IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received June 14, 2020,accepted June 29, 2020, date of publication July 2, 2020, date of current version July 23, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3006627

A Real-Time Phase Center Variation
Compensation Algorithm for the Anti-Jamming
GNSS Antennas

KEJIN CAO', LEl WANG"“2, (Member, IEEE), BAO LI', AND HENGCHAO MA!

ICollege of Electronic Science, Naval University of Engineering, Wuhan 430070, China
2State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, Wuhan 430079, China

Corresponding author: Lei Wang (lei.wang @whu.edu.cn)

This work was supported in part by the National Natural Science Foundation of China (NSFC) under Grant 41704002 and Grant 41631072,
and in part by the Fundamental Research Funds for the Central Universities.

ABSTRACT The anti-jamming antenna is one of the most efficient ways to resist the adversary effect of
the interference signal in GNSS positioning. Most anti-jamming antennas can adaptively adjust the radiation
figure of the antenna to minimize the interference impact. A side effect of changing the radiation figure is
that the antenna phase center (APC) is also changed accordingly. Meanwhile, a stable phase center is a
prerequisite for high precision GNSS positioning, thus the anti-jamming and high-precision becomes a
dilemma for the GNSS antenna design. This study proposed an efficient antenna phase center variation (PCV)
compensation algorithm for the anti-jamming antennas which enables real-time high-precision applications
with the anti-jamming antennas. The performance of the algorithm is evaluated with the short baseline tests,
and the results indicate that the proposed algorithm can reduce the carrier phase residuals by compensation
of the anti-jamming antenna PCV and consequently, the 3D root mean squares (RMS) of real-time kinematic
(RTK) positioning in two experiments is improved by 42.3% and 9.7% respectively. After PCV correction,
the RTK positioning with the anti-jamming antennas achieves better than 4 cm accuracy.

INDEX TERMS Anti-jamming antenna, GNSS antenna, phase center variation, power inversion algorithm,

precise positioning.

I. INTRODUCTION

The vulnerability of the navigation signal is one of the major
challenges of the global navigation satellite system (GNSS)
[1]. Suppressing the harmful signal interference by specially
designed GNSS antenna array is the mainstream technique,
which is named anti-jamming GNSS antenna. The adaptive
array anti-jamming antenna is the main part of the GNSS
receiver to suppress the interference signals. With multi-
ple antenna elements, it is possible to change the radiation
figure of the antenna to resist the signal interferences [2].
There have been a few researchers achieved outstanding anti-
jamming performance with the antenna array technique. The
performance of the anti-jamming can be measured by the
capacity of resisting jamming-to-signal ratio (JSR). One of
the side effects of changing the antenna radiation figure is
that the phase center of the antenna also changed accordingly,
which lead adversary effect on the GNSS precise positioning.
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Kim pointed out that the controlled reception pattern antenna
array (CRPAs) produces phase deviation after using an adap-
tive algorithm [3] in 2005 and the deviation is related to the
weights of the antenna array. The phase center of the GNSS
antenna may change up to a few decimeters in extreme cases
which have a significant impact on the positioning precision.
As aresult, the precise positioning antenna and anti-jamming
antenna become a dilemma in the GNSS antenna design [4].

There have been a few researchers engaged to solve the
phase center stability problem of the anti-jamming anten-
nas, and substantial progress has been made. For example,
Konovaltsev et al. pointed out that millimeter level phase
center stability is achievable with precisely modeling the
radiation field of each array element and the transmission
characteristics of the RF front-end [5]. This method is the-
oretically rigorous but less practical. Zhao et. al revealed the
impact of beamforming on the code biases reaches a few
decimeters by simulation [4]. Wang et al. further confirmed
the phase center variation of anti-jamming antenna reaches
a few centimeters [6]. Chen et. al analyzed the phase center
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variation characteristic using a two-element antenna array [7].
Gupta discussed the availability, accuracy, and integrity of
the GNSS adaptive array antenna technology and he gave
a cross-correlation peak expression of phase deviation [8].
Unfortunately, the computation efficiency of the method is
unsatisfactory. Liu et. al examined the impact of the element
geometry configuration on the phase center variation [9].
Li et al. evaluated the performance of the phase centers
for the four-element antenna array from an array selection
perspective [10]. Cao et al. analyzed the space-time anti-
jamming algorithm and proposed a signal processing algo-
rithm of satellite navigation unbiased anti-jamming array,
which makes the code phase deviation constant [11]. Chen
proposed a space-time anti-jamming algorithm under unbi-
ased constraint, which has linear phase characteristics and
does not introduce carrier phase variation. The performance
of the algorithm is close to the minimum variance distortion-
less response (MVDR) algorithm [12], [13], but the algorithm
is too complex to implement in the resources constrained
environment. Whether the carrier phase measurement meets
the high-precision application mainly depends on the distur-
bance amplitude and phase center of the array element for
the symmetrical antenna array using the power inversion (PI)
algorithm [14]. It is a promising clue that compensating the
phase center of the antenna array efficiently is possible.

