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A capability for impedance matching between the RF probe and the spectrometer is a standard require-
ment for NMR. Both lumped element and branched transmission line methods are widely used for this
purpose. Here, we propose to use the segmented transmission line structure which is well known in wire-
less communications. It relies upon reflections between transmission lines of different characteristic
impedances that are serially connected to match the impedance of a coil or resonator to the characteristic
impedance of the NMR spectrometer. In our implementation, two quarter wave length dielectric slugs are
placed within a coaxial transmission line. Adjustment of the positions of the slugs allows the variable
tuning and matching needed for NMR probes, eliminating the need for variable capacitors and inductors.
As a demonstration of the usefulness of this approach, we have incorporated a variable segmented trans-
mission line into a home-built Variable Angle Spinning probe. Finally, we discuss the range of possible
application for segmented transmission line networks in NMR probe design.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Impedance matching [1] is one of the most important concepts
in magnetic resonance engineering. It ensures that power ex-
tracted from the precessing magnetization of the sample is effi-
ciently transferred from the probe to the spectrometer to
optimize the detection sensitivity. Impedance matching is also
needed to convert the transmit power produced by the RF ampli-
fier into a strong rotating magnetic field B1 within the sample coil.
Many different circuits have been proposed for impedance match-
ing to an RF sample coil in an NMR probe. The most widely known
may be the L-network of two adjustable capacitors [2–5]. A ‘‘tun-
ing” capacitor in parallel with the coil cancels the inductive reac-
tance of the coil, and a series ‘‘matching” capacitor steps down
the impedance to match the characteristic impedance of the spec-
trometer, which is normally 50 X. The presence of two indepen-
dent adjustments, which is a common element in matching
networks, reflects the need to control both the real and imaginary
parts of the impedance presented to the spectrometer. The wide-
spread availability of good nonmagnetic variable capacitors is an
important reason for their popularity, but there is a tradeoff
between capacitor size and breakdown voltage that works against
their use at near microwave frequencies. Adjustable capacitors are
often buffered by fixed capacitors or otherwise protected from the
highest voltages in the probe circuit, but generally at a significant
cost to reduced tuning or matching range.
ll rights reserved.
Transmission lines have often been employed in NMR probes as
impedance transformers to allow single coils to be used for multi-
ple nuclei at multiple frequencies [6–8]. The transmission line ele-
ments are used to provide impedance matching and to improve
isolation between the various channels in the probe. Here, the
length of the transmission lines can be used to allow the adjustable
capacitors to be located remotely from the sample coil, which is
often advantageous [9,10]. While adjustable transmission lines
have been used in some cases [11], most often commercial capac-
itors are the adjustable elements. The ‘‘Apex” (A. Palmer) and
related commercial designs (Varian Inc.) are based on concentric
coaxial capacitors that exhibit some transmission line behavior
[12]. Tuning and matching adjustments are carried out by inserting
or withdrawing sleeves of dielectric material between the shield
and inner conductor. These coaxial capacitors withstand high
voltages and have been shown to have low loss [12]. The mechan-
ical implementation requires close tolerances and the electrical
design requires computer simulation of the network because of
transmission line effects and inductance in the adjustable capaci-
tors. Also, segmented transmission lines employing a single
dielectric slug have been incorporated into solid state NMR probes
developed at Bruker Biospin, Inc.

