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 A B S T R A C T

Modern data acquisition systems in physics experiments of various scales rely heavily on precise time 
synchronization of electronic components used for digitizing analog signals generated by detectors. Scientific 
collaborations often develop custom, in-house solutions designed for particular use cases that form ecosystems 
of compatible hardware platforms, protocols, and standards.

In this work, we present and evaluate a set of gateware and software components that enable the 
implementation of complete data acquisition systems with synchronization, data transport, and control 
functionalities over multi-gigabit transceivers. The components can be organized to form a logical system 
structure, including the master, data concentrators, and endpoint modules, on virtually any hardware platform 
equipped with a Field-Programmable Gate Array with an exposed transceiver. The system allows for a 
rapid deployment of complete measurement systems with facilitated integration of new elements on both 
commercially available and custom-designed platforms.
. Introduction

Data Acquisition Systems (DAQ) for modern physics experiments 
omprise digitizing nodes distributed and installed over the detector 
ystem. These nodes must simultaneously register the detector re-
ponse to a physical event, each taking a snapshot of a particular 
etector region. These snapshots must be precisely aligned in time 
o properly reconstruct the complete detector response from events 
n sub-nanosecond timescale. Hence, the nodes must share a common 
eference timing signal.
Typically, dedicated circuitry would have been set up to provide a 

ommon reference signal to the nodes. This signal would often be the 
utput of an advanced hardware processor analyzing certain detector 
hannels in real time and thus providing preliminary event selection, 
alled a trigger. Nowadays, the signatures of the physics phenomena to 
e registered have become much more complex, rendering hardware 
rigger systems obsolete and shifting the data selection to the online 
oftware computing facilities [1]. The trigger-less or continuous read-
ut systems reuse the data links to distribute the common clock and 
ynchronization signals by employing synchronous protocols and meth-
ds. The bitstreams transmitted over data links between the nodes of 
he system can be used to extract the sender’s clock by the receiver [2]. 
y designing a hierarchical system architecture with a single master 
ode, one can distribute the master clock to the endpoints using this 
lock recovery feature of the network transceivers.

∗ Corresponding author.
E-mail address: grzegorz.korcyl@uj.edu.pl (G. Korcyl).

The quality of this process will reflect on the performance of the 
entire measurement system as any degradation of the synchronization 
on any endpoint will result in an inability to reconstruct physical 
events properly. The systems must ensure the recovered clocks on the 
endpoints remain stable, fixed in phase between each other, do not drift 
over long periods or due to external conditions, and are repetitive after 
system power cycles.

Scientific collaborations develop dedicated hardware solutions,
where the clock handling is carefully designed to achieve the best 
synchronization performance. On top of this, custom network protocols 
perform hand-shaking between the nodes to establish and maintain 
synchronous connections. However optimized, this approach signifi-
cantly raises the costs and complexity of the systems, simultaneously 
narrowing their flexibility and adaptability to various detector systems.

1.1. Related works

Numerous hardware platforms, protocols, and implementations
have been developed by scientific collaborations. However, the system 
scheme remains common. A single, master electronic module is the 
source of the common clock and synchronization signal, which is for-
warded and distributed by the concentrator cards to the endpoints that 
digitize the detector data. The synchronization is propagated down-
stream through synchronous protocols, usually over fiber-optic links. In 
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the LHCb experiment, a custom FPGA platform called PCIe40 [3] serves 
multiple functions in the system essentially maintaining a synchronous 
connection to the endpoints through the GigaBit Transceiver (GBT) 
links [4] - a standard developed by CERN, with the ability to receive 
master synchronization from the Large Hadron Collider via Timing 
distribution and Fast Control (TFC) system [5].  The system is tightly 
coupled to the LHC bunch clock frequency 40.08 MHz, which is 
distributed to the endpoints as a dedicated data link clock through 
a series of components with guaranteed fixed latency to ensure the 
deterministic phase alignment of the endpoints.  Similar concepts 
are being implemented in the CBM experiment with BNL-712 [6], a 
different FPGA card with multiple optical link bundles for synchronous 
connections to the endpoints over GBT protocol and a TFC receiver [7].

Although the hardware platforms are different in those two cases, 
they must share common solutions required by the chosen protocols, 
thus limiting their applications to other systems. Both cards are clients 
of the TFC protocol and require a dedicated receiver and protocol 
implementation (the BNL-712 has a dedicated Timing Mezzanine Card 
attached). The synchronous connection to the endpoints from the mas-
ter clock signal recovered by the TFC is implemented as a common 
multi-gigabit transceiver reference clock that requires a hardware jitter 
cleaner, fan-out device, and precise net routing (Fig.  1B) on the Printed 
Circuit Board (PCB) design.

This clocking scheme is common in recent synchronous systems. 
However, it has drawbacks, namely, it leads to the increased complexity 
of the hardware design, narrows the clocking flexibility of the manufac-
tured components, and imposes a significant barrier in the integration 
of hardware modules not foreseen to operate within the system a priori.

When looking at the protocols for time synchronization IEEE 1588 
known as Precision Time Protocol (PTP) comes as a standard in dis-
tributed networks [8]. The protocol defines a sequence of messages 
the nodes exchange, carrying timestamps (hardware timestamping is 
required for sub-nanosecond precision). Based on those timestamps, 
the nodes can determine the time offset between them and align their 
clocks if the hardware is capable (e.g., are equipped with Voltage 
Controller Oscillators (VCO)). The protocol relies on Ethernet networks 
and the transport OSI layer utilizing the User Datagram Protocol (UDP) 
and requires frequent handshakes between the nodes to adjust the 
clocks. Therefore, both nodes must have active Internet Protocol (IP) 
stacks implemented to build and exchange packets in an Ethernet 
environment. For small FPGA devices, often installed in front-end 
electronics, the complexity and high resource consumption of network 
stacks make it challenging to implement PTP clients and impose an 
unnecessary overhead.

