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A method for characterizing the noise figure of preamplifiers at NMR frequencies is presented. The noise
figure of preamplifiers as used for NMR and MRI detection varies with source impedance and with the
operating frequency. Therefore, to characterize a preamplifier’s noise behavior, it is necessary to perform
noise measurements at the targeted frequency while varying the source impedance with high accuracy.
At high radiofrequencies, such impedance variation is typically achieved with transmission-line tuners,
which however are not available for the relatively low range of typical NMR frequencies. To solve this
issue, this work describes an alternative approach that relies on lumped-element circuits for impedance
manipulation. It is shown that, using a fixed-impedance noise source and suitable ENR correction, this
approach permits noise figure characterization for NMR and MRI purposes. The method is demonstrated
for two preamplifiers, a generic BF998 MOSFET module and an MRI-dedicated, integrated preamplifier,
which were both studied at 128 MHz, i.e., at the Larmor frequency of protons at 3 Tesla. Variations in
noise figure of 0.01 dB or less over repeated measurements reflect high precision even for small noise fig-
ures in the order of 0.4 dB. For validation, large sets of measured noise figure values are shown to be con-
sistent with the general noise-parameter model of linear two-ports. Finally, the measured noise
characteristics of the superior preamplifier are illustrated by SNR measurements in MRI data.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

NMR and MRI are limited by the relative weakness of nuclear
magnetism, which results in modest overall sensitivity and sig-
nal-to-noise ratio (SNR). Consequently, MR instrumentation and
methods generally aim to maximize the primary signal yield of a
given experiment as well as to minimize signal degradation by
the detector hardware and along the remainder of the receiver
chain.

With common Faraday detection the receiver chain typically
consists of a coil to detect the induced electromotive force, tuning
and matching circuitry, a preamplifier, and a cascade of further
amplifiers to boost the signal to a level suitable for analog demod-
ulation or direct digitization. Inevitably, each of these components
adds a certain amount of noise and thus reduces the SNR below its
ideal, intrinsic value [1]. The dominant noise sources are those that
affect the signal when it is weakest, i.e., before it is initially ampli-
fied by typically 20 dB or more. Therefore, the most critical contri-
butions of detector noise arise from passive components such as
the coil conductor, associated circuitry and cable (if present), and
the preamplifier itself (active). The magnitude of noise added by
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the passive components increases both with their ohmic losses
and with their temperature. Therefore, in addition to using good
room-temperature conductors and high-quality lumped reac-
tances, these noise contributions can also be reduced by cryogenic
cooling [2–6] and by the use of superconductors [7–11].

The noise added by the preamplifier is usually characterized by
its noise figure (NF), which expresses the relative SNR degradation
caused by a signal transfer or amplification stage [12]. The noise
figure depends not only on the device used and the frequency of
operation but also on the source impedance, i.e., the impedance
that the coil presents to the preamplifier. For a given linear device
and operating frequency, the noise figure is minimal at a unique
optimal source impedance Zopt [13,14]. Noise matching consists
of transforming the complex coil impedance to yield Zopt, thus
ensuring optimal SNR performance of the preamplifier. Noise
matching is straightforward for single-channel receivers with a
fixed load. However, it is challenging and often subject to compro-
mise for arrays of variably-loaded and mutually-coupled receiver
coils [15–18], particularly when the radiofrequency (RF) wave-
length is smaller than the imaging target [19,20], for large coil
numbers [21–24] and with geometrically adjustable coil configura-
tions [25–27]. In all of these situations, preamplifier noise is a key
determinant of net sensitivity and must be carefully controlled.

