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ABSTRACT In MR-guided interventional procedures, RF coils can be attached to the instruments to provide
a positive MR signal for device tracking. The signal from these coils can vary strongly over the procedure
and mask the surrounding anatomy. The purpose of this study is to introduce and demonstrate a low-cost,
vendor- and device-independent interface circuit that allows the interventionalist to adjust the active device
signal intensity. In this work a variable attenuator circuit was constructed to control the tip signal of an active
coronary artery catheter in real-time from within the MR scanner room. Performance of the attenuator circuit
and the active catheter was characterized on the test bench, in a phantom model, and in vivo. The system
was used in a pig model at 3T during the introduction of the catheter into the left coronary artery. The circuit
could attenuate the amplitude of the tracking coil signal by up to 20 dB. Without attenuation, the tracking
coil signal intensity was masking anatomical details of the coronary ostium making it impossible to reliably
introduce the catheter into the artery. After interactive adjustment, which was performed in a few seconds
by the interventionalist, the improved visualization of the vascular anatomy enabled a rapid insertion of the
catheter into the coronary ostium. The vendor-independent variable attenuator provides real-time control of
the catheter signal without interrupting the image acquisition. Even though most MRI systems can control
the individual signal levels from coils by software, the attenuator hardware is advantageous as it can be
integrated into any MR-system, and it provides a direct interface for the interventionalist at the magnet.

INDEX TERMS Magnetic resonance imaging, active catheter, active tracking, cardiovascular intervention,
interventional MRI, radiofrequency coil, actively visualized guidewires, guiding catheters, real time MRI.

I. INTRODUCTION

Magnetic resonance imaging (MRI) has been used for image
guidance in diagnostic and therapeutic interventions includ-
ing coronary catheterization [1]-[4], electrophysiological
therapies [5], hepatic tumor ablation [6], [7] and prostate
marker implantation [8]. Currently, intravascular interven-
tions such as catheterization or embolization are typically
performed under real-time X-ray image guidance. However,

The associate editor coordinating the review of this manuscript and
approving it for publication was Zhen Ren.

VOLUME 10, 2022

MRI would offer several advantages over existing imag-
ing techniques for interventional guidance : MRI does not
use ionizing radiation such as X-ray-based imaging meth-
ods, MR images can be acquired in arbitrary slice orien-
tations that can be adapted to the anatomy of the patient,
MRI offers different image contrasts to differentiate soft
tissues and lesions, and it can be combined with functional
imaging techniques such as flow measurements to assess the
outcome of the intervention quantitatively.

During these procedures the accurate visualization of the
interventional instruments (e.g., catheters or guidewires) is

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 20581


https://orcid.org/0000-0003-3536-0826
https://orcid.org/0000-0003-2449-1679
https://orcid.org/0000-0002-9607-7963
https://orcid.org/0000-0001-9720-3506

IEEE Access

A. C. Ozen et al.: Real-Time Control of Active Catheter Signals for Better Visual Profiling

crucial for providing real-time feedback on the position
and orientation of the device [9], [10]. In MRI, passive
markers with well-defined susceptibility artifacts [11] have
been used for position detection, or inductively coupled
RF resonators [12], which enhance the receive sensitivity in
their vicinity.

Alternatively, active receive radio frequency (RF) coils
or antennas can be attached to the interventional devices
for visualization and tracking, that are connected to the
MRI receive system via coaxial transmission lines and an
interface circuit. Active tracking provides a more robust posi-
tion detection than passive markers, as the strong positive
coil signal is better visible in the images than the marker
artifacts. It is also advantageous over inductively coupled
coils as the signal is independent of the coupling with the
receive coils which can vary during imaging. Depending on
the application, a variety of active coil geometries have been
used such as regular loop or solenoid coils [13]-[15], loopless
antenna designs [16] or dedicated imaging geometries like
forward looking coils [17]. Commonly, the coils are remotely
tuned and matched in the interface with an additional circuitry
for active detuning, for example, by PIN diodes or field effect
transistors [18]—-[28], and a current trap is added to minimize
currents that could lead to unwanted device heating [29].
Tracking catheters without a tuning and matching network
have also been reported [30]. It has been shown by several
active tracking and imaging coil designs [16], [31]-[33], that
tuning and/or matching directly at the coil output is also
possible. With recent advances in microstructure production,
more components could be embedded on the interventional
device, such as low profile capacitors [34], [35]. Interface
circuits with impedance control have also been demonstrated
to reduce RF-induced heating of various interventional active
devices [21], [22], [36]. As an alternative, the RF signal can
also be detected after acousto-optic [37] or electro-optic [38]
conversion.

