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Abstract
Low Earth Orbit (LEO) Synthetic Aperture Radar (SAR) satellites
conventionally rely on dedicated communication links, which im-
pose prohibitive hardware, spectrum, and power overhead as satel-
lite constellations scale. This paper presents CommSAR, a novel
system that reuses existing SAR imaging waveforms to enable bidi-
rectional communication without modifying satellite hardware or
compromising imaging performance. For the downlink, data are em-
bedded by modulating the starting frequency offset of the imaging
waveform, preserving the waveform structure and imaging qual-
ity. For the uplink, we propose a compact, low-cost programmable
metasurface to replace conventional large, expensive antennas, sig-
nificantly lowering the barrier for dense ground station deployment.
To handle extreme satellite dynamics, we employ an opposite-slope
waveform as a pilot to compensate for mobility-induced effects. We
implement a ground station prototype of CommSAR and validate
its performance using an in-orbit commercial SAR satellite and a
UAV SAR platform. Experimental results show that CommSAR pre-
serves imaging performance without degradation while achieving
downlink and uplink data rates of up to 105 kbps and 112 kbps,
respectively, significantly outperforming the state of the art and
demonstrating utility-grade performance.

CCS Concepts
• Networks→ Very long-range networks;Wireless access net-
works; Network experimentation; • Hardware→Wireless devices.
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1 Introduction
Withmore than 10,000 active satellites currently in operation, space-
based networks have become an indispensable global infrastruc-
ture [45]. These satellites are broadly classified by their orbital
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Figure 1: (a) The real-world in-orbit commercial SAR satellite
used for experiments. Antennas of (b) a conventional ground
station vs. (c) a CommSAR ground station.

characteristics into three categories: low, medium, and geostation-
ary Earth orbits (LEO, MEO, and GEO). While LEO satellites were
traditionally used for Earth observation, recent trends have shifted
toward communication services, exemplified by the well-known
Starlink constellation [36]. Despite this shift, LEO Synthetic Aper-
ture Radar (SAR) satellites continue to play a critical role in applica-
tions such as environmental monitoring and disaster response. To
date, more than 200 LEO SAR satellites are operating in space [45].

To achieve high-resolution imaging, these satellites transmit
high-power linear frequency-modulated (LFM) pulses through high-
performance RF front-ends and offload the acquired imagery via
high-speed payload downlinks. Beyond the imaging module, a typ-
ical LEO SAR satellite carries another core module: the Telemetry,
Tracking, and Command (TT&C) module for satellite control. Al-
though TT&C traffic is far smaller in volume than SAR imagery,
it plays a critical role in satellite control by delivering commands
for mission tasking, payload control, and anomaly recovery, while
returning telemetry that reports the satellite’s health and opera-
tional status. Unlike payload downlinks, where imagery can be
buffered and offloaded later, TT&C traffic is far less delay-tolerant
due to its time-critical nature: missing a command opportunity can
postpone mission retasking or anomaly recovery until the next
available ground contact, typically several hours later.

Because inter-satellite links are not yet widely deployed in cur-
rent LEO SAR constellations, TT&C functions remain heavily de-
pendent on direct satellite-to-ground communication. Unfortu-
nately, the link between a SAR satellite’s TT&C module and a
ground station can only be establishedwhen the satellite passes over
the ground station, which typically lasts only around 10 minutes.
Consequently, to improve the responsiveness of ground stations
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and increase the total duration a SAR satellite can be connected
and controlled, it is essential to increase the number of ground
stations deployed. Due to the limited transmit power of the TT&C
module, traditional ground stations are typically bulky (see Fig. 1b),
relying on high-gain, large-aperture antennas, such as parabolic or
Yagi antennas, to capture weak TT&C signals. Moreover, they re-
quire costly RF front-end components, including high-performance
filters, to achieve effective noise suppression. The substantial hard-
ware and maintenance costs pose a formidable barrier to increasing
the deployment density of ground stations.

In this paper, we propose CommSAR, an innovative TT&C com-
munication solution for LEO SAR satellites, aimed at reconciling
the tension between the demand for timely communication and
the prohibitive costs associated with the dense deployment of tradi-
tional ground stations. In detail, we propose leveraging the existing
SAR imaging module to serve both sensing and TT&C functions, cre-
ating a new side channel for TT&C operations. Leveraging the high
SNR of the SAR imaging signals, we replace conventional large-
aperture ground station antennas with a compact combination of
a small-sized metasurface and a horn antenna (Fig. 1c). This cost-
effective and compact design significantly lowers the barriers to
dense ground station deployment. The significantly reduced size
also brings the potential to transition from current fixed-location
ground stations to mobile ones in the future, enabling far more
flexible deployment.

To achieve this, we reuse the LFM waveforms, which are con-
ventionally used exclusively for imaging, to enable bidirectional
satellite–ground communication. This shared-waveform design en-
ables each transmitted imaging pulse and its corresponding echo
to perform both sensing and communication concurrently. Conse-
quently, the two functions share the same imaging duration, SAR
spectrum, and transmit power budget. While prior works have in-
vestigated integrated sensing and communication (ISAC) for SAR
satellites [49, 53], they all add dedicated communication signals to
the LFM waveforms rather than reusing the existing waveforms.
This inevitably leads not only to power splitting, which reduces
the power allocated to imaging waveforms, but also to interference
between the two signals, degrading the imaging performance. More
importantly, all of these works support only downlink communi-
cation. Existing works supporting uplink communication remain
scarce. The state-of-the-art uplink design, SARLink [9], encodes
information by modulating the brightness of a small spot in the
SAR image using ground-deployed corner reflectors. However, its
data rate is below 1 bps, far below even the baseline rates of legacy
TT&C systems.