To meet the anti-jamming and high-precision requirements
simultaneously, this study analyzed the relationship between
the signal incidence angle and the phase error of the array
antenna. Consequently, we can compensate for the phase
error of the array antenna caused by the radiation change
in real-time mode. After the phase error is compensated,
a stable phase center can be expected for the anti-jamming
antennas. Compared to the MVDR algorithm, the proposed
method needs nether linear constraint nor special require-
ments of the receiver structure. The proposed algorithm is
also computational efficient so that it can be implemented on
resources constrained environment and reduce the hardware
cost for precise positioning type, anti-jamming GNSS anten-
nas. We also tested our algorithm with the field RTK experi-
ments, which confirmed the effectiveness of our algorithm.

Il. THE PCV COMPENSATION ALGORITHM FOR THE
ANTI-JAMMING GNSS ANTENNA

For the GNSS positioning applications, the position of users
can be determined by measuring the distance between the
GNSS satellite and user antenna from GNSS ranging sig-
nals. More specifically, the ‘distance’ refers to the difference
between the antenna phase center of the satellite and the
receiver. The designed phase center is stable relative to the
geometrical center of the antenna and it generally depends
on the antenna design. This designed antenna phase center
is known as the antenna phase center (APC) [15]. In reality,
the carrier phase measured by the GNSS receiver is often
referred to as the instantaneous phase center(IPC), which
depends on the signal incoming direction. Due to the imper-
fection of the GNSS antenna implementation, the IPC is nor-
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mally different from the APC and the difference between the
IPC and APC is known as the antenna phase center variation
(PCV). The antenna PCV depends on the antenna design,
which varies between millimeter to meter level. The PCV
impact is satellite-dependent, so a large PCV will degrade the
positioning accuracy, so it is always considered as an error
source in GNSS precise positioning applications [16]. For
example, the geodetic level GNSS antenna normally has its
PCYV smaller than a few millimeters [17], [18].

A standard GNSS antenna does not change its radiation
figure, so its PCV can be calibrated with long term obser-
vations. For the anti-jamming antennas, the receiver antenna
involves multiple individual antenna elements and the radia-
tion figures are adjustable according to the interference signal
direction, hence its PCV also changed with the radiation fig-
ure. It cannot be directly calibrated, so it is more challenging
to handle the PCV error of the anti-jamming antenna.
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FIGURE 1. Antenna phase center model for the anti-jamming GNSS
antenna.

A. PHASE CENTER MODEL FOR THE ANTI-JAMMING
GNSS ANTENNAS

In this study, we attempt to compensate the PCV error for
the anti-jamming antenna. At first, we need to introduce the
antenna phase model of the anti-jamming antenna. The anti-
jamming GNSS antenna often consists of multiple antenna
elements. These antenna elements form a virtual antenna.
Then, the radiation figure of the virtual antenna can be
changed by adjusting the weight of each antenna element.
The antenna phase center model for the anti-jamming antenna
can be illustrated in Figure 1. In the figure, the whole anti-
jamming antenna consists of two antenna elements. The APC
of each antenna element is denoted as OA and OB, the IPCs
of the two antenna elements for the satellite i denote as IA
and IB. The formed virtual antenna is denoted as V. The APC
and IPC of the virtual antenna are denoted as OV and IV, The
difference between OV and IV are the PCV of the virtual
antenna. Since the radiation figure of the virtual antenna
is changed according to the interference signal, the PCV
also varies accordingly. Compensating the PCV for the anti-
jamming antenna is to remove the PCV error of the virtual
antenna V.
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The proposed anti-jamming antenna PCV compensation
algorithm involves four steps and the flowchart of the algo-
rithm is illustrated in Figure 2. The purpose of the algorithm
is to enable the anti-jamming and high-precision simulta-
neously, so the first two steps are implementing the anti-
jamming function and the last two steps are designed for
antenna PCV compensation.

Identify the direction of the interference signals

h 4

Forming the virtual antenna V with the Power
inversion algorithm to resist the signal interference

h 4

Compute the instantaneous phase center of the
virtual antenna V for each satellite

Y

Compensate the phase center variation to obtain
stable carrier phase center.

