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Abstract

The benefits of multistatic radar have been well understood for decades, though the challenges of implementing such systems have
limited their development and subsequent operational use. Multistatic radar’s performance enhancements, over standard monos-
tatic radar, result from the cooperation and data-fusion between spatially separated radar nodes, however, to enable cooperation
and data-fusion, some degree of node-to-node time and frequency synchronisation is critical. In this work, the use of commercial
off-the-shelf (COTS) GPS Disciplined Oscillators (GPSDO) as a source of indirect radar synchronisation is evaluated and the
development, and subsequent testing, of a GPSDO based radar synchronisation system is presented.

1 Introduction

The use of global satellite navigation signals from constella-
tions such as the GPS has now become a common method for
achieving synchronisation across spatially separated systems.
GPS Disciplined Oscillators are devices comprising of both
a highly stable Local Oscillator (LO), a GPS timing receiver
and circuitry for disciplining the LO to the GPS receiver tim-
ing output. The works by Sandenbergh et al. provide key
references of experimental results within the recent literature
on GPSDO based networked radar synchronisation [1, 2, 3].
In these papers, three identical quartz-based GPSDOs were
designed to provide an alternative to physical synchronisation
cables for the NetRAD [1] and NeXtRAD [4] multistatic radar
systems. Comparatively, the paper instead investigates the use
of two different COTS GPSDOs that use differing LO tech-
nologies, namely, double oven-controlled crystal oscillators
(OCXO) versus Rubidium oscillators. For the rest of Section 1,
the requirements of coherent multistatic radar synchronisation
are introduced. In Section 2, the performance of two different
COTS GPSDOs is evaluated, followed by the development of
a GPSDO based radar synchronisation system, in Section 3.
A preliminary zero-baseline multistatic lab experiment is pre-
sented in Section 4, before the conclusions of this work are
made in the final section.

1.1 Coherent Radar Synchronisation

The time and frequency synchronisation requirements for
coherent bistatic/multistatic radar are well documented in [5,
6, 7]. To summarise, the synchronisation requirements should
be derived from the required radar systems performance, addi-
tionally, these requirements vary depending on the radar signal
processing intended to be operated on the radar data.

1.1.1 Time Synchronisation: A common appreciation of time
between transmitter and receiver nodes is fundamental for

accurate bistatic range measurements. Any timing error will
manifest as a bistatic range error, ∆Rb. The range error can
be calculated by ∆RB = ∆tBC, where ∆tB is the time offset
between nodes and C is the speed of light. In [7], Willis states a
timing accuracy of 1/10 th of the compressed radar pulse width
is required. To put said requirement into perspective, a 0.33 ns
timing accuracy would be required for a radar system with a 1
m range resolution.

1.1.2 Frequency Synchronisation: Synchronisation of LOs
across radar nodes permits the synchronisation of carrier fre-
quencies, base-band sampling and data clocks. Deviation in
carrier frequencies across radar nodes will result in Doppler
shift errors. A constant deviation in carrier frequency, ∆fc,
over the coherent processing interval (CPI) will result in a
Doppler error of ∆fc. However, fluctuations of ∆fc during the
CPI will result in target Doppler spreading [8]. The maximum
acceptable offset in LO frequency is related to the required
radial velocity accuracy of the radar system, again, applica-
tion dependant. However, in general, a frequency offset of less
than the velocity resolution, Vr, of the signal processing is
acceptable ∆fc < Vr/C [6].

1.1.3 Phase Synchronisation: The relative phase stability
requirement for LOs is dependent on the duration and type
of coherent radar processing required [7]. In a standard
monostatic radar, the same LO is used for both up- and
down-conversion, permitting significant cancellation of ran-
dom phase fluctuations and phase noise [9]. Conversely, in
bistatic/multistatic radar, separate LOs are used, as such no
cancellation of phase noise or spurious signals is experienced;
this dramatically increases the performance requirement of
the LOs, should a performance equitable monostatic radar be
required [1]. Close-in phase noise reduces the Sub Clutter Vis-
ibility (SCV) performance of the radar by broadening the noise
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floor of the static clutter spectrum, reducing the radar’s abil-
ity to detect small moving targets in the presence of strong
stationary clutter or a large target [9, 6].

1.1.4 Coherent Integration: Coherent pulse integration is often
used to increase the SNR of targets in the presence of noise.
However, if a carrier frequency offset exists due to a LO
frequency offset, a loss of coherent integration gain will
be observed, resulting in an SNR loss proportional to the
magnitude of the frequency offset [1]. Additionally, the un-
correlated phase noise between the individual matched LOs in
the transmitter and receiver also causes a reduction of coherent
integration gain.

