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INSTRUMENTATION AND MEASUREMENT
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We report a new design of microwave source for X-band electron paramagnetic resonance spectrometer. The mi-
crowave source is equipped with a digital automatic frequency control circuit. The parameters of the digital automatic
frequency control circuit can be flexibly configured for different experimental conditions, such as the input powers or the
quality factors of the resonator. The configurability makes the microwave source universally compatible and greatly extends
its application. To demonstrate the ability of adapting to various experimental conditions, the microwave source is tested
by varying the input powers and the quality factors of the resonator. A satisfactory phase noise as low as —135 dBc/Hz
at 100-kHz offset from the center frequency is achieved, due to the use of a phase-locked dielectric resonator oscillator
and a direct digital synthesizer. Continuous-wave electron paramagnetic resonance experiments are conducted to exam-
ine the performance of the microwave source. The outstanding performance shows a prospect of wide applications of the

microwave source in numerous fields of science.

Keywords: electron paramagnetic resonance, X-band, microwave source, automatic frequency control
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1. Introduction

Electron paramagnetic resonance (EPR) is a significant
spectroscopic technology that investigates materials with un-
paired electrons.!!=3] The energy levels of electrons in the sam-
ple split in a magnetic field. When the microwave (mw) fre-
quency matches the splitting, resonant absorption occurs. The
imaginary part of the magnetic susceptibility y (= x’' +ix”)
results in a dip of the reflected mw power. EPR is broadly
applied in many fields of natural sciences and medicine.[*]
Up to now, the EPR technology of X-band is the maturest and
most widely used, because of the boom of X-band mw tech-
nology and the limit of magnetic field generated by electro-
magnets.

The mw source is a crucial component of an EPR spec-
trometer. It provides mw of a specific frequency that is deliv-
ered to and interacts with the sample. Klystrons and Gunn
diodes are widely used as mw sources in EPR.[°!!l Tun-
ing of their output frequency can be done both manually and
automatically.[®'>13] The manual tuning is realized by varying
the size of the tuning cavity. By the manual method, the output
frequency can vary in the range of several gigahertz. On the
other hand, the automatic tuning can be realized by changing
the bias voltage, but the tuning range of the automatic method
is limited to tens of megahertz. In continuous-wave (cw) EPR
experiments, the mw frequency is required to match the res-
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onant frequency of the resonant cavity for perfect impedance
matching and maximized sensitivity. However, many factors
may change the resonant frequency of the cavity in practice,
such as changes in the real part of the magnetic susceptibility,
the heating effect of the input mw and the thermal expansion
or contraction caused by the variable temperature system. !4
The deviation between the input frequency and the resonant
frequency mixes the absorption term (¥”) and the dispersion
term (x’) and degrades the performance of the EPR signal:
it deforms the line shape of the spectra, increases noises and
causes baseline drifts.[!>]

In order to cancel the negative influences of the variation
of the resonant frequency, automatic frequency control (AFC)
is utilized in mw sources for EPR.!'5-1% The main idea of AFC
is to modulate the frequency of the mw and extract the error
signal by demodulation. Microwave sources with AFCs auto-
matically and simultaneously track the resonant frequency of
the cavity. As a result, the quality of the EPR spectra can be
greatly improved. The most widely used mw sources, such as
Gunn diodes and klystrons, are analog devices. Their output
frequencies are controlled by the voltage. Meanwhile, there
had been a lack of digital mw sources for a long time. There-
fore, most of AFC designs are based on analog circuits. Since
the electronic elements are fixed, the parameters of these AFC
circuits can hardly be flexibly configured depending on the ex-
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perimental conditions, such as the quality factor of the cavity
or the input power of the mw. The continuous trend of im-
provement of performance and reliability of digital electronics
promotes the study on digital AFCs. Efforts have also been
made to develop AFCs that are based partially or completely
on digital circuits. However, existing digital AFC circuits or
algorithms mainly focus on applications in wireless radio com-
munication systems, 222! while digital AFCs are rarely used
and in high demand in the field of EPR.

