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Abstract: Due to the low signal power of global navigation satellite signals, the receivers are prone
to radio frequency interference. Employing multi-antenna arrays is one method to mitigate such
effects, by incorporating spatial processing techniques. The large size of the uniform rectangular
arrays prevents their use in applications where installation space is limited. Therefore, we pro-
posed a new approach, namely to split one full array into a number of smaller, spatially distributed,
sub-arrays to reduce their size and exploit available installation spaces. This concept challenges
the distribution of the local oscillator and calibration signals to the respective sub-arrays. This
paper compares qualitatively different design concepts for a satellite navigation receiver with
two two-element sub-arrays, installed multiple wavelengths apart from each other, in support of
establishing an optimal choice for our intended applications in the automotive sector in terms of
electrical performance and required hardware and software efforts. In general, weighing the pros
and cons of the different concepts, as discussed in the paper, will assist in optimizing the system
design approach for a specific application.

Keywords: compact distributed array; GNSS receiver frontend; LO signal distribution; system
calibration; satellite navigation; interference mitigation

1. Introduction

Global navigation satellite systems (GNSS) are key to safety-critical applications like
automated and connected or tele-operated driving or unmanned flight maneuvering. These
applications depend on the reliable availability and functionality of GNSS signaling. Due
to their positioning on medium earth orbits (MEO) and the available link budgets, the
respective received signal power may be as low as −130 dBm (corresponding to 10−16 W)
at ground level [1]. This low signal strength makes the receivers prone to deliberate or
unintended RF interference (RFI). Sources of unintentional distortions are, e.g., harmonic
tones of local oscillators or strong signals transmitted by other wireless services in adjacent
frequency bands.

Among the deliberately caused disturbances, signal jamming and spoofing attacks are
of major concern [2]. The term jamming refers to the transmission of a strong RF signal
in or close to the GNSS frequency bands. The signal saturates the analog frontend of the
GNSS receiver, thus blocking the reception of the navigation signals. As is widely known
though legally prohibited in many countries, truck drivers use so-called personal privacy
devices (PPD) to hide their location from third parties [3]. Due to the low GNSS signal
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power, jamming is easily achieved with an appreciable areal coverage. The detrimental
impact of such jammer devices on safety-critical infrastructure or processes is frequently
under-appreciated. Spoofing describes the process of deceiving a GNSS receiver, leading
to false position, velocity, and time (PVT) data. Spoofing attacks are more challenging to
identify, but are also more complex to implement compared to jamming.

Several methods have been proposed to achieve the immunity of a GNSS receiver
against intentional or unintentional interference [4]. One possibility is to enhance the ro-
bustness of the analog receiver frontend. As an example, a receiver chain architecture able
to handle lower output signal levels was less susceptible to saturation [5,6]. Another ap-
proach is the use of multi-antenna receivers in array configuration, enabling beamforming
and null steering [7–9]. Dedicated digital array signal processing helps to suppress un-
wanted signals by directing radiation nulls towards the interfering source, or estimating the
directions-of-arrival (DoA) to verify the authenticity and validity of incoming signals [10].

We previously introduced a 2 × 2-element uniform rectangular array (URA) connected
to a dual-frequency receiver frontend [11]. This receiver system provides both a high
positioning accuracy, due to the dual-band design, and high robustness against interference,
due to the array performance. Despite the compact dimensions of the array with the
radiating elements separated by a quarter wavelength, these features come at the expense of
a large module size of 10 cm × 10 cm × 10 cm. Such dimensions exceed typical installation
spaces, e.g., of passenger cars, and thus prevent their penetration into a mass market.
Therefore, our goal was to realize a more compact GNSS receiver system. We proposed
to split the full number of four antenna elements into two distributed two-element sub-
arrays [12]. This approach effectively increases the number of possible mounting spaces
by enabling the installation of sub-arrays in distant parts of a car, such as side mirrors or
other suitable car body appliances. A drawback of this approach, however, is the creation
of grating lobes due to the electrically large element separation that challenges array signal
processing like DoA estimation. This effect can be mitigated by optimizing the arrangement
of the sub-arrays [13].

