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Abstract

In this paper an approach for broadening of operational band in a dense array of dipole antennas by implementing
passive split-loop resonators (SLRs) as decouplers is presented. Compared to the previous method, where three closely
located active dipoles were decoupled by two passive dipole, the operational band is significantly improved from 0.5% to
1.6% at the same level of decoupling -8dB for the cross-talk and inter-channel transmittance. To delineate, the presence
of two SLRs results in birefringence of the resonant interaction of SLRs which creates two different eigenmodes for
decoupling. As a result, a dual-resonant decoupled band is obtained. Alongside with analytical investigation, numerical
and experimental investigations verify the veracity of our approach. Moreover, the possibility of decoupling by SLRs for

arrays with more active dipoles is investigated numerically.

Keywords: Active metasurface, Antenna array, Decoupling, Split loop resonator.

1. Introduction 30

Array antennas have made focus of research for decades
due to their practical features such as gain enhancing,
beam steering and path diversity giving. Because of these
features, array antennas have been intensively used in many
applications, namely, radio astronomy, radio frequency iden-
tification (RFID), multi-input multi-output (MIMO) and
magnetic resonance imaging (MRI) [1, 2, 3]. Yet, cou-
pling between array elements is a critical impasse espe-
cially when the distance between them is less than A/10,
A is operation wavelength.

Former, many techniques for solving this problem have
been presented. Most practical ones are: using adaptive
active circuitry for compensating induced electromotive
forced over each element created by the other elements;
using absorbing sheets between elements to isolate them
electromagnetically; using electromagnetic band gap struc-
tures (three is the minimal number of cells that must be
located between elements) [4, 5, 6, 7]. However, these
approaches are, respectively, too expensive for commer-
cial applications; destructive for antenna pattern and effi-
ciency; and applicable when the distance between elements
is larger than A/12. For the case that array is constituted
of loop antennas, overlapping elements and using passive
loops are most common method [8]. Some passive loops
have also been used for dipole antennas decoupling [9]. In
the case of dipole arrays, the most critical situation raises
when the distance between element is smaller than \/20.
This is the case in ultra-high field MRI when the distance
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between dipoles is d = A\/30 (operation frequency is the
Larmor frequency 300 MHz for 7 Tesla MRI scanners).
Lau and et al. have presented a method for decoupling
two closely located dipoles; which proves the need of ac-
tive load for their complete decoupling [10]. Moreover,
their approach has not been discussed for resonant dipoles.

In our previous works, first we introduced a method
of passive decoupling between two and three closely res-
onant dipoles (d = A/33 = 30 mm) by adding one and
two the same but passive dipoles between them, respec-
tively [11]. Using this approach, transmittance coefficient
between active dipoles has been decreased from -2dB (for
the reference case — without passive dipoles) to -13 dB
while the relative bandwidth was 0.5% at the level of -
8 dB. Then in work [12], we have enhanced decoupling
bandwidth between two active dipoles through replacing
the passive dipole of [11] with a split-loop resonator (SLR).
However, no one has used two and more SLRs to decouple
dense arrays of dipole antennas.

In this paper, we aim to enhance operation band of
dense dipole array through replacing two passive dipoles
in [11] with the two passive SLRs. The possibility of de-
coupling in the dense array is discussed analytically, nu-
merically and experimentally in next sections. In fact,
interaction between these two passive SLRs results in two
eigenmodes for decoupling which widen operational band
of the system. Finally, the possibility of extending this
method for arrays with more active dipoles is numerically
investigated.
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Figure 1: Array of three dipole antennas decoupled by two SLRs.
(a) Schematic view, (b) fabricated prototype.

2. Analytical Model o0

Consider an array formed by three active dipoles and
two passive SLRs located as shown in figure 1(a). Let us
follow to the logics of our work [11] where the general con-
dition of the decoupling was obtained in terms of the self- ¢
and mutual impedances and the geometry of the decou-
pling scatterers was not specified. For an array of three
active dipoles and two passive scatterers we have (see also
in figure 1(a)):

100

7"(Zo + Zwo) = (2') + 22", (1)

Zoo [(Z')° + (2" | = 2202/ 2" = (23— 23) 2. (2)
105
Here Zy and Zyg are, respectively:

e self-impedance of our passive scatterers,
e mutual impedance of two passive scatterers.

