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Abstract

Microwave synthesizer for driving ion traps in quantum computing

The following bachelor thesis describes the design of the microwave synthesizer - an EEM
peripheral extension module for Sinara ecosystem developed for applications in trapped-ion ex-
periments in the field of quantum physics. The device is based on four PLL/VCO synthesizers:
ADF5356 from Analog Devices.

The subsequent chapters present the individual stages of the project implementation: a se-
lection of components, PCB design, verification, and prototype testing. At the same time, key
information about the designed device was also presented.

Keywords:

Synthesizer, high frequency, PCB, Altium Designer, ion traps, ARTIQ, Sinara.

Streszczenie

Syntezer wielkich czestotliwosci do putapek jonowych w komputerze kwantowym

Ponizsza praca zawiera opis projektu syntezera mikrofalowego - modutu EEM bedacego roz-
szerzeniem peryferiow dla ekosystemu Sinara, do zastosowan w eksperymentach z dziedziny
fizyki kwantowej. Urzadzenie oparte jest na czterech syntezerach PLL/VCO: ADF5356 firmy
Analog Devices.

W kolejnych rozdziatach przedstawiono poszczegdlne etapy realizacji projektu: dobér kom-
ponentéw, projekt PCB, weryfikacje oraz testy prototypu. Réwnolegle przedstawione zostaty
takze kluczowe informacje dotyczace projektowanego urzadzenia.

Stowa kluczowe:

Syntezer, wielkie czgstotliwosci, PCB, Altium Designer, putapki jonowe, ARTIQ, Sinara.
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1. Introduction

Electronic equipment used in many trapped-ion and other quantum physics experiments is expec-
ted to meet ever-increasing performance requirements. This usually involves dedicated solutions, which
are often hastily designed with the only consideration being the current project criteria. Additionally, the
effort spent on the design of such equipment is often duplicated across different laboratories. As such,
those systems can be difficult to use and maintain, and their performance or features may not be sufficient
for other, future projects. Sinara - an open-source hardware ecosystem, part of which is the presented
project, aims to alleviate this problem][1]].

This thesis describes the design of an instrument intended for use in various quantum physics ex-
periments, mainly for use with trapped-ion research. The following chapters discuss the design process:
starting from the project specification and selection of components, through the circuit diagram and the
printed circuit board, project verification, to the tests of the prototype. The full extent of the project
files can be found on the project repositoryﬂ Schematic drawings, PCB masks, project verification

simulations, and CPLD code have been included in the appendices at the end of this thesis.
1.1 Ion traps

The basic information unit used in quantum computation - a qubit - can be implemented as an ion
or other charged particle: cooled, confined and isolatecﬂ inside an ion trap. As an example: one of the
most common traps used in experiments is a Paul trap (also known as quadrupole trap), based on a set
of two opposing conical electrodes and a ring electrode halfway between the other two. A combination
of oscillating and static electric field with right parameters applied to the electrodes forms the desired

potential and suspends individual particles in the center of the trap[2].

! https://github.com/sinara-hw/mirny/
2 Due to low energies involved in the experiments, heat (random kinetic energy), electromagnetic fluctuations or external

mechanical forces can corrupt stored information.



Figure 1.1: Quadrupole ion trap

Source: 1Q0QI Innsbruck, https://quantumoptics.at/images/qsim/iqoqi_trap.jpg

Information stored in the captured qubits is usually manipulated via laser beamsﬂ And thus, an
optical control system is needed. Most commonly electro-optic or acousto-optic modulators are used for

this task, providing beam control needed for the experiments.
1.2 Purpose and scope of work

The goal of this thesis was to design, manufacture and test a microwave synthesizer module named
Mirny, intended for use in trapped-ion experiments in the field of quantum physics. The range of ap-
plications includes control of acousto-optic and electro-optic modulators and generation of low-noise

microwave frequencies for other equipment.

3 Tuned laser beams (frequency and power-wise) allow for energy manipulation of the particle, as absorption and emission

of a photon by an ion is accompanied by momentum transfer[2]).



2. Design

2.1 Specification

The PLL/VCO-based microwave frequency synthesizer designed over the course of this thesis
aims to be a low-cost, easy to use and well-tested piece of equipment, capable of being used in multiple
science experiments and with the possibility of future expansion. Based on the possible future applica-
tions, as the synthesizer is intended mainly for tasks such as driving AOMSHEOMSEL the requirements for
the finished device are:

e compatibility with Sinara ecosystem|[1]][3],
e EEM form factmﬂ
e four independent channels,
e resolution of few kHz or better,
e control over SPI and few TTL signals,
e output bandwidth of approximately 40 MHz to 4 GHz,
e low phase noise,
e internal frequency reference with a precision few parts per milion,
e user mountable filters (both comercially available and discrete),
e optional frequency multipliers (2x, 3x or 4x) allowing higher output bandwidth,
e analog front-end consisting of:
— filter,
— amplifier,
— adjustable attenuator,

— REF switch.

! Acousto-optical modulators and electro-optical modulators
2 EEM, ’Eurocard Extension Module’ - peripheral extension card standard adopted for Sinara devices. Compatible with

standard 3U 19-inch racks. Card width can be either 4HP or SHP.
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2.2 General concept

The following chapter describes the construction concept of the microwave synthesizer module.
The device has been divided into basic functional blocks (as shown in fig. [2.T)), and the functionality

each segment has been discussed.

EEM
Interface SPl
> o Control [ [~ ”| vcorLL » AFE .
- 1 Unit >
EEM Carrier N
| vCoPLL | AFE »
»  Power =
' VCO/PLL | AFE »
Flrzééi;nnacl:y » Clock |
reference distribution -
4 | vcopLL »|  AFE >
—
Internal
Frequency
reference

Figure 2.1: System block diagram

2.2.1 Clock distribution

This unit consists of an internal frequency reference and a switch, that allows for choosing between
the external and internal sources. The switch should incorporate or be followed by a buffer that provides

a reference signal of appropriate power to the VCO/PLL unit.
2.2.2 VCO/PLL and AFE

Both of the mentioned design segments form a single analog channel of the module: a frequency
synthesizer followed by the desired analog path components. As such, they are the core of the design

and meet most of the design specification requirements.
2.2.3 Control Unit

The control unit acts as a communication bridge between the EEM interface and other design
segments, such as the synthesizer chips. This also includes the devices connected via I2C, such as the

identification EEprom and the thermal sensor.

‘8 LVDS; LVDS-CMOS | » CPLD
- - Buffer - -
EEM Carrier m—
EEprom I
| Identification
12c JTAG
Thermal
Waichdog

Figure 2.2: Control Unit diagram
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2.3 Component selection

Prior to the development of the circuit board, it was necessary to select all main components
together with their respective values. The key components which will determine most of the performance
and functionality are the frequency synthesizer and the devices used in the analog path. Thus it is
important to pay special care in comparing available solutions and choosing the most suitable ones.
The main criteria were the use of devices already proven in previous projects and the minimization of

output phase noise. The schematic prints with selected components have been included in appendix A.
Frequency synthesizer

The core component of this module, which will define most of the functionality and performance
is the frequency synthesizer chip. Two families of PLL based synthesizers with integrated voltage tuned
oscillators were considered for generating the output signal: ADF435x/ ADF535x[4]][5] and HMC833[6]

from Analog Devices (comparison is presented in table [2.)).

Table 2.1: Available synthesizer chips comparison

ADF5356 ADF4355 HMCS833LP6GE
output frequency range 53,125 - 13600 MHz 54 - 4400 MHz 25 - 6000 MHz
frequency resolution 0,1 mHz 0,1 mHz 3Hz
RMS lJitter 97 fs 150 fs 180 fs
normalized VCO noise 1/f/ -115 dBc/Hz -116 dBc/Hz -110 dBc/Hz
output power range -4 do 5 dBm -4 do 5 dBm 0do 9 dBm
output power resolution 3 dBm 3 dBm 3 dBm
required supply voltages 33Vand5V 33Vand5V 33Vand5V
current consumpti0n2 176,4 mA and 78 mA 170,8 mA and 78 mA 57 mA and 193 mA
power consumption 0,972 W 0,954 W 1,153 W
case size 25 mm? 25 mm? 36 mm?
price per unit® 277,39 PLN 116,68 PLN 79,66 PLN

Mncludes noise 1/f (flicker) and normalized PLL noise level,

2 Respectively for 3,3V and 5V supply,

3 Price for detail order from mouser, as of 17 November 2018.
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Better noise performance, wide frequency range and compatibility with other synthesizer chips
from Analog Devices, made ADF5356 an easy choice. Product families ADF435x and ADF535x are
fully pin-compatible and cover an output frequency range of 54 MHz to 13.6 GHz. This allows for the
assembly of multiple versions of Mirny synthesizer if higher output frequencies are not needed and the
cost is an issue. At the same time, if the already assembled device does not cover the required frequency
range, it could be easily upgraded by changing the synthesizer chips. This also deems external frequency
multipliers unnecessary, as the synthesizer chip family covers the specified output bandwidth due to an

integrated frequency doubler.
PCB Substrate selection

The selected synthesizers allow the generation of output frequencies up to 13.6 GHz. Unfortu-
nately, the standard FR4 substrate is characterized by significant losses at higher frequencies, which
makes it impractical to use it above 4-6 GHz[[7]]. Initially, analog front-end was planned in the form of
small castellate(ﬂ modules on Rogers substrate, which would be soldered onto the main FR4 PCB. Such
a solution would cover a wide frequency range, be much cheaper than manufacturing the entire board on
Rogers substrate and would enable the design of custom versions of analog front-end or its subsequent

modification.

Figure 2.3: Example of a castellated PCB module

Source: http://www.saturnpcb.com/pcb_manufacturing_services/

Selected synthesizer chips (eg ADF5356) have two signal outputs: main output connected to a
VCO divider and a complementary output connected to a frequency doubler bypassing the VCO divider.
Therefore, the divided outputs of each synthesizer can be routed to the front panel connectors, and the
FR4 substrate can be used for the entirety of the PCB. Such configuration, however, limits the band-
width by FR4 performance - up to approximately 4-6 GHz. In order to generate higher frequencies, the
multiplied outputs were routed to SMP connectors located near the synthesizer chips, directly on the

PCB. Due to the short distance between the connectors and the synthesizer chips, the substrate losses

3 PCB with metalization on board edge
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should not significantly attenuate the signal. To use doubled outputs, an additional module with 4 SMA
sockets should be installed next to the Mirny module. Each front panel connector would be internally
connected via a short cableEl directly to the corresponding SMP connector (fig. . Such a solution,
however, does not offer any functionality of the basic analog path: filtration, amplitude regulation and
signal switching, and directly outputs the doubled frequency generated by the VCO. To enable the future
design of an optional AFE board, some CPLD control signals and power rails have been routed to a
dedicated board to board connector. The predicted current consumption of optional AFE board has been

included in the power consumption calculation and the construction of the power supply.

