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We analyze the loss contributions in a small, 50-mm-diameter receive-only coil for carbon-13 ('3C) magnetic
resonance imaging at 3 T for 3 different circuits, which, including active decoupling, are compared in terms
of their Q-factors and signal-to-noise ratio (SNR). The results show that a circuit using unsegmented tuning
and split matching capacitors can provide >20% SNR enhancement at room temperature compared with
that using more traditional designs. The performance of the proposed circuit was also measured when cryo-

genically cooled to 105 K, and an additional 1.6-fold SNR enhancement was achieved on a phantom. The
enhanced circuit performance is based on the low capacitance needed to match to 50 Q when coil losses
are low, which significantly reduces the proportion of the current flowing through the matching network and
therefore minimizes this loss contribution. This effect makes this circuit particularly suitable for receive-only

cryogenic coils and/or small coils for low-gamma nuclei.

INTRODUCTION

The sensitivity of the magnetic resonance (MR) detection circuit
is one of the most important aspects of a magnetic resonance
imaging (MRI) experiment. Signal-to-noise ratio (SNR) im-
provement allows higher image resolution and/or reduced ac-
quisition time. In an MR experiment, the noise mainly comes
from thermal noise of the coil (and electronics), and the sample
noise is due to the interaction of radiofrequency (RF) fields with
the lossy sample. For proton imaging in humans, often, the
sample losses are dominant because of the relatively high Lar-
mor frequency of protons and the subject’s (patient) large size.
However, increasing attention has been drawn toward imaging
of other nuclei with lower Larmor frequencies, emphasizing the
importance of coil losses. Carbon-13 (*3C) is of particular inter-
est because it is used for hyperpolarized metabolic MR. This is an
exciting new method with potential in early diagnosis of dis-
ease, staging, and therapy monitoring (1-5).

Following the trend already established for proton imaging,
the SNR of 'C imaging can, in principle, also be improved using
smaller surface coils in phased arrays or for acceleration with
parallel imaging. However, the assumption is that sample-dom-
inated noise can be achieved. Examples of receive-only double-
tuned (4-6) and phased-array (7) coils using small surface ele-
ments for '>C have already been reported, showing improved
performance over detection using bigger-volume coils. How-
ever, developing low-loss >C small surface coils that work in a

sample-dominated noise regime to replicate the enhancements
provided by surface coils already seen for proton imaging re-
mains a challenge.

At the lower Larmor frequency of '>C (4 times lower than
that of hydrogen-1 ['H]), the noise contribution of the coil
becomes more significant. One can approximate the SNR of a
nuclear magnetic resonance experiment, in terms of coil and
sample losses, as it is done in Styles et al.’s study (8) and
calculated using the following equation:

w- By
SNR = (1)

\/ Rs'Ts+Rc' TC

where Rs and Rc are the equivalent resistances of sample and
coil, respectively, Ts and T¢ their temperatures, w the operating
frequency, and B; the field per unit current.

In this context, the SNR of the experiment can be further
increased by cooling the coil. The resistivity of copper decreases
ca. 8 times when cooled to liquid nitrogen temperature (77 K),
allowing a potential ~3-fold SNR increase for the case of no
sample losses. The SNR gain obtained from cooling then de-
pends on the balance between coil and sample losses, making it
difficult to directly compare coils with different geometries and
resonance frequencies. The following are some examples found
in the literature of Q factors for cryogenic coils similar in size to
the ones we will study here:
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(1) A 30-mm-diameter copper coil for 3°K at 9.4 T (18.68
MHz), with an unloaded quality factor improvement Q7x/
Q200x = 450/223 (9).

(2) A 17-mm-diameter copper coil for 'H at 1.5 T (64 MHz)
with unloaded Q77x/Q290xk = 260/125 (10).

(3) A 35-mm-diameter copper twin horseshoe resonator for 'H
at 3 T (128 MHz) with unloaded Q;7x/Q200xk = 900/300 (11).

Cryogenic coils, as those mentioned above, are more often
used only as receiver coils, whereas the transmission is performed
by a separate volume coil that provides better homogeneity. There-
fore, an additional circuitry needs to be added to the coil to detune
it during the transmission (active decoupling), preventing inhomo-
geneities created by the current flowing in the receive coil and also
protecting the preamplifier. Decoupling between transmitter and
receiver coils has traditionally been implemented by adding a PIN
diode in series with an inductor, which is chosen to create high
impedance together with one of the capacitors within the coil,
therefore greatly reducing the current flow (12, 13).

