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Abstract

This paper proposes a passive in-orbit calibration method for phased array antennas using
GNSS carrier-phase measurements. By performing synchronous observation and exploiting
the short-baseline property between the positioning antenna and array elements, the first
differencing operation eliminates space propagation errors and clock biases. By further
utilizing receiver channel consistency, the second differencing operation cancels out the
receiver channel errors, thereby extracting the relative receive-chain phase error of the
element under test. Under typical operating conditions, the calibration accuracy can reach
an RMS error of approximately 3.02 mm, corresponding to a phase accuracy of 5.72◦ in the
GPS L1 band. This accuracy is close to the 5.625◦ minimum phase step of a 6-bit digital
phase shifter, and can be further improved under higher C/N0 and well-controlled residual
error conditions. Without requiring a dedicated GNSS band excitation signal, this method
avoids co-frequency self-interference with the positioning antenna, which provides an
auxiliary approach for in-orbit calibration of phased array receive chains.

Keywords: phased array antennas; in-orbit calibration; GNSS carrier-phase; co-frequency
self-interference

1. Introduction
Spaceborne phased array antennas operating in the GNSS band have become impor-

tant payloads on LEO satellite platforms because of their millisecond-level beam agility,
multibeam spatial multiplexing capability, and high gain. However, cyclic temperature
variation, high-energy particle radiation, and component aging in the in-orbit environment
can cause drift in the amplitude and phase characteristics of T/R channels, which degrades
system reliability [1–4]. To compensate for the resulting distortion, phased array antennas
must be calibrated periodically.

A common calibration approach is the rotating element electric field vector (REV)
method, which analyzes amplitude and phase errors by sequentially rotating the phase
of a single channel and measuring the resultant power variation. This method has low
hardware requirements, but it suffers from long calibration time, weak power fluctuation of
a single element, and poor SNR in far-field observation [5–7]. Another method is orthogonal
coding, in which each T/R channel is assigned an orthogonal code sequence. This method
allows all elements to be activated in parallel and greatly improves the calibration speed,
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but it also increases the complexity of the baseband hardware [8–10]. These methods are
therefore not ideal for LEO satellite platforms with limited onboard resources.

From the viewpoint of system architecture, calibration methods can be divided into
internal calibration and external calibration, depending on whether the calibration loop
includes the antenna aperture and free-space [11,12]. Internal calibration relies on the inter-
nal RF coupling network. It enables high-frequency closed-loop monitoring without being
affected by the external environment, but it still leaves residual calibration errors [13,14].
External calibration uses an external radiation source to perform an end-to-end measure-
ment. It captures the combined effects of internal hardware and the external environment,
and therefore reflects system characteristics more completely [15].

As shown in Figure 1, conventional external calibration methods usually require an
excitation source. During in-orbit calibration, the excitation source radiates a reference
signal toward the antenna aperture, and the corresponding calibration quantities are
obtained by measuring and comparing the phase responses of different receive channels.
For a spaceborne phased array operating in the GNSS band, the excitation source must
operate within or near the GNSS frequency band to match the frequency. Therefore,
the excitation signal can be received not only by the phased array elements, but also by
the positioning antenna. This signal may then cause co-frequency interference with the
GNSS satellite signals used for orbit determination. Such self-interference can degrade the
positioning function performance and pose a serious risk to platform safety.

Figure 1. Comparison between the proposed method and the conventional external calibration
method. The proposed method uses visible GNSS satellites as passive radiation sources, whereas
the conventional method relies on an onboard GNSS band excitation source, which may introduce
co-frequency self-interference to the positioning antenna.

