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TRASE is an MRI k-space encoding method that uses radio-frequency (RF or B1) transmit phase gradient
fields to achieve millimeter-level spatial resolution. Image quality is critically dependent upon the effi-
cient generation of B1 fields with uniform magnitude and strong phase gradients. We present the design
of a new family of phase gradient transmit coil based upon a solenoid twisted about a transverse axis.
This design has many attractive geometric, electrical and magnetic characteristics, including the capabil-
ity to spatially encode in the direction of the main static B0 field without obstructing access to the bore.
Analytical, numerical simulation and experimental results are presented, including demonstration of 1-
dimensional TRASE encoding without the use of PIN diode switches. Twisted solenoid coils significantly
expand the capabilities of TRASE MRI.

� 2018 Elsevier Inc. All rights reserved.
1. Overview

TRASE (Transmit Array Spatial Encoding) is an MRI method that
achieves k-space encoding by the use of gradients in the phase of
the radio-frequency (RF) transmit fields, instead of gradients in
the static (B0) field. Clinical-level millimeter spatial resolution
has been demonstrated in phantom studies [1–3]. Since TRASE
allows the B0 gradient encoding system to be replaced by simpler
RF technology, TRASE is a promising technique for low-field, low-
cost MRI systems [4]. These systems often employ permanent
magnets with a transverse or vertical B0 magnetic field. The TRASE
pulse sequence consists of an echo train using 180� refocusing
pulses, in which the phase gradient transmit field is switched
between each RF pulse, in an alternating pattern. Since image qual-
ity is critically dependent upon the ability to efficiently generate
these B1 fields with uniform magnitude and strong phase gradi-
ents, there is an ongoing need for improved coil designs and the
associated RF technologies. One limitation of current TRASE sys-
tems is that no practical transmit design for encoding along the
B0 direction for a transverse B0 geometry has been proposed. Such
a coil must generate a Bþ

1 field vector whose direction varies along
the transverse B0 direction so as to create a linear phase slope along
B0 for spatial encoding. In a theoretical study Bellec et al. applied a
target field design process for a Gy phase gradient for a transverse
By directed B0 field, resulting in a strong phase gradient, but limited
jB1j homogeneity [5]. This work demonstrated that a phase gradi-
ent for this geometry is possible in principle, however the wire
path design presented was incomplete and experimental results
were not presented.

The first RF phase gradient coil used for TRASE was a twisted
birdcage coil [1,6] modified with a twist about the axis in the B0

direction. For a conventional superconducting magnet design, this
corresponds to a twist along the patient superior-inferior axis. The
spark for this work was to ask the question: ‘‘Is there an analogous
twisted geometry for low field magnets, for which the B0 direction
is transverse?” The standard coil for low field systems is the sole-
noid, so this suggests a solenoid twisted about a transverse axis [7],
which would retain all the desirable features that a solenoid coil
possesses for a transverse B0 field (high efficiency ðlT=AÞ, unifor-
mity, large imaging field-of-view (FOV) relative to aperture, cylin-
drical geometry), while simultaneously generating a phase
gradient along a transverse axis. The specific aims of this study
are to explore the use of the twisted solenoid transmit RF coil in
spatial encoding for a cylindrical coil geometry. We design and
experimentally verify a twisted solenoid coil pattern, subject to
the multiple constraints of maximizing efficiency, jB1j uniformity
and phase gradient strength. Since the usable imaging volume is
effectively defined by the jB1j uniformity, the FOV is not an inde-
pendent design constraint. Similarly, phase gradient linearity was
not enforced as a design constraint, since all designs provided
acceptable linearity.
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1.1. TRASE encoding principles

Consider anRF transmit fieldwith a spatially-dependent phase of
B1 ¼ jB1jei/ðrÞ, of the specific form in which the phase varies linearly
along a spatial axis of /ðrÞ ¼ 2p k � r ¼ G � r. This RF phase gradient
field can be represented in k-space as an off-center point k (‘coil k-
space origin’) [1]. Refocusing with a 180� pulse using a phase gradi-
ent coil causes the spin state to be reflected about the coil k-space
origin. The fundamental concept of TRASE spatial encoding is that
k-space traversal is possible in anecho train sequence inwhicha ser-
ies of 180� refocusing pulses with different RF phase gradient coils
are used. TRASE imaging experiments therefore require a set of
transmit coil configurations capable of providing a series of different
B1 phase gradients. A keymotivation for developing TRASE technol-
ogy is that high spatial resolution is attainable because signal phase
accumulates down the echo train to reach high k-space states [1].

TRASEphase evolutionoccurs discretely at each refocusingpulse,
with each echo represented a point in k-space, with higher k-space
encoding corresponding to later echoes. For one-dimensional TRASE
encoding, two fields A and Bwith a difference in phase gradient are
needed. The basic 1D sequence consists of a 90� excitation pulse fol-
lowed by a series of 180� refocusing pulses, applied alternately on
the A and B coils. After each refocusing pulse, echo data are acquired
at a k-space sample spacing of Dk ¼ 2jkA � kBj, i.e. the spacing is
determined by the difference of the coils’ phase gradient strengths.

Since TRASE is an alternative way of encoding MRI data in k-
space, all familiar k-space principles may be directly applied to
TRASE [3]. The FOV without aliasing is given by the reciprocal of
the k-space point spacing, whereas the spatial resolution (Dx) is
proportional to the reciprocal of the sample k-space extent [8,9].
We can therefore write the following: FOV ¼ 1=ð2jkA � kBjÞ and
Dx ¼ 1=ð2jkA � kBj � ETLÞ, where ETL represents echo train length.
It follows that the achievable spatial resolution depends upon the
practical length of the echo train.

TRASE image resolution is affected by k-space filtering caused by
T2 losses and other mechanisms (e.g. diffusion) causing signal loss
down the echo train, since the later echoes correspond to the high
spatial frequency information. A rule-of-thumb is that the duration
of the echo train shouldbeno longer than1.2 times the shortest T2 to
be imaged [4,10]. Although a longer train may be used, the resolu-
tion of the shortest T2 species will become T2 limited, rather than
sampling-limited. This T2 constraint is themotivation for the imple-
mentation of echo trains consisting of short high-power RF pulses.
1.2. TRASE coil requirements

1.2.1. B1 Phase gradient and pulse length
To illustrate the potential for clinical feasibility, consider the

example of TRASE-encoded brain MRI, for the following parame-
Table 1
Comparative data for TRASE phase gradient systems. Although the twisted birdcage has fav
Helmholtz - Maxwell (HM) coils, have the disadvantage of a large difference between the in
pole plate magnets than to cylindrical Halbach magnets. Stockmann’s coil is a cylindrical He
birdcage. This produces a gradient along the patient axis, so could be used to complemen

Geometry Coil Coil Imaging
I.D. O.D. Volume

FOV x L
(cm) (cm) (cm)

