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Abstract 

A control unit for a Digitizer System for the 
PANDA Electromagnetic Calorimeter 

Sina Borrami 

PANDA is the next generation hadron physics detector under construction at the 
Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany to accurately 
detect and parameterize particles with kinetic energies from 1MeV to 8GeV. 
PANDA is a 4π detector and due to its unique shape, all the readout electronic  
from ADC modules, power supplies, and a controller unit is housed in the liquid-
cooled crates mounted inside the detector. Therefore, the readout electronics are 
exposed to a high level of magnetic field and radiation. 

The controller unit as the critical component of the digitization system with adequate 
radiation resiliency governs the crate. The control unit manages power supplies, 
monitors the radiation damages of each ADC modules, offer a mechanism to re-
program the ADC module firmware, and finally features a redundant communication 
for the crate over fiber optics. The purpose of this thesis is to study and design the 
controller unit hardware that meets the specification of the PANDA experiment. 
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1 Introduction 

The PANDA experiment is a new experiment under construction and development at the 

Facility for Antiproton and Ion Research (FAIR) in Darmstadt, Germany. In this experiment, 

antiprotons are accelerated with the High Energy Storage Ring (HESR) and collided with the 

fixed proton target in the momentum range of 1.5-15 GeV/c to investigate strong interaction 

[1].  

 

PANDA as displayed in Figure 1 is a 4π detector with homogenous Electromagnetic 

Calorimeter (EMC) which utilizes more than 15000 lead tungstate crystals (PbWO4) to detect 

and parametrize the particles with kinetic energies from 1MeV to 8 GeV [2]. 

 

Due to the 4π shape of the detector, there is no space for acquisition signals to be directed 

outside. Therefore, the readout electronics are housed in structural crates confined within the 

detector. The harsh environment of the detector is challenging since the readout electronics are 

exposed to the magnetic field with flux range up to 2T and ionizing radiation [2]. When the 

detector is operational there is no access to readout electronics in the crate to perform 

maintenance and repair so reliability and availability of the readout electronics are the utmost 

importance. 

 

Readout electronic in the crate is comprised of 6/15 ADC modules, power supplies, 

controller unit, and backplane which interconnect all components. The controller unit governs 

the crate's overall behavior, featuring a mechanism to detect radiation-damaged ADC modules 

and JTAG programming interface, control and monitors power supplies, and it has the 

capability to program the adjacent controller unit board. Moreover, the unit provides an 

alternative data path to the ADC modules with deterministic clock recovery to achieve 

deterministic time resolution under 1ns. 

  

The Nuclear Department at Uppsala University with the supervision of Pawel Marciniewski 

is responsible for designing and developing the readout electronics for the PANDA experiment. 

So far, they have successfully manufactured the ADC modules and the air coiled (ferrite-less) 

power modules are in the test phase whereas the controller unit needs to be designed and 

developed. 

Figure 1.PANDA detector [60] 
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2 Aims 

This thesis aims to design the controller unit hardware from previous works at the Nuclear 

Department of the Uppsala University and Commercial off-the-shelf (COTS) components 

resilient enough to withstand the harsh environment of the PANDA detector. The unit should 

be able to communicate via fiber optics to provide remote control capability as well as featuring 

a redundant communication for the ADC modules to increase the availability and reliability of 

the readout electronics. Thus, the controller, besides having enough combined bandwidth to 

transfer the data, should deterministically extract the recovered clock from the fiber optic link 

and in the same way, cascades the clock via an alternative transceiver to every ADC module 

under 1ns. Moreover, the unit will control the power supplies over the I2C protocol and 

monitors the generated voltages and currents, program each ADC module over the JTAG 

interface, and last but not least monitor the behavior of each ADC module radiation damage 

and if needed reconfigure them. 

 

The core of the controller preferably needs to be a reconfigurable FPGA that the logic can 

be modified according to upgrades and unknown conditions. Thus, the first step would be to 

survey and investigate the appropriate reconfigurable FPGA with adequate radiation resiliency 

that would withstand the harsh environment of the PANDA experiment. 

 

 After selecting the suitable FPGA for the controller unit, the high-speed serial transceivers 

of the FPGA must be evaluated according to the requirement of the controller unit. The 

transceiver capability can be investigated in the following steps 

 

• Time deterministic behavior of RX and TX  

• Different transceiver lanes can be unpacked and work with different bitrates 

• Asynchronous configuration in one lane (RX and TX operate at different bitrate) 

The readout electronics operate synchronously, and the clock source is extracted from the 

fiber optic communications. The recovered clock intrinsically includes jitter and to use this 

clock in the fabric logic, it needs to be cleaned. As a result, another study in this thesis is to 

devise a suitable jitter attenuator technique. 

 

Another step in this study is to measure the power consumption of the controller board by 

utilizing the power estimations tools to design the appropriate power supply. 

 

The final step in this thesis would be to design the schematics and the PCB layout of the 

controller unit with compatibility with ADC modules and the backplane board. Also, to verify 

the signal integrity of the board, IBIS simulation of the high-speed traces will be performed.  
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3 Acquisition system Architecture 

Figure 2 shows an overview of the PANDA data acquisition system. The crystals in the 

forward and backward endcap of the EMC will detect the projected particles and produces the 

light pulses proportional to the energy of the deposited particles. The light pulses are converted 

to electrical signals by VPPT and APD photosensors. The weak electrical pulses are amplified 

and delivered to the ADC modules. The raw digitized signals are processed with the onboard 

ADC module’s FPGA and it finds valid hits forming a self-triggered system [3].  The ADC 

module then generates the payload with physical related data and time stamps for transmission 

over fiber optic. The data concentrator located outside the detector receives all the payload and 

transfers the data to computer nodes so that later event building can take place.  

 

To digitize the experiment correctly as it occurs in the detector, all the ADC modules must 

be synchronized and operate under 1ns. This time resolution guarantees that all the timestamps 

in the payload are synchronous and the event building process is valid. The data concentrator 

unit besides gathering and transferring data will provide synchronous clock via the fiber optic 

communication to achieve the required functionality. The ADC modules as the vital part of the 

readout electronics alongside the controller unit and power supplies are located inside the 

detector in the crate unit.  

 

 Crate  
 

As shown in Figure 3, the crate is an enclosure that houses a part of the readout electronics 

and there are 6- and 15-ADC slot crates. The crate is typically comprised of ADC modules 

mounted on the front of the backplane and power supplies, controller, and signal connectors are 

located on the rear side. Crates are mounted inside the detector and for heat treatment, the ADC 

modules and the power supplies are liquid cooled. The controller installed on the back of the 

backplane doesn’t have any sort of cooling mechanism. 

Figure 3.Crate layout in PANDA detector 

Figure 2.Overview of the Acquisition system 

Front side  

Rear side 
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 ADC 
 

ADC-64K (Figure 4) module has 64 channels of differential 14-bit resolution ADCs with an 

80 Mbps Sample Rate. 64 channels are equally divided and governed by two FPGAs for better 

reliability. Each FPGA has 4 channels of the high-speed transceiver; two channels are 

interconnecting the two mounted FPGAs and one is connected to each SFP and finally, one is 

connected to the backplane for further data path redundancy. The ADC-64K module has an 

onboard I2C based ADCs to monitor the vital voltages and currents of major components. The 

I2C signal of the onboard ADCs and radiation damage indicator signals of each FPGA are 

voltage level converted and alongside the other vital signals are accessible by the backplane 

connector. 

 

 Backplane 
 

Each crate has a backplane to interconnect all modules and the most common backplane in 

use, hosts six ADC modules. On the back of the backplane, as shown in Figure 5, there are 

incoming power connectors, controller connectors, and power supplies. On the front side, as 

shown in Figure 6, there are only ADC module connectors. 

 

Each three ADC module has it is own power supplies and controller connector. Moreover, 

one of the redundant high-speed transceivers of each three ADCs is buffered and looped 

together. 

 

  

 

Figure 4.ADC board 

Figure 5.Front view of the backplane Figure 6.Back view of the backplane 
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 Power Supply 
 

Six-ADC crate type backplane needs four power supply modules to power up all components 

from ADC modules to the controller. As shown in Figure 7, power supplies are switched-mode 

to provide various voltages with adequate current yet maintaining the low heat profile and 

footprint. The power supplies use air core (ferrite-less) inductors due to the high level of the 

magnetic field in the detector.  

 

The PWM controller of the power supplies can be governed by the controller unit to not only 

feature basic startup and shutdown commands but also to utilize the I2C bus for further tuning 

and monitoring. 

 Controller unit 
 

The ADC module, backplane board, and the crate are already manufactured, or they are 

under development. As such, the controller unit as the result of this thesis must be compatible 

with other units. This compatibility imposes a constrained design. 

 

3.5.1 Cooling mechanism 

 

The ADC module and power supplies in the crate are liquid-cooled except the controller. 

The crate is a confined space and there is no airflow, thus using heatsink is pointless. To have 

the best functionality, the controller device by nature should have the lowest heat profile 

possible. 

 

3.5.2 Size 

 

Another constraint is that the controller unit PCB size shouldn’t be larger than 50mm in 

height and 98mm in length. 

 

3.5.3 Power  

 

The controller board first should boot up and then initialize the main power supplies. 

Therefore, the controller board should have onboard power supplies. The harsh environment in 

the detector doesn’t allow to use small footprint switched-mode power supplies and the only 

solution is to use linear regulators. Linear regulators intrinsically are inefficient and dissipate a 

large amount of heat which is not appreciated in this design. The workaround this issue is that 

the controller board should temporarily start with linear regulators and after main power 

Figure 7.Power supply module 
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supplies initializations, the controller should smoothly switch over to the switching supplies 

and shutdown the linear regulators. 

 

3.5.4  3.3V I/O 

 

The signal type of single-ended signals from the ADC module and the backplane that 

interconnects to the controller is 3.3V. 3.3V signal type reduces the noise of the signal but it 

imposes a constraint on the design. This voltage level consumes more power and it leads to 

more heat dissipation. Also, this voltage level imposes to use the only I/O banks of the 

presumptive FPGA that supports 3.3V.  

 

3.5.5 Deterministic data path 

 

As discussed earlier one of the requirements of the controller unit is to provide redundant 

data path with deterministic delay. The deterministic delay means that the recovered clock of 

the receiver relative to the sender transmission clock is always constant and it’s guaranteed. To 

have a better understanding of the deterministic delay in the readout electronics and its 

importance, as shown in Figure 8, the controller recovers the clock from the streams of data 

from the data concentrator, and the controller resends the clock via streams of data to the ADC 

module. Finally, the ADC module recovers the clock from the received data. In the readout 

electronics as displayed, from point S to R, the value of the delay must always be deterministic, 

and an acceptable margin of delay drift is under 1ns to maintain the overall synchronous 

integrity of the system. As such, the high-speed serial transceiver of the FPGA component in 

question should provide such deterministic behavior.  

