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ABSTRACT

Accelerator Control Division, Bhabha Atomic Research Centre has developed Low-Level RF
control systems, each comprising of an up-converter, a down-converter, a reference phase
generation system, and a digital signal processing (DSP) module under the Indian
Institutions and Fermilab Collaboration (IIFC). The reference phase generation system
generates a stable RF reference for phase-control of RF fields in an accelerator cavity, a
local-oscillator (LO) signal for frequency translation, and a clock signal for FPGA on-board
the DSP module. To ensure the stability of both the amplitude and phase of RF fields within
the cavity, it is essential to maintain an ultra-low phase noise in the reference phase signal,
LO, and clock signals. This requires thermal stabilization of the system to reduce phase
drifts caused by temperature changes in the components. This article gives a brief overview
of design, working principles, test results, and present status of the 325 MHz and the
325 MHz Reference phase generation 650 MHz reference phase generation system developed under IIFC.
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Introduction

Proton Improvement Plan (PIP-Il), Fermilab, USA is a high
intensity proton accelerator which includes five different types
of superconducting cavities with resonant frequencies at
162.5 MHz, 325 MHz, and 650 MHz. ACnD, BARC has
developed LLRF systems for 325 MHz and 650 MHz cavities
with technical support and guidance from Fermilab under IIFC.
A 650 MHz LLRF control system has been commissioned at the
Horizontal test facility (HTS), RRCAT. Additionally, two LLRF
systems have been delivered to Fermilab to be tested with
325 MHz and 650 MHz RF cavities. A 325 MHz reference
phase generation system has been developed as part of LLRF
system. This system generates a phase-synchronized 325 MHz
RF reference signal, a 345 MHz LO signal for up/down
converters,and a 1320 MHz clock signal for the FPGA on-board
the DSP module. Similarly, a 650 MHz reference phase system
has also been developed, producing a 650 MHz reference
signal, a 670 MHz LO signal, and a 1320 MHz FPGA clock
signal.

Design of Reference Phase Generation Systems

The 325 MHz reference phase generation system
utilizes a 325 MHz crystal oscillator as its RF source, which has
an excellent phase noise characteristic. The phase noise of the
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Fig.1: 325 MHz reference phase generation system.

crystal oscillator is -164.7 dBc/Hz at an offset of 10 kHz.
Additional RF signals at various frequencies are derived from
this crystal oscillator. To achieve this, RF frequency multipliers,
frequency dividers, low-noise amplifiers, and single-sideband
mixers with minimal additive phase noise have been carefully
selected and integrated to generate the derived RF signals. The
650 MHz reference phase module utilizes the reference output
from the 325 MHz reference phase system as its RF source.
The reference phase generation systems also produce a
1300 MHz RF signal for utilization by beam instrumentation
systems. When selecting RF amplifiers, it is essential to
consider the length of the reference phase signal distribution
line and the cable loss incurred over its entire length. The 325
MHz and 650 MHz reference phase generation systems are
depictedin Fig.1 and 2, respectively.

Table 1 and 2 present the phase noise measurement
results for various signals in the 325 MHz and the 650 MHz
reference phase generation systems, respectively.

Fig.3 displays the phase noise spectral density of
1320 MHz FPGA clock signal derived from the 325 MHz master
oscillator signal using frequency multipliers and single-
sideband mixers. The single-sideband mixer utilizes RG 405
phase-matched coaxial cables to mitigate the quadrature
phase errors resulting from temperature variations.

Fig.2: 650 MHz reference phase generation system.

Table 1: Test results of 325 MHz reference phase generation system.

RF signal Signal Level Phase noise at 100 kHz offset

325 MHz reference output signal
345 MHz LO signal

325 MHz reference output
signal to 650 MHz system

1320 MHz clock signal

7.9 dBm -166 dBc/Hz
16.0 dBm -148 dBc/Hz
13.1 dBm -163 dBc/Hz
12.2 dBm -149 dBc/Hz

Table 2: Test results of 650 MHz reference phase generation system.

RF signal Signal Level Phase noise at 100 kHz offset

650 MHz reference output
670 MHz LO signal
1300 MHz reference signal

1320 MHz clock signal
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10.2 dBm -157 dBc/Hz
16.7 dBm -142 dBc/Hz
7.9 dBm -151 dBc/Hz
16.8 dBm -152 dBc/Hz
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Frequen Offset

2 Integrated Measurements

Range | Trace| Start Offset | Stop Offset |  Weighting |
1 10.000 Hz 10.000 MHz
2 1 10.000 Hz 20.000 MHz
3 1 1.000 kHz 10.000 MHz
4 1 1.000 kHz 20.000 MHz

IntNoise | PM | mM/am | Jitter

-78.76 dBc 9.35 me/163.13 prad 134.488 Hz 19.669 fs
-78.76 dBc 9.35 m®/163.15 prad 138.239 Hz 19.671 fs
-85.82 dBc 4.15 m°/72.37 prad 134.488 Hz 8.726 fs
-85.81 dBc 4.15 m°/72.41 prad 138.239 Hz 8.730 fs

Fig.3: Phase noise spectral density of 1320 MHz FPGA clock signal.

Phase Averaging: Mitigating Phase Drifts Caused by
Temperature Variation

At Fermilab, the length of the phase reference signal
distribution cable, within each frequency section, spans nearly
100 meters. Variations in ambient temperature cause changes
in the length of the distribution cable, thereby altering the
phase of the RF reference signal. To mitigate this phase change
resulting from temperature variation, the phase averaging
method [1] is employed. In this method, a standing wave is
induced in the reference line by introducing a short at the end
of the transmission line. At any point along the reference line,
both forward and reflected waves are extracted using a bi-
directional coupler. The amplitudes and phases of these waves
are carefully adjusted to maintain near-identical values. These
adjustments are achieved through the use of variable
attenuators and phase shifters. Subsequently, the two waves
are combined. As long as the phase of the shorted end remains
constant, the phase of the combined signal remains
unaffected by changes in length, and thus, temperature. To
ensure stability at the shorted end of the cable, a phase-locked
loop is employed. This entire mechanism helps to maintain the
phase stability of the reference signal which is an essential
requirementin a LLRF system.

Temperature Stabilisation of the Reference Phase
Generation System

To mitigate phase drift in the components resulting from
ambient temperature variations (expected to range from 19°C

Fig.4: Heater PCBs with heat pads.

to 35°C at Fermilab), the temperature of the reference phase
generation system is regulated at 40°C. This is achieved
through the development of heater PCBs, featuring long traces
of copper uniformly distributed on an FR-4 substrate. All RF
components are mounted on an aluminum plate, with the
heater PCBs positioned beneath it. Thermally conductive
acrylic interface pads, known as heat pads, are placed
between the heater PCBs and the aluminum plate to enhance
heat transmission. Temperature measurement is facilitated by
a resistance temperature detector (RTD), Pt100, which is
interfaced with a temperature controller. A 32V, 30A DC power
supply is used to provide current to the heater PCBs. Fig.4
illustrates the heater PCBs with heat pads. It requires nearly
100 W of DC power to maintain the temperature of the
reference phase generation system at 40°C (with a room
temperature of 27°C).

Present Status

Based on the experimental results showing compliance
with the given system specifications, the shipment of the
reference phase generation systems to Fermilab was
approved. Both 325 MHz and 650 MHz systems have already
been sent to Fermilab for testing with 650 MHz and 325 MHz
cavities. Commissioning of these systems is awaited.
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