To address this issue, passive calibration based on signals of opportunity, namely GNSS
signals, is considered. Anantharamu et al. proposed an array calibration algorithm based
on GNSS signals and orthogonal projection, and verified its feasibility in beamforming and
direction-of-arrival (DoA) applications using hardware simulation and real GPS signals [16].
Schuss et al. proposed the SatCal method, which uses echoes generated when satellites
are illuminated to calibrate large-scale phased arrays, thus avoiding complex near-field
testing [17,18]. Wang et al. proposed a method that uses spaceborne measurements to
retrieve the gain patterns of the receiving antennas on GPS and CYGNSS satellites, further
demonstrating the feasibility of phased array calibration based on GNSS observations [19].

Recent studies on GNSS processing and sensor array calibration also support the
feasibility of low-overhead, reference-based measurement strategies. Zhang et al. improved
weak GNSS signal acquisition using an SFFT-based fast acquisition algorithm [20], while
Li et al. emphasized the role of robust time synchronization in GNSS/IMU integrated
navigation [21]. For sensor arrays, Zhang et al. demonstrated that internal-reference
calibration with explicit error modeling can improve calibration robustness [22]. These
works motivate the use of existing GNSS signals and well-defined error models for auxiliary
in-orbit calibration.
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Inspired by these studies, this article investigates an auxiliary in-orbit calibration
method for spaceborne phased array antennas using visible GNSS satellites and double-
differenced carrier-phase observations. The objective of this method is to calibrate the
relative receive-chain phase of the selected array element with respect to that of the reference
element, rather than to perform complete far-field array calibration. Factors required for
full-aperture calibration, such as phase center variation and scan-angle dependence, are
assumed to have been characterized through pre-launch ground calibration and are treated
in this work as predetermined parameters or residual error sources.

Under the short-baseline synchronous observation condition and the receiver chan-
nel consistency assumption, the double-differencing process can suppress the effects of
common propagation errors, clock-related terms, and receiver channel contributions. The
resulting phase estimate can then be used as an auxiliary calibration quantity and compared
with the pre-launch calibrated data to evaluate and correct the relative receive-chain phase
deviation of the selected array element.

The main contributions of this work are summarized as follows. First, a passive
in-orbit calibration framework using visible GNSS satellites as signals of opportunity is
proposed, avoiding the need for a GNSS band excitation source and thereby reducing
the risk of co-frequency self-interference with the positioning antenna. Second, a double-
differenced carrier-phase formulation is developed to isolate the relative receive-chain
phase error of a selected element with respect to a reference element. Third, a stochastic
link-budget model and a residual error budget are introduced to evaluate the practical
calibration accuracy under realistic operating conditions, demonstrating the potential of the
proposed method for in-orbit phase-drift monitoring and auxiliary receive-chain calibration
of LEO phased arrays.

2. Materials and Methods
Consider a 6 × 6 phased array antenna installed on a LEO satellite. A satellite body-

fixed coordinate system O-xyz is established, with the center of element 1 taken as the
origin. The positions of the other 35 elements are defined relative to element 1. The position
vector of the n-th element (n = 1, 2, . . . , 36) is written as rn = [xn, yn, zn]

T

The GNSS satellite used as the radiation source is approximately 20,000 km away
from the LEO satellite. This distance is much larger than the aperture size of the phased
array. Therefore, the electromagnetic wavefront across the array can be treated as an ideal
plane wave.

2.1. GNSS Signal Reception

Assume that the GNSS signal arrives from the direction (θ, φ), where θ is the elevation
angle, φ is the azimuth angle, λ is the carrier wavelength, and the unit vector pointing
toward the signal source is u(θ, φ) = [cos θ cos φ, cos θ sin φ, sin θ]T .

The electromagnetic wavefront reaches the n-th element with a time delay or advance
relative to the reference element. The path difference ∆dn is the projection of the position
vector onto the propagation direction. Let c denote the speed of light in vacuum. As shown
in Figure 2, the time delay tn is

tn(θ, φ) =
∆dn

c
= − rT

n u(θ, φ)

c
(1)
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Figure 2. Geometric relationship between antenna elements and the incident GNSS signal.

