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Abstract

Antenna and front-end play a key role in global navigation satellite system (GNSS) receiv-
ers where multi-frequency and multi-constellation services are used simultaneously to
produce high-precision position, navigation, and timing information. Being the first ele-
ment on the receiver system, specifications on the antenna for multi-constellation GNSS
applications can be challenging. Especially, integration of the antenna into the target plat-
form, either mobile or stationary, may severely affect antenna performance. This is usu-
ally an issue for small-size antennas where measured stand-alone antenna performance
in ideal conditions is usually not descriptive of actual performance on the platform.
Furthermore, carrier phase tracking has become popular among algorithm developers to
obtain high accuracy and anti-spoofing at the same time which demand minimal phase
centre variation of the antenna within the intended GNSS band. Spoofing and jamming
of GNSS receivers is a growing concern especially for aerial vehicles with ever-increas-
ing applications of drones. These requirements demand different characteristics on the
antenna and front-end than traditional applications. One of the most utilized forms of
GNSS antenna is ceramic patch, due to its low height, low cost, and relatively good nar-
row band performance. Simulations of this particular antenna in terms of axial ratio and
impedance bandwidths, axial ratio variation over elevation, and half-power beam width
are carried out and discussed with comparison to its counterparts. Another critical part
of the receiver is its front-end where huge amount of signal amplification with minimal
distortion takes place. Long integration times (>1 ms) in GNSS signal processing also puts
severe requirements on the software and temperature-compensated crystal oscillator. For
mass production, the front-end should be implemented in the form of an integrated cir-
cuit. Front-end architectures from traditional superheterodyne to zero/low-intermediate
frequency configurations are presented. Advantages and disadvantages of each configu-
ration are outlined in view of multi-band and multi-standard GNSS receivers.

Keywords: GNSS antenna, carrier phase tracking, GNSS low-noise amplifier, GNSS
front-end, low-IF receiver
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166  Multifunctional Operation and Application of GPS

1. Introduction

Global navigation satellite systems (GNSSs) are indispensible in positioning, navigation, and
timing (PNT) and have become an integral part of many outdoor positioning applications
such as surveying, vehicle localization, parcel and container tracking, precision timing, syn-
chronization of communication networks and radars, atmospheric observation, and mete-
orology. Although GNSS has started with US Global Satellite System (GPS) only, with the
addition of new GNSS services introduced by Russia, China, and European Union, GNSS has
evolved to multi-constellation and multi-band system. Regional satellite navigation system
by India and GNSS assistance services such as QRZZ also complement global satellite naviga-
tion system. All global service providers of GNSS offer worldwide positioning for mobile and
stationary platforms and assets.

While multiple GNSS services at different frequency bands offer tremendous advantages for
the user which were not possible with single service provider, multi-band and multi-con-
stellation receivers and antennas possess new challenges in the system design. For precise
positioning, multiple satellites, at least four for each service provider, must be tracked simul-
taneously. One of the key components of the system is the GNSS passive antenna, which is
vital to establish a good carrier-to-noise ratio for seamless positioning with minimum acquisi-
tion time. The antenna beam width must be broad to cover as much as possible the sky view
while its axial ratio must be low throughout its coverage. The antenna must maintain these
features throughout the target frequency bands. The receiver, on the other hand, must be
able to handle multi-constellation GNSS signals. Instead of classical receiver architectures,
software-defined, user-configurable GNSS architectures are much more in demand due to the
flexibility in software they offer.

One of the key challenges in any GNSS is the susceptance of receiver to interference. The
signals transmitted through satellites are at low power such that the received signals are very
weak on earth and usually under the thermal noise floor of the receiver. Intentional and unin-
tentional jamming of GNSS signals is common and still presents the biggest problem in GNSS
applications. Especially, in urban environment where tall buildings block clear view of the
antenna and multipath propagation is dominant, the receiver performance deteriorates sig-
nificantly. Unintentional blockage of GNSS due to other communication systems is also com-
mon. Strong out-of-band signals or signal bleeding from nearby frequency bands can cause
interruptions of GNSS service. Due to very weak signal levels on earth, intentional jamming
with inexpensive hardware has also proven to be harmful for GNSS service. Jamming miti-
gation at the hardware and software are essential components of the mission-critical GNSS
receivers.

