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1. Introduction:

The Global positioning system (GPS) is a satellite-based worldwide al weather
navigation and timing system[1, 2]. This system was developed by the Department of
Defense to support the military forces of the United States of America by providing
world-wide, real-time positions. GPS can be used for civilian applications even though
it was developed for military applicationg2].

The interference signals can be considered as one of the most disruptive events in the
operation of a GPS receiver, as the interference signals affect the operation of the
automatic gain control (AGC) and the low noise amplifier (LNA) in the GPS receiver
frontend, along with the acquisition and carrier-code tracking loops are also affected [3].
The interference effect on the GPS system has aready been addressed by many
researchers. Betz, J. W, et a [1, 4] suggest an analytical model to interpret the post-
correlation effects of interference signals, resulting in very useful mathematical
expressions for the carrier to noise ratio (C/N0), the code tracking error and the carrier
tracking error, under the assumption continuous spectrum density functions and neglect
the effect of Doppler frequency, there is a limitation to interpret the effects of CWI
signals. In [5] the effects of three different types of interference; CWI, pulse CW, and
swept CW were studied on the C/No of the received GPS signal. In [6] the CWI effects
on the tracking performance of the GPS receiversisinvestigated.

In this paper, a mathematical expression for the CWI and MSI correlator output power
is derived. The post-correlation (C/No) in the presence of interference signal is also
studied.

This paper is organized as follows. The carrier to noise ratio C/No in presence of
interference signal ismentioned in section 1. In section |11, the correlation output power
for the GPS signal is derived. In section |V, the correlation output power and C/No for
the CWI is derived. The post-correlation C/No in the presence of MSI signa is derived
in section V. In section VI, the set of numerical and simulation results for different case
is presented. Section VI concludes the paper.

2. The Carrier to Noise Ratio in The Presence of | nterference:

The ratio of the received GPS signal power level to the noise power level in a1l Hz
bandwidth is called the carrier-to-noise density ratio C/No. The estimation of the C/No
IS essential, as it assesses or predicts the receiver performance under the impact of
interference signals. From[7] the correlation filter bandwidth equals to reciprocal of
integration time (1/T4), and it take value from 50 to 1000Hz, because the coherent
integration time take value from 1 to 20ms, then the interference power density at
correlator output in the unit of [W/Hz] can be written as

N] = Pde (l)
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where P, is the correlator output power for the interference signal. The post-correlation
carrier to noise ratio C/No can be expressed as

C/N, = Fo (2)

" (No)post

where P is the GPS signal power at the correlator output, and (N, ), iS the post-
correlation noise density in presence of interference signal and AWGN, can be defined
as below

(No)post = Np + 1N, (3)

Substituting equation (3) into (2) gives, the post-correlation carrier to noise ratio C/No
in the presence of interference and AWGN.

C/N, = —C_—_ 4
° No+N; N, +TgP

From (4), it can be seen, the interference signal raises the noise floor in the correlator
output causing adrop in the C/No.

3. The GPS Signal Power at the Correlator Output:

The correlator plays a vital role in the signal processing system of any GPS receiver,
because its output is fed into the acquisition unit, code tracking loop, and carrier
tracking loop.

The signal at the output of the GPS receiver front-end in presence of interference and
AWGN can be written as

r(nT.) = r(nT,) + I(nT.) + n(nT,) (5

The input signal r(nT,)is applied at the correlator input, the carrier and code is wiped
off by multiplying the r(nT,) by reference carrier at frequency f, and phase 8, and then
multiplied by a loca replica code C(nT, — 1), where 1, is reference C/A code time
delay. The resulting signals are then coherently integrated within an integration
timeT; = N.. T, where N, is the number of samples in the integration time, T is the
sampling period. Then the output of the integrator can be written as

Ny—1 6
Aty tp) = Nl Z r(nT.) C(nT, + T, ) eiZmiaTs+8), ©

f n=o

In order to obtain the correlator output power, the correlator amplitude is passed through
the square and absol ute block, and then the correlator output power can be written as

Ng-1

- 1 o E z
1::"I'-' [Tﬂ’fn) - N_ Z r(nTsj C(nTs + Tnj EJI“T[EDHT!-PB} . (7)

f n=o



Proceedings of the 9" | CEENG Conference, 27-29 May, 2014 | EE039-4 |

In order to increase the correlation gain, K instances of the output of the correlator are
summed in a noncoherent integration block[3, 8]. The noncoherent correlator output
power is given by

