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Abstract The global positioning system (GPS), which provides accurate position-
ing and timing information, has become a commonly used navigation instrument
for many applications. The application of a new adaptive all-pass based notch fil-
ter (ANFA) for narrowband/FM interference suppression and frequency estimation
in GPS receivers is proposed. An ANFA structure that achieves better unbiased char-
acteristics with its coefficients is employed to accurately estimate the narrowband
interfering signals in online fashion. A variable convergence factor that optimizes the
maximal mean square error (MSE) reduction in each iteration is applied in a modi-
fied adaptive Gaussian—Newton (MAGN) algorithm. The proposed MAGN algorithm
can lead to both faster convergence speed and higher estimation accuracy. Simulation
results show that the ANFA offers a better performance than conventional linear pre-
dictors in terms of the SNR improvement and the mean output power (MOP) under
the interference environments of interest.
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1 Introduction

A GPS receiver can provide accurate positioning and timing information by process-
ing its received navigation data. Usually, GPS spread spectrum signals are 20-30 dB
below background thermal noise. Depending on its signal characteristics, GPS inher-
ently has a certain degree of protection against intentional and unintentional interfer-
ing signals due to the despreading gain. However, if jamming strength is higher than
the system’s processing gain, GPS performance can be degraded severely. Therefore,
it is necessary to develop additional techniques for protection of the GPS in jamming
environments.

There are several approaches to mitigating the narrowband interference, including
time domain techniques [8], frequency domain techniques [3], and time-frequency
domain techniques [4, 7]. Recently, time-frequency distribution (TFD) methods
[1, 2, 9] have been developed to effectively estimate the instantaneous frequency of
parametric signals imbedded in noise. Once the parameters have been extracted, an
adaptive time-varying filter can be established to reject the obstacle. The estimation
of instantaneous frequency plays an important role in this FM suppression technique.
However, errors in instantaneous frequency may occur in many conditions due to a
decline in interference power, the presence of AM [2], or high levels of cross-terms
in the TF domain.

It has been shown that the adaptive notch filter (ANF) [5-7] is a superior filter-
ing approach to decomposing a received signal into the narrowband and broadband
components, and thereby the narrowband part can be eliminated successfully. The
IIR-based adaptive filters have better statistical performances than adaptive FIR, with
fewer coefficients and lower computational costs. The minimal parameter constrained
notch filter (CNF) [6] is proposed for elimination of multiple unknown sine waves
imbedded in a broadband signal. However, the coefficients biased problem is still a
challenge that needs to be overcome in CNF design. It has also been proved [10] that
the adaptive all-pass based notch filter (ANFA) has a better unbiased property with
its coefficients, both theoretically and experimentally. Through the various consumer
and aerospace GPS applications, the adequate ANFA structure can be employed to
converge instantaneously to the incident frequency and track the variation of interfer-
ing signals.

This study investigates the applicability of ANFA for interference suppression and
frequency estimation in GPS receivers. Since the characteristics of interference are
always unknown or time-variant, the notch point of ANFA can be adjusted adap-
tively to cancel the narrowband component from its input waveforms. The variable
convergence factor that minimizes the instantaneous error criterion is adopted in the
modified adaptive Gaussian—Newton (MAGN) algorithm to enhance the convergence
speed. Four kinds of interfering signals are considered. They are: (1) single-tone con-
tinuous wave interference (CWI), (2) multi-tone CWI, (3) pulsed CWI, and (4) linear
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FM signals. The improved performances of the ANFA scheme are compared with
that of the conventional normalized least mean square (NLMS) and recursive least
squares (RLS) in terms of the SNR improvement and mean output power (MOP)
under the diversity of stationary and time-varying jamming environments.

2 Received Signal Models

A simplified block diagram of the anti-jamming GPS model is shown in Fig. 1(a).
The transmitted spread spectrum signal is given by:

Z(t) =[B(t) ® CA(1)] cos(wr11) ()

where B(t) represents the transmitted baseband navigation data which is in binary
form and has a duration 7 (T =20 ms). C A(¢) is the GPS course acquisition (C/A)
code sequence with chip duration 7, (R, =1/T, = 1.023 MHz), and L1 represents
primary GPS frequency (1575.42 MHz). The integer PG = T/ T, = 20460 = 43 (dB)
is the processing gain of the GPS system.