Some thorough studies have been already conducted, quantifying
coil losses for proton imaging at different field strengths (14), showing
good agreement between predictions and measurements. Here, we
focus on the noise contribution of the circuit used to tune, match, and
actively decouple receive-only '3C coils at 3 T (32.13 MHz), and show
that, at this frequency, the loss contribution of the tuning capacitor(s)
can easily be dominant. In this context, we propose a novel active
decoupling circuit and compare its performance with that of tradi-
tional schemes. The results show that the proposed circuit significantly
reduces the losses, particularly for coils with low resistance. Measured
Q-factors of up to 793 at 105 K for an unloaded 50-mm copper loop
are obtained, showing the potential of this circuit for cryogenic coils.

Theory

The equivalent circuit diagram of a nuclear magnetic resonance
experiment can be simplified as shown in Figure 1. If the coil
inductance is fixed, the SNR of the experiment is then dependent
on the amount of noise present. The balance between coil, sample,
and matching network losses depends mainly on the coil size and
test frequency, with coil losses being dominant for lower frequen-
cies and smaller sizes. However, it is frequently overlooked that
noise source is the matching network, which, particularly for coils
with active decoupling, can become very relevant.

In Figure 1 the matching network is shown as a “black box”
that transforms the impedance of the coil to 50 ) (adding a
certain amount of losses to Ry). Let’s consider instead the circuit
shown in Figure 2A (omitting Ry for the moment), which uses a
capacitor in parallel to tune the coil. In this case, we have
included the losses added by the capacitors, using their equivalent
series resistance (ESR) in series with the ideal capacitors. It can be
shown (see Supplemental Appendix) that the losses in this circuit
are equivalent to the ones shown in Figure 2B, as long as the
resistances (Rc, ESRt, and ESR),) are much lower than the imped-
ances of the components. In that case, the total losses in the
resonator can be approximated using the following equation:

where RE;" is the total resistance in the resonator (parallel tuned),
Rc the losses in the loop, ESRy is the losses in the tuning
capacitor, and ESRy is the losses in the matching capacitor.
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Figure 1. Circuit equivalent of the magnetic reso-
nance imaging (MRI) experiment, including the

noise contribution of coil (Rc), sample (Rs), match-
ing network (Rm), and preamp (NF).

For the case of a series tuned coil (as shown in Figure 2C),
the total resistance in the resonator can be approximated as that
in Figure 2D) (see Supplemental Appendix). Again, this approx-
imation is only valid for coils with equivalent resistance that is
much lower than its reactance. Then the total resistance of the
series tuned coil (Rg) can be expressed using the following

equation:

Therefore, and to include the capacitor losses in our analy-
sis, for the rest of this study, we will calculate the Q-factor of
coils using the following equation:

Figure 2. Parallel (A) vs. series (C) tuned coil
circuits, and their respective simplified approxi-
mations (B)(D).
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0=t )
R,
where Req includes now not only the losses in the loop but also
the losses in the capacitors used for tuning and matching [as
derived in equations (2) and (3)].

Even though both approximations of Req are valid for only
coils with low losses, their behavior is quite different for the ex-
treme case, where losses tend to zero (Q tends to ). In the parallel
tuned circuit, lower losses require a lower matching capacitor
(higher impedance) to perform the impedance transformation to 50 (),
which, in practice, reduces the current flowing through this capac-
itor, minimizing its contribution to the total losses.

For the case of the series tuned coil, lower losses require a
higher capacitor for matching (lower impedance), which is prob-
lematic because capacitors with higher capacitances have inher-
ently higher losses. In the extreme case where a capacitor with very
low impedance (=m{}) is needed for matching, the analysis per-
formed here is not valid anymore, and the losses in this capacitor
would become dominant. This case is not very realistic though.

A Novel Low-loss Active Decoupling Circuit Using Split
Matching Capacitors

There are numerous ways to implement the active decoupling via
pole insertion, depending on the particular coil design. Here, the
losses of 3 different circuit schemes are compared: the 2 classical
(series and parallel tuned coils) and 1 novel, which significantly
reduces the losses by using only 1 parallel tuning capacitor.

