated array with the matching circuits. A phantom with the human head

approximate sizes, relative permittivity 78 and conductivity σ = 0.5 S/m

was used in the measurement. A commercially available arrayed head coil

NOVA – a shielded array of 8 conventional coils – was used as a reference

in our measurements. Fig. 3.17 shows measured S-parameters of these

two arrays in a practical 7 T MRI scanner in the presence of the described

phantom. In these measurements, both transmission and reception per-

formances of our transceiver arrays affect the S-parameters. Based on
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Figure 3.17. S-parameters of (a) the array of modified HICs, (b) the NOVA head coil.

these measurements, coupling coefficients |Sij | between elements of the

modified HICs were proved to be lower than those for the NOVA coil. Note

that the matching of our HICs turned out to better than the matching of

the NOVA coil. It means that Sijs of the NOVA coil would be even higher

if the array elements were matched on the same level (|Sii| < −10 dB) as

we have matched our HICs. Respectively, if we matched our HICs slightly

worse, their advantage in the array decoupling would be even more spec-

tacular.

3.5 Dual-band transmit-receive high-impedance coils

In this section, we design a dual-band transceiver high impedance coil

(dual-band TRHIC) which is advantageous compared to a conventional

coil in both transmit and receive regimes and, unlike a conventional coil,

grants the scanning of two chemical elements in one session. The idea is

that by locating two asymmetric splits in the shield of a basic HIC, we en-

gineer two resonances at the needed frequencies. The length of the right
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part of the coaxial cable (from the feeding point in the counter-clockwise

direction to the nearest gap) is now different from the length of the left

part (from the feeding point to the nearest gap clockwise). This asymme-

try results in the shifts of the parallel resonance frequencies marked in

Fig. 3.8 so that they can be placed on the frequency axis as we want. Be-

cause of the dual-band performance based on two different excited modes,

the coupling coefficients between two closely located TRHICs will be dif-

ferent in each of these two operational bands. We already discussed the

advantages and disadvantages of basic and modified HICs in both trans-

mission regime and reception. In this section, we aim to design a dual-

band coil which would operate similarly to the basic HIC in the first band,

and similarly to the modified HIC in the second band.

We already mentioned that in work [43] one used the detuning from the

resonance so that to compensate the negative inductance brought by the

coupling with adjacent transmitting HICs located aside. However, in [43]

it resulted in the noticeable efficiency reduction.

In our case the situation is different. In our case the overlapping does

not damage the antenna efficiency since the antennas of the array are

tuned at the resonances at both frequencies. We consider two possible

applications – with overlapping loops and with loops located aside. In the

first case, the good decoupling in the transmit regime is obtained at the

first operation frequency – 121 MHz (Phosphor in 7 T MRI). At the second

frequency 298 MHz (Hydrogen in 7 T MRI) the coupling is noticeable but

acceptable. In the reception, our TRHIC are self-decoupled due to the

huge impedance loading the induced EMF. This refers to both operation

frequencies.

In the second application the array elements are not overlapped – the

gap between them is of the order of 3 cm. Such arrays are needed for

scanning few organs closely located to each other or small freely moved

body parts such as fingers when the patient can move fingers freely as

shown in [6]. In this case, in the transmit regime the decoupling is very

good at the second frequency where the source excites the balanced hybrid

(magnetic-and-electric) mode (see above). At the first frequency the cou-

pling in the transmit regime is noticeable but acceptable. In the reception,

in this case our TRHIC are self-decoupled at both operation frequencies.
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Figure 3.18. Schematics of our proposed TRHIC. In the transmission regime, the source
is connected to the structure through a matching circuit. In the reception
regime, the matching circuit required in the transmission regime still exists
and connects the TRHIC to the receiving system [VIII] ©IEEE.

3.5.1 Method of designing the self-decoupled TRHIC

In section 3.4, we blue-shifted the magnetic mode resonance, in which the

impedance connected to the EMF experiences the parallel resonance, by

adding a bottom gap to the shield. Further, we red-shifted the electric

mode resonance by adding two symmetric gaps to the inner wire. In this

way, we tuned the hybrid mode to the required frequency. However, our

symmetric gaps had a strong impact on the frequencies of all eigenmodes.