While IEEE 1588 provides the means to determine timing offsets 
between the nodes and adjust their clocking periodically, it does not 
hold the synchronization. It allows the clocks to drift over time. This 
is because the protocol operates on a regular Ethernet infrastructure, 
which does not guarantee the synchronicity of the clock domains 
between the input and output ports of the commercial equipment.

An extension of the standard called White Rabbit [9] has been de-
veloped as a response to this issue, combining time offset determination 
of the IEEE 1588 and Synchronous Ethernet (SyncE) hardware infras-
tructure components [10]. This assures clock domain transfer between 
the input and output ports of the equipment and provides a fixed phase 
relationship between the clocks on distributed nodes. Despite being 
widely adopted by the community and becoming a standard in large-
scale research facilities, it requires dedicated and expensive hardware 
for the infrastructure and specific clocking features on the end nodes, 
narrowing the range of electronics compatible with the standard and 
making it not feasible to deploy for small or prototype setups.

On the other end of the spectrum are commercial complete DAQ so-
lutions such as NI PXI system [11–13] or digitizers from CAEN [14,15]. 
They provide excellent signal processing functionalities in convenient 
form factors with scaling capabilities through precise synchroniza-
tion features. However, the overall channel density remains low for 
2 
large-scale detector systems, and the cost per channel is often unreach-
able. Despite the possibilities of implementing and including custom 
functionalities in the readout chain, the systems remain closed and 
unavailable for fine-tuning to particular applications.

1.2. Outline

This paper presents a complete DAQ solution based solely on gate-
ware and software components (Fig.  1C). It allows the implementation 
of synchronous systems on virtually any hardware platform sport-
ing a Field Programmable Gate Array (FPGA) device with a Multi-
Gigabit Transceiver (MGT), which is recently a standard in this type 
of electronics. The key points of this contribution are as follows:

• Decoupling from dedicated hardware platforms and leveraging 
the functionality to gateware and software makes the systems less 
complex, less expensive, and easier to set up

• No specific hardware requirements make it suitable to integrate 
with a variety of both custom and Commercial-Off-The-Shelf 
(COTS) hardware platforms

• The gateware components are compliant with recent standards, 
making it easy to integrate, prototype, and develop complete 
solutions with modern FPGA development techniques and tools

• The synchronization process is adaptable to any master clock 
frequency and the resulting data link rate (above the minimum 
rate and supported by all nodes)

• A single physical data link is shared between three logical func-
tions providing synchronization, measurement data transport, 
and control and monitoring messages exchange

• The system has been implemented and evaluated on multiple 
platforms, including those equipped with Time-to-Digital and 
Analog-to-Digital Converters (TDC and ADC)

• The synchronization performance has been measured as the offset 
jitter of the recovered clocks at the level of 10 ps, making it 
suitable for measurements with high-end TDC and ADC devices

The system logic architecture is introduced in Section 2, and the 
essential synchronization mechanism is described in Section 3, includ-
ing performance evaluation in Section 3.3. Afterward, the mechanisms 
for transporting the measurement data and the control and monitoring 
system are discussed in Sections 4 and 5, respectively. By the end, 
the hardware platforms on which the system has been implemented 
are demonstrated in Section 6, and the overall summary is included in 
Section 7.

2. System architecture

2.1. Logical components

Synchronous systems require a common clock source propagated 
to the endpoints that digitize signals from the detectors. Therefore, 
the system’s hierarchical, tree-like architecture is inferred, in which 
a component location defines its logic function. Following the con-
vention from the AXI (Advanced eXtensible Interface) standard (see 
Section 2.4), we recognize two main logic functions: a master that pro-
vides synchronization and a slave that receives it. System functions can 
be assigned to the physical components that instantiate a combination 
of these two functions.

A system master is at the root of the system, the common clock’s 
source. It can offer several master interfaces and, hence, become a 
data concentrator. A regular data concentrator has an instance of the 
slave receiving synchronization from the master and forwarding it to 
the master interfaces. Finally, an endpoint has a slave instance, no 
master interfaces, and is supposed to be the measurement data source. 
Since no specific hardware components are required, these functions 
can be implemented as a combination on a single FPGA, multiple FPGAs 
on a single board, or as an entirely distributed system (multi-gigabit 
transceiver connectivity is required in the latter two) (Fig.  2).
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Fig. 1. Clocking distribution schemes for transmit channels (TX) in Multi-Gigabit Transceivers (MGT). External oscillators source the input of MGT reference clocks, based on 
which the high-speed serial clocks (in the Physical Medium Attachment layer (PMA)) are produced in transmission channels. By default, when sourced from the same physical 
oscillator, the channels are not aligned with each other (A) and, therefore, cannot be used to synchronize the receiving nodes. The master clock domain cannot be forwarded 
to the transmit channels because of the net routing in the hardware design. A common solution to this problem is implementing a jitter cleaner device (B), which can take the 
recovered clock from the master (RX) and source the MGT reference clock inputs. However, such a scheme must be implemented during the hardware design phase, and once 
produced, cannot be altered. In this contribution, we present a method to align the clocks internally, inside the FPGA device (C). Despite the clocking scheme (A or B), until the 
expected bitrate can be achieved, the hardware module can be integrated with the AuroraSync system.
Fig. 2. Two of the possible configurations of the system. The master (M) and slave (S) types of interfaces allow the connection of endpoints or data concentrators at any level of 
the tree-like architecture of the setups. The synchronous channel is provided in the direction from the master towards the endpoints (downstream) to provide synchronization; the 
return channel (upstream) remains asynchronous and transports measurement data.
2.2. Readout process

The continuous readout mode of the system is realized by issuing 
SYNC commands by the master at a fixed frequency. The endpoints 
continuously buffer gathered data and transfer the buffer content out 
upon reception of the SYNC command, making room for new digitized 
signals. The data can be transferred back to the data concentrators 
or directly outside the system, depending on the hardware platform 
capabilities (e.g., a second transceiver). In such a way, the entire 
measurement period is segmented into equally spaced timeslots.