Here, we propose a method of adjustable impedance matching
based on a coaxial transmission line within which two quarter
wave dielectric slugs can be independently positioned. The line
can be thought of as a series of four connected transmission lines,
two of which have a lower characteristic impedance due to the
presence of the dielectric slugs. By changing the positions of dielec-
tric slugs, the lengths of two of the transmission line segments can
be changed and the voltage reflection at the input point can be
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minimized by the proper cancellation of internal reflections. Tun-
ers based on this principle are used commercially for automatic
testing of power amplifiers, where they are known as ‘‘double slug”
or ‘‘interferometric” load-pull tuners, and the slugs are typically
driven by computer-controlled motors [13]. The basic structure is
derived from the stepped transformer [14] which has long been
used in wireless communication. There are obvious attractive fea-
tures of the adjustable segmented line—it requires no adjustable
capacitors, and it has no sliding contacts that might wear. Its long
cylindrical shape fits nicely into the bore of an NMR magnet. But as
we will show, this tuner has advantageous electrical properties as
well. It is capable of matching a very wide range of loads, both
inductive and capacitive, unlike the L-networks used in both
lumped element and fixed-length transmission line probes. This
interesting feature has allowed us to interchange the sample detec-
tor easily without modifications to the tuning circuit, so that the
same probe body can be used with different sample coils.

In this communication, we will first go through the principles of
segmented transmission lines, deriving formulas to predict the re-
quired position of the tuning slugs and the power efficiency for a
given load. We will then describe how this design has been incor-
porated into our variable angle spinning (VAS) probe [15] and com-
pare the performance with conventional matching networks.
Finally, we will explore the potential applications of the segmented
transmission line in NMR probe design and demonstrate that, for a
high quality coil, this approach works best when the coil is roughly
tuned and matched by fixed elements to the variable segmented
transmission line.

2. Design principle

In general, a segmented transmission line matching network
consists of any number N of transmission line segments connecting
the load to the probe’s input cable as shown in Fig. 1. Each segment
Ti consists of a transmission line of length li, characteristic imped-
ance Z0,i and complex propagation factor ci = ai + jbi, where ai is the
attenuation constant and bi = 2p/ki is the phase constant with ki as
the wavelength. Segment T1 is connected to a load of impedance Z1,
which consists of the RF sample coil or resonator. According to the
well-known formula for impedance transformation along trans-
mission lines [16], the impedance Z2 looking toward the load into
segment T1 is

Z2 ¼ Z0;1
Z1 þ Z0;1 tanh c1l1

Z0;1 þ Z1 tanh c1l1
ð1Þ

And in general, the impedance Zi+1 is related to Zi by the formula

Ziþ1 ¼ Z0;i
Zi þ Z0;i tanh cili

Z0;i þ Zi tanh cili
ð2Þ

Once N is chosen, we can use this chain relation for impedance
to calculate a set of transmission line parameters Z0,i, li and ci for
i = 1, . . ., N so that ZN + 1 = Z0, the characteristic impedance of the
input cable. Rather than proceed in this way, for reasons that will
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become clear later, we prefer to work with reflection coefficients qi

looking into the ith segment towards the load:

qi ¼
Zi � Z0

Zi þ Z0
ð3Þ

Note that these are not the actual reflection coefficients be-
tween the transmission line segments, but rather the reflection
coefficients that would be obtained if each segment were con-
nected to directly to the input cable. Combining Eqs. (2) and (3)
gives a chain relation linking the reflection coefficients at ith and
the i + 1th node:

qiþ1 ¼ �
ðZ2

0ð1þ qiÞ � Z2
0;ið1� qiÞÞ tanhðciliÞ � 2qiZ0;iZ0

ðZ2
0ð1þ qiÞ þ Z2

0;ið1� qiÞÞ tanhðciliÞ þ 2Z0;iZ0
ð4Þ

Solutions to the equation qN + 1 = 0, expanded using (4), de-
scribe segmented transmission lines that tune and match the RF
sample coil to the input cable.

