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Abstract

GPS carrier-phase time-transfer performance depends on the stability of the delays of the
receiving antennas, GPS receivers, cables, amplifiers, and other related electronics. Several groups have
studied the effects of the environment on carrier-phase time transfer [1,2]. The United States Naval
Observatory (USNO) is also conducting experiments to quantify the effects of temperature and humidity
on these hardware components [3]. In this paper we will show a series of network analyzer group-delay

measurements of three sets of GPS antenna electronics over a temperature range of -15° C to +45° C
covering both the L1 and L2 GPS spectrum.

INTRODUCTION

A GPS antenna system with its associated amplifiers and band-pass filters is typically
located outside in an uncontrolled environment. At USNO the seasonal variation in
temperature can exceed 50° C. A typical GPS antenna system has a built in low-noise
amplifier as well as band-pass filters, which are used to filter out unwanted interfering
signals. The group-delay and frequency-response characteristics of band-pass filters tend
to be sensitive to changes in temperature. It is, therefore,important to understand the
sensitivity of these GPS band-pass filters to varying environmental conditions.

For this experiment we measured the amplitude and group-delay response of three sets of
GPS antenna electronics using an Hewlett Packard 8719D network analyzer. These
measurements were repeated over a temperature range from —15° C to +45° C in steps of
10 degrees. This 60° C range (+ 5° F to + 113° F) was chosen to represent a typical
yearly span of temperatures as measured from the roof of the USNO Time Service

building located in Washington, DC. Below is a list of the three amplifiers tested for this
report.

A. KW Microwave (KWM FSCM 56216 FLA-I-15015)
B. Allen Osborne Associate (Narrow-band Amplifier with choke-ring)
C. Allen Osborne Associate (Wide-band Amplifier with choke-ring)

It should be pointed out that the exact group-delay response to the complex GPS C/A and
P code signal spectrum is not being measured for this paper only the linear response of
the amplifiers at discrete frequencies within the GPS spectrum. These results can only be
used to derive worst-case temperatures sensitivities.
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GROUP DELAY

Group delay is the transmission time through the device under test as a function of
frequency. It is defined as the derivative of the phase characteristic with respect to
frequency. Since the derivative is essentially the instantaneous slope (or rate of change
of phase with respect to frequency), a perfectly linear phase shift results in a constant
slope, and therefore a constant group delay. In practice, this phase characteristic typically
consists of both linear and non-linear components. The linear component can be
attributed to the electrical length of the device under test, and represents the average
signal transit time. The non-linear components are interpreted as variations in transit
time for different frequencies, and represent a source of signal distortion [4].

The spread-spectrum-modulated GPS C/A and P-code signal is broadcast at the L1 (1575
MHz) and L2 (1226 MHz) frequencies. This bi-phase-modulated signal is band-limited
to an approximately 2 to 20 MHz portion of the L-band spectrum. The GPS signal is
very weak (-157 dBW) and can be interfered with by near-band signals, such as digital
paging systems, UHF TV stations, radar, and other signals transmitting in L-band. As a
result, GPS receiving systems employ narrow-band filters to remove these unwanted

interfering signals. Figure 1 shows the gain versus frequency response of the three GPS
amplifiers tested as part of this experiment.
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Figure 1. Amplifier gain response measured over 600 MHz.
AMPLIFER GROUP-DELAY MEASUREMENTS OVER TEMPERATURE
Each of the GPS amplifier group delays was measured over a —15° C to +45° C

temperature range in 10 C degree steps. Figures 2 and 3 show the group-delay
characteristics of these three sets of amplifiers/filters measured at both the L1 and L2
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GPS frequencies respectively. Figures 4, 5, and 6 show the group delay measured at
exactly the L1 (1575 MHz) and L2 (1226 MHz) GPS frequencies over a 375 KHz
bandwidth for each of the three amplifiers tested. Because L1 to L2 group delay
difference is used to compute a correction for the GPS signal as it passes through the
earth’s ionosphere, the resulting ionosphere error is also shown on the right axis of
Figures 4, 5, and 6. These graphs show the differential delay between the L2 and L1
multiplied by the ionosphere correction factor (1.546). This ionosphere correction factor
is a result of the dispersive nature of the ionosphere for which the group delay is
proportional to the square of the frequency. Figures 7, 8, 9, and 10 show the change in
group delay as a function of frequency and temperature for both the KW amplifier and
the AOA narrow-band amplifier. The data shown are normalized to the measured group
delay at 45° C. Presenting the data in this way accentuates the change in the shape of the
group-delay characteristics of each of the amplifiers as temperature and frequency are
changed.

