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Abstract. The minimum variance distortionless response (MVDR)
beamforming technique and space-time adaptive processing (STAP) have
been playing important roles in interference suppression of globe navi-
gation satellite system (GNSS) receiver. However, the demand for con-
formal arrays is increasing these days and its characteristics will viti-
ate the traditional MVDR method. And on the other side, traditional
MVDR based on STAP will inevitably distort the Beidou signal, which is
unacceptable in high precision GNSS applications. To address the above
issues, first, a conformal array signal processing model is proposed; and
based on that, a distortionless MVDR method is proposed in this study.
The simulation results show that the proposed method can not only
suppress the interference better than the traditional MVDR, but also
guarantee the Beidou signal to be undistorted.

Keywords: Conformal antenna array * Interference suppression -
Distortionless STAP

1 Introduction

GNSS is one of the most powerful infrastructures that provide positioning, nav-
igation and timing (PNT) service for users all over the world [1,2]. Currently,
there are four operating GNSS, the Global Positioning System (GPS) of the
United States, the Global Navigation Satellite System (GLONASS) of Russia,
the Galileo of the European Union and the Beidou Navigation Satellite System
(BDS) of China. The BDS is a versatile GNSS completely designed and con-
structed independently by China. The BDS III was officially put into use and
provide positioning service to the world in 2020, marking the BDS has formally
become a GNSS.

Similar to other existing GNSS, BDS is also designed to withstand a cer-
tain level (10l0g1010230 ~ 40dB) of radio frequency interference [3], which is
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achieved by the direct-sequence spread spectrum (DSSS) technique [4] and is
capable of coping with the most common noise. However, the application envi-
ronment in real life is not always ideal. In addition to the receiver thermal noise,
unintentional and deliberate interferences exist under many circumstances and
undermine the reliability of PNT. Common unintentional interferences include
some specialized communication systems like DME, TACAN, DVB-T, and so
on. The deliberate jammer is used in electronic warfare (EW) or to defend one’s
own privacy, especially through the personal privacy devices (PPDs). Related
researches show that a single jamming device can disable GNSS signal reception
over a range of several kilometers [5]. To address these situations and enhance
the robustness of the GNSS receiver, variety of GNSS interference mitigation
countermeasures have been developed in the past decades, such as inertial aid-
ing using IMU, vector tracking technique and filtering technique [3,5]. Among
them, the filtering technique is most frequently used in the GNSS receiver, which
can be grouped into time, frequency, time-frequency and spatial-time domains.
It has been proved in practice that the spatial-time domain filtering is the most
powerful interference mitigation method in aforementioned methods [6]. The
spatial-time adaptive filtering (STAP) techniques utilize the antenna array com-
bined with FIR filters to adaptively rearrange the received signals at the antenna
in a weighted sum version to steer the antenna array response beam pointing
to the desired direction and nulls pointing to the undesired interferences, which
allow the BDS signals to pass unchanged and suppress the jamming effectively.
Obviously, the effectiveness of receiving BDS signals and rejecting interferences
is determined by the weights of each delayed tap. Therefore, the core of STAP
algorithm is the principle of calculating the weights. Different approaches have
been developed to realize the objective, including minimum mean square error
(MMSE), MVDR and power inversion (PI), and they work well on suppressing
the interference with high power [7-9]. However, the FIR filters introduced in
STAP lead to non-linearity phase response which in turn cause the distortion
of the desired signals [10,11]. Previous experiments suggest that without special
attention on this issue, the positioning error brought by STAP can be tens of
meters [11]. Therefore, in high-accuracy GNSS applications, this issue must be
taken into consideration. Among some methods proposed to reduce the biases in
code and carrier phase [6,10,12], the method proposed in [13] guarantees phase
linearity and zero biases in code and carrier phase measurements.

A conformal array is a kind of antenna array that conforms to its bearer’s sur-
face which is designed for better aerodynamic and hydrodynamic performance or
aesthetic consideration [14]. Therefore, it can be very useful in many applications
such as radar or BDS receiver for high-speed aircraft. While most of the tradi-
tional interference suppression techniques can not be applied for conformal array
directly since they generally assume that all the antennas are omnidirectional
element and have identical response pattern. However, due to the non-planar
curvature of the bearer surface, directional element model should be adopted
and different antenna usually has different orientation, which in turn leads to
different response to the same signal on different antenna [15,16]. Furthermore,
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it means that the element response function can not be separated as a com-
mon factor of the array manifold which is a conventional practice used in planar
array analysis. Accordingly, the mathematical model for the signal receiving
procedure must be modified to take the above non-ideal conditions into con-
sideration. Research about conformal array signal processing mainly focus on
pattern synthesis and DOA estimation. Less attention is paid to the interfer-
ence suppression technique in conformal array. So in this study, an array signal
processing model integrating the element response is proposed.

