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ARTICLE INFO ABSTRACT

Keywords: Purpose: To offer the new head coil option (with a lower channel count) of an RF coil array that provides
Magnetic resonance imaging comparable performance to the commercial 32-channel head coil.

RF coil Methods: The coil system comprised an upper shield (ten channels) and bottom section (fourteen channels).
Et:je‘:;fray Signal-to-noise ratio (SNR) values for 2D unaccelerated imaging and the g-factor with an acceleration factor of

2-4 were evaluated in a phantom study. SNR performance and human brain and intracranial vessel wall imaging
were conducted as part of the in vivo study. Both studies were conducted using the commercial head coil on the
Siemens Tim Trio 3 T system for comparison.

Results: In the phantom study, the new head coil had an 8% higher SNR than the commercial head coil and
demonstrated less than a 1% difference in the g-factor with the acceleration factor 2-4 in the right-to-left and
anterior-to-posterior directions. In the in vivo study, the performance matched the results seen in the phantom
study and showed high reproducibility in several human experiments. Structural images of the brain and in-
tracranial vessel wall with an isotropic spatial resolution of 0.5 mm can be acquired with the new head coil.
Conclusion: This study demonstrates that the new head coil is capable of providing good SNR performance in
both phantom and human experiments, can achieve similar acceleration ability compared to the commercial
head coil, and is capable of obtaining brain and intracranial vessel wall images.

Intracranial vessel wall

1. Introduction channel-count arrays, such as those that achieve sufficient electro-
magnetic decoupling among the resonant elements of the RF array and
obtain the appropriate coil size and layout in specific applications

[19-27]. The connection between the SNR and the RF coil array count

High field (3T and above) magnetic resonance imaging (MRI)
technology is widely applied in intracranial disease diagnosis (e.g., in-

tracranial atherosclerosis) for its high tissue contrast and noninvasive
characteristics [1-6]. Therefore, the development of head RF coil arrays
used for signal detection which allow for improvement in image
quality, has become very important.

To satisfy the resolution requirements of certain applications, the
surface array has become known for providing good SNR images and
can widen the coverage area and improve the sensitivity of MRI [7-10].
In general, a higher channel count for an RF coil array provides greater
sensitivity and spatial image resolution, as well as better parallel ima-
ging performance [11-17]. However, a higher channel count for the RF
coil array also increases the challenges of decoupling [7], which will
directly lead to attenuation of the SNR [18]. This introduces technical
challenges in the design of high-field RF coil arrays, particularly large

was confirmed as being non-linear and will vary with the distance to
the center of the object [18]. For the center image, the SNR changes
slowly in the setting of an increase in channel count in the RF array
[9,22].

In this study, we investigated a close fitting, newly-designed 24-
channel head coil array for the intracranial vessel wall. The device was
compared with the Siemens commercial 32-channel head coil array to
evaluate its performance in both phantom and in vivo studies. We at-
tempted to demonstrate the capabilities of the coil through noise cor-
relation matrixes, SNR maps, inverse g-factor maps, and 3D structural
images of the internal carotid artery (ICA), middle cerebral arteries
(MCA), and basilar artery (BA).
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2. Methods
2.1. Coil building

To build the shell of the head coil, two requirements were con-
sidered: the peripheral edges needed to fit in the notch from the bed of
the MRI system, and the inner edge was made to fit close to each
subject's head. The shell comprised two parts: the upper shell for cov-
ering the human face and the bottom case for resting upon comfortably.
The upper shell was further divided into two parts: a top cover and a
base. The coil elements rested directly on the base, and the top cover
protected the coils from colliding. The bottom case was divided into
three parts: a top cover, a base, and a smooth thin shell located in
between the two parts. There were some narrow gaps in the base design
of the bottom case which made coil wiring difficult. The coil elements
distributed in the bottom case were designed to be laid upon the top of
the smooth thin shell instead of the base and directly secure the shell on
top of the base. The top cover of the bottom shell was not only designed
to protect the coil arrays but also to support the weight of the test
subject. In this study, that weight would be the human's head or the
phantom. The complete construction was printed with a 3D printer
using Polycarbonate (PC). To fully and uniformly cover the shell, 24
coil arrays were divided into ten for the upper shell and fourteen for the
bottom case. Both sides of the coil arrays were arranged in three rows in
the craniocaudal direction.

