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The article analyzes the sensitivity of unmatched receiving coil for the NMR scanner. Receiver of the scanner was investigated from the
point of view of noise features. Theory of the noise figure has been modified to utilize the receiver for digitization of its own noise and the
noise figure calculation. The resulting noise figure has been measured with different source impedances and the optimal value has been
acquired. Influence of the noise figure on the resulting signal-to-noise ratio has been calculated for the sensitivity judgement. The output
SNR has been investigated for constant input SNR as well as for constant input voltage. Many results are depicted in figures. Also examples

of theoretical results are depicted graphically.
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1. INTRODUCTION

Electronic parts operating at higher frequencies using
transmission lines are matched to a defined characteristic
impedance of a transmission line. Input and output
impedances of the electronic parts must be matched to that
impedance for preventing distortions and losses of signals.
Thus, the circuits are matched from the point of view of
impedance and from the point of view of the power transfer
simultaneously. Sensitivity of an electronic part depends not
only on the gain but also on noise features and this is
important [1]-[8]. Noise qualities of an electronic circuit can
be described by its noise figure. Theory of the noise figure
shows that the noise figure versus the source impedance is a
function with a minimum. If the input of the receiver is
connected to the optimal source impedance, the gain of the
receiver may not be maximal, but its noise figure is minimal.
It can be said that the receiver is matched from the point of
view of noise. The purpose of the research is to utilize it for
a receiving coil of the NMR scanner with maximal gain and
sensitivity. A novel technique of the noise figure
measurement had been developed [3] and it was partly used
for the noise optimum of the NMR scanner receiver search
[4]. The technique does not require any special instruments,
the NMR receiver can be utilized for the noise measurement.
The measured quantities can be processed using a standard
PC. The relation between the noise figure of the receiver and
the signal-to-noise ratio (SNR) at the output of the receiver is
a suitable tool for sensitivity judgement. Generally, the
source impedance is a complex number. The minimal noise
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figure is a function of the source impedance module as well
as of its phase [2]. The calculations in this article are
approximative, only source resistances are considered and
only on the resonant frequencies. Moreover, the complex
numbers would require more complex and more expensive
instruments that are not available in most NMR laboratories.

References [9]-[19] solve interesting problems, similar to
the problems solved in this article. The processing of the
measured data is discussed elsewhere [20]. The theory and
results described in the present article are useful for technical
and experimental purposes. They can provide a platform for
following theoretical and experimental studies. Our research
offers options for techniques which utilize the NMR
spectroscopic console, a frequent equipment of many NMR
laboratories. The technique has been tested at the apparatus
for measurements at low magnetic field but there is no reason
why it could not be used also for higher spectra frequencies.
The results of the research are partly experimental and partly
theoretical.

2. SUBJECT & METHODS

Fig.1. depicts an equivalent circuit diagram of an NMR
receiver. For simplicity, all impedances are considered as
resistances. It corresponds well to reality, for the value of the
transmission line characteristic impedance is a real number.
At the operation frequency, impedance of the signal source is
a real number (resonance). Signal source is represented by its
resistance R, and voltage V. In practice it is a receiving coil
with its tuning and matching circuitry. Sources of noise are
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all resistances in this calculation. Influence of noise can be
described by the signal-to-noise ratio (SNR). SNR; is defined
at the input of the receiver, SNR, in the load resistance of the
receiver output. SNR; is given by (1):

2
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where
4 rms signal voltage at the input of the receiver

R,  outputresistance of the signal source (receiving coil)
R;,  input resistance of the receiver

k the Boltzmann constant

T absolute temperature of all resistances

Af  noise bandwidth of the measuring instrument

R, load resistance in the output of the receiver

AN
§R2 v,

Rg
v, v, § R,
Fig.1. Equivalent circuit diagram of the NMR receiver. Impedances
have their real values at the operation frequency.

Generally, R; # R;;,. Equation (2) shows the noise power
produced by R, and transferred into the receiver input:

_ 4kTRgAf
" (Rg"'Rin)z

Pl Rin~ 2

The situation is depicted in the equivalent circuit diagram
in Fig.2.
SNR, is given by (3):
V4
SNR, = -2 3)

2n

where
V,,  rms signal voltage at the load resistor R,
V,,  rmsnoise voltage at the load resistor R,
Both voltages are assumed to be in A/D converter units.

aAA%
Rg Rin
/4kTRgAf %

Fig.2. Equivalent circuit diagram of the NMR receiver from the
point of view of noise.

Noise factor of the receiver can be defined in more ways. A
frequent definition uses a ratio of input and output SNR: (4).
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The calibration coefficient K can be measured using a
suitable signal generator and the console of the NMR
receiver. Whereas F' should be unitless, also V,_ should be in
A/D converter units. If using a generator of harmonic signal
for the K calculation, the RMS voltage in K may be replaced
by its amplitude or mean value. The noise figure in decibels
is given by (5):

After measurement, the voltages V, have the form of time
sample series. To determine the noise bandwidth properly,
they must be converted into a series of frequency samples
using the discrete Fourier transform. Consider that V' is given
by N frequency samples. RMS value of the whole series is
given by (6):

1
NZ vz =

(6)

anms

In practice, only such interval of the samples should be
selected, so that the spectrum within the interval could be
considered constant. For cropping of noise bandwidth, (6) can
be modified to (7):

1

Voo = J (2) 5, w2 (7)

where 1 <n; <mn;<N.
The resulting equation for the noise factor is given by (8):

1 2
(Rg+Rin)?(5) Zivil2
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where
d  number of selected frequency samples.