Due to these gaps all eigenfrequencies shifted over the frequency axis

and it was not possible to independently tune the resonance frequency of

different modes. In this section, we achieve the claimed goal by adding

only two gaps to the shield and no gaps to the inner wire: the asymmetric

location of the gaps allows us to tune the eigenfrequencies of two modes

independently.

Fig. 3.18 shows the proposed dual-band coil. An only asymmetrically

located gap, as an example at the angle α = 20◦, makes the cable loop

antenna asymmetric. In this case, the shorter transmission line connect-

ing the EMF to the matching circuit in the counter-clockwise direction

is responsible for the low-frequency parallel resonance frequency. On the

other hand, the longer cable line is responsible for the high-frequency par-

allel resonance (recall that we aim to tune the first and second resonance

frequencies at 121 MHz and 298 MHz).

This counter-intuitive result has a simple qualitative explanation. A

piece of a cable of length l between the gap and the antenna port connects

the inductive impedance jωLshield of the external loop to the antenna port.
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Another piece of a cable of length 2πr0 − l (r0 is the loop radius) connects

this impedance to the same antenna port in parallel. Since the lengths l

and 2πr0 − l are very different, the antenna port sees two sets of parallel-

circuit resonances. At a resonance corresponding to one of two cable lines,

the presence of the second one is not important. One parallel resonance in

the antenna port holds due to the short line when the resonance condition

l+ δl = (2m+ 1)λ/4 is fulfilled, where m = 0, 1, 2... and δl is an elongation

of the cable line equivalent to the inductive load jωLshield. Thus, the short

part of the broken loop in the frequency region of our interest is shorter

than quarter-wavelength and we have for it the parallel resonance condi-

tion with m = 0. In the same frequency region, the longer part exceeds

quarter-wavelength but is shorter than half-wavelength and for it, the

parallel resonance condition holds with m = 1. In other words, the short

cable line offers the resonance at a wavelength λ1 = 4(l+Δl) and the long

cable line at λ2 = 4(2πr0 − l +Δl)/3. Definitely λ1 > λ2.

To see how the location of the asymmetric gap affects these two resonant

wavelengths (frequencies), we simulated a HIC with one gap in the shield

varying α from initial 20◦ to final 160◦. We retrieved the frequencies of

two parallel resonances connecting a lumped power source to the antenna

port. Fig. 3.19 shows the first and second resonance frequencies versus

the position of the gap. When α increases, the length of the shorter cable

line approaches λ/4 that in accordance with the explanation above, results

in the redshift of the lower resonance. Simultaneously, the length of the

longer line decreases approaching λ/4 and results in accordance with the

same logic in the blue shift of the second resonance. Thus, we obtain two

parallel resonances at needed frequencies with one gap. However, with

one gap we cannot engineer the needed operation of the coil.

The second gap offers us the needed degree of freedom. The first gap

at α = 20◦ offers the resonance at the Phosphor frequency (121 MHz) not

perturbed by the second gap. The second gap at β = 120◦ offers the res-

onance at the Hydrogen frequency (298 MHz) not perturbed by the first

gap. Such the location of the gaps would compromise the decoupling func-

tionality in the transmitting regime. Our target is dual-band transceiver

HIC – TRHIC, and we have to locate the gaps so that the performance of

the coil is nearly optimal in both receiving and transmitting regimes. This

deal between the reception and transmission delivers the optimal angles

α = 20◦ and β = 120◦ as it is shown in Fig. 3.18. The impedance seen by

the induced EMF (that we may treat as a voltage induced in any of the
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Figure 3.19. The Resonance frequency of the first and second modes of TRHIC with only
one asymmetric gap with respect to the position of the gap [VIII] ©IEEE.

two gaps) at the frequency 300 MHz is of the order of 1000 Ohm. However,

conceptually it is still HIC also in the receiving regime since the mutual

impedance at the resonance in the receiving regime turns out to be much

smaller.

