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Intro

▷ Parameter estimation is a problem of interest in several remote sensing
applications, e.g., radar, GNSS, or GNSS-R.

▷ Standard processing: conditional (deterministic) signal model → unknown
parameters are assumed to be deterministic.

▷ More informative to consider a Gaussian random surface scattering.

▷ Gaussian scattering → unconditional (stochastic) signal model.I

▷ Goals of this contribution:

▷ Closed-form unconditional CRB expressions for Gaussian source variance
estimation, considering a generic band-limited signal.

▷ Performance comparision with the corresponding unconditional MLEs.

▷ Validation with 2 representative band-limited signals: GNSS and radar.
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Motivation Example: GNSS-Based Reflectometry

GNSS as a bistatic radar of opportunity for Earth observation
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GNSS-R: study of GNSS signals reflected upon the Earth

• GNSS signals: L-band signals received 24/7 anywhere on Earth: signals of 
opportunity, 

• altimetry and/or reflecting surfaces properties (e.g., reflectivity, roughness).

• local coverage

• coherent reflections

• one or two antennas

• wide coverage

• coherent and non-
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Fig. 1. Illustration of coherent and noncoherent GNSS signal reflections.

altimetry at centimeter precision using the CYGNSS raw IF
data. The purpose of this article is to present an algorithm that
can improve the processing of the weak coherent component in
the GNSS-R signal and to demonstrate the potential to achieve
higher resolutions and precision observations.

As shown in Fig. 1, coherent reflection occurs when the
reflection surface is smooth. If the roughness of the reflec-
tion surface ω is comparable with or larger than the signal
wavelength λ, the reflection is noncoherent. The Rayleigh
criterion offers a rough guide to distinguish between the
smooth and rough surfaces for the reflected signal with a
specific wavelength and at a specific elevation angle θ [19],
which is represented as

ω <
λ

8 sin(θ)
. (1)

Coherent scattering could also occur over specific surface
facets, e.g., rough land’s surface with rugged topography [20],
and the effective small-scale roughness for the GNSS-R signal
is empirically analyzed in [21]. As shown in [22], the coher-
ence of ocean reflection is also related to the receiver altitude,
i.e., GNSS-R on a spaceborne platform has a lower coherence
ratio than that on an airborne or a ground-based platform.
The coherent GNSS-R signal can be processed in a way
similar to that of the direct signal, i.e., through open-loop (OL)
tracking [23], closed-loop (CL) tracking [20], [21], [24], [25],
and so on. The temporal resolution of the coherent GNSS-R
measurements depends on the integration time in the track-
ing loop, e.g., 100 Hz for the 10-ms integration time,
and the spatial resolution is usually approximated by the
first Fresnel zone (∼500 m) [8], [12], [25]. For example,
for a homogeneous reflection surface, the spatial resolution
is about 0.6 times the first Fresnel zone [26]. Therefore,
the carrier-phase-based range measurements can be obtained
to enable high-precision remote-sensing applications such as
ocean/in-land water altimetry and snow–water equivalent esti-
mations [27].

Phase altimetry at centimeter-level precision over sea ice
and lake surfaces has been demonstrated in [28] and [29]
through the master–slave open-loop (MS-OL) tracking of the
raw IF GNSS-R signal recorded by TDS-1. For the GNSS-R
over open ocean, few studies [18] have shown coherent
reflection observations from a spaceborne platform. In the

open ocean, the ocean surface is relatively rough. Only a
small amount of coherent signal exists in the reflected signals
at low-grazing angles when the ocean surface is relatively
calm. The low SNR and the large signal amplitude fluctuations
caused by multipath interferences in the ocean-reflected GNSS
signal impose great challenges in the receiver carrier-signal
processing. The MS-OL-tracking approach will have large
errors and numerous cycle slips in the carrier-phase mea-
surements. In postprocessing, the adaptive closed-loop (ACL)
approach has demonstrated improved performances over
MS-OL tracking by taking advantage of the characteristics
of the GNSS-R signal dynamics and adaptively adjusting the
tuning parameters. The Kalman filter-based closed-loop (KFC)
tracking in [30] is an example of the ACL designed for
airborne GNSS radio-occultation signals. However, the ACL
approach is impractical for real-time GNSS-R applications,
as it needs extensive tuning of the filter and its initialization
period is relatively long.

In this article, we propose an adaptive hybrid-
tracking (AHT) algorithm for coherent GNSS-R signal
processing. The AHT can be interpreted as ACL tracking
aided by the Doppler model (used in the MS-OL approach).
The AHT approach has the equivalent robustness of MS-OL
tracking and similar precision to ACL tracking without the
tuning or initialization effort. In this article, we demonstrate
that coherent GNSS-R carrier-phase measurements over the
open ocean from space can be obtained by processing the
CYGNSS raw IF data using the proposed AHT algorithm.
Like the MS-OL and ACL, for the received noncoherent
GNSS-R signals, AHT does not provide any meaningful
measurements. Thus, a detection process should be applied
to identify useful measurements from the AHT outputs.
The coherence detection can be based on the SNR and
carrier-phase circular analysis [31], a machine learning-based
algorithm [32], and so on. The AHT is also applicable to
other radio signals-of-opportunity, such as those transmitted
by communication, broadcasting, and networking satellites.