To obtain a uniform image, the coils are designed to be similar in
size and placed in bilateral symmetry. The coils were made primarily
into circular loops, whereas some coils at the edge of the shell were
formed into certain shapes to make the coverage area as large as pos-
sible. Fifteen coil arrays, including eight from the upper part shell and
seven from the bottom case, were fashioned into circular loops of ap-
proximately 100-mm diameter. Six coil arrays were placed in a row at
the edge of the bottom shell near the neck and were formed into an
octagonal shape with an approximately 100-mm length between the
furthest symmetrical edges. Two coil arrays at the position of the top of
the eyes were fashioned into the shape of fish scales to cover both the
eyes and nose, the distance between the peak and the top edge being
130 mm. In addition, one coil array at the top of the human's head was
formed into a heart shape. All the coil arrays were formed manually
from 14-AWG copper wires. The position for each coil is shown in
Fig. 1, whereas the coil sizes are shown in Appendix A. Each loop
contained four gaps to divide the loop into four equal parts, with each
gap designed to accommodate a small printed circuit board (PCB). Each
PCB had a different purpose, as shown in Fig. 2. The match and active-
detune PCB comprised five components, capacitor C1 for matching to a
resistance of 50 Q, capacitor C2 and inductance L2 comprised an active

(a.)
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detune circuit for image acquisition, inductance L1 was used for the
radio frequency choke (RF-choke), and diode D1 is for switching the
tune and detune status through the DC bias. The passive-detune PCB
comprised three components, including a capacitor (C6), an inductance
(L3), and a PIN diode (D2). The three components were constructed
with consideration of safety issues. Capacitors C3, C4, and C5 were used
to tune the circuit to the Lamour frequency and were placed separately
at the opposite side. To minimize mutual coupling between the nearest
coils, decoupling was achieved primarily by adjusting the overlapping
area between the adjacent arrays (see Appendix B for overlapping area
sizes). There was only one exception: the two coil arrays located at the
top of the eye area were designed to share a single edge, and the de-
coupling between them was completed by adjusting the interconnecting
capacitor. Low input impedance amplifiers (29 dB gain, 2.8 Q2 for the
input resistance, model number: PN2510006, Suzhou Zhongzhi Medical
Technology Co., Ltd) and preamplifier-decoupling (achieved by capa-
citor C7, C8) were also used to reduce the coupling between the next
nearest coils. At last, in order to protect the circuit, inductors L4, L5,
and L6 were used for RF-choke, while capacitors C9, C10, diode D3, and
resistor R were used for protection circuit.

2.2. Coil testing on the bench

Bench testing was performed using a vector network analyzer
(Agilent Technologies, E5061B) and a custom-made testing instrument
that can offer independent control signals for each channel and 10 V for
the preamplifiers. When the RF pulse was transmitted, the testing in-
strument would transfer a 100-mA current through the PIN diode on the
active-detune board to detune the coil and would provide a -30V vol-
tage to keep the PIN diode inactive during image acquisition.

The bench measurement is referenced in [28]. For a single loop,
both active-detune (comprised by capacitor C2 and inductance L2) and
passive detune (L3 and C6) circuits were made to create short circuits
for detuning during the transmitted RF pulse. To find the appropriate
component values for detuning, the S,; parameter at the resonance
frequency of the parallel LC circuit was measured by a probe of the
vector network analyzers. The probe was connected in parallel with the
inductance. Here, for the active-detune, the inductance L2 was 56 nH
and the capacitor C2 was 39-61.6 pF, whereas these parameters were
27 or 68 nH for the inductance L3 and 27 or 20 pF for capacitor C6 at
the passive-detune (see Appendix C for details on which component
values were used for each coil array). The S,; parameter of the entire
loop for estimating the tuning was also acquired afterwards by two
decoupled (~70dB) inductive probe, with a distance of 2 cm between
the coil and the probe. Moreover, coil matching was implemented to
optimize noise performance after the preamplifier-board was connected