Now let us briefly discuss the decoupling issue. In the receiving regime,

the mutual impedance of two TRHICs at the antenna resonances turns

out to be much lower than the self-impedance by order of magnitude. The

antenna is HIC in the same meaning as in works [6,43], and the asymme-

try of the gaps does not destroy the concept. However, in the transmitting

regime when the antenna port’s input impedance is of the order of 1000

Ω it is not the guarantee of the HIC operation because the mutual impe-

dance Zm can be in principle of the same order. To achieve the high value

for |Z|/|Zm| at the Hydrogen frequency we use the balanced hybrid mode

having the eigenfrequency at 298 MHz. Balancing the electric dipole and

magnetic dipole, we achieve the suppression of the electromagnetic field

at one side of our TRHIC due to the destructive interference of the elec-

tric and magnetic dipoles’ fields. As to the decoupling in the transmit-

ting regime at the Phosphor frequency, this task is very simple and does

not demand the HIC regime. At this frequency, the quasi-static model

is adequate and the mutual impedance is nearly equal jωM , where M is

the mutual inductance of two loops. For decoupling in the transmitting

regime at 121 MHz we may overlap the adjacent coils. The coupling of

non-adjacent coils in this case is small enough and can be ignored. The

overlapping does not affect the operation of the arrayed TRHICs in the re-
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ceiving regime, where Zm is of the order of the loop radiation resistance,

and will not destroy the decoupling at the Hydrogen frequency.

For the proper operation in the second band, this rotation is necessary.

Note that unlike modified HIC in the previous section, the electric dipole

is not parallel with the antenna port. The electric dipole excited at this

frequency is oblique with respect to the antenna port – parallel to the gap

located at β = 120◦ – which results in zero total magnetic fields at the

angle β. Therefore, to obtain the best decoupling condition, two TRHICs

must be located back to back from the gap point of view at β = 120◦. How-

ever, this arrangement is suitable if the array is made of only two TRHICs.

Therefore, we also checked coupling between two TRHIC located upside

down with respect to the second gap position. In this situation, electric

and magnetic coupling coefficients become out of phase and cancel each

other out and by partially overlapping two TRHIC, we can perfectly de-

couple them. Note that the magnetic mode was the dominant one at the

first band, so rotation of the second TRHIC does not kill the decoupling in

the first band. Therefore, we can conclude that it is possible to simultane-

ously decouple two TRHICs at both bands, though the decoupling level is

not perfect at these bands. In fact, to have the optimal decoupling at the

first band, the overlapping percentage is around 15%, while the optimal

decoupling at the second band happens by 20% overlapping. To satisfy ac-

ceptable decoupling at both bands, we overlapped two coils between 15%

to 20% while the second coil is rotated. More details about numerical and

experimental results of dual-band simultaneously decoupled TRHICs are

available in Publication VIII.

3.5.2 Performance of non-overlapped TRHICs in the second
operation band

As already mentioned, one of the issues in UHF MRI application is to de-

sign self-decoupled coils for scanning closely located body parts such as

fingers (where fingers can be moved or bent freely for patient comfort).

This application demands not to overlap the loops and the negative mu-

tual inductance appears in the array. However, it is so only at the first

operational frequency (in the transmit regime). In the second band, the

excited balanced mode grants us a very low coupling between our TRHICs

in the transmit regime. To see is it so, we may study the ratio γ of the mu-

tual impedance to the self-impedance |Zm|/|Z|. We calculated and mea-

sured |Z| and |Zm| for the two-element TRHICs array and compared to the
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corresponding parameters of the array of two modified HICs – those from

the previous section. Though they are also transceiver antennas we do not

use the name TRHIC for them keeping this name only for the asymmetric

HIC. In this study we located two TRHICs aside at the distance d = 3 cm

from each other and the same refers to two our HICs. Fig. 3.20 depicts |Z|
and |Zm| of the array of two TRHICs compared to those of our HICs. In

this figure, the numerical and experimental results of the TRHICs are in

a good agreement. For modified HICs in the operational frequency band

298-302 MHz the mean value of the ratio γ = |Zm|/|Z| is nearly equal 0.5.

