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Abstract: The adaptive beamforming algorithm can realize interference suppression and navigation
signal enhancement, and has been widely used. However, achieving high-precision real-time estima-
tion of the direction of arrival (DOA) parameters of navigation signals in strong-interference scenarios
with low complexity is still a challenge. In this paper, a blind adaptive beamforming algorithm for a
Global Navigation Satellite System (GNSS) array receiver based on direction lock loop is proposed
without using the prior information of the DOA parameter. The direction lock loop is used for
DOA tracking and estimation after interference suppression, which uses the spatial correlation of
the array beam pattern to construct a closed direction-tracking loop. The DOA estimation value
is adjusted in real time based on the loop errors. A blind beamformer is constructed using the
DOA estimation results to provide gain by forming a beam in the satellite direction. This method
improves the accuracy and dynamic adaptability of DOA estimation while significantly reducing the
computational complexity. The theoretical analysis and simulation results verify the effectiveness of
the proposed algorithm.
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1. Introduction

The Global Navigation Satellite System (GNSS) can provide high-precision positioning,
navigation and timing services [1]. However, the satellite navigation signal is very weak and
buried in noise, which is easily affected by intentional and unintentional interference [2–4].
The array anti-jamming method can improve the interference suppression capabilities by
using an adaptive antenna array, and has become one of the most useful anti-jamming
methods [5,6].

The blind interference suppression algorithms, such as the power inversion (PI) al-
gorithm [7,8], can suppress the interference without using the prior knowledge of the
direction of arrival (DOA) parameter of the satellite signal. However, these methods are
unable to enhance the navigation signal energy, and may even reduce the signal-to-noise
ratio [9].

The beamforming method [10] forms a null in the direction of the interference and
points the beam in the direction of the navigation signal, thereby achieving interference
suppression while increasing the energy of the useful signal, which can effectively improve
the weak signal reception capability. The Minimum Variance Distortionless Response
(MVDR) method [11] is the most commonly used beamforming method, which uses the
prior DOA information of the incident signal to construct the beamformer. This method
generally needs to obtain the real-time attitude information of the array antenna by means
of inertial navigation; however, most array antennas cannot provide this.

Blind beamforming algorithms can achieve similar effects to MVDR by using the
DOA estimation method without prior information [12,13]. The DOA parameters of the
incident signal are estimated in real time by the array signal processing method. The
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attitude information of the array antenna is not required as a priori information. The
commonly used DOA parameter estimation methods include subspace-based methods
such as MUSIC [14] and ESPRIT [15], the maximum likelihood estimator (MLE) method [16],
the parse recovery method [17], etc. However, the DOA estimation performance of these
methods in dynamic scenes will decrease because the target motion will degrade the
spectral resolution of the array [18]. At the same time, the computational complexity of
these methods is high, which is not applicable for the actual navigation receiver.

Direction lock loop (DiLL) [19–21] can achieve high-precision DOA parameter track-
ing, which is very suitable for a direct sequence code division multiple access (DS-CDMA)
system. DiLL uses the left-shifted and right-shifted spatial array response vectors to con-
struct a closed loop for direction tracking, which can reduce the computational complexity
significantly [22].

In Ref. [23], DiLL is used for the DOA estimation of mobile target, which can achieve
a high-resolution DOA estimate signal. In Ref. [24], a DOA tracking method based on
DiLL with tracking bias compensation for GNSS receivers was proposed, in which the
tracking bias was effectively eliminated by estimating and compensating the error in real
time. In Ref. [22], the rotate-to-zero DiLL (RZ-DiLL) method was proposed, which could
effectively improve the DOA parameter estimation accuracy of large-angle incident signals.
In Ref. [25], a DiLL method for a three-element L-shaped array was proposed to achieve
the fast acquisition and tracking of two-dimensional DOA parameters, which significantly
simplified the antenna structure and eliminated the dead-zone effect. However, most of the
above methods are only suitable for non-interference scenarios. The realization of DOA
tracking in strong interference scenarios is in urgent need of research.

In this paper, a blind beamforming method for a GNSS array receiver based on DiLL is
proposed. Firstly, the subspace projection method is used to suppress the interference signal.
Secondly, the DOA parameter of the navigation signal is tracked and estimated by using
the DiLL method after interference suppression. Thirdly, the estimated DOA parameters
are used to construct the beamformer, which can achieve interference suppression and
signal enhancement. The contribution and novelty are reflected in the following aspects:

1. The DOA parameter of the GNSS signal can be estimated accurately in strong interfer-
ence scenarios. It solves the problem that it is difficult to achieve both interference
suppression and DOA estimation with traditional methods.

