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ABSTRACT The phase calibration of distributed multi-node receiving system is required considering
the phase synthesis working mode of distributed radar system for echo signals. Whereas, in respect to
the traditional calibration tower and unmanned aerial vehicle scheme, there are many disadvantages. The
wide range distributed multi-node receive chain calibration method based on GNSS software receiver was
proposed in this paper, taking advantage of the software receiver to calculate and obtain the actual phase
difference among the receiving nodes as well as the coordinate information of satellites in transmitting
signal. Therefore, the phase difference resulted from different transmit path can be deleted, and the phase
inconsistencies among the receiving nodes can be obtained. Besides, the fingerprint maps database regarding
inconsistencies among nodes and two-dimensional angle of relative receiving node for satellites was
constructed in this paper, the correspondence between the omnidirectional two-dimensional angle and the
inconsistencies among different nodes was established by the actual results and two-dimensional fitting,
and the phase inconsistency results among nodes can be obtained only by solving the satellite coordinate
information. There are many advantages for the method proposed in this paper, such as slight influence of
multipath effect, capability of all-weather all-day calibration, low costs.

INDEX TERMS GNSS, distributed multi-node receiving system, phase calibration.

I. INTRODUCTION
It is required to realize the phase synthesis of the received,
especially the phase alignment of the radio frequency car-
rier required for the transmission coherence in the receiv-
ing working mode of the distributed radar system, which
puts forward high phase accuracy requirements for the time-
frequency source, baseband equipment, antenna reference
point and phase center of the system. Hence, the calibration
for receive chain is necessary.

Currently, the common methods for calibrating the receive
chain of distributed radar nodes include two types: the tower
scheme and the unmanned aerial vehicle scheme:

1. The principle of the calibration tower scheme is: the bea-
con machine is placed on the top of the standard calibration
tower, and the nodes receive the calibration signal transmitted
by the beacon machine to obtain the actual phase difference
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of the receive chain among the nodes (shown in Figure 1).
With the assistance of the electronic distance measuring
(EDM) device, the local coordinate system is established. The
coordinates of the beacon machine and the receiving node
are obtained under the same coordinate system. The phase
difference of the calibration signal caused by transmission
path between the beacon machine and different nodes can
be calculated. After removing phase difference caused by
transmission path, the phase inconsistency of the receive
chain among nodes can be obtained [1], [2], [3], [4].

The scheme is relatively mature. The relative position of
the calibration tower and the receiving nodes is fixed, and the
historical record data can be used repeatedly. The receiving
nodes calibration cost is low and conveniently to realize.
However, there are two problems limited by the height of
the calibration tower: 1) the height of the calibration tower
is low to the node distribution area causing the distant nodes
may be occluded. The working range cannot cover the nodes
distributed in a large area; 2) the low elevation angle of
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FIGURE 1. Receive chain calibration scheme based on calibration tower.

the relative node of the calibration tower leads to a strong
multipath effect seriously affects the calibration accuracy.

2. The principle of the unmanned aerial vehicle scheme is:
the unmanned aerial vehicle placed beacon machine flies to
the predetermined airspace hover (shown in Figure 2). The
range between the unmanned aerial vehicle and the node
antenna phase center is measured. The phase change of the
calibration signal caused by the path between the beacon
machine and the receiving node can be calculated. The nodes
receive the beacon signal, obtain the actual phase difference
of the receive chain among the nodes, and remove the phase
difference caused by the different transmission path to calcu-
late the phase inconsistency of the receive chain [5], [6].

The unmanned aerial vehicle’s solution can improve the
influence of low elevation angle multipath effect on cali-
bration results in calibration tower scheme. In addition, the
path of the drone can be planned so that the nodes receive
the calibration signal in all directions, thereby eliminating
the phase difference caused by the different directions of the
signal incident antenna. However, the problem with the
unmanned aerial vehicle calibration scheme is that due
to the long baseline of the distributed node (much larger
than the carrier wavelength), the coordinate measurement
error of the antenna phase center of the unmanned aerial vehi-
cle is very sensitive to the influence of the results. Although
the high-precision real-time kinematic (RTK) equipped with
the unmanned aerial vehicle can significantly improve the
accuracy of the unmanned aerial vehicle’s phase center mea-
surement, it still cannot overcome the coordinate drift prob-
lem of the unmanned aerial vehicle under the influence
of high air current. In addition, the unmanned aerial vehi-
cle calibration scheme requires the cooperation of profes-
sional pilots, and is greatly affected by the weather, which
cannot meet the low-cost all-weather all-day calibration
requirements.