Effective noise matching requires very accurate measurement
of noise figures and their dependence on source impedance, for
which a variety of established approaches exist. All these methods

http://dx.doi.org/10.1016/j.jmr.2011.01.025
mailto:pruessmann@biomed.ee.ethz.ch
http://dx.doi.org/10.1016/j.jmr.2011.01.025
http://www.sciencedirect.com/science/journal/10907807
http://www.elsevier.com/locate/jmr


8 J.A. Nordmeyer-Massner et al. / Journal of Magnetic Resonance 210 (2011) 7–15
rely on measurements of noise power at the output of the device
under test (DUT). Direct measurements require power detection
with absolute-level accuracy, which is challenging for low noise
powers but useful for assessing large noise figures [28]. The so-
called signal generator twice-power method is also most suitable
for high-noise-figure devices and requires knowledge of the noise
bandwidth of the instrument used for the power measurement
[28]. A more common and more sensitive alternative is the Y-factor
method, which is based on measuring output noise powers for dif-
ferent noise levels at the input of the DUT [28]. In its traditional
implementation, the input noise is generated by a resistor whose
temperature is varied, e.g., between room-temperature and that
of liquid nitrogen [29]. However, in this approach the temperature
change is much smaller than that available from dedicated, elec-
tronically-controlled noise sources that allow more sensitive, auto-
mated noise figure measurements to be made [30].

In its traditional form, the Y-factor method permits noise figure
measurements only for one single source impedance, which is
determined by the noise source used and is typically 50 X for stan-
dard telecommunications applications. It is therefore not suitable
for studying the variation of the noise figure with source imped-
ance as necessary for NMR and MRI applications. For high operat-
ing frequencies (above 1 GHz), the effective impedance of noise
sources is sometimes varied with tuners based on transmission
line technology [31], which however are expensive and not readily
available for NMR frequencies ranging down to several tens of
MHz.

To address this shortfall, the present work describes a simple
method of impedance tuning for suitably low operating frequen-
cies. In the proposed approach, reliable variation of noise temper-
ature and impedance is achieved by a standard diode noise source
followed by lumped-element circuits [32] containing both resistive
and reactive components. A calibrated set of such circuits permits
sampling the noise figure across the complex impedance plane at
common NMR frequencies. The proposed approach is demon-
strated by noise figure measurements of RF preamplifiers at
128 MHz, comparing a specifically-designed, integrated module
with a generic MOSFET. The method is validated by verifying the
consistency of highly overdetermined noise figure measurements
with the underlying theoretical model.
2. Methods and results

2.1. Measurement Method

The noise factor F of a DUT is defined as

F ¼ SNRinput

SNRoutput
¼

Signalinput=Noiseinput

Signaloutput=Noiseoutput
; ð1Þ

where SNRinput and SNRoutput denote the SNR in terms of power at
the DUT’s input and output, respectively. According to this defini-
tion, the noise factor depends not only on the amount of noise that
the DUT adds but also on the noise level at its input. Therefore,
when using the noise factor to characterize a DUT, the noise level
at its input is usually assumed to amount to thermal noise at the
reference temperature T0 ¼ 290� K [12]. The corresponding noise
figure is then calculated by converting to decibels:

NF ¼ 10 � log F: ð2Þ

In the Y-factor method, the noise figure of a given DUT is deter-
mined by measuring the noise power at its output in the presence
of two different but well defined noise levels at its input. The ratio
of the two measured output power values, N1 and N2, is called the
Y-factor:
Y ¼ N2

N1
: ð3Þ

In present-day implementations of the Y-factor method, the in-
put noise is typically generated by 50-X noise sources based on
avalanche diodes. When unbiased, such a noise source produces
a noise power equivalent to that of a 50 X resistor at room-
temperature. This situation is usually called the cold state and
the temperature is referred to as Tc. With reverse bias into ava-
lanche breakdown, the noise power increases while the presented
impedance is approximately the same. The noise source therefore
behaves like a 50 X resistor at an increased temperature Th. The
two equivalent noise temperatures define the excess noise ratio,

ENR ¼ Th � Tc

T0
: ð4Þ

Based on the Y-factor and the ENR, the observed noise factor is
given by

F ¼ ENR
Y � 1

: ð5Þ

This value, however, is only an approximation of the DUT’s
noise factor because it includes some noise contribution from the
power meter. According to Friis’ formula [12], the total noise factor
of two cascaded devices is given by

Ftot ¼ F1 þ
F2 � 1

G1
; ð6Þ

where F1, F2 denote the noise factors of the individual stages and G1

is the available gain of the first device. Therefore, the measured
noise factor, Ftot, must be corrected for that of the second stage,
requiring knowledge of the available gain of the DUT (G1) and of
the noise factor of the power meter (F2).