Figure 2.4: High frequency RF output and AFE module

Analog front end

As the selected FR4 substrate already limits the output bandwidth, an analog path with a higher
bandwidth would not benefit the design. Thus, components that work in a range limited to approxim-
ately 4-6 GHz and have already been used in other projects have been selected for the analog front-end
implementatiorﬂ

The first component on the signal path is a TCM2-43X+ balun transformer (TR1), which connects
the symmetrical output of the synthesizers to the single-ended path. Its role is also to match the 100 2
impedance of the synthesizer output to the 50 {2 AFE components.

The signal path is then split by a set of jumpers: R47/R49 and R48/C49 (fig. 2.5] fig. [2.6),
transmitting the signal either through a FVI206 MiniCircuits filter or through a discrete-element filter
designed by the user (with empty solder pads exposed for its implementation). This allows for usage of
either custom designed or commercially available filters, or as it is in the default case: for omitting the
filter (fig. 2.6).

The next components are the HMC542BLP4E attenuator (adjustable in the range of 0-31.5 dBm
with 0.5 dBm steps) and the ERA-4XSM+ amplifier with a gain of +13 dBm in the 0-4 GHz band. This
combination allows for amplitude regulation in a range, that in most intended cases will not require
additional, external attenuators or amplifiers.

4 Patch cord - a short cable assembly fitted with connectors on both ends, also known as a ’pigtail’
> AFE components were previously used in similar EEM module - Urukul - https://github.com/sinara-hw/

Urukul
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(a) Discrete filter - default assembly (b) FV1206 filter - optional assembly

Figure 2.5: Possible filter configurations

50_Ohms
®
0}
50_Ohms
Discrete-elemet filter with R57/59 & R58/C28
GND — - - GND
Mini-Circuits FV1206 filter 'L
i C49A| |
gL'](1 gl? 50_Ohms 50_Ohms g I
- s B s - "
10nF
Jumper GND GND Jumper

Figure 2.6: Schematic fragment (page 5) - AFE filters

With the maximum output power of the synthesizer chips (5 dBm), power at the amplifier input
could cause compression [8]] and lead to signal distortion. However, passing the signal through the
attenuator first would reduce signal power by the insertion loss of HMC542BLP4E, and would not require

additional attenuation before the amplifier.

Amplifier output power with 1 dB compression at the frequency of 1 GHz:

Piap = 15 dBm

Thus, the maximal amplifier input power without signal compression:

Pin 14 = Plap +1dB — G(1 GH=z)
Pin_ldB =15dBm+1dB —13dB

Pin_ldB =3 dBm

Maximal synthesizer output power:

Prcomaz = 5dBm
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Maximal power at the amplifier input:

Py 102 = Prcomas — Pro_tr1 — Pri_ri1 — Prr_1c3 — Prr_1c2

P 1co =5dBm —0,5dB —0,5dB — 1,5dB = 2,5 dBm

Where Prr, tr1, Prr_rr1, Prr_rcs, Pri_rco are the insertion losses of the components (balun, filter,
attenuator and the amplifier). Which proves that such configuration does not require additional attenu-
ation, as Py, o2 < Pin_14B-

The last component is the SPDTE-I switch - HMC349ALP4CE. Direct control via the EEM con-
nector and equalizing trace lengths on the PCB, which ensures equal propagation time, allows benefiting
from high timing resolution of the EEM interface. This functionality may be required in some of the
intended use-cases, such as driving electro-optical modulators where precisely controlled RF bursts are
needed.

Selected components limit output bandwidth of base board to 53-4000 MHz. Additionally, the
frequency range of outputs for additional AFE is: 6.8-13.6 GHz with ADF5355/ADF5356 chips and
54-6800 MHz with ADF4355/ADF4356 chips. This means, that with the ADF5355/ADF5356 configur-
ation, there is a 4-6.8 GHz gap in the output bandwidth: base board works in the 54-4000 MHz range,
and the optional outputs cover 6.8-13.6 GHz. Thus, the generation of frequencies in the 4-6.8 GHz
range requires either: using ADF4355/ADF4356 synthesizer chips which would limit frequency range
to 6.8 GHz, implementing a frequency divider on the optional AFE or redesigning the front-end, so that
its components would cover frequencies up to 6.8 GHz (which would be pushing the capabilities of FR4

substrate).

® *Single pole, double throw’ - bistable switch with one input and two possible outputs.
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Optional analog front-end

Generation of frequencies highier than 4 GHz (due to limits mentioned earlier) without losing the
functionality of base analog path, requires an optional analog front-end PCB. Design of such board is
not covered by the scope of this work, but it should be considered during component layout and power

supply design.

Series Max Freq

Precision (APC) 50 GHz

SMP 40 GHz
SMA 18 GHz
SSMA 12.4 GHz
C-Type 11 GHz
N-Type 11 GHz
QN-Type 11 GHz
SC-Type 11 GHz
TNC 11 GHz
1.0/2.3 10 GHz
SMC 10 GHz
SSMC 10 GHz
7/16 7.5 GHz
AFI 6 GHz
AMC 6 GHz
ANMMC 6 GHz
HD-BNC 6 GHz
MCX 6 GHz
MMCX 6 GHz
amMA 6 GHz

Figure 2.7: Maximal frequency of operation vs connector type

Source: https://www.amphenolrf.com/frequency-range-chart/

Control signals and supply voltages are supplied via a single IDC connector. The optional AFE
board should be designed in the form of an adjacent EEM card connected to the base board using an IDC
cable, or by using a standard 2.54 mm header soldered instead of one of the IDC connectors. To reduce
confusion and to protect the device against a connection of the incorrect IDC cable, eg against connection
of the 30-pin EEM connector (J1) cable, a connector with a fewer number of leads was chosen.

Depending on the synthesizer chip used, the frequency of the complementary output could range
up to 13.6 GHz. As such, the performance of the MMCX connectors preferred for this use would not be
sufficient, so to ensure adequate frequency range the SMP connectors have been chosen. Small size and
availability of various SMP-SMA and SMP-SMP cable assemblies allow for easy connection of either

directly to the front panel or to the adjacent optional AFE board.
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Table 2.2: Example components for optional AFE

Component Description Required supply voltages’
EHC-241+ amplifier, +13 dBm, DC-20 GHz +5V/ 19,1 mA

ADRF5720 attenuator, 0-31.5 dBm, 9 kHz-40 GHz +3.3 V/ 117 A, -3,3 V/ 117 A
MASW-008322-TR1000  switch, SPDT, DC-20 GHz -5 V/ 100 pA

! Additionally, control circuits would be supplied by +3.3 V rail

In order to determine the required supply voltages, current consumption and the required number
of control signals, an exemplary set of analog path elements was selected. Based on the component
selection listed in table [2.2] supply rails: +5.5 V, +3.3 V and +12 V (for an inverting converter) would
be enough for proper operation. One could suspect, however, that it would be desirable to include more
powerful amplifiers on the optional AFE board. As such, +7.5V rail was also routed to the connector.
The coverage of multiple, evenly spaced voltages should reduce the number of switching converters to
the inverting converter, which will significantly minimize generated noise and cost.

To provide control and communication with the additional board, 8 CPLD IqZ] lines were assigned:
4 lines dedicated for SPI communication (SCK, MISO, MOSI, CSN) and 4 for output switches control.
To keep consistency with the base synthesizer, the 10 lines between the CPLD (IC10) and AFE connector
(J10) have been length-matched. Additionally, the I2C bus routed to the connector for identification of

the future AFE card or the measurement of its temperature.

" input-output’
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Front panel

One of the design specification requirements was a format of a rack-mounted EEM card. Due to
relatively small power consumption and low profile elements used in the design, a 3U4HPE] front panel
size has been chosen.

The next step was the selection and placement of front panel components so that they are optimally
distributed and that access to none of the connectors is restricted. After a review of the available SMA
connectors in terms of their size and maximum operating frequency, the RF249BT0050GHDW connector
from Adam Tech was selected. The frequency range of up to 6 GHz will be sufficient for the base version

of the synthesizer.

315
[3-00)3 786 [19.97]

449 [11.40]

= +.000 [+0.0] zLo S
=010 [-0.25] || [635] [13.25]
260 [6.60] DIA. . N
HOLE THRU 070 | e oo

0.067

7 — [1.70]

310 [7.87)
DIA.

.032[0.81] A - & i w, [e.fo]

»‘ A37 [11.10] ‘«
DIA. RECOMMENDED PCB LAYOUT

W
z

236
= [6.00] "

RECOMMENDED MOUNTING HOLE —=1.276 [7.00] SQl=—

(a) Insulating washer - Keystone 7687 (b) SMA connector - RF249BT0050GHDW from Adam Tech

Figure 2.8: Front panel elements

Source (a): https://www.digikey.com/product-detail/en/keystone-electronics/7687/36-7687-ND/316787

Source (b): https://www.tme.eu/pl/Document/021bdd302fcfa7798d688ae3e277131c/RF2-49B-T-00-50-G-HDW.pdf

Usually, the SMA connector shield is connected directly to the system’s ground. In such a case,
when using multiple interconnected devices, cable shields can form closed loops through the power
supply ground. Any strong magnetic fields (usually 50/60 Hz hum) can induce a noise voltage into the
loop formed by the signal conductors and the power supplies[12][13]]. To break these low-frequency
noise loops, SMA connector grounds can be isolated by removing the 0 € resistors connecting them to
the system ground (marked on the PCB with a letter ’G’). In this case, a 100 k{2 resistor in parallel with a
10 nF capacitor creates the return path to the system ground for the high-frequency signal. The 100 kS2,
so-called bleeding resistor removes ESD charges that could damage fragile RF circuits. In addition, the
connectors must be isolated from the grounded front panel - for this reason, the device is fitted with
Keystone 7687 insulating washers.

When arranging the front panel elements, it was important to account for the size of SMA wash-

ers. The distance between the connectors must be greater than 11.1 mm (diameter of a single washer).

8 One of standard Eurorack sizes - front panel dimensions are 20x128.4 mm
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PWR Fault
Good

Figure 2.10: Front panel design

Additionally, if the connectors are placed too close then even with a separation of individual washers the

LED indicators can be obstructed.

