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Abstract—The fast advancement of low-field MRI (magnetic
resonance imaging) has generated a high demand for cost-
effective and versatile consoles for MRI scanners. MaRCoS
(MAgnetic Resonance COntrol System) is such an open-source
system that has been well-tested on various low-field systems.
However, due to limitations of the basic hardware, MaRCoS is
constrained in its ability to support a wide range of field strengths
and RF (radio-frequency) channels. In this study, we aim to port
the MaRCoS console to high-field MRI systems and increase
the number of RF receive channels, enabling phased-array coils
and/or active EMI (electromagnetic interference) elimination
techniques. A series of implementations were conducted across
0.11-, 0.5-, and 1.5-Telsa MRI systems, in order to evaluate its
compatibility and performance. Promising results indicate that
the extended console not only matches but, to some extent,
surpasses the performance of a commercial spectrometer, par-
ticularly in terms of flexibility and accessibility. It is hoped that
this study could effectively expand the scope of open-source MRI
technology, making MRI scans more accessible and affordable.

Keywords—Magnetic resonance imaging, low-field MRI, MRI
console, embedded system, software-defined radio.

I. INTRODUCTION

AGNETIC Resonance Imaging (MRI) is an interdis-

ciplinary technology that has revolutionized various
fields, ranging from clinical diagnosis [1]-[3] to neuroscience
research [4]-[7]. As one of the most essential components
of this advanced imaging technology, the MRI spectrometer
[8] (also known as a console [9], [10]), is an electronic
control system that coordinates all signal generation and
acquisition, shaping the overall imaging process. Specifically,
the spectrometer is responsible for interfacing with the user
and the MRI scanner, executing the pulse sequences, digital-
izing and demodulating the MR (magnetic resonance) signals,
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synthesizing the RF (radio-frequency) and gradient pulses,
and handling many other critical tasks [11]. Due to these
complexities, conventional MRI spectrometers often become
expensive, proprietary, and inflexible [12].

With the emergence of low-field MRI, the demand for
cost-effective and versatile spectrometers has increased sig-
nificantly [13]. These portable MRI systems require spec-
trometers with a compact footprint, low cost, and scalable
design. Moreover, the aforementioned limitation of commer-
cial spectrometers could potentially hinder the advancement
of MRI technology in some cutting-edge research [14], [15].
To date, collective efforts have been made to develop open-
interface spectrometers, overcoming these conventional chal-
lenges encountered in research and education [16], [17].
Owing to the rapid advancement of digital integrated circuits
over the past few decades, solutions based on processors [18],
[19], FPGA (field-programmable gate array) [20]-[27], and
SDR (software-defined radio) [28]-[30] were subsequently
explored. These developments paved the way for more afford-
able, flexible, and scalable spectrometers.

Among these modern spectrometers, Medusa [12] was par-
ticularly well-known, but not fully open-source. Subsequently,
it was replaced by OCRA (Open-source Console for Real-
time Acquisition) [30], which is a completely open-source
solution for both hardware [31] and software [32]. The OCRA
leverages an off-the-shelf SDR platform, called Red Pitaya, to
establish an economical, stable, and flexible system. It features
a pulse programmer capable of altering any pulse within a
single scan, presenting a distinct advantage over previous so-
lutions. The MaRCoS (MAgnetic Resonance COntrol System)
[10] project not only inherits OCRA’s hardware versatility
but also introduces superior software and firmware solutions.
The MaRCoS Graphical Environment' (MaRGE) [33] is a
comprehensive Python-based GUI (graphical user interface)
that implements a much more friendly interface not merely
for scanner operators but for pulse sequence developers [34].
The MaRCoS firmware allows dynamic pulse updates based on
real-time acquisition feedback. It is also capable of generating
arbitrary waveforms of unlimited length for both RF and
gradient pulses. Additionally, it is designed to independently
configure the frequencies of transmitted and received carriers
during mid-sequence, creatively unifying the treatment of RF
and gradient pulses. Empowered by its advanced features,
MaRCoS has been successfully applied in both laboratory and

It was originally named MaRGA (MaRCoS Graphical Application).
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clinical environments [35], [36].