For the downlink in our design, we propose to reuse the existing
imaging LFM waveform to embed data, without introducing any
additional communication signals. This is nontrivial, as conven-
tional modulation schemes inevitably interfere with the imaging
process. In particular, amplitude modulation is fundamentally in-
feasible because SAR transmitters operate in the deep saturation
region at maximum power, while phase and frequency modula-
tion alter the LFM pulse characteristics, resulting in performance
degradation of SAR imaging. To address this issue, we propose
keeping the waveform shape—essentially a chirp signal in the fre-
quency domain—unchanged, and encoding data solely by varying
the starting frequency offset of the waveform. CommSAR can thus

be deployed on existing SAR satellites via simple waveform param-
eter configuration, requiring no satellite hardware modifications.
Both theoretical analysis and experimental results confirm that this
approach introduces a negligible impact on SAR imaging.

For the uplink, if the imagingwaveform is not reused for backscat-
ter and an active transmission is instead employed, the transmission
must satisfy stringent timing requirements. This is because SAR
satellites operate in a pulsed, half-duplex mode, and any transmis-
sion outside the narrow pulse window will not be received. We
thus adopt a programmable metasurface that modulates the phase
of the incident LFM waveform and backscatters it to the satellite,
achieving a data rate that is orders of magnitude higher than the
state of the art. This approach fully exploits the high peak power of
the LFM waveform to enable high-rate backscatter communication.
When the metasurface echo arrives at the SAR satellite together
with scene echoes, the inherent SAR imaging algorithm serves as
a spatial filter, naturally separating the two in the spatial domain.
Specifically, it focuses the metasurface echo into one resolution
cell while concentrating scene clutter into other cells. In the recon-
structed SAR image, each resolution cell spans only one or a few
pixels at the native image resolution. This spatial-filtering prop-
erty guides the uplink modulation choice: frequency modulation
can disrupt focusing, while amplitude modulation reduces echo
SNR. Consequently, CommSAR adopts phase modulation, which
preserves SAR focusing without reducing echo SNR. Under this
scheme, the metasurface response remains confined to a single
resolution cell, leaving the rest of the SAR image unaffected.

Another practical issue we encounter is the high speed of LEO
satellites (e.g., ≈7.7 km/s at 344 km altitude), which induces sub-
stantial Doppler shifts (up to ±200 kHz) and carrier phase rotations
(up to ±8.5 × 107 deg/s).1 These dynamics pose significant chal-
lenges for demodulating the shared-waveform bidirectional link. In
contrast to Starlink, which is designed for communication and uses
packetized transmissions with preambles for synchronization and
Doppler/phase compensation, the proposed system is built upon
pulse-based imaging waveforms. These waveforms contain neither
preambles nor pilot symbols, and the short pulse durations leave
no room for conventional packet preambles. Moreover, because the
satellite–ground station range continuously varies, the received
pulses are not uniformly spaced in time. Consequently, timing align-
ment must be performed on a pulse-by-pulse basis, making mobility
compensation significantly more challenging.

To address this mobility issue for the downlink, since the LFM
waveform contains the modulated frequency information, it cannot
be used to extract the channel Doppler information. CommSAR
therefore designs and inserts reverse LFM waveforms with the
opposite chirp slope as pilots, enabling the estimation and com-
pensation of the Doppler offset. For the uplink, given that satellite
displacement is negligible within the 1 𝜇s intra-pulse symbol in-
terval, consecutive symbols experience near-identical phase shifts.
CommSAR leverages this by employing Differential Binary Phase
Shift Keying (D-BPSK), which encodes data in relative phases and
inherently cancels mobility-induced phase shift.

This work does not raise any ethical concerns. Our main contribu-
tions are summarized as follows:

1For a SAR satellite with an altitude of 344 km and a frequency of 9.6 GHz.
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Figure 2: The imaging process for a point target in SAR.
• We propose a novel shared-waveform architecture that enables
bidirectional satellite–ground communication by directly modu-
lating SAR imaging pulses and echoes. This approach facilitates
seamless integration of sensing and communication without com-
promising the original imaging performance or requiring any
modifications to existing satellite hardware.

• For the uplink, we adopt the latest metasurface technology and
fully leverage the high signal power of the imaging SAR wave-
form to enable backscatter. This approach is much cheaper and
more compact than the current antenna design, lowering the
barrier for future dense and mobile ground station deployment.

• To mitigate the impairments caused by high LEO satellite dynam-
ics, we adopt delicate signal processing schemes to compensate
for mobility-induced Doppler shifts and phase offsets.

• We implement a ground station prototype and conduct extensive
real-world experiments using both an in-orbit SAR satellite and a
UAV platform. The results demonstrate that CommSAR preserves
the original imaging performance without degradation, while
achieving bidirectional communication rates of up to 105 kbps for
the downlink and 112 kbps for the uplink, validating its utility-
grade performance and practical feasibility.

2 Background and Preliminary Study
This section introduces the principles of SAR, focusing on two-
dimensional image reconstruction through LFM pulse compression
in the range and azimuth dimensions. We then characterize the
signal profiles of operational SAR satellites using empirical mea-
surements collected from real-world deployments.

