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ABSTRACT

The Galileo satellite navigation system will offer new frequency bands as well as share existing spectrum with parallel 
systems. The development of the Galileo system will significantly improve the already high level of accuracy, 
availability, reliability and integrity provided by current satellite navigation systems. However, in urban canyon and 
indoor locations there is a significant performance loss due to high levels of attenuation, signal masking and multipath. 
Receiver design for positioning in challenging areas like this is dependent on accurate characterization of the signal and 
noise environments. Effects of signal propagation into urban canyons and indoors is relatively well known. However, 
the noise characteristics are largely unknown, especially the effect on the noise floor in the sensitive Galileo bands from 
the proliferation of electronic devices. This paper describes the design and development of a measurement instrument to 
characterise the underlying thermal interference noise floor in the various frequency bands in which Galileo will operate. 
The design trade-offs and designs are presented along with initial instrument testing. The instrument will be used in a 
joint measurements campaign between Luleå Technical University and the University of Leeds.

1 INTRODUCTION

Three different frequency bands have been allocated for the European global navigation satellite system (GNSS) 
Galileo [1], [2]: the E5 band centred at 1191 MHz with a registered bandwidth of 51 MHz, the E6 band centred at 1278 
MHz with a bandwidth of 40 MHz, and L1 band centred at 1575.42 MHz  with 24 MHz bandwidth for the open service 
signals. Both L1 and E5 belong to the aeronautical radio navigation service (ARNS) band (with a sub-band of E5, 
namely E5b band, located right beside a military radar band, hence not entirely dedicated to GNSS applications as is the 
case for L1 [2]). The ARNS band has the advantage of limiting the in-band interference environment because it is 
regulated by stringent aviation requirements where any new system releasing in-band emissions has to go through 
interference studies overseen by an aviation regulatory authority [2]. As a result any link budgets, particularly those 
which will rely on GNSS for safety-of-life services, are calculated assuming the additive noise component will be that 
of the thermal noise level, namely kTB. One prime example of safety critical application is the aviation community 
which has and continue to develop strict receiver requirements and radiofrequency interference (RFI) standards based 
on this assumption. A further example of an important user category that demands as low a noise floor as possible are 
the emergency services, for whom the use of GNSS to accurately locate callers is ever more widespread. Indoor and 
Urban Canyon (IUC) interference characterization is clearly most applicable to the second of these two example user 
groups. Hence it is important to assess if the kTB noise level assumption is realistic, particularly in IUC environments 
where the proliferation of electronic devices has occurred. Even though no intentional radiation is allowed within the 
bands, it is possible, even likely, that measurable unintentional and incidental emissions have intruded into these bands 
[3].

Earlier studies conducted by Stanford [4] in the GPS L1 band showed that the current frequency allocation protocols 
seem to be respected as no significant interference levels were detected in the L1 band. The instrument developed in 
this research is based on the Stanford experiment one with an ameliorated GNSS spectrum coverage and sensitivity, 
since this study targets the IUC environments. Indeed, previous work performed at the University of Leeds [5] has 
determined that GPS signal attenuation in urban canyon and urban locations can be as high as 27 dB, although more 
typical levels are 15-20 dB [6]. The same figure is expected for Galileo signals and, therefore, lower levels of 
interference become significant.
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It is important to assess the interference situation early on before Galileo is fully operational. With the help of this 
instrument the effects of unintentional interference picked up by GNSS antennas in close proximity to computers and 
other electronic devices can be investigated. The  results of this study could lead to better designs of receivers that are to 
operate in these environments as well as new interference rejection techniques which could be implemented in future 
Galileo receivers.

This work is being undertaken within the context of the project “Quantification of the potential threat to Galileo from 
man-made Noise sources” (QGN). The QGN project is managed by the Galileo Joint Undertaking through EU 6FP 
funds.

2 MEASUREMENT INSTRUMENT

The measurement instrument designed as part of the QGN project to measure man-made noise (MMN) in the Galileo 
bands is shown in Fig. 1and the actual deployed system is illustrated in Fig. 2.
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Fig. 1 High-level block diagram of the Galileo MMN measuring instrument.

Fig. 2 Actual system photo.

The instrument includes commercially available equipment such as a GNSS antenna, a spectrum analyzer and a 
notebook computer. The major components are summarized below:

 Antenna: Novatel wideband GNSS antenna, GPS704x [7].
 5-meter Low-Loss Cable: Connecting the antenna to the front-end, LMR-400 coaxial cable [8].
 Front-end: Depicted by the violet box in the block diagram, developed in house and described in more detail 

below.
 Spectrum Analyzer (SA): Rohde & Schwarz spectrum analyser (FSH3.23) [9], [10].
 Notebook Computer with Matlab® software and equipped with a data acquisition card (DAQ).