Figure 3 depicts the 3 receive-only circuit schemes under
study. Coil 1 (Cy, = 2000 pF, C¢ = 470 pF) is a series tuned coil with
segmented tuning capacitor, widely used because it allows preamp
decoupling schemes (15). In this scheme, the segmenting capacitor
is needed to prevent the loop from closing the Direct Current (DC)
decoupling circuit. Coil 2 (Cp, = 47 pF, C; = 470 pF) is a parallel
tuned coil with 2 balanced matching capacitors and an active
decoupling pole formed with one of the tuning capacitors.

Coil 3 (Cyy = 22 pF, C¢ = 230 pF) is a newly proposed parallel
tuned coil with a balanced matching network, where one of the
matching capacitors is split and used to create a pole together
with the inductor L; and the tuning capacitor (opening the loop
at the test frequency). The nonsplit matching capacitor is also
used to create an additional pole with L,, which effectively
breaks the ground path of the loop and improves the decoupling
performance. The values of L; and L, to create the poles are
given by the following equations:

1/1 1
A — o
wz Ct ZCm
1

2
o - C,

L,= (6)

As shown in the previous section, the equivalent resistance
of alow-loss parallel tuned coil depends on only the losses in the
loop and the tuning capacitor. This permits the addition of extra
matching capacitors with a minimal effect over the total losses.
Therefore, the main advantage of the design proposed for coil 3
is that only 1 tuning capacitor is used to close the loop, thus
reducing the resistance added to the resonator. In this case, the
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Figure 3. Different coil schemes evaluated in this
study: (A) Coil 1: series tuned, (B) Coil 2: parallel
tuned, and (C) Coil 3: parallel tuned with split
matching capacitor.

loop does not short-circuit the DC decoupling path because of
the added split matching capacitor.

METHODS

Coil Geometry

Selecting the right inductance of a receive coil (single loop) is not a
trivial task, and it is mainly dependent on the frequency of the
experiment and the imaging target depth. A higher inductance
provides higher induced signal while reducing the current in the
resonator. However, sample losses scale up with the inductance and
can be easily dominant, particularly at higher frequencies.

For the case of cryogenic coils, a significant extra reduction
of coil losses is made, which can provide an SNR enhancement
as long as sample losses are low. Therefore, as sample losses
scale with the inductance, there are also reasons to keep the
inductance as low as possible. Mispelter et al. (16), in their study,
propose a rule of thumb of keeping the coil impedance between
20 and 200 (), which seems appropriate for a general case.

In the rest of this study, we will perform our analysis using
a (somewhat) arbitrary 50-mm-diameter loop coil, wound with
2.3-mm-thick copper wire. This provides an inductance of ~100 nH
(~20 Q at 32.13 MHz). The main purpose of using this geometry
is to use a low-inductance coil, to explore the limits of SNR that
can be gained by cooling down a copper coil while keeping
sample losses minimal. This coil size is useful for small animal
imaging, as it can cover the entire depth of a small rodent, and
it also has the potential to be used as a building block for arrays.
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The inductance of a 50-mm loop wound with 2.3-mm-thick
copper wire can be approximated using the following equation:

16a
L=M0*a*[ln<7)—2}=99nH (7)

Where a is the radius of the loop and d is the diameter of the
wire. Its resistance is calculated using the following equation:

2a 2p a’\ 2popLy
Rc=p— with 8= 4 |—— —>Rc= ——— =30 mQ)
od oy d

where p is the wire resistivity and & is the skin depth.

(8)

Cryostat
For the cryogenic measurements, a simple cryostat was fabricated.
The cryostat has the following 2 main parts: a liquid nitrogen
deposit enclosed in a Styrofoam isolation and a “cold finger,” made
of 2 ceramic bars (10 X 10 X 300 mm?) of aluminum nitride
(Precision Ceramics, Birmingham, UK) partially immersed in a
liquid nitrogen deposit. The coil is attached to the other end of
the ceramic bars with nylon cable ties, and thermally insulated
using a coil holder made of Rohacell (Evonik GmbH, Essen,
Germany) and a layer of 5 mm of aerogel (Aspen Aerogels Inc.,
Northborough, MA, USA) placed between the coil and sample.
This setup allows to cool the coil to 105 K in a consistent
way, with the 5-mm aerogel layer providing sufficient thermal
insulation for >1 hour of experiment without significant ther-
mal transfer to the sample. Therefore, the coil-to-sample dis-
tance when the coil is mounted on the cryostat is about 5 mm.
For this reason, the measurements at room temperature were
done using a 5-mm-thick polytetrafluoroethylene (PTFE) spacer
placed between the coil and phantom, to make them compara-
ble. Although this spacing is not necessary at room temperature,
it is not the purpose of this study to evaluate the loss of coupling
to the sample when extra distance to the coil is included.