 

 

3.5.6 Component placement 

 

The controller unit as shown in Figure 10 mounts on the backside of the backplane where 

the main signal connectors are located. These signal connectors have a lock bracket mechanism 

that is positioned just behind the controller connector and this setup dictates that major 

component can’t be placed on the back of the controller PCB. For better reliability, it would be 

logical to have one controller unit for 3 ADC boards but it’s not practical. Figure 9 shows a 

preliminary layout for such a controller unit. As displayed the board would have a one-side 

working space of 17mm in height and 50mm in length which makes separate controller design 

almost impossible. Therefore, with these constraints, there should be one controller with a 

single FPGA for six ADC modules crate. 

Figure 8.Deterministic delay in the readout electronics 
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Since the controller doesn’t have any cooling mechanism, the bracket lock mechanism via 

a thermal interface can be used as a heat dissipater, and the functionality of the board to some 

extent can be improved.  To have good contact with the thermal interface, on the back of the 

controller board small footprint passive components such as resistors and capacitors can be 

placed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.Preliminary layout of the Control Unit Figure 10.Side view of the mounted backplane 

Lock Mechanism 

Controller Unit 
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4 Device study and selection 

In this chapter the most suitable COTS FPGA and other demanded components to fulfill the 

controller unit functionalities are discussed and compared. Finally, the best components are 

selected for further evaluation and design.  

 

 FPGA 
 

FPGA comprises intricate components such as LUT, RAM, transceivers, PLL. This 

collection of components is different based on model and vendor. Commonly, FPGA has 

configuration memory which holds the setup that forms the demanded functionalities and RAM. 

 

Usually, an FPGA is classified based on the configuration memory. Such memories are 

typically SRAM, flash, and anti-fuse. SRAM-based FPGA uses volatile memory cells to hold 

the demanded configuration. Thus, each time the device powers up, it needs to read the 

configurations from an external source, and the logic persistent as long as the power flows 

through the circuit. The flash-based FPGA stores the configuration in a floating gate or SONOS 

technology nonvolatile memory cells.  

  

 

Figure 11 shows a typical six transistor SRAM block and a floating gate non-volatile 

transistor is displayed in Figure 12. The apparent difference is that the floating gate to store one 

bit of memory uses fewer transistors than typical SRAM and it can be concluded that the flash-

based FPGA uses less power [4], However, the flash-based memory has a limited life (≃ 2000 
times) cycle based on the number of writes [5], meanwhile writing to SRAM is unlimited.  

 

The anti-fuse memory is onetime programmable and by applying a voltage the configuration 

is permanent [6]. Although such a robust configuration memory is admirable, the ability to 

modify the configuration of the FPGA is more essential to this experiment.  

 

 SEU 
 

Single Effect Upset (SEU) is a bit flip in the memory of the semiconductor caused by a 

charged ionizing particle [7]. Typically, the source of ionization particles is cosmic rays and 

exposition to a harsh environment. Since all semiconductor devices are susceptible to SEU and 

FPGA is not an exception, SEU mitigation is the utmost priority in the controller unit design. 

 

Figure 11.6 transistor SRAM memory cell [59] Figure 12.Floating gate transistor [17] 
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The embedded RAM and configuration memory are the most important building blocks of 

the FPGA that are susceptible to SEU [8]. To mitigate the SEU effect on the embedded SRAM 

Error-Correction Circuitry (ECC) can be added to memory. To correct flip-flop circuitry Triple-

Modular Redundancy (TMR) can be introduced. Usually, SRAM memory blocks that are 

embedded in modern FPGA offers ECC functionality, and to exercise TMR user can manually 

implement TMR logic or third-party software can be used [9]. On the other hand, configuration 

memory if effected by SEU can alter the demanded functionality of the device. In contrast to 

SRAM FPGA, anti-fuse and flash-based FPGAs are immune to configuration memory upsets 

[10].  

 

 Chip selection 
 

This section will discuss the comparison of COTS FPGA and other controllers based on 

the required specifications and their unique features to mitigate SEU. 

 

4.3.1 Radiation tolerant FPGA. 

 

Xilinx the pioneer producer of SRAM FPGA and Microchip manufacturer of flash-based 

FPGAs offer radiation-tolerant FPGAs that are designed for radiation harsh environment 

especially for space missions [11, 12]. Radiation tolerant FPGAs certainly meet the controller 

unit specifications, but they are very expensive and significantly hard to procure. As a result, 

they are not feasible for this application. 

 

4.3.2 SRAM FPGA 

 

As discussed earlier SRAM FPGA is the weakest configuration memory based on the SEU 

effects and SRAM FPGA manufacturers offer proprietary mitigation techniques [8, 13]. Xilinx 

in the 7 series FPGA features a built-in SEU detection and correction [13] that uses a readback 

CRC to achieve SEU detection and correction [14]. Moreover, to extend the built-in features 

Xilinx offers a Soft Error Mitigation Controller (SEM) which can accelerate error detection and 

provides multi-bit error correction [15].  

 

The ADC modules use an FPGA from the Kintex-7 product family that supports built-in 

SEU mitigation and an SEM controller. Research from Stockholm University explored the 

radiation resiliency of the ADC board’s FPGA, the board was irradiated and modeled based on 

the PANDA environment  [16]. The research concludes that each Kintex FPGA will have 

neutron-induced upset every 125~165 hours at beam momentum of 1.5 to 15 GeV/c. Further, it 

suggests that Xilinx solutions to mitigate the SEU are adequate for the PANDA experiment. 

 

4.3.3 Flash-based FPGA  

 

The configuration logic of flash-based FPGAs is SEU immune making such FPGAs a 

promising candidate for this experiment. The PolarFire FPGA family is a midrange flash-based 

FPGA from Microsemi that uses 28nm SOSNOS NV. The SONOS NV charge is stored in the 

nitride dielectric that makes it immune to neutron hits. This makes PolarFire more reliable than 

competing SRAM FPGAs to an order of magnitude [17].  
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Microsemi offers the neutron tests of the PolarFire Family which shows the immunity of the 

device in high altitude applications [18]. However, for the certainty that this FPGA meets the 

harsh environment of the PANDA experiment, the prototype needs to be irradiated. 

 

The PolarFire delivers up to 50% lower power at mid-range densities than competing devices 

featuring transceivers optimized for 12.7 Gbps [19]. Also, it uses 90mW total power per 10Gbps 

transceiver per lane. This low power feature of the PolarFire makes it ideal for the controller 

unit which is mounted in the fanless enclosure. 

 

The transceiver in the PolarFire FPGA family also features an unprecedented internal jitter 

attenuator that is promising to this experiment and if applicable can reduce the heat signature 

of the board up to 1W [20]. 

 

4.3.4 GBTX 

 

Reconfigurability is one of the requirements of this design but studying the ASICs with the 

same or close capability and features of the controller is not far-fetched. GBTX is a radiation 

tolerant chip designed at CERN for high energy physics experiments which can provide 

bidirectional optical links up to 4.48Gbps [21]. This SEU immune chip can provide a variety 

of programmable options with three different data buses for Timing and Trigger Control (TTC), 

Data Acquisition (DAQ), and Slow Control (SC). Figure 13 shows a typical example of GBTX. 

As displayed the GBTX is used in the detector radiation environment and with the help of a 

versatile link which will be explained later links up with the off-detector FPGA to form a 

distributed acquisition system. Generally, to achieve on-detector program capability the GBTX 

should be used with the GTB-SCA chip via the SC data path to extend the program capability 

to I2C, SPI, JTAG, and GPIO bus [22]. Moreover, as shown in Figure 14 GBT can be used with 

an FPGA like GEFE board from CERN to form an on-detector radiation-hard front-end 

acquisition board [23].  

 

Figure 13.GBT Communication architecture 

Figure 14.GEFE block diagram [6] 
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 High-speed serial transceiver    
 

As discussed earlier another building block of FPGA that is in the interest of this thesis is 

the transceivers. In general, the high-speed serial transceiver is the foundation of every modern 

bus from portable devices to high-performance computing and beyond. As such, a high-speed 

serial transceiver is an integral part of high-end FPGAs to add more device-to-device 

compatibility and connectivity. 

 

As shown in Figure 15, the transceiver is comprised of a receive and transmit section. Both 

transmit and receive has two layers, Physical Coding Sub-layer (PCS) and Physical Medium 

Attachment (PMA). PMA defines and provides the high-speed transmit and receive serial bit 

according to medium type. The important feature of a PMA is the analog front end. The receive 

side PMA has more features such as equalizer, and Clock and Data Recovery (CDR) [24].  

 

The receiver analog frontend which is an on-die differential buffer scheme can be easily 

programmed to define the required termination impedance, common-mode level, or even swap 

the RX and TX logic. The reason to alter RX and TX logic is that in the PCB design process, 

the RX and TX can mistakenly be swapped thus with this extra capability the logic can be 

reverted [20, 24]. 

 

The signals in transmission are subject to attenuations and distortion and the receiver utilizes 

an equalizer to mitigate it. The equalizer is the mechanism to compensate for such frequency 

losses on the lane and usually, it uses either decision feedback equalizer (DFE) or Low Power 

Mode (LPM) adaptive filtering techniques to maximize performance [24]. 

 

In high-speed serial communications generally, the clock is accompanied by the transmitted 

data. Hence, on the receive side, it is vital to recover not only the data but also to extract the 

clock from the incoming stream of data. The SIPO section uses the recovered clock to transfer 

the data to PCS to further process the raw data that eventually can be accessible in the fabric. 

 

The lower speed layer, PCS is the layer responsible for encoding, decoding, and data 

aligning. PCS has a dedicated 8B/10B encoder and decoder without any use of the FPGA 

resources and to cover more encoding schemes such as 64B/66B and 64B/67B it utilizes a 

gearbox. When data is transmitted via a standard encoding scheme such as 8B/10B, the data is 

sent with a known sequence of comma characters. In the received data the aligner component 

looks for comma characters in the stream of received data and forms the byte boundaries to 

feed the correct data to the decoder [24].  

 

After the data is decoded, the plain data is fed into an elastic buffer, the reason to use an 

elastic buffer is that the PCS has two clock domains, PMA parallel clock and PCS parallel 

clock. The elastic buffer helps to align the two different clock domains and in the elastic buffer, 

the index specifies the alignment of the user clock relative to the recovered clock. The elastic 

buffer index is indeterministic, thus the phase alignment is indeterministic. As a result, to 

overcome the indeterministic behavior, the elastic buffer must be bypassed. With an advanced 

feature, the recovered clock can be used as the user clock introducing deterministic latency. 

Moreover, this feature demands extra circuitry which needs to be implemented in the FPGA 

fabric [24]. 
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The CDR to recover the clock uses the local clock from the transmit PLL to operate, 

meanwhile, the incoming stream of data is clocked by an external clock from the sender. The 

CDR to recover the clock constantly changes phase to track the incoming data. Thus, the 

extracted clock from CDR due to such rapid phase changes intrinsically contains some level of 

jitter [24]. Since in this experiment the functionality of the readout electronics depends on the 

recovered clock, the clock signal is vital to be jitter-free before use.   

Generally, jitter attenuators are external components. Figure 16 shows a typical example of 

jitter attenuator usage. The recovered clock from the fiber optic communication is sent out of 

the FPGA to the jitter attenuator to clean the clock. The jitter attenuator provides the FPGA 

with the jitter-free clock for further operation on the demanded logic. Meanwhile, FPGA 

manufacturers try to offer jitter attenuator capabilities internally. Xilinx doesn’t originally 

feature such capability but offers a workaround by utilizing the phase interpolator of TX PMA 

of a high-speed transceiver in conjunction with FPGA high-performance PLL in the form of an 

IP known as voltage-controlled crystal oscillator (VCXO) [25]. Since VCXO is a solution, it 

certainly faces hardware shortcomings and it consumes FPGA resources. 

