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Abstract

This paper describes the requirements, architecture, and
measurements results of the Local Oscillator (LO) gener-
ation board prototype. The design will provide low phase
noise clock and heterodyne signals for the 704.42 MHz
Cavity Simulator for the European Spallation Source. RF
signal detection has critical influence on the simulation’s
performance and its quality depends on the quality of the
two aforementioned signals. The clock frequency is a sub-
harmonic of the reference frequency and choice of the fre-
quency divider generating the clock signals is discussed.
The performance of selected dividers was compared. The
LO frequency must be synthesized and frequency synthe-
sis schemes are investigated. Critical components used in
the direct analog scheme are identified and their selection
criteria were given.

INTRODUCTION

This paper describes the requirements, architecture, and
measurements results of the Local Oscillator Generation
board prototype. It is a standalone module designed for the
Cavity Simulator project [1] and is refered to as CS-LOG.

The Cavity Simulator will detect the amplitudes and
phases of the input RF signals by downconverting them
to an intermediate frequency (IF). Those signals will be sam-
pled and digitized by high-speed precise analog-to-digital
converters. The architecture necessitates synthesis of a low
phase noise clock and heterodyne/LO signals. The CS-LOG
module will be responsible for generation of those signals
based on an externally fed reference signal. The prototype
is also used to verify performance of the design intended for
the low level radio frequency (LLRF) control system.

A LLREF system stabilizes the electromagnetic field inside
accelerating modules. As with Cavity Simulator’ signal
detection, the field detection has critical influence on the
regulation’s quality.

The European Spallation Source(ESS) LLRF control sys-
tem will be based on the Micro-Telecommunications Com-
puting Architecture (MTCA) [2]. The remote diagnostic
functionality is considered one of the main benefits of the
platform. The LO board will have a rear transition mod-
ule form factor and it will supply 4 neighboring LLRF sys-
tems [3].

REQUIREMENTS

The functional requirements put on the CS-LOG and the
LO RTM slightly differ.The common requirements are pre-
sented below and the ones specific to CS-LOG follow.

* Work supported by Polish Ministry of Science and Higher Education,
decision number DIR/WK/2016/03
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Common Requirements

The input reference frequency is 704.42 MHz. The clock
to reference frequency ratio is 1/6 and the IF to reference
frequency ratio is 1/28 or 1/22, corresponing to 117.40 MHz
and 25.16 / 32.02 MHz, respectively. LO and clock signals’
phase noise requirements are presented in Table 1 and they
are dependent on the sufficient quality of the reference sig-
nal. Both clock and LO signals shall be sine waves with
maximum harmonic spurious level of -60 dBc. The non-
harmonic spurious shall be not greater than -60 dBc for clock
and not greater than -50 dB for LO.

The VSWR on each port (Reference Input, LO Outputs,
CLK Outputs) shall be not greater than 1.5, corresponding
to return loss of -13.979 dB.

CS-LOG Requirements

The module shall additionally fulfill the following require-
ments:

* the module shall provide 2 LO outputs (power level
range: +10 to +15 dBm),

* the module shall provide 4 clock outputs (power level
range: +5 to +10 dBm),

* the module shall be controlled through an isolated 12C
bus.

DESIGN

This section describes frequency synthesis and signal con-
ditioning aspects of the design. The measurments presented
were obtained using evaluation boards.

LO Frequency Synthesis Considerations

The LO frequency (fLo = freference * fintermediate) 18 nOt
a harmonic or a subharmonic of the reference signal and
must be synthesized. Synthesizers may be classified into
three types:

* Direct Analog,

* Direct Digital,

¢ Indirect Digital.

The first approach uses frequency dividers, mixers, and fil-
ters. It closely follows the phase noise of the reference signal,
with additional noise induced by the frequency divider and
the mixer. Far from carrier the noise can be improved by
using a narrow band-pass filter. Such filters increase the cost
of the device and are sensitive to mechanical vibrations.

A Direct Digital Synthesizer (DDS) uses a numerically
controlled oscillator feeding a digital-to-analog converter,
both being synchronized by the reference clock. The inter-
mediate to reference frequency ratio is 1/22 or 1/28 which
results in systemic frequency error by using a binary fre-
quency tuning word.

