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Abstract

This study describes a technique to clean amplitude modulation (AM) noise of RF
transmission waves, which is used to observe the sub-GHz CW-EPR spectrum. An RF
transmitter amplifier that has the function of cleaning AM noise has been developed.
Cleaning of the AM noise was owing to saturation of the output at the amplifier. Three
stages of the amplifiers in series could effectively suppress the AM noise to about —176
dBc/Hz and —183 dBc/Hz at offset frequency of 10 kHz and 100 kHz, respectively at the
carrier frequency of 750 MHz and the output power of 29 dBm. Since phase modulation
(PM) noise is suppressed by phase sensitive detection, the AM noise in the transmission
is dominant cause of the noise in the sub-GHz CW-EPR absorption spectrum using a
reflection bridge, which depends on the quality factor of the resonator and the power of
the RF transmission. The additive phase modulation (PM) noise of this amplifier was —
171 dBc/Hz at an offset frequency of 100 kHz, which indicated that the frequency
modulation (FM) of the transmission wave was not distorted with this amplifier.
Therefore, conventional CW-EPR spectrometers that typically require FM for automatic
frequency control or automatic tunning control can use this technique to increase

sensitivity.



1 Introduction

Sub-GHz CW-EPR is mainly used for small animal applications where frequencies in
the GHz band are undesirable due to dielectric loss in biological samples [1,2]. However,
weak EPR signal intensity due to low EPR frequency and low Q factor of the resonator
become a problem for the applications such as in-vivo EPR measurements. Therefore,
developing a system that can measure EPR signals with high sensitivity is essential.
Improving the signal-to-noise ratio (SNR) requires increasing signal intensity or
decreasing noise of the measurement system. To increase the signal intensity, it is
necessary to increase Bi generated in the resonator by increasing the RF transmission
power, or to use a resonator with a high Q factor. However, to reduce the noise in the EPR
spectrum, the noise figure (NF) of the receiver circuit and the noise in the transmission
wave must be reduced. In this research, we aim to increase the sensitivity by increasing
the transmission power and reducing the noise in the transmission wave.

Noise of the RF transmission wave is mainly classified into amplitude modulation (AM)
noise and phase modulation (PM) noise. AM noise is noise that modulates the amplitude
of the carrier wave. When phase sensitive detection (PSD) is performed, noise appears in
the same phase as the carrier wave. On the other hand, phase noise is noise that modulates
the frequency of the carrier wave. When PSD is performed, it appears as noise with a
phase that differs by 90 degrees from the carrier wave.

Magnetization generated by EPR resonance has absorption and dispersion components.
This magnetization changes the inductance of the coil that is part of an LCR resonator.
As a result, the impedance of the resonant circuit changes, which changes the reflection
wave from the resonator. The reflection wave is effectively measured with a reflection
bridge. An RF circulator or directional coupler is typically used in the reflection bridge
to separate the reflection wave from the transmission wave. The isolation of these
components is generally around 20 dB, so that leakage transmission signal become a
problem for the receiver circuit. To solve this problem, the impedance mismatch in the
resonator can generate a reflection wave in the resonator that cancels out the leaked
transmission wave [3,4]. The reflection coefficient around the resonant frequency of the
resonator changes as a function of the frequency. The transmission wave at the resonant
frequency is suppressed more than the side band noise, so that reflected side band noise
is relatively enhanced and degrade noise property of the reflection wave which is not
related with EPR phenomenon. If the amplitude of the reflection coefficients for the upper
and lower sidebands are different, then the AM to PM and PM to AM noise conversion

may occur [5,6].



The reflection wave due to the magnetization of the absorption component has the same
phase as the transmission wave, so it is affected by the AM noise of the transmission wave.
On the other hand, the reflection wave due to the magnetization of the dispersion
component has a phase difference of 90 degrees from the transmission wave. The
generated noise due to the phase noise of the transmission wave at the resonator effect on
the noise in dispersion spectrum [7,8]. When the noise originated from the AM noise of
the transmission wave is larger than the thermal noise generated from the receiver circuit,
it appears as noise in the absorption spectrum. Therefore, we propose and manufacture a
transmission power amplifier that reduces the AM noise of the transmission wave rather
than the PM noise. Analysis of noise in EPR spectra was performed using a digital EPR
spectrometer. However, since common EPR spectrometers use analog PSD, we
conducted a simple experiment using an analog spectrometer to demonstrate the noise
reduction potential of the proposed amplifier.