However, MaRCoS currently lacks sufficient Rx (receiver)
channels for active EMI (electromagnetic interference) elim-
ination techniques [37]-[39], which are critical for portable
MRI scanners. Moreover, phased-array coils have been widely
used in high-field systems and are anticipated to be applied in
low-field systems [40]. To address these limitations, this study
aims to increase its Rx channels by upgrading its SDR compo-
nents, and meanwhile extend the compatibility of the MaRCoS
console to high-field MRI systems. The electrical character-
istics of the upgraded MaRCoS console were evaluated, and
saline phantom images were acquired under various magnetic
fields or pulse sequences. By comparing the upgraded console
with both of its predecessor and commercial alternatives2, this
study demonstrates the console’s enhanced performance and
robustness, highlighting its potential for broader applications
in MRI research and clinical practice.

II. MATERIALS AND METHODS
A. Introducing the Open-Source Solution

Here, we introduce the state-of-the-art solution and highlight
the advanced features of MaRCoS, including those inherited
or different from OCRA. Next, we demonstrate the process of
prototyping a MaRCoS console from the ground up, thus re-
vealing its adaptability and robustness, which are fundamental
to the ongoing development efforts.

1) System Architecture: Fig. 1 illustrates the physical con-
nection between MaRCoS console and other components of an
MRI scanner, which is quite similar to OCRA. A spectrometer
involves hardware/software co-design [41]. Viewed from a
hierarchical perspective, the architecture can be divided into
three layers, as illustrated in Fig. 3. From the perspective of
modularity, however, the system consists of RF links, gradient
generators, a sequence programmer, and a user interface.

2) The RF Links: Fig. 3 illustrates how the RF data is
constructed from sequence parameters, compiled as machine
code, modulated by the DDS (direct digital synthesis), con-
verted to analog signals, amplified by PA, exciting MR signal
in coil, boosted by LNA, demodulated in PL, reordered to k-
Space, reconstructed to image, and finally saved or displayed
to PC (personal computer). The start point and end point of
the entire link are located in the top layer—Software. The
physical bridge between the transmitting and receiving links
is an RF coil located in the bottom layer—Hardware. The
most critical part of the RF link is the demodulator, which
greatly affects the SNR (signal-to-noise ratio) of the received
signal. In MaRCoS, the demodulator is located in the middle
layer—Firmware.

3) Gradient Waveform Generator: The gradient pulses are
generated by the console to encode spatial information for
imaging. The resolution of that generator finally determines the
resolution of the image. In MaRCoS, SPI controller modules
are implemented in PL of Zynq to transfer the gradient
waveform to OCRA1 board, as shown in Fig. 2.
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Fig. 1. The hardware connection between the MaRCoS console and the MRI
scanner comprises four layers, with Desktop, Spectrometer, Amplifiers, and
Coils from top to bottom. Red Pitaya (rp-122) is connected to a PA (power
amplifier) via Ethernet (RJ-45). The RF signals are transmitted through a
coaxial cable. The RF output and input of Red Pitaya are amplified by a
PA and LNA (low-noise amplifier), respectively. In the spectrometer, gradient
waveforms are converted to analog differential pairs with the RJ-45 connector
by OCRA1 board. It is then amplified by gradient amplifiers and sent to linear
gradient coils.