The front panel holes and silkscreen prints were laid out in the Altium Designer together with 3D
models of cable assemblies, to confirm that access to the elements would not be obstructed by other front

panel components (fig. [2.10). To take advantage of all the space available on the faceplate, SMA sockets

and LEDs were equally spaced 8.38 mm apart.

7,45mm
17,76mm 20mm |--F

o 1,07mm 3,91mm O
F l:.( by
— § 1,6mm
[ P!B .
} I i
o
128,4mm
20mm
122,4mm /
3
n 4
d/ g 3mmJ \— @3,3mm
* 10mm —==f

Figure 2.11: 3U4HP Front panel dimensions

Source (a): based on https://www.mouser.com/ds/2/424/-1109439.pdf

Source (b): based on https://docs-emea.rs-online.com/webdocs/14aa/0900766b814aabad.pdf
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Phase Locked Loop

The project is based on four PLL-based microwave synthesizer chips, which can be used for the
generation of independent output frequencies. In the ADF5356, the frequency reference signal is first

passed through the adjustable input dividers and doubler:

1+ D
fPFD = REFIN - m
Where:
REFrn is the reference frequency,
D is the reference doubler bit,
R is the reference division factor,

T is the divide by 2 bit.

And then compared with divided VCO output in the phase detector:

RFour = N - fprp

FRAC2
FRAC1 + ERAC:

MOD1

RFour = (INT + )- frED

Where:

RFour is the VCO frequency,

N is the frequency divider coefficient,
INT is the integer division factor,
FRAC1 is the fractionality,
FRAC?2 is the auxiliary fractionality,
MODL1 is the fixed 24-bit modulus,

MOD?2 is the auxiliary modulus.

A phase difference between the output and the reference creates an error signal, which is then
passed through the low pass filter and used to control the voltage controlled oscillator - locking the

output frequency.

f
R17A RI18A PFD RFouT
k2 1k2 PFD VCO +2
C18A -
1k2 240pF
GND GND
7.5nF N
DIVIDER
GND
(a) PLL filter (b) PLL block diagram

Figure 2.12: Phase locked loop in ADF5356 synthesizer
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Phase noise is an important parameter when designing a PLL loop, as it has a significant impact on
the noise of the entire system. The noise coming from the generator and the oscillator is passed through
the dividers to the phase detector, from where it’s passed through the low-pass filter of the feedback
loop. As a result, those noise sources will be limited by the bandwidth of the filter and will appear on
the tuning voltage at the generator. It is possible to limit the noise band by reducing the bandwidth of
the loop filter. The disadvantage of this solution is an increase in the time needed to reach a stable state
and the generation of the set frequency. This, however, is not the desired functionality in this project.
The frequency division factor NV also has a significant influence on the noise level. The synthesizer works
on the principle of multiplication of the reference frequency, and thus reference noise is also multiplied
(by 20 - log N). In order to minimize this noise, the multiplication factor N should be kept as low as
possible. This can be achieved by selecting a higher reference frequency and a higher frequency[/14] of
the phase detector. The maximum operating frequency of the phase detector in the ADF5356 synthesizer
is 125 MHz. To reduce noise and simplify calculations of the divider value required for the generation
of a set output frequency, a 100 MHz reference was selected.

The layout of components and their values were obtained using ADIsimPLL - a dedicated program
supplied by Analog Devices (Fig. [2.12a)). The design focused on the minimization of the phase noise and
reusing elements already present in the system (eg R14, R17, R18). A reference frequency of 100 MHz,
a filter bandwidth of 50 kHz and a phase margin of 45 deg were used in the calculation. The output

frequency resolution achieved for each tuning range is presented in table 2.3

Table 2.3: Frequency resolution for ADF5356

Start frequency  Stop frequency Resolution

54,0 MHz 106,25 MHz 93,132 uHz
106,25 MHz 212,5 MHz 186,26 uHz
212,5 MHz 425 MHz 372,53 uHz
425 MHz 850 MHz 745,06 uHz
850 MHz 1,70 GHz 1,4901 mH z
1,7 GHz 3,4 GHz 2,9802 mH z
3,4 GHz 4.4 GHz 5,9605 mHz

Based on ADIsimPLL.
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Internal frequency reference

The design requires a reference with high stability and low phase noise which would not de-
grade the PLL performance. The main source is an internal oscillator - *CCHD-950-25-100.000" -
with a frequency of 100MHz and precision of 2.5 pprrﬂ Two additional reference inputs are given
as an SMA connector placed on the front panel and an MMCX connector located directly on the PCB.
Selection between both inputs and the internal oscillator is enabled by two cascaded 2:1 multiplexers -
Si53312-B-GM (IC13) and Si53340-B-GM (IC17). Table[2.4]illustrates the control signal state necessary
for the selection of each input source.

The Si53312 multiplexer has a built-in frequency divider with possible values of 1/2/4 selected
with a tri-state control signal. Thus, the frequency range of additional reference inputs (limited by the

capabilities of IC13) is:

fintcg =10 M H~...600 M H=z
k=124
fintco = fwerciz/k

fintc1z = 10...725 M Hz

where:
finIco is the input frequency range of synthesizer chips,
finIc13 1s the input frequency range of Si53312,

k are the possible frequency divider values of Si53312.

Table 2.4: Reference source multiplexer - truth table

INSELO INSEL1 Source

0 0 internal oscillator

0 1 MMCX connector (J7)
1 0 SMA connector (J2)

1 1 SMA connector (J2)

® *parts per million’ - the precision of 1 ppm is equal to 0.0001%
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Communication Interface

The main control unit of the module, responsible for virtually all other components, is the Xilinx
XR2C128-6TQG144C CPL]TE The only exception is the power block and temperature sensor, managed
via I2C directly by the EEM Carrier (e.g. Kasli[[15]). Communication with the carrier is performed over
the EEM connector - through the aforementioned I12C bus used for identification and fault detection and
through 8 LVDﬂlines. The first four lines are dedicated to the SPI bus, and the other four are dedicated
for control of the output switches. Since the synthesizers use an interface very similar to the SPI, this

greatly simplifies the operations performed by the CPLD.

Table 2.5: EEM connector pin assignment

Function Comment Pin number Pin designation (SPI)
GND 1,4,7,10, 13, 16, 19, 22, 25

+12V max 2 A 28,29

+3,3V max 20 mA 30

12C 3,3 VLVCMOS 26 (SDA), 27 (SCL)

LVDS 1 bi-directional LVDS 2 (P), 3(N) SCLK, clock-capable
LVDS 2 bi-directional LVDS 5 (P), 6(N) MOSI

LVDS 3  bi-directional LVDS 8 (P), 9(N) MISO

LVDS 4  bi-directional LVDS 11 (P), 12(N) CSO

LVDS 5 bi-directional LVDS 14 (P), 15(N) CS1

LVDS 6  bi-directional LVDS 17 (P), 18(N)
LVDS 7  bi-directional LVDS 20 (P), 21(N)
LVDS 8  bi-directional LVDS 23 (P), 24(N)

To provide logic compatibility between single-ended 3.3 V CMOS signals from the CPLD and
LVDS signals from the EEM connector, two four-channel bi-directional buffers (IC1, IC6) were used.
Data direction for each of the 8 control lines is determined by designated control signals from the CPLD.

Both the LVDS-CMOS buffers and the CPLD (IC10) have already been used in Urukul 9910/9912
module, and due to the similarity between the EEM cards, it was decided to reuse them. Though altern-
ative solutions are available, the CPLD is a simple one which additionally provides the possibility of
introducing minor post-production corrections and provides ease of future expansion or modification of

the project’s functionality.

10" Complex Programmable Logic Device
" Low Voltage Differential Signal
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Power supply

Not all voltage levels required for operation are supplied via the EEM connector (J1). Upon
power-up, only the EEPROM with EUI-48 node identity (IC8) and thermal watch-dog (IC12) are dir-
ectly supplied with low current 3,3 V rail. This ensures protection from thermal faults and identification
of connected EEM card. All other necessary voltages: 3.3 V,5.0V,55V,7.0V, 7.5V, 12V, are created
from 12 V supply rail provided by the EEM connector. Despite 3.3 V voltage being present at the
EEM connector, its current capability would not be enough for the estimated consumption (as shown in

table[2.5]and [2.6)), thus a separate 3.3 V supply voltage is created from the 12 V rail.

Table 2.6: Maximum current drawn by individual components

Voltage level 33V 33V(AH 5V(@AH 55V TV (A 75V 12V

LVDS interface @ 378 mA - - - - - _

CPLD 100 mA - - - - - -
ADF5356 - 41764 mA 478 mA - - - -
Si53340 - 140 mA - - - - .
Si53312 - 240 mA - - - - -
TCXO - 6 mA - - - - .
HMC542BLP4E - - 429mA - - - -
HMC349LP4C - - 4-3.5mA - - - -
ERA-4XSM+ - - - - 4-85 mA - -
Optional AFE 400 mA - - 160 mA - 400 mA 600 mA
Total 478 mA  1091.6 mA  337.6 mA - 340 mA - -

Total with AFE 878 mA 1091.6 mA 337.6 mA 160 mA 340mA 400 mA 600 mA

ndicates a filtered rail for noise sensitive devices.

The power supply is built around three step-down converters which reduce the 12 V input supply to values
close to target voltages: 3.6 V, 5.5 V and 7.5 V. Voltages are then passed through a set of low-dropout
regulators, which create the required supply rails. Such design offers benefits of both switching con-
verters and linear regulators: minimized power dissipation and low noise. The main switching converter
is a dual buck LTM4622AEV (IC15), which creates 3.6 V and 7.5 V rails. Both outputs are enabled
by thermal watchdog LM75 (IC12), ensuring proper operation and fault protection. The fault detection
signal and its negation are additionally routed to a red and green LED on the front panel to indicate the
power supply state directly to the user. Outputs then pass through TPS74901RGWT and LT1763CS8
LDO regulators, which create 3.3 V and 7.0 V supply rails. Remaining supply rails: 5.0 V and 5.5 V are
created by second buck converter - TPS62175DQC (IC22) - followed by the LT1763CS8 LDO (I1C20).
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Frequency synthesizer chips, internal oscillator, and frequency reference multiplexers are powered
with the 3.3 V supply, which is also required by the CPLD and LVDS buffers. To minimize noise
coupled through the voltage rail, two 3.3 V LDO regulators were used to separate supply for sensitive
components. Other AFE components do not share their power supply with the digital section, so no
additional regulators were required.