2 COTS GPSDOs Performance Evaluation

In this section, the relative synchronisation performance of two
different models of COTS GPSDO is investigated. One model
is the Trimble Thunderbolt E, designed around a double OCXO
[10]. The second model is a Spectratime LNRCLOK-1500,
which in addition to an OCXO, contains a compact Rubid-
ium frequency reference [11]. Two of each GPSDO are used in
this work to allow direct comparison between relative GPSDO-
to-GPSDO synchronisation performances across the different
LO technologies. As standard for GPSDOs, both devices out-
put a low-jitter 1PPS (Pulse Per Second) signal synchronised
to UTC, and a 10 MHz frequency reference that should be, at
minimum, syntonised to UTC.

2.1 COTS GPSDOs

Both devices host inbuilt single-carrier GPS receivers that
utilise the L1 carrier C/A code available to the Standard Pre-
cision Service. The Trimble device hosts a 12-channel Trimble
GPS receiver, whereas the Spectratime device hosts a 50-
channel U-Blox LEA-6T GPS timing receiver. Theoretically,
the maximum number of GPS satellites observable at any sin-
gle point in time is less than 12, so the main advantage of
greater than 12 channels is the reduction of time to first fix.
The GPS receivers were set up in an All-in-View configura-
tion, meaning all available satellites are used to determine a
time-fix. Comparison between All-in-View and Common-View
receiver synchronisation is examined in [12]. In these experi-
ments, the Trimble GPS receivers self-surveyed their position
by taking an average of 2000 position fixes. However, the Spec-
tratime devices were found to periodically update the receiver
GPS position, indicating they had not self-survey their position
to minimise positioning error through averaging.

2.1.1 1PPS to 10 MHz Relationship: The performance and
functionality of commercially available GPSDOs can vary con-
siderably between manufacturers, as found by NIST in [13].
Therefore, a series of lab experiments have been conducted
to calibrate the performance of the devices used in this work.
Both models of GPSDOs 10 MHz reference was found to be
syntonised to the 1PPS timing output. The 10 MHz positive
zero-crossing of the Trimble devices exhibited a fixed 8.9 ns

offset to the 1PPS, which was consistent across the two Trimble
devices and sustained power-cycling. Therefore, when the two
Trimble GPSDOs 1PPS signals are synchronised, so will the
phase of the 10 MHz signals. In contrast, the phase relationship
between the Spectratime device’s 1PPS and 10 MHz is substan-
tially more complicated. The 1PPS-10 MHz phase was found
to be a product of both the power on 1PPS-10 MHz phase, and
the error between the free-running 1PPS signal (pre-oscillator
disciplining) and the UTC 1PPS (output by the on-board GPS
receiver). As a result, more often than not, the 1PPS-10 MHz
offset is not common across identical devices. This results in
a phase offset of the 10 MHz signals between devices, even
when the 1PPS signals are perfectly synchronised. To achieve
a common 1PPS-to-10 MHz offset across multiple devices, cal-
ibration is first required by comparing the 1PPS and 10 MHz
output of each device on an oscilloscope. Assuming the two
devices powered on with a common 1PPS-to-10 MHz phase,
the 1PPS can be shifted, relative to the 10 MHz, to remove the
error introduced when the 1PPS signal is shifted to match the
UTC second.

2.2 GPSDO Lab Measurements and Results

The relative frequency synchronisation of the four co-located
GPSDOs 10 MHz outputs was measured during a series of
lab experiments using a 5 port K+K FXE phase and frequency
measurement device. This measurement device has a 1 ps res-
olution for the 1 s averaging time used in these measurements
[14]. Whereas, the relative time synchronisation between the
GPSDOs was analysed by comparing the GPSDOs individual
1PPS outputs using a 4-channel RTO2024 oscilloscope, with a
time resolution of 100 ps. All four devices were set up in the
lab and shared a single GPS antenna feed, split 4-ways using a
S14GT-A GPS signal splitter. Identical cable lengths were used
where necessary. In the following results, the relative synchro-
nisation between 3 pairings of GPSDOs is presented, namely
LNRCLOK 1 vs LNRCLOK 2 (Rb1Rb2), Thunderbolt E 3 vs
Thunderbolt E 4 (Q3Q4), and LNRCLOK 1 vs Thunderbolt E
3 (Rb1Q3).