2.1 SAR Imaging Primer
We first describe 1D ranging via LFM pulse compression in the
range dimension, followed by the formation of the azimuth LFM
signal through satellite-induced Doppler modulation, which enables
2D SAR image reconstruction.
1D Ranging with LFM. Similar to conventional radar systems,
1D ranging in spaceborne SAR relies on estimating the time delay
of radar echoes. The transmitted LFM pulse is given by

𝑠 (𝑡) = rect
(
𝑡

𝑇𝑝

)
exp

(
𝑗𝜋

𝐵

𝑇𝑝
𝑡2
)
, (1)

where𝑇𝑝 denotes the pulse duration, 𝐵 is the bandwidth, and rect(·)
denotes the rectangular window function. For a target at range
𝑅 = 𝑐𝜏0/2, where 𝑐 is the speed of light, the received echo can be
expressed as 𝑠 (𝑡 − 𝜏0). The target range is then estimated via pulse
compression, which performs matched filtering by cross-correlating
the received echo with a reference replica of the transmitted signal,
𝑠∗ (𝑡), yielding

𝑟 (𝑡) = 𝑠 (𝑡 − 𝜏0) ⊗ 𝑠∗ (𝑡) ≈ 𝑇𝑝 sinc [𝐵(𝑡 − 𝜏0)] . (2)

Pulse compression concentrates LFM energy into a sinc waveform,
whose mainlobe amplitude scales with pulse duration 𝑇𝑝 and its
width is inversely proportional to bandwidth 𝐵. Leveraging long
pulse durations (10–100 𝜇s) and wide bandwidths 2 (up to 1.2 GHz),
pulse compression produces a nanosecond-scale correlation peak,
enabling sub-meter range resolution.
From 1D Ranging to 2D Imaging. In addition to 1D ranging, SAR
requires additional azimuth (along-track) information to achieve
2D imaging as illustrated in Fig. 2. Prior to azimuth compression,
range cell migration correction (RCMC) is performed to realign
target trajectories that have migrated across range bins due to the
satellite’s motion. As the satellite travels at velocity 𝑣 , it repeatedly
illuminates the same ground target and receives echoes over mul-
tiple pulses over time. Let 𝜂 denote the slow-time (azimuth-time)
index corresponding to successive pulse transmissions along the
satellite flight direction. The pulse with 𝜂 = 0 corresponds to the
first illumination of the target, while 𝜂 = 𝜂0 represents the closest-
approach instant, at which the slant range attains its minimum
value 𝑅0. Accordingly, the slant range as a function of the pulse
index 𝜂 can be expressed as

𝑅(𝜂) =
√︃
𝑅2
0 + 𝑣2 (𝜂 − 𝜂0)2 ≈ 𝑅0 +

𝑣2 (𝜂 − 𝜂0)2
2𝑅0

. (3)

The target’s azimuth position can then be determined by identifying
the pulse index 𝜂 = 𝜂0. For high-resolution estimation, the Doppler
shift induced by the satellite’s motion along the azimuth direction
is exploited, as the slant range between the satellite and the target
varies with 𝜂 as

𝑓𝐷 (𝜂) = − 2
𝜆

𝑑𝑅(𝜂)
𝑑𝜂

≈ − 2𝑣2

𝜆𝑅0
𝜂, (4)

where 𝜆 is the radar wavelength. Notably, this Doppler frequency
varies approximately linearly with 𝜂, producing an LFM structure
in the azimuth dimension. Consequently, an azimuth matched filter,
analogous to the range pulse compression filter, coherently com-
presses the target energy into a single two-dimensional resolution
cell, producing 2D imaging.

It should be noted that the aforementioned 2D pulse compres-
sion serves as the foundational front-end shared by the vast ma-
jority of practical SAR imaging algorithms. Subsequent back-end
procedures, such as Range-Doppler [2], Omega-K (𝜔-K) [4], Chirp
Scaling [31], Back Projection [43], and Polar Format Algorithm [48],
operate exclusively on the focused signals produced at this stage.
Consequently, any modulation that distorts the pulse-compression
response propagates residual errors throughout the entire imaging
chain. To avoid the cost and risk of modifying this well-established
processing pipeline, existing SAR-ISAC downlink approaches [49,
53] typically superimpose auxiliary communication signals while
preserving the integrity of the original radar waveform.

2.2 In-orbit SAR Satellite Characteristics
Based on our in-orbit LEO SAR satellite platform (Fig. 1a), we con-
duct two sets of measurements. First, we show the relationship
between TT&C availability and global ground station (GS) place-
ment, motivating the design of CommSAR. Second, we measure the
2Typical SAR bandwidths include 100 MHz for C-band, 600 MHz for X-band, and
1200 MHz for Ka-band.
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Figure 3: Based on the orbit of our in-orbit SAR satellite,
(a) shows its two-day ground track and representative GS
service ranges at different latitudes, with highlighted arcs
denoting typical per-pass TT&C contact windows; (b) shows
the aggregate daily TT&C contact time versus the number of
globally deployed GSs under random land placement.

bidirectional RF signals exchanged between the satellite and the GS
over satellite passes, demonstrating the feasibility of CommSAR’s
shared-waveform design under operational channel conditions.