Since the bandwidth of the GNSS signal is much smaller than the L-band carrier
frequency, the signal envelope can be treated as unchanged. The inter-element delay effect
can be simplified to a carrier phase shift [23]. The steering vector of the nth element and
the array manifold vector can be written as

an(θ, φ) = exp(−jω0τn) = exp
(

j
2π

λ
rT

n u(θ, φ)

)
(2)

a(θ, φ) =


1

exp
(

j 2π
λ rT

2 u(θ, φ)
)

...
exp

(
j 2π

λ rT
Nu(θ, φ)

)

 ∈ CN×1 (3)

Mutual coupling is not explicitly included in (3). The proposed method aims to
estimate the relative receive-chain phase of the selected array element with respect to the
reference element, rather than to perform complete full-aperture far-field array calibration.
Moreover, the phased array operates in a receive-only mode during the proposed calibration
procedure; no array element is actively excited or used for signal transmission.

In calibration mode, as shown in Figure 3, the microwave switch matrix ensures that
only one array element is selected at a given time, while all the remaining elements are
terminated with matched loads. This configuration can effectively suppress signal leakage
through unselected receive channels and reduce coupling contributions caused by load
reflections. Nevertheless, the passive scattering and embedded element responses are not
assumed to vanish. These effects are regarded as intrinsic aperture characteristics of the
array and should be characterized during pre-launch ground calibration. Therefore, in this
work, they are treated as predetermined parameters or residual error sources, rather than
quantities directly solved by the proposed double-differenced carrier-phase method.

After the signal is received by an array element, it passes through RF components
such as the low-noise amplifier, power divider, digital phase shifter, and transmission cable.
Differences among these components introduce unknown amplitude and phase errors.

First, we need to analyze the impact weights of amplitude and phase errors on an-
tenna performance. For this purpose, a numerical simulation is conducted by introducing
random amplitude and phase errors into the array excitation and evaluating the resulting
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degradation of the radiation characteristics. The simulation parameters and evaluation
metrics are listed in Table 1 and Table 2, respectively.

Figure 3. Schematic diagram of the system architecture: antenna elements, microwave switch matrix,
beamforming network, and receiver channels.

Table 1. Simulation parameter settings.

Parameter Description Value

Array configuration Uniform planar array located on the x-y plane 6 × 6 uniform planar array
Normalized wavelength Normalized wavelength modeling is adopted 1

Element spacing Half-wavelength spacing 0.5λ (x and y directions)
Desired beam direction The array broadside direction θ0 = 0◦, ϕ0 = 0◦

Principal-cut scanning range Angular range for the principal-cut pattern −60◦ to 60◦

Principal-cut scanning step Angular interval between adjacent
scanning points 0.05◦

Principal-cut azimuth angle The ϕ = 0◦ azimuth cut is observed ϕ = 0◦

Amplitude error Uniform random amplitude errors ±2, ±2.5, ±3, ±3.5 dB
Phase error Uniform random phase errors ±20◦, ±30◦, ±40◦, ±50◦

Number of Monte Carlo trials Used to calculate the mean and
standard deviation 200

Two-dimensional u-v search range Search range for the two-dimensional
main-beam peak |u|, |v| ≤ sin(60◦)

Two-dimensional u-v search step A smaller step improves
pointing-search resolution 0.02

The amplitude and phase errors are modeled as independent uniformly distributed random variables. For a given
amplitude error bound Aerr, the amplitude error of each element follows ∆Gn ∼ U (−Aerr, Aerr) in dB. For a given
phase error bound Perr, the phase error of each element follows ∆ϕn ∼ U (−Perr, Perr) in degrees.
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Table 2. Evaluation metrics and calculation formulas.

