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Abstract—Discrete microprocessor-based equipment is a typical syn-
chronization system on the market which implements the most critical
features of the synchronization protocols in hardware and the synchro-
nization algorithms in software. In this paper, a new clock discipline
algorithm for hardware implementation is presented, allowing for full
hardware implementation of synchronization systems. Measurements on
field-programmable gate array prototypes show a fast convergence time
(below 10 s) and a high accuracy (1 us) for typical configuration
parameters.

Index Terms—Field-programmable gate array, hardware timestamping,
Network Time Protocol (NTP), Precision Time Protocol (PTP), synchro-
nization system.

I. INTRODUCTION

Time synchronization of electronic equipment is required in many
applications. Typical examples are distributed measurement and
control systems [1] and the synchronized phasors (synchrophasors)
applied to power distribution networks [2], [3]. In these systems,
measurement and control equipment is synchronized using specific
protocols through the communication network itself, which is usually
a switched Ethernet network [4]. Time synchronization over Ethernet
networks uses two primary synchronization protocols. On the one
hand, the industry norm IEC 61850 [5] defines the Simple Network

Time Protocol (NTP) (SNTP) [6] as a standard way to synchronize a
set of substations with a time server. SNTP is a simplified version of
the more general NTP [7] that is commonly used in Internet servers
and routers. On the other hand, the IEEE 1588 standard [8] specifies
the Precision Time Protocol (PTP) that was designed specifically for
industrial applications. These protocols are based on the exchange of
packets with a time server; these packets contain a set of timestamps
used for calculating the round-trip time and the time offset of the
server’s clock relative to the client’s clock. Both NTP and PTP imple-
ment sophisticated algorithms to adjust the local clock and maintain
the offset at a minimum. PTP is more focused on local area networks
(LANSs) and is typically hardware supported, so it can achieve much
better accuracy than NTP, although a similar accuracy is achievable
with NTP/SNTP if the same restrictions and hardware support are
applied [6].

Recent research works have demonstrated that dedicated hardware
support is necessary to achieve high synchronization precision [1], [9].
These authors define a set of synchronization functions completely
implemented in hardware which can be applied for timestamping
and controlling the local clock. However, higher level tasks like
clock disciplining and communication protocols are implemented in
software [9]. Moreover, a full or near-full hardware implementation
of a synchronization process can enable more accurate, robust, power-
efficient, and cost-effective synchronization systems. As a result, it is
necessary to design a hardware-friendly algorithm for synchronization.

In this paper, a clock discipline algorithm for hardware implemen-
tation aiming at microsecond accuracy is presented. The algorithm is
easy to implement in hardware, has very fast convergence, and is able
to maintain a very accurate local time compared to a time server, by
using standard digital design methodologies.

This paper is organized as follows. In Section II, the clock model
and the drift control mechanism are presented. In Section III, the
synchronization algorithm is described. Section IV presents some
experimental results, and conclusions are summarized in Section V.

II. HARDWARE CLOCK MODEL AND DRIFT
CONTROL MECHANISM

The implemented clock model is based on the computer clock model
presented in [10] which is formed by a voltage-controlled oscillator
(VCO), a local clock implemented in hardware, and a prescaler that
reduces the oscillator frequency to a convenient frequency [Fig. 1(a)].
In this model, the frequency is controlled by a digital/analog converter
(DAC), and the time is adjusted by adding the offset to the local
clock. However, this model is not suitable for digital implementation,
as additional external hardware components are needed. Thus, the
proposed alternative is to replace the VCO and DAC with an oscillator
operating at a fixed frequency and to include a digital module (drift
control) which is in charge of controlling the oscillator frequency. The
designed hardware clock model is shown in Fig. 1(b).

In the proposed scheme, time adjustment can be performed by
directly adding the offset to the local clock. However, this adjustment
should only be done when the local time is substantially different
from the reference time since this action violates the monotonic
requirement. Smaller adjustments are done by varying the local clock
frequency using the drift control module. In this module, first, the
prescaler is in charge of reducing the oscillator frequency fos. to a
frequency fpres slightly higher than the nominal operating frequency
fnom of the local clock. Since the resolution of the local clock in its
fractional part is n bits, f,om = 2™. The prescaler reduction factor is
controlled through a configuration parameter called prescaler factor;
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Fig. 1. Hardware clock models. (a) Computer model based on a VCO.
(b) Proposed hardware clock model based on a fixed-frequency oscillator.
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Fig. 2. Fundamentals of the calculation of corrections.

this parameter allows it to adapt this module to different local clock
resolutions and system clock frequencies. Once this reduction is car-
ried out, the drift control module performs a fine adjustment using the
parameter D calculated by the clock controller module. The parameter
D represents the number of cycles of the clock signal generated by the
prescaler to be eliminated in a second. Thus, the frequency obtained
by the drift control module ( f,,¢) represents an averaged frequency
which can be calculated according to

fout QJ-’fpresf-D- (1)

III. CORRECTION CALCULATION AND
SYNCHRONIZATION ALGORITHM

A. Correction Calculation

To keep the local clock tuned to a reference clock, the adjustment
parameter D is corrected at every adjustment interval so that the
estimated offset (0) of the local clock with respect to the reference
clock is minimized. The fundamentals applied for the calculation of
this correction are shown in Fig. 2. This figure shows the estimated
offset at different adjustment instants done every 2 s, where p is a
configuration parameter that controls the adjustment interval. Assum-
ing that, at time ¢;_1, the offset is #;_1 and D is D;_; and that, at
time ¢;, the offset is 0; (point B), a new value of D (D;) should be
calculated in order to cancel the drifting (Afg). The correction AD;
applied to D (2) is divided into two components according to (3)
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Fig. 3. States of the synchronization algorithm.