TT&C-GS Relationship. Typical LEO satellites operate in high-
inclination orbits, allowing their ground tracks to sweep across the
Earth as it rotates and provide global coverage. For our in-orbit
satellite, Fig. 3a shows its ground track over a two-day period in
October 2025. We overlay three representative real-world GSs at
different latitudes. Each GS can establish TT&C contact with the
satellite only when the satellite enters the GS’s antenna coverage,
which is typically defined by a minimum elevation angle of 5◦. The
corresponding service regions are illustrated as circular coverage
areas in Fig. 3a. Although the satellite completes multiple orbits
around Earth during the 48-hour observation period, the three
GSs collectively provide only about 20 TT&C opportunities, with
the longest contact lasting just 7.1 minutes. Consequently, under
this sparse GS deployment, the satellite is commandable for only
approximately 20×7.1 minutes, corresponding to just 4.9% of the
two-day period. To improve control-plane connectivity, operators
must deploy a large number of GSs worldwide. Fig. 3b quantifies
this relationship, showing that the aggregate TT&C contact time
increases with GS deployment density. However, conventional GSs
are costly, physically large, and require country-specific spectrum
licenses for active uplink transmission, making dense global de-
ployment prohibitively expensive. This motivates CommSAR: by
leveraging the SAR satellite’s high-power radar waveform, Comm-
SAR eliminates the need for active uplink transmission, significantly
reduces GS hardware complexity, simplifies worldwide deployment,
and ultimately expands the available TT&C contact window.

SAR Signal Characteristics. Using the CommSAR GS prototype
(Fig. 11c), we capture downlink radar pulses transmitted by our
in-orbit SAR satellite. In collaboration with the satellite operator,
we also obtain onboard IQ recordings of the corresponding ground-
reflected echoes. Together, these paired measurements characterize
both propagation paths: the downlink signal received at the GS and
the uplink echo reflected from the ground back to the satellite.

The RF specifications of the investigated SAR satellite are de-
tailed in Fig. 4a. This satellite transmits LFM pulses centered at
9.6 GHz with a bandwidth of 600 MHz and a transmit power of
68.06 dBm (≈6.4 kW). For our measurements, the pulse duration (𝑇𝑝 )
and duty cycle are configured to 15 𝜇s and 10%, respectively, yielding
a 150 𝜇s pulse repetition interval. Fig. 4b illustrates the spectro-
gram of the ground-received signal. As ground-reflected replicas,

Antenna Type 2D Scanning Planar
Active Phased Array Center Frequency 9.6 GHz

Bandwidth (𝐵) 600 MHz Polarization HH
Antenna Aperture 3.8 m (az) × 0.73 m (rg) T/R Channels 10 (az) × 32 (rg)
Pulse Duration (𝑇𝑝 ) 10-100 𝜇s PRF Range 2-8 kHz

Beamwidth 0.42◦ (az) × 2.17◦ (rg) Scan Capability ± 1◦
Average Transmit
Power during
LFM Pulse

68.06 dBm (6,400 W) Average Transmit
Power ≤ 61.07 dBm (1,280 W)

(a) RF specifications of our in-orbit SAR satellite.

𝑩 = 𝟔𝟎𝟎MHz

𝑻 = 𝟏𝟓𝟎𝝁s

𝑻𝒑 = 𝟏𝟓𝝁s
(b) Spectrogram of ground-received SAR signals.

Figure 4: Real-world measurements of our in-orbit SAR satel-
lite.

the satellite-captured echoes preserve the same time-frequency
structure, differing only in propagation delay, Doppler shift, and
attenuation.

Next, we characterize the signal strength of SAR transmissions
at the ground receiver and the intensity of echoes reflected back to
the satellite. Typically, SAR satellites perform imaging only during
an overpass when the elevation angle exceeds 30◦.3 Across multi-
ple overpasses within this 30◦ to 90◦ range, the measured ground
SNR consistently falls between 18 and 27 dB. This high SNR is
sustained by the satellite’s spotlight mode, which actively steers the
antenna beam to illuminate the target area.4 Although echo SNR
inherently varies with terrain reflectivity, strong point reflectors,
such as a reflective metal plane or our custom metasurface (Fig. 1c),
achieve significant SNR after spatial filtering (Sec. 3.2). Empirical
measurements show that, during a 30◦-elevation-angle overpass,
our metasurface achieves an echo SNR of up to 10 dB at the satel-
lite receiver. Similarly high SNRs are maintained across a broad
range of overpass elevation angles, ensuring reliable link quality.
Together, these measurements demonstrate that both native SAR
transmissions and metasurface echoes provide sufficient power
budgets for shared-waveform communication.

3 System Design
We propose CommSAR, a shared-waveform design that enables
bidirectional satellite–ground communication by leveraging the na-
tive imaging waveforms of spaceborne SAR satellites. An overview
of the CommSAR framework is presented in Fig. 5, which also de-
tails the bidirectional waveforms and resulting imaging quality
in comparison with standard SAR. CommSAR’s primary objective
is to embed bidirectional data into native SAR pulses and echoes
without compromising SAR imaging performance. To this end, this
section details three core design components tailored to address
the specific challenges of downlink transmission, uplink reflection,
and extreme LEO satellite mobility.

3.1 Shared Waveform for Downlink
Information embedding in LFM signals can be categorized into two
schemes. The intra-pulse scheme embeds data within a single pulse

3The elevation angle is defined as the angle between the satellite-to-target line of sight
and the local tangent plane.
4Spotlight mode includes sliding spotlight and staring spotlight modes. These estab-
lished high-resolution SAR modes are increasingly supported by agile commercial
SAR systems [5, 13, 14, 44, 50]. We discuss the scope of these imaging modes in Sec. 6.
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Figure 5: Overview of CommSAR: (a) the system pipeline; (b) comparison between standard SAR and CommSAR.