FIGURE 2. The procedure of PCV compensation for the anti-jamming
antennas.

B. BEAMFORMING WITH THE POWER INVERSION
ALGORITHM

There are a few anti-jamming algorithms with the adap-
tive antenna array, such as the least mean-square (LMS),
recursive least-squares (RLS), simple matrix inversion (SMI)
[19], uniform linear array(ULA), space-time adaptive pro-
cessing (STAP) et al. [20]. Different algorithms have different
anti-jamming performance and require different inputs [21].
In this study, we use the power inversion (PI) algorithm to
form the nulling notch, which does not need prior interference
information [22]. The principle of the PI algorithm can be
described as follows.

For an antenna array with n elements, the signal received
by the ith elements is denoted as x;(¢), then the input signals
of the antenna array can be expressed as a vector, denoted as
x(n) = [x1(n), xo(n), - -+ , xy (n)]T. The PI algorithm adjusts
the weight factor of each element dynamically to change the
radiation figure of the virtual antenna. The weight factor of
the ith element is denoted as w; then the weight vector of the
array antenna can be written as w = [wy, wa, - - -, wy L. The
output of the antenna array can be expressed as [14]:

y(n) = whx(n) (1)

where y(n) is the output of the antenna array. The superscript
T means transpose of the matrix
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The optimization objective of the PI algorithm is to mini-
mize the output power of the adaptive array antenna [14]:

{Min {Pou = E [lymI?]} ®

wis =1

To ensure that the weight vector is not a zero vector, set
the constraint condition wls = 1, where s represents the
reference vector, and its weight coefficient is always 1. For
example, the first matrix element can be used as the reference
matrix element, s = [1,0, - - - ,O]T.Because the interference
signal is usually stronger than the real signal, and the objec-
tive of the optimization is to make the antenna pattern forming
a nulling notch in the interference signal incoming direction
to suppress the adversary impact of interference signals. The
stronger the interference signal, the deeper the zero notches
[23], [24], The specific implementation of the algorithm is
shown in Figure 3. In the PI algorithm, the direction of
the jamming signals can be automatically determined, so no
extra action is required to calculate the interference signal

direction.
Xlin; X2(n)  X3(n) XN(n)

cee

¥ ¥ b
g

i y(n)

FIGURE 3. The system diagram of the power inverted n-element array
model.

The output power of the array P,,; can be expressed as:
Pou = E [y | = w” Reow 3)

where R, = E [x(n)xT(n)] is the autocorrelation matrix of
the input vector x(n). The constrained optimizing problem
can be solved with the Lagrange multiplier algorithm. The
Lagrange function can be written as:

Lw)=wRqw+y (wTs — 1) 4

where y is the coefficient of Lagrange multiplier. Given the
gradient of the Lagrange function follows V,,L (w) = 0, then,
the solution of the optimal weight vector is:

-1

Wopt = Pou minRxx N 5)
o1~ . .

where Pyt min = (s R s) is the minimal output power.
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For example, the Beidou navigation satellite signal can be
expressed as:

Si(t) = aC(1)D'(t) cos(1 + ¢') (6)

where i is the satellite number, a is the signal amplitude; C(r)
is the signal ranging code; D'(z) is the data code modulated
on the signal ranging code; 6 is the signal carrier frequency;
@' is the initial phase of the signal carrier. According to the
Euler equation, the signal S'(¢) can also be expressed as:

Sl(t) — Mi(ei(91+§0) + e—j(@t+¢7)) (7)

where M’ = aCi(t)D/(t) is the amplitude of the signal. The
PI algorithm makes E [ly(n)|2] minimum, where |y(n)| is the
amplitude. It is clear that the PI algorithm only considers
the amplitude of the signal M but the variation of the phase
@ in Si(t) is not considered. When the interference signal
introduced, the weight coefficient changes and the phase ¢
will change dynamically with the signal strength, direction,
and the number of the interference signal, which leads the
phase of the signal changed. The distorted signal can be
expressed as:

Si(t) = |H(s)| (e(f)t—Hﬂi)j + e—(9t+</>i)j) (8)

where |H(s)| is the amplitude of GNSS signal, ¢; is the
distorted phase of the signal, set ¢ = ¢; — ¢, ¢ is the phase
center error caused by the beamforming procedure.

C. MODELING THE PHASE CENTER OF THE NULLING
ANTENNA ARRAY

As stated, the phase center error is introduced during the
beamforming procedure, which dynamically changed as the
interference signals. On the other hand, precise positioning
applications require a stable antenna phase center. In this
study, we attempt to model the phase center error during the
beamforming so that the phase center error can be compen-
sated in real-time.