Next, Z/, Z", Z" and Z"" are mutual impedances,
respectively:

e of two adjacent elements: an active dipole and an
SLR,

e of two neighboring dipoles (1 and 2, 2 and 3),

e of two distant elements, one active and one passive
(left dipole and right SLR and vice versa),

e of two distant dipoles (1 and 3).

It can be shown analytically that the absolute values of
Zy and Z' are much larger than those of Z" and Zy, [11,
13]. Therefore, we can use the following approximation for
decoupling the neighboring dipoles instead of (1):
" /2

2z =(Z) . (3)
Considering equations (2) and (3), any type of scatterers
which satisfies these equations results in the decoupling
between all three array elements. In [11], these decoupling
conditions were satisfied by two passive dipoles identical
to the active dipoles but shortcut at the center. It is possi-
ble to prove that replacing these passive dipoles by passive
SLRs allows to satisfy these equations as well [12]. How-
ever, equation (2) cannot be for resonant SLRs reduced
to the same form (3), like it was done in [11] for resonant
dipoles. In the case of passive dipoles, the enlargement of
the array from 2 to 3 active elements and from 1 to 2 pas-
sive elements does not imply anything new for decoupling.

In the case of SLRs it is not so. Decoupling condition
for the adjacent dipoles (3) is analytically solved in [12] and
the condition is satisfied at the frequency w ~ 1.0432wq
(proper dimensions for SLR to decouple two dipoles are
calculated based on this analytical solution). Decoupling
condition for the distant dipoles (2) is numerically solved.
There is no analytical solution for mutual coupling be-
tween two SLRs in the literature. In fact, there are two
components of their mutual impedance resonating at nearly
the same frequency. First one is the electric-dipole com-
ponent related with the symmetric part of the loop cur-
rent (the same current in the top and bottom sides of the
SLR). Second one is the magnetic-dipole component, re-
lated to the asymmetric part of the SLR current. For
electric-dipole component the problem was solved in [12].
For the magnetic-dipole component the problem can be
solved in principle also analytically. However, calculating
it is out of the scope of this paper. At the highest frequency
(w & 1.0432wy), that corresponds to the best decoupling of
the neighboring dipoles, the eignemode of two SLRs is po-
larized in phase. At the middle frequency (w =~ 1.017wy),
the eigenmode of two SLRs still remains polarized in phase
(thet will be numerically demonstrated in the next sec-
tion). At the lowest frequency (w ~ 0.982wyq), the eigen-
mode of two SLRs is polarized with opposite phase.

In the case simulated below wg = 27 fo, fo = 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 analytical model
and promises us the suitable antenna efficiency (not dam-
aged by the decoupling elements). Additionally, it means
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Figure 2: Simulation and measurement performance results of the
structure consisting of three active dipoles and two SLRs. (a) Mis-165
matched regime, (b) matched regime.

that the interaction between two SLRs grants us a broader
operational band. Really, the maximal decoupling of the
neighboring and distant dipoles hold at three very close "
frequencies, i.e. the bands of the decoupling overlap and a
total decoupling 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 Si3.

In the next section, the accuracy of our analytical ap-
proach is numerically and experimentally verified. More-
over, the possibility of extending this method for an array
constituted of four active dipoles, decoupled by three SLRs™
is numerically proved.

3. Numerical and Experimental Verifications

185

We simulated the structure depicted in figure 1(a) us-
ing CST Microwave Studio and experimentally verified our
simulations measuring S-parameters of a fabricated proto-
type shown in figure 1(b). Similar to [11], simulation has

been carried out for mismatched and matched regimes.,,,

Having in mind the application of our theory for ultra-
high field MRI (7T), we designed the structure so that it
would operate at frequencies between 270 MHz and 300
MHz.

