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ABSTRACT

Automatic Gain Control (AGC) is a very important
component in a Global Navigation Satellite System
(GNSS) receiver. Such functionality is requiregtane
multibit quantization is implemented so as to lower
quantization losses. In GNSS receivers, where itheak
power is below that of the thermal noise floor, &@C is
driven by the ambient noise environment rather ttemn
signal power. As a result, AGC can be a valuadxd for
assessing the operating environment of a GNSSvercei
AGC and its functionality are investigated throughthis
paper.

Behavior of this system, both in the nominal thdrnmse
environment as well as when the AGC circuit will be
subjected to various types of interference, aramined.

Its usefulness as an interference detection arichagin
tool is highlighted through several tests usingusated
and real signals. Moreover, the frequency assighrogn
the proposed GPS L5 signal is expected to face a
significant interference environment as a resulotifer
aviation systems operate in or near band. A sipes®C
and analog-to-digital converter (ADC) design perforg
digital pulse blanking and dedicated to L5 receiviexr
also studied.

INTRODUCTION

The AGC implementation is a very important compdnen
in a GNSS receiver; it may be viewed as an adaptive
variable gain amplifier whose main role is to mirden
quantization losses. The AGC operation is tiedatliyeto

the analog-to-digital converter (ADC). For GNSS
receivers in which the useful signal power is betbat of

the thermal noise floor, the AGC is driven by tmebé&nt
noise environment rather than the signal power. aAs



result, AGC can be a valuable tool for assessirg th
operating environment of a GNSS receiver. Indeed,
interfering signals will change the AGC gain asl voié
shown later in the paper.

The first part of the paper describes the classidel for
the implementation of the AGC given the thermalseoi
environment. Next the behavior of this component in
presence of different types of interference (cartirs and
pulsed) is assessed and simulated in order to ifighl
associated issues.

In the second part of the paper a theoretical stfdgn
AGC dedicated to an L5 receiver is done. The carefu
design of the AGC component offers interesting
possibilities to cope with expected interferencettirs
frequency band. For example, the inclusion of eatar
number of bits for quantization than will be prosed by
the correlator can offers significant advantagesase of
pulsed interference, like that expected from thetdice
Measuring Equipment (DME) the primary interference
threat in the L5 band.

Finally, the third component of the paper presents
hardware testing of an experimental dual frequeridi,5
front-end design composed of 2 channels, one foh ea
frequency. The focus of the design has been oAGE
and its abilty to characterize the operational
environments. This hardware has been tested irathe
with injected interference but also in actual eoniment

so as to validate the theoretical study and as#sss
performance in real conditions.

AGC: ROLESAND MODES OF OPERATION
As shown in Figure 1, modern GNSS receivers are

composed of an analog front-end component anditaldig
part that involves code and carrier tracking preess

antenna
tracking
cog\c/)gzi-on lo0ps
sampling and
LNA & ™ quantization ’
RF filtering
\ J
Y
analog part digital part

Figure 1 Generic GNSS receiver diagram

The “bridge” between these two components is the
sampling and quantization of the analog signalthe
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absence of any perturbation, such as interference o
multipath, the incoming signal is the sum of us@NSS
signals and white Gaussian thermal noise. Different
quantization laws may be adopted. The most prevalen
ones are uniform although nonuniform techniquesehav
been proposed, for example, to mitigate Continlwase
(CW) interference in [Amoroso, 1983]. Quantizatlaws
may be non-centered so that there is no zero lewxel
centered. Figure 2 presents a uniform 2-bit noreced
law where the output signal takes value in theofeihg
bins: -3,-1, +1 or +3. The input sampled signX
corresponds to the x-axis while the output quadtize

signal XQ is represented on the y-axik. is called the

maximum quantization threshold andAis the
quantization interval.
4 Xa
+3
+1
-L
| | R
| | "
-1 L X
m—
A
s — — _3