First, the correction needed to stop the drifting (AD?) can be
calculated according to (4). With this correction, the offset is expected
to stay constant after a new interval (point P in Fig. 2). The second
component of AD; (ADY) is intended to make the offset to converge
to zero in the next adjustment intervals. The convergence component
is calculated in (5), where —(6;/27) is the adjustment that would
make the system converge into one interval (P,) and ¢ is a smoothing
parameter that controls the convergence speed, so that ¢ = 1 makes
the system converge into two intervals (P, ), ¢ = 2 into four (P,), and
so on
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B. Synchronization Algorithm

The objectives of the synchronization algorithm described in the
following are to control the hardware clock model presented in Sec-
tion II so that it reaches synchronization with a clock reference and to
maintain this synchronization as accurate as possible by applying the
correction calculated previously.

At the beginning of the operation, the system starts in SYNCHRO-
NIZING state (Fig. 3). In this state, if the offset is greater than 125
ms, a hard correction of the local clock is done in order to match
the server’s clock time (t1ocal = tiocal + 0). When the offset is less
than 125 ms, the system transitions to SYNCHRONIZED state, and
the local clock is kept synchronized to the reference clock by using
the drift control mechanism and calculating the appropriate correction
(AD) as described previously.

If communication with the reference clock is lost or the offset
is greater than 250 ms, the system changes to SYNCHRONIZING
state, and the convergence component AD® is removed from the
correction to keep the local clock drifting as small as possible until
synchronization is reestablished.

IV. RESULTS

In order to check that the algorithm works correctly, this has
been implemented on a Spartan-3E field-programmable gate array
(XC3S500E) as part of an experimental SNTP client. This SNTP
client has been tested against a hardware-assisted SNTP server which
synchronizes its local clock using a GPS receiver. Thus, different
tests have been carried out which consist of varying the values of
the adjustment interval and the convergence factor. For each test,
approximately 1000 successive offsets have been acquired. In Table I,
the numerical values of the mean offset as seen by the client, together
with the error, calculated as three times the standard deviation of the
measurements are shown.



TABLE 1
MEAN OFFSET 3= ERROR IN MICROSECONDS

q=0 g=1 g=2 qg=3
p=20 0.06 =1.21 0.06 +£1.17 0.07 £ 0.95 0.05+0.85
p=1 0.06 £1.49 0.06 £1.72 0.07+1.18 0.02+1.27
p=2 0.07 £1.71 0.05+1.51 0.07 +1.69 0.20 +1.81
p=3 0.074+2.49 0.10 +2.27 0.14 +2.98 0.31+4.23
p=4 0.04 4+ 3.88 0.23+4.34 1.01 £6.53 0.55 + 14.86
p=>5 0.18+6.74 0.20 +8.73 0.58 +16.42 3.91 +28.94
p=26 0.24 +13.18 0.594+17.97 1.16 =35.29 9.19+64.45
TABLE II
TIME TO SYNCHRONIZATION IN SECONDS
gq=0 | g=1 [ g=2 | ¢g=3
p=0 4 8 15 29
p=1 10 18 34 70
p=2 16 40 76 160
p=3 32 80 176 360
p=4 64 176 384 800
p=>5 128 416 832 1760
p==6 256 896 - -

It can be seen that the mean offset and error increase for larger
values of p because the accumulated offset in an adjustment interval
is proportional to the interval duration. For intervals between 1 and
8s (p=0,1,2,3), the convergence factor ¢ is not relevant because
the mean offset and the error are going to be small in any case and
the obtained error is always less than 5 us. For the other intervals, the
accumulated offset between adjustments can be higher, and therefore,
carrying out faster corrections (using small values of ¢) can be more
appropriate.

The time to full synchronization, considered as the time spent by
the algorithm from the start of the operation to reach an offset below
25 ws, is shown in Table II. These times depend on the adjustment
interval, obtaining better results for smaller values of p. As it has been
commented earlier, this is because, using a small adjustment interval,
the corrections are performed more often, accelerating the convergence
process. Moreover, the time until synchronization also depends on the
convergence factor since larger values of g cause slighter corrections,
so that the algorithm takes longer to reach the desired synchronization.
In the worst cases (p = 6 and ¢ > 1), a synchronization better than
25 ps is never reached.

In a typical LAN configuration, p =0 and ¢ = 2 are adequate
values of the algorithm’s parameters, providing a local clock accuracy
of 1 ws, which is among the better results reported for hardware-
assisted SNTP implementation (1-25 us) [4], and largely improving
the better results of the software NTP implementation (tens to a few
hundreds of microseconds) [11], [12].

Under these same conditions, the time to synchronization is only
15 s for an adjustment interval of 1 s. This time compares very well
to the drift adjustment time of about 10 s reported in [9] for a PTP
implementation with a 125-us synchronization interval.

V. CONCLUSION

In this paper, a new clock discipline algorithm that is suitable for
hardware implementation has been presented. The algorithm includes
a drift control mechanism and a hardware clock model that have been
implemented in programmable hardware as part of an experimental
SNTP client. Measurements show that the algorithm is able to con-
verge to an accuracy below 25 ps in less than 10 s and to maintain an
accuracy of 1 us for typical configuration parameters.
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