The jamming signals may be intentional or unintentional. Intentional signals are
always hostile. Friendly sources originate from RF transmitters, which are either
nearby ground RF transmission stations or those on-board aircraft. Four kinds of
jamming signals are investigated:

(1) Single-tone CWI:

Jsewi(t) = Acos[ (w1 + wp)t 4 6] (2a)

where A denotes the amplitude and wa is its frequency offset from the central fre-
quency of the spread spectrum signal. 6 is a random phase uniformly distributed over
the interval [0, 277).

(2) Multi-tone CWI:

Tmewi(t) =Y A; cos[ (@11 + @it + 6] (2b)
i=1

where m, A;, wa;, and 6; represent the numbers of narrowband jamming, amplitude,
frequency offset, and random phase of the ith interference, respectively.
(3) Pulsed CWI:

ACOS[(a)Ll + wa)t +9] (I—1DNr<t<({—-1)Nt+ Ny,

Jpewi(t) =
pcwl() 0 (I —1DNr+N; <t<INy,

(2¢)

where the on-interval is N7, seconds long and the off-interval is (N7 — N1)7, sec-
onds long. The case in which N7 and N; are much greater than unity is considered.
(4) Linear FM (swept CWI):
Towewi (1) = Acos[0.5 x aar® + (w11 +@a)t +6] (2d)
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Fig. 1 (a) Block diagram of the GPS anti-jamming system and (b) Architecture of the all-pass based
notch filter

where A is the amplitude of signal, and ¢a and wa represent its frequency rate and
offset frequency, respectively.

The received signal is band-pass filtered, amplified, and down-converted. To fur-
ther simplify the analysis, the received signal is sampled at the chip rate. The received
observation is

x(n)y=2Zn)+J(n)+ W(hn) 3)

where W (n) is additive white Gaussian noise (AWGN) with variance o2, and the
jamming source J(n) of interest has a bandwidth much narrower than 1/7,. These
three components are assumed to be mutually independent.

Figure 1(a) shows the block diagram of the GPS anti-jamming system. The pro-
posed adaptive NFA is used to suppress a variety of jamming signals. This method ex-
ploits the property that the GPS spread spectrum signals are difficult to track, whereas
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a large class of interferences, such as narrowband and FM signals, can be blocked
from the NFA notch frequency. The adaptive NFA filter is utilized to reject narrow-
band/FM interference in the GPS system. Following the filtering from the received
waveform, the output of canceller, y(n), can be written as

y(n)=Tm)xx(n)=Tn)«{Zn)+ J(n) + W(n)} =Zn)+Wm) &)
where T (n) is the impulse response of the NFA, % denotes the convolution operation,

and y(n) is the broadband component of the received signal. It can be viewed as an
almost interference-free signal and is fed into the correlator for further despreading.

3 All-Pass Based Notch Filter (NFA)
3.1 Second-Order IIR Filter Parameterization

First, the second-order all-pass based notch filter (NFA) [10] of interest can be written
as

Ti(z) =

1 _ —1 -2
[ ar—aiz” +z ] 52)

[+ a1@]=3|1 1—aiz7 ' +axz 2

1
2 2

with a; = %, and ay = %% = ,o2 where A1(z) is a second-order
all-pass function, w, is the angle of zero of T7(z), BW represents the —3 dB notch
bandwidth of zero of T(z), and p is the pole radius of zero of 77(z). Because of
the symmetry, only the upper side of the z-plane is discussed, i.e. w; € [0, 7]. The
parameter p should be less than unity for stability. Inserting the pole z = pe/*r (w »
is the pole angle) into (5a), the pole/zero angles can be obtained as

aj aj
and cosw, = =

ai
= —. 5b
1+a 2Jax  2p (5b)

cosw; =

3.2 2pth-Order IIR Filter Parameterization

A 2pth-order all-pass based notch filter trained with the MAGN algorithm is pro-
posed in our work. The general transfer function of 2pth-order NFA is represented
as