K-1 Ny—1 z
1 PR
Po(tf) = ) [ ) r(nT) C(nT, - v,) ConTe®) | (8)
k=0| ® n=0

where K indicates a noncoherent integration factor, the output of coherent integration is
independent of K. Finally the noncoherent correlator output power can be written as

Ny—1
1 e 3 =
— ) x(@T) C(nT, - 1,) TR | 9

E n=0

P (t,.f.) =K

Since all operations in the correlation block are linear[3], the three components at the
correlator input (useful GPS signal s(nT.), interference I(nT.), noisen(nT.)) can be
investigated separately. Let us first consider the scenario in which the correlator output
power is analyzed for the GPS satellite signal without including the effect of
interference and noise. In this case the signal at the correlator input r(nT,) equalsto the
GPSsignal s(nT,), which it can be written ag[1]

s(nT,) = /P.D(nT, — t,)C(nT, — 1, )e/*™onTs+8:) (10)

where F; is the GPS signal power, D (nT) is the navigation data, C(nT;) is the satellite
C/A code, f,, isthe satellite GPS signal frequency, and &.is the carrier phase.
Assuming, there is no navigation data transmission during the coherent integration
process D(nT, —1.) =1 [2], and substituting (10) into (9), then correlator output
power for the GPS signal can be written as

Nz—1
=Y JRC(T, —,) C@T, - 7,) SR onT s0)

f n=o

P (t,,Af)) =K (11)

Ng—1
1 P
N_ Z C(nTS] C(nTEF + AT) ol (2mAfQnTy+ 48 )

¥ n=o

=KP,

r

where Af, = fp — fn Is the carrier frequency estimation error, the code phase
estimation error isAt = t, — 1,,, and 46 = 6, — @ isthe phase error.

The multiplication of C/A code with the delayed version of that code generates a new
code with same period T..

C,(nT,) = C(nT,) C(nT, + At) (12)

where C,,(nT, ) represents a new code that is generated by multiplication of the C/A
code C(nT,) by its delayed version. Then the mathematical expression for the GPS
signal power at the correlator output can be written as
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No—1 z
1 .

= Z C,. (0T, + At) /(2 mafpnTs+ 28 (13)
E

n=0

The periodic C,,(nT,) code can be written as

P, (t,,Af;) = KP,

NI:‘ -
CuT)= ) 1. T (14)
where 1, isthe normalized Fourier series coefficients of the C,,, (nT,)code.
Substituting (14) into (13), the GPS signal power at the correlator output can be written

as
i 1 E -fﬂn[iﬂ.f ]nT ) 2 fam) |2
P (AT, Afy) =PK Z ;. - Z A P e (15)
i=—Np ® n=0

Me z
i

Z 1, . sinc(m [F.: + ﬂfn] T3)

i=—MN,

when the GPS receiver is operating in its tracking mode. Under this assumption, the

receiver’s reference signal is perfectly aligned with the satellite signal with small code

phase and carrier estimation error (At <«< T, Af « 1/T. ). In this case, substitute i = 0,

2

and |rhg|? = (1 —?) in (15), then the mathematical expression for the GPS signal

power at the correlator output when the GPS receiver is operating in its tracking mode

can be written as

=P.K

liﬂ )‘ (sinc(mAfy Ty) ) (16)

a

P, (AT,Afy) =P.K (1 —

4. CWI at the correlator output:

The processing time in the correlator is equal to the integration time Ty, the frequency
resolution (difference between two spectrum components) equals1/T;. Thus, the
interference signal is considered as CWI if its bandwidth is less than or equal to the

reciprocal of the integration ti me(BN < Ti) where By is the interference bandwidth.
d

The CWI signal at the input of the correlator can be modeled as

17)

..
IC‘i.-"-’ (nTBj = N||Pj ell2 'T[Fjr.lTs-l- Ej :I’

Where P, is the interference signal power, f; is the CWI frequency at the input of the
correlator, and #; is the interference phase.
The correlator output power for the CWI signal using (9) and (17) can be written as