2.2.1 Relative Timing Error: It is expected that there will be a
relative, but static time offset between each GPSDO; this off-
set is a sum of the GPS receiver self-survey error, fixed GPS
receiver PPS offset to UTC, and internal GPSDO delays [13,
3]. Figure 1 compares the phase between the pairings of GPS-
DOs over a 6-day period. Prior to this measurement, the devices
were left tracking GPS for a minimum of 2-days in their default
manufacture settings. As detailed in Table 1, the largest mean
time offset of 16.51 ns was measured between the two Trim-
ble GPSDOs, equivalent to a bistatic range offset of 4.9 m.
A mean time offset of 9.4 ns was measured between the two
Spectratime devices and 11.1 ns offset was measured between
a pairing of an Spectratime and a Trimble, equivalent to range
offsets of 2.8 m and 3.4 m respectively. In this 6-day mea-
surement, the relative timing performance of Trimble GPSDOs
exceeds that of the Spectratime GPSDOs, indicated by a factor
of four smaller standard deviation of 1.46 ns. Additionally, the
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maximum time error, relative to the mean time offset, was just
9.88 ns (∆RB = 3.0m), compared to the Spectratime devices,
which was recorded as 19.60 ns (∆RB = 5.87m).

Table 1: Relative timing error statistics for three GPSDO pair-
ings, measured by comparing the co-located GPSDO 1PPS
outputs over a 6-day period.

Time offset Rb1Rb2 Q3Q4 Rb1Q3

Mean (ns) 9.40 16.51 11.1
1σ (ns) 5.72 2.12 6.19
2σ (ns) 11.44 4.24 12.28
Peak (ns) 19.60 9.88 30.04
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Fig. 1 Plot of relative 1PPS timing errors between co-located
GPSDOs for a 6-day period (a) LNRCLOCK, (c) Thunderbolt
E, (d) LNRCLOCK vs Thunderbolt E.

2.2.2 Relative Frequency Stability: When tracking GPS, the
GPSDO’s internal disciplining circuity steers the internal oscil-
lator toward the long-term average of the GPS receiver’s PPS
timing output. To maximise the frequency stability of the GPS-
DOs, the disciplining loop time constant should be optimally
tuned. This is done by comparing the stability of both the GPS
receiver 1PPS output with the stability of the internal oscilla-
tor. The time constant defines the point at which the GPSDO

adopts the stability of the GPS PPS timing reference, before
which the stability is dependent on the internal oscillator [2].
The Trimble devices have a static user-defined disciplining
loop time constant and damping factor for adjusting the dis-
ciplining loop characteristics, set to 100s and 1 respectively
as manufacturer defaults. Whereas, the Spectratime devices
employ an adaptive disciplining mechanism that automatically
adjusts the time constant by analysing the stability of the GPS
PPS timing reference against its highly stable internal Rubid-
ium reference [11]. In Fig. 2, the relative frequency stability
of the GPSDO pairs are provided as a function of averaging
time. This includes plots of the overlapping Allan Deviation for
Rb1Rb2 and Q3Q4 GPSDO pairs during the 284-hour experi-
ment. In these experiments, the disciplining loop characteristics
were set to their manufacture defaults. One can observe, the
poorer short-to-medium-term stability, for σy(τ < 103) of the
Trimble devices, when compared to the Spectratime devices.
This comparative instability is also observable in Fig.1 where
there are visibly more high-frequency components in the phase
plots of Q1Q2 in Fig.1(c), than in phase plot of Rb1Rb2 in
Fig.1(a). To improve the short-to-medium stability of the Trim-
ble devices, the parameters of the Trimble disciplining loops
were then optimised. This was achieved by comparing the sta-
bility of the internal double-OCXO to an estimated stability of
the GPS receivers 1PPS (only an estimate of the GPS receiver’s
stability could be used, as there is no way to directly sample its
output). An estimated optimal time constant of τ = 1000s was
chosen, and a damping factor of 0.707. The relative frequency
stability improvement of the Trimble devices, with the adjusted
disciplining loop characteristics, can be observed in Fig. 2;
an approximate magnitude improvement in short-medium term
relative frequency stability was attained. That said, by increas-
ing the time constant, a slight reduction of time accuracy was
experienced and the time to reach optimal lock to GPS time
was considerably increased to approximately 3.5 hrs.
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Fig. 2 Plot of Overlapping Allan Deviation comparing the rela-
tive frequency stability of co-located GPSDOs 10 MHz outputs
versus averaging time, τ .
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Table 2: Short-term Overlapping Allan Deviation comparing
the relative frequency stability between GPSDO pairings.

