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The necessity for the precise time synchronization of
measurement data from multiple sensors is widely
recognized in the field of global positioning system/inertial
navigation system (GPS/INS) integration. Having precise
time synchronization is critical for achieving high data
fusion performance. The limitations and advantages of
various time synchronization scenarios and existing
solutions are investigated in this paper. A criterion for
evaluating synchronization accuracy requirements is
derived on the basis of a comparison of the Kalman filter
innovation series and the platform dynamics. An
innovative time synchronization solution using a counter
and two latching registers is proposed. The proposed
solution has been implemented with off-the-shelf
components and tested. The resolution and accuracy
analysis shows that the proposed solution can achieve a
time synchronization accuracy of 0.1 ms if INS can
provide a hard-wired timing signal. A synchronization
accuracy of 2 ms was achieved when the test system was
used to synchronize a low-grade micro-electromechanical
inertial measurement unit (IMU), which has only an RS-
232 data output interface.
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1. Introduction

The global positioning system (GPS) receiver and inertial
navigation system (INS) unit are two important sensors for
providing position and attitude information for geo-referencing
systems. A GPS/INS integrated system has many applications
in surveying, remote sensing, mapping, and navigation. With
optimal data fusion, the GPS could ensure long term geo-
positioning accuracy and stability, while the INS could provide
attitude information and partially mitigate against GPS signal
outages.

Time synchronization between GPS and INS measurements
is a common concern when implementing GPS/INS integrated
systems. Since the GPS receiver and the INS unit are two
separate (self-contained) subsystems, the clock difference and
data transmission latency could cause data alignment
discrepancies during the data fusion stage. Such alignment
discrepancies may render the data fusion suboptimal. In some
applications, the time synchronization of additional sensors,
such as a barometer, odometer, or imaging sensor, might also
be necessary.

The time synchronization issue has been extensively
reported in research literature. The report on mobile multi-
sensor systems by the International Association of Geodesy
(IAG) working group [1] acknowledges its importance. A
proposal for the IEEE inertial systems standard [2] suggests
that the synchronization of the INS internal clock to an external
time reference like the GPS clock is an important issue to be
addressed.

In this paper, a detailed analysis of the limitations and
advantages of different time synchronization scenarios and
existing solutions is presented. A criterion for evaluating
synchronization accuracy requirements is developed on the
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basis of a comparison of the Kalman filter innovation series
and the platform dynamics. An innovative time
synchronization solution using a counter and two latching
registers is proposed. The proposed solution is verified using a
test system implemented with off-the-shelf components.
Without an INS hard-wired timing signal, as reported in the test
results, a synchronization accuracy of 2 ms was achieved when
the test system was used to synchronize a low-grade INS
sensor manufactured with micro-electromechanical systems
(MEMS) technology, which has only an RS-232 data output
interface.

I1. Existing Solutions

The GPS time is typically used as a time reference for
GPS/INS integrated systems. In addition to outputting
positioning data and time messages through a serial data link,
most GPS receivers provide a one pulse-per-second (PPS)
electrical signal indicating the time of the turnover of each
second. The alignment of the 1 PPS signal edge to standard
GPS time is normally better than 1 ps [3].

The inertial sensors used in GPS/INS integrated systems can
be in the form of an inertial sensor assembly (ISA), inertial
measurement unit (IMU), or inertial navigation system (INS)
according to IEEE’s definition. Depending on what
information is extracted from them and their electrical
interfaces, different time synchronization strategies may be
employed.

1. Analog Interface

A successful implementation under this scenario is described
in detail in [4] and [5], and is illustrated in Fig. 1. The GPS 1
PPS signal is used to trigger a 10 kHz 8-channel 16-bit analog-
to-digital (A/D) converter in order to synchronize the starting
time of every 10,000 samples to the GPS time. The A/D
converter simultaneously samples the analog outputs from
individual accelerometers, gyros and temperature sensors.
The samples are averaged over 0.01 s and are sent for
GPS/INS integration processing.