  

Figure 16.Typical example of external jitter attenuator 

Figure 15.transceiver RX and TX block diagram [24] 
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The PolarFire high-speed serial transceiver features a dedicated internal jitter attenuator, as 

shown in Figure 17, the transmission PLL has a jitter attenuator capability that can have a 

dedicated clock source from the recovered CDR or it can be configured such a way that the 

clock can be sourced from the FPGA fabric. This versatility is very important to this study and 

it allows the jitter attenuator of one lane to be sourced from the adjacent CDR. 

 

 

  

In Xilinx 7 series and Polarfire FPGAs, the high-speed transceivers are formed in quad 

blocks. Each block is governed by multiple transmission PLLs. As shown in Figure 18, the 

PolarFire FPGA has three PLLs per quad providing flexibility to implement different scenarios 

per quad.  

 

 

As shown in Figure 19, the PolarFire quad transceiver is configured with different 

transmission PLL running at different data rates presenting the demanded specification of the 

controller unit. As highlighted, the uplink lane’s CDR extracts the clock and this signal is used 

as the source of the ADC transmission PLL jitter attenuator. This fabric flexibility is very 

promising for the controller board design. 

Figure 17.PolarFire transceiver block [20] 

Figure 18.Overall view of PolarFire quad transceiver  
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 Jitter Attenuator  
 

The jitter attenuator features a PLL to reduce the input clock jitter to the expected margin 

and preferably translate the output frequency to the demanded specification. Figure 20 shows 

the typical anatomy of the Jitter attenuator. The Phase Detector (PD) detects the phase 

difference between the incoming dirty signal and the division of Voltage-Controlled Oscillator 

(VCO) frequency and generates voltage accordingly. The output voltage of PD which has a lot 

of oscillations goes through a Low Pass Filter (LPF) and evidently, the output of LPD is a 

smoother voltage that controling the behavior of VCO in the respective frequency range. The 

output frequency of VCO with division can be translated to the desired frequency. Moreover, 

the translated signal can be used to form the feedback loop of the PLL for better phase 

alignment.  Usually, the jitter attenuator has another mechanism called zero-delay alignment 

that the output signal is edge aligned to the incoming clock [26]. In designs that require a 

deterministic delay, this feature is appreciated since zero-delay doesn’t add any extra offset to 

the equation.  

 

Although the Polarfire high-speed serial transceiver features an internal jitter attenuator 

without evaluation there is no certainty that the jitter attenuator meets the requirement of this 

design. Thus, using an external jitter attenuator is unavoidable in the first version of the 

controller unit.  

 
Table 1.General technical specifications of the required jitter attenuator 

Voltage

(V) 

Input/Output 

Frequency 

(Mhz) 

Input 

Type 

Output 

Type 
#inputs #outputs #PLL 

PCB 

Footprint 

Power 

consumption 
Interface 

1.8, 2.5, 

3.3 

25 - 200 LVDS, 

HCSL 

LVDS, 

HCSL 

1 3 1 low low SPI, I2C 

 

Figure 20.Jitter attenuator block diagram 

Figure 19.PolarFire jitter attenuator example 
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Table 1 shows the controller jitter attenuator specification. The jitter attenuator inherently is 

a power-hungry component and the selected attenuator should preferably have a low power 

consumption which significantly can reduce the heat profile of the controller board as well as 

power supplies. Typically, the FPGA requires +1.0, +1.8V, +2.5V, and +3.3V thus, various 

voltages are available on the board but due to the harsh environment, the power supplies would 

be linear. As such, the operating voltage range of the jitter attenuator would better be close to 

3.3V.  

 

One of the recovered clocks from the uplinks can be used as the reference input of the jitter 

attenuator. One output can be used to operate the uplink transceiver as well as being the 

reference for the zero-delay loopback. The remaining outputs after frequency translation can be 

used for lower speed communication to the corresponding ADC modules. As long as the other 

outputs have the same VCO source, it is guaranteed to have the same phase as the reference 

input after frequency translation. Therefore, a jitter attenuator with one reference input and 3 

output is suitable for the controller unit. 

 

Differential pairs are more immune to electromagnetic interferences, as such, input and 

output signals are preferred to be differential. There are different variety of differential signal 

types optimized for specific design. In any case, to have correct connectivity between the FPGA 

and the jitter attenuator the same signal type must be used, and the common signal types are 

LVDS and HCSL.  

 

The jitter attenuator has numerous parameters needed to be configured and usually, the 

device is configured via digital interfaces. The most prevalent protocols are I2C and SPI. These 

two protocols are very easy to implement in any RTL language and modem IDEs offer I2C and 

SPI IPs, therefore, it would facilitate the design, evaluation, and debugging process. Thus, 

preferably the jitter attenuator should support either SPI or I2C protocol. 

 

Moreover, the jitter attenuator should have the capability to generate the demanded 

frequencies without the presence of the input references and intelligently after the presence of 

references, the outputs of the jitter attenuator are phased aligned with the input references. This 

feature is very crucial to reach the functionality of the design. The high-speed serial transceiver 

with the local clock reaches the operating stage and after extracting the recovered clock it will 

be the reference sourced to the jitter attenuator.  

 

After the survey on leading jitter attenuator manufactures IDT, TI, Analog Device, 

Microsemi, and Silicon labs to find the best part to fit the demanded specifications, the AD9542 

meets all the requirements with the least power consumption. 

 

Figure 21 shows the internal diagram of the AD9542, the AD9542 has two differential 

reference inputs with two separate DPLLs, and each cascaded with its APLL and the VCO of 

the frequency range of the DPLLs are different. The AD9542 has a local system clock and as 

demanded can have a manual and automatic switch over to the references. Also, the AD9542 

has 5 outputs each with a 32-bit divider and three outputs connected to the first DPLL and the 

other two outputs linked to the second DPLL [27]. 
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The AD9542 has 700mW power dissipation with all block running and by far it is better than 

the other jitter attenuators. The power consumption can be improved even more by just 

operating the first DPLL to reach the required system functionality [27, 28]. 

 

 Radiation tolerant optoelectronics 
 

In this design, communication is transmitted through Multi-Mode fiber optics. High-speed 

optoelectronics are needed to achieve the compatibility and connectivity between the specific 

fiber optic media and FPGA high-speed serial transceiver. Due to the harsh environment of the 

detector, it is required that the high speed optoelectronic be radiation tolerant.  

 

Recently, radiation-tolerant high speed optoelectronic became a fundamental part of particle 

and nuclear physics experiments. Hence, in the prior experiments and upgrades conducted at 

CERN such components were required. Based on the required specifications versatile link and 

a more high-performance model versatile link plus were designed. 

 

4.6.1 Versatile link 

 

Versatile Link (VL) as shown in Figure 22 is a radiation tolerant fast bi-directional 

optoelectronic operating at rates up to 4.8Gbps [29]. It has an SFP socket backend [30] with 

serial I2C bus connectivity for diagnostic and configurations [31]. Even though the versatile 

link has an SFP backend it doesn’t offer an RX_LOS signal to monitor for receiver loss of 

signal. However, high-speed transceivers have features to compensate for this shortcoming. The 

VL has a custom plastic enclosure and it is not compatible with the SPF cage [32] and therefore 

two bottom screws are needed to secure the enclosure to the PCB [33]. This makes the PCB 

design a bit inefficient.  

VL is the main optoelectronics used in ADC design and a handful number of VL 

components are at disposal. 

Figure 21.AD9542 Block Diagram 

Figure 22.Versatile Link 
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4.6.2 Versatile Link Plus (VL+) 

 

Versatile Link Plus (VL+) is another radiation tolerant optoelectronic designed as a 

successor model for further upgrades at CERN [33]. VL+ as shown in Figure 23 with a flexible 

architecture has one 2.5Gbps downstream channel and four 10Gbps upstream channels 

providing multi-gigabit optical electronics [34]. As shown in Figure 24 the VL+ has a very 

small footprint compared to the previous version and looks promising for further development 

of the controller board. Unfortunately, after the inquiry from CERN, the VL+ production has 

been postponed and it is not available for this study. 

  

 Survey result 
 

The radiation tolerance GBTX chip has useful versatile features but to fulfill the required 

functionalities of the controller unit, the GBTX should be accompanied by an FPGA with 

transceivers for connectivity to the ADC modules. The FPGA in the question probably would 

be SRAM or flash-based, thus using the GBTX chip in the controller unit doesn’t improve the 

radiation resiliency. Nonetheless, GBTX could be beneficial to this design if, in the worst-case 

scenario, the high-speed serial transceiver of the regular COTS FPGA would not meet the 

radiation tolerance of the PANDA experiment. 

 

The radiation study of Kintex 7 FPGA shows that neutron-induced upset effects the SRAM 

FPGA in the PANDA environment. Although SRAM FPGA offers novel solutions to mitigate 

the SEU effect, Microchip claims that the PolarFire FPGA family has radiation resiliency in the 

order of magnitude compared to SRAM FPGAs. Moreover, the PolarFire offers 50% power 

reduction and it features an internal jitter attenuator. On the other hand, The PolarFire 

configuration memory is limited to 1000-2000 write cycles and this number might be reduced 

due to the harsh environment of the detector. The reconfigurability of the controller logic is 

important to this experiment but the logic upgrades are limited. Thus, this limited write cycle 

is acceptable during the life span of the detector and overall, the PolarFire is the best fit for the 

controller unit, and based on the requirements and the constraints, the appropriate part number 

of this family must be selected. 

 

As discussed earlier the controller unit will have a single FPGA for a six ADC crate and 

since one of the key requirements of the design is to support redundant data path for the ADC 

modules, the FPGA should provide six transceivers channels for the backplane’s connected 

ADC modules. Moreover, the selected optical link is a CERN versatile link which rates up to 

4.8Gbps and since the combined required throughput for the whole backplane would be 9.6 

Gbps, two extra transceivers are required as uplinks to support this load. As a result, the FPGA 

device must have at least eight transceiver channels.    

Figure 23.VL+ Communication architecture Figure 24.VL+ Dimension 
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This design is prototyping for further evaluations of the controller unit, thus the PolarFire 

FPGA with the minimum logic elements is reasonable, and based on Table 2, MPF100T-

FCG484 with 8 transceivers is appropriate for this design. 