Figure 2 2-bit non-centered and uniform quantization law

Implementation losses in a GNSS receiver depenthen
sampling rate, the quantization process and the
precorrelation bandwidth, [Van Dierendonck, 1994l
these parameters are related and have a combifesd. ef
The associated loss may be expressed as the $ignal-
Noise ratio (SNR) degradation at the correlatompout
For example, the established value for a 1-bit dhar
limiter) quantization loss is 1.96 dB but this \alis only
true for infinite bandwidth and an infinite samgin
frequency otherwise it is larger [Chang, 1982]cdn be
shown that this degradation may be expressed as a
function of the ratio of the maximum quantization
threshold L to the input noise standard deviati@n
Surprisingly this expression does not depend on the
signals themselves as they are negligible, bel@ntiise
floor, at this point in the receiver.

In presence of Gaussian thermal noise only, negette
precorrelation filtering and the limited sampling
frequency, quantization losses are presented ioré&ig



and minimum degradations are summarized in Table 1
when using various bits widths for quantization.

Signalto-Moise Ratio degradation (dB)

Degradation (dB)

0 04 1 15 2 25 3 35 4 45 ]
Ratio of maximum threshold to RMS noise level k=L/c

Figure 3SNR degradation at correlator output due to quaatton.
Precorrelation filtering and finite sampling frequey
effects are neglected

1 bit 2 bits 3 bits 4 bits 5 bits
Optimal k ---- 1 0.9860| 1.731Q0 2.2910 2.2910
Minimum
degr(z%e)ltion 1.96 | 0.5369| 0.1589| 0.0138| 0.0138

Table 1 Minimum SNR degradation due to quantization andeissed
optimal ratio. Precorrelation filtering and finite
sampling frequency effects are neglected

As it is clear from the table, there is an optimatio K

that minimizes quantization losses. Now it is polssio
introduce the primary role of the AGC: it ensuresttthe
optimal ratio is utilized. Another function of tHeGC is

to increase the dynamic range. For example, if an
interferer appears it can cause saturation in tientiger
and even completely capture the process. By denggas
its gain, the AGC limits signal saturation. An ionfant
related consideration is the larger the numberitsf the
less sensitive the SNR degradation to the AGC gain
setting.

Assume quantization law is fixed as well as the imar
quantization threshold . Thus AGC will be responsible
to ensure that the Gaussian noise standard devities
the optimal value. Thus it is an adaptive system
implemented as a feedback loop. It is typicallyatecl
right before the Analog-to-Digital converter (ADC).

Different implementations of the AGC may be conside
The first type measures the analog signal itsedfstimate
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the noise standard deviation and adjust the powea o
amplification stage. Such an implementation is st
common and operates completely in the analog domain
However, as will be explained in a later sectiamghsa
design it is not very convenient if blanking is b®
implemented. Thus only parts of the signal wherevkn
pulsed interference is absent should be considerddve

the AGC gain. Then, there is a digital implementat
that uses ADC output samples to form metrics stgetie
AGC gain. Two different methods may be used: the
conservation of the ADC bins Gaussian shape and the
mapping of the ADC output signal power to the ADC
input signal power.

It is known that in the absence of interference,ttfermal
Gaussian noise is the prevalent signal so that the
observable distribution on ADC bins will be of auBaian
shape. With the optimal ratio known, then the rasyl
optimal distribution of the ADC bins is determiriéthis
distribution is obtained then the SNR degradatisn i
minimized. For a 2-bit uniform and non-centered
quantization, the optimal distribution is showrFigure 4.

Optirnal 2-bits ADC bins loading - k= 0.96
T T T

035

Percentage of loading

-3 -1 1 3
ADC bins

Figure 4 Optimal 2-bit non-centered and uniform quantization
bins loading

Optimal loading for each bin from the left to thght is

16.35% 33.65% 33.65% 16.35%

A second way to control the AGC gain is to mapAimC
output signal power to the ADC input signal powEnen
using a look-up table, the receiver may estimageiniput
noise standard deviation by estimating quantizeghagi

power.