X

FIGURE 4. The effect of the phase center drift on the signal phase.

The first step is to model the phase center of the nulling
antenna array. The effect of the phase center variation affects
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the measured signal phase. The geometrical relationship can
be illustrated in figure 4. Given one antenna element phase
center located at the origin O, a navigation satellite signal
S comes from the direction (6, ¢), where 6 and ¢ are the
zenith angle and the azimuth angle respectively. The carrier
phase of the signal S at the O point can be expressed as
Yo (0, @). If the phase center of the antenna element is shifted
to O (xo, 0, Z0), the observed phase can be expressed as:

, 2w
v (0.9) =0 0. ¢) — == |OP] &)

7 = (sinf cos g, sinf sing, cos6), so |OP| = 00 -
% = OO0’ - F. According to the reciprocity theorem,
the phase of the signal S relative to the phase center O’ can be
denoted as ¥’ (0, ). Assuming the far-field radiation pattern
function of the array antenna at the origin can be expressed

as:
fo (0, 9) = Ao (8, @) V009 (10)

where Ag (6, go)_)is the real amplitude value. Since |OP| is
far less than |R’|, then the amplitude value at O’ can be

approximated as Ag (6, ¢), and the far-field radiation pattern
function can be given as:

i[w0(@.0)-k00 7]

Jo (0,9) =Ao (0, 9)e (11)

FIGURE 5. Two-dimensional array antenna mode.

For the N element antenna array with multiple element
case. A two-dimensional GNSS antenna array composed with
N identical ideal array elements is illustrated in figure 5. All
these elements are assumed installed on the same plane. The
inter-elements space between adjacent elements is denoted as
dx and dy in ox axis direction and oy axis direction respec-
tively. For the GNSS antenna array composed of N identical
ideal elements, the antenna coordinates of any element are
denoted as F,, (x,, yu, 2n) (n = 1,2, --- , N), without consid-
ering the mutual coupling effect between elements. If the
adaptive algorithm is not applicable, its far-field radiation

VOLUME 8, 2020



K. Cao et al.: Real-Time PCV Compensation Algorithm for the Anti-Jamming GNSS Antennas

IEEE Access

pattern function (RPF) can be expressed as:

N —
O =3 A0, 9 ORI gy
n=1
If the weight of the n matrix elementis w, (n=1,2,--- ,N),

taking its conjugate w, then the far-field radiation pattern
function of the array antenna with an adaptive algorithm can

be expressed as:

N —
f6,9) =400, ) V0EO N " ywre KO (13)

n=1

If the phase pattern function (PPF) corresponding to the array
antenna is ¥ (8, @), then f (0, ¢) = Ae’? @9 where A is the
real function.

D. INSTANTANEOUS PHASE CENTER ESTIMATION

Define the antenna reference point (ARP) as the geometric
center of the antenna array, denoted as O(0,0,0), and the
far-field phase subject to the ARP is denoted as ¥ (0, ¢).
Then, the far-field phase error introduced by the phase center
O’ (x0, ¥0, z0) can be viewed as a constant, which can be
defined as:

c:w(e,@—k(o—)o’-?) (14)

where C is the constant phase bias in the satellite incidence
angle direction, which can be used to compensate the antenna
PCV.

In practice, how to precisely estimate the constant bias
C is the real challenge. Considering the far-field wave is a
spherical wave, given the sphere center O’, then the phase
biases near the satellite can be approximated viewed as C,
hence the constant bias for this particular satellite can be
estimated from the set of points. According to literature, ¢ =
0° or 90°, the two-dimensional phase center is obtained in the
direction of the main radiation lobe of xoy plane and yoz plane
respectively, and its mean value is taken as the calculated
phase center.

In this study, the point set in the region around the sphere of
its far-field are considered, and the phase values are respec-
tively set as ¢ (0, ¢;),i = 1,2,--- ,n,n > 4, then the
observation equation can be given as:

k (xq sin 6; cos ¢; + yg sin 6; sin ¢; + zg cos 6;) + C
=y 0, ¢) (15

For all the points in the set, we form a group of equations:

[ k sin 61 cos @1 k sin 01 sin ¢ k cos 6, 1
A= | ksinfrcosg,  ksinfysingy  kcosf 1
X0 ¥ (01, 1)
x=|"01,y=|¥©Os9) (16)
20 .
| C
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The observation equation can be simplified as a linear
system:

AX =y (17)

The linear equation can be solved with the least-square
estimator, given as:

X = (ATA)_IATy (18)

As aresult, the phase center (xg, Yo, zo) is estimated and the
phase center error ¢ compensation can be calculated accord-
ingly dgor., expressed in the distance unit and dgq., /A is in
the whole cycle number.