2 Methods
2.1 Design

Reduction of AM noise in the transmission wave is performed by inserting the original
transmission wave into the power amplifier at a power that saturates the amplifier [9,10].
Since this amplifier is intended to be used in the saturated region, it is called a saturated
power amplifier (SPA). The shape of the wave after amplification is clipped due to output
saturation, which removes AM noise but adds higher harmonic waves. However, the
higher harmonic waves can be cleaned by inserting low-pass filters. A transmission
amplifier circuit with three amplifying stages is designed to suppress the AM noise and

increase output power.

Fig. 1 shows a schematic diagram of the developed amplifier. Commercial RF amplifier
IC (Gali-06, Mini-Circuits) was used for the first and second-stage amplifiers because it
was made of heterojunction bipolar transistors (HBT) with low additive PM noise. The
typical additive PM noise level of this IC was reported as -171 dBc/Hz at 100 kHz
offset from the carrier frequency of 2 GHz. In the final stage, four RF amplifier ICs
(PHA-13HLN+, Mini-Circuits) were connected in parallel to increase the 1dB
compression point (P1dB) and to decrease the contribution of noise generated in the
amplifier ICs [11]. When driven by 8 V, the typical P1dB and NF values were 27.4 dB
and 1.4 dB at 1GHz, respectively. The driving voltage was set at 4.8 V to reduce noise
and heat generation in the final stage, yielding approximately 29 dBm over a frequency
range of 700-850 MHz. Paralleling of amplifiers was performed using 90° hybrids
(X3C07P1-03S, Anaren). This type of design is called a balanced amplifier and can



protect against short or open output ports. After each amplifier IC, a low pass filter
(LPO80SHO750ASTR, KYOCERA AVX) or band-pass fitter (LDB15829AAD1A030,
Murata Electronics) was inserted to eliminate higher harmonic waves. RF amplifier ICs

used to build the SPA were summarized in Table 1.

Signal in 90° hybrid

500

G1,G2: Gali-06
G3-G6: PHA-13HLN+

Fig.1 Schematic diagram of a saturated power amplifier (SPA) with three amplifier stages.

Table. 1 Performance” required for RF amplifier IC selection to use for RF sources B and C, SPA and PA

Productname Technology Frequency Maximuminput Additive phase noise NF (dB) P1dB (dBm)  Gain (dB)
range (GHz) power (dBm) 100kHz offset (dBc/Hz)
PHA-13HLN+  E-PHEMT 0.1-1 11dBm 1.4 (1 GHz) 274 (1GHz) 20.4(1GHz)
HMC589AST89E InGaP HBT DC-4 10 dBm -176 (2GHz) 4.0 (DC-4GHz) 19 (0.5-1GHz) 21(DC-1GHz)
Gali-06 InGaP HBT DC-4 20 dBm -171 (2GHz) 4.5 (1 GHz) 182 (1GHz) 12.2(1GHz)

a: Typical performance for each RF amplifier IC was obtained from the manufacturer's datasheet and homepage.

2.2 RF signal source

RF signal sources with different AM noise and PM noise were used to generate a
transmission wave to investigate the functionality of the SPA and effectiveness of the SPA
in EPR measurements. Specification of the RF sources are as summarized in Table. 2. An
RF signal source A was a commercial RF synthesizer (N5172B, Keysight Technologies).
The RF signal source A was used for the majority of the measurements because detailed
RF frequency and RF power settings were possible. In some experiments, an additional
locally constructed amplifier made from 8 RF amplifier IC (PHA-13HLN+) connected in
parallel (PA) was used to increase RF power up to 28 dBm while preserving AM noise in
the transmission wave. In addition, AM noise at 750 MHz and 100 kHz offset frequency
changed from —149 dBc/Hz when automatic leveling control (ALC) was turned off to -
135 dBc/Hz when ALC was turned on, which is useful to investigate the contribution of
AM noise to the noise in the EPR absorption spectrum. The RF signal source B was a
commercial PLL-based RF clock generator (PLL83B, Denshiken Co., Ltd.). The RF
power increased up to 18 dBm after adding an RF amplifier IC (HMC589AST89E,