On the RF frontend side, the concept of spatially separated sub-arrays necessitates new
concepts for the design and calibration of the receiver hardware. The local oscillator (LO)
signal required for the down conversion of the received signals, as well as the calibration
signal required for the precise characterization of the multiple receiver chains have to
be connected to the distant sub-arrays. This paper compares different options for the
distribution of the LO and calibration signals and contrasts their respective advantages
and disadvantages for the example of a four-element array consisting of two identical
sub-arrays mounted in the side-mirrors of a passenger car. For this installation scenario,
design parameters like mechanical dimensions and the cost of the solution are the most
important, along with electrical performance. If the achievable electrical performance
dominates the optimization goal, the system design can lead to different conclusions.

2. GNSS Receiver with a 2 × 2 Antenna Array

In our dual-band 2 × 2 URA receiver, each patch antenna element covers the L1 band
with a center frequency of f1 = 1575.42 MHz and E5a band with f5 = 1176.45 MHz. The
dual-polarized patches enable the reception of right-hand circular polarized (RHCP) as
well as left-hand circular polarized (LHCP) signals [14]. A simplified block diagram of the
receiver is shown in Figure 1. The antenna array provides a total number of 16 RF channels,
namely 4× RHCP and 4× LHCP at f1 and 4× RHCP and 4× LHCP at f5. Each channel is
amplified, filtered and down-converted. The down conversion in the heterodyne receivers
must preserve the magnitude and phase relationships between all received antenna signals
to preserve phase coherence and thus synchronicity between the channels. A calibration
signal (CAL) is provided at each channel, to determine differences in the transmission
characteristics between the receiver chains. The CAL signal consists of an artificial GNSS
signal which is generated in the digital baseband and up-converted to the RF domain by
the LO-signal. It passes through the entire signal processing chain of each frontend channel,
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is processed in the digital baseband together with the actual received GNSS signals, and is
eventually compared to the initial calibration signal. This allows for a correction of gain
and phase differences caused by imbalances between the channels.
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Figure 1. Simplified block diagram of the 2 × 2 multi-antenna dual-band dual-polarized GNSS
array receiver with calibration (CAL) and local oscillator (LO) signals, leading to a total number of
16 channel outputs.

A prerequisite for the calibration algorithm is that the CAL signal be applied with
identical amplitudes and phases to each receiver channel. In a compact antenna array,
this condition can be met straightforwardly because all antenna elements are arranged
on a common substrate; consequently, the calibration signal can be multiplexed using
passive components like power splitters and distributed to the frontend channels by length-
matched transmission lines. A similar conclusion holds for the distribution of the LO signal
to the mixers of all receiver channels.

For the case of a distributed antenna array receiver, the above-mentioned conditions
are much more challenging to meet because of the required cabling in the calibration and
LO distribution paths between the two sub-arrays. As a consequence, the signals depend
on the cable characteristics in terms of mechanical length differences, thermal variations
and so on, leading to unforeseeable phase variations.

3. Distributed GNSS Receiver Concept with Two 2 × 1 Antenna Sub-Arrays
3.1. Receiver Design

Our approach of splitting one 2 × 2 antenna array into two sub-arrays resulted in 50%
reduction of the array footprint per sub-array. Additionally, we reduced the complexity
of the front-end design by processing the RHCP signals only at both frequencies, f1 and
f5. This led to four channels per sub-array, namely two per frequency band. A dedicated
application-specific integrated circuit (ASIC) was designed for the receiver in 180 nm
United Microelectronics Corporation (UMC) technology. The ASIC contains four complete
receiver chains, each with two RF low-noise amplifiers (LNA), a down-converting mixer,
and an IF amplifier. An external bandpass filter can be connected between the LNAs for
the pre-selection of the chosen frequency band. The ASIC also contains two phase-locked
loop (PLL) synthesizers to generate the LO signals at the two operational frequencies.
Alternatively, external LO signals can be applied to the ASIC.