To illustrate the behavior of the AGC gain, the tnpbot
shows the Novatel OEM4 AGC gain change as a functio
of the input signal power increase. This test wased
using a noise generator and increasing noise powrang



the test. The variable noise source was coupleldl thé
true L1 signal from an antenna.

AGC gain change as a function of the input AWGHN power change
T T T T T

ABC gain change (dB)

25 i 1 1 1
0 5 10 15 20 25 30
Input interfering AWGN power increase [dB)

Figure 5 AGC gain change as a function of the input
interfering AWGN power increase

The AWGN power increase is detected by the AGC and
the receiver decreases its internal gain to coeséne
optimal input signal standard deviation. The débecof
potential interference is clearly possible by lowkat the
AGC gain variation with respect to the nominal case

In the presence of constant power CW interferemee t
SNR degradation at correlator output is descrilpel/an
Dierendonck, 1996]. If the CW has a frequency offse
with respect to the GNSS signal frequency largentthe
predetection integration time or in case of largeugh
frequency modulation (FM) interference, degradatitay

be expressed as a function of the quantizatiomviakte
Figure 6 shows the SNR degradation, using 3 bits, a
correlator output, in presence of a CW for various
Jammer-to-Noise (J/S) ratios.

The issue is that if the receiver is not specilicdesigned
to detect and cope with this kind of interfereniteyill
adapt its AGC gain as if there is only thermal Gears
noise present. In this case the adaptation is ptinal.
The next plot in Figure 7 shows the SNR degradaition
presence of a CW or FM in different configuratioimbe
first corresponds to the absence of any AGC/AD©@wkm
as the linear case. The second one is in the daeeo
optimal gain adaptation according to previous plud the
last one to the “blind” adaptation where only thiesence
of Gaussian thermal noise is assumed.

Thus, for large J/N ratios, the difference of delgtéon
between the optimal and the classic adaptation bey
large. For example, the result is about 10 dB fdi=20
dB. Thus a receiver that is intended to mitigate CW
simply using the AGC should adaptively change its
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quantizer interval. More complicated solutions, rsuas
spectral excision of the CW at the ADC output, also
possible.

SMNR degradation in presence of a CW - 3 bits (dB)

T T T T
Vo uN=0dB

Degradation (dB)

H N T S N | R T S T A
2010” 10’ 10t
Cluantizer interval
Figure 6 SNR degradation (3 bits) at correlator output in
presence of a CW with large enough frequency
offset with respect to the useful signal carrier
frequency

SMNR degradation - 3 bits (dB)

...... ' — linear
=== optimal
-+ classical |!

3

__________________

-----------------------------------------------

Degradation (dB)

- i i i i i j
-10 -5 0 5 10 15 20
Interference-to-naise ratio J/M (dB)

Figure 7 SNR degradation at correlator output in

presence of a CWith large enough
frequency offset with respect to the useful signal

carrier frequencyor FM. Different
adaptation techniques are considered.

This section has presented classical results oomaiic
Gain Control systems. The following section studies
AGC implementation dedicated to GNSS receiversdo b
used in the L5 band.

L5-SPECIFIC AGC/ADC IMPLEMENTATION
The expected GNSS L5 band interference environtisent

presented in [Hegarty, 1996]. It is documented that
systems of significant infrastructure already ekighe L5



frequency band, with the main threat being the gulls
DME/TACAN signals. The initial proposal on how to
cope with these signals was to implement pulsectiete
and blanking circuitry. This circuitry was first gposed
using analog technology as explained in [Hegarf0(?

but a digital solution was later proposed [Grabgwsy
2002]. This method is much simpler because no pulse
detector circuit is required to identify the begimnand

end of each pulse. Further, the implementatiors do
need memory to track samples that are part of aepul
Samples are zeroed on a sample-by-sample basis as
explained in the following paragraph. Even if theme
some disadvantages, this method is likely to be one
selected in future GNSS receivers as a result ef th
simplicity of the design.

As proposed in [Grabowsy, 2002], digital pulse klag

is implemented using an ADC having more bits than
required in the digital tracking loops. In this fisbed
work, 8 bits were used to quantize the signal betsignal
was eventually represented using only 3 of thobsSfor
further digital processing. The additional avaitaldits
were used to implement digital blanking.