Twisted Birdcage (Sharp, 2010) 9 9 2:5� 2:5� 14
Helmholtz - Maxwell
(Deng, 2013) 22 42 16� 16� 14
Helmholtz - Maxwell
(Der, 2018) 22 42 16� 16� 14
Birdcage - Maxwell
(Stockmann, 2016) 18 22 4� 4� 13
ters: matrix (ETL) = 128, FOV = 22.5 cm, pixel = 1.76 mm. In-plane
encoding requires two opposed 4.0 deg/cm phase gradients, which
is within the achievable range, (see Table 1). Note that for 2D imag-
ing, 128 echo trains (of 128 echoes each) would be required,
assuming full k-space sampling. Considering the shortest T2 of
42 ms for white matter at 0.2T [4,11], the above rule-of-thumb
requires the total echo train duration, tTRAIN < 1:2T2 ¼ 50:4 ms,
and an echo spacing of 1:2T2=ETL ¼ 394 ls. Assuming a 50% duty
cycle between transmit and receive, this equates to a 200 ls length
for each refocusing pulse, which is within an achievable range, for
example see Der [12]. In summary, clinically useful imaging
becomes increasingly feasible for a combination of parameters
such as gradients P 4:0 deg/cm; pulses 6 200 ls; over imaging
FOV of P 20 cm. The coil development described here addresses
all these parameters.
1.2.2. jB1j Homogeneity
There are jB1jhomogeneity requirements for TRASE.Wewill only

consider rectangular (‘hard’) refocusing pulses and image recon-
struction by Fourier Transform (FFT), although other pulse designs
[13] and other reconstruction techniques [14] may allow the jB1j
homogeneity requirements outlined here to be relaxed. Since TRASE
relies on the phase reversal behaviour of refocusing pulses for suc-
cessful spatial encoding and minimization of image artifacts, the
TRASE sequence requires effective refocusing behaviour over the
imaging volume for each pulse in the pulse train. From previous
work [3], this constrains the maximum jB1j coil inhomogeneity to
be less than approximately �10% to �15%. For the purposes of this
paper, we will adopt the more conservative figure of �10%, which
corresponds to a usable refocusing flip angle range of approximately
160–200�. Although a useful rule-of-thumb, there are many other
factors that may affect the acceptable flip angle errors in refocusing
for a particular coil. Some of these factors include off-resonance
effects; the performance of other coils being used; tolerance of the
imaging application to artifacts; the effectiveness of artifact removal
processing; and details of the pulse sequence including pulse
phases, and phase cycling schemes.
1.3. TRASE array configurations

There are a number of different possible transmit hardware
configurations, as shown in Fig. 1. In Fig. 1A and B, two different
configurations are shown for driving a Helmholtz-Maxwell (HM)
pair. Both HM coil elements must be driven simultaneously to pro-
duce a phase gradient field. To allow the phase of the Maxwell coil
to be reversed, it is necessary that the two elements be driven
independently and so the coupling parameter S12 becomes impor-
tant. A value of at least S12 < �15 dB, or preferably S12 < �20 dB is
desirable to ensure effective decoupling. This level of decoupling is
ourable geometric and field performance, it is unusable with a transverse B0 field. The
ner and outer diameters. Being rectangular, the HM design is better suited to parallel
lmholtz - Maxwell concept, in which the cosine field is produced by a short multi-turn
t the transverse encoding offered by the twisted solenoid designs.

Phase Gradient Reported Encoding
Gradient Direction(s) Pulse Efficiency

G Len ðtpÞ ð2G=2tpÞ
(deg/cm) ðlsÞ (deg/cm)/ms

12.5 k B0 and SI 800 15.6

5 ? B0 and SI ? B0 and LR 300 16.6

5 ? B0 and SI ? B0 and LR 130 38.5

2.25 ? B0 and SI 192 11.7



Fig. 1. Four possible TRASE transmit configurations for a single encoding axis. (A) Helmholtz-Maxwell pair using a single RF power amplifier (RFPA). (B) Helmholtz-Maxwell
pair using dual RFPAs. Both of these configurations require good geometric decoupling, i.e. S12 < �20 dB. (C) A pair of twisted coils using a single RFPA. (D) A pair of twisted
coils using dual RFPAs. Each configuration is shown with a single RF input, although configurations B and D could alternatively be driven by dual transmit channels. High
power active elements (under PIN diode control) are shown with a red arrow. (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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achievable, but requires rather delicate adjustments [2,4]. A signif-
icant advantage of twisted designs (shown in Fig.1C and Fig.1D is
that the resonant elements are driven sequentially, so it is not nec-
essary to geometrically decouple elements which are simultane-
ously enabled and tuned to the same frequency. For this reason,
twisted pair designs are more robust to experimental perturba-
tions than HM coils. In all configurations, active enable/disable
has been shown, because for 2D encoding applications (with a total
of 4 coils) this function is expected to be required.

Configuration A shows a single RF power amplifier (RFPA) with
a power splitter and actively-controlled phase shifter, both
located after the single amplifier [2]. This configuration has the
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disadvantage that these additional RF components must operate
under high power conditions. Deng et al. used configuration A
including a high power RF splitter, a high power PIN diode phase
shifter, and PIN diode coil element disable circuitry [2]. Configura-
tion B alleviates the need for high power components, at the
expense of a second amplifier, although this is mitigated because
each individual amplifier has a lower peak power requirement,
than in A. Configuration B uniquely allows some limited flexibility
to adjust the gradient strength by adjustment of the relative drive
levels, whereas configuration A has a fixed power ratio determined
by the design of the high power RF splitter. Both configurations A
and B demand a high duty cycle from the RFPA because both coils
are active for generation of both positive and negative phase
gradients.

Configurations C and D show respectively single and dual RFPA
configurations for a pair of twisted coils. Configuration C requires a
higher duty cycle and a high power switch, whereas D requires one
RFPA for each coil. Of all the configurations, Configuration D has
the lowest duty cycle requirement (indicated graphically by
shaded the RFPA in standby in white), hence, D is used in this
paper.

The various configurations have different characteristics when
extended to 2-dimensional encoding. In A, if a single RFPA is main-
tained, then cascading of splitters and an additional switch is
required. Configurations B and D require additional power ampli-
fiers but are otherwise straightforward. Configuration C would
require a 4-way high power RF switch.

1.4. Performance of phase gradient systems

A ‘phase gradient system’ comprises one or more RF power
amplifiers (RFPAs) and an RF transmit array capable of producing
phase gradient fields. For an RF coil A with k-space origin of
kA(1/m), the inherent B1 phase gradient is GA ¼ 2pkA (rad/m). We
will consider 1-dimensional encoding, which requires the produc-
tion of two different RF transmit field patterns (A and B), both with
(preferably) uniform B1 field magnitude, but maximally different
B1 phase gradients. We will denote the phase gradient difference
between the two fields as DGAB.