A similar solution is proposed by [6], in which a 0.4 ms
synchronization accuracy is achieved using off-the-shelf
components. The details concerning the construction of a
synchronized A/D sampling circuit are given in [7]. Time
synchronization implemented in A/D sampling circuits can be
very precise (better than 1 ps is possible). The coincidence of
GPS and INS sampling at the turnover of each GPS second
(assume a 1 Hz GPS data rate) eliminates the need for
interpolation during data processing.

However, not all commercial INS sensors provide analog
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Fig. 2. Synchronization solution proposed in [8].

outputs. Adapting existing INS interfaces to the synchronized
A/D sampling circuit is not a trivial task. Even if some
manufacturers may provide INS sensors with analog outputs,
as in the case of the Xbow IMU400CC, the output
measurements normally go through an internal pre-processing
procedure which includes A/D conversion, raw sampling data
manipulation, and digital-to-analog conversions. The delays
caused by those processes are hard to estimate.

Without using commercial INSs, individual inertial sensors
are available on the market for building up proprietary INSs.
However, their use is largely limited to lower end applications.
This is because there are so many limiting factors preventing
them from achieving a high performance. These possible
factors include errors in mounting axes alignment, mounting
base deformation, electrical circuit noise, and the lack of high
precision calibrations using professional equipment. As will be
discussed in section III, using a low grade INS might preclude
the need to have the same time synchronization accuracy as
would be needed for high grade INSs.

2. Digital Interface

Figure 2 shows a conceptual solution proposed in [8], in
which an INS sensor has a digital data interface. The timing
module is designed to accept the GPS 1 PPS signal and the
10.23 MHz signal, which is generated from the GPS P-code
chipping rate. The timing module generates a synchronized
100 Hz PPS signal and passes it to the INS sensor. The
sampling of inertial sensor measurements is synchronized to
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Fig. 3. Synchronization scheme introduced by [9]-[10].

this 100 Hz PPS signal. The 1 PPS signal is also introduced
into the integration processor to define the beginning of each
second. The INS data can thus be time-tagged according to
GPS time received through an RS-422 link. The limitation of
this solution is that the INS sensor has to be able to accept GPS
PPS signals, which is very unlikely.

In [9] and [10], a successful implementation using the digital
interface to synchronize the Litton LN100, Honeywell
HG1700, and Xbow IMU400C (see Fig. 3) is described. In this
scheme, the timing is accomplished by using the high precision
PC clock as a common time base. A hardware timer which is
running with 1 ps resolution provides the link between the
GPS time and the PC time. At every transition of the 1 PPS
signal, the hardware saves a record. Through an interrupt, the
software samples both the timer and the PC time and stores all
the values for later processing. The transformation between
GPS and PC time base is done in two steps: first, GPS vs.
timer; then, PC vs. timer.

One limitation in using the digital interface is the necessity of
data interpolation in order to make INS data coincide with GPS
data in the Kalman filter measurement update. This is due to
the asynchronous measurement sampling of the GPS and the
INS sensors. When the INS sampling rate is 100 Hz and the
GPS sampling rate is 1 Hz, a maximum misalignment of 5 ms
can only be bridged using an interpolation technique.

Besides a digital interface, some INS sensors also output an
electrical PPS signal to indicate the wvalidation of the
measurement data (similar to the 1 PPS generated by a GPS
receiver). With the INS PPS signal, the INS internal pre-
processing latencies can be determined and compensated.

When the INS sensor does not have a PPS signal output, the
precise determination of the INS internal processing latency and
communication latency is a challenge. Some software methods
have been developed to estimate time synchronization errors in
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data fusion algorithms [11]. Nevertheless, a hardware circuit is
still necessary to provide initial data alignment; and the time
synchronization accuracy is comparatively low in this case.

Due to the variety of possible time synchronization scenarios,
there are some other non-typical solutions [12]-[14] applied
under certain situations, which will not be detailed here.