Proceedings of the 9" | CEENG Conference, 27-29 May, 2014 | EE039-6 |

Ny—1
Pow( T Af) = K Nig Z E C(nT, — 1 ) el mafnTs+ 48;) (18)
n=0
Where the interference frequency error Af; is the difference between the interference
frequency f; and the receiver reference carrier frequency Af; = f; — fp, and Ad; is the
phase error.
The periodic C/A code, C(t),can be written as
e i (19)
c(t) = l:':-leJmT—ct,
i=—N,
where ¢; is the Fourier series coefficients. The spectrum of the reference GPS and CWI
signalsis shown in Figure 1.
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Figure 1: The reference GPS and CWI signal's spectrum.
Substituting (19) into (18), the CWI power at the correlator output can be written as

-
=

N, _ Ng—1
1 T e
. —iZm=—nT, —jomli 1 o £ ap 1P
Peu (T, AF) = PK Z ¢.o AT  TIONT, .N_Z i) |ailae)] (20)
i=—N, f n=o
N, Ng-1 _ z
Z —ionim; 1 (2 [; ]
_ PJK ElE j;‘l‘[Tfl N_ Z EJ{“T[ TE.+&FJ |:'1T3_‘}I
i=—N, 5 n=0
N-I:'
. —jImeRi i
=PK ¢,e = Te .sinc(m ?-i-ﬂfj Ts)
i=—N, .

From Figure 1, the interference frequency error equals to Af, =f; — f, = ;+ 6f;

where w is the frequency difference between the CWI signal and the reference signal as
integer multiple of reciprocal of the C/A period (multiple integer number of one KHz),
and &f; is the difference between the interference frequency and the nearest spectral line
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in the reference signal spectrum. The mathematical expression for the CWI power at the
correlator output can be written as

Ng . , ? (21)
Pm_._,[’rn,w,ﬁfj) = PK Z z’:-le_j:ﬂ?:;.l .sinc(m [Ti + ; + Sfj] Ts)

= c c
i=—Ng

From (21), the main lobe of the sinc function (sinc(n [Ti+ ;+ Ejj-] Td]) has width

equal to1 /T, and the integration time is greater than or equa to the C/A code period
(T = T,), for that if ¢ # —w then the interference frequency is outside the main lobe.
The CWI power at the correlator output has a value near zero wheni = —w. Finaly, the
mathematical expression for the CWI power at the correlator output can be written as

Pew(w, 8£) = B.K.|¢, |2 (sinc(n8£Ty))° (22)

Where |¢,, | isthe amplitude of the C/A code spectral-line number w.

The post-correlation C/No in the presence of CWI assess the impact of CWI on the GPS
receiver performance, substituting equation (22) and (16) into (4) yields the expression
for post-correlation C/No in the presence of CWI when GPS receiver is operating on its
tracking mode

Aty )
_ P‘SK(l — |TT| ) (sinc(mAf, T;))* (23)
° Ny + Py N, + T4.K.B. ¢, [ [sinc(ﬂﬁijd])z
The CWI effect on GPS receiver is corresponding to the amplitude of the nearest C/A
code spectral line and integration time.

a

5. The matched spectrum interference at the correlator output:

The MS uses the same GPS signa code, modulation, and chipping rate, where in this
approach the interference has the same spectral characteristics as the GPS signal
transmitted by the satellite system [2]. The reference GPS and MSI signal spectrum is
shown in Figure2.

MSI signal

—
Reference GPS signal becioia: » spectral lines
spectral lines w/T, i1 o 8f 77
w/T,. :
‘)y i 7
¥

|
4

/o fi
Figure2: The reference GPS and MSI signal spectrum.
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The MSI at the input of the correlator is defined as
(24)

— .
Iy (nT.) = w'lpi' P(nT, — 1, ). &/ ?™i"Ts* 8),

where P; is the MSI power, P(nT;) is the MSI C/A spreading code, 1, is the MSI code
delay, f; and 8, are the interference frequency and phase, respectively. The correlator
output power for the MSI signa iswritten as
Ng—-1
1 — e _
Pus(AT,, Af) =K N Z wa].P[nTS ) C(nT, + At ) i mafnTs+ 46; )

n=0

-
=

(25)

Where At,, is the MSI code phase error At, = T, — 7,,. The periodic P (nT) code can
be expressed as
N,

P(T)= ) pe T (26)
i=—HM.

