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the ability to select any clock frequency grid used for clocking peripheral DACs and ADCs, tasks
of device synchronization and data transmission. The choice of the required clock frequency grid
directly affects the data transfer rate in the network, however, it allows one to flexibly configure
the network for the tasks of transmitting clock signals and subnanosecond generation of sync signals
on all devices in the network. A method for increasing the synchronization accuracy to tenths of
nanoseconds by using digital phase detectors and a Phase Locked Loop (PLL) system on the slave
device is proposed. The use of high-speed fiber-optic communication lines (FOCL) for synchronization
tasks allows simultaneously exchanging control commands and signaling data. To simplify and reduce
the cost of devices of a synchronous network of transceivers, it is proposed to use a clock signal
restored from a data transmission line to filter phase noise and form a frequency grid in the PLL
system for heterodyne signals and clock peripheral devices, including DAC and ADC. The results of
multiple synchronization tests in the proposed synchronous network are presented.
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B crarbe mpeanmaraeTcst peanusaiys KOTepEeHTHOTO MPUEMOTIEpeaTuiKa ¢ MMOCTOSTHHON 3a7epiK-
KO M BO3MOYKHOCTBIO CBOOOTHO BapbUPYEMOM CETKH TAKTOBBIX YacTOT, UCIOJIb3YEeMON JUIsl TaKTUPO-
Banus nepudepuitieix LIAIT u AL, 3aga4 CHHXpOHU3AMH YCTPOWCTB U Mepeaavn JaHHbIX. Beibop
HEOOXOIMMOM CETKH TAKTOBBIX YAaCTOT HANPSIMYIO BIMSICT Ha CKOPOCTh IMEpeladyd NaHHBIX B CETH,
OJTHAKO TI03BOJIIET THOKO HACTPOUTH CETh IS NIEPEaul TAKTOBLIX CHUTHAJIOB U TC€HEPALlUU CUHXPOUM-
MyJThCOB C CYOHaHOCEKYHTHOM TOYHOCTBHIO Ha BCEX YCTpoicTBax B ceTd. [IpemmoxkeH MeTo TOBHIIIIe-
HUSl TOYHOCTH CHHXPOHHU3AINHU JIO ECATHIX JIOJIeH HAHOCEKYHJIBI 32 CYET MCIOJIh30BaHUS IMH(PPOBBIX
(a30BBIX JAETEKTOPOB M CHUCTEMBI (a30BOM aBTOMOACTpOiKH dacToThl (PAIITY) Ha BemoMOM YCTPOM-
ctBe. lVcmonp30BaHne BBICOKOCKOPOCTHBIX BOJIOKOHHO-onTHYeckux JuHAN cBs3u (BOJIC) mis 3amag
CHHXPOHHU3AIINH [ITKAJ BPEMEHH, TTO3BOJISET MapaJljIeIbHO CHHXPOHU3AITUHN TPOU3BOIUTH 0OMEH KOMaH-
JlaMU yNpPaBJIEHUS U CUTHAIbHBIMU JAHHBIMU. J[J151 yIPOLIEHUS U YIEUIEBICHUS YCTPOMUCTB CUHXPOH-
HOH ceTu MpueMoNnepeIaTuNKOB IPeIaraeTcs UCIONb30BaTh TAKTOBBIN CUTHAN, BOCCTAHOBICHHBIN U3
CepHATM30BAHHBIX JTAHHBIX, U MPOUIeIIANA QIIBTPanio (pa30BbIX IIyMOB, IS (OPMHUPOBaHUS B CH-
creMe DAITY TakTOBBIX CHUTHAIOB MepuepuiHBIX yCcTpoicTB, Takux kak LIAIT m ALl a Taxke
curHaioB rerepoauHa. IlpencraBneHbl pe3yiabTaThl MHOTOKPATHBIX TECTOB CUHXPOHU3AIMU B MIPENJIO-
’KEHHOU CUHXPOHHOM CETH.