MI. Error Propagation

Considering a multivariable linear discrete system for the
integrated GPS/INS system:

X, =@ X, +W,

M

z, =H,x, +v,,

where x; is (nx1) state vector, @, is (nxn) transition matrix,
7, is (rx1) observation vector, Hy is (rxn) observation matrix,
and w; and vy, are uncorrelated white Gaussian noise sequence
with means and covariances:

E(w,)=E(v,)=0,
E(wkv,.r):O,

E(wkwf):{(()lk’ - /]: @
=k,
E(vkvlr)_{l;’k ;ik’

where E {-} denotes the expectation function, and Q; and Rare
the covariance matrix of process noise and observation errors,
respectively. The KF state prediction and state covariance
prediction are given as

X, = @, X,

. 2 A3)
Pk = q)k—IPk—lq)lt—l +Qk—l'

The Kalman measurement update algorithms are given as

K, = 131:H£ (ka’I;Hi +Rk)-1 >
X = ;‘; +K, (z, _Hk)};) >

P, = (I-K,H, )13/; >

Q)

where K; is the Kalman gain, which defines the updating
weight between new measurements and predictions from the
system dynamic model.

The growth of many errors in the horizontal channels of a
Schuler-tuned INS is bounded by the Schuler tuning effects,
while the errors in the vertical channels tend to grow
exponentially with time. To deal with the large INS navigation
errors and modelling non linearities, the actual implementation
of the Kalman filter in GPS/INS integration is often in the
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complementary form [15]. In such configurations, the
observation vector in (1) is the difference between the GPS
measurements and INS measurements. When expressed in the
continuous time domain, the observation vector z(?) is given as

Z(t) =TYeps (t)_ruvs (t)
=Tgps (t ) - (rINS ( J.VINS .U ) ®

where rgps (f) is the GPS position measurements, rs(0) and
vvs(0)are the INS initial position and velocity and a(?) is the
acceleration measured by INS sensors under the proper
coordinate frame. The integration symbol | represents the
integration within one GPS sampling period. Assuming that the
INS initial position and velocity are known, if there are time
synchronization errors in the INS measurements, the
observation vector is changed to  Z(¢) :

” a1+ A1) ) (©)

i(t):rGPS (t)_(rnvs( Ivlvs

where At denotes the INS time synchronization error, which
can either be positive or negative. It can be treated as a constant
in the following discussion. After taking a Taylor expansion to
the INS measurements, z(¢) becomes

2(t):rcps(t)—(rms( +[Vis (0)+ [[a()+ [[ (o (1) 1)
—”(a (1))

=z(t)—§. @)

It is clear from (7) that the time synchronization error of the
INS measurements introduces an additional observation error,
€ . The magnitude of this error is dependent on the delay time
At and the change of the vehicle acceleration a'(z) (also
called jerk) which represents the dynamics. The impact of this
error on the Kalman filtering process can be evaluated using
(4). Considering the INS
measurement update becomes

synchronization errors, the

X =%, +K, (z, ¢, -H,%,). ®)

The state estimation errors caused by { at each epoch are
given as

f‘k =-Kg,. ©

This implies that the observation error §, is distributed to
individual state estimates according to the Kalman gain matrix.
In each measurement update, this error distribution is largely
dependent on the observation geometry H;. Due to the
temporal filtering effect of the Kalman filter, the white and
Gaussian elements of the error € would be damped out as the

€ =X, —

filtering process becomes stabilised. The non-white and non-
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Gaussian part would remain as an estimation bias.

The impact of the synchronization error can be numerically
analysed by adding intentional time delays to INS data and
investigating their influence on the integration results. When
different increments of time delay are added, the positioning
errors steadily increase as the time delay becomes larger. The
same trend is observed when the magnitude of the time delay
becomes negative, which is the case when the INS clock bias is
negative. More detailed results are presented in [16].