Global navigation satellite system (GNSS) is a satellite-
referenced radio navigation system. Reference datums are
moving medium-orbit satellites and synchronous satellites,
whose orbits are known. At present, the existing satellite
navigation and positioning systems in the world mainly
include the GPS system of the United States, the GLONASS
system of Russia, the Beidou system of China and the
Galileo system of the European Union, providing users with
large-range, high-precision and fast positioning services.

FIGURE 2. Unmanned aerial vehicle based receive chain calibration
scheme.

The GNSS system broadcasts navigation message modulated
on the L2C (frequency 1227.6MHz, GPS as an example) car-
rier, including satellite ephemeris, satellite clock error correc-
tion parameters, ranging time markers and other information,
to users on the ground.

If the working frequency band of the distributedmulti-node
receiving system covers the L2C carrier, the software receiver
can be used to acquire and track GNSS signal, demodulate
navigation messages and other steps to extract the time-
varying WGS-84 coordinates of the satellite, so as to use
the GNSS satellite as a ‘‘beacon machine’’ to complete the
calibration of the receive chain.

The application of GNSS signal-based receive chain cali-
bration scheme has the following benefits: 1) Due to the long
distance (10,000 kilometers) of GNSS satellites to receiving
nodes, the measurement error of satellite and node coordi-
nates has little impact on the calibration results. In addition,
the satellite has a high elevation angle relative to the receiving
node, and the multipath effect has little effect; 2) The GNSS
signal transmitted by multiple satellites can simultaneously
calibrate the same receive chain in different directions to
compound results; 3) Since the relative position of satellites
and receive nodes will change over time, the scheme can
be calibrated with the receive chain in different directions;
4) GNSS satellite signals are not affected by the weather,
which can meet the requirements of all-weather all-day cali-
bration; 5) The calibration scheme costs very low because it
does not need to add any hardware but carry out the program
development of the software receiver and subsequent phase
difference calculation.

II. WIDE RANGE DISTRIBUTED MULTI-NODE RECEIVE
CHAIN CALIBRATION METHOD BASED ON GNSS
SOFTWARE RECEIVER
The basic components of the radar system are antenna, data
transmission line and processing centers which is shown
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in Figure 3. The antenna is used for receiving the RF signal
transmitted by radio source and transform the RF signal into
IF signal. The IF signal is transmitted by the data transmission
line (which called receive chain) to data processing center.
The processing center processes IF signal and obtains the
information of radio source.

In order to improve the SNR without significantly increas-
ing the cost, distributed radar technology is proposed and
applied. The distributed receiving nodes receive the RF signal
separately. Different IF signals are transmitted to data pro-
cessing center with different phase.

FIGURE 3. Signal two-dimensional search method.

The radar capabilities is affect by signal power synthe-
sis efficiency which is reflected with phase difference of
IF signals. According to previous project experience, in order
to improve the signal detection efficiency, signal power syn-
thesis efficiency cannot be lower than 80%. According to
the simulation (shown in Figure 4), in order to achieve the
requirement of signal power synthesis efficiency, the standard
deviation of signal phase difference with different number of
receive nodes cannot be higher than about 30◦.

FIGURE 4. Standard deviation of signal phase difference with different
number of receive nodes.

In the proposed method, before receiving the interested
signal, the receive chain calibration based on GNSS of the
receiving nodes should be implemented.

After receiving GNSS signal by the system, the soft-
ware receiver converts signal into IF signals and processes

acquisition, tracking and demodulation. The baseband signal
processing is realized by software, only need to change the
program settings to process other frequency bands, modula-
tion methods and coding methods. By adjusting the param-
eters to make the acquisition and tracking performance the
best, it has great flexibility.

The generated local signal is aligned with the carrier phase
of the received GNSS signal after signal tracking. The actual
phase difference among receive chains can be calculated.
The actual phase difference includes the phase difference
resulted from different transmission path and the phase incon-
sistencies between receive chains. After removing the phase
difference resulted from different transmission path, it is
considered that the phase inconsistencies of the receive chain
is obtained.

Furthermore, the fingerprint maps database regarding
inconsistencies among nodes and two-dimensional angle
of relative receiving node for satellites was constructed in
this paper. The correspondence between the omnidirectional
two-dimensional angle and the inconsistencies among dif-
ferent nodes was established by the actual result. The phase
inconsistency can be obtained only by solving the satellite
coordinate.

A. GNSS SIGNAL PROCESSING
The navigation message broadcast by the GNSS signal
contains satellite ephemeris, satellite clock error correction
parameters, ranging time mark, atmospheric refraction cor-
rection parameters and other information, providing a data
basis for GNSS system navigation and positioning [7], [9].