Analog Devices). The PM noise of the RF signal source B was —125 dBc/Hz at 100 kHz
offset frequency, while the AM noise was —159 dBc/Hz. RF signal source C was a locally
constructed fixed frequency oscillator that generated a 750 MHz signal. The RF signal
source C consisted mainly of a IGHz SAW oscillator (CCS0O-914X, Crystek Corp.), an
x3 frequency multiplier (ZX90-3-452-S+, Mini-Circuits), a 1/4 prescaler (HMC905LP3E,
Analog Devices), and an RF amplifier (HMCS589ASTS89E) as shown in Fig. 2. The PM
noise and AM noise at an offset frequency of 100 kHz were —161 dBc/Hz and —177
dBc/Hz, respectively. The use of the 1/4 prescaler, which generated a rectangular wave
and then suppressed AM noise, was one of the reasons for the low AM noise level. The
output power was 18 dBm using the final amplifier (HMCS589ASTS89E). The RF signal
source D was a commercial RF synthesizer (E8257D, Keysight Technologies), which was
only used for the analogue EPR measurement. According to the datasheet, typical PM
noise level at 100kHz offset in the frequency band of 500 MHz to 1000 MHz for the RF
synthesizer were —135 dBc/Hz. RF amplifier ICs used for the RF sources B and C were

summarized in Table 1.

osC Multiplier
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@ -1 14 @ 0
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Fig. 2 Schematic diagram of an RF signal source C. Three RF amplifier ICs were used:
G7-G8 (Gali-06) and G9 (HMCS589ASTSIE).

Table. 2 Specifications of RF sources used for the measurement.

RF source Type of the sources Model Noise without SPA? Noise with SPA®
AM (dBc/Hz) PM (dBc/Hz) AM (dBc/Hz) PM (dBc/Hz)
A RF synthesizer N5172B  -149 (ALC OFF) -125 -183 -125
A RF synthesizer N5172B  -135 (ALC ON) -125 -183 -125
B PLL-based clock generator PLL83B -159 -125 -183 -125
C SAW based oscillator -177 -161 -183 -161
D° RF synthesizer E8257D -135°

a: Values measured at 100 kHz offset for 750 MHz
b: Typical value at 100 kHz offset for 500-1000MHz from manufacture datasheet
c: RF source D was only used for the analog EPR spectrometer.
2.3 AM noise and PM noise measurements
The absolute PM and AM noises of the transmission wave were measured with a

commercial RF phase noise analyzer (HA7062C, Holzworth Instrumentation Inc.). The



PM noise of the transmission wave is measured by PSD using a clean reference signal
generated in the phase analyzer. On the other hand, AM noise measurements typically use
diodes to detect the amplitude of the transmission wave. The output signal from a device
under test (DUT) was filtered with a band-pass filter (ZX75BP-750-S+, Mini-Circuits) to
eliminate low-frequency noises, which were sometimes observed in the noise spectrum.
In the case of the amplifier as a DUT, the input power to the phase noise analyzer was
typically adjusted to be 15 — 20 dBm by using a fixed attenuator to ensure sufficient SNR
of the measurement. The RF source A (N5172B) was mainly used to generate original

transmission signals.

2.4 Additive PM noise measurement

Additive PM noise is a PM noise added by RF components. A smaller additive PM noise
is preferred because the additional PM noise generates noise when the down conversion
to the baseband signal is performed with the reference signal with the original PM noise.
The additive PM noise measurement for the developed amplifier was performed with the
configuration shown in Fig. 3. A mechanical phase shifter (MODEL 6709-2, Sage
Laboratories Inc.) was adjusted to create a quadrature reference signal for two LO inputs
in the phase noise analyzer. A small phase difference between the two channels was

calibrated to less than 0.5 degrees by changing the cable length.

(a) Experimental setup (b) DUT

Phase noise analyzer

Phase shifter

RF source » LO1 in DUT in a‘ DUT out
— -ATT A -ATT
_< @ > LO2Iin

Splitter —1PUT H BPF[—{DUT in

Fig.3 (a) Experimental setup for additive phase noise measurements: (b) A DUT setup for
additive PM noise of the SPA.

2.5 Reduction of AM noise using RF amplifiers in saturation

AM noise reduction by an RF amp (Gali-06) was investigated by changing the intensity
of the RF transmission wave inserted into the amplifier from —12 dBm to 18 dBm. A low
pass filter (LPO80SHO750ASTR) was inserted after the amplifier to remove the higher
harmonic waves. The power of the RF transmission wave fed to the RF amp was adjusted
using a variable attenuator (50DR-046, JFW Industries, Inc.). Subsequently, the
relationship between the number of amplifiers connected in series and the reduction of

AM noise was investigated. Furthermore, up to four RF amps (Gali-06) were connected



in series. The same bias resistor and drive voltage were used for each amplifier.