where p; is the Fourier series coefficients of P(nT,). The MSI correlator output power

can be written as

-
=

Ng—1 N N .
1 'znﬂ—TE iz ﬂ{H—q+&F-}nT + AR
Pys(AT,.Af) = KB |— picge  Te g Ts e
N, nZ:; 1:2—:;", qZNE (27)
let m = i + g, then the MSI correlator output power is
N +g N = L Mg-1 o 2
ins[ﬂ’[p’ﬂfj) = K_p} Z Z (pm_cheﬂﬂ T, Q)N_ Z Eju!ﬂ[,r—c-l-df'j]nTg} (28)
m=—N.+q g=—M, f n=o
The time-frequency cross-correlation function , R (At,,m)can expressed as
NI:‘
'Eﬂﬂ—TE
R.(At,,m) = Z Pm-aCe®  T¢ (29)
q=—N.
Substituting in (28). The MSI signal power at the output of the correlator is
N.+g z
m
Pys(AT,.Af) = K.P Z R (At,,m).sinc(m [i+ afj] N_T.) (30)
m=—N.+q

Substitute Af; =;+5‘ f; in (30) then the MSI signal power a the output of the

correlator is rewritten as

K.B|R.(At,, —w). sinc(mSEN_T,)

. ‘m=— 31
Poes (AT, AF) x-{ﬂ m=—w (31)

,m = —w

Note that the time-frequency cross-correlation function, R (&Tp,m) is an even function,
then the MSI signal power at the output of the correlator can be rewritten as
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P}is[ﬂ’rp,w, Sfj) =KP |R.: [ﬂ’rp,w). sinc(ﬂﬁfj de|2 (32)

The time-frequency cross-correlation function depends on both w (the interference
frequency error as multiple integer number of KHz), and Az, (the MSI code phase

error), thus R..(At,,w) can be written as

Ny=1 o (33)
R. (AT, w) = Ni Z P(nT,) C(nT, + At,)e Tc
® n=0
the multiplication of the MSI C/A spreading code P(nT, ) with the GPS receiver
reference code C (nT, + At,,) in the correlator yields another code call a crosscorrelation
sequence (CCS) G (nT, + At,), which is no longer a Gold code yet, but it has the same

period.

G(nT,) = C(nT, + A1, )P(nT, ) (34)
Then the time-frequency cross correlation is written as

pa w (35)
R.(At,,w) = Ni Z G(nT,)e T

f n=o

The periodic cross-correlation sequence G (nT,) can be written as
Mg

G(nT,) = 5 T (36)
where g; is the normalized Fourier series coefficients of the CCS, and N,is the number
of the CCS spectral line. Then theti me-frequency Cross correl ation can be written as

gl V - itw (37)
11 nTg j2 11 nT j"ﬂ nT,
E [&T w) E E g.e 8 E gl E
n= I} L——\I l__\;

Z 2 i+w
= ~sinc(2m
g; T

i=—Ng F

de = g—w = gw

Form (37), it can be seen that, the time-frequency cross correlation R . (&T,p, w) equalsto

the amplitude of the CCS spectra-line number w. Substitute (37) into (32), then the
MSI signal power at the output of the correlator can be rewritten as

Pus(AT,,w,8f) = K.B|g,, | (sinc(2n8f Ty))’ (38)
If w=0then

L Mg-1
R.(A1,,0) = R (Ar,) = Z P(n) C(n+At,)=g, (39)

f n=o
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where R_(Az, )is the cross-correlation function for the C/A code. From (39), it can be
seen that, the C/A code cross correlation function is equivalent to DC component of the
CCS. In the previous section the correlator output power for MSI is shown in equation
(38), substituting it in equation (4), the post-correlation C/No in the presence of MS|
can be expressed as

B ps}{(i — |?IL,T| )‘ (sinc(mAf,Ty))? (40)

- a

C/N, = = =
° N +Pys N, + Tg.K.B.|g,, |2 (sinc(msET,) )

6. Analvytical and Simulation Results:

This section introduces a simulation model (A computer based simulation using
MATLAB has been employed in order to develop the smulation model) for the GPS
receiver correlator. The GPS and interference signals at the correlator output and the
post correlation carrier to noise ratio C/No are evaluated at different frequency shifts
and integration time in order to investigate the interference impact.