Kirroueswie ciosa: [TJIMC, BOJIC, ®AITY, cyOHaHOCEKyHIHASS CHHXPOHHU3AIWsA, CIUHAs IIKaja
BPEMEHH, BYXITyTEBONH METOJ] CHHXPOHHU3AINH, BOCCTAHOBICHUE TAKTOBOTO CHUTHAJA, CETh Pa3HECCH-
HBIX CHH(A3HBIX TAKTOBBIX YaCTOT, popmupoBanue curaagoB taktupoBanus AL u ITATII
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1. Introduction

Under modern conditions of technical development, the problem of accurate time synchronization
is relevant [Idrees et al., 2020]. For example, in a diversity radar station, a synchronization error
between positions of 10 ns can lead to a detection error in a range of at least 30 m [Svetlichny,
Degtyarev, 2019]. Without accurate time synchronization, the joint operation of radio telescopes and
radars is not possible. Scientific experiments that require synchronous data collection at remote network
nodes [Rizzi et al., 2016] (for example, the Large Hadron Collider at CERN) are not possible cither.
Similarly, without accurate time synchronization it is impossible to solve navigation problems [Perov,
Kharisov, 2005]. It is very important to synchronize time in SDH/SONET networks that use time
division multiplexing in data transmission [Weiss et al., 1996].

The formation of a cable network for the distribution of clock pulses and a network for
distributing the reference frequency is the classical solution to the problem of synchronization. In
addition to a significant number of cable lines used, installation complexity, and increased power
consumption, there is a need to produce “measured” cables that provide equal delay for sync signals
and equal phase shift for the reference signal at each network device. Periodically such systems need
a calibration.

The use of a two-way synchronization method [Nagibin, Shchenin, 2020] through a duplex fiber
optic communication line can significantly reduce the number of lines used to synchronize transceiver
modules of a diversity synchronous network and ensure regular information and logical data exchange.

The main difference between a synchronous network (Fig. 1, b) of data transmission [Aweya,
2012; Lipinski et al., 2011], relative to a non-synchronous network (Fig. 1, a) is the presence of only
one master clock signal generator. It generates a reference frequency for the operation of the entire
network and performs its transmission over communication lines in the form of serialized data to slave
and intermediate devices.

Device 1 Device 2 Master device
@ Reference
generator

Independent
clock generator

Independent
clock generator

Device 2 Device 3
X 7/ y V
= = PLL nl
Independent PLIL PLL pLL | PLL
clock generator B system
PLL
Device 3 system
(a) (b)

Figure 1. Comparison of non-synchronous (a) and synchronous data networks (b)

The classical two-way time synchronization method underlies the PTP protocol [IEEE Standard
for a Precision Clock Synchronization, 2020], which offers a simple algorithm for generating
and exchanging timestamps to determine the message transmission time and time offset between
synchronized devices. The order of sending is shown in Figure 2. Formulas (1a) and (1b) are used
to calculate the time offset:

1. The master sends a Sync message and simultaneously saves the sending time ¢, ;

2. FollowUp message sends after Sync and contains timestamp ¢,. Receiving the Sync message, the
slave generates a time stamp ¢,;
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3. The slave generates a DelayReq message and simultaneously generates a time stamp 75
4. The master receives the DelayReq message and simultaneously generates the 7, time stamp;

5. The master sends #, timestamp to the slave in a DelayResp message;
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Figure 2. The process of exchanging messages between devices using the classic two-way synchronization
method

To implement the two-way synchronization method, solutions based on programmable logic
integrated circuits (FPGAs) are most often used. It is important to pay attention to three critical
conditions that must be met for successful synchronization:

1. All timestamps must be generated in hardware, at the moment the message arrives at the device,
and not at the moment it is processed by the processor;

2. The transmission time of a message in the link must be constant and known, but not necessarily
equal to the reception and transmission [Lévesque, Tipper, 2015; Alhashmi et al., 2022];

3. The data transmission network must be synchronous, and, consequently, the time counters, which
are synchronized, must be clocked with the same clock signal.
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2. Implementation of an arbitrary clock frequency grid in a synchronous
network

The main problem that can be encountered when using synchronous FPGA-based networks
for the needs of synchronizing transceivers is a very limited set of clock frequency grids. For
Synchronous Ethernet 1G, 10G, 40G standards, these are 125 MHz, 156.25 MHz and, depending on
the implementation, 312.5 MHz. Solutions that are not tied to industrial Ethernet standards, providing
support for a two-way synchronization method based on FPGAs, are not presented by manufacturers
and are not available in open sources.

