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GENERAL INFORMATION

The ESECon is a high speed 10 ADC and 4 DAC channel VME64X module designed for use as an RF controller in systems such as the A0 photo injector, and other Fermilab RF test facilities (i.e. CC2, HTS, and NML cryomodules).  The ESECon design is optimized for minimum noise levels, low power consumption, and has a large FPGA for the implementation of complex logic and Digital Signal Processing functions.
The ESECon firmware implementation makes use of the Matlab/Simulink and System Generator (Xilinx) design environment that allows high level code to be simulated with all the functionality provided by Matlab-Simulink and the compactness provided by the System Generator functional blocks.
An existing DAQ and Controls software running on a Linux based VME processor makes this system suitable for multiple applications ranging from RF control, radar, and detector electronics with low noise high speed analog outputs.

FEATURES
· 10, 14-bit ADC channels using Linear Technologies LTC2284 Dual 105Msps, 540mW ADCs. The current ADCs can be upgraded to the pin compatible LTC2284 125Msps devices.
· 4, 14-bit DAC channels using Analog Devices AD9744 210Msps, 135mW DACs
· External 0-200MHz reference input that can be used for phase synchronism.

· 8 TTL I/O signals that are controllable in groups of 4.

· 2 SFP 1.5 to 2.5Gbps serial transceiver links using Texas Instruments TLK2501 transceiver ICs.
· Xilinix XC4VLX80 Virtex-4 FPGA for DAQ and DSP functions.

· 0.2 ps integrated jitter clock outputs based on 2 Texas Instruments CDCM7005 PLL clock synchronizer and jitter cleaner ICs.
· 1M x 36bit Sync SRAM (i.e. 4MB with parity).

· VME64X Slave interface using Altera EP1K100 ACEX FPGA.

· 114 pin daughter card connector.
· Single width 6U VME64X module.

· 8 front panel LED indicators defined by Xilinx FPGA firmware.

· 4 front panel LED indicators defined by Altera FPGA firmware.

· 4 dedicated front panel LED indicators connected to the SFP link status.

· Quiet power supplies with a mixture of switched and linear regulators
Block Diagram
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ESECon Block Diagram

2

 

C

h

a

n

n

e

l

s

1

.

5

 

–

2

.

5

 

G

B

P

S

8

 

T

T

L

 

I

/

O

Board Controller

Xilinix 

Virtex-4 FPGA

XC4VLX80


Figure 1: ESECon block diagram.

Picture of ESECon

[image: image2]
Figure 2: ESECon photo.

HARDWARE DETAILS AND PERFORMANCE MEASUREMENTS
Clean clock distribution
The ESECon is optimized for low noise, as part of the noise in the system is due to phase jitter, a clean clock distribution for the sampled devices is escential. The ESECon clock distribution provides integrated phase noise better than 200 femto seconds. The ESECon uses two TI CDCM7005 High Performance Clock Synchronizer and Jitter Cleaner ICs.  These are connected in a serial fashion with the first one connected to the external reference signal and the second connected to an output of the first.  They have the following features:

· Two LVCMOS reference clock inputs. The secondary input is connected to the FPGA and the primary is connected to either the front panel SMB connector or an output of the first.  The reference source selection is controlled by the FPGA.  The reference clock can be up to 200 MHz.
· VCXO LVPECL input frequencies up to 2.2GHz.  Current ESECon boards are using 156.25 MHz VCXOs.
· The PLL output frequency is equal to the VCXO frequency divided by /1, /2, /3, /4, /6, /8, or /16 on each output individually.
· Device settings are SPI controllable from the FPGA.

· Outputs can be a combination of up to 10 LVCMOS or up to 5 Differential LVPECL outputs.
· PLL lock indication is an input to the FPGA.

· Efficient jitter cleaning from low PLL loop bandwidth.

· Low phase noise PLL core.

The first PLL generates LVCMOS clocks for the ADCs and the high speed serial links.  It also generates duplicates of these clocks for use in the FPGA.  The second PLL generates the differential LVPECL clocks for the DACs and a duplicate LVCMOS clock for use in the FPGA.
The following plots where taken with an Agilent 4395A Spectrum Analyzer.  The plots were taken at the clock input on one of the ADCs.

ADC Clock Spectrum - 10 KHz Span


[image: image3]
ADC Clock Spectrum - 200Hz Span


[image: image4]
Figure 3: PLL output noise spectrum

ADC performance
The ESECon board uses the Linear Technologies LTC2284 dual 14-bit 105Msps low power 3V ADC with the following features.
· Low power: 540mW
· 110dB channel isolation at 100MHz

· Clock duty cycle Stabilizer

· Pin compatible family of 12 and 14 bit, 10 to 125Msps ADCs

The upper eight channels are AC coupled using Tyco M/A-Com ETC1-1T RF transformers. The two lower channels can use the same input transformers or optional DC coupling using Analog Devices AD8139 amplifiers.  The input levels are +/-1V into 50Ω on all channels.
ADC Crosstalk
The following two plots show the noise on one channel when its input terminated to 50Ω and a neighboring channel has a 2Vpp 50MHz square wave input. Both ADCs are sampled at 78.125MHz. No crosstalk is observed when the 2Vpp signal on the neighboring channel is turned ON.
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Figure 4: single channel measurement of crosstalk
Single Tone FFT