19cm

10cm

|

10cm

20cm

26cm

Fig. 1. The new head coil array: (a) top view, (b) side view, and (c) bottom view. The coverage area of the coil structure was designed to include a 20-cm ear-to-ear
distance (width), 26-cm depth from noise to the back of the head, and 19 cm from the top of the head. The coil structure is large enough to fully cover the entire area
of an adult human head. The region that covered the eyes was hollowed out to account for vision. The coil arrays were positioned at the inner side of the structure
with the shell outside to protect them. The coils were primarily comprised of 10-cm-diameter circles and 10-cm-length squares.
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Fig. 2. The circuit diagram for all 24 coil arrays in
the new head coil design. The inductance L2 and the
capacitor C2 on the matched and active detune
printed circle board (PCB) were constructed for de-
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to the active-detune board with coaxial cable of about 42 to 99 mm in
length. An S;; parameter on the log-mag format was performed by the
vector network analyzers, with the pin-probe being placed in the header
of the preamplifier-board. Notably, for good matching, the S;; value
should be under —20 dB. To evaluate the active detuning performance,
the S,; parameter was measured using the double-probe. The testing
instrument transferred a bias current through the diode D1 to mimic the
transmit state, and the detuning provided an isolation (Sz1 detuned
-S21,tuned) Of the receive elements with average of —52dB.

During the tuning and matching process, a Siemens commercial
cylindrical phantom (filled with 1.24 g/L NiSO46H,0 and 2.62g/L
NaCl, 160 mm in diameter, and 320 mm in length) was used to simulate
the status of the human head. The loaded (Qunioad) and unloaded
quality factors (Qunioad) Were measured with and without the phantom.

For the coil array's decoupling, the overlapping adjacent coil ele-
ments method was employed. Generally, the isolations S;; between the
adjacent and non-adjacent coils should be under —15dB, which was
measured when two loops were brought together with the other loops
remaining in detuning mode.

2.3. Coil testing in the MRI

All the images studies were performed on the Siemens 3 T system
(MAGNETOM Trio, a TIM system, Siemens Medical Solutions, Erlangen,
Germany) and were compared with the Siemens 32-channel commer-
cial head coil.

2.3.1. Phantom experiments

The Siemens Spherical Phantom (17 cm in diameter, filled with
1.24 g/L NiSO46H,0 and 2.62 g/L NaCl) was used to simulate a human
head on the SNR performance and the inverse geometry factor (g-
factor) map studies. Two thin, green Siemens cushions were used to
avoid any motion and ensure that the phantom remained at the center
of both coils. A 2D gradient-recalled echo (GRE) sequence (TR/
TE = 400 ms/10 ms, ETL = 39, ESP = 3.72ms, slices per slab = 56,
number of average = 2, iPAT = 2, spatial resolution = 0.69 x 0.7
x 0.7 mm?, bandwidth = 751 Hz/pixel, and total scan time = 2355s)
was used to acquire a central image of the phantom from three or-
ientations. Noise images were also needed to calculate the SNR per-
formance and analyze the noise correlation matrix, both of which were
acquired from the same 2D GRE sequence with the transmitted voltage
set to zero.

2.3.2. In vivo experiments

To evaluate the performance of the two coils in humans, five vo-
lunteers were scanned after approval of the study by our institutional
review board (IRB). The scanning time for each volunteer was ap-
proximately 1 h. The same 2D GRE sequence used in the phantom study
was also used in the in vivo study to evaluate SNR performance on the
human brain. The slices were selected to acquire the images of the
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central brain area from the transverse, sagittal, and coronal orienta-
tions. Noise-only images were acquired with the same 2D GRE sequence
by setting the transmit voltage to zero.

A 3D T1-weighted SPACE (Sampling Perfection with Application-
Optimized Contrasts using different flip angle Evolution) sequence was
used for the full brain structure imaging and the artery images, in-
cluding the internal carotid artery (ICA), middle cerebral arteries
(MCA), and basilar artery (BA). The 3D sequence had the following
parameters: TR/TE = 861 ms/8.8 ms, slices per slab = 256, number of
average = 1, iPAT =2, spatial resolution = 0.5 x 0.5 x 0.5 mm?,
bandwidth = 579 Hz/pixel, echo spacing = 4.38 ms, and total scan
time = 497 s.

2.4. Data analysis

The data analysis was based on the raw data and was completed
using MATLAB (Mathworks, MA). Noise correlation matrices were
calculated from noise images separately acquired using the following
equation [25,29,30]:

W,, = AxAyAz X Zk ok BenEr)  (mon=1,2,..24)

@

where y denotes the noise covariance matrix, Ey,, represents the local
electric field of voxel k from channel m, oy is the local conductivity of
voxel k, and Ax, Ay, and Az are the voxel size in the x,y, and z directions
(0.69, 0.7, and 0.7 mm, respectively).