2.6 EPR measurement

EPR measurements were performed using the previously reported sub-GHz digital CW-
EPR spectrometer [4,12,13] and a homodyne analog CW-EPR spectrometer [14,15]. The
primary distinction between digital EPR and analog EPR in this work was whether the
phase-sensitive detection to separate the EPR absorption and dispersion spectra was
performed using digital signal processing or analog circuitry [ 16—18]. Furthermore, in the
control for suppressing the reflection wave from the resonator, the control signal differs
depending on whether it is generated by digital signal processing or by an analog circuit.
Since the conventional analog EPR was widely used to measure biological applications,
we investigated whether the noise could be reduced using the SPA in analog EPR.

The digital EPR spectrometer mainly consisted of a digital EPR console, an RF
reflection-type bridge, a compact arrayed magnet, and a voltage-controlled multi-loop-
gap resonator with barium strontium titanate (BST) based tunable capacitors [3]. The size
of the loop-gap part of the resonator was $24 mm x 25 mm. Unloaded Q of the resonator
was 480. A glass bottle containing 4 mL TEMPOL aqueous solution (1 mM) was used for
the measurement. The measurement parameters were an RF frequency of 750 MHz, a
magnetic modulation field of 0.1 mT, a magnetic field sweep width of 2 mT, and a scan
time of 40 ms. The modulation frequency was set to 1/4096 of the ADC sampling
frequency so that digital demodulation can be easily done on the PC[4]. The sampling
frequency was set to 4/7 times the transmission RF frequency of 750 MHz, so the
modulation frequency became 105 kHz. The passband of the digital band-pass filter was
set at 4 kHz, which was applied before demodulation of the modulated EPR signal. To
use external signal sources as a EPR transmission wave, the EPR digital console was
modified to accept an external ADC clock signal. The ADC clock signal was generated
from the EPR transmission wave by using a passive x4 frequency multiplier based on a
step recovery diode (MAVR-044769-12790T, MACOM) and a band-pass filter
(CERO0535B, CTS Electronic Components).

The analog EPR spectrometer mainly consisted of a commercial RF synthesizer
(E8257D), an RF reflection-type bridge, a parament EPR magnet (26.8 mT, X-5253,
Neomax Company, Hitachi Metals, Ltd.), a lock-in amplifier, a DAQ board (PCIe-6259,
National Instruments), and a voltage-controlled multi-loop-gap resonator with varactor
diodes [19]. The size of the loop-gap part of the resonator was ¢$24 mm x 30 mm.
Unloaded Q of the resonator was 551. A TEMPOL aqueous solution (I mM) in a ImL

tube was used as a sample for the measurement. The measurement parameters were an



RF frequency of approximately 750 MHz, a magnetic modulation field of 0.1 mT, a
magnetic field sweep width of 6 mT, and a scan time of 100 ms. The noise on the baseline
of the EPR spectrum was measured by changing the transmission power using fixed

attenuators.

2.7 Noise measurement under EPR acquisition condition

It is necessary to know the correct phase to separate noise in absorption and dispersion
modes. One of the methods is to measure isotropic EPR signal while changing the phase
of the two quadrature baseband signals. This method is useful when the SNR of the EPR
signal is good. If the SNR is poor, this method will not work properly. In this case,
minimizing the noise will help to find the correct phase for absorption mode when the
transmission noise contributes more than the thermal noise of the receiver circuit.

The noise in the EPR spectrum can be evaluated with the noise observed without
magnetic field sweep and field modulation since magnetic resonance generally does not
generate noise. The reflection signal from the resonator was fed into the digital EPR
console after the receiver circuit to measure these noise spectra, as shown in Fig. 4. The
signal fed to the EPR console was digitally down-converted into baseband quadrature
signals in an FPGA IC. The one of the baseband signals after the phase correction was
stored in the FPGA and transferred to the PC. The noise spectra were generated by fast
Fourier transform (FFT) of the transferred data on the PC. EPR spectrum were also
generated by digital PSD of the transferred data at the field modulation frequency.

