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Abstract: Interference multipath is an important factor to affect the anti-jamming performance for the
global navigation satellite system (GNSS) antenna array receiver. However, interference multipath
must be considered in practical application. In this paper, the antenna array model for interference
multipath is analyzed, and an equivalent model for interference multipath is proposed. According to
the equivalent interference multipath model, the influence of interference multipath on anti-jamming
performance is analyzed from the space only processing (SOP) and space-time adaptive processing
(STAP). Interference multipath can cause loss of the degree of freedom (DoF) of SOP. Through
analysis of the equivalent model and STAP mechanism, it further reveals how the STAP can solve the
interference multipath. The simulation experiments prove that the equivalent model is effective, and
the analysis conclusion is correct. This paper also points out that the interference bandwidth is wider
and more taps in STAP are required, under the same experiment conditions.

Keywords: jammer multipath; antenna array; space-time adaptive processing; global navigation
satellite system

1. Introduction

Global navigation satellite system (GNSS), represented by global position system
(GPS), is a space-based navigation and positioning system, which is widely used in various
fields such as land, sea and air navigation, aerospace, geodesy, and other national defense
construction and national economy with its full space coverage, all-weather work, and high
positioning accuracy [1-3]. When the navigation signal arrives at the ground, the signal
is already very weak, so it is susceptible to various intentional or unintentional interfer-
ences [4-6]. For military or core civilian areas, anti-jamming performance is an important
indicator to evaluate the navigation receivers [7,8]. The interference cancellation technology
with antenna array is a common technology for a user terminal because it not only can
suppress narrowband interference, but can also suppress wideband interference [9-12]. The
navigation in the transmission process would encounter dense forests or urban canyons, but
the interference transmission would encounter the same situation [13]. Hence, not only the
signal would be affected by the multipath, but also the multipath would impact the inter-
ference transmission [14,15]. In this paper, the signal multipath guides the multipath effect
for navigation signal, and the interference multipath refers to the multipath for interference.
In the environment of navigation confrontation, the interference power is much greater
than the signal and noise power, so the effect of interference multipath may be greater than
the influence of signal multipath on antenna array navigation receiver. According to our
test experience, for the GNSS antenna array anti-jamming receiver, regardless of the signal
quality except for the degree of interference suppression, the test results in the darkroom
are often better than the field test results; one of the important reasons is that the multipath
effect exists in the field test.
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Multipath effects have attracted much attention in navigation signal processing. The
signal multipath not only causes the distortion of the pseudo-random code, but also causes
the distortion of the carrier and code phase. In turn, it affects the measurement accuracy
of the navigation receiver and ultimately affects the positioning and timing accuracy. The
phenomenon for interference multipath has also been studied, preliminarily. The radar
system appears earlier than the navigation system, so some innovations in the radar
system can be used for a navigation system. In literature [16], the influence of interference
multipath on the airborne adaptive radar system is analyzed. This literature points out
that the interference multipath will affect the signal to interference plus the noise ratio
(SINR) of the array output, and it also indicates that the effect of interference multipath
could be suppressed by space-time adaptive processing (STAP). In the field of navigation,
the literature [17,18] demonstrated by simulation that jammers and jammer multipath can
be cancelled using an adaptive space-time array, leading to nearly ideal GPS performance.
The current research results show that STAP can suppress the interference multipath, but
this research still remains on the basis of simulation and experiment and has not pointed
out the reason and essence.

In this paper, according to the array and jammer multipath model, the equivalent
model for jammer multipath is given. After that, we analyze the impact of jammer multi-
path on anti-jamming performance based on space only processing (SOP) and STAP. The
remainder of this paper is organized as follows. Section 2 gives the mathematic models
for the antenna array and jammer multipath. Section 3 analyzes the impact of multipath
on anti-jamming performance. Section 4 demonstrates that the simulation experiment
results show the effectiveness of the proposed analysis and method to suppress the jammer
multipath. A brief conclusion is presented in the last section.

