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Abstract. In the digital age, information transmission systems, telecommunications and
satellite navigation systems, as well as metrology services play an important role. However,
the development of these technologies leads to the need to constantly improve the frequency
standards used for signal synchronization. To improve the stability of the signal produced by
the frequency standard, a new system has been proposed for generating a microwave signal with
a frequency that matches the frequency of the atomic transition of rubidium-87 atoms.
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AnHOTanmug. B amoxy 1udpoBbIX TEXHOJOIM BaXKHYIO pOJib UTPalOT CHUCTEMBbl Mepeaadyu
UHGbOpMaLIMU, TEJIEKOMMYHUKAIIMOHHbIE U CITyTHUKOBbIE HABUTALIMOHHbIE CUCTEMBbI, a TaKXKe
METpPOJIOTUYECKHUE CIY>XObl. OJHAKO pa3BUTUE 3TUX TEXHOJOTUI MPUBOAUT K HEOOXOAMMOCTHU
TMOCTOSTHHOTO COBEPIIIEHCTBOBAHUS CTAHAAPTOB YaCTOThI, UCIOJb3YEMbIX TSI CUHXPOHU3ALIUN
curHajios. 1151 MOBbILIEHNST CTAOUIBHOCTU CUTHAJIA, BbIpabaThIBAEMOTO CTAaHAAPTOM YaCTOTHI,
npeaaoxkeHa HoBast cucrema ¢dopmupoBanuss CBY-curHama ¢ 4acToTOM, COOTBETCTBYIOIICH
4acTOTe aTOMHOTO Tepexo/ia aToOMOB pyouaus-87.

KnroueBble cjoBa: cTaHIapT 4YacTOThI, aTOMHbIE Yachl, (ha30Basi aBTOIOACTPOiKA YaCTOTHI,
CHHTE3aTOp YaCTOTHI, CTAOMIN3AIINS
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Introduction

In today's world, accurate measurement of time and frequency is critical for conducting
numerous experiments in various scientific fields, such as atomic physics, exploration of the
earth's surface or outer space. Without highly stable frequency and time sources, normal operation
of communication equipment and metrological services is impossible. A slight frequency deviation
can lead to significant errors, especially when transmitting large amounts of data.

Quantum frequency standards (QFS) occupy a special place among devices for determining
frequency and time. On the one hand, expanding the range of tasks for which satellite navigation
systems are used requires increasing the accuracy of determining the position of objects to 0.5
meters. On the other hand, the development of scientific and technological progress leads to
changes in the composition of the electronic equipment used, which also requires constant
modernization of the QFS.

Therefore, existing systems are most often upgraded to improve their characteristics, such as
reducing size and weight, reducing energy consumption and increasing metrological accuracy. It
is important to note that modernization can concern both the entire design of the QFS and its
individual components or blocks [1—7].

Materials and Methods

The operating principle of QFS on rubidium-87 atoms is based on optical pumping of
rubidium-87 atoms [1, 5], and one of the key elements of this system is a crystal oscillator capable
of generating a stable frequency. The crystal oscillator is tuned to the frequency of the quantum
transition of rubidium-87 atoms.

The process of tuning the frequency of a quartz oscillator to the quantum-frequency transition
of rubidium-87 atoms (6.8347 GHz) is performed by using a microwave signal that is supplied
from a frequency synthesizer (FS) to an atomic discriminator. Block diagram of RFS is presented
on Fig. 1 [1].

When the frequency of the microwave signal coincides with the quantum transition frequency
of excited rubidium-87 atoms, the photodetector records the maximum signal-to-noise
ratio (S/N). If the frequency of the microwave signal deviates from the frequency of the
resonant transition, the S/N ratio decreases and the electronic circuit is triggered, which
generates an error signal.

S/N ratio

6.8 GHz

4

[

5 MHz

Fig. 1. Block diagram of RFS: 1 — atomic discriminator; 2 — automatic frequency control system;
3 — highly stable crystal oscillator; 4 — frequency synthesizer
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Based on this error signal, the frequency of the crystal oscillator is adjusted by automatic
frequency control system [1, 5] and tuned frequency is supplied to FS.

Therefore, one of the important aspects of the operation of atomic clocks is the formation of a
high-frequency microwave signal, taking into account various requirements for its characteristics.
This process is carried out in a frequency synthesizer block, which must ensure high frequency
accuracy, minimal presence of side amplitude components in the spectrum of the output signal,
as well as stability of the output frequency and amplitude when temperature changes.

Having examined in detail the principle of microwave signal formation, we can highlight a
number of disadvantages of this system. The main disadvantage is the lack of direct control of
the frequency of the generated microwave signal. This complicates control and requires assessing
frequency coincidence using indirect signs. Another disadvantage is the difficulty of matching the
signal mixture with the multiplying diode of the atomic discriminator.

In the current version, frequency synthesis in RFS works using the direct digital synthesis
DDS method and multiplying the frequency to the frequency of the atomic transition of
rubidium-87. The use of DDS allows to tune quite accurately the frequency signal, however, the
multiplication cascade reduces this effect and does not allow for better frequency stability [4].

Results and Discussion

The above disadvantages limit the possibilities for improving system performance. An analogue
of a microwave signal generation system is considered to overcome these limitations.

The generation system being developed must synthesize an intermediate signal with a frequency
of 100 MHz and a microwave signal with a frequency of 6.8347 GHz.

It is proposed to synthesize the required signal frequency using a multi-loop phase-locked loop
(PLL) circuit, the main elements of which are a voltage-controlled oscillator (VCO), a phase
detector (PD) and a low-pass filter (LPF) (Fig. 2).

Output
signal

Phase
L
veo detector PF

Input
reference

signal

Fig. 2. Block diagram of PLL

This method allows to reduce the power spectral density of the phase noise of the carrier signal
to the power spectral density of the phase noise of a highly stable crystal oscillator.

The 100 MHz phase-locking circuit uses a 100 MHz tunable crystal oscillator, a frequency
synthesizer chip that operates as a phase detector, and is fed a 5 MHz signal from the rubidium
frequency standard. The 5 MHz signal is converted into a square wave signal using an amplifier
system and a Schmitt trigger, since the frequency synthesizer chip used only works with a square
wave signal as a reference. The frequency synthesizer then compares the phases of the 5 MHz
and 100 MHz signals, producing a signal about the phase difference between these signals.
Next, this signal is converted into a control voltage for a 100 MHz generator and its frequency
is adjusted.

A PLL circuit layout for 100 MHz was developed and experimental studies were carried out
on the output characteristics of the power spectral density of a 100 MHz signal with and without
a PLL loop (Fig. 3).
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Fig. 3. Power spectral density of 100 MHz signal: signal without PLL system (a);
signal with PLL system (b)

Based on experimental studies, PLL loop works only for detuning frequencies less than 10 Hz,
however, this system could be upgraded for detuning frequencies up to 1kHz.

Conclusion

An experimental study of the resulting circuit made it possible to verify the operability of
the circuit for detuning frequencies less than 10 Hz. To improve the operation of the PLL
loop for detuning more than 10 Hz, it is proposed to refine the low-pass filter and replace
the voltage-controlled oscillator with a more stable oscillator and with lower phase noise
characteristics.
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