For the TRIHCs this value is close to 0.25 in the simulations and to 0.3

in the experiment. In fact, at the second frequency, the performance of

the proposed TRHIC is qualitatively the same as that of our previously

reported modified HIC. The reason why γ is lower for two TRHICs is as

follows. For a modified HIC the balanced electric and magnetic modes

create the magnetic fields with the same phase above the loop, and it du-

plicates there. Below the loop these fields have opposite phases and the

result is zero. However, as we have already explained in a practical array

the coils should be placed aside. At the left and at the right the field is

created solely by the magnetic current mode and is, therefore, twice lower

than that on top. However, it is still noticeable. As to our TRHIC the zero

of its near field holds in the direction forming the 120◦ central angle from

the direction of the antenna port. In other words, electric coupling be-

tween to parallel electric dipoles is much higher than that of two aligned

ones. Therefore, electric coupling between two oblique electric dipoles (the

situation for TRHIC at the second band) is higher than electric coupling

between two aligned electric dipoles in the modified HICs. As a result,

the total coupling is lower between two TRIHCs compared to two modi-

fied HICs when they are not overlapped. Locating the antenna ports in

the array upside down we reduce the mutual coupling more significantly

than we can do for modified HICs.

To analyze the coupling between the adjacent and nonadjacent TRHICs

in the second band in the transmit regime, we simulated and measured

the S-parameters of a linear array of three TRHICs with the same gap

between them. Fig. 3.21 shows the experimental results in the matched

regime in comparison with the simulations. We see that at the resonance

frequency S11 = S33 ≈ −16, S22 ≈ −26, S12 = S21 = S23 = S31 = −13 dB

and S13 = S31 ≈ −28 which means both adjacent and nonadjacent TRHICs

are practically decoupled at the second band.
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Figure 3.20. Comparison of self and mutual impedances of two TRHICs and two modified
HICs. The sizes of these coils are equivalent and the distance between them
is equal 3 cm [VIII] ©IEEE.

Figure 3.21. Numerical and experimental results of S-parameters between three
TRHICs located as a linear array with λ/33 inter-element spacing in the
matched regime [VIII] ©IEEE.

To understand the impact of the distance d between the array elements,

we varied it in the range d = 1 − 3 cm with the step 1 cm and measured

the S-parameters at the frequency 298 MHz. Since our TRHICs are self-

decoupled, the change of d does not change the input impedance of each

of the three TRHICs noticeably. Fig. 3.22 shows the variation of the res-

onant S-parameters versus d. Based on these results, even when d = 10

mm, the coupling between the elements keeps low (Sij is below −8 dB).

Notice, that all these studies were done for an array in free space. Con-

sidering the UHF MRI, when the human head will be located in the close

proximity of the array, the coupling between the elements will decrease.

The values of this decrease can be roughly estimated from the comparison
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Figure 3.22. The experimental results for the S-parameters between three TRHICs lo-
cated as a linear array based on the distance between the elements in the
matched regime [VIII] ©IEEE.

of the results for the coupling coefficients obtained in our previous stud-

ies for arrays in free space and in presence of the head phantom. Even

the moderate loading decreases the coupling by few dB, the heavy loading

grants the decrease of the order of 10 dB.

We have also studied the performance of the non-overlapped array of

two and three TRHICs in the first operation band. In this case the cou-

pling in the transmit regime is by 4-5 dB higher. However, this result is

promising in view of the expected improvement in presence of the head

phantom. We have also checked that in the receive regime the TRHICs

are self-decoupled at both frequencies. Finally, we have studied the per-

formance of the overlapped array numerically and experimentally. In this

case the situation is inverted with respect to the case of non-overlapped

coils. The overlapping allowed us to minimize the coupling at 121 MHz.

