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Modified GNSS-PIR and Initial Verifications From
the Perspective of Altimetry

Xuebao Hong , Yunlong Zhu , Jie Li , Pengyu Yang , and Dongkai Yang

Abstract—This article proposed a modified structure of global
navigation satellite system (GNSS) pseudointerferometric reflec-
tometry (GNSS-PIR). The combination of the direct and reflected
signals at the front end was modified as the combination of their
coherent sums in the baseband so that GNSS-PIR could be more
conducive under the framework of conventional GNSS reflectome-
try. To verify its feasibility, two altimetry experiments were carried
out, over land and water surfaces, respectively. Strong oscillations
were observed in GNSS-PIR waveforms from both scenes. Altime-
try results showed that GNSS-PIR achieved ∼5 cm precision over
land surface and ∼4 cm precision over water surface. It indicated
that GNSS-PIR was available for retrieving parameters related to
reflector height, such as water level and soil moisture.

Index Terms—Altimetry, global navigation satellite system
interferometric reflectometry (GNSS-IR), global navigation
satellite system pseudointerferometric reflectometry (GNSS-PIR),
global navigation satellite system reflectometry (GNSS-R).

I. INTRODUCTION

G LOBAL navigation satellite system (GNSS) reflectometry
(GNSS-R) takes use of the Earth-reflected GNSS signals

to retrieve surface geophysical parameters. This technique was
first suggested for ocean altimetry by Martín-Neira [1]. And it
has been studied as a promising alternative for many remote
sensing applications due to its fine temporal–spatial sampling
capability at a low cost.

During the past decades, three branches of GNSS-R have
been established, including conventional GNSS-R (cGNSS-R),
interferometric GNSS-R (iGNSS-R), and GNSS interferomet-
ric reflectometry (GNSS-IR). cGNSS-R collects the direct and
reflected signals separately, and cross correlates the reflected
signal with a local replica of the direct signal to generate the
complex field or delay-Doppler map of the reflected signal. It
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has a wide applicability to ocean and land parameter remote
sensing, such as water surface height [2], [3], sea wind speed [4],
[5], soil moisture [7], [8], and wetland dynamics [9]. iGNSS-R
follows cGNSS-R in signal reception but cross correlates the
reflected signal with a compensated direct signal to generate the
delay-Doppler map. It is specifically proposed for spaceborne
ocean altimetry since the full power spectrum of the transmitted
signals can be exploited to significantly improve the code-based
height estimation performance [10]. Different from the above
two branches, GNSS-IR is developed based on the interference
effect between the direct signal and the reflected signal in
the ground/shore-based scenario. It utilizes conventional GNSS
receivers to obtain the interference patterns, i.e., signal-to-noise
ratios of the interference signal, and retrieve environmental
parameters by analyzing the oscillating metrics of the patterns.
Numerous studies have shown that GNSS-IR is available for
soil moisture retrieval [11], [12], [13], snow depth estimation 0,
water-level monitoring [15], etc.

In our previous work, we proposed the GNSS pseudointerfer-
ence reflectometry (GNSS-PIR) for ground-based soil moisture
remote sensing [16]. It builds interference patterns under the
cGNSS-R architecture and retrieves soil moisture in a GNSS-
IR way. To obtain the patterns, the combination of the direct
and reflected signals is cross correlated with a local replica
of the direct signal. It can achieve higher pattern quality than
GNSS-IR, owing to the strong reflected signals ensured by the
down-looking antenna, which is helpful to improve retrieval
performance. Since combining the signals in the front end is
not so conducive, we proposed a modified GNSS-PIR structure.
Its feasibility was preliminarily verified from the perspective of
altimetry using the data collected over land and water surfaces.

The rest of this article is organized as follows. Section II
presents the modified structure of GNSS-PIR. Section III in-
troduces the experimental campaigns. Section IV introduces the
data processing methodology and discusses the altimetry results.
Finally, Section V concludes this article.

