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Abstract

Timing Errors in Signal Transmission

This paper examines some of the key parameters that
significantly affect the overall architecture of a system that is
being designed to measure frequency or time accuracy to 3 x
IO-’*. Specifically, we investigate the timing errors in signal
transmission for distances up to 100 m, the effect of changes
in temperature and rf amplitude on timing (or frequency)
errors in several available phase detectors, and the influence
of measurement algorithms on the allowable level of white
phase noise in the system as a function of the carrier
frequency.

Potentially serious timing errors can be caused by the
variation of transit time delay and the phase of the standing
waves on the transmission line connecting the signal (clock)
to the measmment system. The transit time delay of a signal
is given by the length divided by the velocity of propagation.
Signals transmitted to the measurement system and reflected
from the load and then from the signal source lead to phase
change of the signal at the load. Changes in the voltage
standing wave ratio (VSWR) therefore lead to changes in the
timing errors. The complete timing error from the
transmission is

frequency stability; phase noise; timing errors; timing stability
Introduction
Several new frequency standards have been proposed that
show a potential for a short-term frequency stability of order
2x
[1-4]. To measure the systematic shifts as a
function of operating parameters and to measure the
performance of these new clocks, it is desirable to have a
measurement system that reaches the clock performance at a
measurement time no longer than
s. Attaining this
requires a resolution of approximately u,(T) = 2 x 104’ at a
measurement time of 104 s, or a timing error of 0.2 ps.
Figure 1 shows the primary elements in such a measurement
system.
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Fig. 1 Overall block diagram showing the key elements for
measuring the frequency or time of a remote clock.

In this paper we investigate the timing errors in signal
transmission for distances up to 100 m, the effect of changes
in temperature and rf amplitude on timing (or frequency)
errors in several available phase detectors, and the influence
of measurement algorithms on the allowable white phase noise
in the system as a function of the Carrier frequency.
*Contribution of the U.S. Govemment, not subject to
copyright.

where L is the equivalent free-space length of the transmission
line, c is the speed of light, E is the propagation factor, P,, is
the carrier frequency, 7 is the round trip attenuation, pt is the
voltage reflection ratio from the load, p, is the voltage
reflection ratio from the source 0, = (VSWR - l)/(VSWR +
l)), and 4 is the angle of the twice-reflected wave at the load
relative to the primary signal. This equation assumes that the
next order of reflected waves can be ignored @g&q< < 1).
The first term is independent of frequency while the second
term scales as l/vo.
The variation in the timing error due to changes in U(Ec) is
potentially quite large for long transmission cables. Typical
variations for several types of semi-rigid coaxial cables versus
temperature are shown in Fig. 2 [5]. Typical insertion losses
are of the order 1 dB/30 m at 5 MHz and 3 dB/30 m at 100
MHz for a 0.358 cm diameter cable. Cables with solid Teflon
dielectric (Curve A) exhibit large hysteresis (due to the
mismatch between the thermal expansion coefficient between
the dielectric and the conductors) for temperature variations
from 10°C to 2OOC. Various attempts have been made to
produce cable with a smaller temperature sensitivity by
reducing the amount of Teflon dielectric or incorporating
compensating materials (See Curves B-E of Fig. 2). Curve F
of Fig. 2 shows the temperature sensitivity of a cable that uses
SiO, powder as the dielectric. The phase variation from
18.3”C to 23.8OC is less than _ + O S ps over 30 m, while the
insertion loss is 3.2 dB130 m at 100 MHz. This generally
satisfies the timing requirements for distances up to about 100
m. The primary disadvantage of this cable is the cost.
Except in cases where there are large temperature variations,
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one of the other cables from Fig. 2 usually perfoms
acceptably at less cost for distances up to approximately 3 m.
These data are summarized in Table 1.
Timing Change with Temperature
bb4eLangth30m
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An alternative approach to the problem is to use two-wa
transmission measurements to correct for variations in th
transmission medium. This technique has been pursued at th
Jet Propulsion Laboratory where researchers hav
concentrated on AM modulation of a laser transmitted oVc
fiber optic cables to solve both the attenuation of the sign;
and timing errors for cable lengths up to 25 km. Their result
shown in Fig. 3, are very impressive. Although thi
system is relatively costly, it is currently the only practic
approach for long transmission distances due to the problel
of attenuation.
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Fig. 2 Timing error versus temperature for several different
semi-rigid coaxial cables. Curve A, typical 0.358 cm
(0.141”) solid Teflon dielectric cable. Curve B, data for
0.483 cm (0.190”) low density Teflon cable from W. L. Gore.
Curve C, data for 0.358 cm cable with low density Teflon
cable from Precision Tube. Curve D, data for 0.358 cm airarticulated cable from Precision Tube. Curve E, phase shift
data for 0.358 cm ISOCORE cable from Rogers with the
temperature coefficient of the dielectric matched to the
conductors. Curve F data for 0.358 cm cable with SiO,
dielectric from Kaman Instruments [5].
At 5 MHz, 1/(4 VJ is 50 ns and numbers for p f and ps are
typically 1/3 (VSWR = 2). Such numbers can lead to large
variations of timing error since VSWR is often dependent on
temperature, rf drive level, and even supply voltage. Timing
errors due to VSWR can be significantly improved by making
prr ps, and sin 4 small. At 5 MHz, for example, the timing
error due to VSWR can be reduced below 11 ps by reducing
V S W R below 1.1 at the source and load, and reducing sin 4
below 0.1. At 100 MHz this term can be made less than 1 ps
by making VSWR < 1.1 and sin 4 < 0.1. The characteristic
impedance of coaxial cables changes slightly from one batch
to another, which might require a small adjustment in source
and load impedances for the most critical applications.

