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Abstract

The national RING infrastructure (Rete Integrata Nazionale GNSS) historically equipped with
Dorne-Margolin choke ring antennas, is currently undergoing a significant upgrade of the GNSS
equipment, primarily aimed at supporting full multi-constellation GNSS capabilities. Therefore,
it is interesting to screen the working, almost 20-year-old, technology with the most up-to-
date electronic devices in order to establish the pros and cons of those upgrades. We tested
two LEIAT choke ring antennae (LEIAT504 and LEIAT504GG), designed originally for tracking
only GPS and GPS/GLONASS satellites, by scoring the acquired observations from the full-
GNSS constellation. We perform a complete quality check comparing the observations of the
LEIAT antennae with those of an up-to-date TRM choke ring antenna used as reference. The
test sessions are carried out using the same receiver type (Trimble Alloy). Both LEIAT antennas
do acquire full-GNSS observations, although the LEIAT504GG only partially, at a few percent
lower rate with respect to the TRM antenna. The LEIAT504GG antenna seems unable to track
the L5 band observations of both GPS and GALILEO satellites.

Keywords Choke ring; GNSS antenna; GNSS observables; Time series

Introduction

The National Integrated GNSS Network (RING - Rete Integrata Nazionale GNSS [Avallone et al.,
2010; INGV RING Working Group, 2016; [1]), managed by the Istituto Nazionale di Geofisica
e Vulcanologia (INGV), represents a fundamental infrastructure for monitoring tectonic
deformation, volcanic dynamics, and seismic hazards across Italy. Historically equipped with
high-precision Dorne-Margolin style choke ring antennas, the network is currently undergoing
a comprehensive technological upgrade aimed at achieving full multi-constellation and multi-
frequency GNSS capabilities (GPS, GLONASS, Galileo, and BeiDou).

While upgrading receivers is essential to track multi-constellation signals, replacing legacy
antennas is a far more critical decision. Installing a new antenna alters phase center variations
(PCVs), local multipath, and geometric offsets, inducing artificial discontinuities in long-term
geodetic time series. It is therefore crucial to assess whether legacy models (such as LEIAT504
and LEIAT504GG), originally designed for GPS/GLONASS, are limited in tracking newer
frequencies (Galileo, BeiDou, L5).

In this work, we present a comparative performance analysis of two Leica choke ring antenna
models (LEIAT504 and LEIAT504GG) against a state-of-the-art reference choke ring antenna
(Trimble TRM159900.00-SCIS). All antennas were collocated under controlled field conditions
and connected to identical multi-constellation Trimble Alloy receivers. By analyzing one week
of 30s rate observations per setup, we systematically assess key quality parameters, including
raw data acquisition rates, code multipath, signal-to-noise ratio (SNR), frequency-specific
response (with emphasis on the L5 band), and high-precision hourly positioning repeatability.

1. Experimental setup

The main goal of this work is to test the performances of two types of GNSS antennae (LEIAT504
and LEIAT504GG,) that, in principle, are not designed to observe the GALILEO and BEIDOU



constellation frequencies. After accumulating one week of observations, we evaluate the number
of epochs and quality parameters of GNSS observables recorded at both the LEIAT antenna,
collocated with a brand new TRM choke ring antenna (TRM159900.00-SCIS) used as a reference.
Each antenna was connected to the same type of receiver (Trimble Alloy). During the first week
(Oct. 7-14, 2022) the LEIAT504-LEIS choke ring antenna was tested against TRM159900.00-
SCIS, during the second week (Oct. 14-20, 2022) the LEIAT504GG-LEIS choke ring model GG was
tested against the same TRM159900.00-SCIS. All three antennae were equipped with radome
enclosing (radome codes: LEIS and SCIS respectively) and placed on the backyard floor of INGV
institute in Rome. Figure 1 depicts the experimental setup used during the first week. The two
GNSS antennae mounted on aluminum easel stand tripods are visible in the foreground, each
antennais placed at approximately 120 centimeters height. The structural details and dimensions
of the two choke ring antennas are presented in Figure 2. Although geometrically identical, the
antennas differ in their internal amplifier electronics. The antenna cables connecting the antenna
to the receiver were two identical 10 meters long coaxial TNC cables. The power box unit is
visible in the background, hosting the solar panels, the two receivers and battery units. The
receivers were configured as to acquire hourly files at 1 Hz sampling rate for all satellites setting
a 10° elevation cut off. The original data were later converted to RINEX 3 format using Trimble
conversion software. More details on observation types are given in next paragraph.

Figure 1 Setup of the twin stations: the TRM159900.00SCIS
antenna is on the left and the LEIAT504LEIS on the right, with the
power box in the background hosting solar panels, receivers,

and batteries.