2. The proposed method can realize DOA parameter estimation with low computational
complexity, and thus stable DOA tracking in dynamic scenes. It is very suitable for
the GNSS receiver, which needs real-time processing.

3. The blind adaptive beamformer is constructed using the estimated DOA parameter,
which can realize interference suppression and navigation signal enhancement. It can
achieve almost the same performance as the MVDR method.

The remainder of this paper is organized as follows: Section 2 presents the signal
model. Section 3 presents the proposed blind adaptive beamforming method based on
DiLL. Section 4 gives the simulation results, and Section 5 concludes this paper.

2. Signal Model

In order to simplify the analysis without loss of generality, under the far-field condi-
tion, it is assumed that a single navigation signal and Q interference signal occur on the
uniform line array (ULA) simultaneously. The ULA has N antenna elements. The array
configuration of the ULA is shown in Figure 1.
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Figure 1. Array configuration of the ULA.

The coupled signal received by the GNSS receiver can be expressed as

x(t) = a(θ0)s(t− τ0) +
Q

∑
q=1

a(θq)jq(t) + n(t) (1)

where x(t) = [x1(t), x2(t), · · · , xN(t)]
T stands for array data vector. s(t) represents the

baseband GNSS signal, τ0 and θ0 are the time delay and DOA parameter of GNSS signal,
respectively. jq denotes the qth interference signal component with DOA parameter θq. n(t)
represents the additive white Gaussian noise vector, and a(θ) is the array guide vector,
which can be expressed as

a(θ) =
[
1, e−j2πd sin(θ)/λ, · · · , e−j2πd(N−1) sin(θ)/λ

]T
(2)

where θ is the signal incident angle, λ is the wavelength, and d = λ/2 is the array spacing.
The baseband GNSS signal s(t− τ0) can be expressed as

s(t− τ0) = A · D(t− τ0)c(t− τ0)ej(2π fdt+ϕ) (3)

where D(·) indicates the message bit. In this paper, the correlation accumulation time is
all within a bit range, so the navigation message is assumed to be constant, i.e., 1. c(·)
represents a pseudo-random noise (PRN) code. A, fd, and ϕ represent navigation signal
amplitude, Doppler frequency, and carrier phase, respectively.

By constructing an array beamformer, the array can be weighted to achieve an effective
suppression of interference. The output after array weighting is

y(t) = wHx
= wHa(θ0)s(t− τ0) + ∑Q

q=1 wHa(θq)jq(t) + wHn(t)

≈ wHa(θ0)s(t− τ0) + wHn(t)

(4)

where w stands for array weight vector.

3. Blind Adaptive Beamforming Based on Direction Lock Loop
3.1. Interference Suppression

Since the power of the interference signal is much higher than that of the navigation
signal, the covariance matrix of the array signal is determined mainly by the interference
and noise terms.

R = E
[
xxH

]
=

N

∑
n=1

λnunuH
n =

Q

∑
n=1

(λn − σ2
e )unuH

n + σ2
e IN×N (5)



Remote Sens. 2023, 15, 3387 4 of 13

where λn and un(n = 1, 2, · · · , N) denote the eigenvalues and the corresponding eigen-
vectors of R. σ2

e represents the power of the noise. The eigenvalues are arranged in
descending order:

λ1 ≥ λ2 ≥ · · · ≥ λQ � λQ+1 = · · · = λN = σ2
e (6)

The inverse matrix R−1 can be calculated as

R−1 =
N
∑

n=1

1
λn

unuH
n

=
Q
∑

n=1

1
λn

unuH
n + 1

σ2
e

N
∑

n=Q+1
unuH

n

= 1
σ2

e

(
IN×N −

Q
∑

n=1

λn−σ2
e

λn
unuH

n

) (7)

Assuming the interference power is much larger than the noise power, the orthogonal
complementary space U⊥I can be approximated by the inverse of the covariance matrix
R [26], i.e.,

R−1 ≈ 1
σ2

e
U⊥I (8)

In Equation (8), the coefficient 1/σ2
e is a constant related to the noise power, which can

be omitted. There is no need to perform eigenvalue decomposition, which can significantly
reduce the amount of computation. By projecting the array signal into the orthogonal com-
plementary space, the interference can be mitigated. The array signal after the interference
suppression can be expressed as

x̂(t) ≈ R−1x (9)