The minimum signal-to-noise ratio (SIN) that is consister
with the goals is set by the measurement algorithm and
time available to average the data.
High precisic
measurement systems are generally dominated by white pha:
noise in the short-term, flicker phase, and environmental]
driven offsets in the medium term, and bounded processes
the long term. If uy(7)is used as the measure of frequenl
stability, the observed stability depends on the level of wh
phase noise, the level of white frequency noise, t
measurement bandwidth, and the m&urement time and do
not depend on the number of samples fll. If moduy(r) is us
as a measure of frequency stability, the observed frequen
stability also depends on the number of measurema
averaged together to obtain moduy(7) [71.
The added phase noise from single and double balanc
mixers is flicker phase noise (usually S+(f) = l(ri4/f in un
of rad2/&) for a Fourier frequency, f, from 0.1 to 1 kHz a
white phase at a level dependent on the IF amplifier at higt
to IO-”.’ rad2/= [I
frequencies. Typical levels are
The added phase noise at Fourier frequencies below 0.01 1
is often dominated by systematic and environmental effec
which are discussed in later sections. Most practical cloc
have white frequency noise far above that of the mixer.
Figure 4 shows the frequency stability as determined by uy!
and mod ~ ~ (as7 a) function of measurement time, and cam
frequency for S+(f) = 8 x 10-30v$P(white frequency)
lO-I4/f (flicker phase) 4 x 10-27~8
(white phase) rad2/]
and a measurement bandwidth of 1 kHz [8]. The first terr
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TABLE 1. Timing errors due to thermal variations in cable length
~~~

BASIC TYPES OF CABLES

LossI30 m @ 100 MHz
DIAMETER
~
_

~

~

1

uT/K 23-30°C
_

_

I

~

APPROXIMATE
COST130
m
~

SOLID DIELECTRIC PTFE
common semi-rigid

3.4 dB 0.385 cm

1 ps/QOmK)

$210

MICROPOROUS
W. L. GORE

2.8 dB 0.483.cm

1 psl(30mK)

$4000

LOW DENSITY FTFE
PRECISION TUBE

2.4 dB 0.385 cm

0.9 psl(30mK)

$ 550

A I R ARTICULATED PTFE
PRECISION TUBE

2.7 dB 0.385 cm

0.4 ps/(30mK)

$ 950

COMPENSATED DIELECTRIC
ISOCORE ROGERS

3.5 dB 0.386 cm

0.18 psl(30mK)

$

SiO, DIELECTRIC
KAMAN INSTRUMENTS

3.2 dB 0.385 cm

0.06 ps/(30mK)

$2200

657
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the phase (time) of the clock signal [7,8]. The medium term
noise is most often due to changes in temperature, rf drive
levels, humidity, voltage, vibration and mechanical
deformation, and pick-up of external signals.

1.E-18

Model
a.b.c ExlO%&P + 10L4/f+ 4x102’$ rad’lHz
d.c E x I O - ~ S / ~+- lO-“/f + 1 ~ 1 0 nd2/Hr
’ ~ ~

where bV is the dc output voltage error and
is the phase
detection slope in V/rad [6]. For comparing different phase
detector circuits as a function of carrier frequency, v,, it is
more beneficial to use the timing error given by

Fig. 4 Fractional frequency or timing error as a function of
measurement time and measurement algorithm and input
noise. Curves a, b, and c are for S,(f) = 8 x 10”0v2/f1014/f 4 X 104’2 rad2/Hz and a measurement bandwidth
of 1 kHz. Curve a shows the results at 5 and 100 MHz using
uy(7) to calculate fractional stability. Curve b shows moduy(7)
at 5 and 100 MHz for a minimum measurement time of 1 s,
while curve c shows moduy(7) at 5 and 100 MHz for a
minimum measurement time of loo0 s. Curve d shows uy(7)
at 5 MHz and Curve e shows uy(7) at 100 MHz for S+(f) =
8 X 10”0v2 + lO-I4/f +
rad2/Hz.

+

+

originates from the assumed intrinsic frequency stability of the
clock signal; the middle term originates from the mixer noise;
and the last term is white phase noise assumed to originate in
the clock or the measurement process. Also shown is the
frequency stability at 5 MHz and 100 MHz when the white
phase noise is equal to that of the mixer. Note that the
frequency stability derived from moduy(7)is a function of the
number of samples averaged to obtain moduy(7) when flicker
phase and/or white phase noise dominates.

The dc voltage error originates from imbalance between the
I-V curves of the diodes, imbalance in the transformers, and
asymmetric stray impedances. These imbalances are a
function of the temperature and drive levels and therefore lead
to changes in apparent phase or time with change in these
parameters. The most important parameters that characterizes
these effects are the isolation between the L and R ports, and
the IF port. Table 2 shows approximate dc offsets as a