Figure 2 LEIAT504 (left) and TRM159900.00 (right) antennas. The
2 choke rings are geometrically identical and LEIAT504GG look
the same, while the electronics of the receiving units differ for
each antenna.

2. Analized observations

The full set of pseudorange and phase observations considered in this work is listed in Table
1, the full range of allowed observations for the four major constellations were chosen (GPS,
GLONASS, GALILEO and BEIDOU).

Following the RINEX3 convention [2], the code and phase observations are identified by a
3-character code (i.e. the observation code): the first character identify the observation type
(C = pseudorange, L = carrier phase, D = doppler, S = signal strength), the second character
identify the frequency band (1, 2, ..., 9), and the third indicates the tracking mode or channel



(e.g. 1, Q, X, ..). We downloaded the observations formatted as RINEX 3.05 files, consistently,
we indicate therein the frequency bands with the “L” character (L1, L2, L3, etc). The actual
transmitted frequencies for the major GNSS constellation are detailed in Table 2.

Sats | No. | Observation codes
G |15 |C1G, L1C, S1C, C1X, L1X, S1X, C2W, L2W, S2W, C2X, L2X, S2X, C5X, L5X, S5X
15 | C1C, L1C, S1C, C1P, L1P, S1P, C2C, L2C, S2C, C2P, L2P, S2P, C3X, L3X, S3X
15 | C1X, L1X, S1X, C5X, L5X, S5X, CéX, L6X, S6X, C7X, L7X, S7X, C8X, L8X, S8X
9 C2l, L21, S21, C71, L71, S71, Cél, Lél, Sél

O | m|=x

Table 1 List of observation types considered in this work for the GNSS constellations (G=GPS; R=GLONASS;
E=GALILEO and C=BEIDOU).

GNSS

frequency L1 L2 L3 L5 L6 L7 L8
bands (MHz)

GPS 1575.42 1227.60 - 1176.45 - - -
GALILEO 1575.42 - - 1176.45 | 1278.75 | 1207.14 | 1191.795

1602+k*9/16 | 1246+k*7/16
GLONASS | = " 7 T L, 1202025 - 1124806 - -

BEIDOU - 1561.098 - - 1268.52 | 1207.14 -

Table 2 Actual frequency of the frequency bands considered in this work. The frequency bands are defined as in
observation codes of the RNX3 conventions, the frequency unit is MHz.

We evaluate the performance of each antenna by computing the following parameters: 1)
the code multipath on L1, L2, L5, L6, L7 and L8 bands, averaged over all satellites of a given
constellation; 2) the daily total number of observed epochs; 3) the total number of observed
epochs and the signal-to-noise ratio, grouped over each frequency band and finally 4) the total
observed epochs grouped by satellite constellation.

All these parameters are computed using G-Nut/Anubis (ver. 2.3) software [2] analyzing the daily
Rinex files decimated at 30s sampling rate. This sampling rate provides an evaluation resolution
on the order of 0.03%, which is more than adequate for a reliable quantitative assessment.

3. Results

Multipath. Micro waves emitted by GNSS satellites reach usually the antenna directly in the line of
sight direction, but the environment may cause multiple reflections that reach the receiver antenna
by two or more paths. This phenomenon is called multipath noise, it affects either the pseudorange
and the phase observables and may bias the position estimation in an unpredictible way (see e.g.
[Fuhrmann et al., 2021]). Choke ring antennae are specially designed GNSS receiving antennae
that reduce the recording of indirect radiation from below the horizon. A choke ring antenna
consists of a central antenna receiver, which is surrounded by concentric conductive rings of equal
depth. The rings are usually a quarter wavelength deep, in order to establish a high impedance



surface that prevents generation of surface waves near the antenna and excitation of undesired
modes. Further mitigation of multipath is achieved by electronic filtering devices that reject the
left hand circular polarization (LHCP) component, mostly originated by odd order reflections (e.g.
single reflections). The choke rings of the TRM and LEIAT antennas are geometrically identical, a
picture of both antennae and their physical dimensions are reported in Figure 2.

Multipath distorts both pseudorange (code) and carrier phase measurements. Code multipath
errors can reach several meters, whereas phase multipath errors are typically at the millimeter
to centimeter level. The Anubis software computes the code multipath M P; using a linear
combination of two carrier phase frequencies, 7 and j [2]:

2f;
MP; =P, — L; — ———(Li — L)
fz' - fj

where P;, L; and f; are respectively the pseudorange, phase (converted in units of distance)
and frequency of the observables.