Such a limited set of frequencies (and integer derivatives of it) often cannot satisfy the
requirements for generating and processing signal data. These frequencies may also not be applicable
for the operation of certain DAC and ADC microcircuits. In the case of generation of sync signals in the
Ethernet frequency grid, translation of clock signals from the clock domain in which the clock signal
was created to the clock domain in which it will be used is required. In addition, there is a requirement
for the coherence of the clock signal of the synchronous network to the clock signal in which the sync
pulse will be used. The features described above significantly complicate the development of the final
device and lead to a decrease in the final accuracy of the formation of sync pulses.

For use in a synchronous network with support for subnanosecond synchronization, the Native
PHY FPGA transceiver unit must provide second and third of the conditions described in the
introduction. Thus, the transceiver unit must provide:

e Recovery of the clock frequency from the channel data stream by the CDR (Clock Data
Recovery) block;

e Provide a constant time for receiving and transmitting data packets.

To fulfill these conditions, the Transceiver unit (also known as PHY) must translate the restored
clock signal into the user logic, and at the same time must not have blocks in the receiving and
transmitting paths that introduce a non-deterministic time delay, as shown in Figure 3.

Transmitter Channel PCS Transmitter Channel PMA
Phase
Compensation 8B/10B
FIFO ™1 Encoder Serializer 4>I:Z
wrclk rdclk
A A T THigh-Speed Serial Clock
TX Low-Speed Parallel Clock .
ow-Speed Parallel Cloc! | Local .CIOCk T PLL |
Devider -
Receiver Channel PCS Receiver Channel PMA
Phase
Compensation SB/10B Word
FIFO ™ Encoder Aligner Serializer = CDR ¢
rdclk wrelk
Parallel Recovered Clock

Figure 3. FPGA Transceiver unit configuration for constant transmit and receive delays
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Separate instantiation of the PHY block allows one to specify the frequency used for data
transmission in a wide range. From hundreds of MHz to tens of GHz. For example, if it needs to
get a frequency grid of 120 MHz, the PHY channel rate must be set to 1200 Mbps. Due to the use
of 8B/10B coding, the useful channel speed will be 8/10 of the channel — 960 Mbps. In this way, it is
possible to calculate the useful channel rate, taking into account which coding is used in a particular
case (8B/10B or 64B/66B).

Hardware timestamp fixing requires an implementation of the custom MAC (Media Acess
Control) module. This module will implement both standard functions, such as checking and generating
CRC, separating the preamble, and forming accurate timestamps of the moments of sending and
receiving packets related to two-way synchronization. It should be noted that the developed MAC
has support for standard network protocols and operates with ordinary Ethernet frames, including for
synchronization tasks. However, due to the use of arbitrary clock frequencies in the PHY and the
non-standard algorithm for establishing a connection in the channel via MAC, such a device cannot be
directly connected to a standard network.

Due to the large variability of frequencies that can be used in the proposed implementation of the
network, for time counting and synchronization tasks, a custom time counting module was implemented
with the possibility of fine adjustment through a register map. Its main difference is that time is counted
in cycles of the reference oscillator of the master device. Thus, there is no problem of binding the local
time scale to the absolute one, in contrast to the time counter solutions offered by Altera and Xilinx.
There is also no problem of the need to adjust the time counter [Deev, Kalshchikov, 2022] due to the
finite accuracy of the counter.

The algorithm of the custom MAC in terms of the formation of timestamps is quite simple. The
send timestamp is generated only when sending packets related to synchronization (Sync, DelayReq).
Filtering is performed by hardware in the MAC, by delaying all packets for a certain number of
words and determining whether it belongs to the synchronization algorithm. If a packet belongs to the
synchronization algorithm, the timestamp and the packet id are fixed and given to the user logic. The
packet ID allows a slow processor system to establish a clear correspondence between the timestamp
and the packet, which is important in the case when the master synchronizes several slaves at the same
time.