Our design is shown in Fig. 2a and consists of a coaxial tube into
which two dielectric slugs of dielectric constant er have been in-
serted. The empty coaxial tube has a characteristic impedance of
Z0, equal to the impedance of the input cable, so that there are four
electrically different segments T1 through T4. Segments T1 and T3

have the same characteristic impedance Z0 as the input cable.
Assuming that the same dielectric material is used in segments
T2 and T4, their characteristic impedance will be reduced from that
of the empty tubes by a factor of

ffiffiffiffi
er
p

as given by the standard for-
mula for characteristic impedance in ohms of coaxial transmission
lines [16]:

Z0;2 ¼ Z0;4 ¼
59:95ffiffiffiffi

er
p ln

dout

din
ð5Þ

where dout and din are the shield and inner conductor diameter,
respectively. We can see from Eq. (5) that Z0;2 ¼ Z0;4 ¼ Z0=

ffiffiffiffi
er
p

.
The problem of impedance matching is equivalent to obtaining

a zero reflection coefficient q5 between segment T4 and the input
cable. We solve this by using the chain relation Eq. (4) to express
the relationships between the reflection coefficients. We begin by
generating from Eq. (4) the transformations produced by T1 and T3:

q2 ¼ q1e�2jbl1 ð6Þ
q4 ¼ q3e�2jbl3 ð7Þ

where b = 2p/kair is the propagation constant of electromagnetic
wave in the air, and we neglect transmission line loss so that
c1 = c3 � jb. Note that these lengths l1 and l3 of T1 and T3 are adjust-
able. The second and the fourth transmission line segments are
quarter wave dielectric slugs (c2l2 � jp/2 and c4l4 � jp/2) with char-
acteristic impedance Z0;2 ¼ Z0;4 ¼ Z0=

ffiffiffiffi
er
p

, so Eq. (4) yields:

q3 ¼ �
ðq2 þ 1Þ þ ðq2 � 1Þ=er

ðq2 þ 1Þ � ðq2 � 1Þ=er
ð8Þ

q5 ¼ �
ðq4 þ 1Þ þ ðq4 � 1Þ=er

ðq4 þ 1Þ � ðq4 � 1Þ=er
ð9Þ
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nsmitted to the system via a cable with characteristic impedance Z0 and further
length of li and a characteristic impedance of Z0,i. At the front of the ith segment (the
ear of the ith segment (the end closer to the input), the forward voltage is Vþi;r and the
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Fig. 2. (a) Schematic view of the four-segment transmission line. The coaxial line
has two quarter wave dielectric slugs inside which can freely slide. Segments T2 and
T4 contain the quarter wave dielectrics slugs, while T1 and T3 are adjustable in
lengths. As long as the load reflection coefficient satisfies certain requirements, a
broad range of impedance can be matched by the proper choice of T1 and T3 lengths.
(b) The graphical representation of impedance transformation on a polar plot of the
reflection coefficient, neglecting transmission line loss. We start from the matched
node 5 and deduce the required impedance at the preceding nodes along the
forward wave direction (the direction along the arrow). This corresponds to a
counter clockwise rotation along the transformation trajectory that starts from the
center of polar plot. By going through the low-impedance quarter wave segment T4,
the impedance is transformed to node 4 where the magnitude of the reflection
coefficient is increased. This magnitude will remain constant along the circle from 4
to 3, and increase again from 3 to 2. Subsequent transformation from 2 to 1 requires
that the load impedance Z1 lies on the same dashed circle as Z2. This circle defines
the boundary of load impedance that is accessible by four-segment transmission
line.
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Eqs. (6)–(9) form a complete description of our segmented
transmission line matching network, and we can combine them
to obtain the analytical solution for l1 and l3. Setting q5 = 0 in Eq.
(9) we derive for q4:

q4 ¼
1� er

1þ er
ð10Þ

Combining Eq. (10) with Eq. (7) we obtain for q3:

q3 ¼
1� er

1þ er

� �
e2jbl3 ð11Þ

Combining Eq. (11) with Eq. (8) we obtain for q2:

q2 ¼ �
ðe2

r � 1Þðej2l3b � 1Þ
�ðer þ 1Þ2 þ ðer � 1Þ2ej2l3b

ð12Þ

By inspection of Eq. (6), we can see that q1 and q2 will differ by
a phase angle but will always have the same magnitude. Rather
than substituting (12) into (6) to determine l3 and l1 simulta-
neously, we can simply require that q1 and q2 have the same mag-
nitude. Substituting (12) into q2q�2 ¼ jq1j