The available gain of the DUT can be calculated based on S-
parameter measurements of the DUT and a measurement of the
source impedance, expressed through the reflection coefficient Cs

[28,33–35]:

G1 ¼
ð1� jCsj2ÞjS21j2

j1� S11Csj2 1� jS22 þ S12S21Cs
1�S11Cs

j2
� � : ð7Þ

F2 can be determined with the Y-factor method in a separate
calibration step by connecting the noise source directly to the
power meter. This calibration makes the assumption (verified
and used in the present work) that the power meter’s noise factor
is the same when connecting it either to the noise source or the
DUT. If this assumption does not hold, F2 must be measured specif-
ically for the source impedance presented by the DUT. When nec-
essary, such a preparatory noise factor measurement could be done
through a first run of the proposed method, treating the power me-
ter as the device under test and skipping the 2nd-stage correction
according to Eq. (7). Based on these additional measurements, the
noise factor of the DUT can be calculated by rearranging Eq. (6),

F1 ¼ Ftot �
F2 � 1

G1
; ð8Þ

and its noise figure is then given by Eq. (2).
With the conventional setup described thus far (Fig. 1a), the

noise figure of the DUT can be measured only at the source imped-
ance presented by the noise source, i.e., at 50 X. As mentioned in
the introduction, a transmission-line tuner placed between the
noise source and the DUT (Fig. 1b) is not practical for NMR fre-
quencies, but the proposed approach achieves similar functionality
by introducing exchangeable lumped-element tuning circuits
(Fig. 1c).

In principle, any combination of resistors, capacitors, and induc-
tors could be used to vary the effective impedance seen by the
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Fig. 1. Sketch of the setup for noise figure measurement. With the common setup
shown in (a) only the nominal source impedance of Zs = 50 X can be presented to
the DUT, irrespective of its optimal source impedance Zopt. (b) For microwave
measurements, this problem is frequently addressed with impedance tuners based
on transmission line components which is impractical at typical NMR frequencies.
In the proposed method the source impedance is tuned with exchangeable lumped-
element circuits (c).
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DUT. In the present implementation, one resistor per circuit, in ser-
ies or parallel, was used to adjust the resistive part of the source
impedance and one series inductor or capacitor was included to
vary the reactive part (Fig. 2a).

The resistors act as additional sources of noise whose noise
temperature remains constant when that of the diode source is
switched. As a result, the net noise seen by the DUT has a different
effective temperature than that of the diode source alone. For a ser-
ies combination, the effective noise temperature Tseries can be found
by considering that the net noise voltage is the sum of the uncor-
related noise voltages of the two resistances. Its variance is hence
given by the sum of the variances of the former,

U2
series ¼ U2

diode þ U2
tune; ð9Þ

which, according to Johnson and Nyquist [36,37] can be expanded
as

4kB Df TseriesðRdiode þ RtuneÞ ¼ 4kB Df RdiodeTdiode

þ 4kB Df RtuneTtune ð10Þ

with kB, Df denoting the Boltzmann constant and the considered
noise bandwidth, respectively, and Rdiode, Rtune, Tdiode, Ttune denoting
the resistances and noise temperatures of the diode source and the
tuning resistor. Solving Eq. (10) for Tseries, inserting it in Eq. (4), and
considering that the temperature of the tuning resistor does not
change, one obtains the effective excess noise ratio

ENRseries ¼
RdiodeðTdiode;h � Tdiode;cÞ
ðRdiode þ RtuneÞT0

¼ ENRdiode
Rdiode

Rdiode þ Rtune
; ð11Þ

where the subscripts h and c again indicate the hot and cold states,
respectively, and ENRdiode denotes the ENR of the diode noise source
alone.