The remainder of this article is organized as the following sections. In Sect. 2,
a traditional procedure of suppressing interference with linear array is intro-
duced. Next in Sect. 3, an extended signal processing model applicable to con-
formal array is given, and based on that a distortionless MVDR method for con-
formal array is proposed and analyzed. Then in Sect. 4, some simulation results
are demonstrated to prove the effectiveness of the proposed method on confor-
mal characteristic and distortionless performance. Finally, Sect.5 concludes the

paper.

2 Interference Suppression Using Antenna Array

In this section, a planar antenna array is considered to illustrate the traditional
interference suppression method for GNSS using STAP and MVDR. Meanwhile,
a general array signal processing model is established. Before that, the generation
of the Beidou B3I signal and barrage jammer is introduced.

2.1 Signal Generation

Beidou B3I Signal. The Beidou B3I signal is composed of ranging code and
navigation message modulated on the carrier using BPSK [4], which can be
expressed as

Spsr(t) = Ap3iCpsr(t)Dpsr(t) cos(2m ft + ¢psr) (1)

Among them, Apgs; represents the amplitude of the B3I signal. Dpss(t) is the
data code of the B3I signal. In this study, it is assumed that only the D1 navi-
gation message is used. C'p3r(t) is the ranging code modulated on the data code
by direct sequence spread spectrum (DSSS). The chip rate of Cps; is 10.23Mcps
and the code length is 10230. The Cps; is generated by truncating a Gold code
which is the result of truncating and XORing two linear sequences G1 and G2.
The G1 and G2 sequences are respectively derived from two 13-bit linear shift
registers, and its period is 8191 chips. The code sequence generated by G1 is
truncated with the last one chip, making it into a CA sequence with a period
of 8190 chips. The CA sequence with a period of 8191 chips is generated by
G2. The Cps; with a period of 10230 chips is generated by means of Modulo-2
addition of CA and CB sequences. f represents the carrier frequency of the B3I
signal, which is 1268.52 MHz, @3 represents the carrier initial phase of the B3I
signal [4]. From the above, it is derived that the bandwidth of the B3I signal is
20.46 MHz. The Beidou B3I signal generation process is shown in Fig. 1.
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Fig. 1. Generation of the B3I signal. Fig. 2. Generation of the barrage jammer.

Interference. In this study, the interference is considered to be a barrage jam-
mer covering the entire frequency band of B3I. To generate such a jammer.
Firstly, a white Gaussian noise (WGN) is generated and passed through a low-
pass filter with half of the bandwidth of the Beidou signal as passband band-
width, and then the filter output signal is multiplied by the complex carrier signal
e7?mfet modulated to the center frequency of B3I. The interference generation
process is shown in Fig. 2.

2.2 Signal Receiving Model

Without loss of generality and for the sake of simplicity, an M-element omnidi-
rectional linear array along with one B3I signal and K interference is considered.
For a narrowband signal impinges from 6y, its corresponding steering vector a

is
a(fy) =[1 e 9% .. e dM-Dox]T (2)
where [-]T represents the transpose of a vector or matrix, ¢y is the phase delay

due to propagation and can be expressed as

27d
o = stinek, 1<k<K (3)
where dj, is the coordinate of the k-th antenna. Therefore, the observation vector

X (n) of the array with dimension M x 1 can be denoted as

K
X (n) = a(6a)d(n) + ) _ a(6k)jr(n) + D(n) (4)
k=1

where d(n) and ji(n) are the desired signal and the k-th interference, respectively
[9]. Thus, a(f4) and a(fx) are the corresponding steering vectors. D(n) is an
M x 1 vector representing the internal noise of the array.

Through a standard STAP implementation of P time taps, the final STAP
observation vector can be expressed as
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and the corresponding STAP steering vector a; = a ® az, (a; = [1,e/? /e Ts,

.., 27 (P=DTIT T s the sampling interval) [17], where & is the Kronecker
product.