2 results in the following
equation for l3:

sinðl3bÞ ¼ �
2jq1jer

ðe2
r � 1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� jq1j

2
q ð13Þ

We can see that values of l3 that will match the probe exist only
if the right hand side of Eq. (13) is between �1 and 1, as discussed
further below. If there are solutions for l3b, we can see that the
smallest will lie between 0 and p/2. Combining Eqs. (6), (12), and
(13), and expanding the load reflection coefficient q1 into |q1|ejh,
we find that l1 can be obtained from:
cosðh� 2l1bÞ ¼ �
ðe2

r þ 1Þjq1j
e2

r � 1
ð14Þ

As for Eq. (13), a solution exists for Eq. (14) only if the absolute va-
lue of right hand side is no larger than unity. It is also clear from
inspection that the smallest solution for h � 2l1b will be between
p/2 and p.

In the above analysis, we have derived equations for the lengths
l1 and l3 of our four element segmented transmission line in terms
of the load reflection coefficient and the relative dielectric constant
of the slugs. We can draw two additional conclusions from Eqs.
(13) and (14). First, the requirement that the right hand sides are
less than unity means that the four element segmented transmis-
sion line is only capable of matching loads for which

jq1j 6
e2

r � 1
e2

r þ 1
: ð15Þ

Slugs with larger dielectric constants will be able to match a wider
range of loads. Highly reflective loads will need to have |q1| initially
reduced by fixed capacitors or inductors, but a segmented transmis-
sion line can be used effectively as the adjustable component. Sec-
ond, we can determine the length L in free-space wavelengths kfree

of an adjustable transmission line of the type in Fig. 2a that can
match all loads within the limit given by Eq. (15). We have seen that
l1 is never more than kfree/2, and l3 is never more than kfree/4. The
two dielectric slugs each have a length of kfree=4

ffiffiffiffi
er
p

. So the total
length of the adjustable line is

L ¼ kfree
3
4
þ 1

2
ffiffiffiffi
er
p

� �
: ð16Þ

Adjustable slugs with a larger dielectric constant will lead to a
shorter adjustable line, but never less than 3kfree/4. For NMR probes,
it is clear that the adjustable transmission line will be most useful
when L is less than the overall length of the RF probe, so that the
adjustable line fits completely into the probe.

It may be instructive to consider the impedance matching pro-
cess of the segmented transmission line from the familiar perspec-
tive of the reflection coefficient. For purposes of this discussion, we
will start from the matched impedance at the input port (q5 = 0),
and move along the segmented transmission line toward the load,
ending up at q1. This corresponds to a counter clockwise rotation
along the transformation trajectory that starts at the center of
Fig. 2b. We assume that q1, the reflection coefficient of the NMR
resonator, lies on the edge of the disk defined by Eq. (15). The goal
is to move from the origin all the way out to q1 at the limit of the
matching range of the four-segment transmission line. The first
step is the low-impedance quarter wave segment T4, which in-
creases the magnitude of the reflection coefficient to a negative
real value q4. The next segment, T3, has the same characteristic
impedance as the input cable, so it transforms only the phase of
the reflection coefficient to a positive real value q3. In this case,
the length of T3 is one quarter wave, which, as indicated by
Eq. (13), is required to match the largest values of |q1|. The low-
impedance quarter wave segment T2 again increases the magni-
tude of the reflection coefficient to q2. Subsequent transformation
along the dashed circle to q1 is carried out by segment T1. The ra-
dius of the dashed circle, indicating the largest value of |q1| that
can be matched by the four-segment transmission line, is given
by Eq. (15).

