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a b s t r a c t

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

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

1090-7807/$ - see front matter � 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmr.2011.01.025

⇑ Corresponding author. Address: Institute for Biomedical Engineering, ETH
Zurich and University of Zurich, Gloriastrasse 35, CH-8092 Zurich, Switzerland. Fax:
+41 44 632 11 93.

E-mail address: pruessmann@biomed.ee.ethz.ch (K.P. Pruessmann).

Journal of Magnetic Resonance 210 (2011) 7–15

Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr

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


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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