II. MODIFIED GNSS-PIR

As shown in Fig. 1(a), the original GNSS-PIR builds the
pseudointerference signal by combining the signal received by
an up-looking RHCP antenna and the signal received by a
down-looking LHCP antenna in the radio frequency front end
of a conventional GNSS-R instrument

uc (t) = ur (t) + ul (t) (1)
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Fig. 1. Signal processing structures of GNSS-PIR. (a) Original GNSS-PIR.
(b) Modified GNSS-PIR.

where uc is the pseudointerference signal; and ur and ul are the
signals received by the RHCP antenna and the LHCP antenna.

The coherent sum of the pseudointerference signal can be
obtained by demodulating and despreading the signal with the
local carrier and code replicas of the direct signal

Yc (n) =
1

Tc

∫ t0+n·Tc

t0+(n−1)·Tc

uc (t) a (t) exp [−j (2πft+ ϕ)] dt

(2)
where Yc is the coherent sum of the pseudointerference signal;
t0 is the start time of the coherent integration; Tc is the coherent
integration period; a is the local code replica; and f and ϕ are
the frequency and phase of the local carrier replica.

Substituting (1) into (2), we have

Yc (n) =
1

Tc

∫ t0+n·Tc

t0+(n−1)·Tc

[ur (t) + ul (t)] a (t)

× exp [−j (2πft+ ϕ)] dt

=
1

Tc

∫ t0+n·Tc

t0+(n−1)·Tc

ur (t) a (t) exp [−j (2πft+ ϕ)] dt

+
1

Tc

∫ t0+n·Tc

t0+(n−1)·Tc

ul (t) a (t) exp [−j (2πft+ϕ)] dt.

(3)

The two integral expressions on the right-hand side are the
coherent sums of the signals received by the RHCP antenna and
the LHCP antenna, respectively. That is to say, combining the
signals in the front-end part is equivalent to combining their
coherent sums in the baseband part. As the latter way is more
operational, we modify the structure of GNSS-PIR accordingly,
as shown in Fig. 1(b).

To simplify the discussion, we assume that the reflector is
horizontal and flat, and the antennas only receive the copolarized
signals from their forward directions. Then, the received signals

can be modeled as follows:

ur (t) = Ar (t)D (t)C (t) exp [j · (2πf0t+ ϕ0)]

ul (t) = Al (t)D (t− τ)C (t− τ) exp

× [j · (2πf0t+ ϕ0 + φ+Δφ)] (4)

where A represents the signal amplitude; D stands for the
navigation bit; C is the PRN code; f0 and ϕ0 are the center
frequency and initial phase of the carrier; τ is the delay of the
reflected signal with respect to the direct one; Δφ is the phase
shift caused by signal reflection; and φ is the phase difference
between the reflected signal and the direct signal, and it holds

φ =
2π

λ
(2H + d) sin θ (5)

where λ is the wavelength of the GNSS signal; H is the height
of the LHCP antenna; d is the height difference between the two
antennas; and θ is the satellite elevation angle.

Then, the coherent sum of the pseudointerference signal can
be expressed as follows:

Yc (n) ≈ D (n)

×
{
Ar (n) +Al (t) exp

[
j · 2π

λ
(2H + d) sin θ + j ·Δφ

]}
.

(6)

By integrating the coherent sum incoherently, we can obtain
the correlation power of the pseudointerference signal.

Pc (n) =
1

N

n·N∑
i=1+(n−1)·N

|Yc (i)|2 (7)

where Pc is the correlation power of the pseudointerference
signal, and N is the number of incoherently integrated samples.

Finally, the correlation power expression can be written as
follows:

Pc (n) = Ar
2 (n) +Al

2 (n) + 2Ar (n)Al (n)

× cos

[
2π

λ
(2H + d) sin θ +Δφ

]
. (8)

It is an oscillatory sequence with a trend. By extracting the
metrics of the oscillation, namely, amplitude, frequency, and
phase, we can retrieve environmental parameters using physical
or empirical models.