As seen above, a segmented transmission line matching net-
work uses a series of mismatched transmission lines to transform
the impedance of an NMR resonator to the characteristic imped-
ance of the spectrometer. These local mismatches lead to standing
waves on the transmission line segments that contribute addi-
tional loss to the probe. While a full consideration of loss in seg-
mented transmission line networks is beyond the scope of this
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paper, we did carry out a numerical evaluation to estimate the loss
from standing waves in our prototype network. Here, we briefly
illustrate how to set up the problem. For the loss calculation, it is
more convenient to define the reflection coefficient with respect
to Z0,i, the complex characteristic impedance of the ith transmis-
sion line, than to the characteristic impedance of the input cable
as in Eq. (3). To emphasize the difference, we designate this reflec-
tion coefficient q0i.

q0i ¼
Zi � Z0;i

Zi þ Z0;i
ð17Þ

For correct evaluation of the loss, it important not to neglect the
imaginary part of the characteristic impedance [17], and so we
use the use the complex form:

Z0;i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jxLi þ Ri

jxCi þ Gi

s
ð18Þ

where Li, Ci, Ri, and Gi are the distributed inductance, shunt capaci-
tance, resistance and shunt conductance of the ith transmission line
segment. We will also need to use the complex form of the phase
constant, ci ¼ ai þ jbi where attenuation ai is no longer zero.

Referring to Fig. 1, the total voltage at the (i + 1)th node Vi + 1

can be related to the incident voltage at the ith node Vþi by the fol-
lowing relation:

Viþ1 � Vþi;r þ V�i;r
¼ Vþi;f expðciliÞ þ V�i;f expð�ciliÞ ð19Þ
¼ Vþi;f expðciliÞ þ q0iV

þ
i;f expð�ciliÞ

And the total voltage at the (i + 1)th node Vi + 1 can also be ex-
pressed as:

Viþ1 � Vþiþ1;f þ V�iþ1;f

¼ Vþiþ1;f þ q0iþ1Vþiþ1;f ð20Þ

V1 the voltage across the load, can be obtained in terms of the
known incident voltage Vþ5 by repetitive use of the chain relation
from Eqs. (19) and (20). The power efficiency (PE) of the segmented
transmission line is just the ratio of the power dissipated in the
load versus the incident power from the input cable:

PE ¼
Re jV1 j2

Z�1

� �
Re jVþ5 j

2

Z�0

� � ð21Þ

Numerical evaluation of the power efficiency for a given load
impedance using Eq. (21) is straightforward as long as the propaga-
tion constants of the transmission line segments are known.

3. Experiments

To demonstrate the design principle proposed in this paper, we
incorporated the segmented transmission line into the VAS probe
that was designed and built in the lab of R.W. Martin for a
500 MHz wide bore magnet [15]. This probe employs a double fre-
quency resonator that is capacitively coupled to the main circuit by
four coaxial capacitors. The coaxial capacitors are utilized to
achieve contactless power transfer between the stationary tuning
circuit and mobile sample coil so that a robust electric junction
can be achieved for variable angle spinning and switched angle
spinning experiments. Originally, both 1H and 13C channels were
impedance matched by an L-network consisting of a transmission
line with a single movable dielectric slug and a shunt variable
capacitor as shown in Fig. 3a. This L-network, based on a tuning
structure found in a Bruker Biospin probe, can be analyzed follow-
ing a similar approach to that outlined in the ‘‘Design Principle”
section. The L-network for the 1H channel was later replaced with
an adjustable segmented transmission line using dual quarter-
wave slugs as shown in Fig. 3b. The impedance of the probe was
measured for a set of four frequencies both with and without a
sample, and Eqs. (13) and (14) were used to predict the positions
of the slugs required to match this impedance to 50 X.