2. Mathematics Model
2.1. Array Model

The antenna array is composed of multiple antenna array elements. Each array element
uses an independent radio frequency channel. Different array elements cannot interfere
with each other. Sampling data for fusion processing. The four-element antenna array is a
commonly used antenna array in the author’s team. The four element square array picture
and model are shown in Figure 1 [19,20].
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Figure 1. Antenna array (a) array picture and (b) array model.

where 6 and ¢ are the pitch and azimuth of jammer or signal; 7(6) is the time delay
difference that the jammer or signal reaches to the array center for different elements. If the
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reference point is in the array center, the delay time for the four elements can be denoted
as [21]:

TAl = @ cos 0 cos ¢ 1
2c

Tap = — \zf—zcd cosfsin @ 2)

Taz = f% cos 6 cos ¢ 3)

Tag = \zf—zcd cosfsin ¢ 4)

where d is the distance for adjacent antennas, which is the wavelength half of the signal,
and c is the speed of jammer and signal propagation.
The steering vector can be expressed as:

a(0,¢) = eIl Tal Ta2 T3 Tag ] )

Therefore, the array data can be denoted as:

K

L
(1) = Y. (6 pic) () + L a(Ba, g (8) + m(t) ©)

k=1

where K and L are the numbers of interference and signal, respectively. ji(f) and s;(t)
are interference k and signal [ in the reference element on the time domain expression.
(ij, (pjk) and (0, @g) are the direction for interference k and signal I. n(t) is the noise
vector with 4 x 1.

The navigation receivers based on antenna array include not only antennas but also
radio frequency (RF) channels, ADCs, the digital signal processer, and so on. Anti-jamming
processing and navigation signal processing are all implemented in digital signal processors.
Figure 2 shows the antenna array structure [22].
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Figure 2. Antenna array structure.

In the above structure, H;(w, 0, ¢) is the transfer function, including the whole analog
circuit and the ADC. At the same time, the direction of interference and signal is also in
Hi(w,0, ). Antijamming processing is in the digital signal processor. In addition, the
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acquisition, tracking, and navigation, which process after anti-jamming, are also in the
digital signal processor.

2.2. Jammer Multipath Model

The multipath effect is related to the nature of the reflector around the antennas and
varies with the surrounding environment. Interference may be reflected by buildings or
obstacles, and the interference may be reflected several times. The direct and multipath
interference could be superimposed and propagated to the antenna port. Propagation
scenarios of direct and multipath interference are shown in Figure 3.

Jammer

Building

Antenna Array

Multipath — —

Ground

Figure 3. Antenna array structure.

Based on the above-mentioned propagation scenarios, the difference between the
direct and multipath interference is reflected in the amplitude and delay. The mathematical
expression of the interference multipath model can be expressed as:

j(t) =a(fp)jp(t) + ;“iﬂ((?m)]b(f -T) 7)

where a(0p) is the steering vector of interference, jp(t) is the direct interference, 0p is the
direct incident angle of the interference, «; is the attenuation coefficient of the multipath
interference, a(0p;) is the steering vector for interference multipath, 6p; is the incident angle
of the interference multipath, and 7; is the delay difference that the direct and multipath
interference reach to the antenna port surface. i is the multipath number.

The propagation delay can be equivalent to a filter. Assuming that the filter transfer
functionis Hp(w) = [ Hi(w) Ha(w) --- Hy(w) ], Hy(w) corresponds to the transfer
function in n element. Thus, the model in Equation (1) can be further expressed as:

j(t) =a(6p)jp(t)+ El a;a(6p;)jp (t)Hpi(w)

(8)
= (a(GD) + El Déiu(QPi)HPi(w))fD(t>

The steering vector can also be regarded as a filter. Thus, the above equation can be
expressed as:

j(t) = H(w)jp(t) ©)
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The above equation is an equivalent model for multipath. According to the equivalent
model, it can be seen that the direct and multipath mixed signal is equivalent to the direct
signal through a filter group. The H(w) in the above equation is the equivalent filter group.

3. Impact of Multipath on Anti-Jamming
3.1. Space Only Processing

The SOP model is shown in Figure 4 [23].

AN

XN

Wy

Figure 4. SOP model.

In the above SOP model, the received signal and array weightings can be repre-
sented as:
x:[x1 Xy v XN} (10)

w=[w w - wy] (11)

The array output can be expressed as:

=xjw1 + Xowp + -+ - + XNW
y 1W1 Z:iuTx NWN (12)

Usually, the interference power is much higher than the noise and signal power. In
order to ease calculation, the interference cancellation ratio (ICR) can be denoted as:

Pin

ICR =
Pout

(13)

where P;, and P, are the array input and output power, respectively.

Power inversion (PI) is a criterion for anti-jamming without any priori information,
which can generate nulls in the strong interference direction. In the condition of strong
interference and weak signal, especially in GNSS receivers, the PI is useful in engineering.
Its constraint can be expressed as [24]:

{ rr}l}n{ wHRw}

14
st. wlb =1 (14)
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where b = [ 1 0 --- 0 ]T is the constraint vector, and Ryy is the correlation matrix of
the received data that could be expressed as:

R =E [xxH} (15)
The weights can be further expressed as:
w = UR b (16)

where y is a normalized constant.