III. EXPERIMENTAL CAMPAIGNS

Two short-term experiments were carried out to verify the
feasibility of GNSS-PIR from the perspective of altimetry.

A. Data Acquisition System

An RHCP antenna (5 dBi) and an LHCP antenna (13 dBi) are
utilized to receive the direct and reflected GPS L1 C/A signals. A
dual-channel collector is deployed to record the received signals.
It downconverts the signals to 3.996 MHz, samples the signals at
a rate of 16.369 MHz, and quantizes the samples into 2-bit raw
data. A laptop is used to configure the signal collector, control
the data acquisition, and store the raw data.
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Fig. 2. Scenario of the experiment over land surface.

TABLE I
DATA COLLECTED DURING THE EXPERIMENT OVER LAND SURFACE

TABLE II
DATA COLLECTED DURING THE EXPERIMENT OVER WATER SURFACE

B. Experiment Over Land Surface

The experiment over land surface was carried out on a football
field (39°58′45′′ N, 116°20′23′′ E) in Beijing, China, on 20th and
21st October 2020. The antennas were installed on the north
side of the field. The RHCP antenna looked to the zenith, while
the LHCP one pointed to the land surface (∼180° in azimuth
with respect to the north, and ∼45° below the horizon). Fig. 2
shows the experimental scenario. Table I presents the data blocks
collected during the experiment.

C. Experiment Over Water Surface

The experiment over water surface was carried out beside a
fish pond (37°48′52′′ N, 118°31′33′′ E) in Dongying, China, on
5th and 6th July 2023. The antennas were installed on the north
bank of the pond. The RHCP antenna looked to the zenith, while
the LHCP one pointed to the water surface (∼180° in azimuth
with respect to the north, and ∼65° below the horizon). The
experimental scenario is shown in Fig. 3, and the data blocks
collected during the experiment are presented in Table II.

IV. DATA PROCESSING AND RESULTS DISCUSSION

A. Data Processing

A GNSS-R software developed based on the GNSS receiver in
[17] is used to process the raw signals. It outputs 1-ms complex

Fig. 3. Scenario of the experiment over water surface.

coherent sums of the signals received by the antennas, as well
as elevation and azimuth angles of visible satellites.

With the complex coherent sums, we build 1 s incoherently in-
tegrated GNSS-PIR waveforms. Any waveform with nonmono-
tonic elevation angles has to be divided to ensure that all wave-
forms have monotonic elevation angles. Then, the data quality
control is conducted: First, samples whose azimuth angles do not
lie between 90° and 270° are filtered out, as the down-looking
antenna faces south during the experiments; second, waveforms
that contain less than three periods of oscillations are filtered out
since wavenumber affects the accuracy of frequency estimation.

Afterward, we calculate the height of the LHCP antenna
according to the following steps:

1) remove the trend from the waveform by variational mode
decomposition [18];

2) estimate the spectrum of the detrended waveform with
Lomb–Scargle periodogram [19], [20];

3) retrieve antenna height with the peak frequency obtained
from the spectrum according to the following formula:

He =
fPIRλ − d

2
(9)

where He is the effective antenna height, and fPIR stands for
the oscillation frequency of the GNSS-PIR waveform. For the
purpose of comparison, we also build 1 s incoherently integrated
GNSS-IR waveforms and estimate the height of the same an-
tenna. The height retrieval formula is given as follows:

He =
fIRλ

2
− d (10)

where fIR stands for the oscillation frequency of the GNSS-IR
waveform.