Table 2.PolarFire device family [35] 

    Features 
PolarFire FPGA 

MPF100T MPF200T MPF300T MPF500T 

FPGA Fabric 

Logic Elements (4LUT + DFF)  109K 192K 300K 481K 

Math Blocks (18x18 MACC)  336 588 924 1480 

LSRAM Blocks (20k bit)  352 616 952 1520 

uSRAM Blocks (64x12)  1008 1764 2772 4440 

Total RAM Mbits  7.6 Mbits 13.3 Mbits 20.6 Mbits 33 Mbits 

uPROM Kbits  297 Kbits 297 Kbits 459 Kbits 513 Kbits 

User DLL's/PLL's  8 each 8 each 8 each 8 each 

High 

Speed I/O 

250 Mbps to 12.5 Gbps SERDES 

Lanes  
8 16 16 24 

PCIe Gen2 End Points/Root Ports  2 2 2 2 

Total IO Total User IO 284 368 512 584 

Packaging 

Type/Size/Pitch Total User I/O(HSIO/GPIO)/XCVRs 

FCSG325 (11x11, 11x14.5*, 0.5 mm)  170(84/86)/4 170(84/86)/4     

FCSG536 (16x16, 0.5 mm)    300(120/180)/4 300(120/180)/4   

FCVG484 (19x19, 0.8 mm)  284(120/164)/4 284(120/164)/4 284(120/164)/4   

FCG484 (23x23, 1.0 mm)  244(96/148)/8 244(96/148)/8 244(96/148)/8   

FCG784 (29x29, 1.0 mm)    364(132/232)/16 388(156/232)/16 388(156/232)/16 

FCG1152 (35x35, 1.0 mm)      512(276/236)/16 584(324/260)/24 

 

The other main components to complete the design are the AD9542 as the external jitter 

attenuator and due to availability, the versatile link is the radiation-tolerant optoelectronic. 
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5 Evaluation 

This chapter discusses the evaluation process of the PolarFire FPGA and the AD9542 Jitter 

attenuator. To expedite the evaluation and design process, manufacturers usually provide 

evaluation kits featuring typical functionalities. For this thesis study, Nuclear Department at 

Uppsala University kindly acquired EVAL-AD9542 [36] from Analog Device and EVEREST-

DEV-BOARD from Arrow [37]. Furthermore, both devices are tested based on the various 

demanded scenarios to check compatibility and limitations. 

 

EVEREST-DEV-BOARDS as shown in Figure 25, is one of the PolarFire evaluation kits 

approved by Microsemi. This board utilizes MPF300TS-1FCG1152 with 16 transceivers 

channels providing high-speed capabilities such as SFP+, PCI Express X4 GEN2, and high pin 

count FMC for high-speed expansion. Moreover, the board includes two PLLs, 3x 1GbE RJ45 

port, 3GB of Dual DDR3L, and PMOD port for low-speed expansion connections. SFP+ and 

PLL are adequate to evaluate the required functionalities of the PolarFire according to the 

controller unit design. Also, this evaluation kit has a built-in flashpro feature for JTAG 

programming and debugging and this package includes a one-year Libero SOC gold license. 

 

EVAL-AD9542, as shown in Figure 26, is the evaluation kit for the AD9542 and it allows 

the designer to validate the AD9542 with different sources of power supply from LDOR, 

switching, and an external source. Moreover, it lets the designer select the suitable 

programming method in the forms of I2C and SPI communication as well as EEPROM startup 

configuration. The board can be configured and monitored via a USB interface with ACE 

software from Analog Device. All references and outputs are accessible via SMA connectors. 

The other board that is essential to this evaluation as shown in Figure 27 is ZynqBoard which 

previously was designed at the Nuclear Department at Uppsala University. ZynqBoard utilizes 

Xilinx xc7z030fbg484-1 with 4 GTX channel enabling SFP+ connections. Moreover, the board 

has a jitter attenuator, 1GbE with RJ45 port, and 512MB of RAM. ZynqBoard in this evaluation 

can simulate as an external part of the digitizing system providing not only the data uplink but 

Figure 25.Arrow Everest Board 

Figure 26.EVAL-AD9542 board 
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also the clock source for the PolarFire. Also, Zynqboard has 4 LEMO ports which can be 

programmed as inputs and outputs. 

 

 Development Software and measuring equipment 
 

In this section development software and measuring equipment necessary for the 

evaluation of the PolarFire FPGA and the AD9542 jitter attenuator are described.  

 

5.1.1 Libero SOC  

 

Microchip Libero SOC is the official developing environment to program and operate the 

PolareFire FPGA. It has all the features to design and develop the PolarFire FPGA from design 

entry, place and route, debugging, power, and time analysis but for synthesis, modeling, and 

sophisticated debugging it utilizes third-party software. To synthesize it uses Synopsis synplify 

pro ME accompanied with synphony model compiler ME and to debug internal signals directly 

from RTL FPGA design it uses Synopsis Identify. Finally, the simulation feature of libero SOC 

is powered with Modelsim ME from Mentor graphics. In this thesis, Libero SOC 12.3 is being 

used. 

 

5.1.2 Xilinx Vivado 

 

Vivado design suite is the IDE offered by Xilinx to program a new generation of FPGAs 

such as Kintex. with this design suite, all required functionalities to design, debug, analysis, 

and program the Xilinx FPGA is embedded. 

 

5.1.3 Measuring tools 

 

To evaluate the required functionalities, it is needed to measure and generate the signals in 

the design, to achieve this, as shown in Table 3 the following measurement tools were used. 

 
Table 3.Measuring equipment 

Item Manufacturer Type Model 

1 Tektronix Oscilloscope MSO 4104 

2 Tektronix AWG AFG3252C 

3 R&S Spectrum analyzer FPC1500 

 

 

 

 

 

Figure 27.ZynqBoard 
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 PolarFire evaluation 
 

This section discusses the evaluation tests conducted on the PolarFire FPGA and the 

AD9542 based on the design specification. 

 

5.2.1 Data integrity test 

 

To start with evaluating the PolarFire FPGA, first, the fiber optic connection between Xilinx 

and PolarFire FPGA is set up and then the data integrity between them in different scenarios is 

tested. In the PANDA experiment the readout electronics use Xilinx FPGA families and it is 

vital to check the compatibility between Xilinx and PolarFire. It is critical to check the 

possibility to use and implement the common protocol used in sub-ADC modules and especially 

the data concentrator. In the readout electronics, a custom protocol with 8B/10B encoding and 

BC Hex as K character is being used. PolarFire on the other hand should be able to support the 

8B/10B encoding scheme correctly and identifies the K character. Also, the PolarFire 

transceiver must automatically recover from the disconnected media without the use of the 

LOSS signal. 

 

To achieve the goals of this test, as shown in Figure 28, the working environment is set to 

not only satisfy the requirements of this particular test but also to provide the platform for 

further studies of the PolarFire FPGA. As displayed, The PolarFire evaluation kit is connected 

to Zynqboard via fiberoptic Multimode patch cable with SFP+ endpoint providing data uplink 

up to 6.6Gbps (this limitation is due to GTX limitation on the Zynqboard side). Moreover, The 

ZynqBoard and the PolarFire evaluation kit are connected to the oscilloscope with LEMO to 

study the behavior of the recovered clock that will be discussed later. 

 

A high-speed serial transceiver uses a reference clock to operate the internal transmit PLL 

to reach the desired bitrate. On the Everest side, the high-speed transceiver uses 156.25Mhz as 

the reference clock, whereas, the Zynqboard uses 125Mhz as the reference clock for the GTX. 

To have the same bitrate on both sides, 3.75Gbps as one of the common bitrates that can be 

achieved with the reference clocks is used [24, 20]. 

   

Figure 29 shows the PolarFire design to check and validate the first data integrity test. As 

displayed, the PolarFire transceiver is configured with 8B/10B encoding with the PCS-fabric 

interface of 32-bit. The PCS-fabric interface specifies the parallel width of the transceiver on 

the fabric side which is accessible by the user logic. The traffic logic is developed to receive 

the data with K character as well as generates data with a 32-bit counter in an incrementing 

Figure 28.Basic test setup 

Oscilloscope 
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format. The traffic generator operates with sending a K character after every single data from 

the counter. This stream of data contains enough K character that on the Xilinx side, the GTX 

would recover the clock correctly. The GTX on the ZynqBoard is setup with the same parameter 

as the PolarFire and it generates data with a 32-bit counter in a decreasing format with the same 

K character behavior. To monitor the data integrity of the implemented fiber optic transmission, 

on the ZynqBoard side, an Integrated Logic Analyzer (ILA) probes the received data and the K 

character with an advanced triggering system [38]. The advanced triggering system enables the 

ILA to use the state machine as a triggering mechanism. With this feature of the ILA, the 

expected data pattern is implemented in the state machine format of the ILA, and if data doesn’t 

match the pattern it triggers. 

On the other hand, to enable internal signal monitoring feature on the PolarFire the third-

party software Identify is used. For this study, an Intelligent In Circuit Emulator (IICE) block 

that has to some extent the same functionality as ILA with a simple triggering system and 1024-

word depth is added to logic [39]. The IICE clock is the received clock and probes the same 

signals as the ZynqBoard. 

As shown in Figure 30 and Figure 31, ILA and IICE show the expected data. The PolarFire 

correctly identifies the K characters and the transceiver after reconnection automatically 

recovers to the operating state which is crucial to the functionality of the controller. Moreover, 

the advanced triggering system for the ILA after 30 minutes of data transfer doesn’t trigger 

proving the data integrity of the link.     

 

 

 

Figure 29.PolarFire data integrity block diagram design 

Figure 31.ILA RX data output 

Figure 30.IICE RX data output 
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In addition, the smartdebug tool of the LiberoSOC enables a live debugging of the high-

speed transceivers, and one particular feature of it generates an eye diagram of the link. Figure 

32 shows the eye diagram of the link. The Eye at 3.75Gbps is wide open showing the quality 

of the link [40]. 

5.2.2 Deterministic clock recovery and internal jitter attenuator test 

 

To further analyze the PolarFire transceiver capabilities to address the controller design, it 

is needed to check the deterministic behavior of the recovered clock and the internal Jitter 

attenuator. As discussed earlier the controller as one of its key requirements should provide an 

alternative data path for the ADC modules as well as recovering the clock and cascading it to 

the ADC modules in such a way that whole ADC modules forming the readout system operate 

under 1ns. Moreover, an internal jitter attenuator as a promising option needed to be examined. 

 

To make the study more realistic first the link’s bit rate changed to 5Gbps to have a closer 

range to the demanded uplink data rate. Furthermore, as shown in Figure 33, the transceiver is 

configured to have a deterministic received clock output for the transmit PLL. The transmit 

PLL configured as a custom jitter attenuator with the dedicated source from the transceiver core 

and as displayed this signal is highlighted. The received recovered clock and transmit clock are 

buffered out to the PMOD port of the evaluation kit in a single-ended type format to monitor 

the signals via oscilloscope as well as the transceiver signals from ZynqBoard. 

Figure 34, shows the transmitted and received signals from both boards. As displayed, the 

green color is the recovered clock signal of The PolarFire and the yellow signal is the transmit 

signal of the ZynqBoard. In this test the Zynqboard is the source clock as the data collector, 

thus the trigger signal of the oscilloscope is the TX signal of the Zynqboard. To check the 

Figure 32.PolarFire Eye Diagram at 3.75Gbps 

Figure 33.PolarFire transceiver with enabled jitter attenuator block diagram 



 

26 

 

deterministic behavior of the recovered clock of the PolarFire, the RX clock of the PolarFire 

must have a defined latency relative to the TX signal of the ZynqBoard. Therefore, the PolarFire 

board has been restarted for a significant amount of time and the margin of drift as showed by 

the curser is under 1ns. This result shows the deterministic behavior of the recovered clock 

which meets the time resolution that is required for maintaining the functionalities of the 

readout electronics. 