2. GNSS passive antenna

Since the inception of GPS, satellite navigation antenna, maybe, is one of the most studied
antenna structures in the literature. It is difficult to give a comprehensive list, but microstrip
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patch antennas and antenna performance on the platform [1-7], wideband antennas [8, 9],
wide beam width antenna [10], miniature and multi-functional antennas [11-18], dual/tri-
ple GNSS band antennas [19-25], conformal and missile application antennas [26-29], array
antennas for anti-jam and anti-spoofing applications [30-35], cellular phone isolation [36, 37],
metamaterial and plasma-supported antennas [38—41] are reported in the literature.

Depending on the antenna location inside the platform and available antenna space, antenna
designers routinely face challenges to meet acceptable performance. Most utilized forms of
GNSS antennas are microstrip antennas, helical antennas, slot-based antennas and miniature
(chip-scale) antennas. GNSS antenna arrays are often essential for critical applications where
precise positioning is required along with counter measures for jamming and spoofing.

2.1. GNSS passive antenna requirements

GNSS passive antenna performance is usually quantified in terms of operational frequency
band, gain pattern, half-power beam width (HPBW), polarization, axial ratio, cross-polariza-
tion discrimination or multipath discrimination, and phase centre stability.

2.1.1. Operational frequency band

The passive antenna must be functional within the desired GNSS service band. The opera-
tion frequencies of current GNSS services are tabulated in Table 1. A passive antenna that is
capable of receiving entire GNSS services must be operational from 1164 to 1610 MHz (32.1%
fractional bandwidth), covering either entire band or multi-band within lower L-band (1164—
1300 MHz) and upper L-band (1559-1610 MHz).

2.1.2. Polarization

L-band satellite navigation systems utilize right-hand circular polarization (RHCP) signals.
Two orthogonal components of circular polarization signal at high elevations undergo same
level of Faraday rotation when passing through ionosphere which does not degrade the

Service Lower L-band Upper L-band

GPS L5:1164-1189 MHz L1: 1567-1587 MHz
L2:1215-1239.6 MHz

Galileo E5: 1164-1215 E1: 1559-1591
E6:1260-1300 MHz

GLONASS G3:1189-1214 MHz G1:1593-1610 MHz
G2:1237-1254 MHz

BeiDou/compass B2I: 1179-1203 MHz B1I: 1553-1569 MHz
B3: 1256-1280

Table 1. GNSS frequency bands.
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polarization purity of the signal. For linearly polarized signals, Faraday rotation causes the
signal to a different tilt angle than the original which should be compensated at the receiv-
ing antenna on earth either by rotating the antenna to correct polarization or utilizing both
orthogonal components of the received signal for polarization compensation.

2.1.3. Axial ratio and multipath rejection

The purity of a circular polarization is stated in terms of axial ratio (AR), which is defined as the
ratio of two orthogonal components of electric field on polarization ellipse traced by the electric
field vector in time domain. Axial ratio changes with elevation and azimuth, but it is usually
stated at zenith as a single value. Good GNSS antennas usually have less than 1 dB axial ratio at
zenith, and moderate ones have less than 3 dB. Although it is possible to obtain low axial ratios
at zenith, it is relatively difficult to achieve the same performance at low elevation angles. Most
circularly polarized antenna structures are linearly polarized at low elevation angles, which
make reception somewhat difficult but jamming and spoofing easy. Furthermore, it is also
difficult to maintain the same axial ratio over a large bandwidth. Thus, axial ratio bandwidth
is often the limiting factor than the impedance bandwidth for circularly polarized antennas.

Cross-polarization (Xpol) of the antenna is related to the axial ratio through the following
equation:

Xpol = (AR-1)?/(AR+1)? (1)

Thus, specification of axial ratio is sufficient to estimated cross-polarization level of the
directly received signal. Upon reflection from a surface, the sense of polarization changes
from right hand to left hand, thus good cross-polarization at the antenna leads to better rejec-
tion of multi-path signals. Multi-path rejection ratio (MPRR) of the antenna for ground reflec-
tion can be formulated as

Eqcp(0)
E, (180-6)+E

RHCP LHCP

MPRR,, = 20log ( O 9)> )

where 180-0 corresponds to the angle for the ground reflected signal.

