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SUMMARY Time synchronization is indispensable for wide area dis-
tributed systems including sensor networks, automation systems, and mea-
surement/control systems. Another application is clock distribution, which
is indispensable to support continuous information transfer. Because of the
increasing demand for more sophisticated applications, it is essential to es-
tablish a time synchronization technique that offers higher accuracy and
reliability. Particularly, the accuracy of time synchronization for Ethernet
must be enhanced since Ethernet is becoming more important in telecom-
munication networks. This paper investigates a precise time synchroniza-
tion technique that supports Gb/s Ethernet. To obtain accurate time syn-
chronization, delay variation in message transfer and processing must be
minimized. For this purpose, the paper first describes the implementation
of preemptive priority queuing, which decreases the message delay varia-
tion of Ethernet. Through experiments, it is shown that preemptive priority
queuing effectively achieves very low delay variation. The paper then pro-
poses a method to synchronize the time signal of a slave node to that of the
master node. The proposed time synchronization method is performed in
the lower protocol layer and implemented on FPGA-based hardware. The
method achieves superior time accuracy through the low message trans-
fer/processing delay variation provided by preemptive priority, lower layer
execution, and hardware implementation. The effectiveness of the method
is confirmed through experiments. The experiments show that the time
variation achieved by the method is smaller than 0.1 µsec. This perfor-
mance is better than those obtained by existing synchronization methods.
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1. Introduction

Time synchronization [1] is indispensable for wide area dis-
tributed systems including sensor networks [2], automation
systems [3], [4] and measurement/control systems [5], [6].
Another application is clock distribution, which is indis-
pensable to support continuous information transfer. For
clock distribution, the employment of time synchronization
is advantageous because it greatly improves the phase accu-
racy of the clock signal [7]. Because of the increasing de-
mand for more sophisticated applications, it is essential to
establish a time synchronization technique that offers higher
accuracy and reliability.

Of particular interest is time synchronization for Eth-
ernet. This is because Ethernet is the most popular data
link protocol and covers applications from LANs (Local
Area Networks) to WANs (Wide Area Networks). Namely,
Ethernet time synchronization would enhance various types
of networks. Additionally, because of the popularity of
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Ethernet, its components are inexpensive. Thus, Ethernet
time synchronization would also be beneficial from the cost
viewpoint.

Time can be synchronized on Ethernet by employ-
ing the NTP (Network Time Protocol [1], [8]) or its subset
SNTP (Simple Network Time Protocol [9]), both of which
run on IP (Internet Protocol). The drawback of NTP and
SNTP is accuracy. The reported time accuracy of NTP is
1–50 msec [8], [12], [13] and this is insufficient for some ap-
plications. The accuracy of (S)NTP can be greatly improved
by executing time-stamping in hardware. It was reported
that this approach yields the accuracy of several tens of mi-
croseconds [3]. One alternative, IEEE 1588 [5], was created
for measurement and control on small networks. An im-
plementation of IEEE 1588 achieves the accuracy of several
hundred nanoseconds [6]. Another method is GPS (Ground
Position System). However, GPS is not suited to be installed
on many nodes in a network because of its antenna place-
ment limitation.

The time accuracy possible with standard Ethernet
is hampered by the tradition of implementing most func-
tions as software processes. For example, message trans-
fer/processing delay is often varied by the software imple-
mentation of packet multiplexing. Reports on precise time
synchronization [3], [6] rely on the standard Ethernet and
the processing is mostly executed in software. Adequate
accuracy can only be achieved by modifying the Ethernet
protocol to decrease message delay variation implementing
more functions on hardware.

