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Abstract: Broadband Gaussian noise is a kind of important jammer to navigation receiver, for be
regarded as the increase of the thermal noise of FLL usually, there is short of in-depth analysis to its
effect to the performance of FLL. However, the effect of broadband Gaussian noise jammer to FLL
is associated with frequency discriminator, filtering and other sectors. Based on considering the key
sectors, the effect of broadband Gaussian noise jammer to the tracking error of FLL is studied
in-depth, and the closed-form solution is derived. The simulation results show the correctness of the
conclusion.

l. Introduction

For the power of navigation signal is very weak, the navigation receiver is sensitive to
electromagnetic jammer, and then the tracking loop is easy to lose lock. The problem about the
effect of jammer to the tracking loop of receiver has been attracting many researchers ™. Through
acquisition, the rough estimate of the carrier frequency can be obtained, but its error is still
relatively large, lead to the low-order phase-locked loop(PLL) can not lock , then the error of
frequency estimation is need to be drag into the linear working range of PLL by frequency-locked
loop(FLL) generally 2. Therefore, carrier recovery and tracking are the keys of the navigation
receiver to work properly. The broadband Gaussian noise is a kind of important jammer to
navigation receiver. To the effect of jammer on the navigation receiver performance, the reseachers
pay more attention to the PLL ®*! but a little to the FLL, the FLL is often simply to be act as a
special case of the PLL. The broadband Gaussian noise jammer is often viewed as additional
thermal noise floor of receiver, and then the conclutions of the Ref. [5] is used to analysis the
performance of FLL directly, then there is a short of in-depth analysis. Thermal Noise fibrillation is
one of the main error sources to the FLL. The noise term of FLL is closely related to its frequency
discriminator, then the error caused by noise fibrillation need to be anaysised according to the
specific design of the loop. Based on considering the key parts of FLL, the effect of broadband
Gaussian noise to the tracking error of FLL is studied in-depth, and the colsed form solution is
derived. Based on the above analysis, the tracking threshold of FLL is got.

I1. The mode of FLL and signal

For the higher dynamic and poor power of navigation signal, the classic structure of receiver is a
second-order FLL assisted third-order PLL . Then the object of study is second-order
frequency-locked loop in this paper. The figure 1 shows the mode of signal and block diagram of
the FLL.
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Fig.1 Block diagram of the FLL and the mode of signal

Where, s(t,)=+2PD(t,) PN (t, -t,)cos(27 f,t, + 27 f,t, +) is navigation signal, P is the power
of signal; D is the module data; PN is the pseudo-random code; f, is the frequency of carrier;
f, is the doppler of carrier; ¢ is the phase of carrier; f, is the estimation of doppler; n(t,) is
the Gaussian noise in loop, its single side spectral density isN,; j(t,)is the broadband Gaussian
noise jammer, its single side spectral density isN,, and is unrelated with the thermal noise
(Gaussian noise)in the receiver, R (k)=0kez; T, isthe integration time.

After related integration, the outputs of in-phase branch | (k)and quadrature phase branchQ (k)

atthe kth loop update time are:
sin(zAf, (K)T,)

|(k)=\/go(k)R[Af(k)]wcos(w(k))+NI(k) @)

()= Eorar(k el an aogi)e , @
Where, Af, (k) is the residuals of doppler, af, = f, (k) - f, (k) ; Az(k) is the residuals of code phase,
Ar(k)can be set to zero ,when the code loop is tracking; A6(K) is the residuals of carrier phase,
AB(k)=A0(k-1)+2zAf, ()T, ; When the broadband Gaussian in case; N, (k) and N, (k) are the
superposition of the Gaussian noise, we have:

_p —No*N, 3
Py =P =771 ®)
Rung (K)=0, kez (4)

To the discriminator, there are a variety of algorithms to choose, cross-over frequency
discriminator is the best algorithm for the low SNR !, and the method is easily realized with small
computation amount. For the slope is proportional to the signal's instantaneous power, the
cross-identification algorithm required for normalization, Meanwhile, for the elimination of data
bits hopping, the frequency discriminator algorithm is:

ef, = (cross product)xsign(dot product ) 5)
2zT,P /2
Where,
Seor = 1(K) 1 (k=1)+Q(k)Q(k-1) ©