The following plot shows the a 32K point FFT of a 62.5MHz input sampled at 78.125Msps. The tallest spur at -81.8dBc is due to the signal generator 3rd harmonic. The SFDR is 86.1 dB, the SNR is 75.4dB and the effective number of bits ENOB is 12.23.
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[image: image7]
Figure 5: Single tone FFT of ADC channel.
The plot below shows the signal to noise ratio with distortion and ENOB for 20 data sample runs using 4 different ADC channels.


[image: image8]
Figure 6: input channel SINAD and ENOB measurements.

ADC Phase Noise
The ADC phase noise is proportional to the derivative of the input signal, hence measured at zero crossing (i.e. maximum derivative). The input frequency is fin=62.5MHz and the sampling frequency fs=78.125MHz.

[image: image9]
Figure 7: ADC phase noise

ADC Phase Jitter

To calculate the ADC phase jitter the we have used the following procedure:

· Measure SNR using a low frequency input (3MHz

· Measure SNR using a high frequency input (62.5MHz)
· Calculate jitter measured by aperture time in ps
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The following plots show the noise aperture jitter of the ADC for a test sample of 50 runs using 4 different, randomly picked, ADC channels.



[image: image10]

[image: image11]
Figure 8: phase jitter measurements.

DAC performance
The ESECon board uses the Analog Devices AD9744 DAC with the following features.
· High performance member of pin-compatible TxDAC product family
· Twos complement or straight binary data format

· Power dissipation: 135 mW

· 210 MSPS update rate

The two upper channels are AC coupled using Tyco M/A-Com ETC1-1T RF transformers and the two lower channels are DC coupled using Analog Devices AD8139 Amplifiers.  The output levels are +/-0.5V on the AC channels and +/-1V on the DC channels into a 50Ω load.
DAC Output - Rise Time 3ns

[image: image12]
Figure 9: DAC rise time.

The oscilloscope plot above shows that the DAC rise time is 3.6ns for a 218mV swing. This is compatible with the device specifications and no significant stray capacitance has been added by the ESECon external circuitry and layout.

Front Panel I/O

The ESECon board has a 16 pin IDC connector for 8 bits of user I/O.  The signals are connected to the Xilinx FPGA through TI SN74LVTH241 transceivers.   The direction is controlled by the FPGA and is in two groups of four.  The input buffers support both 5V and 3.3V TTL signal levels.  The output buffers are LVTTL and can drive 32 mA and sink 64 mA of current.
High Speed Serial Links

The two high speed serial links are controlled by the Xilinx FPGA and utilize Texas Instruments TLK2501 1.5 to 2.5 GBPS Transceivers. The TLK2501 provides up to 2 GBPS of data bandwidth. The TLK2501 is both pin-for-pin compatible with and functionally identical to the TLK1501, a 0.6 to 1.5 GBPS transceiver, and the TLK3101, a 2.5 to 3.125 GBPS transceiver, providing a wide range of performance solutions.

Each TLK2501 connects to a Small Form-factor Pluggable (SFP) transceiver connector and card cage through the front panel.  This industry standard allows for either optical or copper links to be used via plug in transceiver modules.
Each SFP has front panel indicator LEDs for loss of signal (LOS) and transmitter fault (TXFAULT).

Daughter Card Connector

There is a Tyco/AMP MICTOR 114 signal and 15 ground pin daughter card connector for adding custom CPU, DSP, or logic functions.  The connector provides the following connections.
· 86 I/O signals to the Xilinx FPGA

· 28 Power pins for 5V, 3.3V, 2.5V, 1.8V, and 1.2V
· 15 ground connections

User Front Panel LEDs

There are 8 Xilinix firmware defined LEDs and 4 Altera firmware defined LEDs on the front panel.
SYSTEM SOFTWARE AND FIRMWARE
Firmware

The Xilinx Virtex-4 FPGA LX80 provides plenty of room for custom logic, DSP functions and memory. The main LX80 features are:
Logic Cells 





80,640

Block RAM/FIFO w/ECC (18 kbits each) 
200

Total Block RAM (kbits) 



3,600

Digital Clock Managers (DCM) 


12

Phase-matched Clock Dividers (PMCD) 