An Indirect Digital Synthesizer utilizes a PLL with an
integer or fractional frequency divider. For offset frequencies
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Table 1: Phase Noise Performance Requirements

Figure 1: Block diagram of the LO synthesis circuit.

g within the loop bandwidth the phase noise is determined by
§ the reference signal’s characteristics distorted by the loop’s
Enoise. Outside the loop bandwidth the noise is dominated
= by the VCO used and optional output frequency dividers.

The Direct Analog scheme is prefered and was selected for
the design because no systemic frequency error is introduced
z and the far from carrier uncorrelated phase noise is reduced.
g Inthe next two sections details of the mixer-based scheme
é of LO generation are discussed.

<
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Direct Analog Synthesizer

A real upconverting mixer has at its output following
spectral components:

¢ desired sideband,

* undesired sideband,

* reference (freference)s

* higher order mixing products, including

freference £ N * fintermediate-

N All the undesired components must be supressed using a
o band-pass filter. The pass-band width is limited by the IF
% signal bandwidth on one side and the closest undesired spec-
i tral components (freference and freference * 2Xfintermediate)
« on the other. To lessen the requirements on the filter the
% higher sideband (freference + fintermediate) Should be selected
O and the mixer should have isolation (transmission of signal
2 between LO and RF ports) as high as possible. The mixer
% was selected for high isolation. It has low nominal LO power
2 level (+10 dBm), which also implies low output power level.
& Therefore the desired sideband must be amplified (after fil-
2 tering). To avoid degradation due to noise added by the LO
E signal amplifier, the sideband’s power should be kept as high
g as possible, and a low noise amplifier should be selected.
g Figure 1 depicts block diagram of the LO synthesis circuit.
= Low-pass filters are used at the mixer’s inputs to supress
2 harmonics generated by the mixer, which can disturb other
2 circuits. In the next subsection the selection of the IF divider
£ is discussed.

© 2017). Any distribution of th

3
Z IF Divider
E The phase noise of the mixer output signal is a sum of the

= reference signal noise and additive noise of the frequency
%‘)divider’s output signal (increased by any amplifier in the
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Figure 2: Phase noise spectra of IF dividers for various
output signaling standards and types of counters. Division
ratio: 22, input frequency: 704.42 MHz.

chain). According to authors best knowledge there are no
reliable models of frequency dividers’ output phase noise.

The frequency divider in this application must divide the
input frequency by a high programmable ratio (28 or 22).
Many frequency divider ICs are available on the market, but
only a very limited subset of them can be used for this de-
sign. Most of them belong to the AD95XX family made by
Analog Devices, with few chips from other series and manu-
facturers. The AD95XX family supports multiple signaling
standards, including CMOS, HSTL, LVPECL, and LVDS.
The performance of different standards was compared using
two devices under the assumption that the two types fre-
quency division logic (1-1024 and 1-32) and outputs buffer
circuits are common for all chips in the family.

The phase noise spectra of the dividers’ output signal in
divide-by-22 configurations are compared in Fig. 2. The
results in the divide-by-28 were very similar and therefore are
not presented. To simplify the analysis the phase noise was
integrated (see Table 2) per decade of offset frequency(up
to 5 MHz, limited by Agilent E5052B’s offset bandwidth in
the given input frequency range). The AD9508 was selected
due to its lower total jitter in the 10 Hz — 1 MHz band.

Clock Divider

The clock frequency is a subharmonic of the reference
frequency (frequency ratio 1/6) and it’s possible to generate
the clock frequency using a frequency divider. Usage of
DDS was excluded because of systemic frequency error
introduced by the binary frequency tuning word for the given
frequency ratio.
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Table 2: Comparison of the Output Signal’s Jitter (Integrated Phase Noise, in fs) per Frequency Offset Decade of
Selected IF Dividers. Division Ratio: 22, Input Frequency: 704.42 MHz.