The purpose of GNSS signal acquisition is to identify all
satellites within the visibility range of the receiving nodes.
Due to the Doppler effect caused by the relative motion
of the satellite and the nodes, the actual carrier frequency
of the GNSS signal is different from nominal value. When
acquiring a satellite, the signals of non-target satellites can be
suppressed according to the correlation of different satellite
pseudo-codes. The received signal is mixed with the local
signal to filter out the carrier of the received signal. It is
necessary to ensure that the frequency of the locally gener-
ated signal is close to the frequency of the received signal.
In addition, in order to avoid losing useful signal components,
the initial phase of the locally generated pseudo-code must be
aligned with the beginning of the pseudo-code of the received
signal.

GNSS signal acquisition can obtain a rough estimate of
carrier frequency and code phase, and provide the track-
ing range for subsequent signal tracking, which is the first
step in GNSS navigation solution. For stationary nodes, the
Doppler frequency shift caused by relative motion does not
exceed 5kHz. Based on the intermediate frequency, set the
search step size and the search range of 5kHz. The code phase
search step size can be set according to the acquisition accu-
racy requirements. The basic principle of two-dimensional
search of GNSS signal is shown in Figure 5.
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FIGURE 5. Signal two-dimensional search method.

It is necessary to design a frequency and code phase track-
ing loop to track changes in Doppler frequency shift and
code phase, and realize synchronization between the locally
generated signal and the carrier phase and pseudo-code in the
GNSS signal, so as to continuously demodulate the naviga-
tion information.

The tracking loop includes a code tracking loop and a
carrier tracking loop, and working principle is shown in
Figure 6. The local carrier generator generates a local carrier
signal with a phase difference of 90◦ on in-phase branch
and quadrature branch. Local pseudo-code generator generate
early, present and lagging codes in I branch and Q branch
respectively. The IF signal received by the receiver is multi-
plied and mixed with the carrier replication signal generated
by the local carrier generator in the IQ branches through a
mixer respectively. Signals I and Q is then correlated with
the early, present and lagging codes and obtain I_E, I_P, I_L,
Q_E, Q_P and Q_L after integral accumulation. Then, I_P
andQ_P are used as the input of the carrier loop discriminator,
and I_E, I_L, Q_E, and Q_L are used as the input of the
code loop discriminator. Finally, the outputs of carrier loop

FIGURE 6. GNSS signal tracking.

discriminator and code loop discriminator are respectively
input to carrier loop filter and code loop filter, and the filtering
results are used to adjust the output phase and frequency
of the respective local carrier and pseudo-code, so that the
local carrier and pseudo-code are consistent with the received
signal [10].

After the GNSS signal tracking loop is locked, the original
navigation message can be output (1000bps), and the 50Hz
navigation message can be obtained after performing bit syn-
chronization, sub-frame synchronization, and parity check
on the data. Extract information such as orbital perturbation
parameters, time parameters, and Kepler parameters for cal-
culating GNSS satellite parameters are obtained by decoding
the navigation message. The process is shown in Figure 7.

FIGURE 7. Navigation message decoding.

B. PHASE INCONSISTENCY CALCULATION OF RECEIVE
CHAIN
Considering that after the receiving nodes are put into use, the
antenna coordinates will be determined accordingly. In order
to simplify the process without loss of generality, we con-
sider setting the antenna in a specific state (for example, the
antenna is vertically facing the sky), and obtain the WGS-84
coordinates of the phase center of the antenna in this
state through a high-precision position measurement scheme.
When the orientation of the antenna changes, the coordinates
of the phase center of the antenna in the new state can be
deduced by establishing a coordinate system with the phase
center of the antenna as the local coordinate system.

The ephemeris of a satellite can be viewed as a function
of the independent variable in time of the satellite’s motion.
The coordinates (xsat , ysat , zsat) of the T moment satellite can
be obtained through the CNAV decoding module of the soft-
ware receiver and the satellite coordinate calculation module.
The coordinate of the satellite’s WGS-84 is (xsat , ysat , zsat),
transmitting GNSS data segment S. The data segment S is
received by node A and node B (phase center coordinates are
calibrated by high-precision position measurement method,
(xA, yA, zA), (xB, yB, zB), respectively) through different path
transmissions. The phase detector of the software receiver
produces the actual phase difference ϕe of data segment S
between two receive nodes. This carrier phase difference
mainly contains two parts: one is the phase difference ϕrange
caused by the different transmission path R, and the other is
the phase inconsistency of the receive chain between the two
nodes 1ϕ. It can be expressed as:

ϕe = ϕrange +1ϕ (1)
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Combined with the coordinates of the satellite and the nodes,
the phase difference ϕrange caused by different transmission
path R can be calculated as:

ϕrange = rem (R, λ)
/
λ ∗ 2π

R =

√
(xsat − xB)2 + (ysat − yB)2 + (zsat − zB)2

−

√
(xsat − xA)2 + (ysat − yA)2 + (zsat − zA)2

(2)

Among them, rem (A, B) is the remainder of A divided
by B, and λ is the wavelength of GNSS signal; (x0, y0, z0)
is coordinate of receiving antenna phase center. We assume
that R is positive.