3.2. DOA Tracking Based on DiLL

Since the navigation signal is very weak and buried under the noise, the correlation
accumulation with the locally copied pseudo-code signal is required to improve the signal-
to-noise ratio. The correlation results can be modeled as

r = E[x̂(t) · c∗L(t− τ̂)] = R−1a(θ0)r0(∆τ) (10)

where r0(∆τ) represents the correlation summation value between the received navigation
signal and the local replica pseudo-code. cL(t − τ̂) is the local replica PRN code, and
∆τ = τ0 − τ̂ represents the estimation error of the time delay. The carrier is considered to
be completely wiped off.

From Equation (10), it can be seen that the correlation accumulation vector is closely re-
lated to the incident angle of the received signal. The array direction diagram is constructed
by using this vector as the weight vector. Then, the gain is maximum in the direction of the
signal incident.

The normalized array pattern of the ULA is shown in Figure 2. The normalized spatial
correlation function can be defined as

R(θ, θ + ∆θ) =
1
N

aH(θ + ∆θ)a(θ) =
1
N

N

∑
n=1

e−jπ(n−1)(sin θ−sin(θ+∆θ)) (11)

where (·)H denotes the Hermitian transform and ∆θ is the direction bias.
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The array pattern is symmetrical around the central direction, so

R(θ, θ + ∆θ) ≈ R(θ, θ − ∆θ) (12)

The direction can be tracked as the same principle of the code DLL loop. Assuming
that the estimated value of DOA at time k is θ̂k, the array guide vectors a(θ̂k − ∆θ) and
a(θ̂k + ∆θ) of the left and right offset ∆θ of the current observed DOA are constructed.
After correlating with the estimated signal vector, the spatial correlation functions can be
obtained as

zR(k) =
1
N

aH(θ̂k + ∆θ
)
r =

1
N

r0(∆τ)aH(θ̂k + ∆θ
)
R−1a(θ0) = r0(∆τ)R′

(
θ0, θ̂k + ∆θ

)
(13)

zL(k) =
1
N

aH(θ̂k − ∆θ
)
r =

1
N

r0(∆τ)aH(θ̂k − ∆θ
)
R−1a(θ0) = r0(∆τ)R′

(
θ0, θ̂k − ∆θ

)
(14)

where R′(θ1, θ2) = aH(θ2)R−1a(θ1)/N represents the normalized spatial correlation func-
tion after interference suppression.

The discrimination error can be expressed as

ε(k) = f [zR(k), zL(k)] (15)

where f (·) denotes the discriminator function. The coherent DiLL and non-coherent DiLL
are the two mainly used direction discriminating functions, which can be expressed as

fcoh[R1, R1] = Re[R1 − R2] (16)

fnoncoh[R1, R2] =
|R1|2 − |R2|2

|R1|2 + |R2|2
(17)

The S-curves of the coherent DiLL and non-coherent DiLL are shown in Figure 3, in
which N = 4, ∆θ = 5◦ and θ = 0◦. As can be seen from Figure 3, the differential curve
shows an approximate linear change near 0 degrees, so the DOA estimation error can be
corrected by the discriminator. It also shown that the convergence of the non-coherent
DiLL is larger than that of the coherent DiLL.

After loop filtering, the direction discrimination error is sent to the beamforming
device to update the DOA parameter value at the next time. Then, the estimated DOA
value at time k + 1 is

θ̂k+1 = θ̂k + K0ε(k)⊗ h(k) (18)

where h(k) stands for loop filter, ⊗ represents a convolution operation. If θ̂k < θ, then
ε(k) > 0, and the estimated value of DOA at the next time will increase; otherwise, the
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DOA parameter at the next time will decrease. The accurate estimation of DOA parameters
can be achieved through continuous iteration.
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3.3. Beamformer Construction

The array vector a(θ̂k) of the signal direction is constructed according to the DOA
parameter estimated by DiLL in real time. The output power of the array is minimized,
while the response of the signal direction is guaranteed with the unit array:

min
w

{
wHRw

}
s.t. wHa(θ̂k) = 1 (19)

Using the linear constraint minimum variance (LCMV) method to solve the above
equation, the optimal weight can be obtained as

wopt =
R−1a(θ̂k)

aH(θ̂k)R−1a(θ̂k)
(20)

The array-weighted output can be calculated as

yout(t) = wH
optx (21)

3.4. The Procedure of the Proposed Method

The diagram of the proposed algorithm is shown in Figure 4 with the following steps.
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(1) The inverse matrix of the covariance matrix of the array signal was solved and multi-
plied by the array signal to achieve interference suppression.