On the other hand, the transmit part of the PolarFire doesn’t work accordingly. The transmit 

signal of the PolarFire is displayed in purple color. Being able to see this signal correctly on the 

oscilloscope proves that the internal jitter attenuator is operating. Meanwhile, with each system 

reset, the transmit signal drifts with a 1/F period relative to the recovered clock. Indeterministic 

behavior of the transmitter signal could be either caused by the jitter attenuator misalignment 

or internal low speed PLL in the transmit PMA. 

 

To have a better understanding of the TX signal behavior, it is needed to eliminate the 

internal jitter attenuator from the previous design and use an external PLL. The Everest 

evaluation kit as shown the Figure 35, utilizes the external ZL30265 jitter attenuator. 

ZL30265(Figure 36) is a high-performance any-rate multiplier jitter attenuator with up to two 

fractional-N APLL that has a I2C/SPI configuration interface [41]. As displayed ZL30265 has 

two differential inputs and six outputs that can be configured based on the specification of the 

design.  

 

Figure 35.External jitter attenuator ZL30265 test set 

Oscilloscope 

EVEREST 

ZynqBoard 

Figure 34.Zynqboard and PolarFire RX and TX signal measurement 
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Based on the Everest kit design, the sixth output labeled as OC9P is connected to the 

reference clock of the high-speed serial transceiver quad which relates to the SFP+ connection, 

and the first reference clock input of the jitter attenuator labeled as OC1N is used for the 

recovered clock signal [42]. Moreover, the ZL30265 has a system clock that operates with the 

local 125Mhz crystal. The system clock is the source of the jitter attenuator core in the absence 

of the reference clock. 

 

Manufacturers usually provide evaluation software to configure and monitor most of their 

high-end jitter attenuator products. Microsemi offers ZL30267 evaluation board software that 

supports ZL30260-ZL30267 and ZL40250-ZL30253 device family. As shown in Figure 37, via 

this evaluation software ZL30265 system clock is setup with the 125Mhz based on the crystal 

source, and the IC1 reference input, OC1, and OC9 outputs are configured with 125Mhz 

respective to 5Gbps data bitrate of the fiber optic communication. Also, the APPL1 is 

configured with a zero-delay scheme with the feedback source of OC1. The reason for this setup 

is that the ZL30265 has limitations for the zero-delay feedback selection and only accepts OC1 

as the source for the APLL1 and OC3 for the APPL2. To achieve the same alignment on bank 

F as bank A, which is the source of the zero-delay feedback of APPL1, the Bank F is sourced 

from the same APLL1 integer divider. Thus, both banks having the same source will have the 

same phase alignment relative to the IC1 reference clock. Finally, the register level of the 

configuration is exported. 

 

As discussed earlier the ZL30265 offers an SPI interface for configuration and to set up the 

ZL30265, the offered Everest frequency synthesizer demo was modified based on the exported 

registers [43]. The demo uses the ARM CortexM1 soft CPU therefore, SoftConsole software 

was used to program the CPU [44, 45]. The reason for programming the ZL30265 via soft CPU 

Figure 36.ZL30265 block diagram 

Figure 37.ZL30265 configuration wizard 
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instead of RTL code is that the FPGA configuration write cycles can significantly be reduced. 

Also, the compilation time of the software written in C language is far less than the synthesis 

of the RTL code and therefore it enhances the development process. 

 

After the ZL30265 setup, the Polarfire transceiver is tested based on the configuration 

settings as displayed in Figure 35. With each system reset, same as the previous observation, 

the transmit signal drifts with a 1/F period relative to the recovered clock. This result indicates 

that the internal jitter attenuator aligns correctly and this indeterministic behavior of the TX 

stems from the low-frequency PLL in the transmitter.  

 

The PolarFire FPGA evaluation shows that it has all the demanded requirements except the 

deterministic behavior of the transmitter. This shortcoming effects the functionality of the 

controller and the recovered clock can’t be cascaded to the ADC modules. To tackle this 

shortcoming, innovative methods that are usually common in Time to Digital Converters (TDC) 

can be exercised to detect the phase difference and alignment of the TX signal relative to the 

recovered clock under 1ns without the use of external components [46]. 

 

One solution is Digital Dual Mixer Time Difference (D-DMTD) to determine the phase 

difference of RX and TX [47]. As shown in Figure 38, in this method each signal is passed 

through two D-flip-flop1 that operates with the helping clock. This helping clock is a bit faster 

than the RX and TX clock. For instance, if the RX and TX operate at 50Mhz the helping clock 

is 50.1Mhz. When the signal is scanned with a bit faster clock, it stretches the signal with the 

same phase. RX and TX intrinsically contain jitter and even environmental noise can be 

propagated through D-DMTD logic. As such, the extended signals based on the amount of jitter 

might have an unpredictable number of glitches that need to be addressed. The deglitcher logic 

can be implemented in various ways, one approach is to use state machines and as shown in 

Figure 39, the deglitcher is implemented in four-stages. Finally, to determine the phase 

difference, the deglitched signals are XORed. 

  

 

To test the practicality of D-DMTD to achieve deterministic delay under 1ns, ZynqBoard 

and the Polarfire are set up at 5Gbps and for developing purposes the D-DMTD logic has been 

implemented in the ZynqBoard. As shown in Figure 40 and Figure 41, the implemented D-

DMTD logic can easily recognize the phase difference of RX and TX under 1ns. Later on. The 

D-DMTD logic can be extended and for more accurate readings the XOR value can be scanned 

                                                 
1 Two D-Flip-Flop will address metastability issues 

Figure 39.Deglitcher state machine Figure 38.D-DMTD block diagram 
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for 10µs as the condition value for the resetting mechanism. The resetting logic based on the 

condition value will reset the PCS to achieve the desired phase between RX and TX.  

Since in this design the synchronous clock is transmitted through the uplink operating at 

4.8Gbps and the ADC side is at 2Gbps, the RX would be 120Mhz and respectively the TX is 

50Mhz. To use D-DMTD, the RX and TX should have the same frequency, and this can be 

achieved with the general-purpose PLL in the PolarFire FPGA. The PolarFire PLL supports 

phase-alignment in the post-VCO feedback mode but to achieve this the output most be 

divisible by the reference input [48]. Thus, both RX and TX clocks need to be converted to 

their greatest common divisor.  

  

5.2.3 Asynchronous test 

 

Another study of the PolarFire would be to break down the quad transceiver into a single 

lane for the uplink running at 5Gbps and 3 lanes running at 2Gbps forming the ADC modules 

connections. As discussed earlier versatile link plus is the promising optical link for the 

controller in the future. Due to the asynchronous bit rate of versatile link plus it is important to 

check the possibility to set up the uplink lane with an independent receive and transmit data 

rate.  

Configuring Xilinx GTX independent mode is cumbersome and as shown in Figure 42 to 

work around this issue two ZynqBoard were used to provide different bit rates for receive and 

transmit. The fiber optic patch cord can simply be separated and connect individually to each 

ZynqBoard providing a proper endpoint. 

Figure 42.Asynchronous test setup 

Oscilloscope 
ZynqBoard 

Figure 40.RX and TX signals Figure 41.XOR result 



 

30 

 

As shown in Figure 43, one transceiver instantiation named uplink configured with a single-

lane independent type with 5Gbps transmit rate and 2Gbps receive rate, whereas the other 

XCVR instantiation with three lanes is set up that the RX and TX operate at 2Gbgps.  both 

instantiations have traffic generation logic with IICE probed to monitor the behavior of the 

communications. 

 

 

Figure 45 shows the schematic of SERDES-2 of the PolarFire in the Everest evaluation kit, 

as it can be seen in this quad, the second lane is connected to the SFP+ cage and the first lane 

is looped. The looped lane can be used as the sub-ADC communication for this study. Thus, 

with the provided capabilities of the evaluation kit, this scenario can be tested. As shown in 

Figure 44, both lanes are setup with a 156.25Mhz resonator as the reference clock and the 

transceiver instantiations are placed accordingly. 

 

  

 

ILA and IICE of links show sound communication and the observed data is based on the 

corresponding traffic generators. Figure 46 shows the RX and TX waveforms and the recovered 

clock has deterministic behavior according to the design specifications. Thus, this test confirms 

that the PolarFire FPGA is suitable for further design with versatile link plus. 

Figure 43.Asynchronous block diagram 

Figure 44.Asynchronous XCVS configuration Figure 45.Everest SERDES-2 Schematics 
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5.2.4 Power estimation 

 

One of the most important parts of the design is to estimate the power consumption that the 

designer can implement the appropriate power supply and to devise a heat dissipation 

mechanism if needed. 

 

As discussed earlier, the backplane has a 3VDS startup voltage to power the controller 

initiation sequence and then governed by the controller logic, the backplane’s power supplies 

come to the service. This power analysis is very crucial, it will determine the controller load on 

the startup supply, heat dissipation as well as selecting and designing a proper onboard LDOR 

for the controller. 

 

Every component except the FPGA has a typical power consumption value that can be 

observed in the component’s datasheet. On the other hand, an FPGA may be small in size, but 

it comprises a lot of elements such as Logic, RAM, math block, PLL, transceivers, I/O.  FPGA’s 

power consumption is relative to the number of selected functions, clock operating frequency, 

and most importantly environmental temperature. Hence, to have a proper estimate respective 

to each design, the FPGA manufacturers offer a power estimator tool.  

 

Libero SOC has a SmartPower feature that alongside a PolarFire estimator allows power 

consumption measurement [49]. The SmartPower is a cutting-edge power analysis tool in the 

Libero SOC toolchain. SmartPower allows the designer to verify the power usage of the design 

accurately to analyze the system in terms of enabled functions as mentioned before, moreover, 

the designer can change the clock frequency as well as operating conditions such as 

temperature, thermal resistance, and voltages. Finally, the tool breaks down the analysis based 

on the functions, rail, and clock domain. 

Figure 46.Zynqboard and PolarFire asynchronous RX and 

TX signal measurement 
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Since there is no suitable logic at hand, to estimate the power consumption as close as 

possible to the final design, as shown in Figure 47, a sample project with MPT100T-FCG484 

was designed. In this project, some ground functionalities that will be used in the final logic are 

instantiated. Two asynchronous FIFOs are clocked by two separate PLL/DLLs as well as a 

UART IP along with startup logic codes. Moreover, to reach connectivity functionalities two 

SERDES blocks are utilized. As shown in Figure 48, each SERDES block has two transmission 

PLLs and one SERDES quad which is separated to form the uplink lane running at 5Gbps and 

ADC lanes running at 2Gbps data rate. 

 

After synthesizing and I/O placement, the project was verified with SmartPower. In 

SmartPower, the working clock frequency changed to 120Mhz. The reason to select 120Mhz is 

that the clock of received data of uplinks operates at 120Mhz running at 4.8 Gbps data rate.  

Figure 47.Block diagram of a typical project with known IPs 
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The working environment in the crate dictates that there is no heatsink and airflow for the 

controller board, thus the thermal resistance is set accordingly. Also, the temperature and 

junction temperature are set to 30 digress Celsius. 