4) Pulse Sequence Programming Platform: The pulse pro-
grammer is one of the most unique parts of MaRCoS. It
is capable of dynamically updating the pulse sequence in a
fine time granularity, including the RF and gradient pulses.
This feature is achieved by the methodology of decoupling
the logic of sequences from the firmware details. In other
words, the console can be treated as an arbitrary waveform
generator, despite how the pulse sequence looks. Moreover, it
provides a sequence compiler that can convert Python-based
sequence code to machine code, improving the efficiency
of pulse sequence development. The only interface that the
compiler accepts is “Array”. It treats all signals® as “first-class
entities”, meaning that they have the same format and can be
executed in the same way. MaRCoS borrowed the server-client
pattern from OCRA. The client and server communicate with
each other through a TCP/IP socket. Once the client requests
an acquisition, the server executes the provided pulse sequence
and then responds with the acquired data. Generally, the only
task of the server is to communicate with those above and
those below. Below the server, binary data of pulse sequences

3Such as RF pulses, gradient waveforms, ADC (analog-to-digital converter)
triggers, and even GPIOs (general-purpose input/outputs).
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Fig. 2. Exploded view of a tabletop MRI system with extended MaRCoS
hardware. (a) Tabletop MRI scanner. Inside the permanent magnet, there
are RF and gradient coils. Below the magnet, there are a spectrometer, RF
amplifier, and gradient amplifiers. (b) A solenoid RF coil and 1 cm diameter
tube within the electromagnetic shielding copper. (c) The extended MaRCoS
spectrometer. An OCRA1 board (Gradient DACs) is connected to the QT7020
board (Zynq and RF ADC/DAC) via SPI (serial peripheral interface). (d)
Block design of the Zynq firmware, generated by Vivado. Complex signals for
RF transmit and receive are highlighted in pink and green, respectively. The
Rx (receiver) demodulators are extended to four channels. (e) RTL (register-
transfer level) schematic of the pulse programmer core, generated by Quartus.
Rx FIFOs (first-in-first-outs) and Buffers are extended. (f) FSM (finite state
machine) to control the PL (programmable logic) and communicate with the
PS (processing system) in Zynq.

are stored in on-chip block RAM (random-access memory)
and then executed by the FSM, shown in Fig. 2(e). Above the
client, a Python class named “Experiment” is exposed to GUI.
As indicated by the dotted arrow in Fig. 3, all processes of an
“experiment” are encapsulated in one-key “run”.

5) Graphical User Interface (GUI): MaRGE provides a
comprehensive infrastructure for pulse sequence development
and data post-processing. There are some useful calibration
sequences (screenshots in Fig. 4), such as first-order shimming,
Ty and 75 measurement, etc.
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Fig. 3. The RF link of the MaRCoS console passes through three layers
from top to bottom: software, firmware, and hardware. Blue arrows indicate
complex data flow and black arrows indicate real data flow. Bus speed of FMC
(FPGA mezzanine card) connector and AXI4-lite are extended to 250 MHz.
The Rx demodulators are extended to four channels. The digitalized signal is
decomposed into I/Q components through quadrature demodulation. Here the
modulator and demodulators share the same LO (local oscillator), meaning
that the carrier of the transmitted signal is the same as the received signal.

B. Migrating the Hardware

To begin with, we substituted the Red Pitaya board with
another off-the-shelf SDR platform, QT7020 from Queentest
Technology. Similar to Red Pitaya, the core of QT7020 is
a Xilinx Zyng-7020 SoC (system-on-chip) with dual-core
Cortex-A9 processors. However, the QT7020 has more logic
resources, enabling larger sampling depth and more digital
receivers. The ADC clock rate of QT7020 is configured to
250 MHz, and the on-chip PLL (phase-locked loop) of Zynq
is modified to generate a 250 MHz clock domain, which
is approximately twice the 122.88 MHz of Red Pitaya. In
accordance with the Nyquist theorem, a 250 MHz sampling



Fig. 4. Screenshots of the MaRGE. (a) First-order shimming sequence. (b)
T» measurement sequence.

rate enables the console to handle a By field strength of nearly
3-Telsa. In addition, QT7020 has a higher ADC resolution
than Red Pitaya (16 bit versus 14 bit), thus we insert a stream
converter in PL.