Metric Calculation Formula

Normalized radiation pattern PdB(θ) = 10 log10

(
P(θ)

max P(θ)

)
Synthesis efficiency

η =

∣∣∣∑N
n=1 ejk(u0xn+v0yn)an

∣∣∣2
N ∑N

n=1 |an|2
Two-dimensional pointing error ∆α = cos−1(upu0 + vpv0 + wpw0

)
3-dB beamwidth HPBW = θR − θL

Peak sidelobe level PSL = 10 log10

(
max Psidelobe

Pmax

)
Monte Carlo mean value x̄ =

1
M ∑M

m=1 xm

Monte Carlo standard deviation σ =

√
1

M − 1 ∑M
m=1(xm − x̄)2

Here, N denotes the total number of array elements, M denotes the number of Monte Carlo trials, an denotes the
actual excitation of the n-th element, (u0, v0, w0) denotes the unit direction vector of the desired beam direction,
and (up, vp, wp) denotes the unit direction vector of the actual main-beam peak.

Figure 4 compares the principal-cut radiation patterns under random amplitude and
phase errors. It can be observed that amplitude errors have only a limited influence on the
main beam, and their main effect is reflected in slight sidelobe fluctuations. In contrast,
phase errors cause more evident pattern degradation, including main-beam distortion,
sidelobe deterioration, and beam pointing deviation.

Figure 4. Array pattern under the influence of random amplitude and phase errors.

To further quantify the different effects of the two error types, Monte Carlo simulations
are performed, and the statistical trends of several array-performance metrics are shown in
Figure 5.

The results show that the synthesis efficiency decreases only slightly under increasing
amplitude errors, whereas it decreases much more significantly under increasing phase
errors. A similar tendency is observed for the two-dimensional pointing error: amplitude
errors introduce almost no beam pointing deviation, while phase errors lead to a continu-
ously increasing pointing error. The 3-dB beamwidth remains relatively stable in both cases,
indicating that the main-lobe width is not the most sensitive metric in this simulation. How-
ever, the peak sidelobe level deteriorates more evidently under phase errors than under
amplitude errors. These results provide quantitative evidence that phase errors dominate
the degradation of synthesis efficiency, pointing accuracy, and sidelobe performance.
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Figure 5. Trend comparison with increasing random amplitude and phase errors. The upper and
lower x-axes represent amplitude error bounds in dB and phase error bounds in degrees, respectively;
they are used for trend comparison and do not imply dimensional equivalence.

Therefore, in the present system, the array synthesis efficiency and pointing accuracy
are mainly determined by phase errors, while amplitude errors are less critical. Since
Gao et al. have already proposed an in-orbit amplitude calibration method for phased array
antennas [24], the present work focuses on phase calibration.

The 6 × 6 uniform planar array adopted in the simulation can be regarded as a repre-
sentative moderate-scale configuration. This configuration contains a sufficient number of
elements to exhibit typical two-dimensional array characteristics, while still allowing clear
radiation pattern visualization and statistically stable Monte Carlo analysis.

In addition, the proposed framework can be extended to larger-scale arrays. Since
the array elements are sequentially selected, the calibration process essentially estimates
the relative receive-chain phase of each selected element with respect to the receive-chain
phase of the reference element. Therefore, when the method is extended to larger arrays,
the main cost is an approximately linear increase in calibration time.

It should be noted that if all elements can be calibrated within the observation interval
of one visible GNSS satellite, the same reference element can be used throughout the
entire procedure. If the array is too large to complete the calibration of all elements within
the available observation interval of a single GNSS satellite, the array can be divided
into multiple subsets and calibrated sequentially. For example, elements 1–20 may be
calibrated using one GNSS satellite in the first interval. After switching to another GNSS
satellite, element 1 should be re-observed first, and the calibration can then continue for
elements 21–40.