The four-segment transmission line was constructed by insert-
ing two dielectric cylinders into a rigid coaxial line. Both the inner
and outer tubes of the coaxial line were made of OFHC copper tub-
ing. The outer tube has an OD of 0.625 inch and an ID of 0.571 inch,
while the inner rod has an OD of 0.25 inch. These particular dimen-
sions were chosen so that the empty coaxial line would have a
characteristic impedance of approximately 50 X, equal to the sys-
tem impedance of the spectrometer. The two dielectric slugs were
fabricated from Macor (Corning, Inc.), a ceramic material chosen
for its machinability. The slugs were fabricated with an OD of
0.564 in. and an ID of 0.254 in., which gave them enough clearance
within the copper tubes to move freely up and down. To allow
quantitative comparison with Eqs. (13) and (14), the slugs should
be exactly one quarter wave length at the operating frequency of
500 MHz. For Macor, the relative dielectric constant er � 5.7 [18].
However, the gaps that allow free motion of the slugs reduce the
effective dielectric constant of the relevant segments. We can take
into account the effect of the two gaps on the capacitance per unit
length of the cable by treating the gaps and the dielectric cylinder
as three coaxial capacitors in series. Using the standard expression
for the capacitance of the coaxial cylinders [19], the resulting effec-
tive dielectric constant eeff can be defined using the expression:

ln
Ra

Rin
þ 1

er
ln

Rb

Ra
þ ln

Rout

Rb
¼ 1

eeff
ln

Rout

Rin
ð22Þ

where Rout is the radius of the shield, Rin the radius of the inner tube,
Rb and Ra are the outer and inner radii of the dielectric slug, respec-
tively. For the dimensions above, eeff = 4.9. The length of the quarter
wave slug must then be 6.8 cm, about 8% longer than would have
been obtained without the gaps. The slugs were cut to this length
and inserted into the copper tubes. As shown in Fig. 3c, the position
of each dielectric slug is adjusted independently by a brass 6–32
threaded rod placed parallel to the line (Fig. 3c). The threaded rod
drives a position controlling unit made of G-10 fiberglass laminate
which is connected to the dielectric slug. The entire coaxial tube is
0.6 m in length. Because the dielectric slug is much larger than the
G-10 screw, and because the electromagnetic field inside the coax-
ial line is only minimally affected by the 1/8”’ slots on its outer cyl-
inder, the mechanical system is expected to have negligible
influence on the impedance properties of transmission line.

To verify its operation, and to test the validity of Eqs. (13) and
(14), the adjustable segmented transmission line was used to tune
and match the probe at a set of four frequencies both with and
without a sample. The sample used for these tests was a 4 mm zir-
conia rotor filled with 20 lL of 2% H2O/D2O. To accurately obtain
the load impedance needed to calculate the required slug posi-
tions, the two dielectric slugs were removed from the coaxial line
and a vector network analyzer was used to directly read out the
unmatched impedance at the probe’s input. The load impedance
was calculated based on the known transmission line length using
Eq. (1). Next, the dielectric slugs were inserted and their positions
empirically adjusted to minimize the voltage reflection at the
probe’s input. Table 1 gives the measured lengths of transmission
line segments required to match the probe under the above condi-
tions and the predictions based on Eqs. (13) and (14), as well as the
load measurements expressed both as impedance and reflection
coefficient. Good agreement was found, tending to confirm the
validity of our theoretical model. We should also note that the seg-
mented transmission line was able to match the probe both with
and without the aqueous sample.
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Fig. 3. (a) The circuit diagram of the matching network that was originally used in our Variable Angle Spinning probe. The portion enclosed in the dashed box represents the
double frequency resonator that is capacitively coupled to the main circuit. In this original matching network, the proton channel utilizes a single dielectric slug and a shunt
capacitor. But in (b), the proton channel is matched by a two-slug segmented transmission line. A pair of dielectric slugs are inserted into a single uniform coaxial line and no
parallel capacitor is required. (c) The schematic representation of the mechanical system used for position adjustment. Each dielectric slug is connected to a position
controlling unit in the center. Each position controlling unit consists of a 6–32 threaded collar into which a short 4–40 threaded rod is mounted. This threaded rod connects to
the dielectric slug through a 1/8’’ wide slot on the outer cylinder of the coaxial transmission line. The bottom figure shows the slot positions. It is important to leave enough
intact surface at both ends of the outer tube to preserve the mechanical integrity.