In a parallel combination, the noise currents are additive, hence

I2
parallel ¼ I2

diode þ I2
tune ð12Þ

4kB Df Tparallel
RdiodeRtune

Rdiode þ Rtune

� ��1

¼ 4kB Df TdiodeR�1
diode þ 4kB Df TtuneR�1

tune;

ð13Þ

yielding

ENRparallel ¼
RtuneðTdiode;h � Tdiode;cÞ
ðRdiode þ RtuneÞT0

¼ ENRdiode
Rtune

Rdiode þ Rtune
: ð14Þ

According to Eqs. (11) and (14), in either combination the added
resistor reduces the effective ENR. Therefore the choice of tuning
resistors is governed by a trade-off between the attainable range
of source impedances and the remaining sensitivity of the noise
factor measurement. Reactances do not affect noise power and
therefore the above expressions for ENR are unchanged by the
presence of capacitors and inductors. The small losses that these
components also exhibit in practice were neglected in the present
work but could be taken into account by adding these resistances
to those of the resistor.

A diode noise source of highly stable impedance (Agilent 346 A,
Agilent Technologies, Santa Clara, CA, USA) was used to minimize
potential systematic errors. The measured impedance varied little
between the cold state (49.7 + 0.6i) X and the hot state
(49.6 + 0.7i) X, but this stability comes at the expense of a merely
moderate ENR of 5.29 dB. Therefore, the range of resistors in the
tuning circuits was chosen carefully to maintain sufficiently high
ENRs for all measurements. For series combinations, 0 X (i.e., a
short circuit), 18 X, 39 X, or 68 X were used, while parallel combi-
nations were implemented with 33 X, 56 X, or 150 X. The result-
ing effective ENRs, calculated according to Eqs. (11) and (14), were
between the maximum of 5.29 dB and 1.28 dB, which is still suffi-
cient for robust use of the Y-factor method. All resistor configura-
tions were combined with different reactive components in series
according to Fig. 2a, using capacitors between 5.1 pF and 220 pF
and inductors between 2.7 nH and 220 nH. The tuning circuits
were realized on small FR4 circuit boards and shielded against
external RF interference with 70 lm copper foil. Fig. 2b shows
the resulting set, comprising more than 70 different modules.



Fig. 2. (a) Four different types of tuning circuits were constructed, each combining one resistive and one reactive component. (b) Complete set of tuning circuits yielding
source impedances with increasing resistive parts (left to right) and increasing reactive parts (top to bottom). (c) Measurement setup with noise source, shielded tuning
circuit and a shielded box containing the DUT.
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Using SMA connectors the modules are inserted individually be-
tween the noise source and a shielded box containing the DUT
(Fig. 2c). The actual source impedance thus presented to the DUT
was measured for each tuning circuit to capture the variability of
the lumped elements as well as parasitic losses and reactances.
All measurements of source impedances and S-parameters were
performed with an Agilent ENA E5071C network-analyzer (Agilent
Technologies, Santa Clara, CA, USA).

Noise power measurements were performed with an HP 8970A
noise figure meter (from the same manufacturer). This device con-
trols the biasing of the noise source, performs measurements of the
noise powers N1 and N2 in the cold and hot states, respectively, and
automatically translates them into resulting noise factors based on
Eqs. (3) and (5). It also includes elimination of the noise contribu-
tion of the power meter (Eq. (8)). However, in the instrument’s
built-in procedure this step is based on the insertion gain, which
is easier to determine, rather than the available gain. To remove
the resulting error, noise factors obtained from the noise figure
meter were corrected according to Eq. (8):