Divider | Start Offset (Hz) 10 100 1k 10k | 100k | IM 10 1k
End Offset (Hz) 100 1k 10k | 100k | IM 5M 5M 5M

AD9508 CMOS Transformer | 26.83 | 24.76 | 28.26 | 21.80 | 24.54 | 47.20 | 73.77 | 64.06
HSTL 8mA 25.66 | 24.94 | 28.37 | 21.80 | 24.55 | 4745 | 73.63 | 64.30

AD9515 | CMOS Transformer | 21.64 | 16.23 | 16.03 | 22.80 | 53.50 | 92.76 | 113.93 | 110.64
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Figure 3: Phase noise spectra of frequency dividers for vari-
ous output signaling standards and types of dividers. Divi-
sion ratio: 6, input frequency: 704.42 MHz.

As observed earlier the clock frequency should be gen-
erated using a frequency divider. The two static frequency
dividers considered for IF synthesis (AD9508 and AD9515)
were compared with two stage divider using HMC794LP3E,
which most probably is an injection-locked divider. This
divider has the division ratio programmable in the 1 — 4
range. Two permutations of divide-by-2 and divide-by-3 can
be used and both were measured.

Both the phase noise spectra (shown in Fig. 3) and the
integrated jitter per decade of frequency offset (summa-
rized in Table 3) indicate that the two stage divider using
HMC794LP3E is the best solution for clock frequency syn-
thesis. This solution satisfies the requirements by a substan-
tial margin.

TESTS AND MEASUREMENTS

5 boards were produced and assembled. All passed the
test and the results of measurements were similar, therefore
results for only one CS-LOG board (see Fig. 4) are presented.
The reference input is visible in the top-left corner. The LO
generation (the upper part and the top-right corner) and the
clock generatio (the lower part and the bottom-right corner)
sections are seperated to minimize interference.

Impedance Matching

Impedance matching at a given port was measured with
all other ports terminated. At the reference port the input
reflectivity at 704 MHz equals -15.785 dB (meeting the
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Figure 4: Picture of an assembled CS-LOG board.

requirements) and Table 4 provides clock outputs’ reflectiv-
ity at 117.4 MHz. The clock ports’ matching doesn’t meet
the requirements and must improved in future design. The
reflectivity at the LO port varies strongly as the function
of frequency due to filter’s characteristic in the pass-band
(see Fig. 5). At output port one the reflectivity equals -
15.400 dB for frequency coressponding to division-by-28
LO generation and for division-by-22 equals -13.927 dB.
The reflectivity at port two was lower by around 0.5 dB in
both divider configurations. The LO ports’ matching (be-
sides division-by-22 at port one) meets the requirements
with a very small margin and should be improved in future
design.

Phase Noise

The LO signal’s phase noise (see Fig. 6) follows the
reference signal’s phase noise closely up to 100 kHz. There
are some minor differences in far-from-carrier phase noise
between two signaling standards of the IF divider (AD9508).
In divide-by-22 configuration the HSTL 8 mA standard is
slightly better, but for division ratio 28 (see Fig. 7) the
HSTL Boost is better. The requirements are satisfied by a
substantial margin.

The clock signal’s phase noise was very similar to mea-
sured using evaluation modules and is not presented again.

THPHA081
1575

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2017). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



16th Int. Conf. on Accelerator and Large Experimental Control Systems

5 ISBN: 978-3-95450-193-9

D

kel

ICALEPCS2017, Barcelona, Spain ~ JACoW Publishing
doi:10.18429/JACoW-ICALEPCS2017-THPHAG81

Table 3: Comparison of the Output Signal’s Jitter (Integrated Phase Noise, in fs) per Frequency Offset Decade of Selected
= Clock Dividers. Division Ratio: 6, Input Frequency: 704.42 MHz.

Magnitude of Reflection Coefficient (dB)
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& Figure 5: Magnitude of reflection coefficient measured at
< the LO output port one.

CONCLUSION

8 The requirements, architecture, and measurements results
o of the LO generation board prototype were presented. The
; CS-LOG meets phase noise requirements, but at some ports
S the impedance matching must be improved in future revi-
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Figure 7: Phase noise spectra of the LO signal for two sig-
naling standards and an ideally converted reference signal.
Division ratio: 28, input frequency: 704.42 MHz.

sion. The design of LO RTM can be based on the prototype
without any major changes.
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