The elements prior to the LNA have the effect of slightly increasing the system noise figure (NF), however the filter 
bank and 50-Ohm termination provide the flexibility to reject out of band interference that may cause the amplifier 
saturation and skewing of a particular band of interest result as well as to study the instrument’s noise floor. Thus a 
slight increase in system NF to obtain unbiased results and out of band rejection is justified. 
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The switches in the front-end box are controlled by digital input/output (I/O) lines from the notebook’s DAQ card. 
Matlab® allows control of the switches through the DAQ card by using the Data Acquisition Toolbox. The spectrum 
analyzer connects to the notebook computer through its serial interface. Matlab® scripts have been written to configure 
the instrument and read traces to disk, thus providing a totally automated measurement system that can operate without 
human intervention.

3 SPECIFICATIONS AND TESTING

The following section provides detailed instrument components specifications and testing.

Antenna

The Novatel GPS704x [7] is a commercial passive wideband antenna designed for satellite navigation systems. It 
utilizes patented “pinwheel technology” known for good phase stability and multipath rejection. The 3 dB passband 
spectrum ranges from 1.15 to 1.65 GHz and the gain at L1 is +6 dBic (min.).

Radio Frequency Switches

The front-end box uses low-loss mechanical relay switches with TTL control capabilities and indicator circuitry. In 
combination with the DAQ card they allow for automation of the instrument. Thanks to the relay-based design these 
switches have an insertion loss of less than 0.2 dB.

Triplexer

The triplexer is a custom cavity filter from Delta Microwave with the low insertion loss of 0.75 dB and the following 
passbands:

 1559 to 1591 MHz (Centre 1575 MHz).
 1260 to 1300 MHz (Centre 1278 MHz).
 1164 to 1214 MHz (Centre 1179 MHz).

Fig. 3 below shows interleaved plots of the three passbands.  Note that, for these plots, the measurements were 
uncalibrated and therefore there is a 1-2 dB bias on all signal levels.
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Low Noise Amplifier

A high quality LNA with good power handling capabilities was selected. It has a gain of 30dB (min) over a passband of 
1.2-1.7 GHz marked by the red box in Fig. 4 below. The noise figure is specified to 1.5 dB.
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Fig. 4 LNA, 3 GHz span (passband marked by box)

EMC Chamber Tests

The EMC Centre at Luleå University of Technology has all the equipment for necessary pre-studies and testing with 
respect to conducted emission and immunity, radiated emission and immunity from radiation interference. The test lab 
has the ability to conduct pre-compliance testing as a basis for verification and CE-marking. The anechoic chamber and 
test and measurement equipment in the test lab also makes feasible the characterization and test of RF equipment.

Numerous tests were performed in order to determine the antenna-receiver separation and the antenna orientation 
needed for clean measurements. In other words, measurements that do not contain self-generated interference. For the 
antenna orientation tests, a low sweep-time was used since this allows the spectrum analyzer to rapidly update screen. 
The antenna was then oriented towards the instrument with different angles and the resulting spectrum was illustrated 
on the spectrum analyzer. It became clear that the antenna would have to be oriented away from the instrument 
(instrument at a negative elevation angle relatively to the antenna).

By placing the antenna at a 4 meters distance far from the receiver a small amount of self-generated continuous wave 
(CW) interference was detected at 1183 MHz. This is visible as a spike in E5 band with both inputs (antenna and 
terminator), as illustrated in Fig. 5 below. A value of 5 metres for the antenna cable length is chosen as final 
configuration making a trade-off between the signal loss and the power of the self-generated interference signal.
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Fig. 5 EMC, 4 meter separation

4 NOISE FIGURE AND NOISE FLOORS

Noise Figure

After measuring relevant parameters for each part of the design, using the centre bin and averaging over time, the noise 
figure (NF) for the whole system can be derived [4], [11-[14]. A comparison between the theoretical NF and the actual 
NF experienced from measurements with the terminated input can also be performed. 

 1 below shows a summary of the different front-end blocks and their respective parameters, when using a 5 meters 
LMR-400 cable [8].

Table 1 Gain and noise figure for the front-end sections

Property Antenna  LNA LNA LNA  SA
Gain (dB) -2.07 37 -0.23

Noise Figure (dB) 2.05 1.50 0.25
Gain (linear) 0.62 (= G1) 5011.87 (= G2) 0.95 (= G3)

Noise Figure (linear) 1.60 (= F1) 1.41 (= F2) 1.06 (= F3)

The total front-end gain, Gfe, is given by
Gfe = G1 x G2 x G3 = 34.7 dB (1)

Using Frii’s formula [15], the Front-end NF, Ffe, can be determined

Ffe = F1 + (F2-1)/G1 + (F3 -1) / (G1 x G2) = 3.6 dB (2)

Noise Floor Computation

For a spectrum analyzer resolution bandwidth (RBW), B, of 1 kHz and ambient temperature, T, of 24o C, the theoretical 

noise floor, Theory
feN ,0 , equals:

Theory
feN ,0 = 10log10(kTB) =  -173.9 dB ( = -143.9 dBm) (3)

Where k represents the Boltzmann constant equalling 1.3806503×10 −23 Joule/Kelvin.