Each sub-array module incorporates one ASIC and provides four receiver channels,
two for each frequency, fed by two commercially available dual-band ceramic patch
antennas APAKM2507 [15], as shown in Figure 2.The complete GNSS receiver consists
of two sub-arrays. The common LO and calibration signals for both frequency bands,
provided by the central base-band module, have to be split and fed to the sub-arrays
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by cable connections, as illustrated in Figure 3. Due to such a distributed arrangement
of the two sub-arrays, the provision and distribution of identical and phase-coherent
CAL and LO signals is challenging and requires dedicated considerations of the various
trade-offs involved.
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3.2. System Calibration
3.2.1. LO Signal Distribution

There are two options to provide the LO signal; the first and most obvious one is to
generate the LO signal in a common PLL-based synthesizer using a single crystal-based
reference oscillator, to split the signal in two identical signals by means of a power divider
and to distribute it to both sub-arrays with low-loss coaxial cables. A second option is to
distribute the reference signal (REF) instead, and employ two PLLs at each sub-array to
synthesize the LO signal locally. Since both signals are derived from the same reference
signal, the output signals of both PLLs remain phase-coherent.

The schematic in Figure 4. illustrates the two options. In Figure 4a, one common PLL
module synthesizes the LO signal using the 10 MHz REF signal. The LO signal is split into
two identical signals and distributed to the sub-arrays, where they are directly available for
down-converting the input signals. In Figure 4b, a common reference signal at a frequency
of fref = 10 MHz is split into two identical copies and distributed to the sub-arrays. Each
sub-array incorporates its own PLL-based LO signal generator. In both cases, cables of
significant lengths are required to feed the sub-arrays with the REF and, respectively, LO
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signal. The phase coherence required for the array signal processing is challenged by
mechanical and thermal tolerances and variations, as well as other environmental effects.
As one example, one side of the car can be subject to sunshine, the other side being shaded.
The resulting temperature differences may lead to significant changes in the electrical
length. The thermal phase sensitivity depends strongly on the type of cable. For teflon-
insulated coaxial cables, maximum phase changes above 2500 ppm were reported [16]. For
such a cable of 2 m length, as used in our study, this would result in phase changes of up to
17.5◦ at the LO frequency of 1648 MHz, causing errors in the DoA estimation algorithms.
Phase-stable cables would come at the expense of increased costs.
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LO generation at each sub-array; (b) common LO generation in a single PLL module and distribution
of the LO signals to both sub-arrays.

For the REF signal distribution, despite the lower phase imbalance at both sub-arrays
due to the lower frequency, the multiplication by the frequency synthesizer leads to the
same total phase imbalance as for the direct LO signal distribution. Therefore, the electrical
properties in terms of phase imbalance of both concepts are similar.

In the case of the REF signal distribution, the internal PLL of the ASIC is used to
synthesize the LO signal. Using the internal PLL, the phase noise of the synthesized LO
signal amounts to about −82 dBc/Hz @ 10 kHz offset and −110 dBc/Hz @ 1 MHz offset
from the carrier frequency. In the case of the LO distribution, by using a dedicated PLL
synthesizer IC (e.g., LTC6948 from Analog Devices, Wilmington, DE, USA), lower phase
noise values of about −100 dBc/Hz @ 10 kHz and −130 dBc/Hz @ 1 MHz are achievable.
The LO phase noise limits the carrier-to-noise ratio (CNR) of the output signal, narrowing
the carrier tracking loop bandwidth and limiting the effective integration interval [17].
Therefore, the importance of this parameter for the system performance is an additional
criterium to decide between both approaches.

A number of additional criteria have been weighted against each other to decide
between the two options for the LO signal generation, including hardware and software
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efforts and costs; the low frequency of the REF signal allows twisted-pair cables to be
employed instead of coaxial cables, which leads to a reduction in costs and weight. Another
advantage of the REF signal distribution is that only one cable is required in contrast to the
LO signal distribution, which needs to cover two frequency bands and thus two PLL mod-
ules, which have to be set up and monitored by additional software. Table 1 summarizes
the pros and cons of both concepts. Eventually, the lower hardware and software efforts at
similar RF characteristics led us to the decision to use the REF signal distribution for the
generation of the LO signal at each sub-array.