In this frequency range the quasi-static model is adequate, and the cou-

pling between the non-adjacent elements is not as important as it is at

298 MHz. The coupling at this frequency for the overlapped loops is no-

ticeable, however in presence of the human head it should be acceptable,

as well. In the receive regime the overlapping coils are self-decoupled very

well at both frequencies. More details can be found in Publication VIII.
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3.6 Applicability of high impedance coils to wireless power
transfer

In this section, we study our HICs in a different application, namely, in a

system of wireless power transfer (WPT). Considering HIC features, one

can consider them promising for this type of application. In WPT system

with moving the transmitter part (called Tx) or/and receiver part (called

Rx), one needs to track the receiver position with respect to the transmit-

ter. In accordance to this tracking, one has to activate or deactivate the

Tx so that to avoid useless radiation losses when the Rx moves beyond

the area of WPT and ensure the power transfer when the Rx is in this

area. In advanced WPT systems the self-activating and self-deactivating

of Tx is achieved depending on the location of Rx, and there is no need

in an expensive tracking system having active elements and complex cir-

cuitry. Researchers when designing advanced WPT structures with mov-

able parts obviously target these features of their systems since advanced

WPT systems should gain the contest with the commercial WPT systems

available on the worldwide market.

In this section, we aim to use the very high resonant self-impedance

of arrayed HICs to design a WPT system in which the elements of the

Tx array possess self-activation and self-deactivation features while the

location of the receiver can be understood based on the activated HIC. The

known position of the activated HIC grants us the needed tracking of Rx.

3.6.1 Basic idea for self-activation of transmitters

One of the fundamental features of HIC is its very high input impedance

at the resonance frequency; therefore, there is a huge mismatch between

the impedance of the source (usually 50 Ω cable) and the self-impedance

of the HIC, called below the Tx. As a result, the power is not accepted

by the Tx from the power source, the radiation is prevented. The source

(generator) may be implemented so that being open-circuit source it does

not generate the electric power. Then the system is lossless if the Tx is

not loaded by the Rx. Using this idea, we aim to design an self-activated

transmitter antennas for the WPT system. In Fig. 3.7, we presented

the basic HIC circuit model when the Tx is located in free space. At the

resonance frequency, the transformation of the shield exterior impedance

Z = Rrad + jωLshield to the feeding point (AB in the figure), through two

quarter-wave transmission lines, the input impedance of the coil becomes
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very high and the power is not lost. Locating a receiver with its antenna

(Rx) in front of the Tx, we reduce the input impedance of the Tx and the

power is accepted by the Tx and transferred to the Rx. Bringing an Rx

to to a HIC, a mutual impedance between the Tx and the Rx is brought.

In this case, the total impedance affecting on the shield exterior becomes

Z = Rrad+jωLshield+ZM , where ZM is the additional impedance due to the

mutual inductance LM between the Tx and Rx. In the antenna literature

it is called the shared (sometimes induced) impedance, but in the WPT

literature it is called the reflected impedance. If the input impedance of

a receiver ZRx is known one can find the reflected impedance using the

Brillouin’s method of induced EMF that gives for te reflected impedance

the following result:

ZM = (ωLM)2/ZRx.

Now in the antenna port (line AB in Fig. 3.7) the impedance seen by

the source will be different compared to the absence of the receiver. If

the input impedance in the presence of the Rx is smaller than in the case

without a receiver, more power is delivered from the source to the Tx. If

the input impedance of the Rx is small at the operation frequency, the

reflected impedance may strongly exceed Z and after its transform to the

antenna port we may obtain for the input impedance of the Tx the value

close to the generator output impedance, and the accepted power will be

maximal. If the Tx and Rx are properly coupled, the maximal power will

be then transferred to Rx without its parasitic radiation to the surround-

ing medium.