Simulation Study
The losses in the 3 actively decoupled coils proposed in Figure 3
were first evaluated via numerical simulations, using a commer-
cial full-wave simulator with its circuit co-simulation (CST
Computer Simulation Technology AG, Darmstadt, Germany)
feature to add the losses in the lumped elements. The copper
conductivity at room temperature and 105 K was taken from
Matula et al.’s study (17), with values of 5.96 X 107 and 2.87 X
10® [S/m], respectively. Capacitor losses are modeled using its
ESR, which can be calculated from their datasheet, by dividing
their reactance at the frequency of interest over the Q-factor.
Ceramic capacitors from the CHB series (TEMEX Ceramics, Pes-
sac, France) were used. In this case, we found that capacitors
that ranged between 22 and 470 pF have an ESR of about 20
m{), whereas capacitors of =1000 pF have an ESR of ~40 m().
At the time of writing this paper, there were no available data
about the ESR of these capacitors at low temperatures; there-
fore, based on our own characterization, we take the approx-
imation of the ESR that reduces to half when cooled down to
liquid nitrogen temperature.

The isolation provided by the diodes used for the active decou-
pling can potentially play an important role in the total circuit
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losses. Several nonmagnetic PIN diodes were tested, and finally,
MMP7072-128-1 PIN diodes (MACOM, Lowell, MA, USA) were
used. The isolation provided by these diodes was measured for
32.13 MHz at room temperature and 105 K, with obtained values of
60 and 120 k{), respectively. These values of equivalent resistance
were then also included in the simulations to improve their accu-
racy. Simulations of the unloaded coils without including diode
losses were also performed, to determine the importance of these
losses relative to the losses in the capacitors.

Simulations were repeated with the coils unloaded (sur-
rounded by free space) and loaded with a spherical phantom
emulating the sample placed at a distance of 5 mm from the coil.
The phantom is 38 mm in diameter and is filled with muscle
simulating liquid as defined by Gabriel et al. (18), which, at
32.13 MHz, has electrical properties, e, = 87.92 and o = 0.686
[S/m]. The boundary condition was a conductive wall cube 600
mm in length with the coil placed in the center.

Bench Characterization

The coils were then fabricated and characterized in the laboratory.
The different active decoupling circuits were mounted on an FR4
printed circuit board etched in house with an appropriate pattern to
mount the lumped elements. Because of the relatively high pene-
tration depth at 32.13 MHz (11.7 wm), the printed circuit board with
3 o0z (105 wm) copper clad was used. High Q variable capacitors
(Johanson Technology Inc., Camarillo, CA, USA) of the 80H85
series where added to allow for fine tuning and matching.

The phantom used to emulate the sample loading is a 38-mm-
diameter sphere containing a 1.0M solution of 3C sodium bicar-
bonate (85 mg/mL) in water. The electrical properties of this solu-
tion could not be measured, as the phantom was sealed, but because
of the 13C enrichment, it is expected that the conductivity of such a
solution will be higher than the nominal values for the muscle
simulating liquid described in Gabriel et al.’s study (18).

The coils were first characterized in terms of the unloaded
and loaded Q-factor by measuring the reflection coefficient Sy
with a vector network analyzer (VNA). For a coil matched to 50
), half the power is dissipated at the signal source, so that the
Q-factor is given by the following equation:

0= F (9)
Af 348
where Af_ 345 is the —3 dB bandwidth measured from the S;;

parameter.

The decoupling performance of the coils was also evaluated
on the bench using a VNA. The following measurement method
is used: a small pickup loop (15 mm in diameter) is placed close
to the coil under test (eg, 5 mm). Both coils are then connected
to the 2 ports of the VNA, and the transmission coefficient S, is
measured for the ON and OFF states of the PIN diodes. The
isolation provided by the decoupling circuit is then calculated as
the difference in dB between both states.