The main 12 V supply provided via the EEM connector is limited to 2 A - higher current con-
sumption would require the use of two or more EEM connectors. Since no additional control signals
are required, and the synthesizer occupies a single rack slot (front panel width of 4HP), using additional
EEM connectors would be wasteful. Maximum current consumption was estimated based on the power
load of individual components summarized in table 2.6] The values were then used to calculate power
losses of main power supply components (shown in table and - results have later also been used

for the simulation of current density and voltage drop on PCB traces and for the thermal simulation.

Table 2.7: LDO regulator power load

Voltage rail 33V 33V(A) 5V (@A) 7V (A)

Load power 1577mW 3602 mW 1688 mW 2380 mW
Load power with AFE 2897 mW 3602 mW 1688 mW 2380 mW
Power loss 143.4mW 327.5mW 168.8 mW 170.0 mW
Power loss with AFE 263.4mW 327.5mW 168.8 mW 170.0 mW
Total consumption 1721 mW 3930 mW 1857 mW 2550 mW

Total consumption with AFE 3161 mW 3930 mW 1857 mW 2550 mW

]Dload = Vout - Iout, ]Dloss = (V;, - Vout) N Iout, Ptotal = Pload + ]Dloss~

Table 2.8: Switching converter power load

Voltage rail 3.6V 55V 75V

Load power 5651 mW 1857 mW 2550 mW
Load power with AFE 7091 mW 2737 mW 5550 mW
Power loss 627.8 mW 97.73 mW 2833 mW
Power loss with AFE 787.8 mW 1440 mW 616.7 mW
Total consumption 6278 mW 1955 mW 2833 mW

Total consumption with AFE 7878 mW 2881 mW 6167 mW

1
]Dlou,d - Vout . Iout, Hoss - (% - 1) . ]Dloady Ptotal - Ploud + Hoss-
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Hence the total power consumption of the synthesizer module is: 18.27 W (24.13 W with AFE),
which equals 1.522 A (2.01 A with AFE), and one EEM connector is sufficient for the synthesizer
module.

Based on results listed above, output current values of linear voltage regulators and switching
converters were checked against their absolute maximum values (as listed in documentation provided by
the manufacturers). Excessive current could activate internal overcurrent protection, shorten the life of

the components or lead to an unpredictable behavior.

Table 2.9: Maximum voltage regulator current vs limiting value

Component Voltage rail Maximum current limiting value
IC7 TPS74901RGWT (LDO) 33V 0.878 A 3A

IC11 TPS74901RGWT (LDO) 3.3V (@A) 1.092 A 3A

IC20 LT1763CS8 (LDO) 5V (@A) 0.338 A 05A

IC21 LT1763CS8 (LDO) 7V (A) 0.340 A 05A

IC15 LTM4622AEV (Switching converter) 3.6V 1.970 A 2A

1C22 TPS62175DQC (Switching converter) 5.5V 0.498 A 05A

IC15 LTM4622AEV (Switching converter) 7.5V 0.740 A 2A

Calculations assume the optional AFE is installed.

For ease of measurement and verification of the power supply, test points and LED indicators have
been placed at each voltage rail. Uneven brightness or flickering of one of the LEDs would suggest
incorrect voltage on one of the supply rails - current limiting resistors were chosen for LED currents of
approximately 1 mA. To minimize the number of BOM lines in the project, resistor values already used

in other parts of the design were chosen.
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2.4 PCB Design

Mirny has been designed on a 1.6 mm thick, 4 layer PCB, with dimensions as specified by the
EEM standard[15]: 100 mm x 160 mm. Layer stack parameters - dielectric constant, pre—pregEl and core
thickness - were chosen so that traces with controlled impedance could be easily created: with a standard
impedance of 50 {2 for single-ended signals and 100 {2 for differential signals. To create unbroken signal
return paths (with most traces placed on the first and third layer), the second layer was used as a ground
plane. The distribution of supply rails, due to the number of different voltages and their spread across
the board, would be very troublesome on a single, dedicated power plane layer. Thus, the power supply

traces and polygon pours were divided across all 3 signal layers.

Layer | Name Material Thickness | Constant | Board Layer Stack
1 Top Overlay

2 Top Solder Solder Resist | 0, 034mm 3,5
3 L1 Copper 0, 035mm

4 Dielectricl FR4 0, 180mm 3,66
5 P2 Copper 0, 035mm

6 Dielectric 2 FR4 0, 710mm 4,2
7 L3 Copper 0, 035mm

8 Dielectric 3 FR4 0, 450mm 4,2
9 L4 Copper 0, 035mm

10 Bottom Solder Solder Resist | 0, 034mm 3,5
11 Bottom Overlay

Figure 2.13: PCB stackup

The Sinara project assumes future use of a backplane connection board inside the enclosure -
EEM modules and EEM carrier would be connected via common backplane PCB instead of IDC cables.
Once it’s implemented, all new modules will be equipped with a cPCI S.0. connector dedicated for the
BP. To provide backward compatibility with existing modules, a low-cost EEM to cPCI adapter board
was designed[16]]. Therefore, the EEM connector and mounting holes need to be placed in the correct
orientation and position near the board edge to account for the adapter. Since the conversion board is
designed for modules with either 1 or 2 connectors, the PCB area specified for the second EEM connector
cannot be populated by tall components (marked with white rectangle on PCB silkscreen layer).

Components were positioned so that standard-sized EMH gaskets could be placed around the
most crucial PCB sections (fig. 2.14a). Due to the high density of modules inside the enclosure, the
high-frequency circuits could be a potential source/receiver of interference for neighboring modules.
Dedicated shielding gaskets placed over synthesizers and analog paths are an easy solution to this prob-
lem. For ease of assembly and disassembly, dedicated Harwin mounting clips were used (fig. 2.14b). By

default, both shields and clips are not mounted.

12 Pre-impregnated’ composite intermediate layer used to separate additional copper layers from core laminate
13" Electro-Magnetic Interference
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Figure 2.14: EMI shielding of the PCB RF sections

The EEM connector interface offers a high timing resolution. For the RF switches to still benefit
from it, the propagation time of control signals on the module itself has to be equal across all channels. To
even the propagation time, signal trace lengths: from the EEM connector LVDS[4..7] pins, via the LVDS
buffer and the CPLD, to the RF switches, had to be matched (with a precision of 2.54 mm or 13.8 ps[17]]).
Additionally, the CPLD internal propagation time from EEMO[4..7] input to RFSW_CTRL[0..3] output
has to be controlled as well. Since the optional AFE can be equipped with its own RF switches or other
devices that would benefit from high timing resolution, signals between the CPLD and AFE connector

have also been length-matched.

000000

Figure 2.15: Length-matched traces

During PCB production, the weight difference of copper on a solid ground plane and signal layers
could lead to bowing or twisting of the substrate or to uneven plating of vias and through-hole pads[[18].

To reduce that risk, layer weight has been balanced - empty areas of signal layers were filled with copper.
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Figure 2.16: 3D model of designed PCB - top side
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Figure 2.17: 3D model of designed PCB - bottom side
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2.5 Project verification

The simulations concerned the most important parts of the design, in which errors were most likely
to occur. Analysis regarded current density and voltage drops over the power supply connections and
thermal performance of the module under full load. To carry out the PowerScope simulation with Hy-
perLynx, the Altium PCB design file was exported to a compatible format. The full extent of simulation
data is included in Appendix D.

Measurements for each supply rail aimed to determine the value and location of the highest voltage
drops, which could cause improper operation. Excessive current density causes large drops on the res-
istance of the copper layers, which in turn leads to excessive heating of the substrate. Sufficiently large
density may cause copper traces to burn, which would reduce the service life of the device. Thus the
trace widths, copper pours and the number of Viaﬂ have been corrected so that for all voltage supply

connections, current density does not exceed 50 ﬁ. After the necessary design corrections, the highest

current density of 46,97 A (30,4 24 occurs on P5V5A rail. Supply voltage drops are within the

mm? mil?

range required for the correct operation of all components and do not exceed 38,4 mV'.

EO0CRO0®

1939.42

4336.93

4994.42

4331 92

4353.41

4926.91

4384 4

4351.83

4973.28

437688

497435 my Max ¥oltage Drop: 25.6 m¥, ¥Yoltage Drop for laver "L1™: 25H.1 m¥

Figure 2.18: Voltage drop simulation of +5.0V supply rail

14 *Vertical Interconnect Access’ - an electrical connection between PCB layers
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The frequency synthesizer module is intended to be used either stand-alone in an enclosure or with
other devices mounted in a standard 19" rack[15]. Thermal analysis allows estimating air circulation
necessary for proper operation. The simulation assumed the worst possible environment conditions: a
closed chassis with other devices. With an airflow of 130 <* (fig. and ambient temperature
of 22°C, the hottest element on the board is the IC27 multiplexer reaching 47,2°C. Thermal watchdog

LM75 will turn the entire module off upon reaching 80°C, which would occur at airspeed of roughly

25 2 (fig. [2.19D).

(a) airflow of 130 cm/s (b) airflow of 25 cm/s

Figure 2.19: Thermal simulation in enclosed environment
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3. Tests

During the prototype tests, the Mirny module was controlled with a modified EVAL-ADF4351
development board. The on-board ADF4351 chip was disconnected by removing series 0 €2 resistors on
the SPI interface[19] so that the controller could be used to interface the module with a computer. Control
software for EVAL-ADF4351 board does not support ADF5356 synthesizer, however, the development
boards for the entire family of chips use the same controller circuitry. Since the original ADF4351
synthesizer chip was effectively replaced with ADF5356 synthesizer chips used on Mirny, software for
EVAL-ADF5356 boards could be used to control the device. To convert TTL signals from the evaluation
board controller to LVDS signals used by EEM modules, 3U_Tester_TTL logic level translator board
was used[20]]. The test set-up is illustrated in fig. 3.1}

The CPLD was configured to pass signals from EEM connector directly to ADF5356 chips, with a
connection of each channel determined by the SW1 switch position. This allowed for setting individual

or multiple chips at once. Full Verilog code used during testing is included in appendix E.

FC Power supply RSA5100A
h h
use =12V SMA
v v
+12V
>
EVAL_ADF4351 3U_Tester_TTL Mirny
CLK > » EEMD
DATA » w EEM1
LE » TTL LVDS » EEM2
CE > > EEM3
MUXOUT < EEM4

Figure 3.1: Test setup

After powering up and confirming the presence of all power rails, the synthesizer was connected
to the RSA5100A spectrum analyzer. The SMA cable nuts were tightened with a fixed-torque wrench.
Then, using the evaluation software and spectrum analyzer, each of the four channels was set to a few
random frequencies and confirmed to lock at a correct value.