The organization of the rest of this article is summarized
as follows. Section II describes of the CYGNSS raw IF
data and the data processing flow. Section III introduces the
MS-OL tracking, ACL tracking, and proposed AHT algo-
rithms. Section IV discusses the processing results of the
CYGNSS raw IF data and comparative evaluations of the
carrier-tracking algorithms that are introduced in Section III.
A conclusion and some planned future work are detailed
in Section V.

II. CYGNSS RAW IF DATA PROCESSING

Apart from their released data products of the DDMs
and the wind-speed measurements, the CYGNSS satellites
are also capable of recording raw IF GNSS signals for a
short duration (∼1 min). Each CYGNSS satellite has one
zenith antenna with right-hand circular polarization (RHCP)
to receive direct signals and two nadir antennas with left-hand
circular polarization (LHCP) to receive signals reflected from
the earth surface. The GNSS signals with carrier frequency at
1575.42 MHz received by these three antennas can be recorded

Authorized licensed use limited to: ISAE. Downloaded on February 18,2026 at 11:07:55 UTC from IEEE Xplore.  Restrictions apply. 

▷ Coherent: smooth surface (e.g., ice, calm water)

▷ Diffuse (noncoherent): roughness larger than the wavelength λ (e.g., ocean)

Source: Y. Wang and Y. J. Morton, “Coherent GNSS Reflection Signal Processing for High-Precision
and High-Resolution Spaceborne Applications”, IEEE Transactions on Geoscience and Remote Sensing, 2021
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Conditional and Unconditional Signal Models

Consider the reception of a reflected signal (at the receiver down-looking antenna)

If the Doppler is correctly compensated:
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Discrete baseband signal model, with K snapshots, each
one with N samples at Ts = 1/Fs .

yk = αks(τ) + nk , nk ∼ CN (0, σ2
nIN), k = 1, . . . ,K ,

where s(τ) are the delayed (τ) transmitted signal samples.

αk is a complex amplitude that mainly depends on i) the reflecting surface, and ii)
transmitter, receiver and propagation path.
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Conditional and Unconditional Signal Models

Conditional signal model (CSM)

αk is a complex deterministic parameter

yk ∼ CN (αks(τ), σ
2
nIN), k = 1, . . . ,K ,

the unknown deterministic parameters are
σ2
n, α

T = (α1, . . . , αK ), τ .

Unconditional signal model (USM)

Consider a complex Gaussian prior for αk

αk ∼ CN (0, σ2
α),

yk ∼ CN (0, σ2
αs(τ)s

H(τ) + σ2
nIN),

the unknown parameters are
θT = (σ2

n, σ
2
α, τ).

▷ CSM: well-known results for the conditional MLE (CMLE) and CRB (CRBc )

▷ USM: we need the corresponding unconditional MLE (UMLE) and CRB (CRBu)

CRB: Cramér-Rao bound (on the mean square error sense, i.e., minimum variance of any unbiased estimator)
MLE: maximum likelihood estimator
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Conditional and Unconditional MLEs

Noncoherent conditional MLEs

τ̂c = argmax
τ

K∑
k=1

|rk (τ)|2,

σ̂2
n,c =

1

KN

K∑
k=1

(
∥yk∥2 −

|rk (τ̂c )|2

∥s∥2

)
,

α̂k,c =
rk (τ̂c )

∥s∥2
(for each snapshot).

∥s∥2 ≜ sHs, and cross-correlation function rk (τ) = sH(τ)yk .

With these estimates we can build the scattering (sample) variance estimates as (MLE
invariance principle).

σ̂2
α,c =

1

K − 1

K∑
k=1

(
α̂k,c −

1

K

K∑
m=1

α̂m,c

)2

.
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Conditional and Unconditional MLEs

Unconditional MLE

τ̂u = argmin
τ

{Cu(τ)},

Cu(τ) =

(
K∑

k=1

(
∥yk∥2 −

|rk (τ)|2

∥s∥2

))N−1( K∑
k=1

∣∣rk (τ)∣∣2
)
,

σ̂2
n,u =

1

K(N − 1)

K∑
k=1

(
∥yk∥2 −

|rk (τ̂u)|2

∥s∥2

)
,

and the Gaussian scattering variance UMLE is,

σ̂2
α,u =

1

K(N − 1)∥s∥2

K∑
k=1

(
N
|rk (τ̂u)|2

∥s∥2
− ∥yk∥2

)
.
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Unconditional Cramér-Rao Bounds