During the intervention both conventional imaging
coils and tracking coils are used for real-time imaging.
The MR signal from the imaging coils provides the anatom-
ical information which is combined with that of the tracking
coils — for better visualization this signal can be overlayed
in color on the anatomy. The active device coils or antennas
are often smaller than the external imaging coils and provide
hyper-intense MR signal in the close vicinity. This signal
can vary by up to an order of magnitude depending on the
orientation of the coil. Thus, during image combination the
signals from the active coils are often either too high making
it difficult to identify adjacent anatomical features, or they are
so low that the device is not clearly detectable in the combined
image, as shown in Figure 1.

Dedicated interactive graphical control softwares for real-
time imaging allow to modify imaging parameters during the
procedure without stopping the imaging protocol [39]-[42].
Real-time control of slice geometry, magnetization prepa-
ration, acceleration factors and windowing of recon-
structed images has been implemented by several vendors,
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and systems to allow the interventionalist to control some of
these parameters from the magnet room have also been devel-
oped. Direct control of the catheter signal independent from
the anatomical signal can provide better visual guidance.
Besides, it is more practical for the operator to directly control
the signal from the active catheter rather than communicating
with the control room to adjust the tip signal brightness
by repetitive instructions. Although possible in principle, a
control system is not yet available for adjusting the signal
levels of the active tracking coils from inside the MR room
during MRI-guided interventions.

To overcome this limitation, we propose a dedicated inter-
face circuit to manually attenuate the signal intensity of the
active coil during the interventional procedure. With this
attenuator the interventionalist controls the brightness of the
active tracking coil on the MR image interactively at all
stages of the intervention. A vendor- and device-independent
attenuator was constructed and combined with an active coro-
nary catheter, and the performance of the control circuit was
evaluated in a phantom model and a coronary intervention in
an animal model at 3 T.

Il. METHODS

A. ACTIVE TEST CATHETER DESIGN

For the experiments with the attenuation circuit, an active
catheter was used that was made from a commercial 5F
guiding catheter (Terumo, Terumo Europe E.V., Leuven, Bel-
gium). A loop coil (4 mm x 20 mm) was etched from 35 yum
copper on a 50 um polyimide (Kapton™ ) substrate and
attached to the catheter tip (the coil conductor was 2 mm
away from the distal end of the catheter tip) in saddle form
resulting in an outer diameter of 5.5 F at the tip together
with the isolating polyester heat-shrink tubing (103-0900,
Nordson Medical, MA) with 6.4 um wall-thickness that cov-
ers the whole catheter. For signal readout, a 450-pm-outer-
diameter coaxial cable (Picocoax PCX40C05; Axon’ Kabel
GmbH, Leonberg, Germany) was connected to the tracking
coil which was integrated into the catheter’s inner lumen.
The cable had a length of 3A/4 = 155 cm, and it was con-
nected distally to a tune/match circuit via a bazooka BALUN
and a current trap for suppressing common-mode currents.
A variable attenuator unit was placed after the tune/match
circuit. At the output of the attenuator, another current trap
was used. The output signal was then routed to one receive
channel of a clinical 3T MRI system (Magnetom PRISMA
Fit, Siemens Healthcare, Erlangen) via a Flex Interface (Stark
Contrast, Erlangen, Germany) that equips a vendor-supplied
low noise amplifier with a noise figure of 0.45 and a gain
of 29 dB at 123.2 MHz. An overview of the system is shown
in Fig. 2.