The image FOV for a single-shot echo train using fields A and B is
the reciprocal of the k-space sampling interval, i.e.
FOV ¼ 1=2jkA � kBj ¼ 1=2DkAB. The pixel separation (‘pixel size’)
Dx ¼ FOV=ETL, where ETL is an integer ‘echo train length’ equal
to the number of echoes. For example, for two phase gradient coils
of strengths +5.0 deg/cm and �5.0 deg/cm and ETL = 128; we have
DkAB = 10.0 deg/cm = (10/360)/0.01 = 2.78 cycles/meter. The pixel
size is therefore:

Dx ¼ FOV=ETL ¼ 1=ð2� DkAB � ETLÞ ¼ 1=ð2� 2:78� 128Þ
¼ 1:41 mm:

This raw resolution calculation shows that rather modest and
achievable phase gradients are sufficient to attain clinical level
spatial resolution, provided that a long echo train may be used.
This is the motivation behind this research program aimed at
developing the technology to perform these experiments.

A key performance parameter for a practical imaging system is
the rate at which k-space encoding may be achieved. This ‘k-space
trajectory speed’ is analogous to the maximum gradient strength in
a conventional B0 gradient system. Consider a sub-section of a
TRASE echo train consisting of two refocusing pulses of
ð�sA � sB�Þ, where s denotes pulse duration. To quantify encoding
performance we will define a 1-dimensional TRASE image encod-
ing efficiency metric as follows: Encoding Efficiency
¼ DGAB=ðsA þ sBÞ. The inter-pulse delay (for signal acquisition)
has been omitted from this metric, as the selected value is not
indicative of the transmit hardware encoding performance. In anal-
ogy with conventional B0 gradient coils, gradient coil size is a
major determinant of encoding efficiency. A larger phase gradient
coil will have a lower encoding efficiency for two reasons. Firstly,
the phase gradient strength scales inversely with coil linear dimen-
sions, and secondly for a given available RF power, the pulse length
will be longer (with details depending upon coil geometry). Higher
available RF power will increase the encoding efficiency of the
overall phase gradient system. Table 1 provides information col-
lated from the literature on TRASE encoding systems.

2. Theory

2.1. Tilted and twisted solenoids

Solenoids can be tilted and paired to produce a uniform trans-
verse magnetic field. For a superconducting DC application, Good-
zeit et al. [15] proposed a two-element double helix dipole
constructed from two tilted solenoid coils. By use of opposing cur-
rents their design cancels the longitudinal solenoidal component,
to obtain a resultant dipole field. The field is uniform within the
bore. These solenoids are tilted, but not twisted, so do not produce
the phase gradient required for TRASE. Alonso has applied the
same tilted double helix dipole field as an NMR RF coil [16].

Fortuitously, analytical fields for twisted solenoids of exactly
the type we require for TRASE are to be found in the literature
on magnet design [17,18] in the form of ‘Modulated Double Helical
Coils’. Just one of these coils is required to produce a field gradient
for TRASE. Here we will present the first use of the twisted field
pattern in an NMR RF coil, as an imaging gradient. Since our appli-
cation is low-field imaging, the quasi-static (DC) analysis of the coil
field pattern is applicable.

2.2. Ideal long twisted solenoid

In this section, we investigate how phase gradient strength and
jB1j uniformity vary as a function of twist parameter, coil diameter
and diameter of imaging volume. This will be based on the analyt-
ical solution for the infinite, closely wound twisted solenoid of
Queval [18].

2.2.1. Wire path on cylindrical surface
Wewill consider coil geometries for which a wire wound on the

surface of a cylinder lies on the parametric curve PðhÞ:
PxðhÞ ¼ a cosðhÞ
PyðhÞ ¼ a sinðhÞ
PzðhÞ ¼ A sinðnhþ wÞ þ ðh=2pÞh

ð1Þ

where the parameters are as follows (see Fig. 2):

� a (m) - coil turn radius (radius of cylindrical former)
� A (m) - twist or modulation amplitude, which controls the
phase gradient strength. (For a uniform solenoid, A ¼ 0.)

� n - coil multipole order. For TRASE purposes, this parameter is
restricted to n ¼ 2.

� w (radians) - winding shift. Note that a rotation of the TRASE coil
former about the z axis by Da is equivalent to a 2Da change of
winding shift (see details in Section 2.2.4)

� h (m) - turn advance or pitch (Turns/meter = 1=h)
� h (rad) - cylindrical coordinate varying between �Np and Np
(shown in Fig. 2), where N represents the number of coil turns

To illustrate, consider two examples. Firstly, a single circular
planar loop of radius a is given by the curve Pð�pÞ ! PðpÞ, for
A ¼ 0;w ¼ 0;h ¼ 0. Secondly, a 4-turn solenoid of turn radius a



Fig. 2. (a) Cylindrical ðq; h; zÞ and Cartesian ðx; y; zÞ coordinate systems, showing cylindrical coil former. The main magnetic field B0 is applied vertically, that is along the x
direction. The B1 field is the RF field in the yz plane and has phase /B , which is x-dependent: /BðxÞ; (b) A cartoon of a twisted solenoid coil positioned inside a magnet. The
parameters that determine coil wire pattern are depicted.

H. Sun et al. / Journal of Magnetic Resonance 299 (2019) 135–150 139
and length L, is given by the curve Pð�4pÞ ! Pð4pÞ, for parameters
A ¼ 0;w ¼ 0;h ¼ L=4.

For the twisted solenoid designs in this paper we will fix w ¼ 0
and n ¼ 2. Other designs are obtained by simple rotation of the for-
mer or wire pattern. This condition of w ¼ 0 corresponds to the
wire axial offset PzðhÞ starting at zero for h ¼ 0. We will refer to
h ¼ 0 as the ‘top’ of the coil, and this geometry will produce a phase
gradient in the x, up-down direction. The maximum z (axial) offset
of the wire occurs 2n = 4 times per turn, for values of h satisfying
j sin 2hj ¼ 1, i.e. h ¼ �3p=4;�p=4;p=4;3p=4 . . ..
2.2.2. Magnetic field
To calculate the field within the cylindrical aperture due to a

steady current in the wire, we will consider the continuous current
sheet approximation, which is equivalent to a coil wound tightly
with thin wire. Although the fields outside the aperture are non-
zero, we will ignore these, as our concern is the imaging volume
within. So for a thin wire, tightly wound coil of radius a and infinite
length with its axis along the z–axis, current I, the B field compo-
nents in cylindrical coordinates ðq; h; zÞ, within the aperture
(q < a) are [18]:

Bq ¼ �l0
I
h

Aq
a2 sinð2hþ wÞ

Bh ¼ �l0
I
h

Aq
a2 cosð2hþ wÞ

Bz ¼ l0
I
h

ð2Þ

Bq is the radial component, Bh is the circumferential component,
and Bz represents the axial component. We can define Cartesian
coordinates ðx; y; zÞ ¼ ðq cos h;q sin h; zÞ. Transforming these field
components to Cartesian coordinates:

Bx ¼ �Bh sin hþ Bq cos h
By ¼ þBh cos hþ Bq sin h

Bz ¼ l0
I
h

ð3Þ

Notice that the Bz uniform solenoidal component is unaffected by
the twist modulation.
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2.2.3. NMR B1 field
For our NMR purposes, we wish to use the twisted solenoid as a