Table 3 shows the root mean squared (RMS) of the code multipath (MP) averaged over the entire
period of data acquisition for the three considered antennas. The multipath on all frequency
bands shows higher values for the old LEIAT antennas, whereas the new TRM antenna perform
generally up to 10% better, except for the L5 band where both LEIAT display a 50% worsening.
Since the external choke ring geometry is identical, the L5 worsening should be imputed to the
internal amplifier and filtering units.

TRM159900.00-SCIS | LEIAT504-LEIS LEIAT504GG-LEIS
MP1 mp1- Code multipath average RMS on L1 (cm)
GPS 18.8 21.0 21.2
GLONASS 25.5 28.5 26.1
GALILEO 20.4 22.1 24.6
MP2 mp2- Code multipath average RMS on L2 (cm)
GPS 254 27.2 27.8
GLONASS 26.3 29.7 29.1
BEIDOU 19.5 20.7 20.7
MP5 mp5- Code multipath average RMS on L5 (cm)
GPS 20.9 31.7 30.9
GALILEO 21.5 33.7 N/A
MPé6 mpé6- Code multipath average RMS on Lé (cm)
GALILEO 334 36.4 43.4
BEIDOU 23.4 27.6 27.0
MP7 mp7- Code multipath average RMS on L7 (cm)
GALILEO 24.8 25.2 27.1
BEIDOU 27.4 27.9 28.7
MP8 mp8- Code multipath average RMS on L8 (cm)
GALILEO 8.5 9.35 ‘ 23.7

Table 3 Code multipath (MP) averaged for all satellites over the entire time span, each MP is given for each
GNSS constellation individually. Note that MP5 values for Galileo satellites are unavailable, as Anubis likely
omits this calculation due to observation counts systematically falling below the 0.5% threshold. In contrast,
GPS observation counts on this band are 3 to 4 times higher.



Number of observations vs time. Figure 3 shows the total number of observations per day in
percentage with respect to the expected observations above 10° elevation for all satellites.
Due to a failure in data transfer during doy 282 and 283, the recorded observations for the
TRM antenna are incomplete. As a result, both days were omitted from subsequent evaluations
regarding frequency tracking percentages and signal-to-noise ratios. Doy 287 and 293 contain
partial data due to changes in the experimental setup. On a daily basis, the LEIAT504 antenna
records systematically a few percent (2-3%) less observations than the TRM antenna, whereas
the LEIAT504GG acquires the same amount of observations.

100 (T CIS
[ LEIATS04-LEIS

Figure 3 Ratio of existing to expected observations above 10°
elevation mask. Top panel: TRM vs LEIAT504 during the first week
(doy 280-287); bottom panel: TRM vs LEIAT504GG in the second
week (doy 287-293).

280 281 282 283 284 285 286 287
Day-Of-Year

100 [ ] 00-SCIS
[ LEIAT504GG-LEIS

287 288 289 290 291 292 293
Day-Of-Year

This behavior is confirmed in Figure 4, where the percentage of usable observations are subdivided
by constellation type. The criterium of usable observation is: observing at least 4 satellites at
epoch with dual frequency. Here the LEIAT504 antenna leaks 5% of GLONASS observations and
about 1% of GALILEO observations with respect to TRM, LEIAT504GG instead, leaks very few
observations (<1%) on all constellations. This behavior indicates that the LEIAT504 antenna is
less effective in tracking at least two frequencies for GLONASS and GALILEO satellites, whereas
LEIAT504GG performs better. This conclusion is not true for any of the tracked frequencies, as
we will discuss later on, e.g. LEIAT504GG is unable to track observations of L5 frequency band.

GPS GALILEO GLONASS BEIDOU
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100 100 100
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=R
2 «
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o
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percent(%)
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5
5

0 0
280 282 284 286 280 282 284 286 280 282 284 286 280 282 284 286
Day-Of-Year
GPS GALILEO GLONASS BEIDOU
100 100 100 100
80 80 80 80

60 60 60 60

percent(%)

40 40 40 40

[ L EIATS04GG-LEIS

20 20 20 20 [ TRM159900.00-5CIS

0 0
288 290 292 288 290 292 288 290 292 288 200 292
Day-Of-Year

Figure 4 Percentage of usable observations within each constellation, as a function of time (existing/
expected, the criterion is 4 satellites in the epoch with dual-frequency data for each GNSS constellation).