A signal reception model with channel errors is established by defining the complex
gain of the nth channel as gn = αn exp(jφe,n) [25], where αn is the amplitude gain error and
φe,n is the additional phase delay introduced by the antenna, cable, and RF circuitry. The
total phase delay of the nth element is written as

https://doi.org/10.3390/electronics15122734
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φn = φd,n + φe,n + φo,k (4)

where φd,n is the digital phase shifter setting, which is known and is set to zero during
calibration, and φo,k is the receiver channel delay (detailed in Section 3). Let s(t) denote the
complex envelope of the signal. Then the received signal at the nth element and the array
output are

xn(t) = gns(t) exp(jω0t)an(θ, φ)

= αn exp(j(φd,n + φe,n))s(t) exp(jω0t) exp
(

j
2π

λ
rT

n u(θ, φ)

) (5)

x(t) = Γa(θ, φ)s(t)ejω0t (6)

where Γ = diag{g1, g2, . . . , gN} is the array error matrix. The goal of calibration is to
estimate the phase terms in Γ, namely the relative phase delay of element n with respect to
element 1, defined as ∆φe,n = φe,n − φe,1.

2.2. Carrier-Phase Observation Equations

To estimate the unknown phase φe,n, GNSS carrier-phase measurement is adopted.
The system includes a positioning antenna and the phased array elements under testing.
The positioning antenna is an independent hemispherical-beam antenna used for precise
orbit determination of the LEO satellite. Its phase center is known and stable, so it is used
as the calibration reference.

For the same GNSS satellite, the carrier-phase observation of the positioning antenna is
denoted by Φr, and that of the nth phased array element is denoted by Φn. The observation
equation for the positioning antenna is

Φr = φr +
2π

λ
(Rr + λNr + Ψcom) + εr (7)

where φr is the phase delay of the positioning antenna and its RF front end, Rr is the
geometric distance from the positioning antenna phase center to the transmitting antenna
phase center of the GNSS satellite, Nr is the carrier-phase integer ambiguity, Ψcom is the
combined error term including ionospheric delay, tropospheric delay and receiver clock
bias, and εr is the thermal noise error.

In calibration mode, the microwave switch matrix selects only the nth phased array
element for reception, while all other elements are terminated with matched loads. At the
same time, the digital phase shifter of that element is set to zero. After continuous tracking
for a certain period, the carrier-phase observation of the selected element is

Φn = φn +
2π

λ
(Rn + λNn + Ψcom) + εn (8)

where φn is the total phase delay of the nth channel, Rn is the geometric distance from
the phase center of the nth phased array element to the GNSS transmitting antenna phase
center, Nn is the integer ambiguity of that channel, and εn is the thermal noise error.

2.3. Double-Difference Calibration Principle

A single observation equation cannot separate the total phase delay φn. There-
fore, a first differencing operation is performed by exploiting spatial correlation. At the
same time, the carrier-phase observation of element n is differenced with that of the
positioning antenna:

https://doi.org/10.3390/electronics15122734
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∆Φn = Φn − Φr = (φn − φr) +
2π

λ
[(Rn − Rr) + λ(Nn − Nr)] + (εn − εr) (9)

The positioning antenna and the phased array are physically close to each other. They
also share the same high-stability clock source and are sampled synchronously. From the
viewpoint of the GNSS satellite, two signal propagation paths are nearly identical. Under
this short-baseline and synchronous observation condition, Ψcom acts as a common-mode
error and is therefore canceled directly.

If the satellite attitude and the installation position of the positioning antenna are
known, the path difference between the positioning antenna and element n, denoted by
ρ(n) = Rn − Rr, can be calculated from the same geometric relationship shown in Figure 2.
Here, ρ(n) corresponds to the path difference ∆dn in Figure 2, but the reference point is
changed from element 1 to the positioning antenna. Let bn be the baseline vector from
the positioning antenna to element n, and let L = ∥bn∥. Therefore, the path difference is
obtained as the projection of bn onto the incident direction of the GNSS signal:

ρ(n) = Rn − Rr ≈ −bT
n u(θ, φ) = L cos α (10)

The integer carrier-phase ambiguity term does not affect the final beam pointing. Only
the phase offset within one wavelength is of interest. After rearranging the terms, we obtain
∆φn, namely the phase difference between array element n and the positioning antenna:

∆φn = (φn − φr) = −
[

∆Φn +
2π

λ
ρ(n) + (εn − εr)

]
(11)

Here, ∆Φn is measured and ρ(n) is known. The residual noise term mainly comes from
the thermal noise of the carrier-tracking phase-locked loop (PLL) in the GNSS receiver [26].
Its effect on the calibration result will be discussed in Section 3 and is neglected here.