The covariance weighted root-sum-of-squares (Cov-SoS) method
was used to compute the SNR map on both the phantom and in vivo
studies, and the following formula [31,32]:

SNR = (S” * W1 & S)z )

where S denotes the signal vector from the multichannel RF array and y
represents the noise covariance matrix in the Eq. (1).

The acceleration ability evaluation is based on the g-factor calcu-
lation in the phantom study. Full-sampled data were required, followed
by down-sampling along the phase-encoding direction by using the
sensitivity encoding (SENSE) method [32,33]. The phase-encoding di-
rection was selected as right-to-left in the transverse orientation,
anterior-to-posterior in the sagittal orientation, and head-to-foot in the
coronal orientation. The corresponding g-factor map was found using
the following formula:

T 1
g = 5[7] * [SNR?]
P \LSNR? ], °p 3)

where g, denotes the g-factor corresponding to the pixel p.
3. Results

3.1. Coil testing on the bench

The average Qratio (Qunload/Qload) for the new head coil array was
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24 channels

~73/47. The active detune was adjusted to under —67 dB. The pre-
amplifier decoupling was adjusted to under —49 dB, whereas the pre-
amplifier was given a —30V voltage. The decoupling value between
two neighboring elements (S;,) was —17.5dB, on average.

3.2. Coil testing on MRI

Fig. 3 shows the noise correlation matrices of the new head coil
array and the commercial head coil array. The values of the matrices
were calculated using only the elements from the off-diagonal. The
values were 0.23 and 0.51, respectively, for the mean and maximum in
the new head coil and 0.08 and 0.37, respectively, for the commercial
head coil array.

3.3. Phantom experiments

The SNR maps of the new head coil array and commercial head coil
array are shown in Fig. 4 (a.) and (b.), respectively. The slices pass
through the center of the phantom in each orientation. The mean value
of the entire phantom graphic was calculated under the related image.
Fig. 4 (c.) shows the ratio of Fig. 4 (a.) and (b.), specifically, 110%,
113%, and 102%, in the transverse, sagittal, and coronal slices, re-
spectively.

The inverse g-factor images are displayed in Fig. 5. The images were
scanned through the center of the phantom in three orientations. The
mean and maximum values of the g-factor were calculated under the
full region of the phantom and are noted under the images as mean,.
factor/MAXg._factor- From Fig. 5, the meang-factor had under a 1% differ-
ence between both coils in the transverse and sagittal orientations, but
the difference rose among the acceleration on the coronal orientation to
12.8%.

3.4. In vivo experiments

Fig. 6 shows the SNR measurement results and related images of a
human in the 2D GRE sequence. The blue-color background shows the
SNR maps calculated from the black-color background images. A cen-
tral line was used to analyze the SNR performance in red for the new
head coil and blue for the commercial head coil for each orientation.
The brain zone is marked on the SNR graph, with the mean value cal-
culated beneath the graph. The difference in the mean value was cal-
culated using the following equation: [(SNRcommercial — SNRpew) /
SNRcommerciat] X 100, pixel by pixel in the brain zone, and the per-
centile was under 8% in all three orientations. The same SNR

32 channels
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Fig. 3. The noise correlations of the 24-channel new head
coil array (left side) and the 32-channel Siemens commer-
cial head coil array (right side) generated from acquisition
without RF excitation. The maximum value of the noise
correlation from the new head coil is 0.51 and 0.37 for the
commercial head coil, whereas the mean value of the cor-
relation between two random coil arrays is 0.23 for new
head coil and 0.08 for the commercial head coil.

measurement experiment was tested successfully in four other humans,
verifying the reproducibility of the results.

The 3D T1-weighted SPACE image was used for the artery images.
The arterial system from the M1 segment of ICA to the M2 segment of
MCA is displayed in Fig. 7 in the coronal orientation, with three cross-
sectional view of the arteries. ® Shows the M1 segment of MCA; @
shows the C7 segment Communicating segment) of ICA; and ® shows
the C2 segment (Petrous segment) of the ICA. Fig. 8 shows the BA
images in the sagittal orientation, with the coronal orientation at the
top solid insets, and cross sectional view at the bottom dashed insets.