Regarding the gradient, the OCRA1 board was chosen
to drive gradient amplifiers which are shown in Fig 2(a).
Additionally, the necessity for loading firmware from PC
to Red Pitaya at each startup has been eliminated. This is
achieved by solidifying the PL firmware into an on-board flash.
In this part, the PS server does not need to be modified but
can be launched by Linux automatically. Lastly, all hardware
components are assembled into a compact case, as shown in
Fig. 2(c).

C. Inscreasing RF Channels

The original MaRCoS console supports two RF receive
channels. To increase the number of receivers, we upgraded
the console from software to hardware. Meanwhile, we tried
to keep the backward compatibility of the original console.

1) Buffer and FIFO: Fig. 2(e) and Fig. 3 depict the
extended Buffers and Rx FIFOs. The Buffers are used to
store the sequence commands to be executed. The original
solution utilizes one Buffer each Rx for decimation rate, and
two Rx share another Buffer for commands like reset, valid,
or enable. To add two more Rx, we doubled the number of
Buffers. Consequently, the extended console has two Buffers
for commands and four Buffers for decimation rate. The Rx
FIFO is used to store the received baseband signals, which are
output from the CIC (cascaded integrator-comb) filter in the
demodulator and read by the server in PS. Two FIFO modules
were added to increase the number of receivers.

2) Toplevel Block Design: Fig. 2(d) and Fig. 3 (dashed box)
depict the extended demodulators. With above approaches, the

extended RTL firmware is compatible with the original Server
and Client.

3) Server: Server polls Rx FIFOs via AXI4-lite bus, and
then sends the raw data to Client. An extra function is defined
here to access the newly added Rx FIFOs. So far, the server
is compatible with the original Client as well.

4) Client: Sequence compiler was also extended to support
the new Buffers and receive more data from new FIFOs.
The upgraded Client code is still compatible with the original
MaRGE.

5) Pulse Sequence: Python-based pulse sequence code can
be effortlessly extended to support more receivers. A special
MSE (multi-spin-echo) sequence was designed to test 4-
channel parallel imaging and to show the rapid development
on MaRCoS platform. Fig. 5 is a diagram of the proposed 3D
MSE sequence in a TR (repetition time). A major difference
from simple 3D MSE is that images from every echo are
averaged together to improve the SNR. In addition, an extra
sampling window was inserted before the excitation pulse to
acquire EMI noise for active denoising. After all shots, two
matrixes of 3D k-Space with the same size were obtained, one
for noise and the other for signal.

D. MRI Experiment Setup

All pulse sequence parameters are included in Table I, and
other important details are introduced as follows:

1) Scanners: Characteristics of three MRI systems used in
this study are listed in Table II. First, a bedside scanner using
a 0.11T yoke magnet is placed in an industrial environment
under no EMI screening condition. A piece of copper cloth
can be covered on the magnet for electromagnetic shielding
as needed. It is equipped with a knee coil, a wrist coil, and var-
ious EMI sensing coils [Fig. 6(a)]. Second, a tabletop scanner
used a 0.5T yoke Sm-Co magnet with implanted temperature
control to avoid field drift, shown in Fig. 2(a). Samples can
be placed in an NMR (nuclear magnetic resonance) tube with
a solenoid RF coil, encapsulated by a copper plate box to
achieve EMI screening, as shown in Fig. 2(b). Third, a 1.5T
superconducting system with “0” helium volatile is installed in
an RF-shielded room. It is equipped with a high-pass birdcage
coil with a 20 cm diameter and 8 rungs, shown in Fig. 6(b).
Its gradient amplifiers employ closed-loop current control with
adjustable gain.

2) Samples: Phantoms and fruits were used in the experi-
ments, as the third column of Table I shows. Phantom A and
Phantom B are 1-cm diameter NMR tubes filled with saline
solution, while Phantom A has a 3D-printed hollow cylinder
inserted. Phantom C is a cylinder measuring 13 cm in height
and 10 cm in internal diameter, filled with saline solution,
and this phantom was used to compare across 0.11T and 1.5T
scanners.