B. VOLTAGE CONTROLLED ATTENUATOR DESIGN

A PIN diode-based variable attenuator circuit was designed
using Pathwave Advanced Design System (ADS 2016,
Keysight Technologies, Santa Rosa, CA) to provide an
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FIGURE 1. Photograph of the 5F active catheter with a saddle coil attached at the tip (A), and high-resolution MR image in a
phantom with activated coil (B). MR image with the combined signal from imaging coils and the catheter coil (C). The bright tip coil
signal obscures anatomical detail which renders the localization of the catheter tip and visualization of the coronary ostium difficult
during an MR-guided coronary intervention. See Methods section for the details of the experimental setup and pulse sequences.
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FIGURE 2. Active catheter for visual profiling during real-time MRI and a simplified schematic of the PIN-diode-based variable attenuator circuit. As the
voltage across D1 increases, resistance in the RF path will decrease, so as the attenuation level. When D2 and D3 are forward biased, a low resistance RF
path towards the ground is created and the tip coil signal will be effectively attenuated. Voltage across D1 is supplied by a 9V nonmagnetic Li-ion battery
and controlled with a 10 k2 potentiometer and a 1 k< fixed resistor using a rotating knob and a push-button-switch.

attenuation of the MR signal up to 20 dB, which was inserted
between tune/match unit and the MR receiver. In Fig. 2, the
placement of the attenuator unit in the receive signal chain of
the active catheter is shown. In general, operator-controlled
attenuation of the RF signal from the tracking coil can be
realized by a resistor network, however, it is well-known that
resistance along the MR signal line amplifies the image noise.
Besides, PIN-diode based voltage-controlled attenuators are
cheap and can be integrated to the tune/match interface easily
without adding complexity to the interventional setup unlike
connectorized switching attenuator units. Here, a w —network
RF attenuator was realized by using three PIN diodes, D1-3
(MA4P7446F-1091, MACOM, Lowell, CA) that behave as
forward-current-controlled resistors. As the forward voltage
across D1 decreases, the resistance in the RF path will

VOLUME 10, 2022

increase, thus the tip coil signal will be attenuated. An induc-
tor together with two shunt capacitors are included to prevent
signal leakage from D1 to D3 that would impair the perfor-
mance of the circuit (Fig. 2 — dashed box). A non-magnetic
9-V-battery was integrated as the voltage source together
with a 10 k2 potentiometer with rotating knob and a push-
button-switch. Potentiometers might exhibit mechanical
discontinuities at maximum and minimum rotations. To avoid
this, a 3.3V fixed battery shifted the operating point of the
attenuator. Depending on the potentiometer and the desired
operating point, this feed point can be left floating.

C. MRI MEASUREMENTS

To test the effect of the attenuator on the MR images, a rectan-
gular phantom of 300 x 400 x 150 mm?> dimensions was filled

20583



IEEE Access

A. C. Ozen et al.: Real-Time Control of Active Catheter Signals for Better Visual Profiling

B)

Mean SNR at the tip

-0.1 0 01 02 03 04 05 08
Voltage across D1 (V)

-

8]

o
1

-
=
o

=

o

o
T

©
o
T

[«
o
T

~
o

0 1 2 3 4 5 6

Voltage across the Potentiometer (V)

)
R E R ENENEEN
6.9 6.1 5.0 4.3 3.3 2.5 2.0 15 1.0 NA

Image cross-sectional diameter [mm]

FIGURE 3. A) Test bench measurements of the transmission parameters (S21) using a network analyzer. B) Catheter tip
brightness for all the attenuation range was calculated as the mean SNR of the red-marked rectangular region in Fig. 3C.
C) Image series for increasing attenuation. The exact shape and the orientation of the tip is closer to the actual

dimensions at the optimal attenuation setting.