To eliminate the delay of the positioning antenna φr, a second differencing operation
is performed. Under typical conditions, full-array calibration of a 6 × 6 spaceborne phased
array can be completed within 10 min. During this period, the thermal control system can
maintain a relatively constant device temperature, so φr can be treated as constant. Taking
the single-difference result of element 1 as reference, the second difference for any element
n is

∇∆φn = (φn − φr)− (φ1 − φr) = φn − φ1 (12)

The total phase delay φn contains three terms, among which φo,k is the receiver channel
delay after the beamforming network. If k beams need to be synthesized, the receiver
has k backend channels, and any one of them can be used for calibration. With all output
signals from the beamforming network routed through the same channel, the φo,k can be
eliminated. Since the phase shifters are set to zero, the second difference becomes (assume
channel 1 is selected for reception)

∇∆φn = (φe,n + φd,n + φo,k)− (φe,1 + φd,1 + φo,1)

= (φe,n + 0 + φo,1)− (φe,1 + 0 + φo,1)

= φe,n − φe,1 = ∆φe,n

(13)

Thus, the relative additional phase error of element n with respect to element 1 is
isolated successfully. The microwave switch matrix subsequently switches to the next
element, and the same procedure is repeated until the entire array is calibrated. The overall
calibration procedure is illustrated in Figure 6.
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Figure 6. Flowchart of the calibration process.

3. Results
To further verify the accuracy of the proposed method, a Monte Carlo simulation is

conducted in this section. It should be emphasized that the calibration objective of this
work is not full-aperture far-field electromagnetic calibration, but rather the estimation
of the relative receive-chain phase error of the selected array element with respect to the
reference element. Therefore, the embedded element phase, PCV, mutual coupling, and
residual phase errors caused by the installation are considered as residual errors after
pre-launch ground calibration.

The double-difference calibration residual of the n-th array element can be written as

εn = εPLL,n + εgeo,n + εref,n + εmp,n + εsw,n + εtime,n + εcom,n (14)

where the definitions of the error terms are summarized in Table 3.
Cycle slips or phase resets are handled through carrier-tracking quality control and

are not included as regular error terms in the nominal simulation.
The thermal noise of the carrier tracking loop is calculated using the Costas-loop

model. For a given carrier-to-noise density ratio C/N0, the relationship is expressed as

σPLL =
λ

2π

√
BL

C/N0

(
1 +

1
2TC/N0

)
(15)

where λ is the wavelength of the GPS L1 carrier, BL is the loop noise bandwidth, and T is
the predetection integration time. Unlike the previous simplified analysis, this section

https://doi.org/10.3390/electronics15122734

https://doi.org/10.3390/electronics15122734


Electronics 2026, 15, 2734 11 of 15

does not assume an identical fixed C/N0 for all array elements. Instead, a stochastic link-
budget model is established. The effective carrier-to-noise density ratios of the selected
array element receiving path and the positioning antenna receiving path are calculated
separately as

(C/N0)i = EIRPeff + Gi − LFS − LRF,i − Lpol,i − Lblk,i − (−174 + NFi) (16)

where the definitions of the link-budget terms are summarized in Table 4.

Table 3. Definition of error terms in the calibration residual model.

Error Term Description

εPLL,n
Carrier tracking-loop thermal noise, mainly determined by C/N0, loop
bandwidth, and integration time.

εgeo,n
Geometric projection residual caused by relative element position error
and attitude error.