The timestamp of the received packet is generated for absolutely all incoming packets, since at
the time the first byte of the preamble is received, it is impossible to determine whether the packet is
related to the synchronization algorithm. Having received a sufficient number of bytes of the packet for
membership analysis, the timestamp is either fixed or discarded. By analogy with sending, the packet
id is fixed by hardware, which is also subsequently transmitted to the processor system.

MAC PHY
cpu_tx_data phy_tx data tx_data
cpu_tx_timestam .
<] &id tx_clk tx_clk in
<] tx_clk out
<] cpu_rx_data phy rx data rx_data
<] cpu_rx_timestam rx_clk _in
&id
rx_clk rx_clk out

Figure 4. Standard MAC and PHY connection scheme, provides basic timing accuracy for the two-way
synchronization method
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The standard MAC and PHY connection scheme for implementing the standard two-way
synchronization method is shown in Figure 4. It is important to note that this clock-switching scheme
is applicable only for the slave device. In the case of the master, it has its own reference oscillator.

3. Improving the synchronization accuracy of the two-way method

Using a synchronous network allows one not to worry about frequency instability on the device,
because the frequency drift of the reference oscillator on the master device is distributed to the
entire network. This improves the accuracy of time scale synchronization on each of the devices
in the synchronous network. The basic implementation of the two-way method in a synchronous data
network, allows one to achieve synchronization accuracy of +1 period of the frequency used for data
transmission. For example, for 1 Gbps Ethernet, using a data rate of 125 MHz, the timing accuracy
will be +8 ns, respectively.

In a synchronous data network, synchronization accuracy can be improved by measuring the
phase difference between the clock signal that clocks the time counter and the clock signals that receive
and send messages in the data link layer. Thus, each timestamp (¢, 7,, 5, #,) can be supplemented with
phase information (tlcp’ t2¢, t3¢, and t4‘p, respectively).

To obtain information about the phase, it is necessary to modify the standard MAC and
PHY switching circuit shown in Figure 4. Two digital phase detectors DMTD (Dual Mixer Time
Difference) [Moreira et al., 2010] are installed to measure the phases between the write and read clock
signals phase compensation FIFO in RX and TX paths of the FPGA transceiver unit.

The main advantage of DMTD is the ability to fully implement it on the FPGA logic. The DMTD
module always measures the phase difference between clkl and clk2, but not vice versa. DMTD also

MAC PHY
phy_tx data tx_data
DMTD TX
tx_dat; i
cpu_tx_data tx_ph_in ph_out i ikt
<] cpu_tx_timestam
&id tx_clk clkl clk2 tx_clk out
ph_meas_clk

ph_meas_PLL
DMTD RX
ph_meas_clk
<] skt rx_ph_in ph_out
cpu_rx_timestam rx_clk clkl clk2 rx_clk in
&id
»——<] rx_clk out
phy rx data rx_data

Figure 5. A modified MAC and PHY connection scheme, provides subnanosecond timing accuracy for the
two-way synchronization method
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requires the generation of a coherent clock signal with a small detuning up to 1 MHz. To form such
a frequency, a PLL is usually used, also located on the FPGA chip. The amount of offset affects the
potentially achievable phase measurement accuracy, but increases the duration of the measurement.
The modified scheme is shown in Figure 5.

The above diagram of MAC and PHY connection is relevant only for the slave device. In the
case of a master device, the clock signals must be connected differently, based on the analysis of the
waveforms in Figure 6.

tl(p’ t3<p (a)

e

tx_clk in —‘

tx_clk out

P 6 (D T

t2<p’ t4<p (b)

rx_clk in _‘

rx_clk out

i GO KX Ao

Figure 6. To account for the phase difference in the time stamps of receive and transmission. For rx packet
timestamps, the phase is fixed with a minus sign. For tx packet timestamps, the phase value is fixed with a plus
sign

A critical point in DMTD placement is maintaining equal electrical path lengths for measured
clock signals to phase compensation FIFO and to DMTD inside the FPGA chip.