Fcorr
1 ¼ F1 þ ðF2 � 1Þ � 1

Gi
� 1

Ga

� �
; ð15Þ

where Gi, Ga denote, respectively, the DUT’s insertion gain and avail-
able gain which is determined using Eq. (7). Finally, when a lumped
tuning circuit was used, the resulting noise factor (Eq. (5)) was
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corrected to account for the reduced effective ENR by multiplying F1

by the ratio of the nominal and effective ENRs (Eqs. (11) and (14)).
The proposed method of noise figure characterization is demon-

strated for two MR preamplifiers: an integrated preamplifier with
an input matching circuit designed for operation at 128 MHz (InVi-
vo, Gainsville, FL, USA) and a simple generic module based on an
unmatched BF998 MOSFET. An initial set of experiments served
to gain a rough picture of the degree of frequency dependence of
these preamplifiers. For this purpose, noise figure measurements
at 50 X, i.e., without a tuning circuit, were performed across the
frequency range of 60 MHz to 300 MHz, in steps of 5 MHz. Addi-
tionally, the preamplifiers’ insertion gains were measured at the
same frequencies, using the noise figure meter. The results of these
measurements are depicted as solid lines in the graphs plotted in
Fig. 3. While the untuned MOSFET preamplifier shows only moder-
ate frequency dependence, the noise figure and the gain of the ded-
icated MR preamplifier exhibit substantial spectral variation,
illustrating the need to measure these quantities for each device
to ensure consistency.

Subsequently, the impedance tuning approach was used to
measure the noise figure of both preamplifiers at varying source
impedance while keeping the frequency fixed at 128 MHz. The re-
sults of these measurements are shown in Fig. 4, in which the noise
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Fig. 3. Noise figure (top) and insertion gain (bottom) of the integrated preamplifier (left)
i.e., with the noise source connected directly. Dashed measurements were obtained at Zs

the measurements without available-gain correction. The noise figure peaks at 105 MHz
figure is plotted against the nominal values of the presented resis-
tance and inductance or capacitance. To gauge the precision of
these measurements, those of the integrated preamplifier were re-
peated three times on different days, resulting in variations of
0.01 dB or less.
2.2. Linear Noise Model and Noise Parameter Fit

Relying on a limited set of fixed tuning circuits, the method de-
scribed above permits noise factor measurement only for a finite
set of source impedances. However, such measurements can be ex-
panded into a more complete picture if the noise factor as a func-
tion of source impedance obeys a sufficiently simple model. The
noise behavior of a general linear two-port can be modeled as
[13,14,38,39]

F ¼ Fmin þ
Rn

Gs
jYs � Yoptj2 ð16Þ

where Fmin denotes the minimal noise factor, Ys ¼ Z�1
s ¼ Gs þ iBs is

the source admittance, Yopt ¼ Z�1
opt ¼ Gopt þ iBopt is the optimal source

admittance at which Fmin is realized, and Rn is the so-called noise
correlation resistance, which determines the sensitivity of the noise
device for minimal NF @ 128 MHz
ource connected directly to preamp input
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and the BF998 module (right). Solid lines show measurements obtained at Zs = 50 X,
� Zopt of each preamplifier, using the closest fitting tuning circuit. Both plots show
and 230 MHz are likely due to environmental interference at these frequencies.
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Fig. 4. Noise figures of the two preamplifiers plotted against the nominal resistances and reactive components of the circuits used for tuning the source impedance.
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factor to the source admittance. Within this model, Fmin, Rn, Gopt, and
Bopt are usually referred to as the noise parameters.

Noise parameters can be determined by measuring the noise
factor at different source impedances (or admittances, respec-
tively) and fitting Eq. (16) to the measured values. To simplify fit-
ting, the right-hand side of Eq. (16) can be rewritten as a linear
expression in four alternative parameters a, b, c, d [38,39]:
F ¼ aþ bGs þ
c þ bB2

s þ dBs

Gs
; ð17Þ

which relate to the original ones according to

Fmin ¼ aþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4bc � d2

q
; ð18Þ
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Rn ¼ b; ð19Þ
Gopt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4bc � d2

p
2b

; ð20Þ
Bopt ¼
�d
2b

: ð21Þ

The parameters a, b, c, d can be obtained straightforwardly
by least-squares fitting, yielding the noise parameters via Eqs.
(18)–(21). In principle, four noise factor measurements at differ-
ent source impedances are sufficient to determine the noise
parameters. A larger number of noise factor samples over-deter-
mine the noise model and improve the accuracy of the fitted
noise parameters by implicit averaging of measurement noise
and errors.