The baseband signals became error signals for feedback control to increase isolation
between the transmission and reception. Two error digital signals were converted into
analog automatic tuning control (ATC) signal and automatic matching control (AMC)
signal to change the capacitance in a voltage-controlled resonator[3,4]. The leakage wave
at the circulator in the reflection bridge was canceled with the reflection from the
resonator controlled by changing impedance of the resonator. This feedback
approximately matched the resonant frequency of the resonator to the RF frequency of
the transmission wave.

To investigate the effect of unloaded Q of the resonator on the noise spectra, glass bottles
filled with different concentrations of NaCl aqueous solution (0.9%, 0.45%, and 0%) were
prepared and inserted into the resonator. The unloaded Q of the resonator was 140, 190,
and 350, which were measured with a network analyzer (MS2024B, Anritsu). The thermal
noise spectrum of the receiver circuit, which is noise floor of the measurement, was also
measured by terminating the connection of the circulator port from the resonator and

disconnecting the connector for the transmission wave. The noise level when the receiver



circuit was terminated with a 50 Q resistor is set to 0 dB. The noise level in dispersion
and absorption modes is expressed as an increase from the noise floor. The incident RF
power changed from —4 dBm to 22 dBm for the digital EPR spectrometer.

For the analog EPR spectrometer, the absorption spectra were measured by changing the
incident power from 1.4 dBm to 9.6 dBm. The noise level was evaluated using the portion

where the EPR signals were not observed.

Noise measurement setup

RF source

_<- ultiplier
()

N

X =
@] S
10 dB coupler Splitter —/ sl|= :ATC
2| AMC
PA: Paralleled amplifier (eight PHA-13HLN+) Qué

Part of the digital EPR console

Fig.4 Experimental setup to measure noise in absorption and dispersion modes with and
without the SPA. To increase the RF incident power up to 22 dBm without using the SPA,
a parallel amplifier consisting of eight identical amplifier ICs, driven in the linear region,
was used. Automatic tuning control (ATC) and automatic matching control (AMC) of the
resonator were used to cancel RF leakage at the circulator with a reflection wave from

the resonator.

3 Results and discussion
3.1 Cleaning of AM noise in the transmission waves

Fig. 5a shows the AM noise spectrum at different input powers to the RF amplifier (Gali-
06), and Fig. 5b shows the noise spectrum with different numbers of the RF amplifiers in
series. Figure 6 shows the output power of the amplifier as a function of the input power.
The AM noise of the output signal gradually decreases as the input power increases and
the output power begins to saturate. This can be explained by the clipping of the output
due to saturation leading to loss of AM noise. When the input power was 18 dBm, AM
noise of —179 dBc/Hz at 100 kHz offset frequency was obtained. However, the input of
18 dBm was relatively high to accept RF transmission waves from various RF signal
sources. Additional identical amplifiers were tested in series to reduce the input power of
the amplifier to about 10 dBm. The result is shown in Fig. 5b, indicating that two RF
amplifier in series are enough to improve AM noise reduction. Because of the output
signal saturation and the use of the identical amplifier in series, the power did not increase
more than 16 dBm. Four medium-power RF amplifiers (PHA-13HLN+) connected in

parallel were used as a third-stage RF amplifier to increase output power. The additional



noise generated by each amplifier was uncorrelated; thus, parallelization doubled the
noise. However, the transmission power increased 4 times. The result is a relative
reduction in amplifier noise. Finally, the AM noise was reduced to -183 dBc/Hz at an
offset frequency of 100 kHz, as shown in Fig. 7. This noise level showed almost the same
level even when using the RF signal sources with different AM noise levels. The AM
noise levels for the different RF sources were summarized in Table 2. For example, when
the RF power was attenuated to 22 dBm, the AM noise was attenuated to —161 dBm/Hz,
which is 16 dB higher than the thermal noise contribution of —177 dBm/Hz at room

temperature.
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Fig. 5 AM noise spectra of amplified transmission waves generated from the RF source
A: (a) different input power (—12 dBm to 18 dBm) using a single RF amplifier (Gali-06)

and (b) fixed input power (10 dBm) using several amplifiers in series.
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saturation power of the SPA is 13 dB higher than other amplifiers.
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Fig. 7 Comparison of AM noise spectra from original transmission waves (dashed lines)

and cleaned waves (solid lines) by the SPA. Curve colors indicate different RF sources.