by modulating amplitude, phase, chirp slope, or chirp starting fre-
quency. The inter-pulse scheme, by contrast, operates across pulses,
e.g., pulse repetition interval (PRI) modulation. However, the strin-
gent requirement to preserve imaging fidelity precludes most of
these options. Specifically, in SAR satellite systems, high-power am-
plifiers (HPAs) operate in a deep saturation region and necessitate
a constant envelope, rendering amplitude modulation (AM) infeasi-
ble. Phase modulation (PM) disrupts azimuth coherent processing,
introducing phase errors that lead to azimuth defocusing and image
artifacts. Furthermore, chirp slope modulation disrupts echo energy
uniformity, while PRI modulation jeopardizes the precise timing of
onboard data acquisition and IQ storage. Consequently, we draw
inspiration from the LoRa protocol [37] in the IoT domain and adapt
its core modulation concept—cyclic-shift chirp keying—to the SAR
context. The resulting waveform is referred to as cyclic-shifted LFM
(CS-LFM), with each pulse representing one symbol. We next detail
the CS-LFM-based downlink communication and showwhy it is the
only viable non-destructive scheme that preserves imaging fidelity.

CS-LFM Modulation. Suppose a standard LFM pulse sweeping
a bandwidth 𝐵 and spanning a pulse duration of 𝑇𝑝 is denoted as
𝑠 (𝑡), where 0 ≤ 𝑡 ≤ 𝑇𝑝 . CommSAR modifies the standard LFM pulse
by applying a cyclic time shift. Specifically, an input symbol index
𝑛 ∈ {0, 1, . . . , 𝑁sym − 1} is mapped to a discrete cyclic shift of time
Δ𝑡𝑛= 𝑛

𝑁sym
𝑇𝑝 . The 𝑛-th CS-LFM waveform is then expressed as

𝑠
(𝑛)
cs (𝑡) = 𝑠

(
(𝑡 + Δ𝑡𝑛) mod 𝑇𝑝

)
. (5)

For example, the CS-LFM illustrated in Fig. 6a is formed by cyclically
shifting the standard LFM in Fig. 6b by Δ𝑡𝑛=11.25𝜇s with 𝑇𝑝=15𝜇s,
𝑁sym=256 and 𝑛=192.

Preamble-Free Downlink Time Synchronization. CommSAR
performs pulse-wise detection and time synchronization directly
in the magnitude domain by leveraging the inherently high SNR
of SAR downlink signals. However, because the received signal
strength varieswith satellite pass geometry, staticmagnitude thresh-
olds cannot provide robust pulse detection. To address this, we
propose a “coarse-to-fine” adaptive synchronization strategy.

(1) Coarse Detection (Energy-based Triggering): Suppose a buffer
of received IQ samples is denoted as {𝑟 [𝑖]}𝑁−1

𝑖=0 , where 𝑖 is the
sample index and 𝑁 is the buffer length. First, a robust estimate of
the background noise floor is obtained by smoothing the received
samples with a sliding window of length 𝐿. To suppress impulsive
interference without excessively smoothing the pulse onset, 𝐿 is
empirically set to 1% of the pulse duration. This smoothing process
yields the data representation: 𝑦 [𝑖] = 1

𝐿

∑𝐿−1
𝑘=0 |𝑟 [𝑖 − 𝑘] |, 𝑖 ∈ [𝐿 −

1, 𝑁 − 1]. The background noise magnitude level is then estimated

as the 𝑝-quantile:

𝐸bg = 𝑦sorted [⌊𝑝 · (𝑁 − 1)⌋] , (6)

where {𝑦sorted [𝑖]}𝑁−1
𝑖=0 is {𝑦 [𝑖]}𝑁−1

𝑖=0 sorted in ascending order. The
detection threshold is defined as 𝛼𝐸bg, where 𝛼 is a sensitivity
scaling factor. To ensure robust performance, we set 𝛼 = 2.5 using
median estimation (𝑝 = 0.5). The first index at which the smoothed
magnitude exceeds this adaptive threshold is recorded as the coarse
trigger, indicating the presence of a pulse

𝑖trig =min
{
𝑖 | 𝑦 [𝑖] > 𝛼𝐸bg

}
. (7)

(2) Fine Synchronization (Half-power Backtracking): After de-
tection, to recover the precise start time, a local search is per-
formed preceding 𝑖trig. Let 𝑖peak = argmax𝑖∈[𝑖trig−2𝐿, 𝑖trig ] |𝑟 [𝑖] | and
𝑉peak = |𝑟 [𝑖peak] |. The estimated pulse start (i.e., the magnitude
rising edge), denoted as 𝑖 , is obtained by backtracking to the half-
power point:

𝑖 =max
{
𝑖 < 𝑖peak

��� |𝑟 [𝑖] | < 𝑉peak/
√
2
}
+ 1. (8)

In this way, we can achieve preamble-free timing synchronization
for each downlink pulse.
Demodulation. Following pulse-wise synchronization, CS-LFM
demodulation is implemented via dechirping, i.e., multiplying the
received signal by a conjugated standard LFM reference. As depicted
in Fig. 6c, this process transforms the CS-LFM waveform into a
dual-tone signal in the frequency domain, with peak frequencies at
𝑓1 = 𝑓sym + 𝐵/2 and 𝑓2 = 𝑓sym − 𝐵/2. Consequently, by maintaining
a sampling rate 𝑓𝑠 ≥ 2𝐵 to mitigate aliasing, we can identify these
two spectral peaks via an FFT operation, enabling symbol detection.
Downlink Data Rate Analysis. The achievable data rate is fun-
damentally limited by the orthogonality among communication
symbols. Specifically, over a pulse duration 𝑇𝑝 , the minimum re-
solvable frequency spacing is Δ𝑓 = 1/𝑇𝑝 , which yields at most
𝐵/Δ𝑓 = 𝐵𝑇𝑝 mutually orthogonal symbols per pulse. With a pulse
repetition frequency (PRF) of 𝑓PRF, the maximum achievable down-
link data rate is