Here we report an X-band mw source with a digital AFC
integrated. The digital AFC overcomes the disadvantages of
its analog counterparts. Configurability of our AFC is demon-
strated by tests with cavities of different Q factors and under
different mw powers. The mw source also shows outstanding
performance in the test of phase noise. Continuous-wave EPR
experiments have also been carried out to verify the perfor-
mance of the mw source.

2. Design

The mw source should fulfill the requirement that the out-
put frequency can vary from 9.2 GHz to 9.7 GHz, with a min-
imum step of 1 kHz. The phase noise should reach the typical
level of an X-band mw source, i.e., —124 dBc/Hz at 100-kHz
offset from the central frequency.!?3 For these two reasons, a
self-made phase-locked dielectric resonator oscillator (PDRO)
and a direct digital synthesizer (DDS) are utilized to generate
the mw. In addition, a microcontroller is employed to achieve

a parameter-adjustable AFC. The adjustable ranges and steps
of the AFC parameters are listed in Table 1.

Table 1. Adjustable ranges and steps of the AFC parameters.

Parameter Range Step
Modulation depth 0-100 kHz 10 kHz
P 0-20000 0.001
1 0-20000 rad/s 0.001 rad/s
D 0-20000 s/rad 0.001 s/rad
Lock-in time constant 1-1000 ms 10 ms

Figure 1 displays the block diagram of the mw source.
The green, blue and red boxes represent the frequency mix-
ing (FM) module, the direct digital synthesizer (DDS) and the
AFC circuit, respectively. The DDS is developed based on
AD9914 produced by Analog Devices, Inc., while the AFC
is developed based on STM32F405RGT6 produced by STMi-
croelectronics. There are two operation modes in the mw
source, which are AFC-off and AFC-on.

The FM module and the DDS are employed in the AFC-
off mode, where the mw source outputs mw of a specific fre-
quency. The output frequency of the PDRO is exactly 9 GHz,
while the DDS outputs a signal of a specific pre-set frequency
in the range of 200 MHz-900 MHz (bias frequency). These
two arms of signals are up-converted in a mixer (Analog De-
vices, Inc., HMC787), forming a 9.2-9.9-GHz X-band mi-
crowave. The synthesized mw signal passes a band-pass fil-
ter (BPF, self-made) and a low-noise amplifier (LNA, Analog
Devices, Inc., HMC3653) and is then fed into the mw bridge.
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Fig. 1. Schematic diagram of the mw source. An FM module, a DDS and an AFC circuit are included. The AFC circuit receives a portion
of the signal from the mw bridge, calculates the deviation of the mw frequency and sends the corrected offset frequency to the DDS. The bias
signal is converted into a biased square wave in the DDS, and mixed with the signals of the local oscillation frequency in the FM module.
Consequently, the mw source outputs mw ranging from 9.2 GHz to 9.9 GHz to the mw bridge, and the exact mw frequency keeps the same as

the resonant frequency of the cavity.

In the AFC-on mode, another oscillator provides a 77-
kHz cosine signal for frequency modulation. The modula-
tion signal is then converted to a square wave and used as the
trigger of the single-pole-double-throw switch (SW1). In the

meantime, the values of the two profiles (PO and P1) in the

DDS are setto fo = f+Af and f1 = f — Af, where Af is the
modulation amplitude and f is the bias frequency. As a re-
sult, the output of the mw source periodically jumps between
Joand fi.