P2 R
T(Z)Z%[HA(@]%[H 1 (p? = 2c0s(@pi)pz ! + 2 )}

P (1 =2cos(wp,i)pz~" + p?z72)
T 0P+ ez 2D+ U+ pBiz™ + p%272)

- 6
2ATT_, (1 + pBiz= ! + p2z )] ©

with B; = —2cos(w, ;) where p is the total number of notch frequencies, A(z) is
a 2 pth-order all-pass function, and w), ; is the ith pole angle. In order to obtain the
formulation of the filter coefficients and characteristics in the CNF form, the relations
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between both CNF and the NFA must be analyzed and compared. The following
general constrained form of the 2 pth-order notch filter [6] is represented as:

f:l(l —2cos(w)z ™ +272) f’zl(l +riz 4272

fonr@) =1 14 2,-2) TP S, D
i=1(1 - 2COS(C()[)IOZ + Pz ) i=1(1 —+ Priz + 02z )

with r; = —2 cos(w;) where wj is the ith notch frequency. Let 7' (z) and Teng(z) have

the same numerator and denominator polynomials. Then, the transfer function 7'(z)
of NFA and the corresponding coefficients can be derived and formulated as

N@z™hH
T(2) = ——
N(pz™h
B Ltriz o drpz P 4oz 2P 720
1 + IOIBIZ_1 4+ -4 ppﬂpz_p + .o 4 pzp_lﬂlz_2p+l + p2P1—2P
. Ttz ez P 27 2P 720
- 14020 14p2P  _ 2p—1_ 14020 _2piiy 2p,—2
p1+p2p—l riz" 4 pP 2,7 riz P4+ pP p1+p217—1 7P T4 piP =P
3
. 14-p2P .
with g; = i+p2p,iri,l =1,...p.

Figure 1(b) shows in detail the realization structure of the proposed all-pass based
notch filter. This adaptive notch filter is utilized to estimate the sinusoidal frequen-
cies and consequently eliminates the corresponding sinusoidal waveforms at its notch
frequencies.

4 Modified Adaptive Gauss—Newton (MAGN) Algorithm

The MAGN algorithm is designed to estimate the filter parameters of the NFA struc-
ture, and some additional modifications are applied to increase the convergence speed
[5]. The input—output relation of a notch filter can be represented in a difference equa-
tion [9]:

y(n) =x(n) +x(m —2p) — p*P (n)y(n —2p) — ” (O — 1) )
with o(n) = [p1(1)  @2(1) -~ @, (m)]"
—x(n—i)—x(n—2p+i)+[p (n)yn —i)+ p* " (n)y(n —2p +i)]

14027 (n) .
@i(n) = X iy 1 Si=(p—=1
1+ (n)

—x(n—i)+pP M)y — p) 5L i=p

where p is the total number of notches, p(n) is a positive real number close to but
smaller than 1, x(n) is the input signal, and y(n) is the broadband output signal. The
filter parameter vector 6 (n) is defined as

o) =[r) rnm - rpm] (10)
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where the r;(n) are the filter coefficients. The vector 6 (n) will be adjusted by mini-
mizing the notch filter output power E|y(n) 2. The negative gradient vector W (n) [6]
is defined as:

V() =—-Vlym]=[Wi(n) W) --- ¥,n)]
_ [_ TGN T W M () ] .
ari(n) arp(n) orp(n)
with
—x(n =) = x(n = 2p + )+ [p' )y (n = )+ p* W)y (0 = 2p +1)]
wim={ x- MO i<i<(p-1)

. 2p .
—x(n—1i)+ pP(n)y(n — p)l;;)gp(i';) i=p.