This paper investigates a more accurate time synchro-
nization technique for Gb/s Ethernet. Its application area in-
cludes clock signal distribution for synchronous networks.
For this purpose, existing methods are not sufficiently ac-
curate and thus they fail to well handle jitter and wander
(See [10] and [11] for jitter and wander requirements). To
obtain higher timing precision, this paper first shows an im-
plementation of preemptive priority queuing, which mini-
mizes the message transfer delay variation. It then pro-
poses a time synchronization method, which is executed in
the lower protocol layer and implemented on FPGA (Field
Programmable Gate Array) hardware. The proposed syn-
chronization method achieves superior accuracy due to the
smaller message delay variation provided by the preemp-
tive priority technique. The lower layer execution and the
hardware-based implementation further suppress the inac-
curacy induced by processing delay variation. Its effective-
ness is confirmed by an experiment.
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2. Related Works

Currently, the most popular time synchronization method is
to employ NTP (or SNTP). Since NTP (or SNTP) works
on the IP protocol stack, it is easily adapted to Ethernet.
However, its accuracy in terms of synchronization is not
good enough. With NTP, the time of the client host is syn-
chronized to that of the server by adjusting the client clock
so as to cancel the time difference between the client and
the server. The time difference is measured by exchang-
ing messages between the host and the server. In this pro-
cess, the measured time difference is disturbed by variation
in the message transfer delay. This disturbance degrades the
time accuracy. Delay variation is unavoidable because tim-
ing messages collided with other messages and are queued
in the buffers of switches or routers in the network. More-
over, NTP is an application layer protocol, and is usually
implemented as software. Thus, collision among applica-
tion processes also triggers delay variation and further de-
grades time accuracy. Thus, it is unrealistic to expect that
NTP can achieve highly accurate synchronization.

It has been reported that the time synchronized by NTP
exhibits deviations of 28.7 msec for a WAN [12] and 1 msec
for LANs [13]. This performance is not sufficient for some
applications.

More precise time synchronization methods for Eth-
ernet were reported in [3], [4]. These methods, which ba-
sically employ SNTP, successfully improve time accuracy
by the hardware-based timestamp approach. It was re-
ported that they can achieve accuracy ranging from 25 µsec
to 1 µsec. However, since these methods rely on software
processing for the most part, other than timestamp handling,
they can not avoid the accuracy degradation caused by con-
flicts among software processes. Actually, the measured ac-
curacy achieved varies with the load on the server [3].

One time synchronization scheme designed for mea-
surement and control was standardized as IEEE 1588 [5].
The protocol specified in IEEE 1588 supports precise time
synchronization by measuring the time of message depar-
ture on the physical media. It was reported that the mean
value of time variation achieved by an IEEE 1588 im-
plementation was 49 nsec and the standard deviation was
233 nsec [6]. The drawback of IEEE 1588 is that its accu-
racy is not guaranteed if the messages pass through routers.
Thus, the method should be used only for synchronization
within a subnet. It is possible to obtain better performance
than IEEE 1588 by implementing time synchronization in
the lower protocol layer.

For precise time distribution, GPS is also an effective
technique. It offers a time accuracy of 10 nsec [14]. Unfor-
tunately, it requires that a antenna sited so as to always have
a clear view of one or more of the GPS satellites. Because of
this limitation on antenna placement, it is difficult to employ
GPS-based time distribution in every node in a network.

3. Preemptive Priority Queuing

This study employs preemptive priority queuing to mini-
mize the delay and delay variation. Preemptive and non-
preemptive are the two basic approaches to priority queuing
[15]. With preemptive priority queuing, if the system re-
ceives a high-priority frame while processing a low-priority
frame, it stops processing the latter and begins processing
the former. The system resumes processing the low pri-
ority frame after the high-priority frame is processed. In
this scheme, high-priority frames are processed immediately
upon arrival so they experience smaller delay and delay vari-
ation.

The basic approach of Ethernet is nonpreemptive queu-
ing. To implement preemptive priority queuing, the receiver
must identify and extract high-priority Ethernet frames as
well as reconstructing the low priority frame. Reference
[16] reports an implementation of such functions. With the
method of [16], the sender inserts special codes before and
after each high priority frame. The special codes are bit se-
quences that are unused by the standard Ethernet protocol.
The receiver uses the sequences to identify the position of
the high priority frames and extract them. This process is
illustrated in Fig. 1.

This study used a commercial Gb/s Ethernet multi-
plexer [17] to implement preemptive priority queuing in a
manner similar to that used in [16]. While Ref. [16] placed
the preemptive priority mechanism in the PHY layer, this
study placed it between the MAC and PHY layers as shown
in Fig. 2. We implemented the priority queuing mechanism
using FPGAs. Note that we did not modify the PHY layer.
Thus, generic and inexpensive PHY layer components (i.e.
ICs) can be employed. This functional arrangement is ex-
pected to be more economical than that of Ref. [16]. In ad-
dition, this study applies cut-through [18] to high-priority
traffic to decrease the delay further.