B1 RF transmit coil. In what follows it is always useful to bear in
mind that the direction of the B1 field itself is in general distinct
from the direction of the B1 phase gradient. As for all RF coils, the
coil itself produces an RF magnetic vector field with three compo-
nents, but only the two components orthogonal to the main mag-
netic field B0 contribute to the NMR B1 field. We will restrict the
discussion to the case of the static field B0 applied in the x direc-
tion, which we set as the vertical direction. For this B0 field direc-
tion, the contributing transverse B1 components are By and Bz,
while any Bx component becomes a concomitant RF field, i.e. does
not contribute to B1, hence, can be ignored in our discussion. The B1

field components, magnitude jB1j and phase /B can be written as:

By ¼ þBh cos hþ Bq sin h

Bz ¼ l0
I
h

jB1j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
/B ¼ tan�1 �By

Bz

ð4Þ

For this definition of the phase, /B ¼ 0 over the central horizontal
ðx ¼ 0Þ plane. Since for this infinite current sheet, none of the field
components are a function of z, there is no possibility of an axial B1

phase gradient, i.e. Gz ¼ 0. We can however usefully define gradi-
ents in B1 phase /B in both lateral (i.e. non-axial) directions:

Gx ¼ @/B

@x
; Gy ¼ @/B

@y
ð5Þ

However, for our chosen coil rotational orientation ðw ¼ 0Þ, the B1

phase gradient is in the vertical x-direction only (parallel to B0)
because Bz is uniform and By only varies as a function of x. This
can be shown as follows:

By ¼ þBh cos hþ Bq sin h

By ¼ �l0
I
h

Aq
a2 cosð2hþ wÞ cos hþ sinð2hþ wÞ sin h½ � ð6Þ

which, using trig identities, x ¼ q cos h, and w ¼ 0, simplifies to:

By ¼ �l0
I
h
Aq
a2

cosðhþ wÞ ¼ �l0
I
h
Ax
a2

ð7Þ

The ratio of the B1 components is:

By

Bz
¼ �Aq

a2

� �
cos h ¼ �Ax

a2
ð8Þ

and the B1 phase is:

/B ¼ tan�1 �By

Bz
¼ tan�1 Ax

a2

� �
ð9Þ

Since the phase is a function of x only, we have Gy ¼ 0, and for the
phase gradient in the x-direction:

Gx ¼ @/B

@x
¼ @

@x
tan�1 Ax

a2

� �� �
¼ A=a2

1þ ðAx=a2Þ2

¼ 1
a

� �
A=a

1þ ðA=aÞ2ðx=aÞ2
ð10Þ

where ðA=aÞ is the normalized degree of twist, and ðx=aÞ the nor-
malized distance along the encoding axis. This ðx=aÞ factor indicates
a non-linearity in the gradient, i.e. the gradient strength is a func-
tion of position along the encoding direction. The overall factor of
ð1=aÞ indicates that for a given coil geometry, the phase gradient
strength is inversely proportional to coil size, which is indeed an
expected behaviour for any design of a phase gradient coil. As a gen-
eral rule, a smaller coil will have both a shorter pulse length and a
stronger gradient.
From the above equations, the magnitude of the B1 field is cal-
culated from the orthogonal sum of uniform axial and quadratic
lateral components:

jB1j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�l0

I
h
Ax
a2

� �2

þ l0
I
h

� �2
s

¼ l0
I
h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ax
a2

� �2

þ 1

s
ð11Þ

These analytical solutions for phase, phase gradient and field
strength (Eqs. (10) and (11)) for the ideal infinite twisted coil are
illustrated in Fig. 3, for a range of turn modulations. The figure illus-
trates that as the turn modulation is increased, the phase gradient
increases, but the jB1j uniformity decreases, and the phase gradient
linearity decreases. The choice of a modulation amplitude therefore
involves a design trade-off between these three performance mea-
sures. For brevity we will refer to coils with modulated turns as
‘twisted solenoids’, with the word ‘twisted’ being synonymous with
‘wound using modulated turns’.

In summary, the magnitude of the B1 field varies in the x direc-
tion only, and so is uniform over any horizontal plane. Over the
central horizontal x ¼ 0 plane, the magnitude of the field is unaf-
fected by the coil twist and is given by: jB1j ¼ l0I=h. The phase of
the B1 field similarly only varies in the vertical direction, so again
the B1 phase is constant over any horizontal plane. Over the central
horizontal x ¼ 0 plane the direction of the B1 field is purely axial, as
for a conventional solenoid. For a long twisted solenoid, since the
field pattern varies as a function of x only, the field pattern over
all transaxial planes are identical.

2.2.4. Generation of different phase gradients by coil rotation
The generation of phase gradient Gx has been discussed, assum-

ing winding shift w ¼ 0. However, with appropriate values of wind-
ing shift, other phase gradients such as �Gx;Gy and �Gy can also be
created. Examining Eq. (7), a reversed By field is generated when
w ¼ p because cosðhþ pÞ ¼ � cosðhÞ, resulting in the generation
of the opposite phase gradient �Gx using Eq. (10).

The creation of a phase gradient along y axis Gy is achieved as
follows. For a winding shift of ðw ¼ 3p=2Þ, using trig identities
and y ¼ q sin h, Eq. (7) simplifies to:

By ¼ �l0
I
h
Aq
a2

cosðhþ 3p=2Þ ¼ �l0
I
h
Ay
a2

ð12Þ

and the B1 phase is:

/B ¼ tan�1 �By

Bz
¼ tan�1 Ay

a2

� �
ð13Þ

Now the phase only depends upon the y coordinate, so there is no
gradient along x axis, i.e. Gx ¼ 0. The phase gradient in the y-
direction can be expressed as:

Gy ¼ @/B

@y
¼ @

@y
tan�1 Ay

a2

� �� �
¼ A=a2

1þ ðAy=a2Þ2

¼ 1
a

� �
A=a

1þ ðA=aÞ2ðy=aÞ2
ð14Þ

This formula is identical to Eq. (10), with only x substituted by y.
Similarly, we can prove that winding shift ðw ¼ p=2Þ is capable of
producing �Gy phase gradient along y axis. These gradient direc-
tions and winding shifts are summarized in Table 2.

3. Practical coil design

In this section we describe the design of a practical RF transmit
coil, based on the twisted solenoid geometry, for the purpose of



Fig. 3. Field plots for analytical solution for ideal infinite twisted coil, for a range of turn modulations: (A = 1 cm, 2 cm,. . ., 7 cm) (A) B1 magnitude; (B) B1 phase, /B; (C) Phase
gradient, Gx . The radius of the coil winding is indicated by vertical green dotted lines. These plots show that as the modulation increases, the phase gradient strength
increases, however the B1 magnitude uniformity worsens, and the linearity of the phase gradient also deteriorates. Coil design therefore involves a trade-off between these
parameters. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Winding shifts and coil rotation for 4 orthogonal phase gradient directions. Other
transverse gradient directions are also possible (not shown.)