The principle of the digital pulse blanking is sieplt

relies on the fact that pulses are short, abous,3and
have very large amplitude as compared to the reiss.

Each sample is quantized over the all available laind
its quantized value is compared to a thresholthdfvalue
is above that threshold then the sample is se¢ito as a
pulse is declared to be present. The next ploturEig,

shows a possible bins loading repartition over t8, lihe
blanking threshold set on quantized signal ampditadd
the associated blanking zones. Output values avecba
-255 and +255 with a step of 2 to ensure a nonecedt
uniform quantization law.

Possible 8-bit ADC bins loading
Lo r—r—7— T 1 T T T T I

0.0z

0015 f

Percentage of loading

001

0.005

Th

0
-260 <200 -180 100 50 0 a0

ADC bins

100 150 200 260

Figure 8 Possible 8-bit bins loading in presence of thermal
Gaussian noise only and the blanking
thresholds
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The thresholdT his chosen as a compromise between the
ability to detect pulses andC/ N, degradation in the

absence of pulses. It is important to recognizet tha
depending on the noise standard deviation and ahesv
of the threshold, there is a certain probabilitgtthalid
samples are above the threshold so a portion afisbéul
signal will be blanked. Thermal noise is also |bsi
signal lost dominates. The SNR degradation is atéit,
in this case, in [Grabowsky, 2002]. Obviously, th&C
gain setting should not take into account blankedes
because nominal operation of this system is ingmes of
thermal Gaussian noise only. Samples prior to aligit
pulse blanking may contain pulses and samples &fjbt
blanking include zeroes. The AGC gain setting wdugd
respectively too low or too high.

Design of an AGC/ADC using more bits than required
straight forward extension when compared with thssic
design. Assume thabit,, bits (for instance 2) are
initially used in digital tracking loops but Bit, ., -bit
(for instance 5 bits) ADC is available. From thestfipart

of this paper, there is an optimal rati,, =

L

— that

g
minimizes SNR degradation at correlator output.ufyes
parameterL is constant so there is an optimal incoming

noise standard deviatian,. The  maximum

quantization threshold id = (Zb"i""_l—l)A where the
quantization interval iA. The partition that represents
the limits between guantization intervals
isP=-L:A:L. Additional bits Qit,,, -bit,,, ) may
be used either to increase the resolution or iserdhe
dynamic range. Assumebit.. additional bits are
dedicated to

increase the resolution then the new

—— . Numbers of bits

quantization interval i, = —anres

must, of course, comply with this relationship
bit_. +bit __ < bit

init total

where bit,,, is the total number of available bits.

The new maximum  quantization level s
Loy = (Zb't“”a‘ * —l)Anew and the new partition
ISP oy = ~Liew: Dew: Liew- SO as to obtain samples on
bit,, bits, quantized samples oMit, ., must be

grouped according to the initial partitiéh.

The next plot, Figure 9, shows the ADC bins loading
bits are wused in digital tracking loops (optimal



ratiok = 098) but that 5 bits are available in total.
Quantized values are between -31 and +31, by steps

to ensure a uniform and non-centered quantization.
Subplots correspond, respectively, to the abserfce o

additional bits, 1 and 2 additional bits to inceeas
resolution.
ADC bins loading - 2 useful bits - 5 bits in total
03l I ! : ‘ ' !

i
[N

=]
v ——

Frobahility

=2

=
[N

GRS

Probability
=

005 H

=]

=2

Probability
=
=

Bins

Figure 9 ADC bins loading for 2 useful bits but 5 bits itato
with several additional bits (0, 1 and 2) to
increase resolution

The maximum quantization threshold remains the ssone
that the feedback loop parameters are the sameoas t
used in a 2-bit only case.