with 3g/L NaCl and 1g/L. CuSO4 solution, and the catheter
was immersed with the saddle coil orthogonal to Bg. A real-
time imaging sequence (radial-bSSFP: TR = 3.4 ms; TE =
1.5 ms; FOV: 280 x 280 mm?; base resolution: 160 x 160;
radial spokes: 91; slice thickness: 10 mm; flip angle o = 42°;
bandwidth: 1260 Hz/px) was used to acquire MR images
over the available attenuation range. First, the tip profile was
measured in mm as the distance between two pixels with
67% of the peak SNR value along the line crosses the tip as
highlighted in Fig. 3. SNR was calculated according to [43]
from single channel magnitude images acquired solely with
the active catheter for the marked rectangular ROIs (Fig. 3) at
the tip of the catheter and a signal- and artefact-free region.
In-vivo data was acquired during the animal study
described in a previous clinical study [3]: Using the same
sequence above (o 42°; bandwidth: 1115 Hz/px, fat
saturation), the catheter was introduced through a femoral
access and navigated along the aorta to the left coronary
artery. To verify the successful engagement of the left coro-
nary artery in the animal experiment, the real-time sequence
was again acquired at a higher SNR which was achieved via
late-diastolic ECG gating and increasing the number of radial
spokes to 181. In addition, a 1% gadolinium solution was
injected through the catheter for localized perfusion imaging
in a mid-ventricular short-axis view (ECG-gated FLASH:
TR = 2.3 ms; TE = 1.1 ms; FOV: 160 x 160 mm?; base
resolution: 160 x 160; slice thickness: 8 mm; « 8°;
R = 2; bandwidth: 660 Hz/px, saturation recovery with
123 ms delay). All in-vivo images were acquired with
standard posterior 32-channel spine matrix and an anterior
18-channel body array. All experiments were approved by the
local ethics committee of Freiburg University and the regional
council of Freiburg, Baden-Wuerttemberg, Germany. Exper-
iments were conducted in accordance with FELASA,
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GV-SOLAS guidelines for animal welfare and reported in
accordance with ARRIVE guidelines (see Supplementary
Material for details of the animal experiments). In total, the
attenuator circuit was used in 20 animal experiments.

D. MRI MEASUREMENTS

The influence of the attenuator on the heating of the catheter
was investigated using an ASTM phantom prepared with 30L
of Hydroxyethylcellulose gel as described in [44]. Two fibre-
optic temperature probes (FOTEMP-19, Weidmann Group,
Dresden, Germany) with a thermal resolution of 0.1 C, were
fixed to the catheter: One at the most distal point of the tip coil
and one at the connection of the coaxial cable to the coil. The
catheter was placed 17 cm off center (5 cm from the phantom
wall) parallel to Bg and the phantom wall, with the most
distal 58 cm submerged in the gel. This exhibited the largest
heating in the presented configuration. The temperature was
recorded at 1 s intervals using a service sequence with only
RF pulses (2 ms pulse duration, rectangular pulse shape,
o = 188°, TR = 10ms, reported whole body SAR =4 W/kg)
over a period of 5 min. Cool-down was recorded for another
minute. In between measurements, the gel was allowed to
cool down until the temperature stabilized to 0.1 C difference
in 2 min. 6 attenuation settings were tested covering the range
of the possible attenuations. The temperature was measured
in two additional scenarios: With the attenuator turned off (no
voltage applied across the potentiometer, but still connected
to the catheter) and the coil deselected in the scanner’s UL

IIl. RESULTS

The attenuator circuit had input and output reflec-
tion coefficients of Sii —24.2dB/ — 8.9dB and
S —15.8dB/ — 11.7dB at minimum/maximum
attenuation settings, respectively. In Fig. 3A, transmission
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FIGURE 4. Tip brightness monitored via real-time (3 frames/s)bSSFP images as the catheter is navigated across the ascending aorta (left
and center). The hyperintense signal of the catheter (left) was attenuated during real-time imaging for optimal contrast (center). With
reduced tip signal brightness the catheter was introduced into the left coronary ostium (right, ECG-gated FLASH).

coefficient, Sy, across the interface circuit is shown for
a range of voltage levels across the series diode, D1, cor-
responding to the available range of the potentiometer.
The circuit covers an attenuation range from —1.7dB to
—19.9 dB, and it draws a maximum current of 8 mA, cor-
responding to a life-time of 150 hours in maximal usage.
A photo of the finished circuit can be found in Supporting
Information Fig.S1.