For simplicity, we merely consider the zero and first-
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order expansion of the modulated signal, whose frequency is
f) =9 GHz+f +Af cos(27 fint ), where f;, is the modulation
frequency, 77 kHz. When the resonant frequency f. of the cav-
ity deviates from f +9 GHz, the output voltage signal of the
detector diode in the mw bridge is a mixture of components at
Jfm and 2 fi,,, with amplitudes V| and V,, respectively. The out-
put of the diode passes an analog-to-digital converter (ADC)
and a mixer when fed into the AFC circuit. After mixed with
the 77-kHz signal, the demodulated signal is low-pass filtered
by a low pass filter (LPF). Consequently, only the amplitude
of the f;, component, which contains the information of the
frequency deviation, is retained as the correction signal, while

the 2 f, component is discarded. It is worth mentioning that
the variable phase shifter (VPS1) after the 77-kHz oscillator is
used for the maximization of the DC correction signal, while
the fixed phase shifter (FPS) after the LPF compensates the
effect of another FPS of the mw bridge in the pulsed mode,
ensuring the proper polarity of the correction signal.!?*! The
correction signal is subtracted from the initial offset voltage,
coupled to a proportional-integral—derivative controller (PID)
and converted to frequency control words. The bias frequency
f in PO and P1 are updated according to the control words.
Therefore, the output frequency of the mw source, f+9 GHz,
is always locked to f;.

(a) 47 mV /MHz 1/(rs+1) P+1/s+Ds 1000 Hz/mV
—(—) |K » T T —{ K.
7O D w LD oo i el ) [PID out L2
fS
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Fig. 2. (a) Schematic diagram of the AFC feedback loop. (b) A typical Bode plot of the open-loop transfer function of the AFC circuit. The
parameters are set to T =0.1 s, P =10, I = 200 and D = 0. The resulting phase margin is 83°.

Figure 2(a) shows the feedback loop of the mw source.
K refers to the transformation coefficient from the error sig-
nal to the voltage. It depends on the mw power, the mod-
ulation depth and the quality factor of the cavity. Kj is ex-
perimentally measured to be 47 mV/MHz in our tests. 7j(s)
is the transfer functions of the lock-in amplifier. It is in the
1/(ts+ 1) form, where 7 is the time constant that can be set
manually, and s is the corresponding variable of time after
the Laplace transformation. The PID transfer function is ex-
pressed as T»(s) = P+1/s+ Ds, where P, I and D are the pro-
portional, integral and derivative terms, respectively. They are
also configurable parameters. K, is the transformation coeffi-
cient from the output voltage of PID to the frequency, which
is set as 1000 Hz/mV in our experiments. As a result, the total
open-loop gain is

Gopen = K1 x T (5) x Tr(s) x K. (1)

Information of the phase margin can be extracted from
the Bode plot of the open-loop gain. The phase margin is an
indicator of the stability of the AFC. It is defined as the phase
lag @, where the open-loop gain of the circuit reaches 0 dB,
minus —180°. Generally, a system is stable when the phase
margin is larger than 45°. Here we take 7 = 0.1 s, P = 10,

I =200 and D = 0 for example. The Bode plot of our AFC
circuit is shown in Fig. 2(b). It proves that our mw source is
adequately stable with an outstanding phase margin of 83°.

3. Experimental setup

The mw source is installed in an X-band EPR spectrom-
eter and a series of experiments have been conducted. The
structure of the spectrometer is shown in Fig. 3.

Two arms are included in the mw bridge, the sample arm
and the reference arm. The function of the attenuator in the
sample arm (Att.1) is to adjust the mw power that is fed into
the resonator. Since the detector is very fragile, a limiter (Ltr.)
is used so that the power of EPR signal from the resonator can-
not exceed a certain level. Then the EPR signal is amplified
by LNA3 and detected by the detector diode (Det.). In order
to ensure the unidirectional transmission of the mw and pro-
tect the front-end electronics from the reflected mw energy, a
circulator (Cir.) is used. Another portion of the mw energy
is tapped off into the reference arm, serving as a bias. The
attenuator in the reference arm (Att.2) controls the mw power
and ensures that the detector works in the linear zone. The
VPS2 is utilized to compensate the phase difference between
the two arms. A fraction of the output signal from the detector
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is received by the mw source as feedback.

An electromagnet is used to generate an external mag-
netic field. Real-time monitoring of the magnetic field is
achieved by a Hall sensor for stabilization of the magnetic
field. In order to suppress the pink noise, the strength of the
magnetic field is modulated sinusoidally using a pair of mod-

25

ulation coils.[>>! The small-amplitude sinusoidal modulation

signal is generated by a lock-in amplifier and a coil driver.