Former in this chapter, the methods for designing different types of

HICs have been discussed. Here in this section, we do not focus on de-

signing new HICs. We employ a modified HIC (with two symmetric gaps

on the shield’s left and right sides and one gap on top). We analyze its

performance in different cases of the WPT system operation. First, we

analyze the performance of the modified HIC in the absence of the Rx and

in its presence in terms of the input impedance of the Tx. Second, we ana-

lyze the performance of a structure where two HICs are transmitters and

one Rx is located at different positions above them.
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3.6.2 Receiver design

The Rx must be designed in a way that the mutual impedance between

the Rx and Tx results in lower input impedance referred to the port AB

of the Tx. In the case that the receiver is also a similar HIC, the effect

of mutual coupling is strong in both sides. The input impedance of the

Rx is strongly affected by the presence of the Tx, and though it can be

small due to this coupling, the Brillouin’s method is not applicable in this

case. Therefore, we have designed the Rx as a conventional coil whose

resonance is a series-circuit one. Then the impact of the Tx to its impe-

dance is low, and the effect of mutual coupling drastically modifies the

input impedance of the Tx. Series resonance implies a small real value

for ZRx and the reflected impedance turns out to be a large real value,

that implies a drastic reduction of the input impedance.

To increase the efficiency and tunability of the receiver we designed this

coil as a spiral, where the useful load modelled by a 50 Ω resistor is con-

nected in series to the the spiral (that has both capacitive and inductive

parts of the reactance). We imposed the same diameter to both Tx and Rx

in our design. With this restriction, the spiral having 1.5 turns allowed

us to engineer its individual resonance frequency the same as that of the

HIC without any lumped element inserted into the loop. Therefore, our

Rx does not limit the power transfer.

3.6.3 Design and Performance of the arrayed transmitter with
and without a receiver

Fig. 3.23(a) and (b) show the modified proposed HIC in the free space and

the presence of the receiver, respectively. There are three gaps over the

shield: one at the top of the coil and two symmetric gaps on the sides.

The inner wire is continuous except the antenna port, where Zin is shown

in the figure. Two symmetrically added gaps make a blue-shift to the

resonance frequency.

Knowing the principle of the HIC performance, we locate two HICs as

transmitters next to each other (with an overlapping to compensate the

inductive coupling) and put the Rx over them. Fig. 3.23(c) schematically

shows the structure. When the Rx is over Tx 1, this transmitter is acti-

vated and power is delivered to the useful load connected to Rx. In this

case Tx 2 is deactivated and does not waste the electric power. Depend-

ing on the Rx position over transmitters, expressed by coordinates xRx
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Figure 3.23. Schematic view of: (a) the proposed transmitter in free space (θ = 20◦), (b)
the proposed transmitter in presence of the proposed receiver, and (c) the
WPT system based on two overlapped transmitters and the located receiver
above them [IX].
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Figure 3.24. Picture of the fabricated system for measurement verification. Two trans-
mitters are partially overlapped which are fixed by the supporting frame.
The distance between the transmitters and receiver is filled by the separat-
ing foam which keeps the distance fixed during the measurement [IX].

and yRx in the figure, the input impedance of each Tx and the delivered

power to it change. When the Rx is in between two transmitters, the input

impedances of both transmitters are lower than that of one Tx without the

coupling to the Rx. Then the power is equally delivered to both transmit-

ters and finally absorbed by the load. So the transferred power turns out

to be robust to the positioning of the Rx that can move over the array.

To experimentally confirm our theory, we fabricated two transmitters

and one receiver. Fig. 3.24 shows the fabricated system and arrangement

of transmitters and the receiver. More details about the numerical and

experimental verification method are available in Publication IX.

With numerical and experimental study, we aimed to analyze: (i) the

input impedance of the designed transmitter in the absence and presence

of the receiver (only one transmitter is present); (ii) delivered powers to

each transmitter and the load, as well as the efficiency of the system with

respect to the position of the receiver. We studied the case when two trans-

mitters are slightly overlapped and the receiver is located in any position

above them.

For numerical verification, the same simulation procedure as before has

been done. Lumped sources are connected to both transmitters and a 50

Ω lumped load is connected to the Rx. Numerically calculating voltages

and currents on the input of the transmitting antennas Tx 1 and Tx 2

and in the load, we can numerically study the power transfer efficiency

for different locations of the Rx. For experimental verification, the in-

put impedance of one transmitter could be directly measured using the

VNA. Here a 50 Ω cable connected to the receiver and loaded by the same

input impedance of VNA played the role of the load. To calculated the
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transferred power and the efficiency, we measured the S-parameters of

the system. Having the S-parameters, we defined the accepted powers

(those delivered by the source to Tx 1 and Tx 2, respectively), as:

PTx1 = 1− |S11|2 (3.6)

and

PTx2 = 1− |S22|2. (3.7)

The transferred power normalized to that generated by the sources was

calculated as:

PRx = |S31 + S32|2 (3.8)

and the efficiency was obtained as:

η =
PRx

PTx1 + PTx2
. (3.9)

where the index 1, 2 ans 3 stand for transmitter 1, transmitter 2 and the

receiver, respectively.