The CLK_DIV signal driving input reference divider in the Si53312 multiplexer (IC13) is driven
by a tri-state CPLD output buffer. Depending on the value, the divider can be set to either[21]]:

e divide by 1 (high-Z output),
e divide by 2 (logic 0 output),
e divide by 4 (logic 1 output).
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For the best performance of the PLL, the input reference frequency was set to 100 MHz:

e multiplexer divider set to 1 (CLK_DIV set to high-7),

o ADF5356 divider disabled,

e ADF5356 doubler disabled.

After power-up, the CLK_DIV net floats to 2,8 V instead of 1,75 V, causing the multiplexer to divide
reference by 4. Probing the CPLD side of the R89 resistor or connecting any additional capacitance
to the net fixes the problem, and CLK_DIV is driven correctly until power-down. This is most likely
caused by initial leakage in the CPLD output buffer, which overpowers internal bias resistors in Si53312
multiplexer. To prevent this from happening, the CPLD code should include a power-up routine of
cycling through possible values of CLK_DIV net, which would force the signal to correctly bias the
multiplexer. For the duration of the tests, CPLD code was modified to set division by 2 in the frequency
reference multiplexer (logic 0 on CLK_DIV). To create the PFD frequency of 100 MHz required by the
PLL design, the ADF5356 reference doubler was enabled.

u Analog Devices ADF4355, ADF4355-2, ADF4355-3, ADF5355, ADF4356, and ADF5356 Evaluation Board Control Software - X
File Tools Help
Select Device and Connection Main Controls  Sweep and Hop  Other Functions  VCO Calibration Bypass 1, Hover your mouse over the waming icon for more information.
RF Settings Register 6
Set Reference and PFD frequency Feedback: | 1. Fundamen v
Reference freq.: | 100.000000 -5+ MHz Divider: 115 Doubler: (] /2 [J © Adomatic O Manual Bleed Cument
39 2 | x3.75pA = 146,25 pA
FRAC1 2 -
INT e sl.l - FRAC2 PFD (MHz) VCOout (MHz) ) o TLD: e
B[2]+ e Zwmop2 ) )~ 100} - 3840.00000051(>
S RFoutB Select: | Disabled v
16.777.216 RFoutA+ (MHz)
- Output B e
N= 334 divider /64 v|= 60.000000 =
. VCOout x 2 (MHz;
Actual VCO otput: Mz *2MH) RFouth Enable: |1 Encbled ©
VCO output emor: 0 Hz x2=|  7680,000000 =
RFoutA Power: |+5dBm v
Register 0 Register 4 Register 7 Reg:ijef Baf et onorat i Negative Bleed: |0.Disabled
. " o e o oset fastest calibration
Autocal: | 0. Disabled Muxout: | Digital Lock ¢ LE SEL Polarity: | 0. Sync off . i Gated Bleed: |1, Gatedby [ v
Prescaler: | 4/5 v Double buff: | Disabled v LE Sync: | 1. REFin -
cp ;10,900 LD Cycles: | 1024 1673 Fegsier10
cument: |0 = yokes s ADC Clock: [ 250 3
Register 3 REFin Mode: | Differential v LOL Mode: | 1. Enabled 303 ; —
. H;
SD Load Reset: 0. SDMres: v Mux level: |30V v|  Frac:N LD Prec: [12ns 2 requency ‘
Phase Resync: 0. Disabled PD Polarty: |Postive v LD Mode: |0. FracN Total cal. time: 1613.880 5 ADC Conversion: (g
Phase Adjust: 0. Disabled v Powerdawn: [Elsstied e Register 12 Show/hide calculations ADC Enable: | Enabled v
Phase: 0f= CP 3state: | Disabled > Phase Resync 1 Register 11
Counter reset: | Disabled v Timeout 001 VCO hold: | 0. Normal operation v
Registers
[0x 260 | 0x 3|[ox  55C4E476] [0x  3F29FCCY| | Ox 15| [14:1707: Wiog R for dosked Fifd).. N
Wite RO Wite R3 Wite R6 Wite RS Wite R12 141707 Wting R for deared Fofd)..
14:17:07: (x6666661 written to device.
[ 0x 5666661‘ ‘ 0x W‘ ‘ 0Ox MB‘ ‘ 0Ox C(BEBA‘ ‘ Ox D‘ 14:17:07: Writing RO (autocalibration disabled)..
Wiite R1 Wiite R4 Wite R7 Wite R10 Wite R13 14:17:07: (x260 written to device v
[ox 80052| | Ox 800025/ [0x 15596568 | Ox 61200B| | wae | Wit Frea, Device in use: ADF5356 ANALOG
Write R2 Witte RS Wite R8 Wite R11 Int. Seq. | Update Seq. | Software version: 1.4.4 DEVICES
Analog Devices RFG.L Eval Board connected.

Figure 3.2: Evaluation board control software[22]]
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Output phase noise measurement was conducted at frequencies of 125 MHz, 500 MHz, 1 GHz,
2 GHz, and 3.5 GHz. Initial results showed a large noise response spike at 29.4 kHz. An oscilloscope
was used to measure noise on supply rails, as switching converters used in the design could be a likely
cause. This showed, that a ground loop consisting of the power supply, Mirny module, and the spectrum
analyzer picked up and injected this noise frequency into the voltage supply. To break the loop path, a
common mode choke was inserted between the power supply and the module. Additionally, to prevent
switching regulators from oscillating, a 100 uF capacitor was connected to the output of the CM choke.
This reduced the peak magnitude and lowered its frequency, slightly reduced overall noise floor and

widened the slope of the carrier frequency (fig. [3-3).

[ Tek RSAS100A - [Phase Noisel o D
- File View Run FReplay Markers Setup Presets  Tools  Window  Help - 2 X
© & T & %% [%, | Frequency: 1.000000 GHz  Reflev: 0,00 dBm e | ® Replay - [DStop -
< ¥ Tracel [VIShow Avg (VRMS) Avg 5 Clear
@ -50.00 dBc/H: | [T TT
‘ oz i + Offset 145 kHz
= dBfdiv: -83.56 dBc/Hz
10.0 dB 11
4 Offset 294 kHz
o Marker: -87.65 dBc/Hz
29.45 kHz L/"‘
WWWWW%W
-150.00 dBc/Hz
Autoscale © 10.00 Hz © 10.00 MHz
Carrier power: -19.22 dBm | pffset Trace 1 Trace 2 =
Freq Emor:  -10.18 E.HZ 10Hz  63.60 dBgHz  — dBg/Hz E
TEbieraizme (225D 100Hz 9196 dBg/Hz  — dBo/Hz
LEEE 813.9f 1kHz  -107.92 dBc/Hz  — dBc/Hz
Residual FM: 16.37 kHz 10KkHz  -104.68 dBg/Hz  — dB/Hz s
Analyzing Disabled: data is from swept acquisition Swept Free Run Ref: Int Atten: 0 dB

Noise response legend: red - before installation of CM choke; blue - after installation of CM choke

Figure 3.3: Phase noise at 1 GHz output

The shape of the phase noise response coincides with the response characteristic of PLL synthes-
izers: with a pronounced step caused by the phase detector and charge pump, peaking at a bandwidth of
the loop filter. The magnitude of in-band and wideband noise changes with output divider setting, with
lower noise at higher divider value (lower output frequency), as stated in the ADF5356 datasheet. Overall

performance, however, is worse than expected - due to the higher noise floor and visible 14.5 kHz spur.
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Noise response legend: 125 MHz - blue; 500 MHz - red; 1 GHz - green; 2 GHz - yellow; 3.5 GHz - teal

Figure 3.4: Phase noise measurement

Table 3.1: Phase noise performance

Carrier offset 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz

125 MHz output  -114 dBc/Hz -116 dBc/Hz -115dBc/Hz -132 dBc/Hz -133 dBc/Hz
500 MHz output  -107 dBc/Hz -129 dBc/Hz -111dBc/Hz -130dBc/Hz -132 dBc/Hz
1 GHz output -102 dBc/Hz -106 dBc/Hz -107 dBc/Hz  -125 dBc/Hz  -125 dBc/Hz
2 GHz output -102dBc/Hz -98 dBc/Hz  -104 dBc/Hz -123 dBc/Hz -124 dBc/Hz
3,5 GHz output  -96 dBc/Hz -101 dBc/Hz -103 dBc/Hz -127 dBc/Hz -128 dBc/Hz




4. Summary

Tests of the Mirny synthesizer prototype confirm that it works as intended - fulfilling all of the
design requirements - and is suitable for use in the experiments. Solutions used in the design offer high
elasticity of desired performance and a path for future expansion, allowing for usage in fields other than
initially intended, if frequency generation is required.

Control of synthesizer EEM now has to be integrated into the ARTIQ software, so that Mirny can
be used with other devices in the Sinara ecosystem. The instrument should also be tested in a controlled
environment, to determine and eliminate the source of 14.5 kHz spur visible in the phase noise and to

possibly lower the phase noise floor.

Sl =)

1c10

ARTIQ

Mirny vi.0
HWUT ISE 2018

Figure 4.1: Assembled device
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“Input Frequency
10MHz to 600MHz

IC9A
(VO CIR P HA J00CLAMFR, pepina My
N i
FRAC2 =B b2 ReFinB
FRAC1+——= "
MOD2 . [ SCKI — 551 CLK RI
RFour = INT + ———"—% x (fer)/RF Divider [ SDI — DATA R
MOD! [LE LE N
RI
where: [cE R &5 CE R
) PDBIf
RFour is the RF frequency output. oo oo A 0
INT is the integer division factor. - P5V0 VREGVCO 19| e
FRACL! is the fractionalit After the fourth byte o & vp
i " " " Y- I is written, the LE 5
FRAC2 is the auxiliary fractionality. input should be pvsAavODL 5 | Avpp
” o 24 ¥ brought high to P3V3 AVDD2 16 | pD
MOD?2 is the auxiliary modulus. complete the transfer. Fivs Aver ;g s
MODI is the fixed 24-bit modulus. =——————— bvDD
RF Divider is the output divider that divides down the 12 AGND
AGNDIf
VCO frequency. Powerd down the 18 | AGNDvco
BE GNDJ42 AGNDvco
foro = REFie x (1 + D)/(R x (1 + T))) gé AN
EP (GND)
where: ADF536
REFyy is the reference frequency input.
D is the RF REFix doubler bit.
R s the RF reference division factor.
T'is the reference divide by 2 bit (0 or 1).
'PFD
RF,
o} x
@ PRy3A L1A
Figure 43. Loop Closed Before Output Divider 120R@100MHz 28A 26A 20A
TuF 100nF [ 10pF
GND!
P3V3A L6A
120R@100MHz  fc3gA 36A 39A
Start Freq  Stop Freq VCO Divider Channel Spacing 1uF 100nF [ 100nF
54.0MHz 106.25MHz 64 93.132uHz GND!
106.25MHz 212 .5MHz 32 186.26uHz.
2125MHz  425MHz 16 372 53uHz PVEA  Liga
sowiz  iroGH: 4 L as0imbz s T T T
1.70GHz 3.40GHz 2 2.9802mHz F- | Ak 10pF
3.40GHz 4.40GHz 1 5.8605mHz. GND!
P5VOA L20A
120R@100MHz §143A anA C128AE125
10uF [1uF [ 1nF " [10p
GND|
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P3V3 AVRF2
r ry
‘ Programmable output power
‘ GND from -4 up to 5dBm