The anti-jamming performance of SOP is limited by DoF (Degree of Freedom). If the
antenna element is N, the maximum number of interferences that can be suppressed is
N-1. The multipath interference is treated as the normal direct interference, which would
lose the array DoF. When the total number of direct and multipath interference still does
not exceed the array DOF, the multipath would not affect the anti-jamming performance.
However, when the total number exceeds the array DoF, the anti-jamming performance
would dramatically drop.

3.2. Space-Time Adaptive Processing
The STAP with N elements M taps is shown in Figure 5 [25-27].

Al AN
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Figure 5. STAP model.

According to the above STAP model, the received data in different sampling time
could form a new data vector that could be expressed as:

x=[X'(t) XT(t-T) - XT(t—mM-1)T) ] (17)

where X(t) is the received data vector at the time of f.
Array weightings could be written as:

T
w = [wn,...,le,...,wlM,...,wNM] (18)
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According to the space-time received data that is shown in Equation (17), the array
weightings generator method is the same with SOP.

STAP has obvious advantages compared to the SOP. Without increasing the antenna
elements, the DoF of interference suppression can greatly increase, and its interference
suppression capability has a quality improvement [28]. In addition, STAP could mitigate
the impact of non-ideal characteristic in antennas to anti-jamming.

According to the equivalent model of the interference multipath, it can be equivalent
that direct interference reach to the antenna array, but the non-ideal characteristics of the
antennas is increased. However, the STAP is able to solve the non-ideal characteristics of the
antenna. Therefore, STAP may solve the effect of interference multipath on anti-jamming
performance.

4. Simulation Experiments

The simulation experiments are performed in the computer with Lenovo W540, and
the software is matlab2010a. In this simulation experiment, unless otherwise specified, the
parameter settings are in Table 1 [29].

Table 1. Public parameter settings.

Parameter Type

Parameter Value

Antenna array type

four-element square

Sampling frequency

62 MHz

Intermediate frequency

15 MHz

Jammer type Gaussian white noise

Jammer #1 DOA (10°, 40°)

Jammer #2 DOA (210°, 30°)
Multipath #1 decay 0.1
Multipath #2 decay 0.01
Multipath #1 delay 100 ns
Multipath #2 delay 200 ns
Multipath #1 DOA (120°, 20°)
Multipath #2 DOA (290°, 40°)

4.1. Verification for Equivalent Model

Two groups of multipath models were adopted to verify the correctness of the equiva-
lent model. The parameters of the two groups of multipath models are as in Table 2:

Table 2. Two multipath models.

Model 1# Model 2#
Amplitude (0.1,0.01) (0.05,0.2)
Delay (ns) (100, 200) (20, 60)

In this simulation, there are two jammers, and each jammer has one multipath. The
INR is set from 30 dB to 90 dB, and its step is 5 dB. Under the different INR conditions,
the SOP anti-jamming method is adopted. The ICRs for the multipath model and the
equivalent model are shown in Figure 6.



Remote Sens. 2022, 14, 350

8 of 15

50

o i e e

O Multipath 1#
Equivalent 1#
¢ Multipath 2# ||
""" Equivalent 2#

40

ICR(dB)

L

VN0 WEPUD D WP SO S

2 |
30 40 50 60 70 80 90
INR(dB)

Figure 6. Verification for the equivalent model that used SOP.

As can be seen from the above figure, under the same conditions, the ICRs for the
multipath model and the equivalent model are completely coincided, which can prove that
the equivalent model is effective.

The condition is the same with the above simulation, but the STAP is used. The STAP
is equipped with four taps. The experiment result is shown in Figure 7.

100 \ ‘
O  Multipath 1# | | |
| Equivalent 1#| . & B
90 . : : ' ’
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-=-- Equivalent 2# | | y”
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Figure 7. Verification for the equivalent model that used STAP.

The anti-jamming performance for STAP is significantly higher than SOP. Regardless
of SOP and STAP, the anti-jamming performance of the normal multipath model and
the equivalent multipath model completely coincide, which indicates the effectiveness of
the equivalent multipath model. The equivalent multipath model provides the basis to
suppress the direct and multipath interference.
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4.2. Simulation for SOP

Four conditions, which are single interference without multipath, single interference
with single multipath, two interferences without multipath, and two interferences with
two multipath, are adopted. The array patterns with SOP are shown in Figure 8.