3.2 Additive PM noise of the saturated power amplifier (SPA)

Fig. 8 shows the additive PM noise as an offset frequency function when the output of
the amplifier is saturated. The absolute PM noise of the RF source C is also shown.
Additive PM noise was found to be —171 dBc/Hz at 100 kHz, which was 10 dB smaller
than the absolute PM noise. This amplifier did not affect the FM modulation of the
transmission wave due to the small additive PM noise. Therefore, it could also be used
for conventional EPR spectrometers that require FM modulation of transmission waves

used for automatic frequency control and automatic tuning control.
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Fig. 8. Additive PM noise (red line) of the SPA measured with the RF source C. The
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absolute PM noise (black line) of original transmission wave from the RF source C is also
shown as a reference.
3.3 Noise under EPR acquisition condition

Fig. 9 shows the noise spectra observed using the digital EPR spectrometer with
different RF signal sources except applying magnetic field sweep and field modulation.
The noise spectra with either the maximum value (dispersion mode) or minimum value
(absorption mode) after 100kHz were shown to have separate noise contributions, such
as the PM and AM noises. The red dashed and solid curves expressed the noise spectra
obtained without the SPA, while the black dashed and solid curves expressed those
obtained with the SPA. The flat noise spectrum (shown in the blue line) was the noise
floor of the receiver circuit, including the 50 Q terminated circulator. Therefore, noise
greater than the noise level of the receiver circuit was due to noise generated by the
transmission wave fed into the resonator. The noise levels at 100 kHz offset were
summarized in Table 3.

The large values in the noise spectra after 10 kHz offset were measured for dispersion
mode with and without the SPA in Fig. 9. The difference between the values at 100 kHz
offset in Figures 9a and 9f is 34 dB, which approximately corresponds to the difference
in PM noise between RF source A (—125 dBc/Hz) and RF source C (—161 dBc/Hz) at 100
kHz offset. The reduction of the AM noise by the SPA did not impact on the noise for
dispersion mode, which indicates that the AM to PM conversion noise was negligible.
Therefore, the origin of this noise was due to the PM noise. The upper and lower
sidebands of PM noise are attenuated and reflected in the antiphase by a reflection bridge,
including a resonator acting as a band-stop filter. In addition, the transmission carrier is
mostly removed. This worsens the phase noise of the reflection wave. The attenuated
sideband noises remain in the baseband signals after PSD and are detected as noise
because the PM noise of the reflection wave and the PM noise of the reference wave for
the PSD are not identical.

The lower noise levels were measured for absorption mode with and without the SPA.
As shown in Figures 9a and 9f, when using SPA, the phase noise of the transmission
waves differed by 36 dB, but the noise levels in the absorption mode were similar. This
indicates that the PM to AM conversion noise was negligible. Additionally, when using
SPA, the AM noise levels of the transmission waves were reduced to -183dBc/Hz. This

is why the noise levels in the absorption mode were similar.
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Fig. 9 Noise spectra in dispersion mode (dashed line) and absorption mode (solid line)
with (black) and without (red) the SPA: (a) RF source A, RF incident power 22 dBm, Q
of the resonator 350, (b) RF source A, 22 dBm, Q = 140, (c) RF source A, 4 dBm, Q =
350, (d) RF source A’, 22 dBm, Q = 350, (e) RF source B, 22 dBm, Q = 350, and (f) RF

source C, 22 dBm, Q = 350. Noise floor of the receiver circuit was shown in blue. The

noise spectra were acquired with the digital EPR spectrometer.

Table. 3 Summary of the noise levels in absorption and dispersion modes at 100 kHz offset.

Measurement condition

Result of the noise (dB)?

RF source '(Dd"é”rﬁ)r ?Qﬂsﬂﬁﬁ? '(Dd'\é;:':’f rgsg;t:tir Abs. (SPAY° Disp. (SPA)°
A 22 149 125 350 225(46)  462(46.0)
A 22 149 125 140 136(2.1)  37.4(37.4)
A 4 149 125 350 57(02)  285(28.6)
A 22 135 125 350 36.5(46)  46.2(45.7)
B 22 159 125 350 134(50)  46.9(46.4)
c 22 177 161 350 52(5.1) 12.4(12.0)

a: The noise level when the receiver circuit was terminated with a 50 Q resistor was set to 0 dB.

b: Results in parentheses were obtained using the SPA

The difference between noise in absorption and dispersion modes at 100 kHz offset for

the original transmissions in Figs. 9a and 9d were 24 dB and 10 dB, respectively. This

difference corresponded to the difference between PM noise and AM noise, indicating

that the sideband contribution to the noise levels for absorption and dispersion modes was

similar for PM and AM noise. Figure 10 plots the noise levels in absorption mode at 100

kHz offset as a function of the AM noise and the noise levels in dispersion mode as a

13



function of PM noise. This results also show that the noise contributions to the EPR
spectrum from the AM and PM noise of the transmission wave were nearly identical and
appeared down to around -170 dBc/Hz at the RF incident power of 22 dBm and the
resonator Q of 350.