Table 1 shows the results of fitting the noise model to the data
shown in Fig. 4. The integrated preamplifier offers substantially
better noise properties, namely, a lower minimum noise figure
and a much lower correlation resistance, indicating that the noise
figure increases less quickly with deviations from the optimal
source impedance. These properties are also evident from Fig. 5,
which shows contour plots of the fitted noise figure functions
along with the underlying sampling positions in the Smith chart
of the source impedance. Due to the vast over-determination in
this case, the consistency of the measured noise figure values with
the fitted model gives a good indication of the measurement accu-
racy. The root-mean-square model violation was 0.11 dB for the
BF998 preamplifier and 0.08 dB for the integrated module, indicat-
ing measurement errors of similar magnitude.

Based on the fitted noise models, the initial study of frequency
dependence was repeated with approximate noise matching at
128 MHz. For these measurements, each preamplifier was con-
nected to the noise source through the tuning circuit that brought
the source impedance closest to the respective Zopt. Again, the
noise figure and the insertion gain were measured between
60 MHz and 300 MHz. The results are shown as dashed plots in
Fig. 3. They illustrate that noise matching improved the noise fig-
ure of the integrated preamplifier only slightly, reflecting the small
correlation resistance of this device and the fact that its optimal
source impedance is relatively close to 50 X. Its gain improved
more significantly, which improves the noise situation indirectly
by reducing the SNR effects of subsequent noise contributions
along the receive chain (see Eq. (8)). The noise figure peak around
230 MHz occurred with both matching conditions and is attributed
to interference at this frequency. For the BF998 preamplifier, noise
matching reduced the noise figure at 128 MHz significantly,
reflecting the higher correlation resistance and a greater deviation
of Zopt from 50 X. With noise matching, this module’s noise figure
and gain exhibit distinct optima around 128 MHz.
Table 1
Noise parameters and reflection coefficients of the two preamplifiers. The noise
parameters were obtained by least-squares fitting of noise figure measurements.

BF998 Integrated preamplifier

Fmin 1.3915 1.1011
NFmin (dB) 1.435 0.42
Rn (X) 97.64 1.35
Gopt (S) 0.0018 0.0373
Bopt (S) �0.0036 �0.0254
Ropt (X) 110.97 18.31
Xopt (X) 224.15 12.47
RMS fit error (dB) 0.11 0.08
S11 magn. (dB) �0.51 �2.39
S11 phase (�) �31.63 171.37
2.3. SNR measurements

To illustrate the measured noise characteristics and the neces-
sity of noise matching, the SNR yield of MRI was studied using
the integrated preamplifier in varying matching conditions. A cu-
boid container (20 � 25 � 8 cm3) filled with a phantom solution
(NaCl 2000 mg/L, CuSO4.5(H2O) 770 mg/L) was imaged in a 3T
whole-body MRI system (Philips Achieva, Philips Healthcare, Best,
The Netherlands), using a rectangular single-loop receiver coil
(5 � 10 cm2). The coil was connected to the integrated preamplifier
through a p matching network [18,26] containing a variable paral-
lel capacitor for matching adjustment. The preamplifier output was
connected to the regular receive chain of the MRI system.

The preamplifier was initially noise-matched according to its
measured Zopt and its matching was then varied in four steps by
adjusting the variable capacitor. All matching adjustments were
made in the magnet bore and monitored by network-analyzer
measurements of the resulting source impedances. For each
matching setting, the resulting noise variance of the receiver chan-
nel was assessed by data acquisition without NMR excitation and
imaging was performed in a transverse slice with a standard gradi-
ent-echo sequence. Maps of the resulting image SNR were calcu-
lated using the method described in Ref. [27] and mean SNR
values were obtained by averaging over a fixed region close to
the receiver coil (Fig. 6). The resulting SNR values (in terms of
power) are shown in Table 2, reflecting progressive SNR loss with
deviation from optimal matching. For comparison, the correspond-
ing preamplifier noise figures were calculated from the measured
noise parameters and source impedances. The last column of Ta-
ble 2 shows the resulting noise figure degradation. These numbers
and the corresponding plots in Fig. 7 confirm that the observed
SNR loss was caused predominantly by noise mismatching of the
preamplifier. Additional SNR losses of up to 0.2 dB are attributed
to small changes in the gains of both the preamplifier and the
matching network, which occur along with the matching changes.
3. Discussion