Measurements using the terminated input with 1 kHz RBW, and SA RMS detector results in a power level of -105 dBm.  
By compensating this SA measured signal power, PSA value for the front-end gain Gfe and noise figure Ffe, it turns out to 
be very close to the theoretical noise floor: 

Measured
feN ,0 = PSA – Gfe –Ffe = -143.3 dBm (4)
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5 SPECTRUM ANALYZER MEASUREMENTS

It was concluded that the optimal settings for the spectrum analyzer are "RMS" detector for noise power measurements 
and "Max Peak" detector for narrow-band or continuous wave (CW) detection. The trace detector determines how the 
data in each frequency bin is weighed together to form a sample. Each trace from the FSH3 spectrum analyzer consists 
of 301 samples. A generic measurement scheme is illustrated in Fig. 6 below [16].
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Fig. 6 Measurement scheme

For each measurement loop the three bands E5, E6 and L1 will be measured. Each measurement will start with the 
terminated input (reference), and capture at least one trace in each band. These will serve as estimations of the thermal 
noise floor. The next step will be to capture at least one trace in each band but this time with the antenna input. During 
the last step a number of traces will be captured in each band with the antenna as input and using the Max Peak detector.
One important parameter in the measurement scripts is the SA configuration. For each new setting the switches will be 
changed first and while they are settling the SA will be configured. Configuring the SA takes about a second which is 
enough for the switches to settle properly. The SA will be configured with the parameters in Table 2, depending on the 
band of interest [11], [12].

Table 2 Spectrum Analyzer Configuration
Band Centre Frequency 

(MHz)
Frequency

Span (MHz)
Resolution

Bandwidth (kHz)
Video Bandwidth

(kHz)
Sweep Time 

(sec)
E5 1191.795 51 1 1 255

E6 1278.75 40.920 1 1 205
L1 1575.42 24.552 1 1 123

7 PRELIMINARY RESULTS

A couple of long duration indoor measurements were performed in an office and a laboratory environment in Luleå 
University of Technology and the University of Leeds, respectively. For both measurements, the SA has been set to 
Max Peak detector. The high sensitivity of the instrument, combined with the abundance of electronic devices at both 
sites, produces interesting results. 

The 8 hour test performed at Luleå took place during a week day and does not show much difference in interference 
over time, probably because most computers and other equipment are constantly ``ON”. These measurements are 
illustrated in Fig. 7.



7

1.17 1.175 1.18 1.185 1.19 1.195 1.2 1.205 1.21 1.215

x 109

-100

-90

-80

E5 - 1h and 8h

P
o

w
er

 (d
B

m
)

1.26 1.265 1.27 1.275 1.28 1.285 1.29 1.295

x 10
9

-100

-90

-80

P
ow

er
 (

dB
m

)

E6 - 1h and 8h

1.565 1.57 1.575 1.58 1.585

x 109

-100

-90

-80

Frequency (Hz)

P
o

w
er

 (d
B

m
)

L1 - 1h and 8h

1st hour 8th hour

1st hour 8th hour

1st hour 8th hour

Fig. 7 Luleå 8 hours office test 

The test performed at Leeds happened during a midweek day and lasted for 9 hours. The indoor environment consisted 
mainly of GNSS Laboratory equipment such as computers, GNSS receivers, spectrum analyzers and oscilloscopes. The 
measurement results are shown in Fig. 8 below. We can clearly notice, as expected, the existence of more interferers in 
the three bands compared with Luleå test. Similarly to the office test, no difference can be spotted between the first hour 
and the ninth one due to the similar flow of activities during the test period.
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Fig. 8 Leeds 9 hours laboratory test 
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8 CONCLUSIONS

The design of man-made noise measuring receiver built by utilizing commercially available equipment is described in 
detail. The tests performed on the system components show that they are all functional and operate within their 
respective specifications. Every component was carefully selected in particular to minimize the noise figure of the front-
end. Theoretical calculations of the noise floor using the candidate resolution bandwidths were confirmed by actual 
instrument measurements. For these tests, the RMS detector proved to be the most accurate providing approximately 1 
dB accuracy. Further tests showed that even with a 5 meter cable, the noise figure of the front-end was only 3.6 dB, and 
about a 2 dB noise figure has been found from the antenna port to the LNA input. 

Finally, we note that it is important to characterise the noise environment as a function of time and location; where it is 
recommended to take measurement on mid morning, evening, and during rush hour (in the relevant environment) or 
over a complete 24 hour cycle and at different locations. This will allow finding the correlation between the interference 
power and the happening activity during the measurement, hence helping identifying the source of interference. More 
details on the instrument and future measurement campaign will be available on the weblink specified by reference [17].
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