90°

60°

270°
(a) (b)

270° 270°
(o) (d)

Figure 8. Array patterns in SOP: (a) one jammer without multipath, (b) two jammers without
multipath, (c) one jammer with one multipath, and (d) two jammers with two multipaths.

The four elements are adopted, so its DoF is 3, and it can suppress up to three interfer-
ences. In the above figure, when the total number of direct and multipath interference is
less than three, the synthetic array can accurately form the null in the direct and multipath
direction. In the case of two interferences with multipath, it is equivalent to the presence of
four interferences from different directions, which is beyond the array DoF, so the direct and
multipath interference cannot be effectively suppressed. In Figure 8d, there is a multipath
in the direction of (290°, 40°), but the null is not formed in this direction on the pattern.

The ICRs of the above four cases are shown in Table 3.



Remote Sens. 2022, 14, 350

10 of 15

Table 3. ICR with SOP in different conditions.

INR (dB) ICR (dB)
One interference without multipath 80 80
Two interferences without multipath 83 83
One interference with multipath 80 80
Two interferences with multipath 83 39

Table 3 corresponds to Figure 8. When the total number of direct and multipath
interferences is within the range of DoF, the direct and multipath interferences can be
effectively suppressed. However, when the total number exceeds the DoF, the anti-jamming
performance would drop significantly. In the above table, when the condition is two
interferences with multipath, the input INR is 83 dB, but the output ICR is only 39 dB.

4.3. Simulation for STAP

Four multipath models are set, and they are all within two interferences and two
multipaths. The multipath parameters are in Table 4:

Table 4. Four multipath models.

Model 1 Model 2 Model 3 Model 4
Amplitude (0.1, 0.01) (0.05, 0.2) (0.1, 0.01) (0.05, 0.2)
Delay (ns) (100, 200) (100, 200) (20, 60) (20, 60)

The number of time-domain taps is the key parameter for STAP. Under the conditions
of the above four models, the effect of the number of taps on ICR is shown in Figure 9.

90

40
—6— Model 1
sol ol —&— Model 2 ||
‘ —&— Model 3
0 : —— Model 4
20 ‘
1 2 3 4 5 6 7

Taps(Number)
Figure 9. Impact of taps on ICR with multipath.

According to Figure 9, when the taps are small, different multipath models would lead
to the different ICRs, and ICRs show an upward trend with the taps increasing. However,
when the taps are large enough, the ICRs of the four models tend to be the same value that
is approximately equal to the input INR. It illustrates that the STAP with increasing taps
can solve the effects of the different multipaths.
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90°

270°
(c)

In model 1, if the time-domain taps are 5, according to Figure 9, the direct and

multipath interference can be effectively suppressed. In the same case of Figure §, if the
STAP is adopted, the array patterns are shown in Figure 10.

90°

-10
-20
= 30

- -

- 1-40
00
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.. 60°
. 15

-25

0
(dB)
35

3 00 -40
-45
-50

Figure 10. Array patterns in STAP: (a) one jammer without multipath, (b) two jammers without
multipath, (c) one jammer with one multipath, and (d) two jammers with two multipath.

00

330°

270°
(d)

In the above figure, the interference directions are marked with the blue cycle, and
the multipath directions are marked with the green square. Under the condition of no
multipath, the synthetic array pattern can accurately form the null in the interference
directions. When the multipath is present, the synthetic array pattern can also form the
null in the interference direction, but the null is not formed in the multipath direction. The
interference suppression performance in the four cases is shown in Table 5.
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Table 5. ICR with STAP in different condition.

INR (dB) ICR (dB)
One interference without multipath 80 80
Two interferences without multipath 83 83
One interference with multipath 80 80
Two interferences with multipath 83 82

According to the above table, in all cases, the interference and multipath have been
effectively suppressed.

Figure 10 and Table 5 appear to be contradictory, because the direct and multipath
interferences in Table 3 are effectively suppressed, but the synthetic array in Figure 8
does not form a null in the multipath direction. This is because there is an FIR filter
behind each element in STAP, and the direct and multipath interference have the same
baseband data. Since the interference power is greater than the multipath power, the FIR
filter will compensate the difference of amplitude and delay between direct and multipath
interference, and the multipath can be compensated to the equivalent direct interference.
Therefore, in the synthetic array pattern, the null is only formed in the interference direction.