CRBu(τ) =
1 + β

2Kβ2

(
W33
w1

− |w3|2
w2
1

) ; CRBu(σ
2
α) =

(
σ2
α

)2 (
1 + (N − 1) (1 + β)2

)
K(N − 1)β2

,

with β = σ2
α∥s∥2/σ2

n, w1 = ∥s∥2/Fs , w3 = sHΛs/Fs , W33 = FssHVs,

[Λ]k,ℓ =

{
0 if k = ℓ,

(−1)|k−ℓ|

k − ℓ
else

}
; [V]k,ℓ =

{
π2/3 if k = ℓ,

2(−1)|k−ℓ|

(k − ℓ)2
else.

}
.

Key advantage of this formulation: only depends on the baseband signal samples

CRB for the CSM

CRBc (τ) =
1

2Kγ

1

W33
w1

− |w3|2
w2
1

,

where γ = 1
K

∑K
k=1 |αk |2∥s∥2/σ2

n.
For a large number of snapshots K , γ tends to β, then CRBu(τ) ≥ CRBc (τ), with
equality in the large number of snapshots and/or high SNR regimes.
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Validation

Two representative band-limited signals are considered: 1) a GPS L1 C/A signal
(sampled at 4 MHz), and 2) a radar chirp signal (bandwidth 250 kHz).

RMSE of the variance estimate σ̂2
α for both UMLE and CMLE, together with the root

CRBu . (Top) GPS signal; (Bottom) Chirp signal. With SNR=-22 at the input of the
receiver.
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Validation

RMSE of the delay estimate τ̂ for both UMLE and CMLE, together with the root
CRBu and CRBc . (Top) GPS signal; (Bottom) Chirp signal. With SNR=-22 at the
input of the receiver.
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Validation

RMSE of the delay estimate τ̂ for both UMLE and CMLE, together with the root
CRBu and CRBc as a function of the SNR, for K = 20 snapshots. (Top) GPS signal;
(Bottom) Chirp signal.
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Conclusions and Future Research

Conclusions

▷ Derivation of the unconditional CRB for delay and Gaussian scattering variance.

▷ General closed-form CRB expressions for any band-limited signal, which only
depend on the signal samples.

▷ Implementation of the corresponding ML estimators.

▷ Validation with 2 representative signals: GNSS and radar.

Future research

▷ Delay/Doppler estimation.

▷ Mixed conditional/unconditional models.

▷ Reflecting surface characterization.

▷ Multi-receiver case.
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Thanks for your attention
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hydrological conditions. The ability to penetrate forest canopies and provide detailed measurements 
of water bodies presents a significant advancement in our capability to monitor and predict 
hydrological changes. 
 
The controlled formation of CubeSats allows for an expanded observational footprint and higher 
resolution, enabling a comprehensive mapping of soil moisture and inundation patterns, particularly 
in areas prone to flooding or where water dynamics are critical yet challenging to monitor. By 
demonstrating methods to increase the coverage area, sensitivity and resolution, the mission aims to 
provide a more detailed and accurate representation of hydrological conditions over the Amazon 
where it is especially crucial for monitoring inundation under forest canopies and in flat, sheltered 
areas where water accumulation can go undetected but has significant environmental and climatic 
implications. 
 
The objectives of the study [3] were to develop a mission concept that could feasibly implement these 
swarms and demonstrate the improvements in GNSS-R measurements, illustrated by Figure 1-1. This 
paper focuses on the main technical constraints needed to derive the system requirements and produce 
the final mission concept for the swarm. With the mission and system concept defined, the 
performance of the system was assessed to identify the improvement over traditional monolithic 
GNSS-R implementations.  

 

Figure 1-1 – HydroSwarm Concept Diagram. 

2 MISSION OVERVIEW AND OBJECTIVES 

Rivers give very strong forward coherent reflections; thus GNSS-R is particularly useful for 
measuring inundation in these locations. Such areas can be very flat as they are sheltered, and the 
resultant reflection is sufficient to be detected through forest canopies. Coherent GNSS reflections 
produce a finer resolution and consequently the finer resolution reduces the coverage provided by 
GNSS-R. GNSS techniques are currently limited to measurements along single tracks from one signal 
of opportunity. This higher resolution offered by coherent reflections is counterbalanced by a lower 
coverage that is thus susceptible to under-sampling and sensitivity to fine variations in land cover. 
 
Using different techniques this mission will demonstrate the advantage of formation flying of 
CubeSats to increase the coverage of inundation measurements available from GNSS-R over single 
tracks. Single frequency and single polarisation GNSS-R satisfies this use case, the multiple satellites 
allow a trade-off in terms of swath and coverage with SNR and resolution. The low download data-
rate imposed by the smaller satellite platforms will mean that intermittent operation is necessary and 
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