Scanner Measurements

Imaging experiments were performed using a 3 T clinical scan-
ner (Signa HDx, GE Healthcare, Waukesha, WI, USA), using the
phantom described in the previous section. The transmission coil
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is a '3C commercially (GE Healthcare, Waukesha, WI, USA)
available 60-cm-diameter volume coil, of the clamshell type,
previously described in Nelson et al.’s (4) and Tropp et al.’s (19)
studies. A single echo time spiral imaging sequence was used
with a field of view = 80 X 80 mm, section thickness = 50 mm,
and pixel size = 5 mm, similar to the commonly used in vivo
spiral imaging sequence used for hyperpolarized examinations
(20). Measurements were repeated 32 times, and the obtained
images were averaged in magnitude. The total scanning time for
the entire sequence, including repetitions, was 32 seconds. The
SNR profile, perpendicular to the receiving coil plane, was cal-
culated from the magnitude image as described in Henkelman et
al.’s study (21).

All the coils were first connected to a WMA32C low-noise
preamplifier (WanTCom, Chanhassen, MN, USA), which has a
nominal input impedance of 3 {) and a measured noise figure at
room temperature of 0.7 dB at 32.13 MHz. This preamplifier is
not rated for low temperatures, and it was kept at room temper-
ature during the tests where the coils were cryogenically cooled.

RESULTS

Room Temperature

The results obtained from the simulations and bench measurements
are summarized in Table 1. The coil resistance Rc and inductance L
are taken from the electromagnetic simulation, with good agree-
ment with the theoretical equations (7) and (8) for a wire loop. The
losses added by the matching network Ry, are then calculated from
the unloaded Q-factor obtained using the circuit co-simulation,
as the difference between the total losses and Rc. The losses added
by the sample are calculated as the difference between the losses
obtained in the loaded and unloaded simulations. The SNR ob-
tained with each of the coils is shown in Figure 4, averaged over 3
voxels and plotted against the phantom depth.

Active Decoupling Performance

Figure 5 shows the measured active decoupling performance for
coil 3, which, at 32.13 MHz, provides a decoupling of 41 dB at
room temperature and 48 dB when cooled. The traditional cir-
cuits used in coils 1 and 2 provide a better decoupling (see last

70 T T T T "

60 -

50 -

40 -

SNR

30

20

-40 -30 -20 -10 0 10 20
Depth into the phantom [mm]

Figure 4. Measured signal-+to-noise ratio (SNR)
vs. phantom depth for the 3 coils under test at

room temperature (290 K).

column of Table 1), and this is because of the Q-factor of the
inserted pole. For coils 1 and 2, the pole is made using a tuning
capacitor (~470 pF) in parallel with an inductor of ~52 nH. For
coil 3, the capacitance of the pole is dominated by the matching
capacitors (20-40 pF), which then require much higher induc-
tors (620-1240 nH) in parallel to resonate. These values of
inductance are >10 times higher than those used in coils 1 and
2, reducing the Q of these components. This effect is better seen
when cooling, as the resistance of the inductors decreases, in-
creasing the Q of the poles and the isolation. Moreover, 40-50
dB of isolation is likely sufficient for most applications, and it is
similar to published data from similar experiments (22, 23).

SNR: Room Temperature vs. Cryogenic Temperature
Using the cryostat described before, the Q-factor of the coil was
measured, with a ratio of 793/586 obtained between unloaded

Table 1. Coil Parameters Obtained from Simulations and Bench Measurements

Simulations Measurements
Qu (only
T[K] L[nH] Rc[mQ] Rm[mQ] Rs[mQ] capacitors/full circuit)j Q. Qu Q. Active decoupling [dB]

Coil 1 95.2 27 62 3 227/220 209 216 195 62
Coil 2 290 952 27 39 3 316/303 286 293 243 62
Coil 3 95.2 27 19 g 435/401 380 390 316 41
Coil 1 94.3 14 37 8 372/371 363 403 341 67
Coil 2 105 94.3 14 19 3 595/584 563 572 464 67
Coil 3 94.3 14 10 3 835/801 756 793 586 48

Abbreviations: L = loop inductance, Rc = loop resistance, Ry = resistance added to the resonator by the circuit elements, Rs = resistance added by the
sample (for the loaded case), Q = quality factor of the coil (unloaded and loaded), Active decoupling = difference between the signal transferred from Tx

to Rx coil in the ON and OFF states of the circuits (in dB).
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Figure 5. Coil 3 active detuning performance,
measured as the normalized transmission coeffi-

cient fo a loosely coupled pickup loop.

and loaded Q (at 105K). Using these values, we can calculate the
expected SNR enhancement when cooling from 290 to 105 K
using the following equation:

290 290
SNRIOBK . Qunloaded 290K Qloadcd 290K — 163
SNR,90k 105 290 ’

Qunloaded 105K Qloaded 105K

To confirm this enhancement, imaging experiments were
performed with coil 3 cooled to 105 K using the cryostat de-
scribed before. Images were then acquired at room temperature
and at 105 K, in an otherwise identical setup. The obtained SNR
and images are shown in Figure 6, where the expected SNR
enhancement is confirmed. This result shows that coil losses are
indeed the primary source of noise for this combination of
frequency, coil, and sample size.