After successfully measuring the phase difference between the clock signals, this information
should be correctly interpreted to complete the timestamps #,,:

e For timestamps for sending messages, the measured phase difference should be added to the
fixed timestamp, since the actual moment of packet transmission to the FPGA transceiver logic
occurs somewhat later than according to the clock signal tx clk in — Figure 6, a.

e For timestamps for receiving messages, the measured phase difference should be subtracted from
the fixed timestamp, since the actual moment the packet leaves the FPGA transceiver logic occurs
somewhat earlier than the clock signal rx_clk in — Figure Figure 6, b.
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Then the formulas for determining the message transmission time (la) and the time offset
between devices (1b) will be written as follows:

: ((l‘2 + t2¢) - (t1 - tl(p)) - ((t4 + t4<p) B (t3 B t3<ﬂ))

(1) = =)+ (1 1,) = (1~

2

’

)

3¢

del —

The refined time offset estimate between devices must be compensated in 2 steps:

1. Correction of the slave time counter according to T,

2

11

(22)

(2b)

2. Correction of the phase of the clock signal using the PLL (alignment of the clock signal of the

slave to the master).

4. Clock generation method

According to the scheme shown in Figure 1, the clock signal is restored on each slave device.
Thus, as noted in Section 3, the implementation of the subnanosecond synchronization method is
achieved using a synchronous data transmission network and a PLL system on each of the slave
devices. It allows one to organize a network of distributed coherent in-phase clock frequencies that
can be used for clocking peripheral devices such as DACs, ADCs, including generating local oscillator

signals [Wu et al., 2021].

To evaluate the applicability of such clock signals, an experiment was carried out, the scheme of
which is shown in Figure 7. The frequency of 125 MHz, used in Gigabit Ethernet, was chosen as the

clock frequency.

®

®

PLL

Ref. FPGA

PHY

Optical

link

PHY

FPGA

PLL

e
recovered clk

Master Device

Slave Device

Figure 7. Simplified block diagram of the experiment to determine the phase noise of the clock signal, restored

from the data

Points where phase noise measurements were taken:

Reference oscillator output;

External PLL output;

e External PLL output — restored and filtered clock signal.
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Figure 8. Graph of the spectral density of phase noise in sections 2 (bottom) and 3 (top). There is a significant
increase in the phase noise level of the recovered clock signal at the CDR output
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Figure 9. Graph of the spectral density of phase noise in sections 2 (bottom) and 4 (top). There is a significant
suppression of phase noise at the output of the PLL in the region of large frequency offsets
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Figures 8 and 9 show the results of phase noise measurements at points 2, 3 and 4.

The phase noise plot of the recovered clock shows a significant increase in phase noise. To obtain
the root-mean-square value of jitter, it is required to calculate the integral over the spectral density of
phase noise.

e RMS of clock jitter on the master;
e RMS jitter of the clock signal reconstructed from the data on the slave;

e RMS of the jitter of the clock signal on the slave, passed through the PLL system for phase noise
suppression.

Based on formula (3) for calculating the maximum achievable signal-to-noise ratio (SNR)
depending on the value [Texas Instruments, Jitter vs SNR] and the corresponding graph shown in
Figure 9, we can conclude that the direct use of the restored clock signal will reduce the potentially
achievable SNR by 39 dB.

SNR; = -20-log[2r - f - T;], dB. 3)

However, using the loop filter of the PLL system, it is possible to filter out a significant part
of the phase noise in the detuning region of more than 10 kHz and achieve a significant reduction in
jitter to a level of = 0.21 ps. This value gives the maximum achievable SNR is 75.65 dB, which is
only 0.42 dB worse than result for the master clock signal on the master device.

5. Results

To determine the accuracy and stability of the synchronization of the proposed coherent constant
delay transceiver for a synchronous fiber optic network, a test bench was assembled, a simplified
block diagram of which is shown in Figure 10. A fiber optic cable about 140 m long connected the
devices. The accuracy was determined by generating on the master and slave synchronization signal
devices PPS (Pulse per Second) — which is formed at the moment of switching the seconds digit of
synchronized time counters. The timing error was defined as the time delay between these signals
(oscilloscope channels 1 and 2). The accuracy of the phase alignment between the clock signals of the
time counter on the slave and master devices, respectively, was also evaluated (oscilloscope channels 3
and 4).