(2) The array signal after interference suppression was correlated with the local copied
pseudo-code signal to obtain the correlation accumulation vector.

(3) The DiLL method was used to realize the stable tracking processing of the DOA
parameters of navigation signals. The spatial correlation values corresponding to the
∆θ bias besides the current DOA estimation were constructed, and the revised DOA
estimate was obtained after processing and filtering by the discriminator.

(4) The beamformer was constructed according to the estimated DOA value, the array was
weighted, and the weighted output signal was used for follow-up tracking processing.

4. Simulation Results
4.1. DOA Tracking Performance Analysis

The tracking accuracy of DOA is generally characterized by mean square error (MSE),
which can be defined as

MSE =
1
I

I

∑
i=1

(
θ(i)− θ̂(i)

)2
(22)

where θ(i) and θ̂(i) are the real DOA value and estimation value at the ith time, I is the
number of processing times.

In this section, the performance of the DOA estimation is evaluated by Monte Carlo
simulation. The Monte Carlo simulation was performed 1000 times; θ = 0◦ and ∆θ = 5◦.
Figure 5 shows the MSE results of the DOA estimation under different carrier-to-noise
ratios (C/N0) and different array elements. The performances of the coherent DiLL method,
non-coherent DiLL method, and MUSIC method are compared and analyzed. As can be
seen from Figure 5, the accuracy of DOA estimation is higher with the increase in the
C/N0. Under the same C/N0 condition, the more array elements there are, the higher the
estimation accuracy. When the number of array elements is small, the DiLL algorithm
can achieve better performance than MUSIC, mainly because when the number of array
elements is small, the resolution of the MUSIC algorithm is significantly reduced, while the
loop tracking method can still achieve high-precision tracking results. With the increase
in the number of array elements, the performance of the MUSIC algorithm is improved
and the DiLL algorithm is also effectively improved. Therefore, when the number of
array elements is small, the DiLL algorithm has better advantages. It can also be seen
that the performance of the coherent DiLL method is better than that of the non-coherent
DiLL algorithm.
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4.2. Dynamic Adaptability Analysis

Through estimating the tracking error and the error compensation, DiLL realizes DOA
estimation in real time, and thus stable DOA tracking in dynamic scenes. Typical DOA
dynamic change scenarios include fixed DOA parameters, uniform acceleration change,
sinusoidal change, and step change. Figures 6–9 give the DiLL tracking performance in
these scenarios, respectively. In the simulation, the angle interval is 5 degrees, the number
of array elements is eight, and the carrier-to-noise ratio parameter is 40 dBHz.
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Figure 6 shows the tracking results under fixed DOA conditions. In this scenario, the
DOA parameter is a fixed value of 10◦. The tracking results under the condition of uniform
acceleration of DOA are given in Figure 7. The change rate of DOA is 20◦/s2, and the angle
range is −10–0◦. Figure 8 shows the tracking results under the condition of sinusoidal
variation in DOA. The variation period is 1 s and the variation range is −10–10◦. Figure 9
shows the tracking results under the condition of DOA step change, and the DOA step is
10◦. When there is a step change in the DOA, the tracking loop needs to converge to a new
parameter. Therefore, the DOA error may increase in several loop update cycles. The DOA
tracking errors in the above four scenarios are 0.053, 0.054, 0.06, and 0.11, respectively. The
simulation results show that the DiLL method can adapt well to the DOA tracking problem
in different dynamic scenes.