2.3. Data aggregation

The upstream channel, from the endpoints in the direction of the 
master, is asynchronous to preserve resources and simplify the design. 
It allows the aggregation of the data from multiple endpoints in a 
single place (data concentrator). The assembled data fragments can 
be transformed into network packets and transmitted out. That gives 
flexibility in the organization of the data links going out of the system 
to storage or online software processing. Since multiple endpoints 
can cover a logical segment of the detector system, it also enables 
the implementation of higher-level pre-processing algorithms on the 
data-concentrating FPGA.

2.4. Standards and protocols

AMD/Xilinx ecosystem has been selected as being the most acces-
sible and the most commonly used FPGA manufacturer in the DAQ 
systems in physics experiments. This choice entailed the usage of 
3 
Aurora [16] and AXI as native, point-to-point data transport proto-
cols between the devices and standardized interfaces for component-
component interconnection, respectively. A wide selection of ready-
to-use components (IP cores) allows for fast system composition and 
prototyping. Custom logic components can be encapsulated with AXI-
compatible wrappers and incorporated into the system. AXI transac-
tions (stream and memory-mapped) can be serialized and transported 
over Aurora links using the AXI Chip-2-Chip IP component [17], which 
enables the distribution of the logic functions across remote hardware 
platforms.

The AXI standard is based on the master–slave connectivity con-
cept. The master board in the system provides the main AXI master 
(e.g., HPMM interface of the Zynq SoC). Multiple AXI slaves can then 
be connected to that master via AXI Interconnect/SmartConnect IP. The 
interconnect multiplexes between single slave and multiple exposed 
master interfaces. A complex system composed of AXI components can 
be constructed in such a cascaded way. At any point between a master 
and a slave interface, the AXI Chip-2-Chip with an Aurora transceiver 
combo can be inserted allowing protocol transport over a network 
medium (optical fibers, copper cables, onboard PCB nets, etc.) leaving 
logically the system intact (Fig.  3) and preserving master clock domain.

All major functional components such as synchronous transceiver 
with Aurora protocol, data sources, status, and control blocks are 
enclosed as stand-alone IP core objects with AXI interfaces, which can 
be imported to Vivado design suite from AMD/Xilinx and extend its 
built-in IP catalog. Based on these few points, one can relatively easily 
construct an entire system based on components accessible from that 
catalog, all with a drag-and-drop method in the graphic mode such as 
Block Design in Vivado [18]. This is a significant aspect of this project, 
as it lowers the entry threshold for the developers in collaborations with 
limited personnel experienced in FPGA technology and low-level VHDL 
or Verilog programming.
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Fig. 3. Internal configuration of the logic components required to establish a link. The synchronization source is the single M_AXI_MM interface on the master distributed through 
the Interconnect and further Chip2Chip components controlling the Aurora Sync transceivers. The system can be scaled up by adding the next levels of Interconnects, opening the 
possibility for more Aurora Sync channels (if enough transceivers are exposed).
3. System synchronization

3.1. Implementation

In synchronous systems, distributed endpoints require a common 
synchronization signal to align the data from the complete detector 
system in post-processing. To reduce the number of connections and 
elements, three logical functions have been incorporated into a sin-
gle Aurora-based data link: measurement data transport (upstream), 
control and monitoring messages (downstream and upstream), and 
synchronization pulse delivery (downstream).

The latter requires that all data links are synchronous, meaning 
the phase relationship between the recovered and the master clock 
must remain fixed. By default, all MGT channels operate on their own 
generated local clock domains, based on, supplied by hardware design 
reference clock (usually from an external oscillator). Essentially, it 
means that each network partner has its individual clock domain.

The base principle of the clock distribution mechanism via serial 
data links is that the master clock is encoded within the transmitted 
bitstream (Fig.  4). The receiver Clock and Data Recovery (CDR) block 
extracts the original serial clock, which must align to the transitions 
between consecutive bits to decode their logic state properly. Usually, 
this extracted clock is used to de-serialize the stream and produce a 
data word. Transceiver components such as the comma (special, control 
data words) detector, 8b/10b decoder (encoding used to guarantee con-
stant logic state changes), and elastic buffer automatically manipulate 
the decoded data word and transition to local clock domain. Hence, 
these components must be deactivated, and their functionality handled 
manually (Fig.  5). After analyzing the Aurora protocol, a dedicated 
RX synchronizer component has been developed that uses the RX slide 
feature of the transceiver to lock the RX recovered clock to a unique 
40b comma sequence. Assuming that all TX links transmit the comma 
sequence synchronously, all RX partners would always lock in a fixed 
relationship.

To ensure that all outgoing TX links transfer bits synchronously, 
their local serial clocks must be synchronized to a common reference. 
Usually, it is achieved by doing hardware implementation: an external 
jitter cleaner chip (e.g. LMK04610 [19]) is installed, which takes one 
input (the master clock or the recovered clock from the upstream link) 
and drives the MGT reference clock inputs of all transceivers (Fig.  1B). 
In such a way, all transceivers operate on the same physical clock signal 
and do not require additional synchronization; however, as mentioned 
before, it requires specific hardware design and components.
4 
All families of AMD/Xilinx FPGAs feature transceivers with TX 
Phase Interpolator (PI). It allows for the manual adjustment of the 
phase of the TX clock and, hence, the alignment of multiple TX channels 
independently from their reference clocks, assuming the links operate 
at the same bit rate. With this feature, the transceivers can operate 
on local, not synchronized MGT reference clocks, and produce syn-
chronized outgoing streams of bits, therefore not requiring off-the-chip 
clock synchronization infrastructure (Fig.  1C).