Table 1
The predicted and measured lengths of transmission line segments T1 and T3 to match the load impedance. T2 and T4 are both quarter wave dielectric slugs (67.8 mm each). The
load is a capacitively coupled LC resonator.

Freq Load Reflection T1 (mm) T3 (mm)

MHz Impedance (X) Coefficient Predict Actual Predict Actual

With sample 499 94.8 + 100.8i 0.535 + 0.324j 214.7 216 33.6 33
500 184.4 + 14.2i 0.575 + 0.026j 195.1 195 29.4 29
501 102.9 � 79.8i 0.486 � 0.268j 170.3 170 27.7 27
502 44.5 � 66.2i 0.290 � 0.498j 142.7 143 29.1 29

Without sample 499 31.1 + 78.4i 0.362 + 0.616j 231.5 232 43.4 43
500 69.4 + 100.2i 0.509 + 0.413j 219.2 220 36.4 36
501 163.7 + 72.3i 0.580 + 0.142j 202.6 202 31.1 31
502 144.3 � 67.4i 0.541 � 0.159j 180.2 180 28.3 28
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We found that moving the two dielectric slugs together is sim-
ilar to adjusting the tuning capacitor in a conventional network,
and moving the bottom slug (T4) with the top one fixed is similar
to adjusting the matching capacitor. As is the case in a conven-
tional network, the ‘‘tuning” and ‘‘matching” are not completely
independent, and several iterations are required to minimize the
reflected voltage.

We also compared the power efficiency of the two different
matching circuits. The probe’s input power was determined from
the peak-to-peak voltage (Vp � p) displayed on a 1 GHz digital
phosphor oscilloscope that was connected to the input cable via
a 50 dB directional coupler. The power value was then calculated
from the following equation:

Power ¼
105V2

p�p

400
ð23Þ

where ‘‘Vp � p” is in units of volts and ‘‘Power” is in units of watts.
When the proton channel was matched by the L-network shown
in Fig. 3a, the 90�time was measured to be 4.65 ls with 22.9 watts
of input power. In comparison, when the proton channel was
matched by the segmented transmission line shown in Fig. 3b, the
90�time was 4.3 ls with the same input power level. This corre-
sponds to a 8% increase of B1 field or a 17% increase of power effi-
ciency. We believe the improved efficiency comes from the fact
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Fig. 4. Polar plots of the required lengths and efficiency of the segmented transmissio
calculated by numerical simulation for the known parameters of the segmented transmi
meters required to minimize the probe’s overall reflection coefficient. (c) The efficiency f
than 80%. In all figures, the grey circle is the maximum reflection circle defined by Eq. (
that the four-segment transmission line does not have loss from
the branching capacitor or soldering junction present in the L-
network.

To further explore the question of power efficiency, we per-
formed a numerical simulation for the 500 MHz prototype seg-
mented transmission line using the method proposed in the
‘‘Design Principle” section. A conductivity of 5.998 � 107 S/m was
assumed for the inner and outer copper tubes, and a value of
4.7 � 10�3 for the loss tangent of the Macor dielectric slugs [14].
For each possible load reflection coefficient, the lengths of T1 and
T3 were numerically optimized to minimize the reflected power
at the input port. The results are shown in Fig. 4a and b. For reflec-
tion coefficients within the circle defined by Eq. (15), where a per-
fect match is possible, the lengths of T1 and T3 calculated from the
analytical solutions Eqs. (14) and (13) exactly matched the numer-
ical simulation. As predicted from the analytical derivation, Fig. 4a
indicates that T1 is always shorter than half a wavelength. And it is
interesting to notice that T1 strongly depends on the phase of the
reflection coefficient. On the other hand, Fig. 4b shows the optimal
value of T3 to be smaller than quarter a wavelength and indepen-
dent of the phase of the load reflection coefficient. The different
roles of T1 and T3 can be understood from the graphic representa-
tion of impedance transformation of Fig. 2b. The predicted power
efficiency at 500 MHz is shown in Fig. 4c. Better than 80% power
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n line matching network as a function of load reflection coefficient r. Values were
ssion line built for the 500 MHz prototype probe. (a) T1 length and (b) T3 length in
or the optimal length configuration. This figure only shows the contour level higher
15).
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efficiency was predicted for the entire range within the maximum
reflection circle. All of the measured values of reflection coefficient
from Table 1 fall well within the maximum reflection circle, and so
they can all be expected to have good power efficiency.