In general, the time synchronization accuracy required by the
integrated GPS/INS system can be evaluated using (8). If

4] <<z —H,%, |, (10)
then the estimation errors caused by the INS data latency can
be omitted. From (10) and (7) we can derive

Iad Jom] "k|

(11

UJ

Some conclusions can be drawn from (11). First, the required
time synchronization accuracy is negatively proportional to the
magnitude of the Kalman filter innovations, which is largely
dependent on INS accuracy and how well it is calibrated.
Because a higher grade INS will result in smaller innovation
magnitude, higher time synchronization accuracy is required
when the INS is to be calibrated using GPS measurements. In
contrast, lower time synchronization accuracy is sufficient
when using low grade INS sensors. Second, the required time
synchronization accuracy is positively proportional to the
magnitude of the wvehicle dynamics. Higher time
synchronization accuracy is required for high dynamic
applications.

Precise calculation of the required A¢ using (11) may not be
possible when considering the simplification in derivation, and
the impact of the errors from INS accelerometers, gyroscopes,
and the gravity model. However, a rough estimation can still be
given. Suppose a GPS/INS integrated system can have an
acceleration change of 9.8 nvs® (jerk), and the GPS updating rate
is 1 Hz. Double integration of the jerk value generates a speed of
about 5 m/s. When the innovation RMS is about 5 cm, in order
to make the right side value ten times larger than the left side
value in (11), the required time synchronization accuracy should
be setto 1 ms.

IV. Proposed Method

Based on the analysis of the synchronization scenarios and
requirements, we propose three steps to solve the time
synchronization problem:

« Build up a cross link between the GPS and INS time axes.
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Fig. 4. Proposed time synchronization design.

o Correct the INS time-tag errors.

e Interpolate INS data to ensure that the INS and GPS
measurements coincide at each epoch.

Figure 4 illustrates the proposed time synchronization system
that comprises a GPS receiver, an INS sensor and one
integration platform. The integration platform can either be a
personal computer (PC), or an embedded processor board.
Both the GPS receiver and the INS sensor have two
connections to the integration platform, namely, one serial data
link and one electrical PPS signal connection.

On the integration platform a series of 100 kHz ticking
pulses are generated by a stable source and are counted by a
24-bit counter. The leading edge of the GPS 1 PPS signal and
the INS PPS timing mark trigger the corresponding register to
latch the counter. The registers store the value until the next
trigger signal comes. The time difference between the GPS
1 PPS signal and the INS time mark can be calculated by
comparing the values of the two registers.

During the triggering intervals, the stored values in the
register are picked up by the serial port interrupt services when
their corresponding serial messages are received. Hence the
received messages can be tagged with the latched counter
values. By referring to those counter values, a link between
GPS time and INS time messages can be established.

When the INS PPS timing mark is not available, the manual
enable (which could be a hardware or software switch) shown
in Fig. 4 must be used to set the register into pass-through
mode. In this way, the INS register reading corresponds to the
arrival time of the INS message.

When the INS can send a PPS timing mark to the integration
platform (as in Fig. 4), the true time of the INS PPS signals can
be calculated as

INS _PPS _true _time; = GPS _time _sec,, +M,
e = Mgy
(12)
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Fig. 5. Time synchronization with analog INS inputs.

where k and / denote the latest GPS and INS sampling epochs,
respectively; and # and p denote the readings of the GPS
register and INS register, respectively. Thus, the INS internal
clock bias can be calculated as

INS _time_bias=INS _PPS _time—INS _PPS true_time.
(13)

This calculated INS time bias is used to calibrate the INS
data time-tags.

When an INS PPS timing mark is not available, the time that
the INS register’s value represents is the INS message arrival
time. Hence, the INS register readings include additional
delays, including the INS data processing delay and serial
communication delay, which have to be extracted. Precise
determination of the magnitude of these additional delays is
quite challenging. The INS manufacturer can provide it as a
constant parameter, or the parameter can be evaluated
experimentally, which is the method adopted in this study,
which will be demonstrated in the following sections.