𝑅down = 𝑓PRF log2 (𝐵𝑇𝑝 ) . (9)
For our in-orbit testbed (𝐵=600 MHz, 𝑇𝑝=15 𝜇s, 𝑓PRF=8 kHz at the
maximum PRF), this yields 𝑅down≈105 kbps, which is sufficient to
support typical satellite TT&C requirements.
High-Fidelity SAR Imaging. Preserving native SAR imaging per-
formance is a critical requirement for the proposed downlink. As
discussed in Sec. 2.1, all SAR imaging algorithms rely on the ini-
tial two-dimensional pulse compression. Therefore, if this stage
produces the same response as a standard LFM waveform, all sub-
sequent imaging processing remains unaffected. CS-LFM directly
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Figure 6: (a, b) Spectrogram of a CS-LFM symbol and a stan-
dard LFM waveform. (c) Demodulation process of a CS-LFM
symbol. (d, e) After pulse compression, both LFM and CS-
LFM produce identical amplitude and phase responses.

exploits this property by applying a cyclic time shift to the standard
LFM pulse, which preserves the signal envelope and spectral mag-
nitude while introducing only a deterministic phase rotation in the
frequency domain. Consequently, pulse compression, performed by
cross-correlating the received pulse with a symbol-specific replica,
produces a sinc mainlobe response identical to that of standard
LFM (Fig. 6). As a result, both the range-compressed response and
the subsequent azimuth compression remain consistent with those
of conventional SAR, thereby preserving overall imaging fidelity.

The equivalence between CS-LFM and conventional LFM pulse
compression strictly holds when the processing window is limited
to the pulse duration. In practice, however, SAR receivers capture ad-
ditional noise-filled samples beyond the pulse boundaries, making
the two waveforms no longer mathematically identical. Neverthe-
less, the differences are minor edge effects and have a negligible
impact on SAR imaging performance, as validated in Sec. 5.3.

3.2 Shared Waveform for Uplink
By leveraging the satellite’s high-power CS-LFM pulses as the up-
link carrier, CommSAR embeds data into reflected echoes via a
programmable metasurface. This architecture exploits the native
SAR imaging pipeline as a high-gain spatial filter, enabling the
extraction of modulated signals from background clutter. For mod-
ulation, we adopt an intra-pulse scheme to achieve a higher data
rate than inter-pulse modulation. This choice is also motivated by
the characteristics of the space–ground channel and the underlying
SAR imaging physics. Specifically, amplitude modulation reduces
the effective echo SNR, while frequency modulation perturbs the
echo spectrum, leading to spatial defocusing or target displace-
ment in the reconstructed image. In contrast, phase modulation
preserves the integrity of the 2D pulse compression process, making
it transparent to SAR imaging. We next present the programmable
metasurface-based uplink communication framework.
Intra-Pulse Phase Modulation and Demodulation. As shown
in Fig. 6e, the CS-LFM waveform inherently preserves the under-
lying quadratic phase structure. We implement binary phase mod-
ulation by superimposing discrete phase offsets 𝜙𝑘 ∈ {0, 𝜋} onto
this echo pulse via a programmable metasurface. At the SAR satel-
lite’s receiver, demodulation is performed via dechirping, which
involves multiplying the received signal by the complex conjugate

of a replica of the downlink CS-LFM waveform. This operation co-
herently cancels the quadratic phase history of the carrier, thereby
isolating the embedded binary information in the residual phase
of the dechirped signal. Notably, although CS-LFM introduces a
transient phase ramp at the cyclic shift instant, our SAR satellite
signal measurements (Fig. 11a) show that this effect is confined to
the nanosecond timescale. Since this duration is several orders of
magnitude shorter than the 𝜇s-scale phase-modulated symbols, its
impact on data demodulation is negligible.
ProgrammableMetasurface.Wedevelop a reflective programmable
metasurface capable of high-speed phase modulation. As illustrated
in Fig. 7, the metasurface comprises periodically arranged meta-
atoms. To implement these binary phase states, the meta-atoms
are specifically engineered to provide two distinct reflective phase
states with a phase difference near 180◦, maximizing their distin-
guishability. This dual-state modulation is realized by toggling the
states of diodes integrated into the top layer of each meta-atom. The
proposed metasurface is highly scalable. By tuning the structural pa-
rameters of its metallic patterns, it can be adapted to support a wide
range of SAR operating frequencies. Detailed design specifications
for different frequency bands are provided in Fig. 7. Operationally,
a single controller synchronously drives the diodes across all meta-
atoms, allowing the entire surface to switch phase states uniformly.
This architecture can achieve a stable switching rate of up to 1 MHz
in our prototype implementation.