50
O Noise (Dispersion) vs. PM noise
O Noise (Absorption) vs. AM noise
40
0 30+
o
)
R
2 20-
10+ RF power
22 dBm
-0 Q=350
0 T T 1 1 1 1
-190 -180 -170 -160 -150 -140 -130 -120

AM or PM noise (dBc/Hz)
Fig. 10 Values of the noise spectra at 100 kHz offset plotted as a function of the
transmission wave noise: (O) noise in the absorption mode vs. AM noise and ([J) noise
in the dispersion mode vs. PM noise. The incident RF power was 22 dBm. The solid line
represents the contribution due to PM or AM noise of the transmission wave, and the

dotted line represents the unknown contribution originating from the transmission wave.

If the PM and AM noises for the transmission wave were similar, similar noise levels in
the absorption and dispersion EPR spectra should be observed. However, in the case of
the noise in the absorption mode in Fig 9f, the noise level at 100 kHz was dominated by
an unknown process. Therefore, further AM noise reduction of less than —177 dBc/Hz
was not currently useful in our configuration of the digital EPR spectrometer. Moreover,
finding the cause of that process as important as it resulted in further noise reduction.

The difference of the noise level at 100 kHz offset for with and without the SPA is
enhancement of the SNR of the EPR absorption spectrum if the field modulation
frequency is set at 100 kHz and the EPR signal is not saturated. When the Q of the
resonator (Fig. 9b) or the power of the incident wave (Fig. 9c) was small, the SNR of the
EPR spectra should decrease because the thermal noise of the receiver circuit limited the
noise reduction due to the low Q or low incident power. As the Q of the resonator
increases and the AM noise becomes larger compared to the thermal noise of the receiver

circuit, the SNR of the absorption spectrum no longer increases. Therefore, reducing AM
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noise contributes to increasing SNR.

Fig. 11 shows the noise power spectral density at 105 kHz in the absorption mode as a
function of the incident power to the resonator. The frequency 105 kHz was the magnetic
field modulation frequency used in this digital EPR spectrometer, and digital PSD was
performed at this frequency to obtain the ERP spectrum and evaluate the noise. The noise
data was obtained with the transmission waves having different AM noise. The triangle,
circle, and square marks expressed AM noise of —135 dBc/Hz, —152 dBc/Hz, and —177
dBc/Hz at 100 kHz offset, respectively. The noise level was normalized by the noise
obtained when the circulator port was terminated to the resonator with 50 Q resistor.

Noise data plotted as triangle marks in Fig. 11 can be fitted with a linear function. A
slope coefficient of 1.0 indicates that the noise power is proportional to the incident power.
This means that the noise contribution is dominated by AM noise. In this case, increasing
the incident power does not improve the SNR because the noise voltage increases at the
same rate as the EPR intensity. When the level of AM noise was getting smaller to -177
dBc¢/Hz, the thermal noise of the receiver circuit dominated in the noise below the incident
power of 9 dBm. In this case, the increase in noise power is not proportional to the
incident power such that the increase in incident power should improve the SNR. For
example, if the transmission wave has AM noise of —152 dBc/Hz, approximately 15 dB
SNR enhancement using the SPA should be achieved at the incident power of 21 dBm
and Q of the resonator 350.

50

Q=350

-5 0 5 10 15 20
Incident power (dBm)

Fig. 11 Noise levels in the absorption mode at 105 kHz obtained with the transmission
waves which had the different AM noise (Nam): (A) AM noise of —135 dBc/Hz, (o) —152
dBc/Hz, and (o) —177 dBc/Hz at 100 kHz offset. The noise data were acquired with the

EPR console under the EPR acquisition condition.
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3.4 Comparison of EPR spectra with and without the SPA