For the reference case (no SLRs) coupling coefficients
for the adjacent dipoles at the resonant frequency fy in the
mismatched and matched regimes are nearly equal —5 dB
and —2 dB, respectively. Introducing 2 SLRs with follow-
ing geometric parameters (based on analytical solution
in [12]) - L; = 322 mm, h = 10 mm, g = 30 mm, ry =
1 mm, and d = 30 mm — between the dipoles as shown in
figure 1(a), we come to the results presented in figure 2.

The measurements were done similarly to the corre-
sponding measurements for passive dipoles [11]. Dipoles
and SLRs are made of copper wire with the same dimen-
sions used in the simulation. The feeding points of the
dipoles are soldered to connectors through which dipoles
are connected to a Vector Network Analyzer. As well as in
[11] for simplicity of the experiment, we avoided the fabri-
cation of the matching circuit, because the S-parameters
obtained for the mismatched regime can be recalculated
to the regime of the perfect matching using the existing
software.

Simulation and measurement results for mismatched
case are seen in figure 2(a). This regime is important
because the coupling coefficients manifest the aforemen-
tioned minima in the band of decoupling. Moreover, at
the individual resonance the decoupling in the mismatched
regime grants the self-tuning — minima of the reflection co-
efficients Sao (central dipole) and S1; = Ss33 (edge dipoles)
are clearly seen in figure 2(a). This self-tuning is a feature
of antennas decoupling. When they are strongly coupled
the most part of the energy is transferred between them in
a non-radiative way. Since the antennas are connected to
the voltage sources with the internal impedance 50 Ohm,
and when they are coupled the radiation is absorbed in
these resistors and the radiation resistance is damped by
the coupling. The coupling of our antennas is overcritical
— they radiate very weakly even within the band of their
individual resonance. At a frequency of decoupling the ra-
diation 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 sharply resonant increase of the radiation resistance
and, therefore, the self-tuning. Of course the decoupled
antennas are strongly coupled to the SLRs, and this cou-
pling is also destructive for their radiation. This is why the
self-tuning minima of the reflectance are small. However,
they are noticeable because the passive scatterers are prac-
tically lossless and cannot absorb the power transferred by
near fields.

The simulated and measured curves for the reflection
coefficients almost coincide. The experimental and the-
oretical curves for the coupling coeflicients slightly dif-
fer from one another, but are in a qualitative agreement.
What is important — in the experimental curve for Sis
we clearly distinguish two minima predicted by the theory
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Induced current over SLRs.
currents over SLRs in 278.42 MHz, (b) induced in phase currents
over SLRs in 289.39 MHz.

Figure 3: (a) Induced out of phase

230

and very pronounced in the simulated curve. The differ-
ence between the simulations are measurements is here
standard — more smooth and spread experimental curve
implies that some electromagnetic losses present in thezss
experimental setup were not taken into account in sim-
ulations. The minima for two coefficients S13 = S31 and
S12 = So1 = So3 = S3o 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. 240
In the matched regime a similarly broad band is mani-
fested as a band of matching in which the maximum of S
and Si3 is suppressed from -2 dB to -8 dB. Here the crite-
rion is taken on the level -8 dB, since higher decoupling in
the matched regime is impossible and the coupling belowass
the critical value of -6 dB is acceptable. The same refers
to the reflection coefficient of the antenna. The results
obtained by adding a virtual lossless matching circuitry
between the voltage sources and the dipole antennas are
shown in figure 2(b). Since the same procedure can bezso
applied to both simulations and experimental results, we
show here only the simulated curves — the same agree-
ment between the experimental and numerical data as in
figure 2(a) keeps for the matched case. According to fig-
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Figure 4: Radiation efficiency of the structure.

ure 2(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 re-
sults for coupling coefficients from [11] the same criterion
of -8 dB) from 294 to 298.6 MHz (matched in a way to be
practical for 7T MRI scanner).

Further, to prove the veracity of our expectation, we
monitored the induced currents over SLRs in frequencies
coincide with the minima of S13 = S31 ( 278.42 and 289.39
MHz). Figure 3 shows induced currents over SLRs in these
frequencies. As we expected, in 278.42 MHz the currents
induced over SLRs are out of phase and the currents in-
duced over them in 289.39 MHz are in phase, while in both
frequencies these modes decouple antennas 2 and 3 from
antenna 1. Besides, efficiency of the structure is shown in
figure 4.