As a result, the EPR signal is also modulated with the same
frequency as the magnetic field. In field-swept EPR experi-
ments, at each point of the central magnetic field, the magnetic
field controller sends a trigger to the lock-in amplifier, then the
lock-in amplifier starts collecting data. The lock-in amplifier
demodulates the EPR signal and outputs the first-order deriva-

tive spectrum to the computer for further processing.

(a)

Modulatiozl coil

The self-built X band mw source
VPS2
Npwe % |
— Att.1 Ltr. ILNA |

Driver

A 4
Lock-in
amplifier

Trigger

Magnetic Magnetic field
power supply controller

T

NN

Fig. 3. (a) Schematic diagram of the X-band EPR spectrometer. The mw bridge consists of a sample arm and a reference arm. Signals from the
two arms are combined and sensed by a detector diode. A portion of the output signal from the detector is sent to the mw source as feedback,
while others are collected by the lock-in amplifier. An electromagnet and a pair of coils are used to provide the external magnetic field and the
modulation field, respectively. The lock-in amplifier generates the modulation signal, demodulates the EPR signal and sends the data to the

computer. (b) Photograph of the X-band EPR spectrometer.
4. Performance
4.1. Step response

To demonstrate the ability of AFC parameters to be flex-
ibly configured according to experimental conditions, step re-
sponses with different resonant cavities and under different in-
put powers were tested. Step response is the time-domain be-

havior of the output frequency of the mw source when there

is a sudden change of the resonant frequency. It directly re-
veals the frequency-tracking ability of the AFC. By adjusting
parameters in our digital AFC, the step responses can maintain
optimized performances in different conditions. On the con-
trary, step responses of analog AFCs usually degrade when ex-
perimental conditions change, since their electronic elements
are fixed.

Three groups of experiments were carried out, and the
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results are shown in Fig. 4. The testing conditions were
0 =3230and Ppy = 0.1 mW for group 1 [Fig. 4(a)], Q =3230
and Py = 100 mW for group 2 [Fig. 4(b)] and Q = 9000 and
Puw = 0.1 mW for group 3 [Fig. 4(c)], where Q is the qual-
ity factor of the cavity and Py is the power of the input mw.
In the first group of tests, we set the modulation depth Af as
6 kHz, the time constant T = 100 ms, the proportional term
P = 10 and the derivative term D = 0, and tried three values of
1. Step responses when I = 100 rad/s, 200 rad/s and 500 rad/s
are plotted as the blue solid line, the coral dash-dot line and

the yellow dashed line. It is apparent that the step response
is optimized when I = 200 rad/s, since the system responses
fastest to the change of the resonant frequency and no undesir-
able oscillation is observed. In the second and the third group
of tests, however, the best performances are obtained with the
modulation depth being 150 Hz and 2 kHz, respectively. Ad-
ditionally, the best choice of I becomes 100 rad/s rather than
200 rad/s. These tests show that the parameters of our AFC

are configurable.

9.70093 — . . 9.70079 — 9.82901
(a) (b) (c)
9.70088 9.70074 | 9.82896 |
0 ~ o
T o A s N\
@) &) I @) 1 N —
s JoT T > / > v
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g / : | : |
% 9.70078} 1 2. 9.70064| | . 9.82886 1 |
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Fig. 4. Step responses obtained under different testing conditions and with different AFC configurations. In all of the three groups of tests, the time
constant is set to 100 ms, the proportional term is set to 10 and the derivative term is set to 0. Experimental results with the integral term being 100 rad/s,
200 rad/s and 500 rad/s are plotted as the blue solid line, the coral dash-dot line and the yellow dashed line, respectively. (a) Step responses obtained with
Q = 3230 and Pyw = 0.1 mW. The modulation depth is set to 6 kHz. (b) Step responses obtained with Q = 3230 and Py = 100 mW. The modulation
depth is set to 150 Hz. (c) Step responses obtained with Q = 9000 and Py, = 0.1 mW. The modulation depth is set to 2 kHz.