Table 1. Comparison between REF-signal and LO-signal distribution.

REF-Signal Distribution LO-Signal Distribution

Hardware and
software effort

(+) internal ASIC PLLs
(+) programming via ASIC
control software

(−) two additional PLL modules
required
(−) additional control software and
lock-detect monitoring

Number of cables (+) 1x twisted pair (−) 2x coaxial cable
Phase imbalance due
to cable length

(o) similar to LO-signal
distribution (o) depends on cables

Cable loss (+) lower (−) higher

LO phase noise (−) higher, due to usage of the
internal frontend ASIC PLL

(+) lower, due to usage of an
advanced external PLL IC

3.2.2. CAL Signal Distribution

For calibration, an artificial GNSS signal is generated in the digital baseband and
applied to all receiver chains. The calibration signal is generated in the IF domain at
fIF ≈ 70 MHz and must be up-converted to the RF frequency bands with the synthesized
LO signals. This guarantees phase coherence between the real GNSS receiver signals and
the artificial GNSS calibration signal.

Upon down-conversion, all signals share the same IF frequency band. Similar to
the LO signal distribution, two options also exist for the CAL signal distribution. Either
the calibration signal is distributed to the subarrays and up-converted there (CAL signal
distribution at IF), as illustrated in Figure 5a, or it is up-converted centrally and then
distributed to the subarrays (CAL signal distribution at RF), as shown in Figure 5b.

Actually, the hardware effort on a sub-array level is larger for the CAL signal distribu-
tion at IF because an additional up-converter is required for each frequency band at each
sub-array; in a future re-design, the up-converters could be integrated into the ASIC. In
contrast, for the CAL signal distribution at RF, two LO signals have to be generated and
distributed, with similar implications for the hardware and software efforts, as discussed,
for the LO signal distribution.

For a comparison of the phase imbalance between the CAL signals at both sub-arrays,
similar considerations are applicable as for the LO signal distribution, as the calibration
signal is connected to the sub-arrays by cables in both cases. Therefore, the same constraints
on length differences and temperature changes apply. The lower frequency of the CAL
signal at fIF = 70 MHz in comparison to the more than 20-fold higher RF signal in the
L-band results in a correspondingly lower phase imbalance between the sub-arrays for a
given change in the electrical length of the cables. This advantage, however, is lost upon
up-conversion with the LO signal at each subarray. Additionally, it turns out that the
calibration concept originally applied to the 2 × 2 URA cannot be applied to the distributed
array in the same way. Rather, calibration with an artificial GNSS signal can be achieved
at sub-array level only. There, the phase balance between the calibration signals for each
receiver channel can be guaranteed by the use of a passive signal distribution network.



Eng. Proc. 2023, 54, 23 7 of 10Eng. Proc. 2023, 54, x 7 of 10 
 

 

Sub-array 2

IF3

ANT3

CAL

IF

RF

LO

ϕFE3,RF ϕFE3,IF
IF4

ANT4

Sub-array 1

IF1

ANT1 FE Channel 1

RF

ϕFE1,RF ϕFE1,IF

FE Channel 2

IF2

ANT2

IF

FE Channel 4

FE Channel 3

Sub-array 2

ZF3

ANT3

CAL

RF

ϕFE3,RF ϕFE3,IF
ZF4

ANT4

Sub-array 1

ZF1

ANT1 FE Channel 1

ϕFE1,RF ϕFE1,IF

FE Channel 2

ZF2

ANT2

FE Channel 4

FE Channel 3

RF

LO

LOLO

LO

 
(a) (b) 

Figure 5. Calibration signal distribution options: (a) distribution of a common CAL signal to both 
sub-arrays, where it is up-converted using the local LO signals; (b): the CAL signal is generated in 
a common module and the radio frequency (RF) signal is distributed to each sub-array. 

Actually, the hardware effort on a sub-array level is larger for the CAL signal distri-
bution at IF because an additional up-converter is required for each frequency band at 
each sub-array; in a future re-design, the up-converters could be integrated into the ASIC. 
In contrast, for the CAL signal distribution at RF, two LO signals have to be generated and 
distributed, with similar implications for the hardware and software efforts, as discussed, 
for the LO signal distribution. 