Observations vs frequency band. Figures 5 and 6 represent the number of observations summed
over all satellites that transmit on agiven frequency band, focused respectively on antenna LEIAT504
and LEIAT504GG. Inspection of Figure 5 reveals that LEIAT504 antenna loses a few percent of
observations uniformly over all frequencies, confirming the analogous daily loss observed in Figure
3. The LEIAT504GG (Figure 6) records almost all observations but missed almost completely the L5
band observations (GPS third frequency and GALILEO second open frequency). Since all receiver
configuration parameters are the same for the two antennae, and the choke rings are geometrically
identical, we infere that LEIAT504GG suppress to some degree the low frequency L5 (1176.45
MHz), most likely in the electronic LNA (Low Noise Amplifier) or filtering unit.

[ TRM159900.00-SCIS
100 [ LEIATS04-LEIS

L1 L2 L3 LS L6 L7 L8
Frequency band

Figure 5 Number of observations averaged over all satellites as a function of selected frequency bands, test-bed
week1, comparing TRM and LEIAT504 antennae.

[ TRM159900.00-SCIS
[ L EATS04GG-LEIS |

L1 L2 L3 L5 Le L7 L8
Frequency band

Figure 6 Number of observations averaged over all satellites as a function of selected frequency bands, test-
bed week-2, comparing the TRM and LEIAT504GG antennae.

Signal to noise ratio. Figure 7 shows the signal to noise ratio (SNR) for the first week (antenna
LEIAT504-LEIS) averaged over the entire period and all satellites of the given frequency band.
The error bar indicates the standard deviation of the residuals, indicating the variability of the
observed SNR in the frequency band. Figure 8 shows the same SNR parameters collected in
the second week (antenna LEIAT504GG-LEIS). The comparison of the two antennae reveals
a systematic lower SNR (on average 6%) for the LEIAT504 with respect to the reference TRM
antenna. This is generally true also for the LEIAT504GG antenna (Figure 8), with the exception
of the L5 band in which the SNR reduces to a modest value (30). Thus both the LEIAT antennae
acquire a lower signal strength on average, that could be explained by an improved gain in
the amplifier chain for the up-to-date TRM antenna, but the LEIAT504GG seems designed to
reject the L5 frequency and is unable to acquire the GPS and GALILEO L5 observations.
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Figure 7 First test week, antennas TRM and LEIAT504. Signal to
noise ratio, averaged over all satellites, for different frequency band.
The error bars are the standard deviations computed on

daily residuals.

Figure 8 Second test week, antennas TRM and LEIAT504GG. Signal
to noise ratio, averaged over all satellites, for different frequency
band. The error bars are the standard deviations computed on

daily residuals.

Time series. We estimated station positions at hourly steps using double differences of L1

and L2 phase observables, including G

PS and GLONASS observations. To fix the reference

frame we included 10 1GS14 stations that were constrained to the apriori IGS14 position [4]
computed at any epoch, the solution was performed using Bernese software version 5.2 [5]. In

Figure 9 we show the time series of the

two test antennae versus the reference TRM antenna,

the coordinates and the root mean squares (RMS) are given in a local reference frame (Up,

East, North). We see a worsening of 1

.2 mm (in 3D) of the LEIAT504 antenna with respect

to the reference TRM, whereas the LEIAT504GG show only half of that worsening (0.7 mm).
This result suggest that LEIAT504GG antenna is performing better than LEIAT504, which is
not surprising since the GG antenna model represents an upgrade to the previous choke ring
antenna. The cons is that model GG is band-limited and does not acquire L5 observations at all.

RIS= 56

ofiir a7 et -

Figure 9 Hourly positions double-difference estimated from
GPS and GLONASS observations. Upper panels: LEIAT504-LEIS
vs TRM159900.00-SCIS, lower panels: LEIAT504GG-LEIS vs
TRM159900.00-SCIS.



4. Summary

In this study, legacy Leica choke ring antennas (LEIAT504 and LEIAT504GG) were evaluated
against a modern Trimble reference antenna to assess their suitability for the RING network
upgrade. The analysis reveals that the older LEIAT504 model successfully captures signals
across all multi-constellation frequency bands, including L5, despite exhibiting a minor daily
data loss of 2-3% and slightly higher code multipath. Conversely, although most constellation
frequencies are tracked by the LEIAT504GG, L5 frequency observations are entirely filtered
out by its internal electronics. Both legacy antennas demonstrate excellent positioning stability
with only sub-millimeter to millimeter RMS degradation in hourly solutions, but their older
electronics result in a lower signal-to-noise ratio and higher multipath noise overall. Therefore,
we recommend replacing the LEIAT504GG antennas as a priority, since their inability to track
L5 frequencies compromises the multi-frequency objectives of the upgrade. Conversely, the
LEIAT504 antennas can be conditionally retained alongside modern receivers in sites where
preserving the uninterrupted continuity of long-term geodetic time series is paramount.
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