AOA Wide-Bandwidth Amplifier

The AOA wide-band antenna electronics have a gain of between 50 and 60 dB with a
frequency response that covers most of the L-band spectrum (59 dB at GPS L1 and 51 dB
at GPS L2). The AOA wide-band electronics do  not contain narrow-band filters, and
are, thus, susceptible to interference. The major advantage of this amplifier for time-
transfer applications is that the amplifier response is nearly linear with frequency, which
should result in the amplifier being insensitive to environmental effects.

The group-delay measurements of the AOA wide-band GPS amplifier are shown in
Figure 4. The average group delay is around 4.5 ns and fluctuates by about 1 ns over a
60° C temperature range.

AOA Narrow-Bandwidth Amplifier

In Washington DC area, in the mid-1990’s, a digital paging service started broadcasting
around 960 MHz. Some GPS receivers making L2 measurements and using wide-band
non-filtered amplifiers, like the AOA wide-band amplifier, experienced signal
interruptions. The Naval Research Laboratory (NRL) developed a simple quarter-wave
stub, tuned to notch out this 960 MHz interfering signal. NRL also worked with AOA to
develop a new set of GPS antenna electronics with narrow band .1 and L2 filters that
removed all near-band interfering signals. A later generation of this antenna filter is now
widely used in most of the AOA geodetic product lines and is typically shipped with a
choke-ring antenna.

These AOA narrow-band antenna electronics have a gain of 46 dB at the GPS L1
frequency and 51 dB at L2. As illustrated in the gain response curves shown in Figure 1,
the AOA narrow-band filters surround both of the GPS L1 and L2 frequencies with sharp
cut-off frequencies of +/- 10 MHz. While these filters greatly reduce the effect of
interfering signals, they also contribute to a greater instability due to the filters’
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" sensitivity to environmental effects. In Figures 2 and 3, note the 10s-of-ns delay change
in group delay measured over both the GPS L1 and L2 spectrum.

The group-delay measurements of the AOA narrow-band GPS amplifier at 1575 MHz
and at 1226 MHz are shown in Figure 5. The group delay varies between 25 to 29 ns
over the temperature range —15° C to 45° C. Figures 7 and 8 show the change in group
delay as a function of both temperature and frequency. Because the AOA narrow-band
filter changes shape and group delay as a function of both frequency and temperature,
several nanoseconds of delay change could be expected, due to the 60° C seasonal
temperature changes at USNO.

KW Microwave Phase-Stable Narrow-Bandwidth GPS Amplifier

The KW microwave antenna electronics have a nearly flat amplitude and phase response
at both the GPS L1 and L2 frequencies. The KW microwave amplifier was designed
with a 100 MHz bandwidth and rejects unwanted signals by 80 dB +/- 100 MHz from the
surrounding GPS L1 and L2 signals. As shown in Figures 2 and 3, the KW microwave

amplifier group-delay response is flat to better than 1.0 ns across the entire GPS
spectrum.

Figure 6 shows the group delay at the L1 and L2 frequencies. The resulting ionosphere
error is shown on the secondary axis at the right. The net effect of these errors is
expected to be less than 0.5 nanosecond. Figures 9 and 10 demonstrate how little the
group delay changes as a function of both temperature and frequency.
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Figure 5

Figure 6
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CONCLUSION

Temperature changes can cause GPS antenna amplifiers with narrow-band filters to have
nanoseconds-level changes in group delay. To approach sub-nanosecond-level time
transfer, either more stable filters or temperature-controlled filters will be required. The
KW microwave narrow-band electronics package has a temperature response profile that
provides a near ten-fold improvement in group-delay stability over the widely used AOA

electromcs package. It is hoped that the use of the KW Mlcrowave or similar electronics

mitigate tha naad far camnlay tamnaratiire gtahilizatinan  Tha nige Af gtahla antanna
uusul iHiugdie Uit el 101 CUOLNPICA WilipliatdlC dStaviiiZatiUii. 11iC USC U1 Staoi aiiciiiia

electronics or temperature-controlled electronics, phase-stable antenna cables and good

microwave impedance matching techniques [5] should greatly reduce the effect of
temperature on GPS carrier-phase time transfer.