The receive chain phase inconsistency between two nodes
can be reduced to:

1ϕ = ϕe − ϕrange = ϕe − rem (R, λ)
/
λ ∗ 2π (3)

The above process is shown in Figure 8:

FIGURE 8. Schematic diagram of two nodes receiving GNSS signals.

C. CONSRTUCTION OF FINGERPRINT MAPS DATABASE
It is easy to know that the elevation angle θ , azimuth angle α
and distance r of the satellite obtained under the local ENU
coordinate system established with the antenna phase center
of the receiving node as the origin uniquely correspond to the
phase inconsistency 1ϕ of the receiving chain. This paper
considers adopting two-dimensional directional angle finger-
print database for the phase inconsistency between the two-
dimensional direction angle-node, so that when the satellite

coordinates are settled, the corresponding inter-node phase
inconsistencies can be searched in the fingerprint database,
and the receive chain calibration between nodes can be
quickly completed.

And in the process of constructing the fingerprint database,
when enough data is collected, fitting can be performed
to complete the establishment of the omnidirectional fin-
gerprint database. At this time, considering the use of
two-dimensional angle fingerprint library is more accurate
than the satellite WGS-84 coordinates three-dimensional fin-
gerprint database, less measurement points are required.

The conversion process is shown as below: e
n
u


=

 − sin (lon0) cos (lon0) 0
− sin (lat0) cos (lon0) − sin (lat0) sin (lon0) cos (lat0)
cos (lat0) cos (lon0) cos (lat0) sin (lon0) sin (lat0)


·

 xsat
ysat
zsat

 −

 x0
y0
z0

 (4)

(xsat, ysat , zsat) is the WGS-84 coordinate of the satellite;
(x0, y0, z0) is the WGS-84 coordinate of the antenna phase
center; lon0, lat0, alt0 is the longitude, latitude and altitude
of the antenna phase center, which can be obtained by high-
precision measurement.
The elevation angle θ , azimuth angle α and distance r of

the satellite can be calculated by the following equation:

θ = arcsin
(

u
√
e2 + n2 + u2

)
α = arctan

( e
n

)
r = u (5)

During the operation of the satellite, the WGS-84
coordinates at two moments are (xsat1, ysat1, zsat1) and
(xsat2, ysat2, zsat2)(shown in Figure 9). The elevation angle,
azimuth angle and distance to the antenna phase center
(x0, y0, z0) are (θ1, α1, r1) and (θ2, α2, r2) respectively. The
phase inconsistencies are calculated as 1ϕ1 and 1ϕ2. And
the correspondences can be expressed as:[

(θ1, α1) ⇔ 1ϕ1
(θ2, α2) ⇔ 1ϕ2

]
(6)

After continuously collect the data of the specific satellite
(which can be determined by the pseudo-code PRN number),
considering the smoothness of the satellite’s orbit, a com-
plete fingerprint map can be established by two-dimensional
fitting:

[A ⇒ B] =


(θ1, α1) ⇔ 1ϕ1
(θ2, α2) ⇔ 1ϕ2

. . .

(θn, αn) ⇔ 1ϕn

 (7)
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FIGURE 9. Schematic diagram of establishing a two-dimensional angle-
phase inconsistency fingerprint library during satellite motion.

[A ⇒ B] indicates that the ENU coordinate system is estab-
lished with the antenna phase center of node B, and the
phase inconsistency of the receiving chain between NodeA
to NodeB. When there are N distributed nodes, it is necessary
to establish correspondences with number of C2

N . If we build
[A ⇒ B], the [B ⇒ A] can be easily obtained:

[B ⇒ A] =


(θ1, α1) ⇔ −1ϕ1
(θ2, α2) ⇔ −1ϕ2

. . .

(θn, αn) ⇔ −1ϕn

 (8)

III. EXPERIMENT RESULT
The verification system is shown in Figure 10. There are three
satellites transmit GNSS signals which PRN are 5, 15 and 18.