 

As shown in Figure 49, PowerSmart analyzes the design based on the new clock frequency 

and ambient temperature. The tool breaks down the power consumption based on the type and 

it also shows junction temperature that is calculated from ambient and thermal resistance 

parameters. 

 

To have a thorough power analysis, Microsemi offers another power estimator tailored to 

the PolarFire FPGA known as MPE for short [50]. MPE is designed with a Microsoft Excel 

tool and can be downloaded from the vendor in spreadsheet format. MPE can be configured 

manually but it imports files from SmartPower reports to facilitates the design process. 

 

 

 

Figure 48.SERDES block diagram 

Figure 49.SmartPower breakdown analysis 
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Figure 50 shows an overall view of the tool with different spreadsheets based on the 

functionality. In MPE, the I/O section was edited according to the final design to get a better 

estimate consumption. MPE analysis shows that the sample design with manipulated I/O has a 

696mW of overall consumption. In the Graphs spreadsheet of MPE, as shown in Figure 51, the 

overall power consumption can be seen based on each power rail. 

 

 

 

This estimation shows that the overall power consumption of the FPGA is acceptable, and 

these values can be used for further power supply design. 

 

 

 

 

 

Figure 50.PolarFire MPE overview 

Figure 51.Polarfire Power break down by rail 
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 AD9542 evaluation 
 

As discussed earlier the AD9542 has two DPLL and it is important to check the 

functionality of the AD9542 based on the requirements of the controller board. In one 

configuration the AD9542 should be capable of jitter attenuating and generating the demanded 

frequencies for both transceivers’ quads with one PLL yet maintaining the phase alignment 

relative to the recovered clock. With this configuration not only, the expected functionality is 

reached but also the power consumption is reduced significantly. On the other hand, another 

configuration would be to set up the AD9542 in such a way that each internal PLL sets operate 

separately respective to each uplink.  

 

For the evaluation of the AD9542 jitter attenuator with one active PLL, the AD9542 

evaluation kit is connected to an oscilloscope, arbitrary wave generator, and spectrum analyzer 

via LEMO set with cables and converters.  The evaluation kit is connected to the PC via USB 

cable and configured via ACE software in such a way that REF-A and OUT0A are set up as a 

single-ended type with 120Mhz to simulate the 4.8Gbps uplink [28]. Moreover, the AD9542 is 

configured with an internal zero-delay loop with OUT0A as the loop reference to maintain 

phase alignment between input and output. The AWG is setup with 120Mhz continuous mode 

providing a clean clock for the reference of the board. The oscilloscope measurement of the 

output shows the perfect operation of the AD9542 with 120Mhz as expected. Also, to test the 

phase alignment capability of the AD9542, the phase on the AWG was manually modified and 

the output signal was following the reference signal accordingly indicating the expected 

behavior of the jitter attenuator. 

 

To further test the jitter filtering mechanism of the AD9542, the reference clock was fed 

with a Frequency Modulation (FM) signal to simulate jitter. As expected, the PFD was detecting 

the phase correctly. Figure 52 shows the input signal with green color which is to some extent 

a dirty signal and the output signal in blue color. Same as before, the phase of the input reference 

clock was modified, and the output signal correctly followed the input reference clock. Also, 

Figure 53 shows the frequency domain of the modulated reference clock input for better 

observation. 

 

 
 

For the second evaluation to test the AD9542 with two active DPLLs, as shown in Figure 

54, the oscilloscope, AWG, and the evaluation kit are connected in such a way that both 

channels of the AWG are used as the reference for REFB and REFA in single-ended mode 

operating at 120Mhz. Respectively, inputs and outputs are connected to the oscilloscope for 

observation. 

 

Figure 52.DPLL1 Clock reference and output 

waveform 
Figure 53.FFT view of the FM modulation  
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This experiment is very important because each PLL has a different VCO frequency range. 

As shown in Figure 55 the AD9542 is configured in such a way that the PLL0 operate with 

REFA as input and form the zero-delay loop with OUT0B as the reference clock with 120Mhz 

and the PLL1 operates with REFB and form a zero-delay loop with OUT1A as the reference 

loop. Fortunately, AD9542 has a solution for zero-delay alignment based on the controller 

specifications. Moreover, with rich division features in the output, the AD9542 can generate 

100Mhz from the same VCO to form the low-speed reference for ADC module quads. Since 

the 100Mhz frequency is sourced from the same APLL it has the same phase as the input 

reference.  

  

Figure 56 displays each DPLL input and output in pairs and to check the full functionality 

of the AD9542, the phase of each reference was individually modified, and the outputs could 

maintain phase-aligned to the corresponding reference clock. Moreover, the references were 

disconnected, and outputs were operating with the same setup frequency guaranteeing the 

demanded functionalities. To finalize the test, the OUT1B configured as 100Mhz is connected 

to the spectrum analyzer and the measurement as displayed in Figure 57 shows the jitter-free 

signal.  

Oscilloscope 

AD9542 

AWG 

Figure 55.AD9542 ACE configuration view 

Figure 54.Double DPLL test set 
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 MPT100T-FCG484 Transceiver placement 
 

The PolarFire MPT100T-FCG484 FPGA offers eight transceiver channels adequate for the 

controller unit design. As discussed earlier, the PolarFire transceivers are packed in quads and 

each quad has three reference clock inputs and three transmission PLLs. Each quad is 

responsible for providing data paths and uplinks for three ADC modules. In each quad, three 

lanes are connected to ADC modules operate at 2 Gbps and one lane at 4.8 Gbps. To handle 

different transfer rates, uplink lane and ADC modules should have a different transmission PLL. 

Since each chip has manufacturing limitations that don’t allow complete flexibility, the 

Polarfire is not exceptional and lanes cannot be configured in any order relative to their 

transmission PLLs and reference clock. The workaround this issue is that lane three of each 

quad be dedicated to the uplinks and other lanes for ADC modules. However, lane0 to lane2 of 

each quad can be interchangeably ordered based on the PCB design. The PLLs can be ordered 

in such a way that QX_TXPLLX used for uplinks with higher data rate and QX_TXPLL_SSC 

as ADC modules transmission PLL for ADC modules. 

 

Since this design is a prototype, the reference clock for the transceivers has two solutions. 

The first approach is to use a single 100MHz reference clock as shown in Figure 58 to operate 

all the transmission PLLs with desired data rates with the help of an internal jitter attenuator. 

  

Figure 58.PolarFire lane configuration with single 100Mhz reference clock 

Figure 56.DPLL 1&2 Clock reference and 

output waveforms 

Figure 57.FFT of OUT1B (100Mhz) 
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For the second approach using the AD9542 as the reference, as shown in Figure 59, the first 

reference clock input is connected to a100Mhz differential resonator to operate the uplink and 

the second reference clock input of each quad is connected to both DPLL outputs of AD9542 

correspondingly to have more flexibility to study each quad separately. However, as shown in 

Figure 60, there is one more possibility, to use a single DPLL0 of the AD9542 to operate both 

quads which will lead to a better heat profile. 

 

 Evaluation result 
 

The evaluations show that the PolarFire MPT100T-FCG484 FPGA alongside D-DMTD 

technique provides the platform to achieve all the required functionalities of the controller unit. 

Moreover, the AD9542 as a redundant jitter attenuator can be used for prototyping the first 

controller unit. 

 

 

 

Figure 59.PolarFire referenced from AD9542 using two DPLL 

Figure 60.PolarFire referenced from AD9542 using single DPLL 
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6 Design 

This chapter discusses the design process of the controller unit with MPT100T-FCG484 and 

AD9542. Also, it elaborates on the simulation of the power distribution network and the signal 

integrity of high-speed communications.  

 

 PolarFire user I/O 
 

Usually, FPGA’s user I/O regardless of manufacturer, are categorized in banks. Each bank 

has its own supply giving the designer the required flexibility to better manage the I/Os based 

on the voltage level and I/O standard, and if not required to disable the unused banks. Moreover, 

PolarFire user I/O supports different standards and features to achieve the required system-level 

functionality and performance. The user I/O has two types of High-Speed Input Outputs (HSIO) 

and General-purpose Input Output (GPIO) [51]. The former supports 1.2V to 1.8V operations, 

mixed single-ended input modes, reference and differential inputs, DDR3/LPDDR3 support up 

to 1333Mbps and DDR4 up to 1.6Gbps. On the other hand, GPIO can operate from 1.2V to 

3.3V and supports true current-based differential output driver and pseudo differential 

complementary output mode. 

 

As shown in Figure 61, color groups represent each bank and MPT100T-FCG484 PolarFire 

has 4 banks. The green and blue banks are GPIOs and the red and orange are HSIOs. As 

described previously, ADC boards and backplane voltage level connections are 3.3V so, HSIO 

banks are not practical for backplane connection. Moreover, the HSIO banks don’t provide any 

differential output. This issue even made things harder for handling the internal signals. Thus, 

it is better to disable the HSIO banks. Each bank has its supply and to disable it needs to be 

terminated to the ground with a 10k resistor [52]. 

Since, 3.3 voltage level dictates the use of GPIO and HSIO banks are disabled, there is a 

need that all internal communications can handle 3.3V and if not to find a solution to work 

around this. 

 
 

 

Figure 61.MPT100T-FCG484 I/O Banks 
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 PolarFire I/O Glitch 
 

The PolarFire FPGA has I/O glitches that can occur for HSIO/GPIO outputs during the 

power-up stage [52]. The controller unit has the JTAG interface for programming the ADC 

modules and if the PolarFire I/O glitches are not mitigated this will jeopardize the functionality 

of the readout electronics. 

 

To mitigate these glitches, Microsemi recommends that the critical signals are pulled down 

with 100k resistor, and internally the weak pull-down resistor on the output buffer is enabled. 

Moreover, the PolarFire family supports mixed I/O banks to provide the flexibility to support 

independence I/O standards in the same bank. GPIO banks have two supplies for this reason, 

VDDI, and VDDAUX. VDDI is to power the single-ended output drivers and the input buffer 

and VDDAUX powers the differential and referenced input buffers. For thorough I/O glitch 

mitigation, VDDAUX voltage should be higher or equal to VDDI and the same voltage 

regulator must be used if the VDDI and VDDAUX are set to 3.3 voltage. 

 

 PolarFire transceivers 
 

Based on the test results from the MPT100T-FCG484 Transceiver placement section, the 

lanes in each quad are arranged in a way that all differential traces would be in one layer. With 

this approach as shown in Figure 62, all transceiver traces are drawn smoothly and even uplinks 

traces are preferably as short as possible which will lead to highest performance.  

 

Moreover, High-speed trances that link the ADC modules to the controller are AC coupled 

to protect both devices from any DC biased signals. 

 

 

 

 

 

Figure 62.Layer 3 (High speed traces are marked with the green color) 
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 PolarFire programming 
 

The Polarfire family can be programmed via JTAG and SPI interface [53]. JTAG is a more 

thorough protocol and it gives the designer and later on the physicists the ability to not only 

program the device but also to use debugging features of Libero SOC. In this design, only the 

preferably the JTAG interface is used, and to disable the SPI programming interface as shown 

in Figure 63, SPI_EN is pulled-up and IO_CFG_INTF is pulled down [52]. Furthermore, a 

JTAG IDC port is mounted on the board for local and remote programming capabilities. 