Fig. 3.25(a) shows the input impedance of the proposed Tx in the ab-

sence and presence of the used Rx, both numerical and experimental re-

sults. In the absence of a receiver, the input impedance of the Tx experi-

ences a parallel-circuit resonance at 250 MHz. In the presence of it, the

input impedance of the Tx drastically drops in the broad frequency range.

The presence of the Rx strongly coupled to the Tx replaces the individ-

ual resonance frequency of its input impedance by two frequencies of the

normal modes. Respectively, two parallel resonances arise. The lower

frequency is 185 MHz in the simulation and about 220 MHz in the mea-

surement. This difference points out to a weaker coupling that is clear

from the comparison of the simulated and measured resonant curves. Al-

though the experimentally obtained impact of the receiver is lower than

that predicted by simulations, it is sufficient to confirm that the input

impedance of the proposed Tx really drops in the presence of the receiver

presence. As to the disagreement, its main reason is, to our opinion, the

impact of the measurement setup, namely the supporting frame and the

separating foam, which may decrease the coupling between our Tx and

Rx. Fig. 3.25(b) shows the absolute value of the input impedances of

transmitter 1 and 2 with respect to the position of the receiver (yRx = 10

mm is fixed and xRx varies between 0 and 51 mm). When the receiver

is above Tx 1 – xRx = 0 the input impedance of Tx 1 is much smaller
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compared to that of Tx 2. In this situation, the mismatch between 50 Ω

cable and the input impedance of transmitter 1 is much smaller than the

mismatch between the same cable and Tx 2. It means that the electric

power is extracted from source 1 and practically not extracted power from

source 2. This source in the regime of the open circuit does not gener-

ate, that means the self-deactivation. For the middle position of our Rx

we have both sources generating the same power. The figure proves that

the Rx can freely move above an array of transmitters being continuously

charged (in practice the loading resistor connected to the Rx is the input

resistance of an accumulator).

Figure 3.25. (a) Input impedance of the proposed transmitter in the absence and pres-
ence of the proposed receiver (both numerical and experimental results). (b)
Input impedance of each transmitter shown in Fig. 3.23(c) with respect to
the position of the receiver (numerical results) [IX].

According to the results presented in Publication IX, the maximum effi-

ciency occurs at a frequency (280 MHz) which is higher than the individual

resonance frequency of the transmitter and receiver (250 MHz). The rea-
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son of it is the strong coupling of our Rx with Tx 1 that replaces their

individual resonance by two normal modes. Their frequencies in accor-

dance to our simulations are equal 185 MHz (as mentioned above) and

340 MHz. In between these two parallel resonances there must be a se-

ries one, at which the operation of our Tx is optimal. Our simulations

predict this resonance at 280 MHz and this value fits the measurements

very well.

Fig. 3.26(a) shows the WPT system efficiency with respect to the posi-

tion of the Rx at 280 MHz. Numerical and experimental results are in a

good agreement. Moreover, when xRx exceeds 25.5 mm, i.e. our receiver is

located mostly over Tx 2, the efficiency increases because Tx 2 is slightly

over Tx 1 (and overlapped). Then the transferred power from Tx 2 is

higher. When the Rx is located in the middle between the centers of Tx 1

and Tx 2 the efficiency is slightly higher that is also not surprising. What

is important is that the efficiency of the system is high enough and almost

constant versus the position of our Rx.