Needless to say that considering main application of
the work — MRI — when a high permittivity object such
as human body is located beneath the structure, the de-
coupling will be enhanced to -10 dB. In the practical case
when human body is located beneath the structure, decou-
pling level will enhanced enough due to high loading by the
body. In fact, in the presence of the body, most of radiated
energy will be propagated in the body. To clarify more, we
simulated a case when a cubic phantom with permittivity
78 and conductivity 1.56 (parameters are chosen according
to human body) is located beneath the structure. In this
case, SLRs should shift up a bit to compensate asymmetry
of the structure. Below, simulation result in the matched
case in the presence of the phantom is shown in figure 5.
In this case, the decoupling level enhanced to -10 dB in
the presence of the phantom. Notice that due to the pres-
ence of high load (phantom), resonance frequency of the
antennas shifted to the lower frequency.

Moreover, in order to emphasize on the possibility of
extending this method to arrays with more active dipoles,
we simulate the array constituted of four active dipoles de-
coupled by three SLRs (shown in figure 6(a)). The perfor-
mance of the structure by the same parameters as before is
demonstrated in figures 6(b) and (c), which shows decou-



-10
o
.20
(]
U A)
] v
S-30| Vi
(o] 1
= Y]
|,' —==I844 15185l
40! t = =IS[FI85I7181,718 5, -
..... 1,515 4l
—|322|
-50 - - -
260 261 262 263 264

Frequency (MHz)

260
Figure 5: S-parameters of the structure in the presence of the phan-

tom in the matched regime.

265

270

pling between all active dipoles around 290 MHz. In the

Table 1: S-parameter values at 292.3 MHz (dB).

(a)
0 e ALV — p——————
-10 -
)
T -20 + 275
! s
2 -30 4 L \
% Uy ISy, (=150 o
o [S51=18u] ===
= -40 ~ : Yo [P Py p—
I ' ISisl=150] ==
50 4 [Sul ==
50 (b) 5551 —— 280
250 260 270 280 290 300 310 320 330 340 350
Frequency (MHz)
D - ~ -
£ ‘-"h"-. I
-104 3 285
g
— .20
@
o
=
=
& 301 ISl =ISul =
Em // “‘ |\S/'|:|S|‘| - 200
-40 Voo fisal=lsad ==
L T R —
(C) VoISl —_—
-50 i

250 260 270 280 290 300 310 320 330 340 350

Figure 6: Array constituted of four active dipoles decoupled by three

passive SLRs. (b) Simulation result in mis-205

(a) Schematic view.

Frequency (MHz)

matched regime. (c) Simulation result in matched regime.

H Channel H 1 ‘ 2 ‘ 3 ‘ 4 H
1 -22.1 | -7.1 | -24.8 | -5.3
2 -7.1 | -23.2 | -4.8 | -24.8
3 -24.8 | -4.8 | -232 | -7.1
4 -5.3 | -24.8 | -7.1 | -22.1

same manner we can show that the reason of 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 second eigenmode,
the current over the middle SLR is out of phase and for
third eigenmode one of 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 tabu-
lated in the Table 1. Again, by locating the structure near
human body, these values will be enhanced. These results
justifies the possibility of matching for a wider range of fre-
quency and wider decoupled frequency band. This method
can be considered as first step for decoupling 32-dipole ar-
ray used in Ultra-High Field MRI.

4. Conclusions

An approach for creating multi-resonant decoupling
band for dense arrays of dipole antennas was discussed.
Passive SLRs were located between dipole antennas in
order to use their different eigenmodes. The method is
based on birefringence of the resonant interaction of SLRs
leading to multi-band decoupled performance. Analytical
verification of the decoupling was justified by numerical
and experimental results. The results prove the double-
resonant and triple-resonant of the operation band for ar-
ray of three and four active dipoles, respectively. For array
of three active dipoles, the operation band was enlarged
16 times compared to the previous work. Although the
wider operation band was obtained by the price of higher
coupling coeflicient at the resonant frequency, this wider
band makes SLRs an important method for broadening
the operation band in dense antenna arrays. As the main
application of the designed structure is 7 T MRI coils, the
structure is tuned at 300 MHz. Notice that due to presence
of the human body in MRI machine, optimized dimensions
of the dipoles and the SLRs as well as the operation fre-
quency may change slightly.