4.2. Phase noise

Phase noise represents the instability of a mw source.
It causes variation of the central frequency and degrades the
quality of EPR spectra.l?®>7l Therefore, low phase noise is
preferred in practice. The phase noise of the mw source offset
from the center frequency of 9.7 GHz was measured using a
phase noise analyzer (Rohde & Schwarz, FSW26). Figure 5
shows the single sideband phase noise at different offset fre-
quencies ranging from 1 kHz to 1 MHz. The phase noise at
1 kHz, 10 kHz and 100 kHz are —100 dBc/Hz, —126 dBc/Hz
and —135 dBc/Hz, respectively. Such results are comparable
with that of mw sources based on low-noise klystrons or Gunn
diodes, and fully meet the requirements of use. Table 2 dis-
plays a comparison between the phase noise of our mw source
and other commonly used types of mw sources.

2 —100 "

~~

8 —110f 1
T _120f 1
g I |
-g —130

5 —140[ 1
g —1505 : :
S 103 104 10°

Frequency offset (Hz)

Fig. 5. Single sideband phase noise at offset frequencies ranging from
1 kHz to 100 kHz.

Table 2. Comparison between the phase noise of our mw source and
others.

Type Phase noise at 100 kHz
Klystron —124 dBc/Hz!?3
Gunn diode (commercial) —105 dBc/Hz

—145 dBc/Hz!28!
—104 dBc/Hz!*!
—135 dBc/Hz

Gunn diode (cavity aided)
DDS
DDS+PDRO (ours)

4.3. CW EPR experiment

The performance of our mw source in field-swept EPR
experiments was examined at room temperature with a Mn>*
doped sample. Figure 6(a) shows the cw spectra obtained in
the AFC-on (the coral solid line) and -off (the blue dash-dot
line) modes, while figure 6(b) presents an enlarged detail of
the first peak on the right of Fig. 6(a). In the AFC-on mode,
the mw frequency keeps in resonance with the cavity, whereas
in the AFC-off mode, there is a detuning of tens of kilohertz
between the microwave frequency and the resonant frequency
of the cavity. In each case, a sextet due to the I = 5/2 Mn?t
can be observed. However, when the AFC is switched off,
the mixing of y’ and x” causes a serious deformation of the
spectrum, rendering it top—bottom asymmetry. On the con-
trary, when the AFC is switched on, the deformation of the
spectrum is mostly cancelled, and the cw spectrum gives more
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precise information of the sample.

0
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Fig. 6. (a) The overall X-band cw EPR spectra of Mn?>* with AFC on
(the coral solid line) and off (the blue dash-dot line). (b) The enlarged
detail of the first peak on the right of (a). The input mw power is 1 mW.
The time constant and conversion time are both 0.02 s. The modulation
amplitude and frequency of the magnetic field are 1 Gauss and 100 kHz.
Each spectrum consists of 4000 data points.

5. Conclusion

We have designed an X-band mw source for EPR spec-
troscopy. An AFC is integrated into the mw source to track the
resonant frequency of the cavity. The AFC is based on digital
circuits, so its parameters can be configured flexibly depend-
ing on the experimental conditions. It is demonstrated by vary-
ing the Q factors of the cavities and the mw powers. For low
phase noise, a PDRO and a DDS are utilized. A phase noise of
—135 dBc/Hz at 100-kHz offset from the center frequency is
achieved. The excellent performance of the mw source is also
verified by cw EPR experiments, and suggests an optimistic
prospect of wide applications in fields of physics, chemistry
and biology.

In the future, our design can be easily extended to other
wavebands by replacing the PDRO and the mixer, which ul-
teriorly broadens the scope of application of the mw source.
The phase noise can be reduced to a much lower level with
the assistance of an auxiliary cavity. Furthermore, since our
mw source is highly integrated and miniaturized, it has great
potential to be utilized in tabletop spectrometers.
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