In Fig. 3B, the SNR at the tip of the catheter in the phantom
experiment is plotted as a function of the voltage across the
potentiometer. SNR as a function of the voltage across D1
is shown in Supporting Information Fig. S3. Here, the SNR
of a manually selected region of interest (ROI) at the tip is
given (Fig. 3C). SNR of a regions far away from the tip coil
was independent of the attenuation level (SNR = 61 + 3).
Thus, we assume that the image noise is not affected by the
attenuator.

Fig. 4 shows real-time images from the coronary artery
intervention in a pig. A long axis slice through the descend-
ing aorta including the left coronary ostium was chosen to
navigate the catheter. Without brightness adjustment, the tip
coil intensity is too high, masking anatomical detail and cre-
ating streak artifacts. After signal adjustment during real-time
imaging the catheter tip could be clearly visualized showing
homogeneous contrast. Fully reducing the signal intensity
enabled an improved visualization of the anatomical details at
the coronary artery (Supporting Information Videos S1, S2).
Optimal attenuation settings for the visualization of the tip
profile could be found within a few image frames. — In all
24 animal measurements performed using the catheters inter-
faced with attenuator unit, the catheter could be successfully
introduced into the left coronary artery. The average time
needed for the navigation of the catheter was 94 £+ 37 s
including adjustment of the tip signal level, which was nec-
essary after advancing through the proximal ascending aorta
to engage the left coronary artery. In most cases one signal
adjustment per intervention was sufficient (see Supporting
Information Videos S1, S2). In cases where the slice was
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shifted, the tip signal was re-adjusted. A significant change in
the signal profile depending on the orientation of the catheter
tip was not observed during the in vivo measurements.

Temperature measurements revealed no dependence of
heating on the setting of the attenuator. The temperature was
stable for all tested cases with ATy, = 6.4 £ 0.4°C for
the hotspot at the tip and a ATy, = 3.2 £ 0.4°C at the
connection to the coax. Background heating was measured
to be a AT,;;ur = 0.3 £ 0.1°C. Details can be found in
Supporting Information Fig. S4. The input impedance of the
interface circuit measured from the catheter side was mea-
sured as 13.5 £+ 3.1 —j13.8 & 4.3 Q for the whole attenuation
range.

IV. DISCUSSION

In this work, an Rx coil interface circuit with attenuator unit
was presented to control the signal intensity of a tracking
coil at the tip of a catheter. The attenuator circuit requires
a DC power supply to adjust the resistances of PIN diodes
in a m-network, which was realized by a battery, but could
also be provided by the MRI system. The variable attenuator
enabled real-time control of the catheter signal without inter-
rupting the image acquisition which can be crucial in situa-
tions where the bright tip signal masks the anatomical target
structures.

We preferred PIN-diode-based RF attenuation over resis-
tive attenuators to avoid noise amplification along the signal
line. Attenuators in chip form are also commercially avail-
able, which can be integrated to an interface circuit for the
active devices as shown in Supporting Information Fig. S2,
as an example. The PIN diode-based attenuators are usually
broadband. The same circuit can also be adapted for active
device interface units developed for 1.5 T or any other field
strengths. Alternatively, resistive attenuation techniques can
also be applied in certain cases, such as rotary step attenu-
ators, which are also commercially available. These devices
are however costly and bulky units that can be attached to
the receive line via connectors. When such components are
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used as an addition to the interface circuit, an alternative DC
path needs to be constructed, since, in most MRI systems
DC signal for active detuning is carried along the RF receive
line. The technique proposed in this paper, however, only
modifies the existing interface circuit, i.e., tuning and match-
ing network. Note also that, preamplifiers in MRI receivers
have low input impedance. This might cause resistive atten-
uator networks to raise the noise factor higher than expected.
Moreover, MR compatibility of such components needs to
be verified. For multi-channel interventional devices, each
coil can be controlled separately, or through a single voltage
control unit.

In most commercial MRI systems, the active detuning sig-
nal that is activated in Rx coils during Tx is supplied through
the receive line, i.e., RF path. It is also possible to control
the attenuator using the voltage supplied by the MRI system
to eliminate the battery usage. With the system-supplied DC
signal, there is no need for a battery exchange or charg-
ing, the interface circuit is lighter, smaller, and mechani-
cally less complicated. However, since the voltage-controlled
attenuator is active during Rx but the detuning signal is
active during Tx, it is not possible to share the same source.
Alternatively, the DC signal from a second Rx channel or
any other system-supplied source can be coupled to the
active catheter to control the attenuator. Since the MRI sys-
tem allows control of the timings of DC signals indepen-
dently, attenuator and detuning functions can run without
interfering.

