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Summary
• MRI is based on Nuclear Magnetic Resonance (NMR) of protons in the body
• MRI is very effective, however also very expensive
• there is a growing interest in accessible and portable MRI
• Our technique “TRASE” simplifies MRI equipment by eliminating the “gradient coils”
• In this work, we have simplified the system further:

• permanent low field magnet with built-in gradient
• 2 radiofrequency (RF) channels powering 2 solenoid coils
• a rotation system

• Talk: 
• Review regular MRI
• Review TRASE spatial encoding
• the TRASE Magnet system



How Regular MRI Works
REVIEW
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MRI System
In NMR, the spin frequency is proportional to the applied magnetic field: Larmor 
Equation:  frequency = (γ/2π) × magnetic field

ω = γB
B0 = 1.5 Tesla,   f0 = 64 MHz
B0 = 3.0 Tesla,   f0 = 128 MHz

We can make the applied B0 field vary linearly in a defined direction, to make the 
resonant frequency vary within the patient. This called a field gradient, GX

ω = γ(B + x Gx)

ω = 2πf
γH (gamma) is the gyromagnetic ratio for H

Fourier (frequency) analysis of the acquired signal is used to relate signals of specific 
frequencies to specific positions. By switching a full set of gradient fields (GX, GY, GZ) 
on and off during the pulse sequence (experiment), the spatial origin of each NMR 
signal can be pinpointed in 3D in the body. Since the signal strength depends upon 
proton density, T1 and T2 we have all the information to display images.

B0 = 1.5T

64 MHz

B0 Gradient



MRI System Components
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Gradients cause 
dephasing
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ECHO SIGNAL

1D IMAGE PROFILE (PROJECTION)

Read Gradient à 1D Image
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2DFT MRI Pulse Sequence
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Spatial Frequencies

• The center of k-space corresponds to 
low resolution information.

• The outer parts of k-space ßà high 
frequency (edge) information.

• This diagram - Bushberg



[3] Gradient coils geometry 3 directions: x,y,z

https://www.amberusa.com/blog/gradient-coils-inside-mri-what-you-need-to-know/

https://www.dotmed.com/listing/mri-coil/philips/gradient-coil/2234815



Gradient amps: to amplify voltage from the 
console (from ~1V to ~500V)

Gradient coils - amplifiers

Also good for rock concerts

An example of a set of gradient 
amplifiers (2 per each direction)Gradients amplifiers - requirements:

Ø Power (3 phases)

Ø Cooling (water or air) 

Gradient coils

Console

X 
amp

Y 
amp
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amp



How TRASE Works 
TRASE = TRANSMIT ARRAY SPATIAL ENCODING





TRASE uses 2 radio-frequency (RF) coils for 1D spatial encoding

the RF field direction 
(phase) varies linearly 
with position





TRASE 1D Pulse 
Sequence



COMPACT TRASE MRI SYSTEM
TRASE = TRANSMIT ARRAY SPATIAL ENCODING
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Halbach Magnet (25 kg)
• Magnet: A 25 kg sparse dipolar Halbach magnet was built for 

TRASE MRI purposes (2). 

• 2.84 MHz, 8-ring

• The magnets short length and small size (< 43 cm x 43 cm x 25 
cm). The positions of 320 N40UH magnetic pieces (1’’ x 1’’ x 1/2’’) 
was optimized using a genetic algorithm and housing constructed 
using 3D printed formers. 

• The constructed 66.7 mT magnet is an accurate representation of 
the optimized design with a measured homogeneity of 11,152 
ppm in a 12.7 cm diameter, 1 cm long cylindrical region of 
interest. 

• The magnet has an inherent axial gradient for z-dimensional 
encoding but improvements are being made. (A. Purchase, this 
conference).

Previously fully described:
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TRASE Phase Gradient Tx Coils
• Pair of geometrically decoupled coils provide 1D 

encoding.
• Truncated twisted solenoid is significantly superior to 

previous un-truncated design.
• For 1D encoding, TRASE coils are now performing very 

well.
• geometrically decoupled nested twisted solenoid design 

(3,4).
• Two RF coil sets were built: a solenoid + saddle 

configuration and a pair of truncated twisted solenoids 
(suitable for rotation experiments). In each case coils are 
geometrically decoupled (i.e. no PIN diodes). In both 
cases, coil diameters were 100mm and 125mm with 
length 230mm. Imaging volume 80mm diam; 100mm 
length. Peak RF power for 200us pulses ~10W. Phase 
gradient strengths: 5.8deg/cm inner;  5.15 deg/cm outer 
coil. 