The filter coefficients of corresponding time taps also form an M P x 1 vector

W = [Wi1, WP, Wal, -+ ,Wap, WAL, ,Wrp]T, Where wp, is the coef-

ficient of the p-th delayed tap of mth element. Hence, the output y of the STAP

filter is
y=wlV (6)

2.3 Interference Suppression Using MVDR Beamformer

The MVDR beamformer minimizes the output signal power while maintaining

the desired signal, which can be expressed in the following formulations [9]
min E{||y[|?} = minw" Ry v w

w w (7)

wla;(04) =1

E{-} denotes the mathematical expectation, Ry vy denotes the space-time covari-
ance matrix defined as Ryy = E{VVH}. Using Lagrange multipliers, the
object function can be expressed as

fw,\) = w"Ryyw+ ANw"a; — 1) (8)
and then the optimal coefficient vector w* can be acquired as

—1
R aj
wh = —YV_= (9)
HRL
aj vy ai

3 Proposed Method

As mentioned above, the demand on the suppression based on the conformal
antenna array is increasing. However, in traditional array signal processing, the
radiation pattern function of all array elements are generally considered to be
omnidirectional, and in this case, the global polar coordinate system is consis-
tent with the local polar coordinate system of each array element. Therefore,
the radiation function of the array element can be put forward as a common
factor, which is called the Pattern Product Theorem (PPT), so that the radia-
tion pattern of the array is only related to the geometric structure of the array.
However, in the conformal array, firstly a directional antenna element model is
more appropriate. Secondly, the different orientations of the array elements lead
to the inconsistency between the global polar coordinate system and the local
polar coordinate system of each array element, which makes the PPT fails and
furthermore causes the error in signal array manifold estimation. So, the tradi-
tional beamforming algorithms do not work very well in the conformal antenna
array structure.
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In this section, a novel MVDR method based on Euler rotation is presented to
solve the conformal array beamforming problem. Besides, the traditional STAP
procedure is inevitable to introduce distortion on the desired signal due to the
deployment of delayed time taps. Based on the conformal array beamforming
above, a distortionless constraint is also introduced and analyzed in detail.

3.1 Conformal Array Signal Receiving Model

Here a more general conformal array model containing M elements is considered.
In the global coordinate system, the position of each element is p; = [z, i, 2],
(i=1,2,---,M). For this array, first examine the synthesis of its array response
pattern. Considering that a far-field narrow-band plane wave with a propaga-
tion direction of @ = —[sinfcosy sinfsing cosf]T and wave length of \g
impinges on the array, so the corresponding wave vector is

k=—a (10)

Among them, 6 and ¢ are the elevation angle and azimuth angle in the global
coordinate system. Furthermore, the radiation pattern of this array can be

obtained
M

F(0,0) =Y [w) fm (8, p)e 7% P ] (11)

m=1

where f;(0, ) is the radiation direction function of the i-th element itself, w,, is
the corresponding complex weighting factor. Note that the global polar coordi-
nate system is not consistent with local polar coordinate system of each element.
To address this issue and for simplicity and generality, a five-element array with
a central element conforms to a cylindrical surface is used for analysis. The spe-
cific array structure is shown in Fig. 3 below, all the elements point to the normal
line. All elements have the same radiation function f(6, ). Take p; as an exam-
ple to analyze its contribution to the array pattern. First, (6, ) is the polar
coordinate corresponding to the global Cartesian coordinate system O — zyz,
(0i, ;) is the coordinate in the polar coordinate system corresponding to the
local Cartesian coordinate system O; — x;¥y;2; of the ith array element. For a
signal impinging from (6, ) in the global coordinate system, it first needs to be
converted to local polar coordinate of each element, which can be achieved with
Euler rotation.
It is known that the relationship between rectangular and polar coordinate

system is

x = psinfcos

y = psinfsin e (12)

z = pcosf
where p is the distance between the signal source and the origin O. At the same
time a new coordinate O; — z}y}z} is defined, which is generated by translate
O — zyz to make O overlap O;
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Fig. 3. Cylindrical conformal array structure.

il =\|y|—pi (13)
2 z

K2

It is obvious that O; —x;y;2; can be generated by rotating O; — z}y.z} around O;.
Therefore, the relationship between the above two coordinates can be derived
using Euler rotation [18] as follows

/

€Z; Z;
yi | = ReRyR. | v, (14)
zi 2}

and for the cylindrical array proposed in Fig. 3, only the rotation of a® with
O,z as the rotation axis is needed. Then R, R, = I, combining with (13) and
(14), the following transformation can be obtained

yi | = |0cosa —sina Y—Diy | = | (¥ — Diy) cosa — (z — p;z) sina
% 0sina cosa 2 — Pis (y — piy)sina + (z — pi) cosa

(15)
Besides, the signal is assumed to be far-field, so p can be regarded as +oo.
Using the definition of arctan function, local polar coordinate can be solved as

/2 2
f; = lim arctan VETY

p—00 Z;

\/(sin 6 cos )2 + (sin 0 sin ¢ cos a — cos 0 sin )2 (16)

= arctan - - :
sin # sin @ sin a + cos 0 cos &

; = arctan 2(z;, y;)
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where arctan2 function is the four-quadrant inverse tangent. Now the array
radiation pattern can be transformed to

M -
F(0,0) = ) [wif(Om,om)e P ] (17)

m=1

As to the element radiation function, a cosine element model showed in Fig. 4
is used to better depict the radiation characteristic of elements on the convex
conformal surface.