We built an experiment verifying system which the receiv-
ing nodes are distributed in the 2km∗1.5km area. The atmo-
spheric transmission delay can be considered unanimous
under the short baseline (kilometer level) condition. The
distributed nodes are marked as NodeA, NodeB. . . , NodeN.
All the nodes are connected with data processing module
which is used to process GNSS signals and calculate actual

FIGURE 10. Schematic diagram of distributed node verification test
system.

phase difference. The different receive chain of nodes to data
processing model leads to phase inconsistency.

After continuously collect the data and two-dimensional
fitting, a system complete fingerprint map is built up.
The system complete fingerprint map is shown as follows,
equation (9), as shown at the bottom of the page.

We receive satellite data for another time. After solv-
ing the coordinates of the satellite, the phase inconsisten-
cies can be searched from the system complete fingerprint
map. The phase inconsistencies between NodeB to NodeA,
NodeC to NodeA, NodeC to NodeB are shown in Figure 11
and Table 1. The average phase inconsistency of NodeB to
NodeA is 4.01◦, 7.24◦ and 7.65◦ results from satellite PRN5,
PRN15 and PRN18 respectively. So the phase inconsistency
of NodeB to NodeA can be regarded as 6.3◦. Similarly, the
phase inconsistencies of NodeC to NodeA and NodeC to
NodeB can be calculated as 15.74◦ and 10.91◦. The standard
deviation of phase inconsistency can also be calculated as
2.29◦, 1.81◦ and 2.41◦. It can be seen that, within 60s sig-
nal receiving, the phase inconsistencies of nodes is stable.
The results of three satellites are so close, proving that the

PRN5/15/18 =



[B ⇒ A] =


(θ1, α1) ⇔ 1ϕ1
(θ2, α2) ⇔ 1ϕ2

. . .

(θn, αn) ⇔ 1ϕn



[C ⇒ A] =


(θ1, α1) ⇔ 1φ1
(θ2, α2) ⇔ 1φ2

. . .

(θn, αn) ⇔ 1φn

 [C ⇒ B] =


(θ1, α1) ⇔ 1ξ1
(θ2, α2) ⇔ 1ξ2

. . .

(θn, αn) ⇔ 1ξn

 · · ·

...
...

. . .

[N ⇒ A] =


(θ1, α1) ⇔ 1ψ1
(θ2, α2) ⇔ 1ψ2

. . .

(θn, αn) ⇔ 1ψn

 [N ⇒ B] =


(θ1, α1) ⇔ 1ζ1
(θ2, α2) ⇔ 1ζ2

. . .

(θn, αn) ⇔ 1ζn

 · · ·



(9)
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FIGURE 11. The phase inconsistency changes within 1 min. (a) NodeB to
NodeA; (b) NodeC to NodeA; (c) NodeC to NodeB.

proposed method is feasible. By the same way, the phase
inconsistencies of other nodes and satellites can also
obtained.

Considering the antenna anisotropy, we experiment more
GNSS data for calibration the same nodes as shown before.

The results of phase inconsistency of nodes (NodesA/
NodesB/ NodesC) with long-term operation are shown in
TABLE 2 & TABLE 3.

It can be seen that, the standard deviation of phase inconsis-
tency of distributed nodes can be controlled within 30◦, which
make the signal power synthesis efficiency higher than 80%.
The calibration of multiple satellites with different direction
at same time verify the advantage of the proposed method.

TABLE 1. Phase inconsistency of nodes.

TABLE 2. Phase inconsistency of nodes (afternoon).

TABLE 3. Phase inconsistency of nodes (night).

It can be also shown that, the proposed method can meet the
requirements of all-day calibration.

IV. CONCLUSION
We propose a wide range distributed multi-nodes receive
chain calibration method based on GNSS software receiver.
The actual phase difference among receiving nodes can be
calculated by software receiver, after deleting phase differ-
ence resulted from different transmitting path, the phase
inconsistencies among the receiving nodes can be obtained.
Besides, the fingerprint maps database regarding inconsis-
tencies among nodes and two-dimensional angle of relative
receiving node for satellites was constructed in this paper.
After continuously collect actual data and two-dimensional
fitting, a system complete fingerprint map is built up. The
inconsistency result can be obtained only by solving the
satellite coordinate information. We built up a distributed
multi-nodes system to verify the proposed method. The
long-term experiment results shows that, within 60s sig-
nal receiving, the phase inconsistencies of nodes is stable.
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The results of three satellites are so close, proving that the
proposed method is feasible. The method proposed in this
paper has many advantages such as slight influence of multi-
path effect, capability of all-weather all-day calibration, low
costs and so on.
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