τ Rb1Rb2 Q3Q4 Q3Q4
τPLL = auto τPLL = 100s τPLL = 1ks

1 1.03e-12 3.53e-11 2.62e-12
10 1.67e-12 3.75e-11 3.99e-12
100 1.91e-12 1.92e-11 2.91e-12

2.2.3 Relative Frequency Error: Fig.3 illustrates the fractional
frequency error between GPSDOs, for a 1s averaging time,
over a 119-hour period. This figure permits a better insight into
the short-term relative frequency stability of each GPSDO pair-
ing, over a time duration similar to a realistic CPI duration
of a radar system. By adjusting the disciplining loop char-
acteristics of the Trimble devices, a frequency syntonisation
performance on the same order of magnitude as the Spectratime
devices was attained. Using the statistics from Table 3, it can
be approximated that, in these ideal co-located lab conditions,
for 95.4% of the time a carrier offset of < 2.42× 10−11 would
be achieved for all three GPSDO pairings. This translates to a
target velocity error of < 0.007 m/s.
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Fig. 3 Relative Fractional frequency offsets, for τ = 1s,
between GPSDO pairs for a 119 period. Trimble GPSDOs set
up with adjusted disciplining loops.

Table 3: Fractional frequency statistics for τ = 1s, analogous
to a coherent integration period in radar signal processing.

FF τ = 1s Rb1Rb2 Q3Q4 Rb1Q3
τPLL = 8ks τPLL = 100s τPLL = 8k/1ks

Mean 3.55e-15 6.13e-14 5.39e-14
1σ 4.56e-12 7.15e-12 1.21e-11
2σ 9.12e-12 1.43e-11 2.42e-11
Max 4.08e-11 5.65e-11 8.99e-11

2.2.4 Relative Phase Noise: A Micro-Semi 5120a phase noise
test set was used to measure the relative phase noise per-
formance of the Trimble and Spectratime GPSDOs. Table 4
compares the measured relative performance of the two mod-
els. As identical oscillators are used, on the assumption they
have the same phase noise, the phase noise of an individual
oscillator can be estimated as 3 dB less than the relative value;
due to the phase noise being uncorrelated and thus additive.

Table 4: Measured relative phase noise between GPSDOs.

Offset from Rb1Rb2 Q3Q4
carrier (Hz) (dBc/Hz) (dBc/Hz)
1 -102 -94
10 -132 -124
100 -144 -136
1,000 -160 -141
10,000 -160 -143
100,000 -160 -143

3 GPSDO Sync System Architecture

3.1 System Architecture

A radar synchronisation system has been developed to clock
and trigger three radar systems, namely, the bladeRAD hybrid
radar system [15], the ARESTOR multi-role RF system [16],
and the NeXtRAD radar system [4]. The GPSDOs alone,
described in the previous section, cannot be used to clock and
trigger the radars; instead, a system is needed to derive a com-
mon trigger signal, provide network control of GPSDOs, and
translate the GPSDO frequency reference to meet the input
requirements of each radar system. A system comprising of
three main pieces of hardware has been designed to meet these
requirements. Each system node comprises of a GPSDO, a cus-
tom interface card and a Raspberry Pi (RPI). Identical hardware
setups will be required at each node, though, the nodes will
operate in a master-slave architecture. Figure 4 is a photograph
of a single sync system node.

3.1.1 Radar Trigger Derivation: The synchronous 1PPS out-
put of the GPSDOs can be used to derive a low jitter trigger
signal for synchronisation of acquisitions across multiple radar
nodes. This can be achieved by allowing a common single
1PPS pulse to pass at all nodes, see figure 5. This solution
results in the trigger accuracy that is only constrained by
the degree of error between the GPSDOs 1PPS outputs, plus
the skew introduced by the analogue trigger circuitry. The
skew introduced by the analogue trigger circuitry has been
measured to be less than 0.15 ns, with a standard deviation
of 12.1 ps, negligible in comparison to the measured 1PPS
synchronisation errors between GPSDOs.

3.1.2 Frequency Reference Conversion: The 10 MHz clock
signal requires conversion to meet the external clock input
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Fig. 4 Photograph of a single node of the GPSDO based radar
synchronisation system, ruggedised into a single 1U 19" rack
shelf.

1s

100us

GPSDO 1PPS Signal

1s

RPI Trigger Window

Trigger Output

Fig. 5. GPSDO Sync System Trigger Timing Diagram

requirements of the radar systems; said conversion is imple-
mented on the custom interface cards. In the case of the
bladeRAD and NeXtRAD systems, a 10 MHz 3.3V CMOS
signal is derived from the GPSDOs 10 MHz sinusoidal signal
using a simple clock buffer. However, the ARESTOR system
requires a 5 MHz 3.3V CMOS signal, a slightly more complex
task due to the need to synchronise the edge of the 10 MHz
input signal, used for generation of the 5 MHz, across multiple
interface cards. This is necessary to avoid a 10 MHz period of
clock error between ARESTOR nodes.