E. COMPENSATING THE PCV BIASES
The solution position of the receiver is eventually derived
from the observation equation. The pseudorange and carrier

phase observation equations of GNSS can be expressed as
[25]:

19)

Pi=p+c(dt,—8t) + 1+ T+ dpcv + ¢,
Li=p+c(ty —06t°) —1I; + T + AN; + Spcv + &4

where P; and L; are pseudorange and carrier phase measure-
ment expressed in the meter. p is the distance between the
satellite antenna PCO and the receiving antenna PCO. c is
the speed of light, 67, and §¢° are the user receiver clock
error and satellite clock error. /; and T is the ionospheric
delay on ith frequency and tropospheric delay respectively.
A; and N; are the wavelength and the carrier phase ambiguity
of ith frequency respectively, ¢, and ¢4 are pseudorange and
carrier phase measurement noise. épcy is the phase error of
the receiver antenna array. For the anti-jamming antennas,
the receiving antenna PCO is changed, so the variation of
PCO has to be compensated to meet the precise position-
ing requirement. In our approach, dpcy can be calculated
according to the weighting factors in the PI algorithm and
satellite incidence angle, and then used to compensate them
in pseudorange and carrier phase measurement. After PCV
compensated, the anti-jamming antenna virtual gains a stable
carrier phase center and capacity to support precise position-
ing applications. The flowchart of the PCV compensation
procedure is shown in Figure 6. The PCV compensation algo-
rithm is computationally efficient, so it can be implemented
in real-time.

Receiver
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Antenna array -
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I
I
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I

I

I
e |
Dlgn?l Szl PVT calculation !
processing module » }
I

I

I

I

I

I

The satellite
signal

A 4

PCV
compensation

FIGURE 6. PCV compensation procedure.
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IIl. IMPACT OF THE INTERFERENCES ON THE ANTENNA
PCV

The impact of the phase variation in beamforming can
be examined with the numerical simulation. In this study,
we focus on a 1 x 2 or 2 x 2 antenna array. Theoretically,
a two-element antenna can produce one nulling notch and
The 4 element antenna can resist up to 3 interference sig-
nals from different directions at maximum. In the simula-
tion, we assume there is one or more interference signal
presence, and then compute the weight factors according
to the PI algorithm. After that, the radiation figure change,
and the phase distortion is examined to unveil the impact
of beamforming. In this study, we checked the interference
impact on the Beidou B1I signal, whose center frequency
is 1561.098 MHz. The array element spacing is half of the
signal wavelength and we assume the antenna array suffers
from uncorrelated narrow-band interference. The jamming-
to-signal ratio was 30dB. The discussion considers the single
interference scenario and multiple interference scenarios.

A. SINGLE INTERFERENCE SCENARIOS

At first, we examined the impact of different interferences
direction and interference signal strength for the single inter-
ference scenario and the results are presented in Figure 7 and
Figure 8.

The radiation figure of the four-element antenna array
under different interference scenarios is presented in Figure 7.
The figure indicated that the gain of the antenna array is
changed according to the interference signal incidence angle.
The antenna forms nulling notch to minimize the interference
impact. The gain in a certain direction reaches about —40dB.
The adaptive antenna may work well when the jamming-to-
signal ratio (JSR) is within a certain extent.

The impact of the beamforming on the received signal
phase is illustrated in Figure 8. The figure indicates that
the impact of the beamforming on the received signal phase
may larger than 1 cycles, which is corresponding to a few
decimeter level PCV errors, hence it has to be considered for
the centimeter-level precise positioning. Generally, the phase
abnormal caused by the interference is around the interfer-
ence direction and the opposite interference direction. Some-
times the PCV error causes phase discontinuity.