4.1 MAGN Adaptation Method

According to the derivation results above, the MAGN algorithm can be formulated
by the following recursions. This adaptation algorithm for updating the coefficients
of IIR filter 6(n) is based on the MAGN method to increase the rate of convergence
and reduce the mean output power.
Initialization: Some initialization variables are selected as follows: 6(0) =
[0 0o --- 0 I]T, P(0) = uI, where I, is a p-by-p identity matrix, ¥ (0) =0,
and x(—i) =0wherei =1,...,2p.
Normal Values: o = 100/E(|x(n)|2), 2o =0.8,1(1) =0.9, 00 =0.84 and p(1) =
0.8 and p(c0) =0.995.
Algorithm:

For each x(n) given for n > 0, compute:

o) =[p1) @) - ppm]" (12a)
with
—x(n—i)—x(n=2p+i)+[p W)y —i)+ p>P " (m)F(n —2p +1i)]
o =] x- LM 1<i<p-),
—x(n— i)+ pP 0 — p) LT = p,
y(n)=x(n) +x(n—2p) — p M —2p) — 9" (M — 1) (12b)
V() =[Ui() o) - W] (12¢)
with
—xp(n—i)—xp(n—2p+i)
P B R e O e R P ey

l<i=(p—-1D,

. - 14 p2P .
—xp(n— i)+ pP(MFr(n — p) G i =p,
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2
= 12d
@ 14+ V29T () P(n — DHW(n) — 1 (120

(12e)

H
Pon = (1)[ 1) P(n— DY )¥Hm)P(n—1) ]

() /a(n) + ¥ )P (n — 1)¥(n)
6(n) =6(n —1) +a(m) P(n)¥(n)y(n). (12f)
Check stability and use the stability projection method:

$(n) =x(n) +x(n —2p) — p*P (M) 3(n —2p) — 7 (W6 (n) (12g)

) ) _ ) . L4 p¥

Yr() = 30) + p*P (WFE(n —2p) — p (WFF(n — p)F, (”)ﬁ

=Y [P myr— i)+ o> ()yr(n —2p +)]Fi (n)
i=1

1+ p?P(n)
pi(n) + p2P~(n)

(12h)

1+ p2P(n)

XE () =200 + PP (01 = 2p) = p ¥ (0 = PR

p—1
=Y [P mxpm— i)+ o> (n)xp(n —2p +1)]Fi (n)

i=1

1+ p2P(n)
pi(n) + p2r~i(n)
(121)

A(n+1) =AoA(n) + (1 — Ap) (12))

pm+1)=popn)+ (1 — po)p(co) (12k)

where A(n) is the forgetting factor, 0(n) = [?1(71) rao(n) - ?p(n)]T is the es-
timated filter parameter vector, P(n) is the inverse Hessian matrix, i.e., P(n) =
R(n)~L, R(n) is the Hessian matrix of the performance function £ |y(n)|2 with re-
spect to 6 evaluated at O(n — 1), and «(n) is the convergence factor [4] which de-
termines the convergence speed of the algorithm. The filtered input and output are
given in the form xp(n) = x(n)/N(pz=",n), yr(n) = y(n)/N(pz~", n). Because
the ANFA is of the IIR type, a stability checking process in (12g) should be adopted
in each iteration. If the distances from the estimated poles to the origin are larger
than unity, the poles are replaced with poles of identical angles and reciprocal radii.
These updated poles are used to compute the new coefficients of the ANFA for the
next adaptation.
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4.2 Optimal Convergence Factor

The choice of convergence factor has a considerable effect on the convergence of the
MAGN scheme. The variable convergence factor «(n), which optimizes the reduc-
tion of MSE in each iteration, is utilized to accomplish faster characteristics. In the
neighborhood of a given point of the MSE surface, the variable MSE &(n) can be
approximated by the quadratic function

_ymP  xm) +x(n—2p) — p>P ()5 (n = 2p)?

5 5 +0T(n— D)

e(n)

+%éT(n—1)R(n—1)é(n—1) (13)

where n(n) is defined as. Vye(n)|gp—o. Differentiating (13) with respect to 0 yields an
expression for n(n):

n(n) =Vem) — R(n — Dén — 1). (14)

In the process of iteration, &(k)can be replaced by its a posteriori estimate

S 2
(n) = Iy(g)l
_ _ 2p Sl 2 R
o X +x(n=2p) 2,0 (m)y(n —2p)| [0 - 1)+ 26)] n(n)
+ %[é(n -+ Ae(n)]TR(n —D[d(n— 1)+ A0(m)]