Additional bits may also be used to increase theathic
range of the AGC. Assume the nominal bin distritytis
chosen to be narrow over the full range as showthen
first subplot of previous figure. Then if a strong
interference, such as a CW, appears the AGC gdin wi
decrease to ensure the optimal rktio However the
variable analog gain has a limited range such that
AGC gain cannot decrease below a certain fixedevdlu
may imply saturation in traditional AGC/ADC
implementations. Now using more bits, bins disttitou
may spread out over the full range of bins preventi
quantization from saturation. The global gain i®nh
larger. Of course it means that the ADC must also b
adaptive and the blanking threshold will not be stant.
The dynamic range of the ADC using previous
methodology is

A

) 2bitres

= 2(billola\ _bitres)_l.A

2billotal -1 A = 2bitlotal -1
“—new

Clearly, dynamic range decreases as the selected
resolution is large. Figure 10 illustrates the a&toin of

the ADC dynamic range as a function of the add#ion
bits used to increase ADC resolution. Table 2 surizes.
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these results. Again 2 bits are initially used riacking
loops and 5 bits are available in total. For thisstration,
the initial (no additional bits) quantizer intervalset to 1
volt.

Cluantizer charactetistic - 2 bits for tracking loops - 5 bits in total
A0 p-e-ee e REREEEEET

G N

i) SERTERRE beesees . —

Cuantized signal
o

------------------------------------

'] E— I e (N | N R I E—
1 additional |~ 2 addftional i

hit ' hits

0 i3 -10 o] 0 5 10 14 20
Input signal ()

Figure 10  Quantizer characteristic for 5 bits in total (2 ®it
initially) and with various additional bits for
increased resolution

number of
resolution bits

dynamic range (V)

additional Q 1 2

32 16 8B

Table 2 Dynamic range for O, 1 or 2 additional bits dediedtto

resolution increase.

As explained previously, available supplementargisbi
may be used to better represent the thermal noise
Gaussian distribution through increased resolutibimis
additional resolution could bring higher interfecen
detection performance. Recall that the ADC bins
distribution is maintained constant, in the abseoicany
perturbation, as a result of the AGC gain adaptatiban
interference source is introduced, AGC gain deesas
try to maintain the Gaussian shape. Thus, evenesence
of interference, the ADC distribution may seem ® b
nominal. However if the resolution is increased, &DC
distribution may clearly represent the distributiohthe
incoming signal. This distribution was previousligiden
because of the low resolution. Indeed, the incorsiggal
distribution shape is unchanged by the AGC that onl
applies a gain. Thus it is possible to implemetest on
ADC bins distribution changes to detect interfeeeng&
straightforward approach is to use the Chi-Squese tb
decide if two sets of data are consistent. The nalmi
distribution may be stored during an initializatiphase
when the receiver is turned on, assuming of cotlnaeno

interference is present. Denate, (i) andn,,. (i) as
the number of samples in the nominal case and én th



current situation for thei™ bin, respectively. Then the
Chi-SquareT is defined as

7o Bl

current I) nnom I

where the sum is defined over all bins. A largeugabf
Tindicates that the null hypothesis, the,, .., Sand

Nyominal S are drawn from the same distribution, is rather

unlikely. If the number of bins is large then the-square
probability function is a good approximation to the

distribution of T in the case of the null hypothesis. If data
is collected in such a way that the summyf 'S is the

equal to the sum oft ... S then the degrees of freedom

is equal to the number of bins minus one. Then a
significance level@ is chosen, it is associated valfeso

thatPl’Ob(/‘(2 > S) =q . If the testT is larger thanS

then the null hypothesis is rejected and interfgsignals
are likely present. The significance level may be
interpreted as the false alarm probability of test.t The
next plot illustrates the use of a chi-square tesietect
interference. A CW was generated at L1 and coupitu
real GPS L1 signals. The resulting signal was pledito

a Novatel OEM4 receiver. During the test, intenfee
power was gradually increased until receiver lossk |
then it was decreased. Significance level is chaselme
0.05.