 

The PolarFire FPGA is connected to the NCP303 voltage detector. NCP303 with a highly 

accurate undervoltage detector prevents erratic system reset. Moreover, it starts the FPGA with 

enough delay that all power supplies are in a good and desirable state. 

 

 Uplinks 
 

With versatile link as a chosen optical link for this prototype it operates with a single 2.5V 

but the I2C interface has a 1.8 voltage threshold. Whereas, the active I/O on the PolarFire 

operates at 3.3V. However, there is a solution to interconnect two devices without a voltage 

level shifter chip. The proposed typical configuration examples in the versatile link application 

note recommend that the signals should be pulled-up which indicates that the outputs have 

open-drain configurations. As shown in Figure 64, to connect the I2C interface to the PolarFire 

FPGA, signals are carefully pulled up to 2.5V. 2.5 voltage swing is in the 3.3GPIO sensitivity 

margin to detect the correct logic and to protect the versatile link from over-voltage, the logics 

which directly operate the versatile links are modified in a way that one logic (3.3V) is 

substituted with High-Z. 

The versatile link is a custom device built at CERN for typical High Energy Physics 

experiments and because of this versatile link has a specific requirement that optical system 

designers must pay attention to. One of the key requirements which are very critical to the 

functionality of the controller unit is the polarity of the uplink transmission lanes. Some 

versions of versatile Link have inverted polarity compared to standard SFP+.  Fortunately, as 

explained the Polarfire family allows the user to edit the lanes attributes and one of the 

parameters is the polarity of the lane and the designer can easily modify such attributes relative 

to the design. 

Figure 63.Programing and reset schematics of the controller unit 
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 Programming adjacent controller 
 

One of the key requirements of the controller is the ability to program an adjacent crate 

controller. With this feature, controllers can be debugged and if needed reprogramed remotely. 

 

To achieve this functionality, another IDC port is introduced that via a ribbon cable this port 

can be connected to the JTAG port of an adjacent crate controller for remote control. As shown 

in Figure 65, to protect the device from voltage spikes, TVS is used on interconnect signals. 

Also, the remote JTAG signals are critical, and to avoid the I/O glitch effect, these signals are 

pulled down with 100k resistors. 

 Power  
 

Table 4 shows the controller unit power consumption based on each component and 

according to this table, an appropriate power supply can be realized. Due to the harsh 

environment of the PANDA experiment, the only practical approach is to use linear regulators 

with a small footprint and yet have enough thermal pad that can dissipate the produced heat to 

the board. Linear regulator intrinsically dissipates the voltage difference from input and output 

as waste heat. The dissipated heat can be calculated with this formula (Vin -Vout) * output 

current. To have a better estimate of the board power consumption the heat waste from each 

regulator must be considered. 

To design the appropriate power supply there is a need for high amp LDOR with more 

current capacity than estimated to be on the safe side. TPS7A85A from Texas Instrument with 

0.75% accuracy, 4A current output, 3.5mm X 3.5mm body size, and adjustable any-output 

operation from 0.0V to 3.95V is a perfect LDOR for this design. With such versatility, this 

component can be used for other required power rails (+1.8V and +2.5V) and the adjustment 

pins can be configured as recommended to achieve the desired output. 

 

 

Figure 64.Versatile link schematics 

Figure 65.Remote JTAG interface 
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       Table 4.Controller unit power consumption 
Component +1.0V +1.8V +2.5V +3.3V 

TD-100.000MCD-T    30mA 

ASG2-LJ    40mA 

MAX6023    35µA x 2 

MAX11410    1mA x 2 

AD9542  390mA  5mA 

CP2104    17mA 

Versatile link   180mA x 2  

MC100EPT23    20mA x 2 

NCP303LSN27T1G    0.5uA 

MPF100T-FCG484 0.236mA 0.25mA 45.4mA 0.03mA 

Overall 0.236mA 390.25mA 405.4mA  

LDOR(+1.0V)    0.542mA 

LDOR (+1.8V)    585.37mA 

LDOR (+2.5V)    324.32mA 

 

The TPS7A85A has a Power Good (PG) output that shows that the output voltage is in the 

specification range. This open-drain output is usually used for power sequencing and 

debugging. As shown the Figure 66, PG is used as an error display in a way that if the LDOR 

is not operating normally, it powers the LED for easy debugging. 

 

6.7.1 Voltage and Current measurement 

 

Another requirement of the controller board is to govern and monitor four power supplies 

that power all modules on the backplane. Controlling the power supplies is via I2C 

communications and to monitor all voltages and currents consumption, ADC components are 

needed to be added to the controller unit. Hence, as shown in Figure 67, MAX11410 a 24-bit 

resolution 10 channel ADC with SPI interface monitors the power supplies. To have an accurate 

measurement, MAX6023 a precise, low power 3V reference voltage with a small footprint was 

devised. To monitor all the voltages, the reference voltage is set to 3V, and to measure 3.3V, 

these specific voltages are divided by two.  

Figure 66.TPS7A85A schematics 

Figure 67.Schematic of monitoring ADC 
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6.7.2 Power switching mechanism 

 

As discussed earlier 3.3VDS is just a startup power supply and it is not for continuous use 

and as shown in Table 4 the regulators dissipate 1.3W of heat. Since there is no cooling feature 

devised for the controller it would be wise to keep the heat profile of the board as low as possible 

with the power switching mechanism. 

 

The onboard linear regulators sourced from 3.3VDS should power the controller at the 

startup and after initializing the main power supplies, the controller switches the supplies and 

disable the regulators. This mechanism can be accomplished via FPGA or with external 

circuitry.  This process is very crucial and if there is a simple flaw in this procedure, it can 

simply jeopardize the functionality of the crate. As shown in Figure 68, one way of using an 

external switching mechanism is proposed. In this design, each specific rail utilizes an 

operational amplifier which monitors the main power supplies incoming voltages and 

continuously comparing them with corresponding constant setpoints. If the voltage is below the 

setpoint, linear regulators are enabled and the MOSFET that connects the rails to main power 

supplies are disabled.  On the other hand, when the main power supplies are brought to service 

this circuit disables the LDOR and enables the MOSFET.  

 

Another preferable approach would be to use FPGA to accomplish the switching mechanism. 

In this design all the voltages are monitored with an onboard ADC that can be used for the 

switching logic as well, thus this mechanism can be easily devised.  

In this prototype, the focus is on system functionality, and because of the space constraints, 

the switching mechanism was not implemented and postponed to another version of the 

controller unit.   

 

 

 

 

 

Figure 68.Power switch schematics 
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6.7.3 PolareFire decoupling capacitors  

 

       Table 5 shows the decoupling capacitors' recommendations from Microsemi for 

MPF100T-FCG484 PolarFire FPGA based on each rail [52]. Some capacitors have a large 

footprint that cannot be mounted on the backside of the controller unit. Thus, in this design to 

keep the size of the capacitor’s footprint as low as possible, large capacitors are divided into 

small capacitors yet maintaining the required capacity.  

 
       Table 5.MP100T-FCG484 Decoupling capacitors  

 Ceramic Tantalum 

Pin Name 4.7 nF  10 nF 0.1 μF 1 μF 4.7 μF 10 μF 47 μF 330 μF 

VDD  2 2     1 

VDD18   2    2  

VDD25   5   1   

VDDA 3 1 6    1  

VDDA25   4    1  

VDDIO3   2   1   

VDDAUXx   2    1  

GPIO Bank   2    1  

HSIO Bank   2    1  

VDD_XCVR_CLK   2   1   

XCVR_VREF   2      

 

 Debugging interface 
 

In this prototype to further study the board, some debugging features have been added and 

these interfaces will be removed from the final release.  

 

6.8.1 USB-UART Bridge  

 

The libero SOC software for debugging the design only relies on SmartDebug and Identify 

debug tools. The former is the mechanism introduced by the vendor to do a live inspection of 

the device in limited form and the latter is a third-party software from Synopsys integrated into 

Libero to facilitate on-chip signal analysis. However, these tools don’t feature Virtual Input and 

Output (VIO) which is crucial for in-depth debugging. VIO allows the designer to virtually read 

and write to design via the JTAG port. This tool is very handy and can easily expedite the 

development process. 

 

A simple alternative to VIO is to use UART to USB bridge which introduces an easy low-

speed interface between PC and DUT. To use this interface, on the FPGA side, the PolarFire 

family offers a UART IP core. On the computer side, the user can generate the desired GUI 

with any language or third-party software like Labview. 

 

As shown in Figure 69, CP2104 from silicon labs is used as a single chip UART-to-USB 

bridge. This integrated chip has all components internally and with a small footprint is suitable 

for this design. To protect the chip from external surges, the USB differential signals and VBUS 

is connected to TVS to damp any voltage spikes. 



 

46 

 

6.8.2 U.F.L connectors 

 

U.F.L (Figure 70) is a miniature RF connector for the transmission of high-frequency 

signals. The reason to have these connectors on this prototype is to study the behavior of 

transceivers in terms of the recovered clock and transferring the deterministic recovered clock 

to the ADC modules through the redundant data paths. 

  

As shown in Figure 71, to connect the FPGA to the U.F.L connector, MC100EPT23 dual 

differential to a single-ended mode translator is used. MC100EPT23 translates the incoming 

differential LVDS signal from the FPGA to LVCMOS 3.3V mode operating up to 273Mhz. 

Also, this chip can protect the FPGA I/O from external surges. In this prototype, four U.F.L 

connectors are utilized which gives the designer extra flexibility to study each transceiver clock 

separately. 

6.8.3 Button and LEDs 

 

In this prototype, to facilitate the development process and debugging, two LEDs and one 

button with a debouncing function have been added. 

 

 

 

Figure 69.Schematic of the USB to UART converter 

Figure 70.U.F. L male connector 

Figure 71.Schematic of the U.F.L interface 
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 AD9542 connection 
 

AD9542 PLL has two supply voltages, VDDIOA/B with a 1.71~3.4 voltage range to power 

the general I/O and VDD with 1.8V to supply the internal circuitry and differential input and 

outputs [27]. Since in this design the PolarFire GPIO with 3.3V level is used, the VDDIOA/B 

is set to 3.3V to meet the voltage level. 

 

The AD9542 has a flexible serial control port and it supports I2C and Motorola SPI protocol. 

To select the desired protocol the M4 multifunction pin must be set accordingly. The AD9542 

has multifunction pins, these pins at startup with responding to the reset pin will operate as 

inputs and latches the input values and autoconfigures the device. After bootup multifunctional 

pins remain high-Z till configured otherwise. To have flexible functionality to control and 

configure the AD9542 all multifunction pins and control interfaces are connected to the 

PolarFire. 

 

To operate the AD9542, the differential input and outputs must be connected to the FPGA 

and the AD9542 supports LVDS for reference inputs as well as LVDS, CML, and HCSL 

differential signal modes for the outputs. On the other hand, PolarFire supports LVDS as a 

transmitter and receiver protocol but it only uses the HCSL signal mode as receiver. Since, 

AD9542 reference input has the same signal mode as the Polarfire transmitter, to protect the 

device against any DC biased signals, the inputs are AC-coupled and terminated in 100Ω 

resistor for impedance matching. To the contrary, to connect the AD9542 output clocks to 

PolarFire receivers, as shown in Figure 72, the pull-up and pull-down resistors are used to 

provide signal type matching and conversion.  