Phase gradient Winding shift ðwÞ Coil rotation

þGx 0� 0�

�Gx 180� 90�

þGy 270� 135�

�Gy 90� 45�
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TRASE imaging. The optimum design of conventional solenoidal
transmit/ receive coils at lower field has been studied by Blasiak
et al. [19]. For the design of a 8.2 MHz solenoidal head coil (inner
diameter (I.D.) 28 cm, length 28 cm), the authors reported an opti-
mum balance between B1 uniformity and SNR was achieved by a 9-
turn coil using 1/4 inch outer diameter (O.D.) copper tubing. This
design followed the rule of thumb that turn-spacing should be at
least three times the conductor diameter, due to the proximity
effect.
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For the design of TRASE transmit coils the priorities are different
from those of Blasiak et al. since, although coil efficiency remains a
design consideration, the coil field pattern produced has higher
priority, because it determines the spatial encoding. Also, although,
for convenience, the TRASE coil may often be used as receiver, in an
optimized design a dedicated receive coil or array should be used,
hence receiver performance of the twisted solenoid becomes a sec-
ondary consideration. In general, the tight specifications on the
transmit field pattern of the coil tends to favour larger coils,
whereas high sensitivity favours smaller coils.
3.1. Design aims & procedure

3.1.1. General design aims
The general design aim for the twisted solenoid is to maximize

the phase gradient strength over a defined imaging volume, subject
to constraints on B1 homogeneity, coil efficiency and coil geometry.
Also note that the geometry limits the maximum phase gradient
strength, as the modulation A approaches radius a. Phase gradient
linearity was not explicitly used as a criterion because while the
other parameters affect the execution of the experiment, nonlin-
earity only affects the image geometry, which can be corrected
for post acquisition. Also, given our geometric constraints, the
phase gradient linearity is closely correlated with the other mea-
sures (see Fig. 3). The maximization of coil efficiency is favoured
by high B1 strength (i.e. closer wound turns) and high coil Q. In this
study decoupling between the two transmit coils was achieved
geometrically, which avoids the issue of potential Q degradation
due to losses in PIN diode switches. Also, we have specified a fixed
winding shift, w ¼ 0 and a fixed coil radius (see below), so the
design task is reduced to finding optimum values for the following
coil geometric parameters:

� A - modulation amplitude
� h - turn advance
� N - number of turns

Total coil length is not an independent parameter, but a maxi-
mum acceptable coil length is specified.
3.1.2. Specific design target and constraints
To suit the magnet system used in this study, the coil design

was based on a 6-inch O.D. acrylic cylindrical former, which corre-
sponds to a coil turn radius of a = 78 mm. The maximum accept-
able coil length along the z axis was specified as 450 mm. The
conductor was wound with solid 12 AWG hookup wire (Digikey).
Since the ultimate aim is to wind four such coils in a single cylin-
drical structure, this relatively narrow conductor diameter is ben-
eficial, despite the potential for slightly increased ohmic losses. The
design was also constrained to be an integer number of evenly-
spaced turns, each of the modulated twisted geometry, as already
described. No attempt was made to modify the coil design to com-
pensate for the finite length of the coil, although there is scope to
investigate this in future studies. The cylindrical target imaging
volume was specified as follows:

1. A diameter of 110 mm, equal to 70% of the diameter of the
cylindrical former (110 mm = 0.7 � 156 mm).

2. A length of 100 mm along the z-axis (axial direction)

It is worth commenting that this is a reasonable, yet arbitrary,
choice of imaging volume, and that different target volumes would
yield different coil designs. In particular, specifying a smaller target
diameter (as percentage of coil diameter) would permit a larger
modulation (i.e. more twist) resulting in a stronger phase gradient.
3.1.3. Design procedure
The design strategy adopted was to search through a large num-

ber of field simulations corresponding to candidate coil geometries,
and to select an optimum design from ranking and scoring the field
patterns.

In this work the B1 field created by each coil winding pattern
was calculated with Biot-Savart simulations using the BSMag
MATLAB package, where the wire pattern was segmented into
720 straight-line current segments per turn[20]. For our relatively
low frequency of interest (9.28 MHz), these quasi-static Biot-Savart
simulations provide a good approximation of the magnetic field
produced by coil currents, provided that the RF current phase does
not vary significantly throughout the circuit. The rule of thumb is
that current paths should be L < k=20, which corresponds to
around L ¼ 1:6 m (free-space). In construction, capacitors were
used to break up the long wire to mitigate wavelength effects [21].

3.1.4. Search procedure: parameters
The B1 field was simulated using the following parameter

search ranges:

� Depth of modulation, A(cm): 1.0 cm . . .10.0 cm, (in DA ¼ 0:5 cm
increments)

� Turn spacing, h(cm) = 1.0 cm . . .10.0 cm, (in 0.5 cm increments)
� Number of turns, N = 2, 3, 4, 5, 6, 7, 8, 9, 10

Select/Reject Criteria:

� The acceptance criterion for field uniformity was
jB1j=jB1minj < 1:25 over the imaging target volume, corre-
sponding to a flip angle range of 160–200�.

� The acceptance criterion for mean phase gradient strength was
Gx P 5:0 deg/cm

Ranking Criteria: Coil winding patterns that passed the first test
are shown in Table 3. These 9 designs were then ranked by defining
a coil efficiency metric (gcoil) as the product of median B1 field
strength and mean phase gradient such that gcoil ¼ B1medGx.

3.1.5. Biot-Savart simulation results
The top ranking design (labelled #1), a 10-turn coil with 3 cm

turn advance and a 5.5 cm modulation, is shown in Figs. 4 and 5,
and was selected for construction. As expected, the numerical
results duplicated the general features of the analytical current
sheet solution, but differ due to both the finite coil length and
the finite turn spacing.

4. Experimental methods

4.1. Coil construction

Twisted Solenoid: A 10-turn 78 mm radius twisted solenoid was
wound from 12 AWG solid hookup wire, upon a 6 inch (152 mm)
O.D. cylindrical acrylic former. The twisted solenoid wire path is
shown in Fig. 4, where coil geometry parameter values are modula-
tion A = 55 mm, winding increment (turn advance) h = 30 mm. A
schematic andphotographof the constructed coil are shown in Fig. 6.

Saddle Coil: To demonstrate one-dimensional TRASE imaging
encoding, a second coil is needed with a different phase gradient.
One option is to use a conventional RF coil which provides zero
phase gradient, here an orthogonal saddle coil was constructed
[21]. Using a 5 inch (127 mm) O.D. cylindrical acrylic former, the
saddle coil was constructed with a length-to-diameter ratio of 2
and circular arcs of 120�. This particular geometry has been proved
to be an optimal geometry for generating a uniform magnetic B1

field, because no second order central field derivatives is generated



Fig. 4. Field plots for optimum twisted solenoid coil using Biot-Savart’s Law calculation (A) 3D view of coil, showing field measurement points; (B) Unrolled view of wire
winding pattern; (C) B1 magnitude along x axis (D) B1 phase along x axis. Position of coil windings is indicated by vertical dotted lines. Geometric parameters are shown in the
figure.

Table 3
Simulation results of different twisted solenoid coil geometries.