MRI systems can control the signal levels from the indi-
vidual receive coils by software so that the adjustment of
the tip coil brightness could also be realized during image
reconstruction using an interactive input from a user interface.
However, the proposed hardware solution is advantageous
as it is system- and vendor-independent so that it can be
used with any MR-system, and the existing reconstruction
and coil combination software does not need to be modi-
fied. Furthermore, it provides a direct, tangible interface for
the interventionalist at the distal end of the catheter. This
construction makes it very simple to use even during car-
diac interventions where the interventionalist needs to have
optimal control and rapid feedback without complicated user
interface interactions.

Note, that the metal braided catheter used in this study
is not MR safe according to the temperature measure-
ments. However, as mentioned in the previous paragraph,
the attenuator approach we presented in this paper can be
combined with or applied to any active devices including
active catheters, actively visualized guidewires, or biopsy
needles. RF-induced heating can be influenced by the distal
impedance [21] — thus, the heating of an active device might
change with the attenuation level if the input impedance of
the attenuator circuit is dependent on the resistance of the
PIN diodes. In most of the cases, active devices are used for
visual profiling during MRI-guided interventions and they
introduced to the MRI system as receive-only RF coils. Thus,
they are detuned during the Tx cycle using a PIN diode
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as shown in Supporting Information Fig. S2. During the
Tx cycle, PIN diode is switched ON, and the impedance seen
from the coil side is dominated by the detuning elements,
and is not affected from the attenuator. For the interface
circuit used in this study, the input impedance for the whole
attenuation range was measured as 13.5 + 3.1 — j13.8 £+
4.3 Q. Therefore a significant dependence of the RF-induced
heating on the attenuation level is not expected. Tempera-
ture measurements confirm also that, the attenuator did not
have any measureable effect on the RF-induced heating of
the catheter. The attenuator can also be combined with an
impedance control unit [22] in a switchable way (i.e., the
attenuator is active during Rx and impedance control is active
during Tx to reduce RF-induced heating). Alternatively, both
input and output-matched attenuators, such as hybrid coupler
based attenuators, can be used that keep the input and output
impedances fixed at all attenuation levels [45]. Note, also
that the attenuator unit doesn’t impose any risks due to the
DC current on the patient as the DC currents are blocked by
the tuning and matching capacitors already at the interface
circuit.

Another use of the attenuator circuit is the detection of
catheters that are near, but not in, the imaging slice: if the
signal from the tip is maximized, the faint stray sensitivity of
the tip coil can be sufficient to see it even when the catheter
has left the image plane depending on the distance between
the tracking coil and the imaging plane, and the coil geometry.
This can also be achieved by an analog operator-controlled
preamplifier stage similar to the attenuator. Although, the
image SNR cannot be increased, when the relative gain of
the active catheter’s receive channel increases, tip signal will
be relatively higher than the other channels, which could
help recovering the location of the catheter in certain cases.
A manual switching between the attenuator and the variable-
gain preamplifier can be implemented to allow the operator
full flexibility. Another function that can be implemented
with manual control is analog multi-coil selection of multiple
tracking coils such as in Kocaturk et al. [46].

In this work, remote tuning and matching was imple-
mented as it reduced the complexity of the tip coil design.
Remote tuning and matching is the most commonly used
technique in active tracking coils as it does not compromise
size and mechanical stability. We have used a single-turn
loop coil in saddle form soldered to a microcoaxial cable, but
the voltage-controlled attenuator approach can be applied to
other coil and interface circuit combinations.

V. CONCLUSION

An RF-attenuator integrated into the interface circuits of
active interventional devices can enable interventionalists to
control hyperintense signals in close vicinity of the tip coils
that can otherwise mask the anatomy. The proposed design
can be a low-cost solution for interventional MRI suits which
lack a dedicated real-time signal level adjustment unit for
individual Rx channels.
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