The GPS signal power is chosen, as it is the minimum signa strength of a GPS signal
reaching the user in an open sky environment P, = —158dBw, a nomina received
C/N,=45dB—Hz. The interference to received GPS signa power
ratio P; /P, = 20dB. The coherent integration time take value from the range 1 to 20

msec, the non-coherent integration fixed to K = 1. For fair comparison the code phase
estimate error isAt = 0, the carrier phase estimate error isAf, = 0Hz, and the
reference code in GPS receiver is PRN1.

Figure 3-a depicts the C/A code spectral-line amplitude for PRN1, and Figure 3-b
depictsthe C/No in presence of CWI when Af; isvarying from -4 kHz to 4 kHz.

45
3 0.03 : ; ; ;
2 : : : :
g : : | 1 O O e
G 002 e ey
= | | | N =8ttt 111
® 001 11 Rl | R 1--n-n Z ; .
S || B R S St
8 ! ! . .
7 2 0 2 4 2000 2o:oo <:) 20100 4000
Frequency [KHZz] df, [Hz]
Figure 3-a PRN1 spectral-line. Figure 3-b: C/No in presence of CWI.

Figure 3: C/No in presence of CWI and C/A spectral-line.
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From Figure 3, it can be seen that, when the CWI frequency varies, it will coincide with
several C/A code spectral lines. Each of these lines has its own unique effect on the GPS
receiver. When the CWI is far away from the received GPS signal carrier frequency, the
CWI effect on GPS recelver will be greater than the case when the interference
frequency equals to the received GPS signal frequency. This is done due to the fact that
the C/A code spectral line number zero is too small in compared with the neighbor
spectral lines as shown in Figure 3-a.

Figure 4 shows the post-correlation C/No is caculated in the presence of CWI, at
different integration time T; (1 to 20 msec), when the interference frequency error Af; is
varying from 3.5kHz to 6.5kHz (with step 10 Hz) in the case of PRN1(C/A code for
satellitel).

From Figure 4, it can be seen that, the width of the sinc trough (the CWI influence zone)

around each spectra line is related to the integration time and equals to Af,, = Ti The
i

CWI has a significant effect and it attenuates the receiver performance, when the
difference between the interference frequency and the nearest GPS signal spectral
lines&f; is less than the reciproca of the integration time. In other case, if the &f; is
more than the reciprocal of the integration time, the CWI needs very high power to
effect the GPS receiver performance.

45

N
o

CIN, [dB-Hz]
w
[6)]

30

—T4=1msec

[ | | [ [
oo 4000 4500 5000 5500 6000 6500
df; [Hz]

Figure 4: the post-correlation C/No in the presence of CWI at different T;;.
Figure 5 shows the correlator output power for the MSI using (38) at different
integration time T; (20msec, 10msec, 5msec), when the interference frequency error
Af; isvarying from 3.5kHz to 6.5kHz in the case At,, = 5T,.
From Figure 5, it can be seen that, the M S| has a great correlator output power when the
MSI spectral-lines coincide with the GPS reference signal spectral-lines. The graph is a
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sinc function has width related to integration time and occurs every 1 kHz, and its
amplitude isrelated to the amplitude of the CCS spectral-lines.

Figure 6 depicts the C/No in the presence of MSI when interference frequency error is
varying from 3.5 to 6.5 kHz, and integration time take three value (20msec, Smsec, and
1msec).

25

1.5

P, [dB-HZ]

0.5

&

45

40
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K e 1 ——T,=20msec
——T,=5msec

—T,=1msec

| |
Il

I
o0 4000 4500 5000 5500 6000 6500
df, [Hz]

Figure 6: The C/No in the presence of MSl.
From Figure 6, it was shown that, when the MS| spectral-lines crosses the GPS signal
spectral-lines there are drops in the C/No, the drop of a C/No value is dependent on the
amplitude of the CCS spectral-line and integration time value.
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The smulated results for correlator output power and C/No in presence of CWI
are compared with the analytical results using the same parameters to verify the derived

formulas.
+

In Figure 7, the simulation and analytical correlator output power value for CWI
is presented, The interference frequency error Af; is varying from 38 KHz to 46 KHz in
the case of satellite-1 signal being acquired as shown in Figure 7-a, and from 259 kHz to
267 kHz in the case of a satellite-2 being acquired as shown in Figure 7-b.