Fig. 12 shows single scan spectra from TEMPOL aqueous solution acquired using
transmission waves with different AM and PM noises with and without applying the SPA.
The levels of the AM and PM noise for the RF sources at 100 kHz offset measured with
the digital EPR spectrometer are shown in Table 1. The spectrum shown above in the
figure was the absorption spectrum, while the spectrum shown below was the dispersion
spectrum. The transmission power to the resonator was set to 22 dBm. AM noise was
removed from the transmission wave, and noise in the absorption spectrum was reduced
by inserting the SPA, as shown in Figs. 12d and 12e. Since the incident power was the
same, the EPR signal intensity should be the same. Therefore, SNR was improved by
reducing noise. However, because the SPA does not improve PM noise, as shown in Fig.
8, there was almost no change in noise in the dispersion spectrum. The AM noise appeared
in the absorption spectra, while the PM noise appeared in the dispersion spectra. Hence,
we confirmed that cleaning AM noise from the transmission wave was useful to increase
SNR of the spectrum.

(@) (b) (©

RF source A’ Without SPA RF source A Without SPA RF source C Without SPA
Power: 22 dBm
S S S Absorption
< < <
= ol 2
c c c
2 ] 2
260 265 27.0 275 26.0 265 27.0 275 26.0 26.5 27.0 27.5
Magnetic field (mT) Magnetic field (mT) Magnetic field (mT)
(d) (e) ()
RF source A’ With SPA RF source A With SPA RF source C With SPA
| |
5 =] 2
< < <
> > ol
%) k] =
c c c
[0] [0] (0]
26.0 26.5 27.0 275 26.0 26.5 27.0 275 26.0 26.5 27.0 27.5
Magnetic field (mT) Magnetic field (mT) Magnetic field (mT)

Fig. 12 Single scan EPR absorption (above) and dispersion (below) spectra from
TEMPOL aqueous solution acquired with the digital EPR spectrometer. The incident RF
power was set at 22 dBm, and different RF sources were used: (a) RF source A’, (b) RF
source A, (¢) RF source C, (d) RF source A’ and use of the SPA, (e) RF source A and use
of the SPA, and (f) RF source C and use of the SPA.



Figures 13a and 13b show single scan absorption spectra from TEMPOL aqueous
solution with a different incident power of approximately 1 dBm and 9 dBm, which were
measured with the analog EPR spectrometer. The spectrum shown below was obtained
using the SPA, while the spectrum shown above was obtained without the SPA. From the
result, the higher the incident power the difference of the noise level becomes apparent.
Figure 13c shows the noise dependence on the incident power with and without the SPA.
A noise reduction of 8 dB was achieved with the incident power of 9 dBm.

Generally, the AM noise is smaller than the PM noise. Therefore, choosing the RF source
with lower PM noise probably lower the AM noise. However, in normal applications
where only absorption spectra are used, using the SPA eliminates the need for expensive
oscillators with extremely low PM noise.

As the intensity of the transmission wave increases, the magnetic field generated within
the resonator increases, and the signal increases. As the size of the resonator increases,
the efficiency of magnetic field generation decreases. Therefore, if the object to be
measured becomes larger, the transmission power must be increased. In such cases,
reducing the AM noise of the transmission wave is important. Furthermore, in Rapid Scan
CW-EPR, which can increase transmission power compared to conventional CW-
EPR[20,21] , the reduction of AM noise in the transmission waves can be expected to

improve SNR.
(@) (b) (c)

-20

Power 1.4 dBm  Without SPA Power 9.6 dBm Without SPA

| il |
MWWM\/MNMMM
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Fig. 13 Single scan EPR absorption spectra from TEMPOL aqueous solution acquired
with the analog EPR spectrometer with and without using the SPA at different incident
power (a) and (b). (c) The dependence of the noise in the EPR spectra on the incident
power with and without the SPA.

4 Summary
In this study, the transmission wave's AM noise was reduced to less than -180 dBc/Hz at
an offset frequency of 100 kHz and an output power of 29 dBm using a three-stage

amplifier in saturation. The achieved level of the AM noise was almost independent of
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RF sources. We confirmed that AM noise of the transmission wave could be the major
noise source in the first derivative sub-GHz EPR absorption spectrum. This effect was
larger for the high Q resonator and high RF power applied to the resonator. The additive
PM noise of this amplifier was —171 dBc/Hz at the offset frequency of 100 kHz, indicating
that the FM of the transmission wave was not distorted with this amplifier. Therefore,
conventional CW-EPR spectrometers that typically require FM for automatic frequency

control or automatic tunning control could use this technique to increase sensitivity.
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