B. MULTIPLE INTERFERENCE SCENARIO

It can be seen from the simulation that in the direction where
the antenna gain changes, the phase that needs to be com-
pensated also changes dramatically, and even abrupt phase
inversion occurs, which indicates that a sudden phase change
may occur even the satellite moves continuously. Without
compensation, it will cause the receiver to lose carrier phase
signal tracking. We examined the situation of three inter-
ferences, and set the interference directions to (40 °, 10 °),
(30 °, 70 °), (60 °, 130 °), and still choose the same four
satellite directions and interference The ratio is calculated,
and the antenna gain direction and phase compensation are

128710

Satellite from(40°,225°),JSR 40dB Satellite from(40°,125°),JSR 50dB

0 . 0
5 | 30| |20
-20 @ <
3
£ : op | #
[
40 © 50
30°
60 78 - 2 80

dB

Gain /dB
=
Gain /dB

Satellite from ,JSR 60dB

0°

Gain /dB

-20

Gain fdB
Gain /dB

B
S

&
=]

(b)2X 2 antenna array

FIGURE 7. The radiation figure of the antenna array under single
interference scenario.

obtained as shown in Figure 9 and Figure 10. Similarly, In
three interferences case, the antenna pattern also has an abrupt
phase change near the zero-pitched azimuth.

We examined the jamming signal power impact on the
antenna phase variation and the results are presented in Fig-
ure 11. The figure reveals the phase center variation on dif-
ferent zenith angle and azimuth angle under different JSR.
With a given jamming signal from the direction (40°, 225°),
the carrier phase variation is continuous in a weak jamming
signal scenario, but a phase jump occurs as the jamming
signal power increases. For the JSR higher than 60 dB case,
the IPC does not change anymore.

It can be seen more clearly from this figure that a 180 °
phase change occurs near the zero notches. In addition to the
interference direction, the gain nulls also appear in the non-
interference direction and causing unnecessary signal loss,
which is one of the reasons why the array antenna cannot
perform high-precision positioning.

IV. PCV COMPENSATION PERFORMANCE EVALUATION
In order to evaluate the PCV compensation algorithm, we car-
ried out the field experiment and the results are discussed in
this section.
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FIGURE 8. The impact of the beamforming on the received signal phase

under a single interference scenario.
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FIGURE 9. The radiation figure of the antenna array under three
interference scenario.

A. EXPERIMENT SETUPS

Since the antenna PCV is lumped with other biases in GNSS
measurements, so it is difficult to isolate the antenna PCV
effect directly. In this study, we use the short baseline RTK
(real-time kinematic) data processing to isolate the PCV
biases. For the short-baseline RTK scenario, the double dif-
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ferenced observations can be expressed as [26]:

AVP; = AVp + AVépcy + AVe,

20
AVL; = AVp + LiAVN; + AVépcy + AV8¢ 20)
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where AV is the double-differenced operator. The equation
indicates that the short-baseline RTK cancels out most errors
in the GNSS observations and the remained biases are the
double-differenced geometry distance, antenna PCV bias,
and double-differenced carrier phase ambiguity and receiver
noise. For the normal geodetic grade GNSS antenna, the PCV
bias is fairly small, which is normally at millimeter-level,
but it becomes non-negligible for the anti-jamming antenna.
If the antenna phase center (APC) of the reference and rover
antennas are precisely known, then the geometry term can be
further removed. The carrier phase measurement has millime-
ter level measurement noise, so it can be neglected. Although
the true value of the double-differenced carrier phase ambi-
guity is unknown, it is given as integer constant unless cycle
slips occur. If the carrier phase ambiguity is correctly fixed
to the right integer, the remaining biases can be considered
as the double-differenced PCV biases. In our experiment, the
PCV impact of the reference antenna is negligible, since the
geodetic grade GNSS antenna has fairly stable PCV. Hence,
the remaining biases in the double differenced observations
can be viewed as the single-differenced PCV bias from the
anti-jamming antenna.

Anti-Jamming
N Antenna

5. 03m

|
|
|
|
|
|
|

Q > E
eference Station 4. 05m

FIGURE 12. Experiment setup of the GNSS RTK testbed.

The experiment setup is illustrated in Figure 12.
We deployed two sets of GNSS antennas on fixed points
and one of them is an anti-jamming antenna array with two
elements. The antenna deployed on the reference station is
a commercial GNSS antenna without an anti-jamming func-
tion. The anti-jamming antenna array can form the nulling
with the power inversion algorithm introduced in section
2.2 and then reconstruct the radio frequency signals, so that
the antenna can work with the commercial GNSS receivers.
In this study, two commercial GNSS boards named ComNav
K508 are used for tracking GNSS signals. Both antennas are
capable of tracking B3 signals from the Beidou system with
center frequency 1268.52 MHz.
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The key point of our experiment is determining the refer-
ence APC of the anti-jamming antenna array. The experiment
follows a two-step procedure: (1) Compute the theoretical
PCV of the anti-jamming antenna array. (2) Evaluating the
PCV biases compensation performance with the short base-
line RTK algorithm.