4. Discussion

In this study, a new 24-channel head coil array was presented for
imaging of the human brain, as well as the intracranial vessel wall. The
new head coil showed comparable SNR performance with the com-
mercial 32-channel head coil and had adequate g-factors for the ac-
celeration factors from 2 to 4 during the phantom study. The in vivo
study showed a consistent SNR in several human studies and provided
high image quality in the 3D brain structure and artery images.

The proposed head coil array has fewer coil elements or channels
compared with the 32-channel commercial head coil, providing more
design flexibility in selection of size, geometry and layout of array
elements to meet the needs of specific imaging applications. With less
channel counts, it simplifies the design and reduces the challenges in
achieving sufficient electromagnetic decoupling among the resonant
elements. Given the less number of electric components and subsystem
used, Strategies using less channel counts also reduce the costs of coil
arrays and increase the reliability and robustness of operation.

Although the new head coil reduced the difficulty of the process and
its financial burden, the coil performance still approximated that of the
commercial head coil. In the phantom study, the new head coil had a
similar SNR distribution as the commercial head coil, particularly near
the center of the phantom. This is because the new head coil has a
larger coil array size that can accommodate the inner part of the object
with less attenuation while passing the signal [9]. The acceleration
ability of the new head coil was as good as that of the commercial head
coil during the acceleration direction from right-to-left and anterior-to-
posterior, under an acceleration factor of 4. Moreover, the new head
coil had a slightly better acceleration ability in these two directions
when the acceleration factor reached 4. However, the new head coil
demonstrated unsatisfactory acceleration compared with the commer-
cial head coil in the head-to-foot acceleration direction. This is because
the lower the array count in the acceleration direction, the worse the
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Fig. 4. The signal-to-noise ratio map (SNR map) from the 24-channel new head coil array (a.) and the 32-channel commercial head coil array (b.) are shown in the
first two rows of the figure. The orientations were selected to cut through the phantom's central direction and place it in the transverse, sagittal, and coronal
directions from left-to-right in the figure. The bottom row (c.) is the ratio calculated by (a.)/(b.) x 100%, pixel by pixel. The 2D GRE sequence was used with the
following parameters: TR = 300 ms, TE = 10 ms, bandwidth = 130 Hz/pixel, FOV = 250 x 250 mm?, slice thickness = 3 mm, acquisition matrix = 256 x 256, flip

angle = 60°, slice number = 1, and measurement = 1.

acceleration capability. The commercial head coil has one more row
coil elements than the new head coil in coronal orientation, so new
head coil has a lower acceleration capability in this direction. In the
coronal orientation, the two head coils had a closer performance with a
low acceleration factor, less than 1% when the acceleration factor was
2. The gap grew rapidly when the factor rose, expanding to 12.8% when
the acceleration factor was 4.

In the in vivo study, the performance of the SNR maps of the 2D
sequences matched the results of the phantom study. This shows that
the new head coil had a similar capacity to the commercial head coil for
scanning the 2D structural image in humans. By adjusting the brain
structure and intracranial vessel wall images to the same scale, the
images both coils displayed were very similar. For brain structure and
intracranial vessel wall researchers, the new head coil offers an addi-
tional option, with fewer challenges in building the coil, a lower price,
and obtaining close structural images on 2D and 3D sequences.

Although the new head coil has multiple advantages, it also has
limitations. The coil number cutoff not only decreases the difficulty of
building the coil but also reduces the acceleration capability; in this
work, the acceleration capability of the head-to-foot direction was sa-
crificed. A larger coil size affirmed the SNR from the center of the brain,
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but this design is not an optimal option for the SNR around the edges. In
both the phantom and in vivo studies, the new head coil had a lower
SNR than the commercial head coil at the edges. According to the noise-
correlation results compare with the commercial head coil, there is
potential to improve in decoupling, which leads to the possibility of
gain in the SNR performance.

Given the previously described details, we believe that our coil has
comparable SNR performance with the commercial 32-channel head
coil in both the phantom and in vivo studies and adequate acceleration
performance in the anterior-to-posterior and right-to-left directions
with an acceleration factor from 2 to 4, which is the most often used
acceleration direction for vessel wall images. It also offers high image
quality for 3D brain structure and artery images. All the features de-
monstrate that the new head coil is an appropriate design for head
imaging, particularly for artery and vessel wall images.