DISCUSSION

The measured Q-factors for the 3 studied circuits agree well with
the simulations for the unloaded case, which shows that the model
used for the lumped element losses is reasonable and that the losses
in the circuitry are ultimately dominated by the ESR of the capac-
itors. The extra losses added by the PIN diodes are not very signif-

290K
120
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N=0.22
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icant in this case as long as PIN diodes with good isolation are used.
However, it can be noted that their effect is higher for coil 3 than for
the rest, which is explained because of the lower tuning capacitance
(higher reactance) required in this circuit, which makes the equiv-
alent parallel resistance of the PIN diode relatively more important.
The unsegmented coil (coil 3) showed the largest measured Q-factor
in the presence of the sample, confirming that segmentation is not
beneficial for the small loop size used here.

The SNR results obtained are consistent and show propor-
tionality to the Q-factor, with coil 3 providing the best SNR
(about a 20% improvement compared with coil 2, and almost
40% more than coil 1). The effect of capacitor losses is even
more relevant if the thermal losses of the coils are reduced by
cryogenically cooling them, accounting for almost half of the
total losses for coil 3 when unloaded. The measured Q-factor of
the loaded coils is lower than the simulated values, but this can
be explained because of the higher conductivity of the '>C-
enriched solution compared with the muscle tissue properties
described in Gabriel et al.’s study (18).

The results obtained in this study show that for some MRI
experiments at lower frequencies, the circuit scheme chosen to
drive the coil can have a very important effect on the total
losses. When the coil resistance is very low, the losses of the
resonator can be easily dominated by the ESR of the tuning
capacitor[s]. In this case, it is advantageous to use a parallel
tuned scheme and close the loop with only 1 capacitor, such that
the resistance added to the resonator is minimized. The reason,
as shown in the Supplemental Appendix, is that for such a
configuration, the losses in the matching capacitors can be
almost neglected. To prevent the loop from shorting the DC
decoupling circuit, an extra matching capacitor needs to be
added and used to create the tuned trap activated by the decou-
pling DC signal. The result might be counterintuitive for RF coil
designers at higher frequencies, as segmenting the tuning ca-
pacitor is one of the most common techniques used to minimize
sample losses. The results obtained here show that, depending
on the balance between loop, circuit, and sample losses, adding
segmenting capacitors may be counterproductive in some cases.

The new coil circuit proposed is particularly useful for
cryogenic coils, as the impedance transformation required for
parallel tuned coils with very low losses causes dominance of the
losses in the tuning capacitor on the losses of the tuning/
matching/decoupling network. Here, we have also confirmed
this result through bench characterization and imaging experi-
ments on a phantom. An ~1.6-fold SNR improvement at the

105K

Smax = 13.91

o Figure 6. SNR performance of

coil 3 at cryogenic temperature
(105 K), compared with room

temperature (290 K). The signal
for the SNR calculations is aver-
aged over 3 pixels of the recon-
structed image.

X axis [mm]
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phantom surface was obtained using a 50-mm-diameter loop.
This enhancement was obtained even though the sample loss
contribution introduced by the phantom was significantly
higher than that of the physiological tissue (as shown with the
discrepancy of loaded Q-factors in Table 1). Therefore, an even
higher enhancement is expected for in vivo experiments.

One shortcoming of this circuit, which may make it unsuit-
able for some applications, is the lower decoupling due to the
losses in the high inductors needed for the poles. We have shown
a decoupling of ~40 dB at room temperature compared with
that at 60 dB provided by the traditional circuits. For cryogenic
coils, this value gets significantly better because of the loss
reduction of the matching capacitors and the inductors’ resis-
tance, which effectively increase the Q-factor of the poles. More-
over, an isolation over 40 dB may still be enough for most
applications, where both transmitting and receiving coils are
separated by at least a few centimeters.

CONCLUSION
Given the added complexity and technical difficulties intro-
duced by cryogenic coils for in vivo experiments, it is important
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