To adjust the phase of the TX clock using the Phase Interpolator, 
a technique described in [20] has been employed. A PICXO compo-
nent consisting of a high-performance, gateware-based Digital Phase-
Locked-Loop (DPLL) is instantiated for each TX channel and can be 
directly connected to the TX Phase Interpolator control ports (Fig.  5). 
By providing a common, external reference clock to all instances of 
PICXO, they will individually adjust and synchronize the TX channels. 
However, the DPLL consumes considerable resources and significantly 
extends the compilation time due to the complex clock signal routing 
and strict timing constraints. An alternative technique, proposed by E. 
Mendes in [21], could be employed and will be evaluated in the future, 
where the elastic buffer fill level on the TX path is used to determine the 
phase relationship between two clock domains and provides feedback 
to the adjustment of the TX Phase Interpolator.

Additionally, to improve the quality of the recovered clock signal, 
an instance of PICXO, which has clock cleaning capabilities, has also 
been instantiated on the receiver channel. Hence, the clock provided to 
the TX channels as a reference is more stable, neglecting the negative 
effects of clock forwarding over consecutive layers of electronics. This 
effect is visible on the phase noise curves in Section 3.3.4. 

3.2. System extensibility

All the above-mentioned mechanisms have been implemented for all 
major transceiver families (GTP, GTX, GTH, GTY) as enhancements to 
the regular transceiver IP. Therefore, it can be easily integrated with the 
Aurora IPs and incorporated in designs just as regular components. The 
Aurora protocol is a soft gateware that does not rely on any hardware 
features of a particular FPGA family and, hence, can be migrated to 
other devices.

Specific to AMD/Xilinx devices are the TX Phase Interpolator and 
the PICXO component, which align the outgoing bitstreams that are 
essential for the concentrator modules in the system. Hardware boards 
with multiple transceivers but FPGAs from other manufacturers can be 
incorporated into the system as long as they employ the classic clock 
forwarding technique with the external jitter cleaner (Fig.  1).
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Fig. 4. Pictorial representation of the transceiver clocking alignment. Properly operating CDR allows it to align into the incoming bitstream and extract the original data word 
and, therefore, the master clock and, consequently, the SYNC bit (A). Any deviations of that case result in either spurious decoding of the SYNC bit (B) or the incapability to 
decode any valid data from the channel (C).
Fig. 5. Clocking network on the example concentrator node. The original clock phase is extracted from the bitstream from the Master node by the CDR component of the RX 
channel. A loopback through a PICXO component is used to reduce the noise on the raw, recovered clock. The subsequent components would typically affect the timing, hence 
losing the capability to extract the SYNC pulse properly. The developed block allows the preservation of the RX recovered clock domain throughout the processing chain and an 
automatic reaction to the unique comma code, allowing repetitive bit locking (as in Fig.  4A and B). The extracted clock can be further used to synchronize multiple TX channels. 
Each TX channel operates autonomously on its reference clock unless they are aligned to a common clock by the Phase Interpolators. The PICXO components monitor the relation 
between the TX parallel clocks and the common clock, providing feedback to the PIs.
The clock recovery feature of the RX channel from the input bit-
stream is a common feature in all major FPGA families from many 
manufacturers. Therefore, most hardware modules can play the role of 
endpoints in the system as they only need to extract the SYNC pulse 
without further forwarding. The recovered clock can be further used 
on the endpoint to produce other clock frequencies that remain fixed in 
phase by the internal clocking features of the FPGAs. This is important 
in the case the digitization devices (e.g., Analog-to-Digitial Converters) 
have operational frequencies other than the one derived from the 
established communication link (e.g., the SADC platform 6.3.2).

Moreover, the Phase Interpolator operates on the TX PMA clock, 
the frequency of which is derived from the MGT reference clock and 
adjusted to the selected link bitrate. This means that the frequency 
of local crystal oscillators installed on nodes is irrelevant as long as 
the desired bitrate can be achieved. That way, virtually every modern 
FPGA-based board with a transceiver exposed can be integrated into 
the system.

The project’s versatility in clocking scenarios, employment of well-
established protocols and standards, and a long FPGA product lifecycle 
ensure that the solution will remain functional for a typical system 
lifetime of 10–20 years [22]. The fact that the solution is hardware 
agnostic — not bound to any particular hardware platform but consist-
ing of gateware components, possibly to be migrated to other platforms 
— makes it even more future-proof and independent from the market 
availability.

3.3. Measurements

When evaluating the stability of the synchronization, the key figures 
of merit are the period and the long-term jitter of individual clocks, 
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then the relation between the clocks in the system expressed as the 
phase offset jitter between pairs, the reproducibility of these charac-
teristics over a series of complete system power-cycles and influence 
of environmental factors such as temperature. These values allow the 
assessment of whether the system will provide a platform that fulfills 
particular measurement accuracy goals, not considering the actual 
signal digitization stage, which is subject to specific endpoint hardware.

3.3.1. Test system
A minimalistic setup composed of three ZCU102 boards has been 

arranged in a cascade as a single master board, one concentrator, and 
one endpoint (similar to Fig.  11). A 5 Gbps link has been established, 
and the 125 MHz (8 ns period) clock signals have been exposed on 
general purpose pins to be probed with a Keysight DSO-404 A oscil-
loscope (sampling rate 20 GSps, analog probe bandwidth 500 MHz). 
All jitter measurements have been performed according to the JEDEC 
Standard 65B [23] and following the methodology described in [24], 
taking an average of 25 sets of 10000 measurements of a particular 
value. It is essential to note that the measured clock signals are routed 
outside the FPGA device to be accessible on a physical measurement 
pin, which already affects the signal quality. Therefore, the system’s 
actual performance is expected to be better than the one presented 
below.