B. Results Discussion

Figs. 4 and 5 display the specular points of the reflected signals
from available satellites and the correlation power waveforms
of the interference signals from these satellites obtained in
the land surface experiment and the water surface experiment,
respectively. It is obvious that both GNSS-IR and GNSS-PIR
waveforms possess the characteristics of amplitude-modulated
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Fig. 4. Specular points and oscillatory waveforms in land surface experiment. (a), (d), and (g) are the specular points of data blocks 1–3; the dotted lines are the
contours of LHCP antenna gain. (b), (e), and (h) are the GNSS-IR waveforms of data blocks 1–3. (c), (f), and (i) are the GNSS-PIR waveforms of data blocks 1–3.

sinusoids. The oscillations in GNSS-IR waveforms weaken with
the increase of elevation, while those in GNSS-PIR waveforms
appear when the specular points of the reflected signals pass
through the coverage of the LHCP antenna. And it is remarkable
that the waveforms of GNSS-PIR oscillate more intensely than
those of GNSS-IR because the reflected signals received by the
LHCP antenna are mostly much stronger than those received by
the RHCP antenna.

Fig. 6 demonstrates the heights of the LHCP antenna derived
from the waveforms. It can be seen that the retrieved results are
basically consistent with the reference heights in both scenes.
However, it should be mentioned that some PRNs provide height
results with large absolute errors (>0.15 m), e.g., PRN03 in
data block 1 of the land surface experiment and PRN15 in data
block 1 of the water surface experiment. The specular points
of these PRNs mainly locate in the southwest/southeast part of
the experimental fields. As the fields are not open enough in the
east–west direction, it is highly likely that the reflected signals
from these PRNs are compromised by the surroundings, e.g., the
auditoriums of the football field and the banks of the fish pond.
Particularly, GNSS-IR provides more large-error measurements
than GNSS-PIR in the water surface experiment. According to
the antenna installation, it is reasonable to infer that the low-
elevation part of a GNSS-IR waveform contributes the majority

TABLE III
ERRORS OF RETRIEVED ANTENNA HEIGHTS

to its power spectrum, while it is the medium-elevation part
of GNSS-PIR case. As a result, GNSS-IR waveforms are more
likely to be affected than those of GNSS-PIR in the water surface
case.

To evaluate the overall retrieved results, mean absolute error
(MAE) and root-mean-square error (RMSE) are further calcu-
lated. As the measurements with large absolute errors contribute
significantly to the statistical errors under small sample size
condition, we calculate MAE and RMSE in two ways, i.e., with
and without (∗) the results whose absolute errors are greater than
0.15 m, as presented in Table III.

With large-error measurements, GNSS-PIR performs better
in the water surface case than in the land surface case, while
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Fig. 5. Specular points and oscillatory waveforms in water surface experiment. (a), (d), and (g) are the specular points of data blocks 1–3; the dotted lines are the
contours of LHCP antenna gain. (b), (e), and (h) are the GNSS-IR waveforms of data blocks 1–3. (c), (f), and (i) are the GNSS-PIR waveforms of data blocks 1–3.

Fig. 6. LHCP antenna heights retrieved in the two experiments.

GNSS-IR performs oppositely. Without large-error measure-
ments, both GNSS-PIR and GNSS-IR perform better in the water
surface case than in the land surface case, which is in line with
common sense. And it is encouraging that GNSS-PIR achieves
lower MAE and RMSE than GNSS-IR in the two experiments.
The above analysis indicates that GNSS-PIR is feasible for
ground/shore-based altimetry, and there is a strong possibility
that GNSS-PIR performs better than GNSS-IR, at least in the
scenes which are of limited openness.

V. CONCLUSION

In this work, we modified the structure of GNSS-PIR so that
it could be easily realized under the framework of cGNSS-R.
And we carried out two ground-based experiments, one over
land surface and the other one over water surface, to evaluate
the feasibility of GNSS-PIR from the perspective of altimetry.
Strong oscillations were observed in the GNSS-PIR correlation
power waveforms when the specular points of the reflected
signals passed through the coverage of the down-looking LHCP
antenna. The experimental results showed that GNSS-PIR was
feasible for altimetry and achieved better accuracy than GNSS-
IR. It indicates that GNSS-PIR has the potential to be used
in the applications related to reflector height retrieval, such
as water-level monitoring, snow depth estimation, and soil
moisture observation, especially in the scenes, which are not
open enough. Next, we will focus on long-term validations for
GNSS-PIR in specific applications.
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