Chi-square test on Movatel OEMA bins distribution - CW generated @ L1

2B e e eaeeas B G ificanicellevels (1 MU

— Chi-square test | &
=== Threshold

e O I S

Test value

0 i i i i i i i
0 200 400 600 800 1000 1200 1400
Time (s}

Figure 11 Chi-square test value during a test
where a CW @ L1 was coupled with
real signals and provided to a Novatel
OEM4 receiver

Clearly this test enables to detect interferenceneif’ a
few bits are used (e.g., 2.5 for this receiver)weeer the
interference is likely to be detected earlier ifrmbits are
used.
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Thus the designer has the choice of the repartafotie
total number of bits. It is a trade-off between ADC
resolution and AGC/ADC total dynamic range. The
repartition should not be too spread significastlyas to
increase the maximum achievable dynamic rangehdf t
Chi-square test is implemented to detect interfezen
more bins to represent the distribution are préleraven

if very good results are achieved using a few bits.
increased resolution may also allow interference
identification by performing tests, for instancexmnaum
likelihood estimation, on the ADC distribution.

L1/L5 BAND ENVIRONMENT MONITOR

An L1/L5 environmental monitor was constructed to
enable monitoring of the radio frequency environtan
the L1 and L5 bands. Although there is no curf@NSS
signal on L5, the hardware developed will sufficec®
such signals are available as the received powelslare
expected to be at approximately the same levelthas
thermal noise floor.

The constructed hardware is shown in block diagram
format in Figure 12 and a photograph of the equigtne
shown in Figure 13.

CPELE oPELT
Anfenna  Anfenna

T Lo

LMA LHA

[ () e 1
L
' -
oD
- wa

~
u | ] e |
f }—=| FrantEnd ADC |
1403 I - 1 —
%5 s Bguibsl | |
OEM R | hemmien | | =
- . e -.__,=\
i E) =
ADC
"
f_._i-_;“.mllnr
. .
.'3_" v
- { )
san am
Figure 12  Hardware setup diagram

Both L1 and L5 frequency bands are downconverted,
filtered, and amplified to exercise a majority ofLa-bit
ADC. There are two distinct channels for L1 and L5

On the left hand side of the photo in Figure 13d¢hare
signals generators and the Novatel OEM 4 receiviee.
front-end is the middle and the computer on thbktriihe
computer is used to store tests results.



THREE DAY DATA CHARACTERIZATION

A nominal test over three consecutive days was ucted

at Stanford University. The equipment continually
gathered 40ms “snapshots” of raw IF data approxiynat
every minute. The objective was to characterizeahdi
L5 bands in nominal conditions at Stanford Univigrsi

Figure 13

Hardware setup photo

In parallel with the operation of the L1/L2 enviroantal
monitor a Novatel OEM4 receiver used. The outgut o
the GPS antenna, a Novatel Pinwheel, was splittinto
paths: the first for the L1 environment monitor athe

second for the OEM4 receiver. Various messages were

logged from the receiver with the focus on the AGC
message as to directly compare the results of both
implementations. It is important to recognize tia¢
AGC message from traditional GPS receiver can be
monitored to determine if there is a relative clengthe
operating environment, such as the introductionanf
interference source, however there is little thah de
determined about the nature of the interferencecgou
Characterization is the function of the constructed
environmental monitor.

In Figure 14 is an example of raw data measurenamnts
both L1 and L5 bands. For each band, there arenerpo
spectral density plot, the ADC bins distributiondaa
temporal plot of the quantized signal. Approxinhatbe
same amplification levels are used in the L1 and L5
channels of the environmental monitor, yet the ltesu
look significantly different.

The L1 band looks relatively interference free wikte
traditional Gaussian distribution of the sampled ggsults
filter characteristics in the frequency domain. cbmtrast,
there are clearly pulsed signals in the L5 band:ofding
to the PSD plot, central frequency of this intezfere is
offset from L5 by about -3 MHz. After further
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investigation, it was discovered that the DME gmbun
station of Woodside, CA (about 6 miles from Stadjor
transmits its signal at 1173 MHz. The observedaigm
raw data corresponds undoubtedly to this DME signal
next plot, Figure 15, confirms that. It is a clage-of a
portion of previous L5 raw measurement.