# Modulation
A (cm)

Turn
advance h

(cm)

Turns N
(count)

Mean B1 phase
gradient Gx

(deg/cm)

B1 field strength per unit
current at origin B1(0,0,0) (uT)

Median B1 field strength per unit
current within imaging volume

B1med (uT)

Wire
length L

(m)

Coil efficiency
gcoil (uT� deg/cm)

1 5.5 3 10 5.27 36.61 37.05 6.81 195.39
2 6 3.5 10 5.51 32.44 32.88 7.10 181.14
3 5 3 9 4.98 35.67 36.03 5.88 179.48
4 5.5 3.5 10 5.14 32.51 32.88 6.81 168.93
5 5.5 3.5 9 5.23 31.78 32.16 6.13 168.14
6 5.5 4 9 5.12 28.61 28.92 6.13 148.02
7 5.5 4 8 5.22 27.92 28.24 5.45 147.33
8 6 4.5 8 5.49 25.39 25.71 5.69 141.14
9 5.5 4.5 8 5.12 25.44 25.70 5.45 131.56
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in any direction [22]. The saddle coil has an extra wire loop of
diameter of 11 cm at one end, which allowed coil decoupling to
be achieved purely geometrically, simplifying the experimental
arrangement, and allowing twisted coil efficiency to be evaluated
without potential losses from PIN diode circuitry. The saddle coil
was configured with a T/R switch so that it can operate as either
transmitter and receiver. The coil circuit schematics and pho-
tographs of the constructed coils are also shown in Fig. 6.

4.2. MRI equipment

MRI experiments were performed on a 9.28 MHz 4-poster per-
manent magnet with a vertical B0 field, equipped with conven-
tional B0 imaging gradients with opening between planar
gradient coils of 21.5 cm. The B0 gradients were used for shimming
only. The MRI system was controlled by an NRC TMX research con-
sole [23], equipped with a single transmit channel and two receive
channels. The single transmit channel was configured to drive two
RFPAs in alternation. Firstly, a 50:50 RF power splitter (Minicir-
cuits) was used to divide the RF drive signal. Secondly, the RF gat-
ing signal was processed by an Arduino single board computer
(Mega 2560) to generate two RFPA enable (gating) signals. Follow-
ing the detection of a dummy signal from the console, controlled
by a user-defined program, the board generates two digital gating
signals (+5 V) to alternately enable the RFPAs. The two indepen-
dent RF power amplifiers used to drive the two coils were as fol-
lows: the twisted coil was driven by an AN8110 RF Amplifier
(Analogic Corp MA, USA), and the saddle coil by a Tomco model



Fig. 5. B1 field plots using Biot-Savart simulations for the optimum coil design (a = 78 mm, A = 55 mm, h = 30 mm, N = 10). 2D simulated B1 field at plane z = 0 cm, showing:
(A) 2D B1 magnitude map; (B) 2D B1 phase map. The coil winding and target imaging volume are depicted as black dotted line and white pentagram line, respectively. The
horizontal magenta line indicates the position of the 1D profiles. For three different transaxial planes (z = 0 cm, 2.5 cm, and 5.0 cm) 1D profile lines are shown for: (C) 1D B1

magnitude; (D) 1D B1 phase; (E) 1D B1 phase gradient. jB1j lies in between 1.00 and 1.25 within the target imaging volume, corresponding to refocusing flip angle of 160� at
the center of coil, and 200� approaching the coil windings. The phase gradient is strongest centrally, decreasing in strength radially. For larger z offsets, the phase gradient is
slightly stronger, while the B1 uniformity is slightly worse, which is a commonly seen trade-off [2].
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BT00500 RF amplifier (Tomco Technologies, Australia). The T/R
switch used was actively switched [24]. A low noise (noise fig-
ure = 1.2 dB), 50 X, high gain (50 dB) pre-amplifier (AU 1448-
8064) was used to amplify the received signal (Miteq, NY, USA).

4.3. Coil Q RF power measurement procedures

For bench RF measurements, RF S-parameters and coil Q were
measured using an Agilent Technologies E5061A network analyzer.
RF voltages were measured using an oscilloscope (Model
MDO4054B-3 Tektronix). Using two small search loops connected
to the 50X network analyzer, coil Q was measured under two con-
ditions: (1) without load ðQunloadedÞ , and (2) with human forearm
positioned in the center of the coil ðQloadedÞ. A cylindrical phantom,
of diameter of 47 mm and length 80 mm, was used to mimic the
forearm loading by adding NaCl to tap water until the same
Qloaded was reached.

RF power was measured in the magnet with the solenoid coil
being connected to the AN8110 RF amplifier, in series with an
active T/R switch. Positioned in the magnet with loaded phantom,



Fig. 6. Photos of constructed coils and corresponding circuit schematics. (A) Balanced circuit schematic for twisted solenoid coil. C2 represents the value of ten capacitors in
series with the long wire to mitigate wavelength effects; (B) Balanced circuit schematic for saddle coil. L2 denotes the extra circular wire loop on the coil right hand side,
which can be adjusted for geometrical decoupling. Active T/R switch is also depicted in the schematic, showing that in TRASE experiment saddle coil is used as both
transmitter and receiver; (C) Photograph of constructed twisted solenoid coil; (D) Photograph of constructed saddle coil. The saddle coil is at smaller size (O.D. of 5 inch), and
nests inside the twisted solenoid coil (O.D. of 6 inch).
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the twisted solenoid coil was tuned and matched, as indicated by
reflection coefficient S11 measurement at the resonant frequency.
The RF power required by the coil for a 180� flip angle (for a given
pulse length) was determined from NMR measurements by first
adjusting the power using a spin-echo sequence, maximizing the
echo amplitude. The forward and reflected power in this condition
was then determined from a calibrated directional coupler inserted
into the RF output path. For verification, the RF output power was
also calculated by measurement of the RF input signal to the RFPA
and using the known gain of the amplifier at the Larmor frequency.
This calculated output power is expected to match the sum of the
forward and reflected power measurements.

4.4. Field profile measurement procedures

To assess the amplitude and phase of the generated B1 transmit
fields, bench tests were performed with a pick-up coil to measure
the two field components By and Bz within the specified imaging
volume. The shielded and balanced pick-up coil was constructed
from flexible co-axial cable [24], and formed an ellipse with major
and minor axis 20 mm and 10 mm, respectively. Five different
transaxial planes (z = �50 mm, �25 mm, 0 mm, 25 mm, 50 mm)
were evaluated. In each z plane the field along three lines (y =
�15 mm, 0 mm, +15 mm) were measured at 11 different x posi-
tions varying between �52 mm to +45 mm, with 5 repetitions.
Throughout the entire procedure, the twisted solenoid coil was
positioned on a 10 cm thick foam block without loading, inside
of which the pick-up coil was positioned perpendicular to the ori-
entation of each evaluated field component. With a network ana-
lyzer, the S12 measurement mode was used to detect the By and
Bz magnitude (linear scaling), and the corresponding phase infor-
mation (to detect field sign reversal).