-30 ’ 30

-60 60

-90 —— %
0 02 0.4 06 08 1

Fig. 4. Radiation pattern of the cosine element.

cos0,0<0< 5

£6.0)= {505 e (18)

Based on the above analysis, a general signal receiving model for an M-element
convex conformal array can be obtained. Assume there are K interferences
Jet)(k = 1,2,--- ,K), and one B3I signal d(t). For arbitrary signal s(¢) with
incident angle of (0, ¢) and wave vector k, its steering vector is

a(ev %0) = [L e_jkTﬁv e ?e_jkTW]T (19)

where 7., = p;m — p1. Using the conversion in (16), the array response for s(t)
can be expressed as

zo= | a(0,¢)s(n) + D(n) (20)

F(0r(0,9))

Besides, the array manifold of the incoming signals can be expressed as

Anx ) = [alla, pa) alli,05) - allix, i) (21)
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And for the convenience, the conformal factor matrix (CFM) G is defined to
incorporate the conformal characteristic

G= [g(‘gch @d) g(ejn‘pjl) o 'g(ejK’(PjK)] (22)

where g(0,¢) = [f(01(0,0)), -, £f(0:(0,9))]T. Finally, the observation vector
of the conformal array can be written as

Xn)=Go A : + D(n) (23)

jx(n)
where ® denotes the Hadamard product.

3.2 Distortionless MVDR Beamformer for Conformal Array

As mentioned above, a BDS signal is expected to pass the STAP filter without
being distorted. To achieve this object, the output signal ys of a single BDS
signal with steering vector aq after STAP filter is

M P
Ys = Z Zw;,pcd,ms (t—(p—1DTs)
m=1p=1

- (24)
=3 w, eas (t— (p— VT2)

where c¢g = g(0a, pa) ® a(b4, pa), and wy, = [w1 p, w2 p, -+ ,warp]T denotes the
weight vector at mth delayed tap, [-]* denotes the conjugate operation. Actually,
frequency response H(f) of the STAP filter toward signal with steering vector
agq is in the same form [13]

P P
H(f) = prHcdeszwf(pfl)Tv - Z h(p)e 72w f (=1 (25)
p=1 p=1

It can be found that (25) is also equivalent to a FIR filter given in Fig.5 with
coefficient vector h(p) = wp'leq (p=1,2,---,P).

Now, substitute the second constraint of the optimization problem (7) with
(26) to guarantee the linearity of H(f)

P is odd

{ wle=1 (26)
T

where ¢ = 0---0 cq’ 0---0 . Then the optimal weight can be

— ——
M(P-1)/2 M(P-1)/2
solved using the Lagrange multipliers method introduced in Sect. 2.3 as

-1

w* = v e (27)

=5
c"Ry v c
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Fig. 5. Structure of the equivalent FIR filter.

The proof of this method applied on the traditional planar array has been
detailed analyzed in [13]. Here the as in [13] is substituted by ¢4 which is the
Hadamard product of as and g(04, ¢q). It is readily verified that this alteration
does not affect the form and characteristic of R;%, and Ry described in [13].
Finally, h can be obtained as

R

pM [ |p[07 2 2
=52 | P, rip+1y2 0 L—|pT+ MPJT(P+1)/2,(P+1)/2

28
p|?07, 2

n

T
MP, TP,(P+1)/2:|

where 02, p, P; denotes the noise variance, spatial correlation coefficient [19]
between the desired signal and the interference, interference power, respectively.
And more importantly, h is conjugate symmetric [13]. Combining that P is odd,
the FIR filter coefficients meet the requirement of linear-phase system [20] with a
constant bias %. This bias does not affect the positioning accuracy because
it remains the same for all incoming Beidou signals. Therefore, the proposed

method is linear phased.