Figures 11 and 12 show master (channel 1) and slave (channel 2) PPS waveforms, as well
as master (channel 3) and slave (channel 4) sys clk clock signals. Figure 11 shows the result of
synchronization before applying the phase compensation of the clock signal on the slave, and Figure 12,
respectively, after.

The above oscillograms clearly demonstrate the increase in the synchronization accuracy of
the classical two-path method by calculating and compensating the phase relationships between clock
signals.

The above oscillograms clearly demonstrate the increase in the synchronization accuracy of
the classical two-path method by calculating and compensating the phase relationships between clock
signals.

A series of experiments was carried out in 500 synchronization cycles, the results of which are
shown in Figures 13 and 14. Figure 13 shows the synchronization error of signals “1 second” from
the synchronization cycle number. Figure 14 shows a histogram of the synchronization error calculated
on the basis of 500 measurements; the solid line marks the normal distribution law with estimated
parameters using the maximum likelihood method.

A series of experiments was carried out in 500 synchronization cycles, during which the
following results were obtained:
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Figure 10. Simplified block diagram of the stand for estimating synchronization accuracy
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Figure 11. Synchronization result before phase compensation. There is a significant timing error, about 3 ns, as
well as a significant phase difference between the device clocks
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Figure 12. Synchronization result after phase compensation. There is precise synchronization of the PPS signals,
as well as precise alignment of the clock signals of the devices
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Figure 13. Synchronization error against synchronization cycle number

e M,, =0.16 ps — average error value;
e 0,, = 125 ps — standard deviation of synchronization error;

o T

syne < 4 '8 — time spent on one synchronization cycle.

The results are given for the case of the transceiver operating at a frequency of 120 MHz, and
the corresponding channel rate of 1200 Mbps. Regardless of the speed of data exchange, the condition
of synchronism of the data transmission network in which synchronization of the time scales of devices
is carried out remains unchanged.

Formula (4) was derived to estimate the dependence of the final synchronization accuracy on the
accuracy of measuring the phase between the signals clocking the time counters.
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Figure 14. Distribution law of synchronization error

2 2 2.
Where O-‘pmeas - 0-‘702 O-‘pOSL”
e 02 is the summary dispersion of the phase estimate;
155
e 02 i ill h i di ion;
o, 1s oscilloscope phase estimate dispersion;
2 A‘plz’LL . . . . .
e 0; = —5* — phase correction dispersion caused by a discrete phase correction step.

set

The proposed formula can be used when choosing a phase detector and/or PLL for the
reconstructed signal to achieve the required synchronization accuracy between devices.

The reliability of the formula for estimating the synchronization accuracy was verified by
experimentally obtaining the phase response, taking into account the measurement error of the
oscilloscope and the error introduced by the discreteness of the phase correction.

6. Conclusion

A method for implementing a coherent transceiver with a constant delay for a synchronous
fiber optic network is proposed. The main advantage of the proposed implementation is the arbitrary
frequency of the transceiver and network, respectively. This solution allows one to flexibly adjust the
network of transceivers not only for data transmission and subnanosecond synchronization, but also to
organize a network of distributed coherent in-phase clock frequencies, which can significantly simplify
the architecture of a distributed network of transceivers.

The systematic synchronization error of the devices was about —0.16 ps, and the variance was
about 125 ps for 500 synchronization cycles. Achieving such synchronization accuracy is possible due
to the use of phase detectors in the formation of timestamps and adjustment of the clock signal on the
slave device.

An analysis of the phase noise of the restored clock signal was carried out to assess its
applicability for clocking peripheral devices (ADC/DAC). In most cases, the use of the recovered
clock signal is possible with ADCs with thermal noise floor down to —75 dB. The use of narrower
PLLs can also increase this parameter.

It is important to note that the implementation of the transceivers was carried out on the basis of
budget debug boards with FPGAs, which implies a fairly low cost of such devices.
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