3) Sequences: As noted in Table I, either GRE (gradient-
recalled echo) or MSE sequences were used in all experiments.
The MSE sequence is described in Section II-C5. When using
MSE sequence, the ESP (echo spacing) represents the period
between the center of adjacent echoes, and the ETL represents
the number of echoes (also averages) in one phase encode
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Fig. 5. Schematic of the 3D MSE (multi-spin-echo) sequence. One shot with ETL (echo train length) = 2 is shown. Within each TR, one purple box
repeats for ETL times. The first sampling window—before the RF excitation pulse—is used to acquire EMI noise, and the following windows are used to
acquire MR signals. During each sampling window, all of the four receivers (Rx 1~4) are working in parallel. For each RF refocusing pulse, the CPMG
(Carr-Purcell-Meiboom-Gill) phase is employed. The phase encode pulse is replayed before and rewound after each readout pulse. As demonstrated in the
Gy and Gz axes, for example, the solid trapezoid represents a phase encode step and the dashed trapezoid represents another.

TABLE I
ACQUISITION PARAMETERS OF IMAGE RESULTS

Figure Bg Sample RF Coil Sequence RxBW TE/ Nex"/ TR (ms) Number of pixels Scan time
(T) (kHz) ESP (ms) ETL (slice, phase, readout)  (min:sec)

8(a) 0.11  Star fruit Knee GRE 85.9 2.3 3 160 4 x 128 x 128 1:22

8(b) 0.5 Phantom A Solenoid MSE 31.2 6 8 2000 1 x 64 x 64 2:08

9 0.5 Phantom B Solenoid GRE 87.67 0.9 6 10 1 x 64 x 64 0:04
10(a) 0.11  Bamboo shoot  Wrist MSE 6.5 15 3 300 4 x 64 x 128 1:17
10(b) 0.11 Bamboo shoot  Wrist GRE 42.6 10 1 200 4 x 64 x 128 0:51
10(c) 0.11  Orange Knee GRE 28.4 14.7 3 60 8 x 128 x 128 3:05
10(d) 0.11  Orange Knee MSE 6.48 30 3 200 7 x 128 x 128 3:00
10(e) 0.11 Pineapple Knee MSE 6.48 30 3 250 8 x 128 x 128 4:16
10(f) 0.11  Pineapple Knee MSE 5.8 30 3 350 10 x 100 x 200 5:50
11(a) 0.11  Phantom C Knee GRE 28.4 14.7 2 60 20 x 128 x 128 5:07
11(b) 0.11 Phantom C Knee GRE 20.0 14.7 2 60 40 x 128 x 256 10:14
11(c) 0.11  Phantom C Knee MSE 7.79 30 2 250 20 x 128 x 128 10:40
12(a) 1.5 Phantom C Birdcage GRE 46.85 4.7 2 150 16 x 128 x 128 10:14
12(b) 1.5 Phantom C Birdcage GRE 20.0 15 1 300 16 x 128 x 128 10:14

?7? 0.11  Phantom C Knee & MSE 6.48 15 2 200 16 x 128 x 128 6:50

2 EMI
?? 0.11  Pineapple Knee & MSE 6.48 15 3 600 8 x 64 x 128 5:07
3 EMI

* Number of experiments (averages).

TABLE II
CHARACTERISTICS OF USED MRI SYSTEMS

By 0.11T  0.5T 1.5T
fr (MHz) 44276  20.797  63.767
DSV (cm) 22 1 25
Rx Gain (dB) 48 48 66
RF PA (W) 300 100 2000
Gradient PA (A/V) 12 1 PID™

Diameter of spherical volume.
** Proportional-Integral-Derivative controller.

step. A 3D GRE sequence provided by MaRGE was used to
compare the MaRCoS console against the EVO Spectrometer
(MR SOLUTIONS). When using the GRE sequence, the Tg
represents echo time and the Nex represents the number of
averages. Although some timing details may be different, we
kept parameters as same as possible in the two consoles.

(b)

Fig. 6. Photographs of the EMI sensing coil (a) and birdcage coil (b).