Seross = Q(K) I(k—=1)—1(k)Q(k-1)
The function of loop filter is to reduce noise, according to the optimization theory, the optimal
loop-filter transfer function isF, (s) ©
F (5) = Y2 0 @)
KK,
Where, K, is the gain of discriminator; K, is the gain of NCO; w, is the natural angular frequency
of FLL:
Using digital rectangular integral mapping, we can get the transfer function F,(z) of
second-order digital FLL in z domain:
TwW, [T, w, + ﬁ(l— z‘l)} (8)
KoK, (1-27)
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I11. The effect of broadband Gaussian noise jammer to FLL

According to the mode of FLL, the loop-filter and the discriminator, the effect of broadband
Gaussian noise jammer to FLL is studied. The figure 3 shows the mathematical model of second
order FLL. Where, n,(k)is the discriminator error casused by themal noise and the jammer, F,(z)
is the second order digital filter.
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Fig.4 the mathematical model of second order digital FLL
By using a linear approximation, we can get the steady-state error:

fy (k) e
\
fq (k)

g(K) =~ Ty (k)= F,(2) (e (k) +n, (k)) 9)
According to the colsed-loop transfer function:
F.(2)
He =
(Z) 1+ FZ(Z) (10)
Then the error is:
£(k)=(1-He (2)) fa (k)= Hay (2)my (k) (11)
We get the variance of tracking error:
T, 12 ,
o= | [Hay (e )\ s, ( f)df

-T,/12 (12)
Where, S () is the spectral density of discriminator’s noise n(k) it is defined as the Eq.(13)

o

Snl(f):k; Rnlnl(k)e—jZﬁfkTI (13)

Where, Ry, (K) is the autocorrelation funtion of n, (k)
Rrhnl(k):E[nl(kO)nl(kO_k)] (14)
When the loop reaches steady state, according to the Eq. (1) ~ Eq. (5), we have:
2 {D(k)NQ(k)cos[AH(k—l)}+ D(k-1)N, (k-1)sin[ Ag(k)] 1

nl(k)z% P1-D(Kk)N, (k)sin[Af(k-1)]-D(k-1)N, (k—1)cos[ AO(k)]
. +%D(k)D(k—1)[NI(k—l)NQ(k)—Nl(k)NQ(k—l)J 15
Then R . Z
Rum (0 (zﬂjl Pj( j (PZJ( 41, j} (16)
o [ H [ T|NJ)H (17)
R (K)=0, else (18)
Substituted z=¢"""" into Eq. (12), we have:
, 3 N, + N, ( —z’l—z)
o) g s s () U[J L
() )

The Eq. (19) can be divided into two parts:
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0_5’1:( 1 j NO+NJ 1 @HFLL(Z)HFLL(Zil)zil(z_zil_z)dz

27Z'T| 2PT| 27[j ‘Z‘:]_ (20)
2
2 _[_L (N0+NJ)2 1 H H -1),-1

Oc2™= { 27[TI J ZPZTIZ 271_] SE FLL (Z) FLL (Z )Z dz (21)

According to the difinition of noise bandwidth:

_1 - —
ZBLT| = - @ HFLL(Z)HFLL(Z 1)2 4z

oo (22)

Where, B_is the noise bandwidth of FLL.

2 2
0—5,2 = : (M j NzJ) B.T,

According to Residue theorem, from Eq.(20) we have:

2
) 1 ) N,+N, 2
O~ — = (T.w
el [ZﬂTlJ PT, (Tow,)

According to EQ.(8) and Eq.(22) , we have:

(24)

2,1 Fo
Substituting the Eqg. (25) into Eq. (24), we have

2
2 of L] Not Ny g ggu(2m,T Y
el [27&} PT, <088x(28.T,) (26)
Integrating the EQ.(23) and Eg. (26), we have the thermal noise fibrillation in the presence of
broadband Gaussian noise :

1 |48, 1
=—— |—=| 0.88T,B, +
TtFLL 27T, \/ cnreq( T8 4enr

mmj (27)
Where, the cnr,, is the equivalent carrier-to-noise ratio, cnr, =P/(N,+N,).

When there is no jammer, N, =0, in the Eq.(27), equivalent carrier-to-noise ratio cnr, is
replace of carrier-to-noise ratio cnr. While according to the conclusion of Ref. [5], the thermal
noise fibrillation in the presence of broadband Gaussian noise is:

OFLL = L AF8, 1+ . (HZ)
22T\ cnr,, | Tenr, 28)

Where, 1 is the integration time; B, is the equivalent noise bandwidth; cnr,is the equivalent
carrier-to-noise ratio; r =1, when the CNR is better, F=2 when the CNR is poor.