B. ESTIMATING THE MEAN APC OF THE ANTENNA ARRAY
The antenna phase center (APC) of the antenna array cannot
be measured directly, since it is invisible. Therefore, we use
a two-step procedure to precisely determine the APC of the
anti-jamming antenna. Firstly, we employ the RTK algorithm
to precisely determine the APC of each element in the array.
In this step, we circumvent the anti-jamming module in the
antenna array, so the antenna elements served as a normal
GNSS antenna. In this way, the short-baseline RTK achieves
millimeter level positioning accuracy. Then, we find the mid-
dle point of the two elements and fixed it as the APC of the
antenna array. Although this method is not theoretically rigor-
ous, it achieves an acceptable accuracy. The RTK positioning
results of the two elements in the antenna array are presented
in Figure 13. The figure indicates that short-baseline RTK
is capable of determining the APC of each element at the
millimeter level. The distance between the physical centers of
the two elements is 220 mm, while the distance between the
two APC is 173.7 mm from RTK solution, which means APC
does not coincide with the physical center of the element. We
computed the baseline length between the reference antenna
and the elements 0 and elements 2 are 6.459 m and 6.303 m.
Then, the theoretical APC of the antenna array is considered
as the middle point of the two APCs and the baseline length is
6.381 m. In order to check the correctness of the APC, we also
measured the distance between the physical centers of the two
antennas with a band tape, which gives a distance of 6.35 m.
The band-tape can only measure the distance from the outside
of the antenna, which is different from the true APC of the two
antennas. But the RTK solution still achieves highly coincide
with the results from band tape, so we consider the APC of
the antenna array estimated from RTK is reliable.

C. PCV CORRECTION PERFORMANCE EVALUATION

With the reference APC determined, the PCV bias can be
isolated with RTK ambiguity fixed to an integer. Before
calibrating the PCV of the anti-jamming antenna, the carrier
phase residuals of the short baseline RTK with a standard
GNSS antenna should be examined. We fixed the coordinates
of the two elements to their reference coordinates and exam-
ine the carrier phase residuals. For the short-baseline RTK,
the success rate of the carrier phase ambiguity resolution is
almost 100%, so the carrier phase residuals follow the normal
distribution. The carrier phase residuals distribution and fitted
probability density function (PDF) of the two elements are
presented in Figure 14. The figure indicates that the carrier
phase residuals follow the normal distribution with a standard
deviation of 7.8 mm and 6.5 mm respectively. The mean value
of the carrier phase residuals is smaller than 1 mm, which can
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FIGURE 13. RTK Positioning error without the anti-jamming module
(Upper: Element 0, Lower: Element 2).
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FIGURE 14. The carrier phase residuals of the short-baseline RTK without
the anti-jamming module.

be neglected. Hence, the PCV impact on the standard GNSS
antenna for the short baseline is limited.

With elements in the anti-jamming antenna well tested,
we start evaluated the phase center variation in the anti-
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jamming mode. In order to evaluate the performance of the
PCV compensation algorithms, we carried out two tests with
different weights on the two elements. In the current stage,
we used fixed weight to control the uncertainty caused by the
weight fluctuation. As analyzed, two elements of the antenna
array are able to produce one nulling point. The experiments
were carried on 4™ June 2020 and the sky plot of the Beidou
satellites are illustrated in Figure 15. The elements 0 is used
as the reference elements with its weight always equals to 1.
The weight of element 2 is set as 0.4 and 0.8 respectively in
the two experiments.

270

270

FIGURE 15. The sky plot of Beidot?iel;tellite during the two experiments
(Upper: Weight 0.4 Lower: Weight 0.8).

The impact of PCV bias on the RTK positioning can be
inspected by examining the carrier phase residuals of the
RTK fixed solution. In our experiment, we fixed the PCV
of the anti-jamming antenna to the coordinates determined
in section 4.2. We checked the data span to ensure that
no cycle slip occurs during the whole observation period.
Then, we fixed the carrier phase ambiguity parameter to an
integer with the first epoch observations, so that the vari-
ation of the double differenced carrier phase residuals is
mainly contributed by the antenna PCV variation. Then the
GNSS observations are corrected by the PCV compensation
algorithm described in section 2 and the cumulative probabil-
ity function (CDF) of the RTK carrier phase residuals before
and after PCV compensation is presented in Figure 16. The
figure indicates that the correction of PCV can reduce the
carrier phase residuals, while the performance on the two sce-
narios is different. The improvement for the weight 0.4 case
is more significant than weight 0.8 case. After correction,
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FIGURE 16. CDF of the RTK carrier phase residuals before and after the
correction of PCV. (Upper: Weight 0.4 Lower: Weight 0.8).
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FIGURE 17. The RTK Positioning RMSE improvement after PCV correction
(Upper: Weight 0.4 Lower: Weight 0.8).

the probability of carrier phase residuals small than 4 cm
achieves 99.73% and 99.92%.