" ADF535[56] have single-ended

VCO OUT N
VCO OUT P

VCO OUT N
VCO_OuT P

‘_P and _N swapped for
easier routing

30 RFoutB on pin 14
Xout MUXOUT for ADF535[56] replace C86, R68
with 0 Ohm
L 11 = vCo OUTA P
“outA+
FoutA- 12 VCO OUTA N 50_Ohms 50_Ohms
2 14 VCO OUTB P C85A ||_1nF VCO OUTM
outgs -1 voooutep {veooum> Qutput to AFE board
FoutB- if = 1+—{GND
CB86A 0 R68A 0
Viune (<22
S
CPout -~ Loop filter calculation:
CPgnd 8—|(3ND Reference input frequency : 100MHz
16A  [JR14A PFD : 100MHz
1k2 frequency range: 54MHz - 4.4GHz
Rset GND 560pF 240PF | desired phase margin: 45deg
aKT C17A Open loop BW: 50kHz
23 GND GND
Vref 7.5nF
q 24
Vhbias GND
Cregl —22
32

Creg2
20A_[C83A EzsA_guA ks
100nF | 10pF 10pF | 1nF | 4.
138A [C19A GND GND
10pF | 100nF
T EZlA c22A b

39A
GND =

10pF |10nF |1uF

GND

P3v3 DVDD

P3V3 AVDD1

P3v3 AVDD2

Toa Lo

TopF ~[10pF

P3V3 AVRF1

P3V3 AVRF2

P5V0_VVCO

PSV0_VREGVCO
PSVO VP

)A [C130A [C131A

F | 100nF| 10pF

4A
TuF
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“Input Frequency
10MHz to 600MHz

IC9B
o~ T
[VCO CIK Py —pe—CIBIF 8, pepina MU
FRAC i
FRACI+ AC2 C278 [TnF
— 1
. [ SCKI Sck CLK RI
RFour= INT + W x (fer)/RF Divider I SDI — 2c{ DATA R
e LE
RI
. CE 4
where: e P3V3 DVDD 26 I(D:EB i 2
) e
RFour is the RF frequency output. R12B 0
. . PP P5V0 VVCO 17 Vveo
INT is the integer division factor. z P5V0 VREGVCO 19 Vreguco
FRACI is the fractionality. e e B v
IS written, the
FRAC?2 is the auxiliary fractionality. input should be pvsAvDDL 5 | aupp
” o 24 ¥ brought high to P3V3 AVDD2 16 | AvDD
MOD?2 is the auxiliary modulus. complete the transfer. Fivs Aver ;g s
MODI is the fixed 24-bit modulus. =——————— bvDD
RF Divider is the output divider that divides down the 12 AGND
VCO frequency. powerd down the 18 :gmgcm
G GNDIHZ— AGNDveo
foep = REFie x ((1 + D)/(R % (1 + T))) 33 ] SDGND
EP (GND)
where: ADF536
REFyy is the reference frequency input.
D is the RF REFix doubler bit.
R s the RF reference division factor.
T'is the reference divide by 2 bit (0 or 1).
'PFD
RF,
o} x
@ PRy3A L1
Figure 43. Loop Closed Before Output Divider 120R@100MHz 288 268 298
TuF 100nF [ 10pF
GND!
P3V3A L6B
120R@100MHz c38B 368 398
Start Freq Stop Freq VCO Divider Channel Spacing TuF 100nF | 100nF
54.0MHz 106.25MHz 64 93.132uHz GND!
106.25MHz 212 .5MHz 32 186.26uHz.
2125MHz  425MHz 16 372 53uHz PVEA  Lig
425MHz 850MHz 8 745 06uHz W‘m
1408 _F1418 _{142B
850MHz 1.70GHz 4 1.4901mHz
1.70GHz 3.40GHz 2 2.9802mHz F- | Ak 10pF
3.40GHz 4.40GHz 1 5.8605mHz. GND!
P5VOA L208
120R@100MHz §143B ans Cc128B Elz-
10uF [1uF [ 1nF " [10p
GND|
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P3V3 AVRF2
r ry
‘ Programmable output power
‘ GND from -4 up to 5dBm

" ADF535[56] have single-ended

VCO OUT N
VCO OUT P

VCO OUT N
VCO_OuT P

‘_P and _N swapped for
easier routing

30 RFoutB on pin 14
Xout MUXOUT for ADF535[56] replace C86, R68
with 0 Ohm
L 11 = vCo OUTA P
“outA+
FoutA- 12 VCO OUTA N 50_Ohms 50_Ohms
2 14 VCO OUTB P C85B || 1nF VCO OUTM
“outB+
FoutB- 15 VCO OUTB N I} — GND
C86B 0 R68B 0
Viune (<22
S
CPout Z} Loop filter calculation:
CPgnd ———|GND Reference input frequency : 1000MHz
Y PFD : 100MHz
1k2 frequency range: 54MHz - 4.4GHz
Rset GND 560pF 240PF | desired phase margin: 45deg
aKT C17B Open loop BW: 50kHz
23 GND GND
Vref 7.5nF
q 24
Vhbias GND
Cregl —22
32

—@iﬂ_mom:
ez feon b
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10pF |10nF |1uF

GND
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{—_vecooutm> Qutput to AFE board
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“Input Frequency
10MHz to 600MHz

icoc
o~ S —
R e e e
FRAC. fmr—28p ReFing
FRACI+ AC2 c27d [TnF
— 1
. [ SCKI Sck CLK RI
RFour= INT + W x (fer)/RF Divider I SDI — 2c{ DATA R
e LE
RI
4
where: [cE CE 2ol cE R
K P3v3 DVDD 26 PDBIf
RFour is the RF frequency output. R1ZED
. ; A psvovweo ~ 17 | o0
INT is the integer division factor. z P5V0 VREGVCO 19 Vreguco
FRACI is the fractionality. e e B v
IS written, the
FRAC?2 is the auxiliary fractionality. input should be pvsAvDDL 5 | aupp
” o 24 ¥ brought high to P3V3 AVDD2 16 | AvDD
MOD?2 is the auxiliary modulus. complete the transfer. Fivs Aver ;g s
MODI is the fixed 24-bit modulus. =——————— bvDD
RF Divider is the output divider that divides down the 12 AGND
VCO frequency. powerd down the 18 :gmgcm
G GNDIHZ— AGNDveo
ferp = REFix x ((1 + D)/(R x (1 + T))) 33| SDGND
EP (GND)
where: ADF536
REFyy is the reference frequency input.
D is the RF REFix doubler bit.
R s the RF reference division factor.
T'is the reference divide by 2 bit (0 or 1).
'PFD
RF,
o} x
@ PRy3A Lic
Figure 43. Loop Closed Before Output Divider 120R@100MHz 28C 26C 29C
TuF 100nF [ 10pF
GND!
P3V3A L6c
120R@100MHz Jc3sC 36C 39C
Start Freq Stop Freq VCO Divider Channel Spacing TuF 100nF | 100nF
54.0MHz 106.25MHz 64 93.132uHz GND!
106.25MHz 212 .5MHz 32 186.26uHz.
2125MHz  425MHz 16 372 53uHz PVEA  Lygc
425MHz 850MHz 8 745 06uHz W‘m
140C _Fi41Cc _f142C
850MHz 1.70GHz 4 1.4901mHz
1.70GHz 3.40GHz 2 2.9802mHz F- | Ak 10pF
3.40GHz 4.40GHz 1 5.8605mHz. GND!
P5VOA L20C
120R@100MHz §143c anc c128C Elz-
10uF [1uF [ 1nF " [10p
GND|
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P3V3 AVRF2
r ry
‘ Programmable output power
‘ GND from -4 up to 5dBm

" ADF535[56] have single-ended

VCO OUT N
VCO OUT P

VCO OUT N
VCO_OuT P

‘_P and _N swapped for
easier routing

30 RFoutB on pin 14
Xout MUXOUT for ADF535[56] replace C86, R68
with 0 Ohm
L 11 = vCo OUTA P
“outA+
FoutA- 12 VCO OUTA N 50_Ohms 50_Ohms
2 14 VCO OUTB P C85C || 1nF VCO OUTM
“outB+
FoutB- B2 VCO OUTB N I} — GND
C86C 0 R68C 0
Viune (<22
S
CPout Z} Loop filter calculation:
CPgnd ———|GND Reference input frequency : 100MHz
Y PFD : 100MHz
1k2 frequency range: 54MHz - 4.4GHz
Rset GND 560pF 240PF | desired phase margin: 45deg
aKT C17C Open loop BW: 50kHz
23 GND GND
Vref 7.5nF
q 24
Vhbias GND
Cregl —22
32

—@iﬂ_mom:
E21c c22¢ 1:_

139C
GND

10pF |10nF |1uF

GND

P3v3 DVDD
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BRI T
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P3V3 AVRF2

P5V0_VVCO

PSV0_VREGVCO
PSVO VP

ic fc13oc fesic

F | 100nF| 10pF

Creg2
20C_[C83C EZSC_£24C C84C
100nF | 10pF 10pF | 1InF | 4.7uF
138C_[C19C GND GND

{—_vecooutm> Qutput to AFE board
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“Input Frequency
10MHz to 600MHz