2.1.4. Beam width and gain

HPBW is a good measure of antenna gain roll-off and sky coverage. It is usually desired to
be in excess of 85°. For wider beam width (>120°), the antenna gain must be compromised
to lower values. This trade-off, sometimes, pays off depending on the platform where the
antenna is mounted. However, larger beam width may be a disadvantage for spoofing coun-
termeasures and antenna noise. Desired gain roll-off depends on the particular application
and the platform where the antenna is situated.

Passive antenna gain is largely dependent on the choice of antenna structure which is usually
dictated by the available space for the antenna. In space-constrained applications, the form
factor antenna is so small that the expected gain can be as low as -5 dBic. Most fade margin



Antennas and Front-End in GNSS
http://dx.doi.org/10.5772/intechopen.74971

calculations assume 0 dBic antenna gain, but this can be difficult to achieve for a printed
circuit board (PCB) or chip antenna. Moreover, these small, integrated antennas suffer non-
uniform reception in the azimuth, making antenna reception dependent on the platform or
user orientation.

2.1.5. Phase-centre stability

Electrical phase centre of the antenna is described as the geometrical point where all rays
converge or emanate from it, i.e. incident rays add up in phase. Measured signals are all
relative to this position, thus antenna phase centre plays a key role in achieving millimetre
resolution in positioning. Although it is described as a single point in space, the phase centre
changes with frequency. Within the respective GNSS band, a phase centre variation adds up
to inaccuracies in pseudo-range calculation. Especially in an array configuration where the
main lobe of the array is tilted to desired angle, phase centre may change depending on the
tilt angle. Phase centre offset must be specified for every direction and frequency for accurate
PNT estimation. In recent years, spoofing or interference detection based on received signal
phase variation relies on phase-centre variation of the passive antenna. Less than 1 cm phase
centre variation in transverse plane is usually acceptable, though smaller is better.

General technical specifications for a GNSS passive antenna are summarized in Table 2. It
should be noted that these specification are by no means strict and can vary largely depend-
ing on the antenna platform and the specific application. For instance, mobile phone GNSS
antenna specifications largely vary from that of a revolving missile guidance antenna or from
a land-surveying antenna.

2.2. Microstrip antennas

Microstrip patch antennas are low-profile, easy to integrate, and relatively low cost. In
most applications, the height of the antenna becomes the limiting factor in platform design.
Although helical antennas, for instance, perform better than microstrip counterparts, they
are rarely used in vehicular and mobile applications. Typical heights of microstrip antennas

Specification Value

Frequency band 1164-1610 MHz
Polarization RHCP

Input impedance 50 Ohm

VSWR <2.5 (typical)
Gain at 0° (zenith) Min 0 dBic
HPBW 85°-100° (typical)
Axial ratio (zenith) <3 dB
Phase-centre stability <10 mm

Table 2. GNSS antenna specifications.
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for GNSS are 2-5 mm and can be designed on low or high dielectric substrates. Depending
on substrate choice, the transverse dimensions range from 15 to 35 mm. One of the most
commonly used form of microstrip antennas is ceramic dielectric with relative permittivity
around 20, and overall size is typically 25 x 25 mm. This particular size and antenna perfor-
mance match very well for most vehicle tracking and navigation applications. Many auto-
mobiles utilize this size for their information and navigation unit. The design of microstrip
antennas is well documented in text books. Resonating patch dimension is made half of the
guided wavelength and TM, and TM,, modes are both excited with 90" phase difference with
proper excitation and slight difference between electrical lengths that correspond to respective
modes. Fractional and axial ratio bandwidths are usually small but tolerable for L1 band GPS
and Galileo. For entire upper L-band, axial ratio is usually compromised for impedance band-
width and most ceramic patches are linearly polarized than RH circular for 51 MHz band-
width of upper L-band.