Furthermore, the meta-atom is designed to maintain a stable
phase difference between its two states over a wide frequency band,
ensuring stable modulation despite rapid CS-LFM frequency varia-
tion. This wideband design offers a practical advantage: by scaling
the meta-atom dimensions [28], the metasurface can be optimized
to support nearly all global SAR satellites operating across the
L-, C-, X-, Ku-, and Ka-bands using only five optimized designs.
Fig. 7 illustrates the structural design and the five scaled geometries,
with detailed dimensions provided in Appendix A. Fig. 8a further
presents the measured phase difference (ΔΦ) between the two mod-
ulation states for each size, demonstrating stable near 180◦ phase
separation across the corresponding operating band. Fig. 8b further
presents the numerical results showing that the radar cross-section
(RCS) difference between the designed metasurface and a perfect
electric conductor (PEC) is negligible.
Uplink Data Rate Analysis. The achievable uplink data rate
is jointly determined by the pulse duration 𝑇𝑝 , the binary phase
modulation frequency 𝑓PSK, the pulse-detection timing reservation,
and the pulse repetition frequency 𝑓PRF:

𝑅up = 𝑓PRF (𝑓PSK𝑇𝑝 − 1) . (10)

For our in-orbit testbed (𝑓PRF = 8 kHz at the maximum PRF,
𝑇𝑝 = 15 𝜇s) and metasurface implementation (𝑓PSK = 1 MHz), this
yields an uplink data rate of 𝑅up = 112 kbps. One symbol is reserved
for pulse detection and trigger synchronization, as described below.
Uplink Time Synchronization. To ensure precise temporal align-
ment, the metasurface controller is coupled with the downlink
receiver (Fig. 11c). In practice, this timing is met locally at the GS:
the downlink receiver continuously monitors the incident pulse en-
ergy, and the pulse detector in Eq. (7) produces a hardware trigger
as soon as the pulse onset is detected. This trigger is directly wired
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Figure 7: The programmable meta-atom and its metasurface.

to the metasurface controller, avoiding software scheduling or net-
work delay. The controller then modulates a sequence comprising
a Barker preamble [3] followed by data symbols. The Barker code is
chosen for its favorable autocorrelation properties, enabling rapid
and precise synchronization at the satellite receiver through cross-
correlation. For our 15 𝜇s pulse and 1 MHz metasurface switching
rate, the controller reserves approximately one symbol interval for
pulse detection and trigger propagation, and then emits a 14-symbol
modulation sequence over the remaining pulse duration.

Spatial Filtering-Based Metasurface Echo Extraction. The pri-
mary challenge in the uplink is the intense background clutter,
arising from the superposition of echoes from millions of ground
scatterers, which interferes with the modulated reflections from
the metasurface. The key observation for addressing this challenge
is that standard SAR focusing inherently acts as a high-gain spa-
tial filter, naturally suppressing this interference. After focusing,
echoes from different ground patches are mapped to their corre-
sponding range–azimuth resolution cells: the metasurface response
is concentrated in the known GS cell, while the background clut-
ter is focused into other cells. Because the GS location is known,
CommSAR does not require a blind search over the scene. Instead,
it directly reuses the standard focused SAR image and extracts the
range–azimuth resolution cell corresponding to the metasurface
for communication recovery. The extracted resolution cell is an
image-domain representation, whereas D-BPSK decoding requires
a time-domain echo. CommSAR therefore employs a post-focusing
recovery branch to reconstruct the time-domain echo:
(1) Focus Search: The satellite performs standard 2D SAR focusing

on a short echo buffer (e.g., 0.5 s) and crops the known GS cell.
As a result, the computational cost is dominated by standard
SAR focusing rather than by the location lookup.

(2) Echo Rebuild: CommSAR applies inverse focusing to the selected
cell to reconstruct a clutter-suppressed time-domain echo.

(3) D-BPSK Decoding: The reconstructed echo is dechirped and
demodulated to recover the uplink symbols from the residual
phase, following the D-BPSK scheme described in Sec. 3.3.

The focusing buffer duration controls the selectivity of this spatial
filter. A longer buffer extends the synthetic aperture and improves
azimuth resolution, reducing the ground area covered by the se-
lected resolution cell and thereby admitting less surrounding clutter.
However, it also increases the number of pulses processed during
SAR focusing and inverse focusing, resulting in higher computa-
tional cost and longer processing latency. Consequently, uplink
demodulation exposes a tunable latency–selectivity trade-off.
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Figure 9: (a) Reliability of conventional Doppler compen-
sation based on TLE/SGP4. (b) GS trajectories within the
satellite’s footprint during overpass events with different
maximum elevation angles (Max El.).

3.3 Managing Extreme LEO Mobility
The extreme velocity of LEO SAR satellites (≈ 7.7 km/s) poses criti-
cal challenges. In the downlink, Doppler shifts distort the dechirped
frequency, hindering symbol decoding. In the uplink, rapid path-
length variations introduce severe phase uncertainty for phase-
modulated signals. In this section, we detail the strategies used to
mitigate these mobility-induced effects.

Opposite-Slope LFM as Doppler Pilots. A natural alternative is
for the ground receiver to precompute the expected Doppler shift
using orbital information, such as public Two-Line Element (TLE)
data [15] propagated with the SGP4 model [46]. However, such
predictions are inherently coarse. Because TLEs represent mean
orbital elements rather than instantaneous state vectors, they can
introduce position errors of tens of kilometers, resulting in signifi-
cant residual Doppler errors [30, 33]. Residual Doppler impact is
governed by carrier frequency, orbital altitude, and pulse duration
(𝑇𝑝 ). At high frequencies, long pulses, or low altitudes, this residual
can exceed the symbol tolerance Δ𝑓 /2 = 1/(2𝑇𝑝 ), compromising
demodulation reliability. This defines an “Unsafe Zone”, as illus-
trated in Fig. 9a, where for a fixed altitude, combinations of higher
carrier frequency and longer𝑇𝑝 (above and to the right of the curve)
incur residual Doppler exceeding the symbol decoding tolerance.