4.4. Impact of Bandwidth on Anti-Jamming

Studies have shown that the wider interference bandwidth would result in more
difficulty suppressing the interference. The signal bandwidth is fixed, but the interference
bandwidth may be faced with a variety of forms. The interference may be a continuous
wave, and the interference bandwidth may cover the entire signal band. Increasing the
navigation signal bandwidth is an effective way to improve the navigation and positioning
accuracy. In the process of GPS signal development, the signal bandwidth is increasing.
When the GPS modern plan is completed, the L1 band will contain three kinds of signals,
which are C/A code, P(Y) code, and M code signal, respectively. The bandwidths of the
three signals are 2.046 MHz, 20.46 MHz, and 30.69 MHz, separately, so the maximum
interference bandwidth is 2.046 MHz, 20.46 MHz, and 30.69 MHz [30-32]. This simulation
considers that the interference bandwidth is the maximum. Hence, the different signals
would have different antenna array anti-jamming performance. Under the same interfer-
ence multipath, this simulation will compare the anti-jamming performance of the C/A
code, P(Y) code, and M code signal.

The experimental conditions are in Table 6:

Table 6. Parameter settings.

Parameter Type Parameter Value
Jammer number 2
Jammer DOA (10°, 40°) and (210°, 30°)
Multipath number 2
Multipath amplitude 0.1 and 0.01
Multipath delay 100 ns and 200 ns
Multipath DOA (120°, 20°) and (290°, 40°)

Assuming that the INR traverses from 30 dB to 90 dB with an interval of 5 dB, STAP
is adopted, and the tap number in time domain is 4. In the case of the same array style,
interference and multipath, the interference suppression performance of three different
interference bandwidths is shown in Figure 11. As can be seen from the figure, different
interference bandwidths have different interference suppression performance under the
same experimental conditions. The wider the interference bandwidth, the weaker the
interference suppression performance.
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Figure 11. ICR for different bandwidths with jammer multipath.

Sections 3.2 and 4.3 pointed out that in STAP, the number of time domain taps can
affect the interference suppression performance, and the more the number of time domain
taps, the better the interference suppression performance. Assume that each interference
INR is 80 dB, interference with the multipath case is the same with Table 4. In the case
of different interference bandwidth, the effect of the number of time domain taps on the
interference suppression performance is shown in Figure 12.

85

55

/ —e— Bandwidth=2.046MHz
—&— Bandwidth=20.46 MHz
—&— Bandwidth=30.96MHz

2 4 6 8 10
Taps(Number)

Figure 12. Impact of taps on ICR with different bandwidth.

Regardless of the interference bandwidth, the interference suppression performance
tends to increase with the increase of the number in time domain taps, and the sum of the
interference suppression ratio is close to the input INR, indicating that the interference
is effectively suppressed. We think that there is an optimal number of time domain taps,
that is, with the increase in the number of time domain taps, ICR showed a rising trend,
when the ICR rises to a certain extent, or reaches the limit, when the time domain taps are
the best of. In the above figure, the optimal time domain taps for different interference
bandwidths are marked with mage triangles. Obviously, different interference bandwidths
have different optimal time domain taps, and the interference bandwidth is wider, and the
optimal number of time domain taps is larger. Increasing the number of time domain taps
can suppress the interference bandwidth and the multipath.
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5. Conclusions

In this paper, we have analyzed the impact on the anti-jamming performance of
jammer multipath in GNSS antenna array receivers. The characteristic of jammer multipath
is studied, and the study has been developed through theoretical analysis and simulation
experiment.

The outcome of the study is the following:

(1) Interference multipath is equivalent to the direct interference through a filter, and
multipath attenuation degree and delay are reflected in this filter. Direct interference
and multipath interference have the same baseband signal, but the amplitude and the
delay for these two interferences are different. The mix interference with direct and
multipath interference can be equivalent to the direct interference through a filter.

(2) Interference multipath would affect the performance of the SOP, which mainly reflects
that the DoF would be a loss. When the sum number of the direct and multipath
interference is still within the array DoF, the multipath would not affect the anti-
jamming performance. The SOP could not distinguish the direct interference and
multipath interference, and the multipath interference is seen as the direct interference.

(38) The STAP can suppress the interference multipath, and its performance is related to the
time-domain taps. Under the conditions allowed by hardware resources, increasing
the taps can reduce the effect of interference multipath.

(4) Under the same multipath model and anti-jamming condition, the interference band-
width is wider, and the interference suppression is more difficult. However, the STAP
with more taps may equalize the difference.
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