With correct time-tags, the raw INS data can be easily
interpolated to the points that exactly coincide with the GPS
measurements. The interpolation can be linear, quadratic, or
cubic, depending on the accuracy required. The interpolation
algorithm can be implemented in an extended Kalman filter
(EKF) time update process.

When the proposed method involves interfacing with the
INS analog outputs, an A/D conversion circuit needs to be
added to the integration platform. The trigger signal of the A/D
circuit can be used to trigger the INS latching register, as
indicated in Fig. 5.

V. Implementation

To verify the feasibility of the proposed time synchronization
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method, a data logging system was implemented using off-the-
shelf components, including a notebook PC, Windows
operating system, data acquisition card (DAQ), and the
LabView software package from National Instruments (NI).

The DAQ card is a low-cost E series multifunction PCMCIA
card. It has two 24-bit counters and one 100 kHz internal pulse
source. A simple LabView application was developed to handle
the data received from the two EIA-232 ports, that is, one for
receiving GPS data and one for receiving INS data.

VL. Field Test

The field test used two Leica System 530 GPS receivers, one
Jupiter GPS receiver, a BEI C-MIGITS II INS system, and one
Crossbow IMU400C IMU. One Leica GPS receiver was set up
as a reference station, and the other one was set up on the roof of
the test vehicle, together with the INS and IMU units. The C-
MIGITS II was closely fastened to the top of the IMU400C so
that their dynamics would be the same during the vehicle test.

The GPS data from the Jupiter GPS receiver and the raw
IMU data from the Crossbow IMU400C were time
synchronized and logged using the time synchronization
system described in sections IV and V, and stored on the
notebook PC for post-processing. The data collected from the
two Leica GPS receivers and the C-MIGITS 1I was used to
calculate the reference trajectory.

VIL. Test and Result
1. Measurement of Periodic Timing Signals

In this test the time synchronization system was used to
measure GPS 1 PPS intervals. Since the GPS 1 PPS timing
mark is strictly aligned to the GPS second to within +1 ps [17],
the 1 PPS interval is effectively 1 s. With a 100 kHz ticking
frequency, the counting value during each 1 PPS interval
should be 100,000. Repeated tests showed that the actual
counting values were either 100,000 or 100,000-1, which is
equivalent to 0.01 ms timing accuracy.

2. Measurement of Two Consecutive Timing Signals

In this test, the source signals were the GPS 1 PPS timing
pulse and a signal generated by delaying the GPS 1 PPS for pre-
defined time intervals. These time intervals were controlled in
increments of about 20 ps. The shortest time interval was
25+10 ps. The two source signals were precisely monitored
using a digital oscilloscope with a timing accuracy better than
1 ps. Figure 6 is a snapshot of the oscilloscope display. The blue
line is the original GPS 1 PPS signal, and the black line is the
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Fig. 6. Oscilloscope image showing the time interval between the
rising edges of two signals.

generated signal. The time interval between the rising edges of
the two signals is the delay time monitored using the
oscilloscope. The same delay time was measured simultaneously
using the implemented time synchronization system.

Comparison of the two results indicates that for every 0.1 ms
change of the delay time in the range of 0.1 ms to 0.9 ms, the
corresponding counting values changed 10+2 (with a 100 kHz
ticking frequency). So the counting accuracy can be converted
into a timing accuracy of 0.02 ms. We conservatively estimate
the timing accuracy of the implemented circuit to be better than
0.1 ms.

3. Correlation Check

The C-MIGITS 1I is a tightly-integrated GPS/INS system
comprising a digital quartz inertial unit, a navigation processing
unit, and a GPS receiver. With the aid of the GPS receiver, the
internal time of the C-MIGITS II is precisely synchronized to
GPS time. Through a serial port, the C-MIGITS II can output
precisely time-tagged IMU raw measurements at a 100 Hz data
rate. The performance of the C-MIGITS II and the Xbow
IMU400CC is compared in Table 1.