Typical ceramic patches and dimensions of 25 x 25 mm ceramic patch for GPS L1 band are
shown in Figure 1. This particular patch is modeled on 70 x 70 mm ground plane and simu-
lated using CST Microwave Studio [42]. The results are displayed in Figures 2—4. Although
the impedance bandwidth (VSWR < 2.5) is 35 MHz, its axial ratio bandwidth is only 8 MHz.
Elevation cut along phi =0 plane also indicates that the axial ratio becomes larger than 3 dB at
low elevations, in fact, it becomes linear vertically polarized, which makes it more susceptible
to terrestrial jammers. Nevertheless, its peak gain of 5 dBic and HPBW of 100° at 1575.4 MHz,
are quite acceptable for automobile and mobile applications, which is why it has been so pop-
ular among automotive OEMs. Measured performance is expected to be slightly worse than
the simulations. The patch antenna is also ground plane size-dependent. For smaller ground
planes, although peak gain is higher, HPBW gets narrower, and axial ratio performance espe-
cially at low elevations deteriorates considerably.

2.3. Helical antennas

Helical antenna, since its invention by J.D. Krauss, has become the prime choice for circu-
lar polarization due its excellent axial ratio bandwidth and ease of construction. When the

(a) (b)

Figure 1. Ceramic GNSS patch antennas. (a) Inpaq [43] and (b) 25 x 25 mm patch by Amotech [44].
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Figure 2. Axial ratio and VSWR of 25 x 25 mm ceramic patch on 70 x 70 mm ground plane.

diameter of the helix is in the order of operation wavelength, the antenna becomes circularly
polarized with broadside radiation, and the rotation sense of helix provides the sense of polar-
ization either left hand or right hand. This mode of operation is designated as axial mode. The
axial ratio becomes smaller as the number of turns is increased. However, at GNSS bands, the
wavelength is too large for the helical antenna to be of practical use for integration into a user
platform. If smaller diameter is used, the antenna acts like a wire antenna, and this mode of
operation is termed as normal mode. To obtain circular polarization, four helices with 90° apart
geometrically are fed with 90° successive phase differences. This particular form of the antenna

Axial Ratio (dB)

Theta (degree)

Figure 3. Axial ratio on phi = 0 cut for 25 x 25 mm ceramic patch on 70 x 70 mm ground plane at 1575.4 MHz.
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Figure 4. RHCP and LHCP gain of 25 x 25 mm ceramic patch on 70 x 70 mm ground plane at 1575.4 MHz.

is known as quadrifilar helical antenna (QHA) and has been heavily used due to its superior
performance compared to patch antennas, especially wider axial ratio bandwidth. The size of
the antenna can be reduced by printing helical arms on high dielectric constant ceramic sub-
strate. The helical arms can also be implemented on flexible thin substrates. These two forms
of helical antennas are shown in Figure 5. Most QHA designs utilize a quadrature hybrid cou-
pler to feed the four arms of the antenna. In these designs, the bandwidth of the quadrature
coupler is usually the limiting factor in achieving wide axial ratio bandwidth rather than the
antenna structure itself. For instance, upper L-band GNSS can be entirely covered with QHA if
an appropriate quadrature coupler is used. Quadrature couplers designed on low-temperature
co-fired ceramic (LTCC) substrate provide chip-size dimensions but have narrow bandwidth
due to high dielectric constant used.

(@) (b)

Figure 5. Quadrifilar helical antenna: (a) printed on foil (Harxon HX-CH6017A [45] and (b) printed on dielectric ceramic
(Serantel [46]).
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Jtacglas

(a) (b)

Figure 6. Chip antenna. (a) Monopole and helix by Abracon [47] and (b) Taoglass MAT.12A dual-chip antenna fed with
a quadrature coupler [48].

2.4. Miniature antennas

Miniature antennas in several millimetre scales are often used in highly integrated consumer
products. Their polarization is linear and average gains are usually less than -2 dBi even with
large ground planes underneath. Different types of chip antennas in the form of monopoles
and helix are shown in Figure 6a. In an attempt to improve their performance, Taoglass offered
two chip antennas oriented perpendicular to each other and fed by a quadrature coupler as
illustrated in Figure 6b.