Fig. 3.26(b) shows the extracted power from each source, the total power

extracted from the sources by two transmitters, and the transferred power

to the load with respect to the Rx position. The performance of the system

is exactly as we expected. When the Rx is above Tx 1, this transmitter

is active and transfers the power to the load. Then Tx 2 is deactivated.

When the Rx moves toward to the point located over the center of Tx

2, the power extracted from source 1 decreases and the power extracted

from source 2 increases. In this figure, the disagreement in the calculated

and measured extracted powers might have the same reason as explained

above. Again, what is important is that the transferred is almost constant

versus the coordinate of the Rx.

To double-check the feature of freely positioning the Rx over the trans-

mitters, we also rotated our Rx around its axis and repeated all the mea-

surements. It changed practically nothing in the performance of the struc-

ture and the transferred power changed only a little. Thus the applica-

bility of our modified HIC for advanced WPT systems has been proved

numerically and experimentally.
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Figure 3.26. (a) Numerical and experimental results of the system efficiency with re-
spect to the receiver’s position at frequency 280 MHz. (b) Powers delivered
to the transmitters and power delivered to the load versus the receiver posi-
tion. Powers are normalized to the maximum of the power delivered to both
transmitters. This maximum holds when the Rx is located over the middle
between the centers of Tx 1 and Tx 2. Solid lines represent experimental
results, dashed lines are for numerical results [IX].
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4. Conclusions

This dissertation represents a research in an important field of the an-

tenna array theory. Namely, we target the passive decoupling of the an-

tenna array elements with ultimately dense arrangement without active

circuits and parasitic transmission lines. The subject connects such areas

of science and technology as magnetic resonance imaging, especially ultra-

high-field one, antenna arrays, metasurfaces, and antenna technique, es-

pecially in what concerns the loop antennas. Ultra-high field magnetic

resonance imaging is a new and quickly developing research direction

that enhances the image resolution compared to that achieved in conven-

tional MRI systems and makes the scanning session faster. Therefore, our

results may be of importance for both radio engineering and biomedical

healthcare.

For dipole antenna arrays we achieved the passive decoupling using

scatterers inserted into the gaps between the dipoles. This approach has

several variations, on this way we revealed several interesting effects and

made interesting findings which are reported in Publications I–VI. Such

technique can be employed using passive scatterers centering every gap

between the dipoles raised over gap center. Here our novelty is related

with the use of resonant dipole antennas, extension of the approach to

multielement antenna arrays, the involvement of split-loop resonators,

the broadening of the operation band due to the coupling between the

scatterers, and the drastic impact of the lossy dielectric body that makes

the dipole scatterers preferred. These results are reflected in Publications

I-V. The best result for MRI applications was achieved using a metasur-

face raised over the gap between the antennas, that is capable of decou-

pling the antennas without the damage for the MRI signal. This result is

reported in Publication VI. We believe that our method of decoupling the

dipole arrays has a potential in both telecommunications and biomedical
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industry.

As to decoupling the loop arrays, we qualitatively developed the con-

cept of the self-decoupled loop antenna called high-impedance coil. We

have suggested and studied the coil keeping the high-impedance oper-

ation in both receiving and transmitting regimes. Further we suggested

the method how to make such the coil dual-band, and in general, multifre-

quency transceiver antenna. These results are presented in Publications

VII–VIII which, to our opinion, have a clear potential for MRI. Since UHF

MRI has not yet been certified for humans and nowadays is only used for

animals, we did not focus on the patient’s comfort in our design solutions.

We hope that UHF MRI will be certified for human scanning in the near

future. We believe that our findings will be applied in a way that respects

the patient’s comfort. However, presently the comfort of the patients is

not yet actual in UHF MRI and we did not study this issue.

In Publication IX we also showed the possibility of using our coil to en-

hance the robustness of the wireless power transfer in advanced WPT

systems. The use of our coils instead of conventional loops grants the op-

timal power management to a system with movable receiver. It is granted

via the sensitivity of the operation of our coils to the receiver position.

This result shows the multi-functionality of our high-impedance coils.

In conclusion, we hope that the results of this work will be inspiring

for other researchers, who can use the accumulated knowledge for future

elaboration of this and adjacent research fields.
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