5. Conclusions
We presented a new head coil as an additional option for brain MR

imaging. This new coil design with less channel counts reduces the
challenge and cost of building the device but provides comparable
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Fig. 5. The inverse g-factor images of the new head coil array and commercial head coil array with acceleration rates of 2, 3, and 4. The acceleration directions are
shown as the white-color arrow. The g-factor values of the mean and maximum are displayed under each related inverse g-factor image. The mean values are on the
left and the maximum values are on the right. The 2D GRE sequence was used with the following parameters: TR = 300 ms, TE = 10 ms, bandwidth = 130 Hz/pixel,
FOV = 250 x 250 mm?, slice thickness = 3 mm, acquisition matrix = 256 x 256, flip angle = 60°, slice number = 1, and measurement = 1.
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Fig. 6. The SNR maps (color images) and the related image (grayscale images) from the new head coil and commercial head coil from the same participant. The SNR
profiles (blue line for the commercial head coil and red line for the new head coil) were selected to pass through the center of the brain in different directions with
each orientation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Both the right and left sides of the arterial system from the M1 segment of ICA to the M2 segment of MCA are shown in the curved multiplanar reconstruction
images from the 3D T1-weighted sequence. The case demonstrated the ability of both coil arrays to delineate arterial walls at different arterial segments. The cross
sectional view of the arteries at three different locations are shown. ® Shows the M1 segment of MCA; @ shows the C7 segment Communicating segment) of the ICA;

and ® shows the C2 segment (Petrous segment) of the ICA.

Fig. 8. The basilar artery (BA) images from the 3D T1-weighted sequence (TR/TE = 861 ms/8.8 ms, slices per slab = 256, number of averages = 1, iPAT = 2, spatial
resolution = 0.5 x 0.5 x 0.5 mm?>, bandwidth = 579 Hz/ pixel, echo spacing = 4.38 ms, and total scan time = 497 s). The images were fused to match the same
section and have the same color scaling. The top solid insets show the coronal orientation from the main images, whereas the bottom dashed insets show the cross-

sectional view of the arteries.

imaging capability to the commercial head coil with higher channel
counts, in the aspects of SNR performance, brain structural imaging,
and intracranial arterial wall imaging at 3 Tesla. With less electronic
components, resonant elements and subsystems, the coil array using the
less channel count strategy is expected to be more reliable and robust in
practice. Additionally, when the RF channel number of MR scanners is
fixed and limited, it may become possible and convenient to combine
this low channel count head coil array with other coils for some ap-
plications, e.g., combination of the head coil and neck coil for stroke
imaging.

169

Acknowledgements

This work was supported in part by NSFC under Grant No.
61571433, 81527901, 81527901, 81327801, 81571669, 81627901,
and 81801691; Guangdong Province grants 2014A030313691,
2015B020214006, and 2014B030301013; Youth Innovation Promotion
Association of CAS No. 2017415; city grants KQJSCX20160301143250,
KQCX2015033117354154, and JCYJ20170413161314734; and a
Pengcheng Scholar Award.



Y. Li, et al. Magnetic Resonance Imaging 58 (2019) 162-173

Appendix A

upper shell

@%}i {5?@
Al B N WS e,
PR WA

bottom case
00® a2® @8®

lainl® *leinl® “(5i5le
Do ® @ ® @p®

826 9% @2®

0 o2l o[ le o[ e
7 w17 s Vi,

A D O i
(D-@o| 110 105 130 105 130 105 40 55 39 56
D-@)| 110 108 103 95 103 100 85 85 70 56
@)-G| 50 35 70 56 48 35 90 8 90 85
@D-@) | 80 8 40 30 75 20 50 20 75 20
@)-Go| 100 8 40 20 70 20 50 20 70 40
GD-@0| 100 8 55 60 95 100 110 90 105 90
@D)- 90 95 90 100 S50 20 70 20 55 20
@)-@)| 70 20 100 8 50 15 70 20 55 20
@®)-G0)| 75 20 100 8 20 55 70 20 60 20
On-Goo| 75 20 100 8 45 20 65 20 55 15
. 80 30 100 85 length unit: mm

Fig. A. Coil dimensions of each coil elements.
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Appendix B

model number

fixed capacitor (C1,C2,C4,C5,C6,C7):

100B series, ATC(written in black):