2.5. High-performance antennas

High-precision GNSS systems require best antenna performance in terms of good axial ratio
at low elevation angles, high rejection to multipath signals and minimum phase centre varia-
tion, and very high front-to-back ratio. Measured characteristics of these antennas are also
integrated into the calibration of the GNSS receiver system. To achieve sub-centimetre accu-
racy, these antennas often supplemented with augmentation systems which provide local
correction factors in pseudo-range estimates. These antennas also play an important role for
rover applications as two-way communication outside the GNSS band is established between
the units. Choke rings and artificial magnetic conductors are used to increase multipath rejec-
tion by maintaining good axial ratio even below the horizon of the antenna plane. Two differ-
ent choke rings are illustrated in Figure 7 by Leica Systems [49].

Leica AT504 (GG) Leica AR25

Figure 7. Leica choke-ring antennas [49].
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Figure 8. Axial Ratio of VeraPhase™ 6000 antenna by Tallysman Wireless Inc. [50].
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Figure 9. VeraPhase™ 6000 antenna by Tallysman Wireless Inc. (a) normalized RHCP and LHCP gain patterns and (b)
phase centre variation [50].

Performances of Tallysman VeraPhase 6000 antenna [50] are shown in Figures 8 and 9. Axial
ratio difference between 90° and at 0° elevation angles are about 1.5 dB, cross-polarization is less
than -30 dB on antenna plane, and phase centre variation in horizontal plane is around 1 mm.

3. GNSS antenna LNA

LNA is an essential component of any satellite system [51, 52]. Typical strength of received
GNSS signal is around 0.14 puV peak (=127 dBm for 50 Ohm), as mentioned earlier well below
the thermal noise floor (-101 dBm for 20 MHz antenna bandwidth, i.e. 2.82 pV-peak). Received
signal buried in noise, must be amplified all the way up to 1 V peak-to-peak for analog-digital
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conversion (ADC) with minimal distortion. Most GNSS receivers utilize a low noise amplifier
(LNA) connected to the passive antenna. This LNA is critical in determination of system noise
figure, which is a measure of signal-to-noise ratio (SNR) degradation when the signal passes
through a component or device. Total noise figure of the receiver chain is calculated as:

NF -1 NF,-1
NF = NF1+ G +E

1

o 3)

Hence, first amplifier’s gain and noise figure are vital to the system noise figure. The gain of
the first amplifier should be kept as high as possible but the noise figure as low as possible
which are contradictory in nature. Usually manufacturers of low-noise transistors provide
optimum source reflection coefficient (I'opt) for the best noise figure, which is different than
the maximum transducer gain. LNA design with feedback topologies target achieving best
of both metrics at the expense of additional components and circuit complexity. LNA gain
should be carefully selected to overcome the cable loss between the antenna LNA and receiver
input LNA. Too much gain at the antenna LNA may overload and compress the receiver
LNA for degraded performance. If the antenna is close to the receiver, passive antenna can be
directly connected to the receiver with noise figure of the first stage being only the antenna
cable loss. This configuration is not preferred in practical applications simply because prefil-
ter for out-of-band rejection is usually added before the receiver LNA, and this, combsned
with the antenna cable loss, increases the noise figure. Alternative configuration is to have a
10-15 dB LNA gain for short and moderately long cables and 25-30 dB gain for long cables.

Although GNSS receiver exploits processing gain to increase received signal SNR, in-band
and out-band interference can degrade the receiver performance. Out-of-band interference
can be handled at the antenna LNA using highly selective bandpass filter. The location of
this filter either before or after the first gain stage impacts the noise figure and system perfor-
mance. Sources of out-of-band interferers vary but they are often attributed to cellular phone
base stations, terrestrial broadcast towers, radars, where second- and third-order products of
transmitted signals fall into GNSS band. For instance, terrestrial broadcast of satellite digital
audio system (SDARS) at S band (2320-2345 MHz) mixed 800 MHz 2G/3G cellular band falls
into upper L-band, or L-band secondary surveillance radar at airport traffic control can eas-
ily mix up with 350/433 MHz or trunked radio services produce second-order products at
GNSS bands. In addition, strong out-of-band signals may compress the LNA and de-sense
the receiver. Closely packed cellular phone antennas, if not carefully designed, may easily
compress the input LNA at the antenna.

In-band interferers due to third-order products should also be taken into account to avoid
non-linear operation of the LNA. Too much gain at the antenna LNA can easily produce
third-order products that compress the receiver LNA.