4 Simulation Results

In the simulation experiments, the array structure is the same as shown in Fig. 3
with P =5, R =0.1m, o = 30°, and L = 0.1025m, and signals are generated
based on the signal model given in Sect. 2, or by the procedure shown in Fig. 1
and Fig. 2. The received signals are down converted to intermediate frequency
frr = 46.52 MHz and then sampled with sampling rate f; = 62 MHz, and sent
to the TDLs where Ty = 1/f;. The thermal noise power is py = NyB, where
B = 20.46 MHz is the bandwidth of Beidou B3I signal, Ny = kg1 is the noise
power density, and kp is the Boltzmann constant and T} is set to 290 K. The
Beidou signal power used in the following simulations is set to SNR = —30dB,
and the jammer-noise ratio is set to JNR = 70dB.
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4.1 Interference Suppression Performance of the Proposed Method

The first experiment is used to demonstrate the interference suppression perfor-
mance of the proposed method. One Beidou signal and one interference impinge
from (30°,30°) and (45°,90°), respectively.

In Fig. 6, it shows the Power Spectral Density (PSD) of the signal received
on p; and that of the output signal. It is clear that the strong barrage jammer is
dampened to the noise floor. From another perspective, if the signal received on
any antenna is input into a standard Beidou receiver, the output would definitely
be a garbled because the bit error rate (BER) is about 50%. While after the
interference suppression, even though the desired signal mixed in the output
signal is still overwhelmed by thermal noise, it can be decode by the standard
Beidou receiver for the DSSS characteristic.

Power spectral density of the signal received on Py Power spectral density of the output signal
-130 -206
-140 -208
-150 210
-160 -212
£ ?
3 -170 @ -214
k=2 z
a
Q -180 2 -216
o a
-190 -218
-200 -220
-210 -222
-220 -224
0 10 20 30 40 50 60 0 10 20 30 40 50 60

Fig. 6. PSD estimation comparision. The horizontal axis is the frequency in MHz.

From (17), the gain of the array at f is shown in Fig. 7. Obviously, a fairly
deep null about —121dB is formed in the direction of the interference. While
in the direction of the Beidou signal, there is about only —0.04 dB attenuation.
And the SINR is improved from about —100dB to about —26 dB, which can
guarantee the receiver to decode correctly.

4.2 SINR Performance Comparison with the Traditional MVDR

Here a comparision experiment is adopted to prove that extra considerations on
the antenna direction in the proposed method can help it outperform the tradi-
tional MVDR. In this simulation, the interference direction is fixed at (45°,90°),
and the azimuth of the Beidou signal is fixed to 30°. Suppose the elevation angle
varies from 0° to 90°, and the output signal SINR is plotted in Fig. 8.

As shown in Fig. 8, the output SINR of the traditional MVDR, degrades faster
than the proposed method as the altitude angle increases where the largest deficit
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can be up to 4dB when 8 approaches 90°. This can be interpreted that mismatch
of the signal steering vector gets larger as the elevation angle increases. Therefore,
the proposed method has better estimation of the steering vector which enables
a better SINR performance compared with traditional MVDR.

4.3 Beidou Signal Distortion Performance Comparison with the
Traditional MVDR

Another comparision experiment is comparing the distortion between the pro-
posed method and other commonly used methods including MVDR and PI. Here
the cross-correlation function is used to measure the distortion. All the param-
eters are set as the same as in Sect. 4.1, but the weight coefficients are solved
in different methods. And the result with the constant bias removed is shown
in Fig.9. Note that the ground truth curve is generated by sending the Beidou
signal to the CCF directly.

1 T T T T ,“(\\ T T T T
A X — %~ -Ground Truth
1@ |\ P
V2R B N — 9Pl
09 [ /7 / \ \ — *%—-MVDR 7
X/ f' \“\ \\ — -8 - Proposed method
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L 1 / i
- i / \\ \
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Fig. 9. CCF performance comparision.
As the figure illustrated, the most commonly used method, PI, would leads

to a distortion in the cross-correlation peak significantly, undermine the sym-
metry in cross-correlation peak, and the MVDR method would broaden the
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cross-correlation peak. The above phenomena in turn result in error in code
phase estimation. On the contrary, the cross-correlation peak of the proposed
method is quite close to the ground truth, indicating the desired signal is barely
distorted.

5 Conclusion

A convex conformal array signal processing model is proposed in this study, and
based on that a distortionless MVDR beamformer is introduced. The effective-
ness of the proposed method is validated by theoretical analysis and numerical
simulations. The results show that the proposed conformal array signal process-
ing model can significantly improve the estimation of the steering vector and
enhance the interference suppression performance. What’s more, the results also
show that the additional distortionless constraints can ensure the linearity of the
STAP frequency response, maintain the Beidou signal and furthermore ensure
the correct decoding of the standard receiver.
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