FUTURE WORK

We nlanned ta reneat thece meacuremente ugino data collected from
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baseline experlments using live GPS signals. This should provide a clearer

Pk 518

understanding of the group-delay temperature dependencies of GPS antenna amplifiers
and band-pass filters on both code and carrier measurements. We are also planning to
replace our antenna electronics with phase-stable antenna electronics.

ACKNOWLEDGMENTS

The author would like to thank Alick Frank from the Naval Research Laboratory and

l-. 1r ot sl T
13

M. T S e )
LIS CKStrom, lVllllll 1lall, alil

[1] F. Overney, Th. Schildknecht, G. Beutler, L. Prost, and U. Feller, 1997, "GPS Time Transfer”Using
Geodetic Receivers: Middle-Term Stability And Temperature Dependence Of The Signal Delays,
Proceedings 11% European Frequency and Time Forum, 4-7 March 1997, Neuchétel, Switzerland.

[2] C. Bruyninx, P. Defraigne, J.-M. Sleewaegen, and P. Paquet, 1998, “Frequency Transfer using GPS: A
Comparative Study of Code and Carrier Phase Analysis Results Proceedings 30" Annual Precise Time

s nen t R V.1 ANS TS -~

and Time Interval (PTTI) Meeting, 1-3 December 1998, Reston, Virginia, pp. 307 — 314.

M1 T e Xy T IN_F . R o o _a oo d € tat ottt o™t N T T »
D] E. FOWCIY, 1770, nuraware €Ay IVIEASUTEMETNLY and JENSULIVILIES N LArTier rnase rime rransjer,
Proccedmgs 30" Annual Precise Time and Time Interval (PTTI) Meeting, 1-3 December 1998, Reston,

Viroin: in o 202 _ 20K
v uéuua, PP «70 JUJ.

[4] Hewlett Packard 872
Operation Concepts,” p. 36, June

3
ﬁ

[5]1F. Ascarrunz and T. Parker, 1999, “Group-Delay Errors Due to Coherent Inte)ference " 1999

Prnmaprhpoe of Joint Pnrnnpan Pn-\mmnnv and Time Forum and the IEEE International Fr.

Symposium, 12-16 April 1999, Besanqon, France, pp. 198 - 202.

(43



AOA FILTERED GPS AMPLIFIER DELAY MEASUREMENT
USING NETWORK ANALYZER NORMALIZE TO

MEASUREMENT AT 45°C
6.E-09
)]
g 4.E-09
(o]
8 ——35C
: 2.E-09 —#—25C
5 . © 45 C
E ® 5C
N —+—_15C
= -2.E-09 et
=
1 4
QO -4.E-09
2
-6.E-09
1555 1560 1565 1570 1575 1580 1585 1590 1595
FREQUENCY (MH2)
Figure 7
AOA FILTERED GPS AMPLIFIER DELAY MEASUREMENT
USING NETWORK ANALYZER NORMALIZE TO
MEASUREMENT AT 45C
6.E-09
[/2]
g 4.E-09 ;_, ;
(o]
8 ——35C
g 2.E-09 —&—25C
5 s 45 c
g ——.5C
N ——_15C
2 -2.E-09 — et
=
['4
QO -4.E-09
P4
-6.E-09 ; R
1206 1211 1216 1221 1226 1231 1236 1241 1246

L1 AND L2 FREQUENCY Hz
Figure 8

447




KW MICROWAVE GPS AMPLIFIER DELAY MEASUREMENT
USING NETWORK ANAI YZER NODRMAI

Wi B FY WS AN FAI ST e F el PSR Il'lﬂl—l

MEASUREMENT AT 25°C

ZETO

4.E-10
A
= 3.E-10 -
g ]
g 2.E-10 -
o _nég
w ;
A 1.E-10 - =
>
3
i 0.E+00 T™—~7 A AW R ik 2 2PV .
a
g -1.E-10
-
g J ot
: -Z‘E-1o L
- P b
e ——f e
-4.E-10 __ﬂ“ . .
1555 1560 1565 1570 1575 1580 1585 1590 1595
FREQUENCY (MHz)
Figul-e 9

KW MICROWAVE GPS AMPLIFIER DELAY MEASUREMENT

AIADRIAL 1790 TA
USING NETWORK ANALYZER NORMALIZE TO

MEASUREMENT AT 25°C

4.E-10

3.E-10

2.E-10

1.E-10

NORMALIZED DELAY (SECONDS)

1212

1217

1222 1227 1232
FREQUENCY (MHz)

448

1237

1242

1247

—+15C
——5C
“-5C
~%=~.15C
—*%~.5C
® 5C
——15¢C
—25C