III. RESULTS AND DISCUSSION
A. Electrical Characteristics

The maximum Tx (transmitter) power of the extended MaR-
CoS console is -0.22 dBm. The range of gradient amplitude
is near £10 V. To evaluate the stability of the RF phase
and gradient amplitude, we acquired the FID (free induction
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Fig. 7. The waveforms of FID (free induction decay) and SE (spin-echo)

signals in 100 TR (repetition time), at 0.5T tabletop scanner. The left y-axis
represents the unwrapped phase of the signal, while the right y-axis represents
the amplitude of two components (I/Q) of complex signals. (a) FID sequence
with TR = 2 s, Rx bandwidth = 31.3 kHz. (b) SE sequence with TR = 2 s,
TE = 40 ms, Rx bandwidth = 20 kHz. The zero time point is the target center
of the echo.

Fig. 8. Images acquired by the original MaRCoS console with the Red Pitaya
board at 0.11T and 0.5T scanners. (a) A filtered image of a star fruit. The
filtering approach is applying a hamming window on every readout line. (b)
Image of Phantom A, a star-shaped phantom in a 1-cm diameter NMR tube.

decay) and SE (spin-echo) signals over 100 TR cycles, plotted
in the same axis, as shown in Fig. 7. During each TR
cycle, first-order shimming was applied 10 ms before the RF
excitation pulse. The shimming gradient is typically weak but
can significantly affect the amplitude and frequency of the MR
signal. As a result, the stability and resolution of the gradient
waveform generator, as well as the RF DAC (digital-to-analog
converter) and clock jitter, can be evaluated.

B. Imaging Performance

Firstly, we acquired images by the original MaRCoS console
at 0.11T and 0.5T scanners, shown in Fig. 8. There are strong
artifacts in Fig. 8(a), which appeared in [34] as well. These
artifacts may be caused by excessive Rx bandwidth, but were
not observed in the extended 250-MHz-clock console.

Fig. 9 shows the By map acquired by dual-echo GRE
sequence. The TE (echo time) of the two echoes were 0.9 and
1.8 ms respectively. Distortion induced by an inhomogeneous
By field can be observed.

Fig. 10 showcases the imaging quality of the extended MaR-
CoS console. Furthermore, a comparison between the extended
MaRCoS console and a commercial one (EVO Spectrometer)
was taken at 0.11T (Fig. 11) and 1.5T (Fig. 12) scanners.

Due to the gradient efficiency being difficult to be well-
calibrated, a precise FoV (field of view) cannot be given yet.
According to the dimension of Phantom C, however, we can
roughly estimate the spatial resolution to be about 1 x 1 x
10mm?, among Fig. 11, 12, and ??.

(a) © © (@

Fig. 9. (a) The image reconstructed from the first echo of a GRE sequence.
(b) and (c) are the phase images of the first and second echoes, respectively.
(d) The BO map calculated from the phase images. A mask from (a) is applied
to remove the background.

Fig. 10. Images acquired by the extended MaRCoS console at 0.11T bedside
scanner with copper cloth covered. Center slices of the 3D images are shown.
(a) and (b) are coronal images of a bamboo shoot, acquired by 3D MSE and
GRE sequences, respectively. (c¢) and (d) are coronal and sagittal images of
an orange, acquired by 3D GRE and MSE sequences, respectively. (e) and (f)
are sagittal and coronal images of a pineapple, respectively, acquired by 3D
MSE sequence.

C. Outlook

Limited by the serial processing of Server in PS, DMA
(direct memory access) is required to extend a large number
of receivers.

IV. CONCLUSION

We extended the MaRCoS console by doubling the ADC
sampling rate and Rx channels. The extended console is
capable of controlling MRI scanners with higher field strength
up to 1.5T and handling 4-channel parallel acquisition. Active
EMI elimination procedures were effectively implemented,
further supporting the successful extension of the 4-channel
receiver. Full source code of the extended console is available
on public repository [42].
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