3.3.2. Baseline
At first, we attempt to determine how the measurement system’s 

intrinsic jitter and random noise affect the results. Two probes have 
been put on the same test point driven by a clock signal, and the 
phase offset histogram is recorded to extract the standard deviation 
value. As the clock signal is naturally periodic, the averaging mode 
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Fig. 6. Standard deviation of the phase offset histogram produced as a time difference 
recorded by two probes measuring the same signal, on the same test point as a function 
of the number of waveforms taken into averaging acquisition.

of the acquisition can be applied to reduce the impact of the random 
noise [25]. In Fig.  6, the standard deviation of the phase offset depend-
ing on the number of waveforms to be averaged is presented. It can be 
concluded that the normal acquisition mode is significantly affected by 
the noise and the jitter of the measurement system, starting from 10 ps 
RMS for a single waveform and leveling at 2 ps RMS for 30 averaged 
waveforms onwards. Based on this reference measurement, we can 
provide a baseline value for the jitter measurements and configure the 
acquisition mode to average 32 waveforms.

3.3.3. Peak-to-peak jitter
To maintain synchronization of the endpoints, the clocks of the 

TX channels on the data concentrator are continuously adjusted to a 
reference clock signal by the PICXO component. Therefore, its stability 
can be affected. Similarly, the recovered clock is the local oscillator 
clock signal on the endpoint, adjusted to the received stream of bits by 
the CDR block of the RX channel. In Fig.  7, the stability of both the 
master (top row) and the recovered clocks (middle and bottom rows) 
is presented as the peak-to-peak period jitter (first column) and the 
long-term jitter (second column).

The peak-to-peak values are below 10 ps, satisfying the required 
21.75 ps for applications such as 10 Gigabit Ethernet, where Bit-Error 
Rate (BER) is expected to be below 10−12 [26], to ensure proper opera-
tion for bitrates below 10 Gbps. For reference, the SI570 programmable 
oscillator commonly used on the AMD/Xilinx evaluation boards to 
drive the multi-gigabit transceivers has 14 ps peak-to-peak period jitter, 
as stated in the datasheet [27]. Interestingly, the recovered clock is 
significantly more stable (Fig.  7C, E) due to the CDR and PICXO 
circuitry that works as an additional filter.

Long-term jitter measurements were collected over 10 h and show 
approximately 10 times wider distribution of the period jitter measured 
as the time interval between 10000 clock cycles [24]. In this case, 
the results are worse as the measurement is more prone to the noise 
(averaging mode is not applicable in this case) and could also be 
affected by environmental factors such as daily temperature changes.

3.3.4. Phase noise
Phase noise measurements have been performed by inspecting fre-

quencies that affect clock signals at various stages of the system. The 
curves presented in Fig.  8 have been collected with the DSO-404 A 
oscilloscope and the EZJIT analysis package [28] over the frequency 
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offset range between 1 kHz and 100 MHz and the default spur sensi-
tivity (value 3.0). The RMS phase jitter was calculated by integrating 
the phase noise curves within the integration bandwidth between 1.875 
MHz and 20 MHz (vertical, dashed lines), which is typical for similar 
protocols and bit rates, such as 10 GB Ethernet or XAUI [29]. 

First, the raw master 125 MHz clock (red curve) is measured to 
provide a reference for others and to visualize the intrinsic noise of 
the oscillator, as well as other components that can cause crosstalk, 
the power supply, and the measurement system itself (A). Secondly, 
the green curve represents the clock on the master board, processed by 
the PICXO component, which is effectively used for transmission. 

The blue curve shows the recovered clock by the RX channel on 
the slave board. Significant distortions are visible on almost the entire 
frequency offset range. Since this clock is further used to synchronize 
and align the transmission channels, it must maintain high quality. 
Hence, the additional PICXO component is instantiated on the RX 
channel as described in Section 3.1 and presented on the left side 
of Fig.  5. The cleaned clock, presented as the magenta curve, shows 
a significant improvement, almost recovering the noise levels of the 
master clock. 

Theoretical phase noise levels of the Si570 programmable oscillator 
are displayed as the black line for reference, and the RMS phase jitter 
value calculated over the selected range is equal to 262 fs [27]. The 
value measured for the raw master clock (green curve), originating 
from such an oscillator, is 2.2 ps, which indicates the overhead of the 
measurement system and the baseline. Similarly, however, including 
the spurs, the RMS jitter was calculated for both the master and slave 
clocks, and ranges from 2 ps to 4.26 ps for the worst-case scenario of 
the unprocessed, recovered clock. This value is above the theoretical 
limit for the 5 Gbps link, and BER below 10−12, which is 580 fs [30]. 
However, these clocks are used to align the transmission channels and 
are not the hardware MGT reference clocks used to generate serial 
clocks, for which the limit is defined. An important observation is that 
the processed clocks remain at a noise level similar to the raw master 
clock, which, considering the measurement system noise overhead, is 
satisfactory. Not to be neglected is the deterministic jitter that appears 
on the curves as the spurs on clocks processed by the PICXO com-
ponents. Those appearing close to the half-carrier frequency (B) can 
have a significant impact on performance and should be investigated 
to optimize the system further [31]. 

3.3.5. Phase offsets
The relation of the clocks is presented in Fig.  9 with a single run 

(A, C, E) and including complete system reboots in each of the 25 
measurement cycles (B, D, F), respectively. The latter is essential, as 
it presents the deterministic time offsets between the components of 
the system that are stable over multiple runs. For a given set of FPGA 
configurations and interconnections, such as medium and link lengths, 
the offsets remain fixed and can be compensated with a single set of 
calibration parameters. Slightly worse results for the reboot cycles are 
due to the prolonged period of the measurement and the environmental 
effect described above.

Similarly to the period jitter (Section 3.3.3), one can notice the 
filtering effect on the recovered clocks and a visibly more stable relation 
of the slave nodes versus each other (E). This allows us to draw 
conclusions about the scalability of the system, where the introduction 
of additional concentrator board layers (more hops) does not degrade 
the synchronization performance.