εref,n
Antenna phase-reference residual, including phase center variation,
embedded element response, and installation-environment residuals.

εmp,n Multipath residual caused by reflected or scattered GNSS signals.

εsw,n
Microwave-switch phase repeatability error during sequential
element selection.

εtime,n
Receive-chain temporal drift caused by non-strictly
synchronous observations.

εcom,n
Residual common-mode error not fully cancelled over a short
observation interval.

Table 4. Definition of terms in the stochastic link-budget model.

Term Description

EIRPeff
Effective GNSS equivalent isotropically radiated power, accounting for both
GNSS transmit-power fluctuation and transmitting antenna pattern variation.

Gi Receiving antenna gain of the i-th receiving path.

LFS
Free-space propagation loss between the GNSS satellite and the LEO
satellite platform.

LRF,i
RF-chain loss of the i-th receiving path, including losses introduced by
switches, cables, and RF components.

Lpol,i Polarization mismatch loss of the i-th receiving path.
Lblk,i Blockage or installation-environment loss of the i-th receiving path.
NFi Noise figure of the i-th receiving chain.

The simulation adopts a 6 × 6 uniform planar array with an element spacing of 0.5λ.
The carrier frequency is GPS L1, and the wavelength is approximately 190.3 mm. The
incident direction of the GNSS signal is set to an elevation angle of 45◦ and an azimuth
angle of 30◦. The main Monte Carlo simulation contains 1200 trials. In the nominal link-
budget setting, the mean effective GNSS EIRP is set to 55 dBm, and the mean free-space
path loss is set to 187 dB. For the selected array element path, the mean element gain is
set to 4 dBi, the mean RF-chain loss is set to 2 dB, and the noise figure is set to 2 dB. For
the positioning antenna path, the mean antenna gain is set to 3 dBi, the mean RF-chain
loss is set to 1.5 dB, and the noise figure is also set to 2.5 dB. For the geometric error
terms, the standard deviation of the relative element position residual is set to 0.5 mm, and
the standard deviation of the attitude error is set to 0.1◦. The PCV/embedded element
phase-reference residual is set to 0.5 mm, the multipath residual is set to 0.5 mm, and the
standard deviation of the switch phase repeatability error is set to 0.5 mm.

https://doi.org/10.3390/electronics15122734
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A fast interleaved sampling strategy is adopted for the reference element, where the
reference element is rapidly re-observed before or after the observation of the element
under testing. The tracking time for each selected state is set to 5 s, and the switching
overhead is set to 0.2 s. Under this setting, the total time required to complete the relative
phase calibration of the 6 × 6 array is approximately 6 min.

Figure 7 shows the calibration error distribution under the nominal stochastic link-
budget. The simulation results indicate that the calibration error approximately follows a
zero-mean distribution. The overall RMS error is 3.02 mm, corresponding to a phase error
of approximately 5.72◦ at the GPS L1 frequency. This value is close to the minimum phase
step of a 6-bit digital phase shifter, namely 5.625◦. Under higher C/N0 conditions and with
well-controlled geometric and phase-reference residuals, the calibration accuracy can be
further improved.

Figure 7. Calibration error distribution under the nominal stochastic link-budget model. The RMS
calibration error is 3.02 mm, corresponding to 5.72◦ at the GPS L1 frequency, with a mean element
path C/N0 of 40.3 dB-Hz.

To further illustrate the influence of the calibration residual on array beam perfor-
mance, Figure 8 presents the beam-level validation results under different C/N0 conditions.
When C/N0 = 30 dB-Hz, the calibration residual RMS is approximately 16.6◦ due to the rel-
atively large carrier-tracking noise, and noticeable sidelobe deviations remain in the pattern.
When C/N0 = 40 dB-Hz, the calibration residual RMS decreases to approximately 5.6◦,
and the main-lobe region and first-sidelobe region become close to those of the ideal pattern.