Kl

£, 3 S
S < y P "
= k‘n. \/ 5 = i
2 : o = K
: ¢
n : h] =
n 11 E 0 1 - R 21
Frag i - = | H
Hisbagwir 1 Flzcrrn 1
1ren g s1m
- Peis)
e zam
- k]
P m
PN [F]
n . - 1
L on 1 IR (o R ] B T A 3 O Ani

Tiree, Maanr 1

TP daraly A

arpard

B COEC CSGE CGCE 2590 k)
line i sl

Figure 14  L1L5 raw data PSD, histogram and temporal

plots

Raw data close-up
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E00

Cuantized signal

-1a0o
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-2000

325 330 336 340 b 350
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Figure 15

L5 raw data close-up



The inter-pulse interval is about 12 and the half
amplitude width is about 3.ps as the X-mode of DME
signals.

The signal was consistently visible for the dunatad the
testing in the L5 band.

Within the L1 band, the data from the environmental
monitor almost exclusively appeared as white neoigh

no interference characteristics. However, on léss
0.5% of the data sets, at random times, what appedre
very short pulsed interference signals were obskrve
within the L1 band as depicted in Figure 16.

L1 raw rmeasurernent presenting interfering signals
00 1 : 1 : : : :

2000
1500 f--p-fi-
iva] . 1
500 s

]

Cuantized signal

-500 p---- -
00 -

K] S S

-2000

2500 i i i i i i i
0 2000 4000 G000 9000 10000 12000 14000 16000
time in microsecond

Figure 16 L1 raw measurement presenting interfering

signals

As a result of the random nature and infrequent
appearance, it was not possible to determine wieit t
origin was. Further monitoring/characterizatiom dae
combined with direction finding to aid in locatirthe
source of such interference.

In parallel with the environment monitor data cotien,
the AGC message from the Novatel receiver was lbgge
and the results from two days of data are plottefigure
17.

Upon careful observation, the AGC gain varies
periodically by about 1 dB during the test. Thasult can
also be deduced from the data collected by the
environmental monitor, yet illustrates the seniitiof the
AGC message of the OEM4 receiver.

Upon first inspection, it appears that their thdse
fluctuation the noise floor of the receiver thaperiodic
with time. However, later investigation reveald&attthe
AGC gain is higher during hotter periods of the day
(around 16/17). This is clearly shown when the ambi
temperature for antenna is monitored, as showrigaré&
18.
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The first assumption was that thermal noise in@eas
when temperature is higher with the presence oftime a
thermal radiator, in the sky. However, if that edrue,

the gain should be lower. After some further inigegton

it was determined that the basis for the chandleamPAGC

is the decrease of the nominal gain of amplifiep{®sent

in the antenna. As the temperature increases the
efficiency of that amplifier decreases, with eadhge
affecting the overall contribution.

L1 AGC yain

16.5

Gain (dB)

PMWT thour)

Figure 17 L1 AGC gain over 2 days

Ambient ternperature (*F)

Temperature (°F)
o o - =~ o o w o
o m o m o 53] (== m
T T T

m
o

m
=]

IS
in
-~

PMWT thour)

Figure 18 Ambient temperature over 2 days

Clearly there is a correlation between the nomirabke
floor (observed via the AGC gain) and ambient
temperature (or its impact on the amplifier). Sefflects
need to be quantified or better attention needsetgiven

the overall design to allow AGC to be used as an
interference detection source. However, the change
observed in this case is relatively minor and twen if it

was completely neglected, the current implementatio
would still be quite valuable for interference dxien.



DME SIGNAL INECTION

An analog DME-like signal was constructed using an
arbitrary waveform generator (AWG). The signal is
periodical with a period of 305 microsecond so ¢hare
about 3300 pulse pairs per second. A real DME pigise
well represented by a Gaussian shape signal andsavas
simulated according to the following formula [Momag
2001]

-at? —a(t-nt)?
SDME(t):e 2 te 2

where
e (a=45el11%
e At=12e-6

Each pulse has a 3u5 half-amplitude width and there is
a 12us inter-pulse interval. The next plot, Figure 19,
shows such the resulting digital waveform which was
converted to an analog signal using the AWG.