Our implemented version of preemptive priority queu-
ing was evaluated by an experiment using the configura-
tion shown in Fig. 3. As the figure shows, two multiplex-
ers with preemptive priority queues were connected by Gb/s

Fig. 1 Preemptive priority control executed at (a) the sender and (b) the
receiver, connected by Ethernet.
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Fig. 2 Layer diagram for the implementation of preemptive priority
queuing.

Fig. 3 Measurement configuration to evaluate preemptive priority queu-
ing.

Ethernet. High priority traffic was transmitted from one
multiplexer to the other and the average delay of Ethernet
frames was measured. Simultaneously, low priority frames
were also transferred as background traffic. The priority
was indicated by the priority tag specified in IEEE 802.1p.
Namely, high priority traffic was tagged QP4, while low pri-
ority background traffic was tagged QP1. The frame length
of the measured traffic was 1518 bytes, and its inter-arrival
time was constant. Meanwhile, the inter-arrival time of the
background traffic was also constant, but its frame length
was random. The bit rate of the background traffic was set at
20%, 50%, and 80% of the wire speed, 1 Gb/s. For compar-
ison, the same measurements were executed using commer-
cial switches (Summit 1i, Extreme Networks [19]) in place
of the multiplexers. The switches use non-preemptive prior-
ity queuing. SmartBits (SPIRENT [20]) was used for traffic
generation and delay measurements.

Figure 4 shows the results. In Fig. 4, the x-axis is the
bit rate of the measured traffic, while the y-axis is the aver-
age delay. The bit rate is shown as a percentage of the wire
speed. The figure shows that the preemptive priority traf-
fic had delay of less than 10 µsec while the non-preemptive
priority architecture suffered delay of more than 30 µsec.
Moreover, this increased to 50–60 µsec when the total bit
rate of the measured and background traffic exceeded 100%

Fig. 4 Delay characteristics of preemptive priority queuing and conven-
tional queuing (no preemption).

of the wire speed. By contrast, the delay of the preemptive
priority traffic was almost regardless of the traffic load. That
is, the performance of the high priority traffic was indepen-
dent of the background traffic. This characteristic suggests
that preemptive priority queuing prevents the high priority
frames from contending with the low priority frames for
transmission resources. Since the delay variation is brought
by frame contention, it is expected that preemptive queuing
yields very low delay variation for high priority frames. By
utilizing this characteristic, the accuracy of time synchro-
nization can be greatly improved.

Figure 4 also suggests that non-preemptive priority
produces substantial time offsets if the traffic is strongly
asymmetric. Suppose that heavy background traffic runs
in one direction. The delay in that direction can become
20 µsec larger than that in the reverse direction. This is a se-
rious problem since popular synchronization methods (NTP
or IEEE 1588) assume that the delay is the same in both di-
rections. These methods allow the delay difference to create
time offset. Preemptive priority, by contrast, holds the delay
the same in both direction because delay does not depend on
the background load. This characteristic effectively avoids
the time offsets brought by delay difference between the di-
rections.

4. Time Synchronization

This section proposes a highly accurate time synchroniza-
tion method. The proposed method employs relatively sim-
ple logic that is easily implemented on hardware; it avoids
the processing delay variation and performance bottleneck
inherent in the software implementations used by the con-
ventional methods. Another feature is that it works on a
lower protocol layer. This feature also eliminates the delay
variation caused by the upper layer protocol processes and
leads to better accuracy.

The proposed method was realized on two nodes con-
nected by Gb/s Ethernet with preemptive priority queues as
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Fig. 5 Basic configuration for the proposed time synchronization
method.

Fig. 6 Structure of time synchronization frame.

shown in Fig. 5. In the following, the system shown in Fig. 5
is referred to the “basic configuration.” In the basic config-
uration, one node acts as the “master” while the other node
acts as the “slave.”