We further examined the RTK positioning accuracy by
comparing the positioning results with the reference APC
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position of the anti-jamming antenna. The root mean squared
error (RMSE) of the RTK positioning error is illustrated
in Figure 17. In the RTK positioning accuracy evaluation,
we performs the standard RTK with the observations col-
lected from the anti-jamming antenna and compares the
positioning results with the reference value. The figure indi-
cates that applying PCV correction can improve the RTK
Positioning accuracy in both scenarios. The 3D positioning
accuracy improvement for weight 0.4 and 0.8 cases reaches
42.7% and 9.3% respectively. After correction, both examples
achieve 3D RTK accuracy better than 4 cm. More specifically,
the positioning accuracy improvement is the most dramat-
ically in north to south direction which is related to the
arrangement of the antenna elements.

Another benefit of the PCV correction is improving the
reliability of RTK ambiguity resolution. In GNSS RTK data
processing, the reliability of RTK ambiguity is often mea-
sured by the ratio test value [27]. The definition of value
can be found in [28]. The larger ratio value means the fixed
integer ambiguity is more likely to be true. We also inspected
the ratio value of the RTK data processing and the results
are presented in Figure 18. The figure indicates that the ratio
value increases by 2.4% and 5.3% for the two experiments
respectively.

We further tested the computation efficiency of the
proposed algorithm. The PCV compensation algorithm is
running on a desktop with Intel i3-2310M CPU whose main
frequency 2.10 GHz. We computed 2792 samples, which
takes only 0.279 seconds, which computing each PCV correc-
tion takes only 0.074 ms. Considering the system overhead,
our algorithm is eligible to run in an embedded MCU with
several tens of MHz main frequency in real time.

D. DISCUSSIONS

The experiment has demonstrated that the proposed PCV
compensation algorithm is effective, but the improvement is
not as dramatic as expected. The reason is multi-folds. For
example, the inter-channel hardware biases may present in the
anti-jamming module, which introduces extra biases in the
real data test. The hardware biases between different elements
have been captured with the network analyzer, but it varies
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over time. The synchronization accuracy of the A/D converter
is another factor. The synthetic signals from multiple signals
should be very accurate to keep a highly accurate alignment of
the carrier phase from different elements, while it is difficult
to implement. The general anti-jamming antenna ignored
the carrier phase alignment requirement, which increases the
uncertainty of PCV variation. Another factor is the mutual
coupling of the antenna array. The modeling of the PCV
variation assumes all the elements are ideal, but this is not the
case in real data tests. Overall, we attempt to solve the PCV
compensation problem in the anti-jamming antenna, but there
are still many things worth looking into.

V. CONCLUSION

This study proposed a real-time phase center variation com-
pensation algorithm for the anti-jamming antennas to enable
high precision GNSS positioning. The phase center variation
is the bottleneck problem of applying the anti-jamming anten-
nas in high precision applications. In this study, we modeled
the phase center of the nulling antenna array by an instan-
taneous phase center (IPC) estimation algorithm. After the
IPC is estimated, the PCV caused by the power inversion
(PI) beamforming algorithm can be compensated in real-
time. The impact of PCV was examined with both sim-
ulation and real-data test. The simulation results indicate
that the PCV caused by the PI algorithm reaches 1 cycle
at maximum and the PCV presence discontinuity near the
direction of the jamming signals. The performance of the
PCV compensation algorithm is also tested with two groups
of short baseline RTK experiments with different element
weights. In the experiment, the APC of the antenna array
is firstly determined and the PCV bias is isolated by fixing
the position and carrier phase ambiguity parameters. The
test results indicated that the carrier phase residuals becomes
smaller after applying for PCV compensation. Consequently,
the RTK positioning accuracy is improved by 42.3% and
9.7% respectively. After PCV compensation, the 3D RTK
positioning accuracy achieves better than 4 cm. The results
also indicate PCV compensation also improved the reliability
of RTK ambiguity resolution, which improved the mean ratio
value by 2.4% and 5.3% respectively for the two experiments.
Meanwhile, this research also concludes that there still are
several challenges in PCV compensation of anti-jamming
GNSS antenna and hopefully the performance can be further
improved with better antenna design.
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