Considering the system’s hardware components (described in Sec-
tion 6), the measured stability of the synchronization is satisfactory 
for typical cases. The SADC platform for the PANDA detector system 
is designed to sample analog signals with an 80 MHz clock derived 
from the recovered clock. The 5 ps jitter between the endpoints is at 
the level of 0.4 permils, covering the sampling period of 12.5 ns. It is 
also aligned with the binning of the TDC on the MTAB platform for the 
J-PET tomography scanner, where the single element of the delay chain 
introduces approximately 25 ps latency.
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Fig. 7. Characterization of the master and the recovered clocks. In the left column (panels A, C, E), the peak-to-peak jitter of the master and the recovered clocks are presented. 
The second column (panels B, D, and F) analogously shows the long-term jitter presented as a difference from the ideal 80 μs.
3.3.6. Temperature influence
The performance of the electronics can be affected by temperature 

changes, especially when considering sub-nanosecond scale. A closer 
look at the system behavior under a significant temperature change 
(about 15 ◦C) is presented in Fig.  10. The phase offsets between the 
test system nodes’ clocks were recorded over 20 h, with two periods 
when the cooling was manually switched off (time samples 5–30 and 
100–125). One can see that the system remains stable with constant 
temperature, however the spikes are visible at the moments of temper-
ature change. This indicates that the phase offset values change with 
the temperature, but the PICXO and CDR mechanisms maintain the 
synchronization of the nodes. The latencies of internal circuits affected 
by the temperature are not compensated automatically, and in the test 
case, the offsets can shift by 80 ps due to 15 ◦C change.

To avoid this negative effect, a proper temperature conditioning 
system should be considered, despite the measurements usually being 
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performed in well-controlled environment areas. Otherwise, the FPGA 
temperatures should be recorded along with the measurement data for 
an offline correction.

3.4. System validation

The most spectacular application of the system is the Jagiellonian-
PET (J-PET) tomography scanner. Consisting of 24 detector modules, 
equipped with 48 digitizing endpoint boards, aggregated by 4 concen-
trator boards (VCU108), and controlled with a single master module 
(ZCU102), it is being used to carry out breakthrough research in med-
ical imaging and fundamental physics [32–36].  Particular hardware 
platforms employed in this system are described in more detail in 
Section 6. 

Continuous readout and high-resolution signal digitization with 
high-precision synchronization allowed the recording of multiphoton 
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Fig. 8. Phase noise curves collected for raw master clock (red), processed master clock (green), recovered clock (blue), and recovered processed clock (magenta). The black line 
shows reference values from the Si570 datasheet. Integrated RMS jitter is calculated for spectrum range between 1.85 MHz and 20 MHz (vertical, dashed lines). Two kinds of 
noise are identified: in the region (A) are spurs common to all measured clocks, therefore, these effects originate from the original clock signal, the measurement system, and the 
environment; in the region (B) are spurs that appear for the signals processed by CDR and PICXO components.
coincidences used to determine positronium lifetimes in the human 
brain for the first time in vivo. That, in turn, can improve diagnostics 
of the tissue pathology.

Multiple measurement campaigns have been carried out, includ-
ing those with hospital patients and phantoms in laboratories. Single 
measurements ranged from a dozen minutes to several months of con-
tinuous data taking. During this time, the system experienced typical 
issues, such as endpoints losing connectivity due to damaged optical 
fibers or overheating of modules. None of these have significantly 
affected the measurement process, and a power cycle would usually 
bring the system back to operation.

4. Measurement data transport

The endpoints continuously register data and fill up the buffers. 
Upon reception of the synchronization pulse SYNC, the buffer content 
is stamped with a unique identifier of the timeslot generated by the 
system master and transmitted from the endpoint. A default channel 
for the measurement data is the link upstream in the hierarchy, back to 
the master interface of the data concentrator. If the endpoint is capable 
(e.g., features a second network interface), the data can also be directly 
packaged and transmitted out of the system at that level.

The data concentrators monitor activated links to the endpoints and 
collect the returned packages with measurement data. The packages 
are stored in local buffers and await a round-robin state machine to 
fetch the content and compose an aggregated data package that can be 
transferred out of the system or, again, forwarded one level upstream 
in the system hierarchy. The case where one endpoint would not 
deliver its data package in response to the SYNC command is critical. 
It causes the readout procedure to stop as it typically means the end-
point lost connection to the concentrator and requires an intervention. 
Such events are immediately visible on the operator control panel and 
require a system reboot.

Such multi-level architecture allows the control of the data flow. It 
opens possibilities for implementing online pre-processing mechanisms 
that require data from a particular detector system segment instead of 
a single endpoint. Since the data is stored in buffers and transferred 
between the logic components as AXI Stream, it makes it natural 
for algorithmics to be implemented with High-Level Synthesis tools, 
significantly facilitating contributions from non-FPGA experts.

Moreover, the flexibility in arranging the layers of data concen-
trators and gateways to the network directing to storage allows for 
managing load balancing in the system. The data funnel on the data 
concentrators, collecting data from the endpoints one by one, is a 
critical local bottleneck. Considering the continuous readout of the 
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system at a fixed frequency, this process must be completed before the 
next SYNC pulse is delivered. Therefore, the data flow in the system 
must be carefully planned, analyzed, and segmented with additional 
data concentrators when required. Additionally, the mentioned buffers 
are equipped with configurable data limit levels, allowing dynamic 
trimming of the size of data packages produced on various system 
levels.

The data gateways are implemented as Gigabit or 10 Gigabit Eth-
ernet interfaces with UDP as the data transport protocol by default. 
They are required to transmit data in the TX direction only and usually 
operate in controlled, local network environments where packet loss 
is not an issue as long as enough bandwidth is secured. Network 
stack with basic protocols such as ARP, DHCP, ICMP for visibility in 
the network, and UDP are implemented as FPGA logic IP cores and 
therefore can be easily instantiated on capable endpoints and data 
concentrators [37].