• Further details: see C. Sedlock, this conference

Credit: Christopher Sedlock
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Results: TRASE 1D profiles
• Profiles (bottle phantom) show that 

TRASE encoding is successsful
• profiles match expected, due to the 

known magnet inhomogenity (i.e. 
effective slice shape & width is highly 
variable)

• Next: higher homogeneity needed 

11,152 ppm in a 12.7 cm diameter, 1 cm long 
cylindrical region of interest. 
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Parallel Tx Console
Parallel Transmit (pTx):
• console has 4 Tx channels (only 2 used)
• no high power splitter or combiners needed
• allows compensation for residual coil 

coupling, by simultaneously driving both coils 
(where necessary)
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Imaging System Overview: Simplicity
Magnet Rotation

2DFT recon

pTx Console

‘DNMR’

1D TRASE Encoding
high duty 
cycle RFPAs

Credit: Aaron Purchase, JCS

Pair of 
TRASE 
twisted 
solenoids

Halbach 
magnet + static 
gradient (i.e. 
inhomogeneity) 
for slice 
selection

DoF data dimensions implementation
1 TRASE spatial dimension (1D) pair of Tx phase gradient coils;  echo = k-space point

2a Frequency dimension (Fourier slice partitions) FT the echo:   1) encoding;   2) artifact rejection

2b Multi-frequency (multi-slice) relies on built-in inhomogeneity for slice-selection

3 projections from rotation angle rotate magnet (or coils - tbd);  Radon transform.

pre-amp
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Magnet & Rotation System
• 2.84 MHz, 8 ring, 25 kg Halbach
• Rotation system under pulse sequence control
• provides projections for 2D imaging

preliminary results

1. Rotating machines are a mature technology

2. Coil rotation may be a better option for TRASE (…)

Credit: Aaron Purchase
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Performance check list

Potential problem checklist: Solutions:

Flip angle (B1) effects ? XY4 phase cycle down echo train  (Bohidar et al.)

Off-resonance effects ? reject by FT of echo (under static B0)

Eddy currents ? none (no switched B0)

RF power (SAR) ? low field;  180 deg pulses only

NMR issues? single, simple echo train; only RF pulses (2 types)

Tx coil decoupling ? 1. two Tx coils only (1D TRASE: single encoding axis)
2. geometric decoupling
3. parallel Tx

Hardware complexity? Design is very simple:  2 RF channels,  2 Tx coils; magnet; rotation system.
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Conclusions: the cheapest and most robust MRI system?

A design for a very simple imaging system has been presented:

1. A permanent magnet

2. Two radio-frequency amplifiers attached to two resonant tuned wire coils
3. A mechanical rotation system

Results:

• TRASE demonstrated under conditions of high inhomogeneity, without encoding artifacts

QUESTIONS?
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QUESTIONS?
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Conclusions
• We have designed and constructed a low-field TRASE RF imaging system. 

• In TRASE k-space encoding is achieved by refocusing with RF phase gradients. 

• The magnet is a 2.85 MHz 8-ring Halbach design. All components are custom made. 
• An inherent axial gradient of the inhomogeneous magnet function as slice selection. 

• The unique feature of this imaging configuration is the simplicity. Two RF channels and magnet 
rotation provide multi-slice projection reconstruction imaging.
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EXTRA

Conclusions:

• no gradient coils in the magnet; no gradient pulses in the sequence; no grad amps in the rack

• this study is “magnet-limited”, see Aaron Purchase (this meeting)
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Idea of a Read Gradient

• “Frequency Encoding”
• “Read Gradient”
• ”Readout Gradient”
• The readout gradient is ON during data 

acquisition, so FFT of the NMR signal gives 
a us a 1D projection through the object.
• See example of circular 1D profile in 

OpenPhys 
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Data Dimensions / Degrees of Freedom

TRASE spatial dimension (1D) each echo is a different point in k-
space

FOV set by coil geometry

frequency dimension (Fourier slice 
partitions) 

FT each echo favoured when acquisition 
window > pulse length

Multi-frequency (multi-slice) multi-freq is essentially mult-slice

Magnet Rotation dimension rotate magnet (180 deg range)

Coil rotation (not implemented yet) rotate coils (90 deg range)
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The Frequency Dimension
• no readout gradient
• FT echo to  obtain partitions (Fourier encoding within “slab”)
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RF Power System
Custom – built RFPA

• low frequency (3 MHz)

• 2 channels (allows pTx)

• high duty cycle (needed for echo train)

• 1 kW peak/channel @ 50% duty cycle

• (10 – 35 W used in expts reported here)

• based on a radio amateur design, with blanking added.

Credit: Aaron Purchase

Previously fully described:
Purchase AR, Palasz T, Sun H, Sharp JC, and Tomanek B. (2019). 
A high duty-cycle, multichannel, power amplifier for high resolution 
radiofrequency encoded magnetic resonance imaging. 
Magn Reson Mater Phy. 32, 679-692.
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pTx Console Design
Board: Terasic ADC-SoC Board
Chip:  Altera Cyclone V
Chip description:  Cyclone is a SoC with an 
FPGA part and a HPS part on the same 
silicon. HPS is Hard Processor System dual 
ARM dual CPUs + memory etc. The HPS runs 
C code under Linux.
FPGA: Verilog (Intel Quartus Prime Lite)

Rx: dual 14-bit, 150 MSPS ADC

Board: 4 - channel waveform generator
Chip:    AD9106
Chip description:  Quad, Low Power, 12-Bit, 
180 MSPS, Digital-to- Analog Converter and 
Waveform Generator 

Software: load registers using SPI interface 
(on trigger signal)

SPI 
Interface

Ethernet

LTC 2x7 
Header

Quad RF 
Outputs

… to RF power amplifiers

trigger

180 MHz clock