19D
[VCO CIR PSR 00 CLDIF R, pepina My
N i
FRAC. = fmr—28p ReFing
FRACI+ AC2 c27d [TnF
MOD2 . [ SCKI Sckt 11 CLK RI
RFour= INT + ———==< x (ﬁvm)/RF Divider [ SDI SDI DATA R
MOD! [LE LE N
RI
where: [cE R &5 CE R
) PDBIf
RFour is the RF frequency output. oo oo K120 0
INT is the integer division factor. - P5V0 VREGVCO 19| e
FRACL! is the fractionalit After the fourth byte o & vp
i " " " Y- I is written, the LE 5
FRAC2 is the auxiliary fractionality. input should be pvsAavODL 5 | Avpp
” o 24 ¥ brought high to P3V3 AVDD2 16 | AvDD
MOD?2 is the auxiliary modulus. complete the transfer. Fivs Aver ;g s
MODI is the fixed 24-bit modulus. =——————— bvDD
RF Divider is the output divider that divides down the 12 AGND
AGNDIf
VCO frequency. gxﬁgﬂ down the g AGNDVCO
GND AGNDvco
foro = REFie x (1 + D)/(R x (1 + T))) gé AN
EP (GND)
where: ADF536
REFyy is the reference frequency input.
D is the RF REFix doubler bit.
R s the RF reference division factor.
T'is the reference divide by 2 bit (0 or 1).
'PFD
RF,
o} x
@ PRy3A L1D
Figure 43. Loop Closed Before Output Divider 120R@100MHz 28D 26D 29D
TuF 100nF [ 10pF
GND!
P3V3A 6D
120R@100MHz 38D 36D 39D
Start Freq  Stop Freq VCO Divider Channel Spacing 1uF 100nF [ 100nF
54.0MHz 106.25MHz 64 93.132uHz GND!
106.25MHz 212 .5MHz 32 186.26uHz.
2125MHz  425MHz 16 372 53uHz PVSA - Ligp
425MHz 850MHz 8 745 06uHz -ENR—@loo’m.‘m
140D _[141D _§142D
850MHz 1.70GHz 4 1.4901mHz
1.70GHz 3.40GHz 2 2.9802mHz F- | Ak 10pF
3.40GHz 4.40GHz 1 5.8605mHz. GND!
P5VOA 120D
120R@100MHz §14ao ano C128DE125
10uF [1uF [ 1nF " [10p
GND|
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P3V3 AVRF2
r ry
‘ Programmable output power
‘ GND from -4 up to 5dBm

" ADF535[56] have single-ended

VCO OUT N
VCO OUT P

VCO OUT N
VCO_OuT P

‘_P and _N swapped for
easier routing

30 RFoutB on pin 14
Xout MUXOUT for ADF535[56] replace C86, R68
with 0 Ohm
L 11 = vCo OUTA P
“outA+
FoutA- 12 VCO OUTA N 50_Ohms 50_Ohms
2 14 VCO OUTB P C85D _||_1nF VCO OUTM
outgs -1 voooutep {veooum> Qutput to AFE board
FoutB- 11 T GND
C86D 0 R68D 0
Viune (<22
S
CPout -~ Loop filter calculation:
CPgnd 8—|(3ND Reference input frequency : 100MHz
16D []R14D PFD : 100MHz
1k2 frequency range: 54MHz - 4.4GHz
Rset GND 560pF 240PF | desired phase margin: 45deg
aKT C17D Open loop BW: 50kHz
23 GND GND
Vref 7.5nF
q 24
Vhbias GND
Cregl —22
32
4D

Creg2
20D_[C83D Ezso_gzm ks
100nF | 10pF 10pF | 1nF | 4.
138D _|C19D GND GND
10pF | 100nF
T E21D 220 b

39D
GND =

10pF |10nF |1uF

GND

P3v3 DVDD

P3V3 AVDD1

P3v3 AVDD2

T Lo

TopF ~[10pF

P3V3 AVRF1

P3V3 AVRF2

P5V0_VVCO

PSV0_VREGVCO
PSVO VP

)D [£130D [C131D

F | 100nF| 10pF

TuF
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I“Jumpers R47/R49 and
R48/C49 select between
Iter options

50_Ohms

O)

GND GND
A A
R34A |
0
50_Ohms;
L
GND GND

Discrete-elemet filter with R57

GND —
Mini-C
50_Ohms 5 50_Ohms
[VCOOUT P TRIA  TCM2-43X+ S R
_[casa [ 6 NN
GND 0.5pF 5 1
C50A . G{
Tosr  —— - Jumper
GND
12
Digital Attenuator
IC3A
4
[ ATT_LE 2. LE
—— sl
ATT_S OUT } &
—
3
[ 2
F clk max = 30MHz I ATT CLK 21 _| CLK H
R
I ATT RSTh 20 _| RST 50_Ohms
15
ACGL
ACG2 NC
ACG3 NC
- ACG4 NC FLVOA
17 ACG5 NC
13 ACG6 NC
ACG7 NC
NC
_fcsan 55A 56A 57A 58A 59A _EGOA zé vee NG *%4
1onF_“JionF “JionF “JionF “JionF “JionF JionF _L_ GND NC
&N HMC542BLP4E &ND
GND 2.2uF ~ [100nF
GND  GND
GND
PSVOA | ga
390R@100MHz _BBA _EGBA _EGQA [(_371A 50_Ohms
T0uF  [100nF “[InF T00pF C47A
10nF
GND
GND
Amplifier
+13dB @ 2GHz ty
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4 5
50_Ohms
'59 & R58/C28
" " " GND
ircuits FVV1206 filter
ca9Al |
50_Ohms <t [ so.onms
AT
10nF
D GND Jumper
L8A
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Sl =
= Q
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N &
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3
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C61A C62A
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p 1
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8.2 Appendix B - PCB gerber masks
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8.3 Appendix C - PCB layer stackup

Layer | Name Material Thickness | Constant | Board Layer Stack
1 Top Overlay

2 Top Solder Solder Resist | 0, 034mm 3,5
3 L1 Copper 0, 035mm

4 Dielectricl FR4 0, 180mm 3,66
5 p2 Copper 0, 035mm

6 Dielectric 2 FR4 0, 710mm 4,2
7 L3 Copper 0, 035mm

8 Dielectric 3 FR4 0, 450mm 4,2
=) L4 Copper 0, 035mm

10 Bottom Solder Solder Resist | 0, 034mm 3,5
11 Bottom Overlay
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8.4 Appendix D - PowerScope simulation

Voltage drop and current density on P12V0 rail

®O0OO0®

11889.2

11997.1

113849

119928

11880.7

119885

113864

119843

118821

11380

119778 mV Max Voltage Drop: 22.2 m¥, Voltage Drop for layer "L1™: 21.4 m¥V

®O00OO0®

+.38 8684

+.34.9815

+.31.0947

+-27.2079

+.23.321

+-19.4242
+-15.5474
+-11.6605
+.7 77262
+-3. 82624

0 mA/mil "2 Max Current Density: 25.1 maA/mil?, Current Density for layer "™L1™": 25.1 maA/mil2
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Voltage drop and current density on P7VS5 rail

B0000®

749967

7497 3T
749508

749276

749045
422,14
748584
7423252
7a81.23
747292

74TE 62 mY Max ¥oltage Drop: 23.4 m¥, ¥oltage Drop for layer "L1™"™: 23.1 m¥

BOOLO0®

+.28.3918
+.26 0262
+-23.1344
+.20.2426
+-17.2602
+-14.459
+-11.5672
+-2 8754
+-5.T22E
+-2.2912

0 masmil f2 Max Current Densitvy: 18.7 mA/mil?, Current Density for laver "L1™: 18.7 mA/mil?2
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Voltage drop and current density on P7VOA rail

B0000®

£993 66
£5535.05
6998 45
E357.24
6997 .24
E356 .63
E998.03
£335.42
6994 82
£394.21

6993 .6 mv Max ¥oltage Drop: 6.4 m¥, Woltage Drop for layer "L1"™: 6.1 m¥

BOOLO0®

+.13.3957
+-16.5529
+-14.719

+12.8791
+-11.0292
+.9.19937
+-7.3595

+.5. 51962
+-2 67ATS
+.1.82927

0 madmil *2 Max Current Density: 11.92 mA/mil?, Current Density for laver "Li™: 8.7 mA/mil?2
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Voltage drop and current density on PSV5A rail

B0000®

549389
5426 23
547257
545291
5445 24
54.21.58
5417 .92
5404 26
53906

537693

536327 mv Max ¥oltage Drop: 136.7 m¥, Voltage Drop for layer "L1™: 136.6 m¥

BOOLO0®

+.37 T

+.33.9459

+-30.1741

+.26.4024

+-22 B30

+.12.8522

+-15.0271

+-11.2152

+-T 54262

+- 277177

0 masmil f2 Max Current Densitv: 24.3 mA/mil?, Current Density for laver "L1": 24.3 mA/mil?2
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Voltage drop and current density on PSVOA rail

B0000®

499343
4396 .92
4994 42
4351.92
4983 .41
4326 .91
4984 4

4381.89
497339
4376 .82

4974.38 mv Max ¥oltage Drop: 25.6 m¥, ¥oltage Drop for layer "L1™"™: 25.1 m¥

BOOLO0®

+.34.1738
+.30 7564
+-27.339

+.23.9218
+-20.6042
+-17 0269

+-13 BE35

S
+-10.2521 "\/

+-E.8247E
+.2.41722

0 madmil *2 Max Current Densitv: 22.0 mA/mil?, Current Density for laver "L1™: 14.8 mA/mil2

80



Voltage drop and current density on P3V6 rail

B0000®

3599.26
2597 423
3595 6

269277
3591.93
25901

3588 27
3526 .44
3584 61
352277

252094 mv Max ¥oltage Drop: 19.1 m¥, ¥oltage Drop for layer "L1™"™: 18.3 m¥

BOOLO0®

+.41.0613

+.26 9557

+-32.8495

+. 287432

+-24 B271

+.20.5209

+-16.4247

+-12.2126
+-2 21227
+-4. 10813

0 masmil f2 Max Current Densitv: 26.5 mA/mil?, Current Density for laver "L1": 26.5 mA/mil2




Voltage drop and current density on P3V3A rail

B0000®

329381
328833
3298 85
228638
3293.9

3282 .42
329095
328547
3287 93
3286.51

328504 mYv Max ¥oltage Drop: 15.0 m¥, ¥oltage Drop for layer "L1™"™: 14.8 m¥

BOOLO0®

s

+.24 2558
+.21.8202
+-19.4047
+18.9791
+-14 6525
+-12.1279
+-9. 70224
+.7 27675
+-4. 85117
+.2 42552

0 madmil *2 Max Current Density: 15.6 mA/mil?, Current Density for laver "L1™: 15.6 mA/mil2
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Voltage drop and current density on P3V3 rail