=e(n)+ A0) n(n) + %AQ(n)TR(n — DO —1)

1A 1
+ Ee(n —DIRn—1)AO) + EAe(n)TR(n —1)AO(n). (15)
By inserting (14) into (15), it can be shown that
Ae(n) =en) —e(n)

, R 1 , R
= AO(n) [Ve(n)—R(n—1)49(n—1)]+§A9(n) R(n— 1) —1)

On— DT R — DHAO®) + %A@(n)TR(n —1)AO(n)

N =

=A0(n) Ve(n) + %AG(n)TR(n — D AO(n). (16)

For the Gauss—Newton method, the variable Af(n) is represented as:
AfB(n) = é(n) — é(n -1 = —ot(n)R_l(n)Vs(n) =—a(n)P(n)Ve(n) (17

with Ve(n) = VIEGL] = y)Vy(n) = —y () ¥ ().
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By inserting (17) into (16), the equation becomes
Ae(n) = —a(m)Vel )R T (n)Ven) + %az(n)VST(n)R_T(n)Vs(n)
= [%az(n) —~ a(n)j|V£T(n)P(n)V8(n). (18)
By employing the expression P(n 4 1) in [4], we get

1 2 25T
As(n) = | So*(n) —aln) ly()| " (n) P (n)¥ (n)

)
(I —a(n))
a2(m)[¥’ (n) P(n)¥ (n)]?

a 1—an) —i—oz(n)\IlT(n)P(n)\Il(n) }

=—|y(n)| {a(n)w(n)p(n)\p(n)

%az(n) —a(n)
l+am¥ )P —D¥Hn) —1]
(19)

= [y ¥ )P — ¥ ()

From (19), the optimal factor «(n) that leads to maximal mean square error (MSE)
reduction is obtained by setting the corresponding derivative to zero. It is found by
letting

dAe(n)
=0, (20)
da(n)
the equation becomes
ozz(n)[\I’T(n)P(n—1)‘1’(n)—1]+2a(n)—2:0 21
with
w(n) = —l+\/2\IlT(n)P(n—l)\Il(n)—l . 2
[ ()P —1)¥n) —1] 1+ V29T ) P(n— D)W () — 1
The optimal step size can be obtained as [5]:
2
®optimal (n)= (22)

1+V2¥T(m)P(n — H¥(n) — 1

after some manipulation, where optimal () is the optimal convergence factor. It can
be applied in (12d) as the MAGN adaptation algorithm is executed. If R2¥T (n)P(n—
1)W(n) — 1] is less than zero, it should be replaced by zero in each iteration.
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Fig.2 (a) Average MOP
YMmop (k) vs. the number of
iterations and (b) SNR
improvement for single-tone
interference suppression
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The simulation results of the MAGN-based ANFA were obtained to confirm the jam-
ming rejection and frequency estimation characteristics. Two indexes were used to
verify the performances in transient and steady states in terms of mean output power
(MOP) and SNR improvement [8], respectively. They are defined as:

Ymop(k) =

SN Rimprovement = 10log {

k%100

1
ol X Yol (23a)

n=(k—1)%100+1

E[x(n) — Z(n)]?

Ely(n) — Z(n)]? } (@B). (23b)
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Fig. 3 (a) Average MOP

Ymop (k) vs. the number of — ANFA
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improvement for multi-tone —- NLMS
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where Z(n)represents the baseband GPS spreading signal, B(n) ® CA(n). In our sim-
ulation, the linear tapped delay predictors with NLMS and RLS adaptive algorithms
are compared with the proposed MAGN-based ANFA method. The tap number of
the predictors is 10. The step size of the NLMS is set to 0.01. The initial diagonal
elements of the error covariance matrix and the forgetting factor of the RLS are set
to 0.01 and 1.0, respectively. For the ANFA, the forgetting factor A is set to 0.8.
The pole radius pq is set to 0.84 in the single- and multi-tone CWI cases, and 0.89
in the pulsed and swept CWI cases. The down-conversion IF is fixed at 1.25 MHz,
and sampling rate is chosen as 5 MHz. The variance of the AWGN is held constant at
o2 =0.01. In the MOP simulation, the total jamming-to-signal ratio (JSR) is 73 dB,
and the first 1600 samples are adopted. In the steady-state simulation, 9500 samples
are computed, and the last 1000 samples are used to compute the SNR improvement.