function of L drive and isolation [9].
Table 2. DC offset voltage in mV for various combinations
of LO drive level and isolation assuming a 50 R resistance on
all ports [9].
LO DRIVE LEVEL - dBm
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5 MHr

Figure 5 shows a typical circuit diagram for evaluating the
phase detectors. The dc output (IF) port is terminated with
the characteristic impedance which is typically 50 Q for the
double balanced mixers and 500 0 for the single balanced
mixer.
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Figure 7. Timing errors in a double balanced mixer with a
quad diode module, at a carrier frequency of 5 MHZ as a
function of drive power, input attenuators (3 dB and 6 dB),
and temperature.

Figure 5. Typical circuit diagram for evaluating the
sensitivity of various phase detctors to variations in
temperature and rf level.
Figures 6 to 8 show timing errors in selected phase detectors
due to variation in input power and for two different
temperatures for a carrier frequency of 5 MHz. One set of
curves was taken without attenuators and the others with either
3 or 6 dB attenuators on the R and L inputs. At 5 MHZ, the
mixer with the individually matched diodes has a temperature
coefficient of approximately 6 psPC when used with 6 dB
pads, while the mixers with the 4 diodes on the same substrate
exhibit a temperature coefficient of about 25 pd0C. The
sensitivity to power change is generally improved by adding
3 or 6 dB attenuators to the input ports. Without attenuators
the power sensitivity is of order 1 mdv, per dB change in the
power or 250 pddB at 5 MHz. The improvement due to the
use of attenuators on the R and L inputs is thought to originate
from the reduction in the cable VSWR generated by the phase
detector load.
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Figure 8. Timing errors in a single balanced mixer with :
dual diode module, at a carrier frequency of 5 MHz as :
function of drive power, input attenuators (3 dB and 6 dB)
and temperature.
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Figure 6. Timing errors in a double balanced mixer with
individual diodes at a carrier frequency of 5 MHz as a
function of drive power, input attenuators (0 dB and 6 dB),
and temperature.

Figures 9 to 11 show the timing errors in selected phas
detectors due to variations in input power and for twa
different temperatures for a carrier frequency of 100 MHz
One set of curves was taken without attenuators and the other
were taken with either 3 or 6 dB attenuators on the R and !
inputs. The performance at 100 h4Hz of all three phas
detectors versus temperature and power is improved over th
results at 5 MHz by roughly the ratio of carrier frequencie:
Temperature sensitivity is of the order 0.2 to 1 psl0C. Tti
best temperature performance comes from the mixer wit
individually matched diodes. The power sensitivity is Of tti
order 0.1 to 1 mslv, per dB change in power or 1 to 10 ps/d
at 100 MHz depending on mixer type, input power, an
attenuation.
Discussion
It is much easier to achieve the desired time dom.
performance of ~ v / v ,= 6th = 2 x 1 0 1 7 at a measuremc
time of 104 s for a carrier frequency of 100 MHz than f0
MHz due to the sensitivity of presently available ph.
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Figure 9. Timing errors in a double balanced mixer with a
individual diodes, at a carrier frequency of 100 MHz as a
function of drive power, input attenuators (0 dB and 6 dB),
and temperature.

detectors to both temperature and rf amplitude. Even at 100
MHz it will probably be necessary to stabilize the temperature
of the phase detectors to about l0C and carefully match the
characteristic impedance of the coaxial cable. For distances
of up to 100 m,existing coaxial cables are probably sufficient.
For longer distances we must consider either AM modulation
of a laser transmitted over fiber optic cables or lower
frequencies where the attenuation losses are smaller. The
fiber optic system has already demonstrated excellent
performance for distances up to 25 km and is probably the
best choice. Going to 5 MJ3z would require two-way timing
measurements to correct for the time dispersion in the
transmission medium, much more effort to stabilize the
operating parameters of the phase detector, and lowering the
effects of VSWR at the source and the load.
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