The IMU400CC data was time synchronized and logged
using the implemented time synchronization system. Some of
the IMU400CC accelerometer measurements and the C-
MIGITS 1I reference accelerometer data of the x-axis have

Table 1. C-MIGITS II and Xbow IMU400C technical specifications.

C-MIGITS I Xbow IMU400CC
Accelerometer bias 500 pg 8.5mg
Gyro bias 5 deg/h 1 deg/s
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been plotted in Fig. 7. Plots of other measurements have a
similar appearance.

Figure 7 demonstrates that the two recorded results coincide
with each other very well. To examine the consistency in detail, a
cross covariance check of the two data streams was carried out
using MATLAB tools. If the two data streams are fully
synchronized, the cross covariance peak should appear where the
time-lag equals zero. Figure 8 shows the results of comparing the
IMU400CC raw accelerometer x-direction data and the
corresponding C-MIGITS I reference data before applying time
synchronization corrections. The peak value of the cross
covariance appears when the lag equals one, which means the C-
MIGITS I data is leading the IMU400C data by approximately
one sampling period. The equivalent time difference is about
10 ms when the data sampling rate is 100 Hz.

The comparison of time synchronization accuracy using the
cross covariance method was limited by the data sampling
frequency, which is 100 Hz. Alternatively, we investigated the
consistency of the two data streams using the cross-correlation
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coefficients method. The cross-correlation coefficient of the
two independent data series is a normalised coefficient value
which represents the degree of similarity between the two data
series. The cross-correlation coefficient equals one when the
two data series exactly repeat each other.

The advantage of using the cross-correlation coefficient
method is that several data series can be generated from the
objective data set by shifting time tags by 1 ms each time and
then treated as independent data series to be compared with the
reference data. The most similar data sets would have the
highest cross-correlation coefficient value. By examining the
time lag where the highest cross-correlation coefficient appears,
the timing difference between the two data sets can be found
and can be used for time synchronization compensation.
Figure 9 shows the results of this comparison. A 7.5 ms
average latency of IMU400CC data is observed from repeated
tests. According to the manufacturer’s technical specification
[18], the IMU400CC has a data latency of about 6.4 ms.
Considering the platform processing time, the 7.5 ms total time
delay is reasonable.

Overall, the time synchronization accuracy of this field test
was limited by the fact that the Xbow IMU400CC does not
provide precise information about the internal processing delay,
neither through an instantaneous analog output nor via PPS
timing marks. The synchronization accuracy in this case is
estimated to be at the level of 2 ms based on the distribution of
the peaks. However, the
synchronization accuracy of the proposed hardware circuit was
demonstrated in tests 1 and 2 to be at the level of 0.1 ms. Since
the typical vehicle jerk for a passenger car is below 0.01 m/s’
and may be up to 4 m/s® during emergency break manoeuvres
[19], a synchronization accuracy of 2 ms is translated to a
maximum 4 mm observation error according to (7), which is
sufficient for general ground vehicle applications.

cross-correlation  coefficient
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VIII Concluding Remarks

Depending on the requirements of the integration
performance and the type of INS sensor used in GPS/INS
integration, different time synchronization strategies should be
applied. Practical limitations of sensor types and interfaces
influence the choice of time synchronization solutions, and the
synchronization accuracy that can in fact be achieved.

To find the optimal time synchronization solution for a
particular GPS/INS integration application, the required time
synchronization accuracy must first be evaluated properly. This
paper proposed an algorithm to analyse the impact of data
latency on Kalman filter measurement updates and to

determine the synchronization accuracy that should be satisfied.

An innovative time synchronization solution, which is
simple and flexible for implementation, was proposed and
tested using a low-grade MEMS IMU sensor. A time
synchronization accuracy of about 2 ms was reached, which is
limited by the nature of the sensor and the interface type.
Nevertheless, the feasibility of the proposed solution has been
verified.

Although this study is concerned with the integration of GPS
and INS, the principles are equally applicable when additional
imaging and navigation sensors are involved.
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