Figure 9 further presents the sensitivity analysis of key parameters. First, the calibra-
tion accuracy is most sensitive to C/N0. When the fixed C/N0 increases from 30 dB-Hz to
46 dB-Hz, the RMS error decreases from 8.8 mm to approximately 1.8 mm. This indicates
that C/N0 is the key factor determining the upper limit of calibration accuracy.

Second, the geometric projection residual has a moderate influence on the result. When
the element position error and attitude error are increased proportionally, the RMS error
rises from approximately 2.9 mm to approximately 3.5 mm.

By contrast, after adopting the fast interleaved sampling strategy for the reference
element, the time interval between the reference element and the element under test has
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only a minor influence on the total error. This demonstrates that the proposed strategy
can effectively suppress the temporal drift error caused by the non-synchronism of the
second difference. When the PCV/embedded element response residual and the multipath
residual vary within the range of 0–0.5 mm, the total RMS error remains approximately
around 3 mm. This indicates that, under controlled residual error conditions, these two
error sources do not become the dominant limiting factors. When the mean RF-chain loss
increases from 0.5 dB to 2.0 dB, the RMS error increases only slightly, indicating that RF
loss mainly affects the calibration accuracy indirectly by reducing C/N0.

Figure 8. Beam-level validation under different carrier-to-noise density ratios. The ideal pattern, the
uncalibrated pattern, and the calibrated patterns under C/N0 = 30 dB-Hz and C/N0 = 40 dB-Hz
are compared to evaluate the effect of calibration residuals on the array radiation pattern.

Figure 9. Sensitivity analysis of the calibration accuracy. The RMS calibration error is evaluated with
respect to the carrier-to-noise density ratio, geometry projection residual, switching non-synchronicity,
antenna phase-reference residual, multipath residual, and RF-chain loss.

In summary, the proposed method can achieve an RMS error of approximately
3.02 mm under typical operating conditions, corresponding to a GPS L1 phase error of
approximately 5.72◦. Without relying on a dedicated transmitting excitation source, the
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proposed method avoids self-interference in the GNSS frequency band while achieving a
relative phase calibration accuracy close to the minimum phase step of a 6-bit phase shifter.
Therefore, it provides a valuable reference for in-orbit phase-drift monitoring and auxiliary
calibration of phased array receive chains.

4. Conclusions
This article presents a passive double-difference calibration algorithm for phased

array antennas in orbit. By exploiting the short-baseline property between the positioning
antenna and the element under test, together with a shared high-stability clock, the first
differencing operation suppresses common-mode errors such as ionospheric delay, tropo-
spheric delay, and receiver clock bias. By further exploiting receiver channel consistency,
the second differencing operation reduces the influence of receiver channel delay and sup-
ports the estimation of the relative receive-chain phase errors of the selected array elements.
A stochastic link-budget model and a residual error budget are introduced to evaluate
the calibration accuracy under more realistic operating conditions. The simulation results
show that, under typical conditions, the proposed method achieves an RMS calibration
error of approximately 3.02 mm, corresponding to a phase error of approximately 5.72◦ at
the GPS L1 frequency. This accuracy is close to the 5.625◦ minimum phase step of a 6-bit
digital phase shifter, and can be further improved under higher-C/N0 and well-controlled
residual error conditions.

The proposed method does not require an additional GNSS band calibration sig-
nal. It therefore avoids introducing a dedicated co-frequency excitation source near the
positioning antenna during calibration. The method has a clear formulation and uses
visible GNSS satellites as passive radiation sources, providing an auxiliary technical ap-
proach for in-orbit phase-drift monitoring and relative receive-chain phase calibration of
phased array antennas on LEO satellites. Future work will further validate the method
through hardware-in-the-loop experiments or in-orbit measurement data, and will in-
vestigate the influence of embedded element responses, platform scattering, phase center
variation, and scan-angle dependence when extending the method toward more complete
aperture-level calibration.
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