Typical passive antenna and LNA configurations are shown in Figure 10 where pre-filter
is located before or after the first-stage LNA. Having filter before the first-stage amplifier
increases selectivity of the receiver by suppressing out-of-band signals but at the same time
increases the noise figure, which may become critical, especially reception from low eleva-
tion angles or in an urban setting. For nearby radiators to GNSS antenna, this configuration
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Figure 10. Antenna LNA: (a) filter after first stage and (b) filter before first stage.

is inevitable. Filter after the first-stage LNA does not degrade the noise figure much and
provides good selectivity and rejection for out-of-band signals. However, in the presence
of a strong interferer, antenna LNA can be overloaded and signal acquisition can be lost.

4. GNSS receiver front-end

GNSS receivers generally utilize RF down-conversion to an intermediate frequency (IF), using
one or two conversions, followed by analog-to-digital conversion (ADC). The output of ADC
is interfaced to a general purpose processor (GPP) for digital signal processing operations
such as correlation, acquisition, tracking, and PNT extraction. The section where the signal
remains analog, i.e. up to ADC, is usually termed as front-end. Receiver architectures based
on how they process signal can be classified as superheterodyne, low IF, zero IF (homodyne),
and direct-digital (bandpass sampling). Receiver performance metrics can be quite detailed
but the most important ones are sensitivity, selectivity, inter-modulation characteristics, non-
linearities, and spur-free dynamic range.

Superheterodyne receiver is the most classical architecture, and has been utilized in many
communication systems due to its excellent sensitivity, selectivity, and dynamic range.
Typical configuration is shown in Figure 11. However, the architecture is not flexible for
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Figure 11. Antenna unit and superheterodyne receiver front-end.

multi-standard systems, not well suited for integrated circuits due to filter requirements for
image-reject and non-linear products, and consumes substantial power.

To overcome the drawbacks of superheterodyne receiver, low-IF and zero-IF receiver con-
figurations are proposed. Typical architecture of these receivers is displayed in Figure 12. In
zero-IF configuration, image problem is completely removed, hence sharp and IC unfriendly
image reject filters are not needed. Since gain is shared between RF and baseband ampli-
fiers, requirements on these amplifiers become complicated to have sufficient SFDR. But, the
most troubling problem of zero-IF is that the leakage of LO mixes with itself, putting severe
requirements on second-order intermodulation products of the receiver. This leakage causes
DC offsets at the baseband, and high baseband gain amplifies these offsets together with
flicker noise to degrade receiver performance. Also, Doppler shifts of received signals can be
lost. Low-IF configuration overcomes these problems but image issue comes up again and
usually resolved by image-reject mixer design, which is not so easy in IC topology. Despite
severe requirements on gain, noise, and linearity, low power budget and flexibility in DSP
made these architectures very popular, especially among receiver ICs.

Today’s multi-band and multi-constellation receivers mostly utilize software-defined radio
architecture to process digital I and Q signals. When two or more frequencies of GNSS are tar-
geted, the GPP unit of the receiver becomes critical for signal quality and high data throughput,
which may require parallel processing of correlations [53]. In contrast to communication systems

»@—k% ADC|— |
RF —P % _® fLO
OU

9

RF Filter RF Amp

X ADC— Q

Figure 12. Zero-IF and low-IF receiver front-end. IF filters are either low-pass (zero-IF) or bandpass (low-IF).

177



178 Multifunctional Operation and Application of GPS

where received signal SNR is high, GNSS receivers rely on long coherent integration (>1 ms) to
exploit processing gain. Clock stability becomes an issue especially during carrier phase tracking.
Instead of quartz oscillators, temperature-compensated crystal oscillators (TCXO) with an accu-
racy better than one part per million with very low phase noise are used in high-end receivers.

5. Conclusions

GNSS performance relies on the antenna, front-end receiver, and DSP algorithms utilized
in the software. Antenna, being the first element in the reception chain, plays a key role in
retrieving PNT information. Antenna specifications based on the expected performance of the
GNSS receiver were reviewed and discussed in detail. Common forms of antennas ranging
from high end to low-cost applications were presented. Front-end receiver configurations
and elements were outlined for GNSS performance. Low-IF digital configuration was recom-
mended for best receiver performance. This review should especially help algorithm develop-
ers in choosing the right antenna and receiver configuration.
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