For a comparison of the phase imbalance between the CAL signals at both sub-arrays, 
similar considerations are applicable as for the LO signal distribution, as the calibration 
signal is connected to the sub-arrays by cables in both cases. Therefore, the same con-
straints on length differences and temperature changes apply. The lower frequency of the 
CAL signal at fIF = 70 MHz in comparison to the more than 20-fold higher RF signal in the 
L-band results in a correspondingly lower phase imbalance between the sub-arrays for a 
given change in the electrical length of the cables. This advantage, however, is lost upon 
up-conversion with the LO signal at each subarray. Additionally, it turns out that the cal-
ibration concept originally applied to the 2 × 2 URA cannot be applied to the distributed 
array in the same way. Rather, calibration with an artificial GNSS signal can be achieved 
at sub-array level only. There, the phase balance between the calibration signals for each 
receiver channel can be guaranteed by the use of a passive signal distribution network. 

Table 2compares the different properties of both CAL signal distribution concepts. 
Because of the lower effort and implementation costs, we selected the CAL distribution at 
IF for the compact distributed GNNS receiver. 

The full calibration of the distributed array must be conducted in the digital domain, 
resulting in a blind or hybrid calibration concept [18]. In [19], we proposed a solution to 
determine the accurate position and attitude of a multi-antenna system without the ex-
plicit use of a dedicated calibration signal. The capability to mitigate interference sources 
with the distributed array receiver was presented in [3,20]. 

Figure 5. Calibration signal distribution options: (a) distribution of a common CAL signal to both
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Table 2 compares the different properties of both CAL signal distribution concepts.
Because of the lower effort and implementation costs, we selected the CAL distribution at
IF for the compact distributed GNNS receiver.

Table 2. Comparison between CAL-signal distribution at IF and RF.

CAL Signal Distribution . . . at IF . . . at RF

Hard- and software effort

(o) usage of internal ASIC PLLs
(+) programming via ASIC
control software
(o) up-converter required at
sub-arrays

(−) 2 additional PLL modules
required inside the car
(−) additional control
software and lock-detect
monitoring
(o) up-converter required in
PLL module

Number of cables (+) 2x twisted Pair (−) 2x coaxial cable

Phase imbalance due to
cable length

(o) similar to distribution at RF
due to LO phase imbalance

(o) directly dependent on
length difference between the
RF cables towards each
sub-array

The full calibration of the distributed array must be conducted in the digital domain,
resulting in a blind or hybrid calibration concept [18]. In [19], we proposed a solution to
determine the accurate position and attitude of a multi-antenna system without the explicit
use of a dedicated calibration signal. The capability to mitigate interference sources with
the distributed array receiver was presented in [3,20].

A photograph of one sub-array is shown in Figure 6.The sub-array module consists of
two stacked printed circuit boards, one containing the antenna network and the other the
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RF frontend including the ASIC. The size measures about 10 cm × 5 cm × 2 cm. With these
dimensions, an integration into typical automotive installation spaces appears feasible.
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4. Conclusions

In this paper, different concepts for the distribution of the calibration and local oscil-
lator signals to distributed sub-arrays of a dual-band multi-antenna GNSS receiver were
compared in terms of the resulting system performance and practical implementation
issues. RF performance as well as hardware and software efforts and costs were reflected
in our design considerations. The distributed arrangement of sub-arrays necessitates lay-
out cable connections, which challenge the phase coherence required for the array signal
processing. Despite the similar performance in terms of phase imbalance between the
signals at both sub-arrays, the REF signal distribution and the CAL signal distribution at
IF were eventually selected. This decision is based on the most important specification
parameters of the intended application, installation space and cost, while considering the
targeted system performance. For other applications, the required application parameters
could lead to a different conclusion. Accordingly, the criteria compared in Tables 1 and 2
provide guidance for the selection process. The distributed system approach facilitates the
integration of robust GNSS receivers into the limited installation spaces available in series
cars and thus opens the market for an improved level of navigation safety.
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