10—16 -17
L] S S S—— g 10— ‘ ‘ ‘
0.8k- ——Analytical | ¢ | L : : ! !
' ® Simulation 1 ! 6[ --|  Analytical |r----1----- CTTT
PN o o 1o ] — ® Simulation ! !
E 06 : : I : : E 4 | |
Y I e
l | l l | 2
02F----i----- Rl (R R
29615 262 2625 263 2635 264 2645

49.05 4.1 415 42 425 43 4.35

df; [Hz] x10" df; [Hz] x10°
Figure 7-a: Correlator output power for Figure 7-b: Correlator output power for
CWI in the case of satellite-1. CWI in the case of satellite-2.

Figure 7: Correlator output power for CWI.

From Figure 7, it can be seen that, the CWI correlator output power value depends on
the amplitude of the C/A code spectral-line for C/A code. When the CWI is coincident
with the greatest C/A code spectral-line (number 42 and 263 from the PRN1 and PRN2,
respectively) it has highest correlator output power.

In Figure 8 depicts the comparison between simulation and analytical C/No vaue in
presence of the CWI for PRN1 and PRN2.

50 50
458
E 407~ RF T Ty T e e T T T § 40—~ - o e T T e T
o ! @ 36 fif g
b L D R [} S I - . S _ _‘o 77777777777777777777 |
z 30 : } z 3 — Analytical
o Analytical w O o5F----6-----r---- - © Simulation
© Simulation| % . . ' \ !
20F w w \ 1 | e T - R
| |

405 4.1 415 42 425 43 4;135 Y515 262 2625 263 2635 264 2.645
df; [Hz] x10 df; [Hz] x10

Figure 8-a: C/No in presence of CWI inthe  Figure 8-b: C/No in presence of CWI in
case of satellite-1. the case of satellite-2.
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Figure 8: C/No in presence of CWI.

From Figure 7, it can be seen that, as a CWI crosses the 1kHz spectra-lines of a GPS
C/A code there are drops in the C/No. The GPS signals which transmitted by different
satellites are affected differently by the same CWI. The CWI causes the greatest effect
(minimum C/No vaue) on the GPS receiver, when the interference frequency is being at
the specified offset with the GPS carrier frequency(42 KHz and 263 KHz from the
PRN1 and PRN2, respectively).

Figure 7, and Figure 8 show that the simulation results for the CWI correlator output
power and C/No, are close to the analytical result in (22) and (23), respectively.

The ssimulated results for correlator output power and C/No in presence of MS|
are compared with the analytical results using the same parameters to verify the derived
formulas. The Figure 9, depicts the correlator output power and C/No in presence of
MSI when the interference frequency error Af; is varying from 224.5 KHz to 227.5, and

correlator integrationtime T; = 20msec.
It can be seen that, The MSI with Az, = 5T, and PRN2 code has highest effect on GPS

receiver when the interference frequency error equal to 226 KHz (coincident with
highest CCS spectral linewhen Atr, = 5T,).

-17
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8 ¥ ¥ )
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_________________

____________ O —— Analytical |

! i 3 ! E: 20r1 © Simulationf---¢----- e it
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Figure 9: Correlator output power and C/No in presence of MSI.

Form Figure 9, it can be seen that, the agreement between the smulation and the
anaytical results supports the validity of the derived theoretical formulas (38)and (40).

7. Conclusions:

In this paper the post-correlation C/No and correlator output power for the GPS signal is
investigated, in the presence of CWI, and MSI. It was shown that, when the CWI
crosses the spectral-lines of a GPS signal there were drops in the C/No, the drop of the
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C/No value was mainly dependent on the amplitude of the C/A spectral-line. When the
CWI is far away from the received GPS signal carrier frequency, the CWI effect on
GPS receiver will be greater than the case when the interference equals to the received
GPS signal frequency.

The inverted Sinc function occurring around each trough in the C/No curve, and the
Sinc function width were related to the integration time.

The drops in the C/No in the presence of MSI was dependent on the amplitude of the
CCS spectral-line, and the drop occurred when the MSI spectral-lines cross the GPS
signal spectral-lines.

When the GPS receiver coherent integration time increases and takes value more than
1ms, the GPS receiver will be more immune against CWI and MSI.
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