70B series, Dalicap(written in red);
inductance(L2,1.3):1812SMS series, Coilcraft ;
coaxial cable: V4566-B11-G7, LEONI;

coil number 1 2 3 4 S, 6 7 8 9 10

C1(pF) 56//5.6 43 43 56//56 56 47 56 10//56  10//56 27//56
L1 (uH) 2.7uH (1008CS-272XJLD, Coilcraft)
C2(pF) 39 39 39 39/39 39 39 4.7//56 39 39 39
L2(nH) 56
D1 DHS80055-40N, temex
C3(pF) JR400, VOLTRONICS
C4(pF) 15 10 10 12 10 15 12 15 15 15
C5(pF) 10 24 // JR400 20 20 22 10 22 22 21
C6(pF) 20 20 20 20 20 27 20 27 2i 27
L3(nH) 68 68 68 68 68 27 68 27 27 27
D2 UMX9989AP, MICROSEMI
14,15.L6 (uH) 2.7uH (1008CS-272XILD, Coilcraft)
C7(pF) 22
C8(pF) JR400, VOLTRONICS
C9,C10(nF) 1nF (1206, Syfer Technology Limited)
D3 BA592, Infineon Technologies
R(ohms) 27 ohms (CMF-N0805, microtech GmbH electronic)
C-Cable (mm) 52 46 45 61 71 67 72 47 33 47
coil number 11 12 13 14 15 16 17 18 19 20 21 22 23 24
C1(pF) 4.7//39  56//10 15//56 15//56 18//56 4.7/36 56 56 56 47/5%6 56 56 47 56
L 1(uH) 2.7uH (1008CS-272XJLD, Coilcraft)
C2(pF) 56/5.6 39 49 43 43 5656 39/47 27/39 39 39 39 47/39 39 39
L2(nH) 56
D1 DHB80055-40N, temex
C3(pF) JR400. VOLTRONICS
C4(pF) 15 15 15 18 15 15 15 20 20 20 15 15 12: 12
C35(pF) 22 22 22 18 22 22 27 20 RT 2T 27 27 27 27
C6(pF) 27
L3(nH) 27
D2 UMX9989AP, MICROSEMI
L4.L5,L6 (uH) 2.7uH (1008CS-272XJLD, Coilcraft)
C7(pF) 22
C8(pF) JR400, VOLTRONICS
C9.C10(nF) 1nF (1206, Syfer Technology Limited)
D3 BAS592. Infineon Technologies
R(ohms) 27 ohms (CMF-N080S5, microtech GmbH electronic)
C-Cable (mm) 68 58 42 49 49 70 61 71 54 72 65 99 98 89

C-Cable: coaxial cable length

Fig. B. The long, short axis and area size of each overlap area.
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upper shell
numbering o ®© ©® @ 66 ® ©®© ® O
overlap area (mmz) 1300 1400 1400 900 100 1500 1200 1300 1200
long axis (mm) 70 8 70 65 70 70 60 90 55
short axis (mm) 35 30 25 30 23 30 27 25 30
numbering ® @ ® ® W © ®
overlap area (mm3) 1100 1100 1400 1000 900 1100 1300 1000
long axis (mm) 70 75 8 70 65 75 90 70
short axis (mm) 20 20 23 24 27 25 30 25
numbering e @ @ @ )
overlap area (mm?) 900 900 1200 1000 900 1000 1400 800 1400 900
long axis (mm) 85 65 60 65 65 65 95 55 85 65
short axis (mm) 15 25 25 25 16 20 25 25 20 25
numbering ® ® O 6060 0 6 6 ® O
overlap area (mmz) 1200 1200 900 1100 900 1100 800 800 1400 800
long axis (mm) 60 55 85 60 85 60 60 50 920 55
short axis (mm) 20 25 14 18 15 18 20 25 25 20
mumbering ® ® @
overlap area (mm?) 1100 800 900 900 1100 900 900 1100
long axis (mm) 75 65 50 60 55 85 85 75
short axis (mm) 25 20 20 18 15 15 15 25

numbering

overlap area (mm?)
long axis (mm)

short axis (mm)

2300 800 700 600 1500 600 700 800 2300
95 45 35 40 70 45 35 45 95
25 35 25 25 30 25 25 35 25

Fig. C. The value, model number, and manufacturers of all the components that were used. The two schematic diagrams at the top of the figure show the coil number
and position of each coil array.
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