5. Control and monitoring

The starting point for the control and monitoring system is a single 
AXI-Lite master interface on the system master, which is the root 
for all connected components. If a Zynq MPSoC is used, it is usually 
the HPMM interface that stands between the Processing System (PS) 
and the Programmable Logic (PL) parts of the device. Therefore, this 
interface is a bridge between the software and gateware domains.

5.1. Gateware

As mentioned in Section 3.1, the AXI Interconnect component al-
lows the connection of multiple slaves to a single master interface, 
and the AXI Chip2Chip component allows AXI transactions to be trans-
ported over a multi-gigabit transceiver. Due to this cascaded archi-
tecture, each remote AXI-compatible component is reachable from the 
system master interface as if it were connected locally.

Each logic component can be encapsulated in an AXI-Lite container 
to expose its 32-bit registers to read from and write values to. The AXI-
Lite components are memory-mapped, meaning that all components are 
assigned unique system-wide 32-bit base addresses and ranges. Con-
sequently, the AXI Chip2Chip is also a memory-mapped component, 
meaning that a connected, physical device with all logic components 
inside is given a base address and a range. To target a particular register 
in a specific place in the system, one has to navigate through the 
connectivity scheme and assigned addresses. An exemplary, simplified 
scheme of addressing is presented in Fig.  11. Starting from the root 
level with a complete address range, transiting to a connected device 
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Fig. 9. Phase offsets jitter between the clocks of the system nodes measured with the JEDEC Standard 65B procedure (A, C, E) and including a power-cycle of the system in 
between the runs (B, D, F).
narrows down the available address ranges with each step. The default 
32-bit address space can be extended to 64-bit on Zynq MPSoC for large 
systems [38].

Typically, the complete 32-bit addresses of logic components are 
assigned during the gateware design phase and thus become hardcoded 
into a generated FPGA configuration file (bitfile). This means that 
each node in the system requires an individually generated bitfile with 
carefully assigned addresses and must always connect to a specific 
location in the network. Instead, a configurable top-bits address mask 
is applied to each slave interface, allowing for the assignment of local 
component address ranges only, the generation of a single bitfile for a 
specific set of nodes, and the ability to swap the nodes without needing 
to rebuild FPGA designs.
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5.2. Software

The above-presented addressing scheme is mapped into the virtual 
memory of the Petalinux running on ARM cores, which are part of 
the Zynq Processing System (bare-metal applications can also be devel-
oped). It essentially means that all logic components exposing registers 
through AXI-Lite interfaces are accessible to be read or written by 
simple read/write operations to a given memory address.

Having a Linux OS interfacing with the logic components is a conve-
nient solution for building high-level tools for control and monitoring 
purposes. It can natively be connected to an Ethernet network and 
accessed remotely, and modern programming frameworks can be used 
to set up the system in operation rapidly. A Python script with ZeroRPC 
has been developed to expose generic register read and write functions 
to connected clients. The clients can be Python scripts run locally 
or remotely that require interaction with logic components. For each 
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Fig. 10. Phase offset jitter and value between the clocks of the nodes in the system as a function of the FPGA temperatures. The graphs on top present the temperatures; only the 
concentrator and the endpoint cooling were altered during the measurement, while the master remained constant. The three graphs in the middle present the jitter with visible 
spikes at the temperature changing moments, and the three bottom graphs present the offset values. Each data point was collected for 8 min. Hence, the spikes in jitter graphs 
show accumulated phase drifts as a spread of the jitter distribution.
Fig. 11. The addressing scheme begins in the master AXI interface (HPMM) with a full address space, which is segmented by each forthcoming master interface (M), creating a 
sub-address space for all connected components (S), which can be further partitioned. Note the ‘Z’ in the sub-region addresses; these are masked bits to maintain unified FPGA 
designs between system nodes.
component, a class is implemented that provides high-level functions 
encapsulating the atomic register transactions. On top of that, one can 
implement a Command Line Interface (CLI) for fast, administrator-level 
system access or a modern Graphical User Interface (GUI) for operators 
using popular frameworks like Plotly or Grafana.

6. Hardware system implementation

The system is presented as a hardware platform agnostic, meaning 
it does not require dedicated and custom hardware components. The 
developed set of IP cores can be instantiated on any AMD/Xilinx FPGA 
with an exposed MGT transceiver. It opens a path to integrate a wide 
range of boards available from both the research and commercial 
sectors, significantly expanding accessibility and allowing groups to de-
ploy complex, synchronous DAQ systems rapidly.  Below are examples 
of the platforms used to build test setups, as well as those described 
in Section 3.4 for the prototype tomography scanner data acquisition 
system. 

6.1. System master

For convenience, the system master platform in all tested setups 
was the ZCU102 Zynq Ultrascale+ MPSoC evaluation board (Fig.  12A). 
The System-on-Chip device with integrated ARM Cortex-A53 allows 
for accelerated system deployment and prototyping. As described in 
the previous section, the board can be easily operated via Ethernet, 
which provides a gateway for system control. The board alone is 
suitable for small setups, with 4 SFP+ ports (GTH), and it is possible 
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to expand with up to 16 additional transceivers (GTH) routed through 
2 FPGA Mezzannine Card (FMC) connectors in Vita 57.1 standard. The 
transceivers operate on the programmable low-jitter SI570 oscillator as 
an MGT reference clock, offering flexibility in the selected operating 
frequency for the synchronization system.

6.2. Data concentrator

The ZCU102 board, used as a system master, enables the connection 
of up to 20 endpoints. An intermediate layer of data concentrators 
must be added to expand the system. The system flexibility would 
allow the reusing of another ZCU102 board as a data concentrator, 
with minor modifications of the gateware design, such as replacing the 
synchronization generator with a synchronization slave receiver. How-
ever, the VCU108 Virtex Ultrascale evaluation board was used (Fig. 
12B), offering up to 20 transceivers (GTH) on two FMC connectors. The 
Hitech Global HTG-FMC-X10SFP+ FPGA mezzanine cards have been 
used to expose the transceivers in the form of SFP+ ports.