DME-like sirmulated pulse pair

o o o
N m W

(=)
m

o
=

Cuantized signal
=

Mormalized amplitude
=]
m

nz

0.1

Time {us)

Figure 19  Simulated DME pulse pair

This analog signal was mixed with a carrier frequyeaf
1573.0 MHz, offset by 2.42 MHz from the GPS center
frequency, and injected with varying power levetsng
the configuration depicted in Figure 20. As showhe
interference signal is combined with “live” GPS alftom
the antenna so that impact of the interference lwan
quantified on the processing.

Shown in Figure 21 is result in the time domaintiue
injected signal on the environmental monitor. The
difference between the nominal environment and that
the interference injection scenario is obvious.isl&lso
clear that DME-like pulses occur at a much higtee r
than that observed in the L5 data. However, this
experiment was constructed to emulate a DME opwyati
at close to full capacity.
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Figure 20  DME/Interference Injection Experiment
Raw data in presence of a periodical simulated DME-like signal
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Figure 21 Temporal raw measurement in presence of the
periodical simulated DME-like signal and in
the nominal case.

The presence of the DMA-like pulses is also cleathe
frequency spectrum plot of the data collected bg th
environmental monitor. Note that this spectrumkko
quite similar to that observed by for the L5 band
environmental monitor, a goal of this experimemlso
note that the spike in the spectrum appears ablose t
nominal IF component of 47.74 MHz rather than below
where it might be expected with the carrier at 1513z.
This is merely a result of the aliasing of the passl in
the sampling of the signals.



Power spectrum density of raw data in presence of a periodical simulated DME-like signal
80 T T T T T T
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Figure 22  PSD of the periodical simulated DME-like signal

and in the nominal case

What is of particular interest is the impact suchignal
has on the traditional GPS receiver as the resaft c
foreshadow what might be expected for the GPS bkigna
processing in the L5. Of course, the L5 signalditrre is
significantly different than that for L1 (wider b&nin
particular) and it is likely that problematic DMEgsals
within the L5 band will attempted to be relocated also
receiver designs for L5 will incorporate some type
receiver blanking to minimize the pulsed impact.

The first plot of the results from the Novatel wn in
Figure 23. This plot shows the L1 AGC gain variatas a
function of the input interfering DME-like signaloper
increase.

AGC gain change as a function of the input DME-like signal power increase

AGC gain change (dB)
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Figure 23  AGC gain change as a function of the input
DME-like signal power increase
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This plot shows the change in the AGC of the GPS
receiver as a function of the input power of the BNke
signal. As expected for pulsed signals, thereotsanone-
to-one change in that relationship.

The impact of the simulated DME-like signal on tieal
received L1 signals is well observable on the /N
reported by the Novatel OEM receiver. Next plotweso
this information as reported by the receiver fatifierent
SVs being tracked during the time of signal injecti

R C/N, estimates as a function of the input DME-like signal power increase
50

C/N, (dBHz)

S S U T TN SN SN NS N B
0 5 10 18 20 25 30 35 40 45 50
Input interfering DME-like signal power increase (dE)

Figure 24 Novatel OEM4 C/plestimates variation
as a function of the DME-like signal
power increase for 3 SV’s

As the simulated interference power increasesmastd
C/Np decreases. Thus this starts to illustrate theriat
impact of having a DME signal within the GPS band.
Further efforts will investigate mitigation techoep
described earlier in this paper.

CONCLUSIONS

The AGC system has been shown to be an accurate
indicator of noise environment of the receiver. dg&n
varies with respect to the present interferencegoaand

so is a valuable tool to detect them. Moreover AIEC

bins distribution may be also used to detect ieterice

by using a simple Chi-square test detecting distidin
changes.

The developed hardware also turned out to be a very
efficient tool to assess the interference in L1 arw
bands. It is transportable and so may be easily ase
different locations.
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