4 ARESTOR Radar Measurement

The radar synchronisation system was tested during a series of
zero-baseline short-range lab experiments with the ARESTOR
multi-functional radar system. The ARESTOR system was
set up in a pseudo-multistatic configuration, where a single
ARESTOR node acted as a monostatic transceiver and a sec-
ond ARESTOR node acted as a purely passive receiver. The
radar was configured in an FMCW mode with a PRF of 1
kHz, chirp duration of 0.1 ms, and transmitted a 160 MHz
linear-frequency-modulated up-chirp centred on 2.42 GHz.
Individual GPSDO sync system nodes were configured for
each radar node. In these initial experiments, the Spectratime
GPSDOs were used as a reference to derive the clock and trig-
ger signals for each radar node. In these results, the direct
breakthrough was used for analysis of the node-to-node syn-
chronisation. Fig.6 is the bistatic range-time-intensity (RTI)
plot for a 15-minute experiment conducted to measure the

relative synchronisation between the nodes when disciplined
to co-located GPSDOs. One can observe that at the start of
the capture the direct path breakthrough is offset by a single
range bin (0.83 m), indicating a time offset of approximately
2.8 ns between radar trigger times. As the capture progresses
the breakthrough migrates a further 2 range cells, indicating a
further drift of approximately 5.6 ns over the duration of the
capture. This resulted from a drift in phase between the two
GPSDOs 10 MHz outputs.
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Fig. 6 Bistatic RTI plot for 15-minute radar experiment. The
first two strong returns are the breakthrough from transmitter
to receiver and the wall of the lab.

The phase series of the breakthrough for the bistatic capture
is plotted in Fig.7, this provides a more detailed view of the
phase dynamics between the radars. The bistatic phase series
shows phase unwrapped results. We can observe a net phase
drift of 112.4 radians over the 900 s experiment, equivalent
to a drift of 7.4 ns. Fig.8 plots the Doppler spectrum of the
breakthrough for both the monostatic and bistatic captures. As
expected, the noise floor in the bistatic capture is higher than
in the monostatic capture, approximately 7 dB worse in gen-
eral. Moreover, the Doppler noise is around 10 dB worse in the
region close to the carrier (< 50 Hz).

5 Conclusion

In this paper, the comparative performance between two dif-
ferent GPSDO technologies has been investigated. From the
co-located lab measurements, the relative timing performance
of the double OCXO Trimble devices was found to surpass
the Rubidium Spectratime devices by nearly a factor of three.
This could likely be attributed to GPS timing receivers inter-
nal to the Trimble devices using fixed, self-surveyed, GPS
co-ordinates. However, the Spectratime devices periodically
update their positions, introducing dynamic timing errors. Con-
versely, the short-to-medium term relative frequency stability
between the Rubidium devices was measured to be 2-3 times
better, see Fig.2. Furthermore, the relative phase noise per-
formance of the Spectratime devices was measured to be at
least 8 dB better than the Trimble devices. Consequently, if
high accuracy Doppler velocity estimation, maximal coherent
pulse integration or maximal SCV is required, the Spectratime
devices would be the preferable choice for radar synchronisa-
tion. Nevertheless, the time accuracy between GPSDOs - which
determines the radars range accuracy - will be the most limiting
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factor in the use of these COTS GPSDOs. Assuming static time
offsets, introduced by the GPS receiver internal delays and self-
survey errors are removed, time drifts of the order of < ±4.2 ns
and < ±11.4 ns should be expected for the Trimble and Spectra-
time devices respectively. If the requirement is to synchronise
to within the radar range resolution, then the Trimble devices
would theoretically be appropriate for radar bandwidths of <
70 MHz and the Spectratime devices for bandwidths of < 26
MHz. That said, the use of separate antennas, over large bistatic
baselines with different ambient temperatures will likely con-
siderably deteriorate the relative timing performance over that
measured in the lab [1]. To that end, future outdoor ARESTOR
radar experiments will be conducted with both GPSDO mod-
els integrated into the synchronisation system to investigate the
synchronisation performance in non-ideal lab conditions.

0 100 200 300 400 500 600 700 800 900
Time (s)

-20

0

20

40

60

80

100

120

P
ha

se
 (

ra
di

an
s)

Fig. 7 Bistatic unwrapped phase series for 15-minute period.
The phase drift of 112.4 radians at 2.42 GHz, equals a time
drift of 7.4 ns. Comparable to an 8.22× 10−12 frequency offset
over the 900 s experiment.
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