Since the proposed method performs in the lower pro-
tocol layer (below the MAC layer), it does not work between
two nodes connected via routers. Nevertheless, the method
can be applied to a network with more than two nodes.
Namely, in such a network, we can discover a tree, whose
root is the time source. The basic configuration is then ap-
plied to each edge of the tree such that the node closer to the
root is the master. The node clocks are then synchronized to
the clock of the root following the paths from the root to the
leaves.

The proposed method synchronizes the slave clock to
the master clock by periodically exchanging synchroniza-
tion frames. As shown in Fig. 6, the synchronization frame
has three fields. The first field is the identifier. This field in-
dicates that the frame type is “synchronization frame.” The
second field carries a timestamp that shows its departure
time. The third field is the time difference between frame
departure and frame receipt. Each synchronization frame is
transmitted as high priority traffic using preemptive prior-
ity queuing and thus suffers very slight delay variation. By
exchanging synchronization frames, the slave node can find
the time offset between its local (slave) clock and the mas-
ter clock. Canceling the time offset synchronizes the local
clock to the master clock.

4.1 Time Offset Evaluation

In the basic configuration, the slave node needs to find the
time offset between its local clock and the master clock. The
time offset is computed as follows.

Let ∆ denote the time offset. If the time indicated on
the slave clock is t, the time indicated on the master clock is
t + ∆; d denotes the one-way delay between the slave node

and the master node. Note that d does not depend on the
direction because media length is the same in both directions
and the queuing delay is basically independent of direction.

The master and slave nodes transmit synchronization
frames when their local clocks indicate t0, t1, t2, . . .. If the
slave node sends a synchronization frame at time ti on the
slave clock, its departure time is ti+∆ on the master clock. If
this frame arrives the master node at time ti,r,M on the master
clock, then,

ti,r,M = ti + d + ∆. (1)

Similarly, if the master node sends a synchronization
frame at ti, its departure time is ti − ∆ on the slave clock.
If this frame arrives the slave node at time ti,r,S on the slave
clock, then,

ti,r,S = ti + d − ∆. (2)

Each node computes the time difference between the
departure and receipt of the just received synchronization
frame. For the frames sent at time ti, let ui,M denote the
time difference computed at the master node, and let ui,S

denote that computed at the slave node. Then, the following
equations are obtained from Eqs. (1) and (2).

ui,M = d + ∆. (3)

ui,S = d − ∆. (4)

Time differences ui,M is written to the time differ-
ence field (Fig. 6) of the next synchronization frame, which
leaves the master node at time t j ( j > i). By receiving this
frame, the slave node can recognize values ui,M and ui,S . ∆
and d are then computed at the slave node using the follow-
ing equations.

∆ =
(
ui,M − ui,S

)
/2. (5)

d =
(
ui,M + ui,S

)
/2. (6)

Time is synchronized by advancing or retarding the
slave clock to cancel ∆ derived by Eq. (5). Namely, the
clock should be advanced for ∆ > 0 or retarded for ∆ < 0.
In the synchronization frame, the frame transmission time ti
should be indicated in the timestamp field (Fig. 6) to com-
pute ∆ correctly even if ∆ is larger than the transmission
interval ti+1 − ti. Figure 7 illustrates the above procedure
of computing time offset ∆. Although one-way delay d ob-
tained by Eq. (6) is not used for synchronization, it will be
useful for network management.

The proposed method of evaluating time offset uses
fewer parameters than NTP. This feature is obtained by
transmitting synchronization frames at set times, t0, t1, . . ..
The decrease in parameters is desirable because it simplifies
hardware implementation. Additionally, since fewer param-
eters means shorter message length, it is also advantageous
with regard to bandwidth consumption.

4.2 Time Signal and Its Control

The time synchronization mechanism requires an appropri-
ate time signal that is controllable by time offset. Such a
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Fig. 7 Principle of measuring time difference between the master and
slave nodes.

signal is obtained in the following way.
The proposed method sets the interval between two

successive synchronization frames to a constant value, de-
noted by T . If time offset is 0, the master and the slave
have identical synchronization frame departure times. This
means that the synchronization frame departure time is us-
able as the synchronized time signal.