The reason why there is a difference between the Eq.(27) and the Eq. (28) is that the Eq. (28) is
derived from the corss-product discriminator, the noise term of the correlation of adjacent update
cycle of that is difference to that of this paper (there is a specific analysis in the Ref.[7]).

IV. The Simulation

Based on the analysis above, the conclusion of this paper is vertified and compared with the
conclusion of Ref. [5].  Fig.5 shows the basic principles of simulation.
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Fig.5 the principles of simulation
The simulation conditions: the dynamic is set to be 1G, the noise bandwidth of FLL is 2Hz, the
equivalent CNR is31~51dBHz, the integration time is 2ms, the discriminator algorithm based on
the Eq.(5), the second-order digital filter is taked, the transfer function based on the Eqg. (8), where
K,=1, K,=1.The parameters of the NCO are set properly.
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Fig.6 The frequency tracking error according to CNR
Fig.6 shows the mean of standard deviation of frequency tracking error from 100 times Monte
Carlo simulation, the result of this paper and the result from Ref. [5]. It is observed from the figure
that the simulation result is consistent with the conclusion from this paper, not consistent with the
conclusion from the Ref. [5] by Kaplan.
In addition, the frequency tracking error according to noise bandwidth is vertified. the dynamic is
1G, the CNR is 40dBHz, loop noise bandwidth B, is 2Hz ~10Hz, the others simulation condition

is same as that of the first step.

6 7
Noise bandwidth(Hz)

Fig.7 The frequency tracking error according to noise bandwidth
It is observed from figure 7 that the conclusion of this paper is right. Therefore, it is vertified that
the analysis about frequency tracking error caused by noise is right. Then, it is got that the
conclusion about frequency tracking error caused by noise from Ref. [5] is not poper to be used
directly, the specific analysis is needed according to the loop design.
Based on the study above, the noise threshold based on some dynamic of FLL is studied in the
broadband Gaussian noise jammer scene. From the Ref. [5], the tracking threshold of FLL is:
SO-FLL = 3GtFLL + fe <0.25/T (HZ) (29)
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where, o, isthermal noise fibrillation, f, isdynamic stress error, T is integration time.

For the dynamic is 1G, dynamic error is f, =30Hzaccordingly. Based on the Eq. (27) , the
1-sigma thermal noise error and threshold are got through simulation, the results are showed in
Fig.8.
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Fig.8 1-sigma thermal noise error and threshold according to JSR

The figure 8 shows that: (1) if the JSR is not greater than 44dB the second order FLL can work
properly on the condition that the dynamic is 1G, loop integration time is 2ms, and the loop
bandwidth is 2Hz; (2) if the JSR is not greater than 41.5dB the second order FLL can work properly,
with the bandwidth is 8Hz and other conditions remain unchanged; (3) if the JSR is not greater
than 41.5dB the second order FLL can work properly with the bandwidth is 10Hz and other
conditions remain unchanged.

In addition, we get the JSR threshold with the loop integration time is 5ms. Based on the study
above, we get the table 1.

Table 1 the JSR threshold with the dynamic is 1G in
the broadband Gaussian noise jammer scene

Noise
bandwidth 2 8 10
Integration time(ms)
2 44(dB) | 41.5(dB) | 41.5(dB)
5 44(dB) 43.8(dB) 43.5(dB)

Based on the simulation result, the following conclusions were obtained:

(1) For the combined effect of the dynamic stress error and noise error, there is no significant
improvement for the loop anti-jamming performanc by increase the integration time. The dynamic
and anti-jammer performances of receiver loop are better when the integration time is 2ms to those
when the integration time is 5ms.

(2) If the integration time keeps unchanged, increaseing the loop noise bandwidth makes the
anti-jamming performance deteriorates. The main reason is that the power of jammer into FLL will
increase with the loop noise bandwidth increasing.

Those conclusions above are based on the assumption that the dynamic is 1G. The noise
bandwidth, integration time should be set according to the signal features and environmental
requirements.

V. Conclusion

Based on considering the key parts of frequency-locked loop, the effect of broadband Gaussian
noise on the tracking error of frequency-locked loop is studied in depth, and the colsed form
solution is derived. Then, the conclusion that the thermal noise fibrillation of FLL should be
analysised according to the specific loop design is got. Based on the study above, the noise
threshold of FLL based on some dynamic is studied in the broadband Gaussian noise jammer scene,
and some conclusions are got. The results of this paper have certain reference for the development
of anti-jamming navigation receiver.
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