(A) Single-tone CWI jamming. Figure 2 presents the SNR improvements and av-
eraged MOP for single-tone CWI. The frequency of the interference signal is set
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Fig. 4 (a) Average MOP , Pulsed CWI signal
Ymop (k) vs. the number of 10 " j " j ) .
iterations and (b) SNR d
improvement for pulsed 0
interference suppression ot
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to 1.2 MHz, and the input SNR is varied from —72 to —60 dB. Figure 2(a) shows
that the ANFA scheme is superior in both convergence speed and prediction error.
The MOP can decline significantly to 102 in 200 iterations, while the other meth-
ods reach the steady state slowly and have larger MOP. Obviously, the NLMS is the
worst one in the convergence comparisons. In the steady-state condition, the SNR
improvements of ANFA are also better than both RLS and NLMS schemes. The av-
erage SNR improvements are 8.17 and 1.98 dB higher than those of the NLMS and
RLS, respectively.

(B) Multi-tone CWI jamming. The multi-tone test results are demonstrated in
Fig. 3. The offset frequencies are set at 0.5, 1.3, and 1.8 MHz. The ANFA method per-
forms with faster convergence ability and better SNR improvements than both RLS
and NLMS. The MOP can be reduced markedly to 0.01 in 300 iterations, whereas
the other approaches reach the steady state after 600 iterations and offer the larger
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Fig.5 (a) Average MOP , Swept CWI signal
Ymop (k) vs. the number of o N ' ! ' —— ANFA
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MOP. On average, the ANFA scheme can offer 8.94 and 3.20 dB more in terms of
SNR improvements than these two methods, respectively.

(C) Pulsed CWI (FM) jamming. The frequency offset is chosen as 1.2 MHz. The
on-interval is from the 1st to the 500th samples, and the off-interval is from the 501st
to the 1000th iteration points. Figure 4(a) indicates that the ANFA method has faster
convergence ability compared with the RLS and NLMS methods during both the on-
and off-intervals. The ANFA can perform 1.84 and 4.5 dB more in terms of SNR
improvements than the RLS and NLMS, respectively.

(D) Swept CWI jamming. The simulation results of linear FM are shown in Fig. 5.
The sweep rate is set to 526 MHz/s. The starting frequency is set to 0.75 MHz, and the
ending frequency is 1.75 MHz. It can be seen that the RLS method performs poorly at
estimating non-stationary interference signals. Since the step size of the NLMS filter
is constant, the corresponding convergence rate is very slow and limited. The ANFA
method accomplishes performances superior to the NLMS and RLS schemes both in

Birkhauser



Circuits Syst Signal Process (2011) 30: 527-542 541
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transient and steady states. It can offer 19.19 and 29.03 dB more SNR improvement
over the NLMS and RLS methods, respectively.

(E) Frequency parameter estimation. The simulation results of estimating the in-
stantaneous frequency are presented in Fig. 6. The interfering signals consist of three
components. The first is a swept CWI signal sweeping from 0.75 to 1.75 MHz in
2 ms, and the others are fixed CWI signals with frequencies of 0.5 and 2 MHz. It
can be seen that the ANFA can track the interference waveform swiftly within 0.05
ms time slot. Moreover, these frequencies and frequency rate parameters can be esti-
mated correctly and successfully by the ANFA method.

6 Conclusions

This paper presents an ANFA structure trained with a MAGN algorithm applied for
GPS interference cancellation and frequency parameter estimation. The variable step
size, which is optimized with respect to the reduction of MOP, is employed in the
MAGN method to speed up the convergence and improve the tracking capability. On
average, the proposed scheme yields an SNR improvement that is 10.20 and 9.013 dB
better than those of the NLMS and RLS, respectively. The simulation results demon-
strate that the ANFA can achieve superior SNR improvement and lower residual
interference level than those of the conventional adaptive filter in the interference
conditions of interest.
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