4.4.1. Calculations and data fitting procedures
B1 Magnitude and Phase: The B1 magnitude and phase were cal-

culated directly from the By and Bz measurements as

jB1j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
y þ B2

z

q
, and /B ¼ tan�1ð�By=BzÞ, both of which are plotted

in Fig. 7. The error associated with each point in the figure was cal-
culated using error propagation, where the errors of By and Bz were
represented by standard deviation of five raw measurements.

B1 Phase Gradient Methods: The B1 phase gradient was not
directly estimated (by differentiating the measured phase points)
as this is known to be a noise-sensitive procedure. Instead, to
appropriately evaluate the phase gradient, we used second-order
polynomials (as suggested by the simulation results) to directly
fit the raw By and Bz measurements, because both magnetic field
components are expected to be smooth functions. Next, using
these two fitted field curves, the phase gradient was evaluated at
20 points evenly-spaced points on the x-axis:

Gx ¼ D tan�1ð�By=BzÞ
Dxi

;

where Dxi is defined as the chosen x interval. In the fitting process
DBy and DBz (the estimates of the standard deviation of the error in
predicting B1 magnetic fields at x) were calculated using the
MATLAB polyval function. These estimated errors were propagated
to evaluate the accuracy of the evaluated phase gradient curves.
5. Experimental results

5.1. Coil Q and power results

Unloaded and loaded coil Qs was measured as Qunloaded ¼ 390
and Qloaded ¼ 285, respectively. The Q damping-ratio was
r ¼ Qloaded=Qunloaded ¼ 0:73. Within the magnet, with the NaCl
doped phantom in position, the twisted solenoid coil was tuned
to the resonant frequency f = 9.278 MHz, and matched to 50 Xwith
S11 ¼ �22 dB. For a single spin echo experiment, with a
300 ls;180� hard pulse, the monitor peak-to-peak voltages were
measured as Pforward = 45.97 W, and Preflected = 8.58 W. For additional
verification, the actual amplifier RF input power Pinput was also
measured using the scope. After amplification of +64 dB, the total
output RF power generated from the amplifier was calculated as
Ptotal = 55.49W (see details in Table 4). The sum of Pforward and
Preflected 54.55 W agrees closely with this measurement. In conclu-
sion, a power level at the coil of around 46W is required to drive



Fig. 7. Experimental and simulated results for B1 magnitude and phase. (A) Comparison of simulated and measured B1 magnitude along three different y lines on three
transverse planes (z = 0 cm, 2.5 cm, 5.0 cm); (B) Comparison of simulated and measured B1 phase for the same locations as in (A). The Biot-Savart simulated data are plotted in
the figure as solid lines. The other two measured planes at z = �2.5 cm, �5.0 cm showed very similar results to these (not shown).
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a 300 ls 180� hard pulse with a forearm-like phantom. Although
the coil itself was well matched, the additional components
between amplifier and coil (long (approx.) 5 m cable, T/R switch)
may have contributed to the reflected power.

5.2. Coil field plot results

The measured coil field data including jB1j, phase and phase gra-
dient are shown in Figs. 7 and 8. The simulated data are also shown
in each plot for comparison. Due to the relative large size of the
pickup-coil (major and minor axes of 2 cm and 1 cm, respectively),
it was impractical to measure the fields at the edges of the targeted
imaging volume. Additionally, when measurements were made at
x P3.0 cm, a displacement of y ¼ 1.5 cm was the furthest off-
center point that could be evaluated due to the cylindrical geome-
try of the coil. Therefore for consistency between measurements,
we restricted all measurements to y 61.5 cm. Data are shown for
planes at z ¼ 0 cm, 2.5 cm and 5 cm in the figure. Similar measured
B1 magnitude and phase results for planes z ¼ �2.5 cm and
�5.0 cm are not shown. The deviation between simulations and
measurements were evaluated by comparing measured points
with the corresponding value on the simulated curve. Maximum



Table 4
RF power measurements for twisted solenoid coil. The peak-to-peak voltage shown is
for a 300 ls, 180� pulse.

Signal Power gain from
measured channel to
twisted solenoid coil

Peak-to-peak
voltage scope

(50X)

Peak
power

Amplifier forward
monitor

+40 dB 1.356 V Pforward =
45.97 W

Amplifier reflected
monitor

+40 dB 0.586 V Preflected =
8.58 W

Console input to RFPA +64 dB 0.094 V Ptotal =
55.49 W

Fig. 8. Bench measurement of B1 phase gradient and simulation results. The Biot-Savart s
= �5.0 cm, �2.5 cm, 0 cm, +2.5 cm, +5.0 cm), and three y lines (y = �1.5 cm, 0 cm, 1.5 cm
simulation in all cases.

H. Sun et al. / Journal of Magnetic Resonance 299 (2019) 135–150 147
deviations for B1 magnitude, phase and phase gradient were 3.2%,
3.4%, and 8.3%, respectively.

5.3. TRASE imaging results

The pairing of the twisted solenoid and the saddle coil enabled a
one-dimensional TRASE encoding to be conducted. The twisted
solenoid coil was designed for transmission only, whereas the
saddle coil was responsible for both transmission and receiving,
controlled by an active T/R switch. A TRASE imaging experiment
was performed using a bottle phantom of diameter of 4.7 cm,
imulated and the measured B1 phase gradients were both plotted for five z planes (z
) on each plane. The measured phase gradient strength is equal to or lower than the



Fig. 9. One-dimensional TRASE experiment (A) 1D TRASE pulse sequence consisted of two groups of alternating refocusing pulses 180�
S and 180�

T , where S and T represent
saddle and twisted solenoid coil, respectively. DAQ denotes the sampling of each echo between two adjacent 180� pulses. In k-space, each refocusing pulse activates a jump
about the corresponding coil k-space origin (kS and kT ). Note that the saddle coil produces a uniform B1 field, i.e. zero phase gradient, hence the coil origin coincides with the
origin of k-space. This pair of coils is sufficient to demonstrate the twisted solenoid coil’s encoding capability. However, more efficient TRASE encoding could be achieved by
using two twisted solenoid coils generating opposite phase gradients, which would double the k-space sampling interval Dk, providing higher resolution, for the same ETL. (B)
Imaged phantom filled with tap water. This cylindrical phantom has a diameter of 4.7 cm. The sequence parameters were NA = 1, echo spacing 2000 ls, pulse duration 300 ls
for both excitation and refocusing pulses, readout 32 points at 100 kHz bandwidth, delays of 50 ls both before and after the refocusing pulses. (C) Experimental acquired
echoes along x axis. The echoes were re-ordered for display because the actual acquired echoes were in an order of + k, �k, +k,. . ., caused by the jump pattern in k-space. (D)
1D TRASE image obtained from Fourier transform of acquired echoes in C). Based upon measurements, the pixel width was 2.47 mm while the FOV was 322 mm which
covered the entire coil space. The coil position was also depicted here, indicated by dotted lines.
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length of 8.0 cm, containing tap water. At the resonant frequency f
= 9.278 MHz, with phantom and both coils in position in the mag-
net, the scattering matrix was measured as S11 (saddle coil) =
�32 dB, S22 (twisted solenoid coil) = �33 dB, S12 (geometrical
decoupling) = �31 dB. The one-dimensional TRASE sequence used
300 ls hard pulses for both excitation (90� pulse) and refocusing
(180� pulses), with echo spacing time 2000 ls, ETL = 128, and
number of averages, NA = 1. For each spin echo, 32 points were
sampled at a receiver bandwidth of 100 kHz, using the mean of
the middle 16 points to represent a single data point in k-space.
The applied sequence, phantom and obtained 1-D TRASE profile
are shown in Fig. 9. The width of 1D phantom image profile was
represented by 19 pixels, corresponding to a mean pixel size of
2.47 mm/pixel and a mean phase gradient of Gx = 5.69 deg/cm.
6. Discussion