8

Max Differential I/O Pairs 



384

XtremeDSP™ Slices 



80

Part of the ESECon firmware is devoted to the DAQ of signals from the ADC and DAC channels as well as other internal channels from several signal processing modules. The acquired signal data is stored in memory and can be readout from VME or the using the high speed serial links (although a high speed serial driver connected to the DAQ has not been implemented yet).
The Xilinx LX80 also hosts a set of primitives that allow communication through the VME interface. These primitives are used to read and write registers and memory.
Although the ESECon is a versatile general purpose analog and digital processing board, similar to the hardware used in radar applications, the reason for its design has been the control of RF systems. The ESECon LLRF Controller implements DSP and control algorithms such as numeric controlled oscillators (NCO), digital up and down conversion, CIC/FIR filters, multipliers, and accumulators. The algorithms have been, verified, and tested extensively. Currently, there are 4 ESECon controlling RF systems at Fermilab. 
The ESECon firmware has been developed using a graphical environment tool suite from both Mathworks and Xilinx. The tool suite includes Matlab, Simulink, and System Generator for DSP. The current firmware makes use of signal processing algorithms and control functions elements called Intellectual Property (IP) blocks found in the Xilinx System Generator DSP library. These IP blocks are optimized to take advantage of the Virtex-4 FPGA resources efficiently. These tools build and simulate complex algorithms in the Simulink graphical environment. The models can also be interfaced to or included in hierarchical VHDL.

This is a list of the functions in the ESE Controller that have been implemented using the Matlab-Simulink-System Generator graphical environment:

· Reference channel with automatic phase tracking using a Cordic algorithm

· Digital down converter (DDS) with tunable frequency

· 2-stage CIC-FIR digital low pass filter

· Proportional-integral (PI) gain control

· Digital up-conversion to IF with offset and gain control

Currently, the ESECon controller also includes functions that are implemented in VHDL:

· VME interface and on-board internal interface

· Hardware control and status registers

· Data acquisition interface to onboard memory (SRAM)

· DAQ and control timing

The figure below illustrates some of the main components of the LLRF firmware.


[image: image13]
Figure 10: block diagram of the LLRF firmware.

Software

Currently the ESECon hardware is connected via VME bus with a Linux based commercial VME processor. The processor has a small server with primitives that talk to the ESECon DAQ, memory and registers.  The server communicates with Matlab resident on the Linux environment or on a PC. The plots in Figures 3 to 8 of the present document were done using the Matlab environment.
For the LLRF application a Controls software has been developed by DESY and later by Fermilab called DOOCS. DOOCS communicates with the ESECon DAQ, memory and registers. Figure 11 shows an example of ESECon in action with a 3.9GHz cavity at the Fermilab photoinjector in A0 using the DOOCS controls software.


[image: image14]
Figure 11: DOOCS screen.
Cost

We have produced 2 small batches of ESECon (6 and 4 prototype units) with a cost of ~$3,000/board (i.e. $214/channel). These numbers can be reduced for a production of a larger number of boards.
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[image: image19.jpg]PLL output spectrum, fout=52.08333MHz, BW=200hz, resolution=1Hz
T T T T T

-110 L L L L L L L L L L |

52.0832 520833 520833 520833 520833 520833 52.0834 52.0834 52.0834 52.0834
MHz



[image: image20.jpg]Crosstalk histogram, 16K samples
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[image: image28.jpg]phase noise aperture jitter histogram in picoseconds , 50 measurements
12




[image: image29.png]Tekstop

@

(m] -21.7ns @  22.0mv
[} —-18.1ns @  240mv
A3.60ns A218mv

(@ toove Toomv & )

Value Mean  Min Max Std Dev
@ Freq 170.9MHz Low signal amplitude ‘10 ons 5.00GS/s 50.0mv
@ Pk-pk 200.0mV_200.8m _ 160.0m _280.2m _14.47m | (@27 0.00000s 100k Domls

save save save Recall Recall aan
Screen Image| waveform Setup waveform Setup




[image: image30.jpg]


[image: image31.jpg]o oo
Res= 1.Buf= 0

Feedforward —Diagnostic
$%6.60 Board Kk
8] ///TVECT_SUM_AMP; SP_AMP] Filliinel © 5000 B
12. 6| Flotiop  S'80.05 us || Versisn zestent
10. 5 "A"A‘%" §",21’ SimCount 0
0.
o Ratio  5.8-88 Version 17-31-3-7
o magnitude 3,980 mu/m SR
4. BB 0 00 B hephaca
2 \ Prop Gain *0.16 Reference —180  Deg
o T Gl M Channel £ 180 Pe3
-2. [ resirorare -
ry S | I . Set aln T
[) 20.  40. 60. 80. 100 Gl B
Res= 1.Buf= 0 [1 —Clock Source. [ Gain status
1 /4/IVECT_SUM_PHASE; SP_PHASE] Internal =
220 <] | §4 external aaa
i Trigger 20
1205 Internal  50.0 Strobe  +.0
6 External  52.0833 T ode
40. IF (NCO)  13.5412 rlager flode
0. — u Normal
—40. [l Clock Status | set
FCC Teststand
i Trigger Source.
e Interhal Stanf Pizgzr;uivg)oooooo
Ty £ external ”
2000 F L | 1| | |1 FREQ  428B5C29

W Trigger Error
[l strobe Error

+ 1116429353

Plot (spectrur)




_1262612504.vsd
SMB


SMB


Dual ADC


SMB



_1263128076.unknown

_1263128179.unknown

_1261925370.unknown