While Macor was chosen for the prototype because it is easily
machinable using standard tools, it does have a loss tangent
(4 � 10�3) that is significantly greater than other ceramics that
might be used for slugs. The loss calculation was repeated for slugs
having the dielectric constant of Macor but a loss tangent of
2 � 10�4, comparable to that of alumina. The calculated efficiency
of the segmented transmission line improved from 80% to 97%,
indicating that most of the loss in the line comes from the dielec-
tric and not the resistivity of the copper conductors.

4. Conclusion and discussion

The adjustable segmented transmission line utilizes the multi-
ple reflections between each segment to achieve overall imped-
ance matching at the input port. Because there are no sliding
contacts on the transmission line, this kind of tuning network
should have excellent durability. By empirically adjusting the posi-
tion of its two quarter wave slugs both inductive and capacitive
loads can be matched. Because highly reflective loads such as cop-
per solenoids cannot be completely matched with the network, it
works best when employed along with a network of fixed series
and parallel capacitors to reduce the reflection coefficient. Such a
configuration is embodied in a prototype 500 MHz VAS probe for
which the adjustable transmission line is used to tune and match
the 1H channel. This probe has been used for the past 2 years in
Dr. R.W. Martin’s lab in UC-Irvine for variable angle spinning
experiments on liquid crystals.

In this paper, we mainly dealt with the issue of the accessible
range of load impedance. In practice, a spectroscopist is typically
more concerned with the frequency range over which a particular
probe can be tuned. The range depends both on the dielectric con-
stant of the tuning slugs through Eq. (15) and on the frequency
dependence of the load impedance. For the case of the 500 MHz
VAS probe, the segmented transmission line can match all loads
with reflection coefficients |q1| < 0.92. The capacitively coupled
resonator was measured to have a reflection coefficient less than
0.9 within the range 490–510 MHz with and 492–512 MHz with-
out the sample. The observed tuning range was in good agreement.
Although the dielectric slugs are designed to match the greatest
range of load impedance at a particular frequency, the adjustable
line can actually be used over a reasonable frequency range. A
graphical analysis based on Fig. 2 indicates that slugs either shorter
or longer than a quarter wave will result in a maximum reflection
circle of smaller radius. For example, for 470 MHz (the 19F fre-
quency), the radius is reduced from 0.920 to 0.919. This result indi-
cates that the segmented transmission line has a broad frequency
range, as long as the load impedance falls within the maximum
reflection circle of the matching network. To match a load with a
reflection coefficient of arbitrary phase, the lengths of the gaps T1

and T3 should be adjustable up to a half and a quarter wavelength,
respectively. In order to ensure that the loads of any phase can be
matched over the probe’s complete frequency range, the segment
length required should be derived from the lowest frequency at
which the probe will be used.
Although the present paper describes an application of the
adjustable segmented transmission line for solid state NMR, it
may have utility in other areas of magnetic resonance, particularly
where a single tuning network is needed that can accommodate a
great range of load impedance. An example of such an application
may be probes for magnetic resonance imaging that are highly
loaded, and so are subject to large shifts in load impedance by
the range of possible samples or patients.
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