 

 

 PCB design  
 

The PCB design has been implemented in 8 layers and each specific layer is described in         

Table 6. 
        Table 6.PCB layer description 

Layer Layer function 

1.  Component, Ground 

2.  Ground 

3.  High-speed differential, Ground 

4.  Power, Ground 

5.  Power, Ground 

6.  Signal layer, Ground 

7.  Ground 

8.  Component, Ground 

 

Layer 3 and 6 form all the crucial signal connectivity of the controller. Importantly these 

crucial signals are placed in the inner layers of the board for better electromagnetic immunity 

compatibility. To even maximize the quality of high-speed differential connectivity of the third 

layer, these differential traces are enveloped in ground polygons. It is tried to cover all layers 

with ground polygons to maximize the board signal integrity as well as the durability of the 

Figure 72.AD9542 output signal conversion 
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board. The reason for better durability of the board is that each layer will have a smoother 

surface for lamination and further manufacturing processes and if layers have gaps, the 

controller is susceptible to temperature changes or impacts which gradually damages the board 

quality. 

 

Moreover, to achieve near-perfect noise cancelation at the receiver, the differential traces 

are length matched with tolerance of 0.2mm according to 5Gbps the highest frequency pair in 

the design.    

   

6.10.1 Stack up  

 

Another important aspect of designing the board especially in high-speed communications 

is impedance matching. The differential highspeed links must maintain the required impedance 

otherwise, the quality of the link is attenuated due to signal reflection. The dielectric material, 

signal type in terms of single or differential, the thickness of layers and sheets, and other 

information are entered into the PCB impedance matching calculator to determine optimal trace 

width and trace gap to maintain the demanded impedance. Altium Designer has an embedded 

impedance matching calculator and via this tool, a new 100Ω impedance profile according to 

the controller PCB design has been introduced. As displayed in Figure 73, on the left side the 

stack up layer is presented while on the right side the impedance matching profile based on the 

100Ω is presented.  

The 100Ω impedance profile can be used in the rule specifications of the differential pairs 

and with this rule on each layer the tool will use the specific pair constraints to guarantee the 

required impedance.  

 PCB Simulation 
 

The PCB quality and performance during the design process can easily be underestimated 

or overestimated and to be certain that the PCB meets the design requirements the board can be 

simulated before prototyping. The most intricate conductive tracks of the PCB are the power 

delivery system and differential signals. In this section, the simulation of the power delivery 

system and high-speed differential traces are explained.  

 

 

Figure 73.Stackup view and 100Ω Impedance profile 
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6.11.1 Power Delivery Network (PDN) 

 

All components that are used in this design have a defined voltage tolerance with an accuracy 

of 2~5%. If the power source by any means is not in the tolerance of the device especially the 

PolarFire FPGA, it can jeopardize the functionality of the controller unit. Aside from designing 

a proper power supply to reach the required voltage accuracy, the correct PCB has an important 

role to achieve the required voltage tolerance. To check the voltage accuracy for all components 

on the controller, it is important to perform PDN analysis on the board to achieve the demanded 

quality. 

 

Altium Designer has a PDN extension tool that the designer with simple configuration can 

analyze the PCB and visualize the results as voltage and current reads on each layer. The voltage 

contour can help the designer to identify the peak loads on the layer that produce heats. If the 

heat points are not addressed, they will lead to delamination of the board [54].Before analyzing 

the board, as shown in Figure 74, the incoming power and distributions through regulators must 

be identified to the tool.  

As shown in Figure 75, the 3.3V enters the board via J3 and J4 from the backplane forming 

the +3.3VDS bus, and from this bus +1.0V, +1.8V, and +2.5V linear voltage regulators are 

powered as well as the PolarFire FPGA (U2) and AD9542 (U14) through their respective 

current shunts. 

Each linear voltage regulator is configured, and the corresponding voltage bus was formed. 

Moreover, loads with required voltage tolerances and current consumptions with 30 °C ambient 

temperature is set in each power bus. The PolarFire and AD9542 are set up with current 

consumptions more than prior power analysis to take a toll on the traces and polygons to have 

more reliable readings. If loads don’t meet their voltage tolerances, PDN shows the violation 

and the test fails. In this design, although the loads are configured with values more than 

anticipated all tests pass, and it shows the reliability of the design. 

 

PDN also features a probe function and with that, the designer can set up a single or 

differential probe to further analyze the current or voltage of a particular region of the board. 

Figure 74.Incoming power and voltage regulators 

Figure 75. 3.3VDS Power bus 
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As shown in Figure 76, the blue polygon is 1.8V and it has a bottleneck and to have a better 

voltage and current readings, before and after the bottleneck the differential probe can be set. 

As shown in Figure 77, the voltage difference between the probe before the bottleneck and the 

last part of the polygon shows the 7.137mv difference meaning the bottleneck has 7.137mΩ 

resistance and it is insignificant 

  

 

6.11.2  ADS signal integrity test  

 

A signal integrity test is very crucial for any high-speed equipment and it guarantees the 

functionality of the design based on the desired operating data rate. To achieve a signal integrity 

test, it can be accomplished by BERT features of FPGA’s IDE, measuring equipment, or 

simulations. To carry out the tests without simulation, the board needs to be built, assembled 

and after the set is ready, the signal integrity can either be performed with the built-in features 

of both tools Xilinx and the PolarFire or the measuring equipment such as M8000 series bit 

error ratio tester from Keysight. with this approach to reach design requirements and 

functionalities it demands multiple prototyping which can be time-consuming and costly. To 

reduce design time and cost, simulation is another preferred method before prototyping. 

 

One of the powerful EDA tools for high-speed simulation is Keysight ADS. The PCB design 

in well-known formats like ODB++ can be imported into ADS and via the SIPro tool of ADS, 

the designer can evaluate the signal integrity of the specific traces [55]. SIPro as the result of 

the simulation will generate the S-parameters model of high-speed lanes in the specified 

frequency range and produces a symbol to further analysis.  

 

As shown in Figure 78, the generated symbol of the controller is placed on the schematic 

canvas, and differential transmitters and receivers are connected. To have a more accurate 

simulation the transmitter is an IBIS AMI model of PolarFire configured with 2Gbps PRBS 

Figure 78.IBIS simulation view 

Figure 76. +1.8V(Blue) polygon bottleneck Figure 77. +1.8V polygon differential probe 
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and 8B/10B encoding. Meanwhile, the differential receiver utilizes Xilinx 7 series IBIS AMI 

model2. With this approach, the TX lane is formed, and it can be simulated. The ADS with the 

license in hand just allows one simulation at a time, thus another schematic was created in ADC 

to simulate the receive pair in the reverse order, in other words, Xilinx as the transmitter and 

the PolarFire as the receiver. A single eye probe can be connected to the output of the 

differential receiver to measure the performance of the received data. 

 

As shown in Figure 79, the density of RX and TX in the form of an eye diagram is 

demonstrated, the eye is wide open indicating the quality of the specific pair. 

 Other important high-speed traces to be tested are the 4.8Gbps uplinks. As discussed earlier 

uplinks not only transfer the data but also provide the accurate clock for the controller and sub-

ADC modules, thus, a high level of signal quality at 5Ghz is demanded. The uplink is tested 

and as shown in Figure 80, the eye diagram is wide open at 5Gbps PRBS guaranteeing the 

signal quality, moreover, on the right side, the signal clock from CDR is demonstrated 

indicating normal behavior of the recovered clock. 

 

The IBIS model is the behavioral model of component and the presented IBIS model from 

the vendors describes the typical model of the component. On the other hand, FPGA high-speed 

transceivers are very customizable components in terms of signal integrity, thus if the device 

can pass IBIS model simulation, in practice with tailoring the transceivers with the 

specifications can result in better results.  

 

                                                 
2 Xilinx IBIS model is 32-bit and for compatibility with ADS 2020, 64-bit wrapper was used 

Figure 79.Simulated RX and TX eye diagram 

Figure 80.Simulated Uplink eye diagram at 5Gbps 
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7 Conclusion and future work 

As shown in Figure 81, The controller unit is finalized, and it utilizes the PolarFire FPGA. 

The PolarFire is the suitable SEU immune COTS reconfigurable FPGA in the market at the 

time of this study with unprecedented SEU immunity in order of magnitude compared to other 

FPGAs. The Polarfire offers a 50% power reduction which will significantly decrease the heat 

profile of the controller unit. 

 

 The PolarFire transceiver with an internal jitter attenuator meets almost all the required 

expectations of this design except for the cascade deterministic time transfer to ADC modules 

due to the internal PLL structure of the transceiver but it can be compensated with D-DMTD 

techniques without the use of external components to overcome this issue.  Moreover, the board 

has all debugging features to further study and design of the controller unit.  

  

After the prototype has been delivered from the PCB manufacturer the following 

improvements can be introduced. 

 

• Advanced transceiver study 

As discussed earlier, Microsemi doesn’t offer a proper way to achieve deterministic latency 

in the TX. As a result, to achieve 1ns time resolution through the redundant data path it is vital 

to conduct a study to explore and address this critical issue with the help of Microsemi. 

However, the alternative solution is to use a proposed D-DMTD technique to alleviate the miss 

alignment. 

 

• Logic design 

To make the controller unit operational there is a need for proper logic based on the discussed 

requirements. Although the PolarFire configuration has better immunity towards radiation other 

parts are susceptible. To improve the reliability of the system, it is wise to use TMR. It can 

either be achieved by third-party software (Synplify Premier from Synopsys/ Hi-Rel from 

MentorGraphics) or devise intuitive approaches such as using ECC and Hamming code for 

error detection and recovery in RAM and FSM [56, 57]. After logic completion and verification, 

the board resiliency toward radiation must be tested in the proper laboratories or research 

facilities.  

 

 

 

Figure 81.3D view of the controller unit PCB 
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• Crate test 

After logic development, another study would be to put all the readout electronics in the 

crate together and test the whole system. As shown in Figure 82, components are assembled 

and the functionality and the integrity of the crate from a redundant data path with 1n 

deterministic recovered clock to operating and monitoring power supplies can be evaluated. 

Moreover, at this stage the data collectors’ components are ready and a new array of tests can 

be performed such as a connectivity test with Firefly optical links from Samtec and time 

analysis [58].  

 

• VL+ 

After CERN produces the versatile link plus, another approach would be to design a new 

version of the prototype with this optical link and the corresponding logic. Moreover, a practical 

power switching mechanism can be introduced in the new version. 

Figure 82.Assembled crate components 
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8 Appendix 

 PCB Layers 

Layer: L1 

Layer: L2 

 

Layer: L3 
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Layer: L4 

 

Layer: L5 

 

Layer: L6 
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Layer: L7 

 

Layer: L8 
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 PDN analysis 
 

+3.3V bus voltage analysis 

 

+3.3V bus current analysis 

 

+2.5V bus voltage analysis 
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+2.5V bus current analysis 

+1.8V bus voltage analysis 

 

+1.8V bus current analysis 
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+1.0V bus voltage analysis 

 

+1.0V bus current analysis 
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