Acknowledgment

This work was supported by the Russian Science Foun-
dation (Project No. 18-19-00482). Experiments were sup-
ported by the European Union’s Horizon 2020 research and
innovation program under grant agreement No 736937.



300

305

310

315

320

325

330

335

340

References

[1] H. Li, Decoupling and evaluation of multiple antenna systems in
compact MIMO terminals, Ph.D. dissertation, Dept. Elect. Eng.,
KTH Univ., Stokholm, Sweden, 2012.

[2] L. Qiu, X. Liang, Z. Huang, PATL: A RFID Tag Localization
based on Phased Array Antenna, Scientific Reports, 7 (2017)
44183, https://doi.org/10.1038 /srep44183.

[3] X. Yan, J.C. Gore, W.A. Grissom, Self-decoupled radiofrequency
coils for magnetic resonance imaging. Nature Communications,
9 (2018) 3481, https://doi.org/10.1038 /s41467-018-05585-8.

[4] X. Tang, K. Mouthaan, J.C. Coetzee, Tunable Decoupling and
Matching Network for Diversity Enhancement of Closely Spaced
Antennas, IEEE Ant. Wireless Propag. Lett., 11 (2012) 268-271.
DOI: 10.1109/LAWP.2012.2188773.

[5] A.J. Fenn, Adaptive Antennas and Phased Arrays for Radar and
Communications, Boston, London, 2008.

(6] C. A. Balanis, Antenna Theory: Analysis and Design, fourth ed.,
New York, 2016.

[7] A. A. Hurshkainen, T. A. Derzhavskaya, S. B. Glybovski,
I. J. Voogt, I. V. Melchakova, C. A. T. van den Berg,
and A. J. E. Raaijmakers, Element decoupling of 7 T
dipole body arrays by EBG metasurface structures: FEx-
perimental verification, J. Magn. Res., 269 (2016) 87-96,
https://doi.org/10.1016/j.jmr.2016.05.017.

[8] N.I. Avdievich, J.W. Pan,H.P. Hetherington, Resonant inductive
decoupling (RID) for transceiver arrays to compensate for both
reactive and resistive components of the mutualimpedance, NMR,
Biomed., 26 (2013) 1547-1554. DOI: 10.1002/nbm.2989.

[9] E. Georget, M. Luong, M. Vignaud, A. Giacomini, E. Chazel, G.
Ferrand, A. Amandon, F. Mauconduit, S. Enoch, G. Tayeb, N.
Bonod, C. Pounon, R. Abdeddaim, Stacked Magnetic Resonators
for MRI RF Coils Decoupling, J. Magn. Res., 175 (2016) 11-18.
DOI: 10.1016/j.jmr.2016.11.012.

[10] B. K. Lau and J. B. Andersen, Simple and efficient decoupling of
compact arrays with parasitic scatterers, IEEE Trans. Antennas
Propag., 60 (2012) 464-472, DOI: 10.1109/TAP.2011.2173440.

[11] M. S. M. Mollaei, A. Hurshkainen, S. Glybovski, and C.
Simovski, Passive electromagnetic decoupling in an active meta-
surface of dipoles, Photo. Nanostru. Fund. Appl., 32 (2018) 53-
61. https://doi.org/10.1016/j.photonics.2018.10.001.

[12] M. S. M. Mollaei, A. Hurshkainen, S. Glybovski, and C.
Simovski, Decoupling of two closely located dipole Antennas
by a split-loop resonator, Radio Science, 53 (2018) 1398-1405.
https://doi.org/10.1029/2018RS006679.

[13] A.R. Clark, A.P.C. Fourie, Mutual impedance and the folded
dipole, 1994 Second Int. Conf. Comput. Electromag., London,
UK, 1994.


https://www.researchgate.net/publication/338746377

	Introduction
	Analytical Model
	Numerical and Experimental Verifications
	Conclusions