50000

379983

329252

3297 33
229507
3294 82
329357 w
329232
2291.08
328981

328256

328731 mv Max ¥oltage Drop: 12.7 m¥, ¥oltage Drop for layer "L1™: 12.5 m¥

BOOLO0D®

+.17 B304
+-15.9122
+-14.1443
+ 1237632
+- 106022
+.2.24019
+-T 07215
+.5.20412
+-3 62602
+-1. 76204

0 masmil f2 Max Current Densitv: 11.4 mA/mil?, Current Density for laver "L1™: 11.4 mA/mil?2
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8.5 Appendix E - CPLD code

File: Mirny.v

)

40

41

module top(
output clk_div,
output clk_in_sel ,
output clk_in_sel_1,
input [3:0] ifc_mode,
output [3:0] att_clk,
output [3:0] att_le,
output [3:0] att_rst_n,
output [3:0] att_s_in,
input [3:0] att_s_out,
output vco_rf_sw,
output vco_rf_sw_1,
output vco_rf_sw_2,
output vco_rf_sw_3,
output [1:0] vco_led,
input vco_muxout,
output vco_sck,
output vco_sdi,
output vco_ce,
output vco_le,
output [1:0] vco_led_1,
input vco_muxout_1,
output vco_sck_1,
output vco_sdi_1,
output vco_ce_1,
output vco_le_1,
output [1:0] vco_led_2,
input vco_muxout_2,
output vco_sck_2,
output vco_sdi_2,
output vco_ce_2,
output vco_le_2,
output [1:0] vco_led_3,
input vco_muxout_3,
output vco_sck_3,
output vco_sdi_3,
output vco_ce_3,
output vco_le_3,
inout eem_io,
output eem_oe,

inout eem_io_1,
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43

44

46

47

48

49

50

51

53

54

55

56

57

58

60

61

63

64

65

66

67

68

69

70

71

73

74

75

76

77

78

79

80

83

84

85

output eem_oe_1,
inout eem_io_2,
output eem_oe_2,
inout eem_io_3,
output eem_oe_3,
inout eem_io_4,
output eem_oe_4,
inout eem_io_5,
output eem_oe_5,
inout eem_io_6,
output eem_oe_6,
inout eem_io_7,
output eem_oe_7,
output tp,

output tp_1,

output
output

output

tp_2,
tp_3,
tp_4

)

assign

assign

assign

assign
assign
assign

assign

assign
assign
assign

assign

assign
assign
assign
assign
assign
assign
assign
assign

assign

clk_div =1

clk_in_sel

clk_in_sel_

att_clk =1
att_le = 1°
att_rst_n =

att_s_in =

vco_rf_sw =
veo_rf_sw_1
vco_rf_sw_2

vco_rf_sw_3

vco_sck

vco_sdi =
vco_ce
vco_le
vco_sck_1
vco_sdi_1
vco_ce_1
vco_le_1

vco_sck_2

’b0;

= 1°b0;
1 = 1°b0;

b0

b0 ;
1°00;
1’b0;

1’bl1;
= 1’bl;
1’bl;

1’bl;

(ifc_mode [0] == 1) ? eem_io 1°b0;
(ifc_mode[0] == 1) ? eem_io_1 1’b0;

= 1’bl;

= (ifc_mode[0] == 1) ? eem_io_3 1’b0;
= (ifc_mode[1] == 1) ? eem_io 1°b0;

= (ifc_mode[1] == 1) ? eem_io_1 1’b0;
= 1’bl;

= (ifc_mode[1l] == 1) ? eem_io_3 1’b0;
= (ifc_mode[2] == 1) ? eem_io 1’b0;

85




86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

assign vco_sdi_2 = (ifc_mode[2] ==
assign vco_ce_2 = 1’bl;
assign vco_le_2 = (ifc_mode[2] ==
assign vco_sck_3 = (ifc_mode[3] ==
assign vco_sdi_3 = (ifc_mode[3] ==
assign vco_ce_3 = 1°bl;
assign vco_le_3 = (ifc_mode[3] ==
assign vco_led[0] = vco_muxout;
assign vco_led_1[0] = vco_muxout_1;
assign vco_led_2[0] = vco_muxout_2;
assign vco_led_3[0] = vco_muxout_3;
assign vco_led[1] = ifc_mode[0];
assign vco_led_1[1] = ifc_mode[1];
assign vco_led_2[1] = ifc_mode[2];
assign vco_led_3[1] = ifc_mode[3];
assign eem_io_4 = vco_muxout;
assign eem_oe = 1’b0;
assign eem_oe_1 = 1°b0;
assign eem_oe_2 = 1°b0;
assign eem_oe_3 = 1°b0;
assign eem_oe_4 = 1°bl;
assign eem_oe_5 = 1°b0;

2| assign eem_oe_6 = 1°b0;

3l assign eem_oe_7 = 1°b0;
assign tp = eem_io;
assign tp_1 = eem_io_1;
assign tp_2 = eem_io_2;
assign tp_3 = eem_io_3;
assign tp_4 = eem_io_4;
endmodule

1)
1)
1)
1)

1)

eem_io_1
eem_io_3
eem_io

eem_io_1

eem_io_3

1’b0;
1’b0;
1’b0;

1’b0;

1’b0;
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File: Mirny.ucf

"clk_div" LOC=P53; # clk:0.div
"clk_in_sel" LOC=P54; # clk:0.1

n_sel

"clk_in_sel_1" LOC=P56; # clk:0.in_sel_1

"ifc_mode (0)" LOC=P102 | PULLUP;
"ifc_mode (1)" LOC=P103 | PULLUP;
"ifc_mode (2)" LOC=P104 | PULLUP;
"ifc_mode (3)" LOC=P105 | PULLUP;

"att_clk (0)" LOC=P131; # att:0.
"att_le (0)" LOC=P132; # att:0.1

clk

(S

# ifc_mode:
# ifc_mode:
# ifc_mode:

# ifc_mode:

S o o o

"att_rst_n(0)" LOC=P130; # att:0.rst_n

"att_s_in (0)" LOC=P133; # att:0.s_in

"att_s_out(0)" LOC=P129; # att:0.s_out

"att_clk (1)" LOC=P3; # att:1.clk

"att_le (1)" LOC=P4; # att:1.le
"att_rst_n(l)" LOC=P2; # att:1.

"att_s_in(1)" LOC=P5; # att:1.s_

rst_n

in

"att_s_out(l)" LOC=P134; # att:1.s_out
"att_clk (2)" LOC=P9; # att:2.clk

"att_le (2)" LOC=P10; # att:2.le
"att_rst_n(2)" LOC=P7; # att:2.
"att_s_in(2)" LOC=P11; # att:2.
"att_s_out(2)" LOC=P6; # att:2.

rst_n
s_in

s_out

"att_clk (3)" LOC=P14; # att:3.clk

"att_le (3)" LOC=P15; # att:3.1e

"att_rst_n(3)" LOC=P13; # att:3.rst_n

"att_s_in(3)" LOC=P16; # att:3.

s_in

"att_s_out(3)" LOC=P12; # att:3.s_out
"vco_rf_sw" LOC=P136; # vco:0.rf_sw

"vco_rf_sw_1" LOC=P138; # vco:1.rf_sw

"vco_rf_sw_2" LOC=P140; # vco:2.rf_sw

"vco_rf_sw_3" LOC=P143; # vco:3.rf_sw

"vco_led (0)" LOC=P110; # vco:0.
"vco_led (1)" LOC=P111; # vco:0.
"vco_led_1(0)" LOC=P112; # vco:
"vco_led_1(1)" LOC=P113; #

"vco_led_2(0)" LOC=P115; # vco:
"vco_led_2(1)" LOC=P116; #

"vco_led_3(0)" LOC=P117; # vco:
"vco_led_3(1)" LOC=P118; # vco:
"vco_muxout" LOC=P24 | PULLUP;
"vco_sck" LOC=P23; # vco:0.sck

VCO :

VCO :

"vco_sdi" LOC=P22; # vco:0.sdi
"vco_ce" LOC=P19; # vco:0.ce

led

led

1.led
1.1ed
.led
.led
.led
.led

H W W NN

vCco

:0. muxout
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44

46

47

48

49

50

51

53

54

55

56

57

58

59

60

61

64

65

66

67

68

69

70

NET

#NET "MMCX OSCn_SEL" LOC=P136; # tp:3

"vco_le" LOC=P21; # vco:0.le
"vco_muxout_1" LOC=P25 | PULLUP;
"vco_sck_1" LOC=P26; # vcol.sck
"vco_sdi_1" LOC=P32; # vco:1l.sdi
"vco_ce_1" LOC=P28; # vco:1l.ce
"vco_le_1" LOC=P30; # vco:1l.le
"vco_muxout_2" LOC=P35 | PULLUP;
"vco_sck_2" LOC=P39; # vco:2.sck
"vco_sdi_2" LOC=P43; # vco:2.sdi
"vco_ce_2" LOC=P40; # vco:2.ce
"vco_le_2" LOC=P41; # vco:2.le
"vco_muxout_3" LOC=P45 | PULLUP;
"vco_sck_3" LOC=P49; # vco:3.sck
"vco_sdi_3" LOC=P52; # vco:3.sdi
"vco_ce_3" LOC=P50; # vco:3.ce
"vco_le_3" LOC=P51; # vco:3.le
"eem_io" LOC=P38; # eem:0.1io0
"eem_oe" LOC=P81; # eem:0.oe
"eem_io_1" LOC=P70; # eem:1.io0

—_
@]
[¢]

"eem_oe_1" LOC=P82; # eem:
"eem_io_2" LOC=P71; # eem:
"eem_oe_2" LOC=P83; eem :
"eem_io_3" LOC=P74;

"eem_oe_3" LOC=P85;

eem :
eem :
"eem_io_4" LOC=P76;
"eem_oe_4" LOC=P86;

eem :
eem:
"eem_oe_5" LOC=P87; eem :
"eem_io_6" LOC=P78;
"eem_oe_6" LOC=P88;

eem:
eem:
"eem_io_7" LOC=P79;
"eem_oe_7" LOC=P91;

cem:

N 9 O O L AR WW NN
]
o

#
#
#
#
#
"eem_io_5" LOC=P77; # eem:
#
#
#
#
# eem:
"tp" LOC=P128; # tp:0
"tp_1" LOC=P126; # tp:l1
"tp_2" LOC=P125; # tp:2
"tp_3" LOC=P124; # tp:3

"tp_4" LOC=P121; # tp:4

#NET "OSC_ENn" LOC=P134; # tp:4

NET

5| TIMESPEC

"eem_io" TNM_NET = "PRDeem_io";

"TSeem_io" = PERIOD "PRDeem_io"

# vco:1.muxout

# vco:2.muxout

# vco:3.muxout

88

8.0 ns HIGH 50%;
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