The time signal defined above is easily controlled to
cancel time offset by employing two types of synchroniza-
tion frames. The difference between these types is the bit
length. One frame type has a shorter bit length, denoted by
y1 bits, while the length of the other frame is denoted by y2

(y1 < y2) bits. After a node sends a synchronization frame,
it waits for the time specified for sending x bits. It then sends
the next synchronization frame. During this process, if the
short synchronization frame is used, the frame interval de-
creases and thus the time signal is advanced. Conversely, if
the long frame is used, the time signal is retarded. There-
fore, the time signal can be adjusted through frame type se-
lection depending on the time offset.

If the time offset is 0 or if the node is the master, the two
frame types are transmitted alternately. The period length of
the time signal remains synchronized even if the bit rates
differ between the slave and the master. If α is the ratio of
the short frames among the synchronization frames, the av-
erage interval between synchronization frames is expressed
as follows.

T = {x + αy1 + (1 − α)y2} /r, (7)

where r is the bit rate on the transmission media. The pro-
posed control automatically sets value α such that the master
and the slave have the same T value.

In the experiment described in the next section, the pa-
rameters are x = 124800 bits, y1 = 192 bits, y2 = 208 bits
and r = 1 Gb/s. This setting yields T = 125 µsec. Figure 8
explains the control process of the time signal.

Fig. 8 Time signal generated by the transmission of synchronization
frames.

Fig. 9 Experimental network for the evaluation of the proposed time syn-
chronization scheme.

5. Experiment

The proposed synchronization method (Sect. 4) was imple-
mented with preemptive priority queuing (Sect. 3) on an
FPGA. The synchronization method was placed also placed
between the MAC and PHY layers for preemptive prior-
ity queuing. This hardware implementation was used in
an experiment to confirm the effectiveness of the proposed
method. The network used in the experiment consists of six
serially connected nodes as shown in Fig. 9. In this con-
figuration, node #0 works as the time source. By applying
the basic master/slave configuration to the two directly con-
nected nodes, the clocks of nodes #1, #2, . . ., #5 are syn-
chronized to that of node #0. Time synchronization was ex-
amined by comparing the wave forms of the time signals on
an oscilloscope.

Figure 10 shows the results gathered. The upper side of
the figure compares the time signals of nodes #0, #3 and #5.
The time signal period is 125 µsec. As shown in the figure,
the signals of nodes #3 and #5 are completely synchronized
to the signal of node #0.

The lower side of Fig. 10 shows enlargements of the
wave forms on the time axis. From the figure, the time sig-
nals of nodes #3 and #5 vary slightly. The time variation,
however, is smaller than 0.1 µsec. Previous implementa-
tions of precise time synchronization on Ethernet allowed
the time variation to range from several tens of milliseconds
[3] to several hundreds of microseconds [6]. Therefore, the
proposed method achieves much better accuracy than the ex-
isting methods. This is due to the use of preemptive priority
and hardware processing, both of which greatly reduce mes-
sage/processing delay variation.
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Fig. 10 Measurement results of the synchronized timing signal.

In the lower side of Fig. 10, no significant difference is
seen between the time variations of nodes #3 and #5. This
implies that the proposed method achieves highly accurate
synchronization even if the basic configuration is concate-
nated many times in a large network. This characteristic is
suitable to the clock signal distribution application, which
requires accuracy as well as scalability for a large sized net-
work.

6. Conclusion

This paper presented a precise time synchronization method
for Gb/s Ethernet. First, the paper described preemptive pri-
ority queuing as implemented on Ethernet. This queuing
scheme effectively decreases the frame transfer delay and
its variation, and so enhances time accuracy. Next, the pa-
per proposed a time synchronization method that works on a
lower layer of Ethernet and is well suited to hardware imple-
mentation. The method utilizes preemptive priority queu-
ing to obtain better time accuracy. The accuracy is further
improved by our hardware-based implementation. An ex-
periment showed that the proposed synchronization method
achieves superior time accuracy over existing methods. In
addition, time was accurately synchronized even if the basic
master-slave configuration was repeatedly applied for sev-
eral serially connected nodes. These results imply that the
proposed mechanism can provide precise clock signal over
a large network successfully.
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