4.3. GNSS Signal Tracking Performance Analysis

The simulation module, which consists of three parts including the signal generation
module, array signal processing module, and GNSS tracking module, was used to verify the
efficacy of the algorithm. Figure 10 illustrates the simulation module. The signal generation
module is used for simulating the array receiver signals. Specifically, the GNSS signal
vector, interference signal vector, and noise signal vector were simulated individually,
and then combined to form the received signal. On the other hand, the array signal
processing module were mainly used for interference suppression, DOA estimation, and
beamforming. After array weighting, the GNSS software-defined receiver [27] was used
for GNSS signal tracking.
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In the simulation, one satellite navigation signal and two interference signals were
simulated, a uniform line array with eight elements was used, the sampling rate was 6 MHz,
and the correlation integration time was 1 ms. The navigation signal was GPS L1C/A
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signal, the pseudo-code frequency was 1.023 MHz, C/N0 was 45 dBHz, and the DOA
parameter was 30◦. The interference signal was broadband Gaussian noise interference, the
bandwidth was 2.046 MHz, the incidence direction was −40◦ and 55◦, respectively, and the
interference-to-noise-ratios were 50 dB and 55 dB, respectively. The simulation duration
was 3 s, which was divided into three stages: the interference was turned off in the first
second; the interference was turned on in the second second; and the C/N0 value was
turned down to 30 dBHz in the third second.

In the software receiver, the performance of the proposed method was compared with
the PI and MVDR methods. The PI algorithm is one of the most useful blind adaptive
beamformers, and forms nulls in the direction of the jammers. The cost function of PI is
as follows:

min
wPI

wH
PIRwPI s.t. wH

PIδ = 1 (23)

where δ = [1, 0, · · · , 0]T is an N × 1 vector.
The PI beamformer can be expressed as

wPI =
R−1δ

δHR−1δ
(24)

The MVDR cost function is given as

min
wMVDR

wH
MVDRRwMVDR s.t. wH

MVDRa(θ) = 1 (25)

The solution of Equation (25) is given by

wMVDR =
R−1a(θ)

aH(θ)R−1a(θ)
(26)

The simulation results are shown in Figures 11–14. Figure 11 gives the normalized
array pattern results of the proposed method and the PI method with and without the
influence of the interference. It shows that the PI method can achieve an effective sup-
pression of interference, but cannot achieve signal direction enhancement, and may even
lead to signal energy loss. In the proposed method, the DOA parameter can be estimated
accurately using DiLL, so a blind adaptive beamformer can be constructed to point the
beam in the direction of the navigation signals, which can enhance the signal energy, even
in the interference scenario.
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Figure 12 shows the punctual branch correlation value using the proposed method and
the PI and MVDR methods. From the figure, it can be seen that the proposed method and
MVDR can both achieve gain in the signal direction, and significantly increase signal energy
compared with the PI algorithm. When the interference is turned on, the PI algorithm will
cause signal energy loss while suppressing the interference as shown in Figure 12. When
the C/N0 drops to 30 dBHz, the navigation signal energy after the PI algorithm is too low
to cause the signal tracking loop to lose lock. However, both the proposed method and the
MVDR method can still guarantee the stability tracking of the signal through the array gain,
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which significantly improves the tracking performance of the navigation receiver under
weak signal conditions.

Figure 13 shows the pseudo-range error calculated by the software receiver. It can be
clearly seen from the figure that the accuracy of the pseudo-range measurement processed
by the proposed method and the MVDR method is better than that of the PI algorithm.
Under the condition of a weak signal, the PI algorithm is unable to obtain effective pseudo-
range measurement due to the lock-out of the signal tracking loop, which means that the
observation output of the receiver is no longer available. Although the accuracy of the
pseudo-range measurement obtained by the proposed method has decreased, it can still
ensure the availability of the pseudo-range measurement. The above results show that the
proposed method can achieve the same performance as MVDR.

Figure 14 shows the DOA tracking results. The DOA tracking accuracy is closely
related to the C/N0 value. When C/N0 is 45 dBHz, the MSE results are 0.03 degree2 under
no interference and 0.08 degree2 under interference; when the C/N0 is 30 dBHz, the MSE
value is reduced to 0.48 degree2. The simulation results show that even under the condition
of weak signal, high-precision DOA tracking performance can still be achieved.

5. Conclusions

In order to achieve interference suppression and DOA estimation, a blind adaptive
beamforming algorithm for a GNSS array receiver based on DiLL is proposed. Firstly, the
subspace projection principle is used to achieve interference suppression, and the direction
lock loop is used to achieve high-precision tracking of the DOA of navigation signals in
the correlation domain. Then, the beamformer is constructed with the estimated DOA
estimation results, which can provide gain by forming a beam in the satellite direction. After
the array signals are weighted, interference suppression and navigation signal enhancement
can be realized. The proposed method can realize DOA estimation in the presence of
interference with low computational complexity, and thus achieve stable DOA tracking in
dynamic scenes. It deserves great attention in the field of GNSS array antenna receivers.
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