3. RESULTS

Verification experiments were performed on an
experimental NMR scanner equipped with a home-made
resistive magnet of 0.1 T and the Apollo spectroscopic NMR
console (Tecmag Inc., Houston, TX). The console was
utilized for imaging, operated at a frequency of 4.45 MHz.
Console calibration was performed using the GFG-3015
function generator (Good Will Instrument Co., Ltd., New
Taipei City, Taiwan).

An AU-1579 preamplifier (MITEQ, Hauppauge, NY) with
50 Q input and output impedances and NF=1dB (a
catalogue datum) was used. The preamplifier is not intended
for operations in magnetic field.
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Fig.3. The noise figure depending on the source resistance R,
measured with the above described technique.

The noise figure of the NMR receiver has been measured
with altering source resistance using a variable attenuator.
The results are depicted in Fig.3. for N=1500000 and
d =300000.

Modifying (4) SNR, can be calculated (9):

SNRq

_ F
SNR, = Part[SA;Rl,Rg=50 o )

Considering SNR; = const. are calculated data in Fig.4.,
the values are normed to the SNR, corresponding to
R, =50Q.

SNR,
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Fig4. SNR, at the output of the receiver considering
SNR, = const. The values are normed to the value corresponding
to R; =50 Q.

A constant SNR; is not frequent in practice. Consider
constant V;, the RMS value of the harmonic input signal
voltage. The coil is connected to the receiver via a known
tuning and matching circuit, but it is not matching the coil to
input resistance of the receiver R;,. The circuit is depicted in
Fig.5. The coil is tuned and matched to resistances Ry,
nevertheless it is connected to the resistance R;,. For our
example the value V; = 1077 V has been adopted. Other
quantities:
fo =445 MHz
Q. = 250 is quality factor of the unloaded coil
X, = wyL, = 75 Q is reactance of the coil
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R,y: 1s output resistance of the tuning and matching circuit,
corresponding to R,

L . . .
R, = wQO < is resistance of the unloaded coil

c
Values of the capacitances C; and C, are given by (10) and

(11):

c —R2\/Rc+RcRg\[Rc—XZ\[Rc+X, /Rg(Rg—RcRg+X§) (10)
L=
wo(RE+X2) /Rg(Rg—RcRg+XCZ)

Cy=— it (11)
@o /Rg(Rg—RCRg+XC2)
/,
>
R.
V1 Rin R? V2
ARV
Rout
L

Fig.5. Example with constant V; voltage. The coil is connected to
the receiver through the capacitive tuning and matching circuit.
Resistance Ry is the source of the thermic noise. It replaces Ry
from the first example.

Auxiliary voltage V5 is given by (12):

A 1

TR, +jool, 1 - 1
‘ ¢ R.FjwuL, TIwoli ¥ i
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(12)
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Auxiliary current [, is given by (13):

V-
L=—2 =

1
joc; * R

—i(l)o Cy Vg
—1+wo(C1(—j+woCaRin) (Rc+jXc)+Co (—j(Rc+Rin)+X())

(13)

The signal power in-coming into the receiver is given by
(14):
Ping = Re[I3Riy] (14)

The signal power versus R is depicted in Fig.6.
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The voltage V; _ in the input of the receiver is given by (15):

Vi, = Re[l;R;y] (15)

The signal voltage is depicted in Fig.7.
Output resistance of the capacitive circuit is given by (16):

RC
w2R2C%+(w2LC1—1)2

(16)

Royt =

Output resistance of the tuning and matching circuit versus
frequency is depicted in Fig.8. Source resistance R, = 50 Q.

Noise bandwidth Af = -

NTS
converter.

P, W]
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T, is sampling interval of the A/D
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Fig.6. The signal power in-coming into the receiver.
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Fig.7. The signal voltage at the input of the receiver versus Ry.
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Fig.8. Real part of the tuning and matching circuit output
impedance versus frequency. R; = 50 Q.

SNR; in the input of the receiver is given by (17), depicted
in Fig.9.

_ 2 2
SNR, = (Rout+Rin)2 . Ping ~ Vls(Rg+Rin)
! Rin fo+iL = R2,4KTRyAf
I" " A% 4KTRouedf
fo—%

(17)

It is obvious that values of SNR, are very close to a
constant. SNR,, is calculated using (9) again, therefore values
and shape are also extremely close to that in the first example.
SNR, is depicted in Fig.10.
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Fig.9. SNR, versus the source resistance.
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Fig.10. The values and shape of SNR, with V; = const. are very
close to that from the first example with SNR; = const. (Fig.4).

4. DISCUSSION / CONCLUSIONS

The purpose of this study was to look for minimal noise in
the NMR experiment with simple tools. The noise matching
is not absolutely accurate but sufficient for the practice and
can be an introduction for more advanced research. The noise
matched receiving coil provides better sensitivity, compared
to 50-Ohm matching. However, the connection between the
coil and the receiver must be carried out more accurately, it
must be as short as possible, some parts of the receiver must
be able to operate in the static magnetic field of the NMR
scanner. Significant part of the receiver is the preamplifier, it
influences noise features of the receiver strongly. It is the
receiver part operating in the static magnetic field. Standard
matched coils are usually matched to 50 Q load. Such coil can
be also noise-matched but it may not be. The described
technique is suitable for preparation of special experiments
with high requirements on sensitivity.
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