The proposed method has been shown to permit measuring the
noise figure of preamplifiers at common NMR frequencies and for
variable source impedance. This is achieved by impedance tuning
with lumped elements rather than transmission-line tuners which
would be prohibitively large for NMR frequencies. Comparison
with the theory of linear noisy two-ports indicates a measurement
accuracy of about 0.1 dB, corresponding to SNR uncertainty of 1%
and just over 2% in amplitude and power terms, respectively. Noise
factor measurements at over 70 different source impedances
yielded strong over-determination of the two-port noise model,
likely yielding even higher accuracy of fitted noise parameters.

The proposed method involves a number of calibration and cor-
rection steps, which allow it to be robust and accurate. Specifically,
ENR correction for the tuning circuits, measurement of effective
source impedances, and available-gain correction need to be per-
formed. Tight shielding of the entire setup against environmental
RF perturbations has proven essential particularly for measuring
small noise figures. Finally, impedance stability of the noise source
and careful calibration, setup and warm-up of the measurement
instruments have equally been found to be vital.

In the current implementation, the tuning circuits include
lumped resistances as well as reactances to adjust the net source
impedance. Alternatively, they could also be constructed from
reactive components alone. This approach would have the benefit
of overall larger effective ENRs and could thus render the Y-factor
method more sensitive if necessary. Notwithstanding, ENR correc-
tion would likely still be necessary due to parasitics and the losses
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Fig. 5. Measured noise figures of the integrated preamplifier (a) and the BF998 module (b), plotted on the Smith chart of the source impedance. The smallest NF circles
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Fig. 6. SNR map of MRI data obtained with a surface receiver coil and the integrated preamplifier module. SNR maps were collected for the noise-matched situation (shown)
and increasing noise mismatch (not shown). For each matching, an overall SNR figure was calculated by averaging over the shown region of interest.

Table 2
Image SNR obtained with the integrated preamplifier using noise matching (first row) and increasing noise mismatch. SNR values in the second column are
given in power terms according to the notation underlying Eq. (1).

Source impedance (X) SNR SNR (dB) SNR loss (dB) Degradation of preamplifier NF (dB)

18.4 + 7.4i 21,360 43.30 – –
25.5 + 6.5i 21,002 43.22 0.08 0.00
38.2 + 11.1i 20,655 43.15 0.15 0.05
42.0 + 47.3i 19,005 42.79 0.51 0.37
14.3 + 52.6i 15,828 41.99 1.31 1.10
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of the tuning circuits would be more challenging to determine
accurately.

Accurate noise figure measurement is expected to benefit the
development and assessment of NMR preamplifiers as well as the
design and matching of NMR probes. Noise figure stability is espe-
cially important when variable loading, variable coil-to-coil cou-
pling, or flexible coil geometry need to be accommodated. In
probes with fixed matching, these conditions require particularly



Fig. 7. Plot of the SNR loss incurred with four levels of increasing noise mismatch
(Table 2) relative to the noise-matched situation. The squares indicate the
underlying increase in noise figure according to the noise parameters measured
on the bench. The additional SNR losses of up to 0.2 dB are caused by concomitant
small changes in gain of the preamplifier and the matching network.
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low sensitivity of the noise figure to changes in source impedance,
i.e., a very low correlation resistance. A promising alternative,
especially for coil arrays, is dynamic matching adjustment based
on automated source impedance measurements [40,41]. This ap-
proach opens up the possibility to perform noise matching based
on the actual impedance matrix that a receiver array presents in
a given experimental situation. It thus highlights the important
distinction between noise matching of a single coils and noise
matching of arrays [42] and calls for reliable modeling of the noise
behavior of coupled, loaded receivers. In this area of development,
too, accurate noise figure characterization of the preamplifiers in-
volved will be an essential step.
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