The B1 magnitude measurements (Fig. 7) agree closely with the
Biot-Savart simulations, with no observable trend of deviation (lar-
gest deviation 3.2%). The phase plots also show close agreement
(largest deviation of 3.4%), but with some discernible systematic
deviation, as shown more clearly in the phase gradient plots, as
discussed next. The measured phase gradient and the correspond-
ing simulation results are shown in Fig. 8. The simulated and mea-
sured data show good overall agreement with the strongest
gradient strength appearing in the middle and decreasing radially.
The largest point-to-point deviation is 8.3%. The B1 phase plots in
Fig. 8 show that the measured B1 phase gradients are either equal
to or weaker than the simulations, but are generally within the
error bars. For 4 out of 5 z planes (z = �5 cm being the exception),
the y = 1.5 cm measured curve (black) showed the best match to
the simulated curve. The measured data on these 4 z-planes pre-
sented similar trends for three y lines, with the phase gradient
higher for y = 1.5 cm (black) than for y = �1.5 cm (blue). These dis-
crepancies in the y-direction may have been caused by the straight
return wire (see Fig. 6), which was not included in the simulations,
and introduces an asymmetry in y-direction for the magnetic
fields. Other possible sources of discrepancy and measurement
inaccuracy include imperfections in coil construction, the finite
size of the pick-up coil, and the line of additional capacitors on
one side of the coil.
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An important aim of this work is to reduce the overall length of
the echo train to reduce T2 resolution loss. By use of RF amplifiers
allowing higher duty cycle, the 256 ms train duration used here
could be significantly reduced (200 ls with two amplifiers, each
operating at 25% duty cycle, yields 0.2 ms � 128 = 64 ms). To avoid
resolution loss, as a rule of thumb, the echo train should be no
longer than 1.2 times the shortest T2.

Due to Specific Absorption Rate (SAR) limitations of higher
fields, TRASE is better suited to lower field MRI. At 0.2 T calcula-
tions (for head coil) show that 2900 pulses per second, each of
200 ls duration, would remain within SAR limits. At this rate
128 � 128 k-space points could be acquired in under 6 s. Although
this is an approximate and raw calculation ignoring sequence
design details, the data rate provided by TRASE is clearly practical
for anatomical imaging at 0.2 T. However since SAR increases with
the square of the field strength, the permissible pulse rate falls
rapidly for higher fields, and the use of many long TRASE echo
trains becomes progressively more restrictive. For full TRASE
encoding, fields in the range of 0.3 T to 0.4 T or lower are more flex-

ible. However since ð1:5=0:2Þ2 ¼ 56, the SAR at 1.5T is 56 times
higher than at 0.2 T, illustrating that the high field MRI regime is
not hospitable to TRASE encoding.

For a simple Fourier transform image reconstruction, the non-
uniformmagnitudes of the phase gradient will distort the resulting
image due to variable spatial resolution, with the center of coil pro-
ducing the highest resolution. However, since the variation of the
phase gradient is known, based on the coil geometry, the image
can be accurately reconstructed using other algorithms such as
regularized least squares [14]. For future variants, it would be use-
ful to study the design of the solenoid end turns to better control
the coil length, while maintaining overall coil performance.

We conclude that Biot-Savart simulation is a good indicator for
phase gradient generated by twisted solenoid coil, at our low oper-
ating frequency, although we cannot exclude the possibility of
deviation between the measured and simulated data based on
the limits of the quasi-static approximation. Future full wave sim-
ulations and more precise control of coil construction may reduce
this deviation.

The1DTRASE imaging experiment resulted in amean spatial res-
olution of 2.47 mm/pixel, corresponding to ameasuredmean phase
gradient of Gx = 5.69 deg/cm, over the 4.7 cm diameter of the bottle
phantom. This is in close agreement with both the mean phase gra-
dient from simulation of 5.79 deg/cm, (Fig. 3), and also with bench
measurements of 5.58 deg/cm (Fig. 8) over the same region. These
correspond to deviations of 1.8% and 2.0%, respectively.

In this work, the refocusing pulse applied in the measurement
was 300 ls, which required a peak RF power at the coil of 46 W.
Although it is difficult to make a direct comparison with previously
reported results for other coil geometries because of variations in
geometry, construction and RF power, the solenoid is an inherently
power-efficient and space-efficient design, putting clinical resolu-
tion imaging with practical RF power levels and compact magnets
within reach.
7. Conclusions

The main purpose of this paper has been to introduce and eval-
uate the twisted-solenoid coil relative to previously published
designs of TRASE phase gradient encoding coil, most notably the
rectangular Helmholtz-Maxwell coil array [2]. The twisted sole-
noid coil has a large number of attractive characteristics, inherited
from the venerable solenoid coil, including the efficient generation
of a large cylindrical volume of uniform B1 field. Geometrically, the
cylindrical twisted-solenoid coil is compact, offering an open
unobstructed aperture, a large fraction being usable as the imaging
volume. The cylindrical outer shape is particularly advantageous
for cylindrical Halbach-style permanent magnets, relative to the
rectangular Helmholtz-Maxwell design.

For the twisted-solenoid design, since the entire phase gradient
field is produced by a single current path, the phase gradient
strength and jB1j field homogeneity is reliably known and not
subject to experimental perturbation. In contrast, the Helmholtz-
Maxwell designs require current balancing between parallel ele-
ments, which must be simultaneously resonant, while remaining
decoupled. However, by control of the current ratio the
Helmholtz-Maxwell designs do offer the possibility of varying
the gradient strength (albeit also the homogeneity), which might
be useful in some applications.

The twisted solenoid phase gradient direction can be set to any
transverse direction by rotating the coil about the cylindrical axis,
remembering that a 1 degree rotation of the coil rotates the gradient
direction by 2 degrees. Therefore the four phase gradient fields nec-
essary for 2D encoding ðþGx;�Gx;þGy;�GyÞ could be produced by a
set of four concentric cylindrical twisted coils, each oriented at dif-
ferent rotation angles about the patient axis (z). This capability to
rotate the gradient direction by simple coil rotation is not possessed
by any other phase gradient coil design. Practical implementation of
a multi-coil gradient set would require isolation between elements,
which can be achieved by the use of PIN diode switches [12] to dis-
able inactive elements. The aim of futurework is to combine a 4-coil
twisted solenoid gradient setwith a static B0 gradient [4,25] for axial
slice selection, to achieve full 2D-encoding multi-slice imaging
entirely without the use of switched B0 gradients.
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