The PANDA Data Concentrator platform (Fig.  12C), a uTCA-compa-
tible board with Kintex Ultrascale+ and 5 Samtec FireFly optical bun-
dles, has been integrated and evaluated. Each bundle contains 12 
individual lanes, summing up to 60 possible slave connections (GTH 
and GTY). The platform is currently under development, and only a 
prototype was available, of which 24 transceivers have been put into 
operation.
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Fig. 12. Selection of the few hardware platforms evaluated with the Aurora-Sync framework. The ZCU102 system master is presented on A, the VCU108 as the data concentrator 
is presented on B, the PANDA Data Concentrator platform on C, and endpoint examples: the J-PET MTAB TDC platform and the SADC on D and E, respectively.
6.3. Endpoints

AC701 and KC705 evaluation boards have been used during the 
system development phase with Artix7 and Kintex7 FPGAs, respec-
tively. They both offer a single SFP+ port with a GTP transceiver in 
the case of the first one and the GTX in the second. The boards were 
treated as generic endpoints with dummy data generators, allowing 
system synchronization, data transport, and control and monitoring 
mechanisms to be evaluated.

6.3.1. Time-to-digital conversion
The first actual endpoint was the J-PET MTAB board - a custom 

platform for the digitization of Silicon PhotoMultiplier (SiPM) signals 
in Positron Emission Tomography (PET) applications (Fig.  12D). The 
board has the same Artix7 FPGA as the AC701 evaluation board, a 
single SFP+ port, and AD8000 amplifiers for 13 analog input channels. 
Each channel is then divided into 4 for multi-thresholding and routed 
to the FPGA’s LVDS buffers (negative inputs) together with threshold 
levels (positive inputs). The buffers are used as discriminators, and the 
generated digital pulses are fed into tapped delay chains composed of 
the carry elements of the FPGA fabric to register the precise signal 
arrival and time-over-threshold values.

6.3.2. Analog-to-digital conversion
The second production data source is the SADC platform designed 

initially for the PANDA experiment but due to its universality became 
popular in many other applications (Fig.  12E) [39]. The board offers 
64 channels of 14-bit 80 Msps LTM9009 ADC operated by two Kintex7 
FPGAs interconnected with each other with a GTX transceiver routed 
on the PCB and each FPGA having a dedicated SFP+ port.

Such hardware configuration showcases the flexibility of the system. 
In one scenario, each FPGA on the board can act as an independent end-
point and have its individual link connected to the data concentrator. 
Thanks to the inter-FPGA connection, it is also possible to designate 
one device as a synchronization receiver and a local data concentrator 
while the second device remains a regular endpoint. In this way, one 
physical data link can be spared.
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7. Conclusions

A versatile system for multi-purpose, synchronous data acquisition 
systems has been developed and evaluated. The system is composed of 
gateware and software components that can be implemented on any 
hardware platform with an FPGA and a multi-gigabit transceiver, with-
out requiring any additional clocking circuitry, such as an external jitter 
cleaner. No dedicated hardware platforms are taking the role of the 
master, data concentrators, or endpoints. Instead, the logic function in 
the system is defined by the configuration of logic component instances 
and hardware capabilities, namely, the number of exposed transceivers. 
The key element of the system is the data link, which provides mas-
ter clock and synchronization pulse distribution in the downstream 
direction, measurement data transport in the upstream direction, and 
bidirectional exchange of control and monitoring messages.

The system has been successfully deployed for a tomography scan-
ner prototype, allowing unique studies to be performed. The perfor-
mance of the system has also been thoroughly evaluated in a laboratory 
setup to provide key figures.

The phase offset jitter of 10 ps enables us to perform measurements 
with distributed, synchronized, and high-precision TDCs and ADCs. The 
offset stability over multiple cycles of the system reboots allows reliable 
reproduction of the system state throughout measurement campaigns. 
The temperature’s influence on the phase offset values has been char-
acterized, showing no significant increase in jitter. The drift of the 
offsets can be stabilized by either offline corrections or control of the 
environment.

Inspection of the phase noise curves suggests limited clock signal 
disturbance over the processing stages between the master and the 
slave nodes. The RMS phase jitter of the recovered clock at the level 
of 2 ps, remains high as the value is affected by the noise of the 
measurement system, however, it is similar to the raw, unprocessed 
clock from the master node.

The above values can be put in context by comparing them to state-
of-the-art systems such as TFC and White Rabbit (Table  1). Below is a 
table that summarizes the three systems:

High-precision clock distribution systems are commonly used in 
various measurement systems, including those that register the most 
fleeting physics phenomena. Usually implemented on highly special-
ized custom hardware with dedicated clocking circuitry, they provide 
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Table 1
Features and performance comparison.
 AuroraSync CERN TFC lpGBT [40] White Rabbit [41][42]  
 Features
 Link rate Configurable, default bidirectional 5 Gbps Uplink: 5.12/10.24 Gbps 

Downlink: 2.56 Gbps
Default: 1 Gbps, 10 Gbps under 
development

 

 Hardware dependency Hardware agnostic Custom hardware WR compliant switches and nodes  
 Clock distribution Single Aurora data link Dedicated optical link Synchronous Ethernet link  
 Synchronization method TX Phase Interpolator, PICXO DPLL External jitter cleaner Digital dual mixer time difference, SoftPLL, 

external VCXO
 

 Metrics
 Peak-to-peak jitter 10 ps 5 ps HW dependent, typical 100 ps  
 RMS phase jitter 2 ps Below 5 ps Below 5.9 ps  
 Long-term drift Below 100 ps Below 5 ps Below 100 ps  
low jitter and long-term stability. In this contribution, we demon-
strate that a system with similar capabilities can be implemented on 
Commercial-Off-The-Shelf platforms by utilizing the FPGA’s built-in 
features. 
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