To overcome this limitation, CommSAR draws inspiration from
pilot symbols in conventional communication systems and occa-
sionally inserts opposite-slope LFM pilot pulses in place of data
symbols. The opposite slope serves a dual purpose. First, it en-
sures reliable discrimination from regular data symbols. Because
all CS-LFM data symbols share the same chirp slope, the opposite-
slope pilot can be readily identified at the receiver through cor-
relation. Second, reversing the slope preserves the waveform’s
time–bandwidth product and power spectral density, leaving the
pulse compression response unchanged. This makes the pilots fully
transparent to the legacy SAR imaging pipeline, introducing no
observable degradation in imaging performance.
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Figure 11: CommSAR system prototypes.

The detected pilot provides an instantaneous frequency reference
that remains valid until the accumulated Doppler drift exceeds the
symbol tolerance. Consequently, the pilot density must scale with
the Doppler variation rate. By analyzing the Doppler distribution
across the satellite beam footprint from a satellite-centric perspec-
tive (Fig. 9b), we identify near-zenith (90◦-elevation-angle) passes
as the worst-case scenario, as they exhibit the largest Doppler-
time gradients. Accordingly, CommSAR configures the pilot density
based on this most stringent requirement, ensuring reliable demod-
ulation across all overpass geometries. Since the Doppler evolution
of a satellite in a stable orbit is almost deterministic, this density can
be pre-configured offline, thereby eliminating real-time onboard
computational overhead.

D-BPSK as a Phase-Rotation Anchor. In the uplink, the rapid
satellite motion (up to ±8.5 × 107 deg/s) and the discontinuous
nature of radar pulses preclude coherent demodulation due to the
lack of a stable phase reference. However, as the channel remains
quasi-static over 𝜇s-scale symbol intervals, CommSAR adopts D-
BPSK. By detecting the relative phase difference between adjacent
symbols, the system inherently cancels out the mobility-induced
phase rotation. This mechanism enables reliable blind demodulation
without the need for complex phase tracking.

4 Implementation
In this section, we present the detailed implementation of Comm-
SAR’s SAR radar and GS prototypes.

CommSAR Radar Prototypes.We implement CommSAR imaging
radar prototypes using the FPGA-based direct digital synthesizer
(DDS) architecture [42], which is the prevailing waveform genera-
tion architecture in commercial SAR satellites [1, 10, 11, 51]. DDS is
a digitally sampled waveform generator driven by a high-stability

Table 1: FPGA firmware upgrade from SAR to CommSAR on
the same FPGA hardware as the in-orbit satellite testbed.

CommSAR upgrade over SAR Added overhead

Code

Changed in waveform-generation module: add CS-LFM
waveform-generation logic that maps data symbols to cyclic DDS
read-pointer offsets.

+400 lines of code
(≈1.5%)

Other modules unchanged: clock/reset, ADC/DAC interfaces,
timing/RF control, acquisition/processing, frame packing/storage,
and NAND control.

0

Runtime

Increased in lookup tables (LUTs): added waveform-control logic
uses more programmable logic. +708 LUTs (≈1.3%)

Increased in block RAMs (BRAMs): extra on-chip buffer memory
is allocated within the CS-LFM waveform-generation path. +39 BRAMs (≈8.3%)

Other runtime resources show no increase: flip-flops (FFs), LUT
RAMs, DSP slices, I/O pins, gigabit transceivers (GTs), global clock
buffers (BUFGs), and mixed-mode clock managers (MMCMs).

0

clock, enabling flexible generation of arbitrary transmit waveforms
defined by software. Leveraging this programmability, CommSAR
functionality is enabled solely through FPGA firmware updates,
requiring no modifications to the RF front-end, analog signal chain,
or other hardware. As a result, existing SAR radars can be directly
upgraded to support CommSAR without any hardware changes.

Table 1 summarizes the satellite-side firmware delta. CommSAR
modifies only the waveform-generation module, adding about 400
Verilog lines to a 27K-line SAR FPGA program (≈1.5%). After full
resynthesis, the only increased FPGA resources are LUTs, from
54,874 to 55,582 (+708, ≈1.3%), and BRAMs, from 470.5 to 509.5 (+39,
≈8.3%). Resource utilization for LUT RAMs, FFs, DSP slices, I/O
pins, GTs, BUFGs, and MMCMs remains unchanged.

However, due to limited operational permissions granted by our
industrial partner, we are unable to directly modify the firmware on
the in-orbit commercial satellite at this stage, as shown in Fig. 10. In-
stead, we are limited to measuring the communication channel and
collecting the corresponding SAR imaging outputs. To overcome
this practical constraint while fully leveraging the existing in-orbit
satellite resources, we implement two DDS-based CommSAR radar
prototypes: (1) an anechoic-chamber-mounted COTS SAR radar (as
shown in Fig. 11a) operating in the X-band, which is the same model
as the in-orbit satellite, and (2) a UAV-mounted COTS SAR radar
(Fig. 11b) operating in the Ka-band, which is lightweight enough to
be carried by a UAV. We jointly use these radar prototypes running
CommSAR firmware to evaluate each module of CommSAR, with
the detailed methodology described in Sec. 5.1.

CommSAR GS Prototypes.We develop the CommSAR GS proto-
types (Fig. 11c) for bidirectional communication experiments. For
downlink reception, we employ a horn antenna integrated with
a tunable downconverter and a computer-based demodulator. For
uplink signal modulation, we fabricate the programmable meta-
surfaces tailored to two specific radar platforms: a 30×30 Ka-band
array for the UAV-based prototype and a 60×60 X-band array for the
in-orbit satellite. The fabricated metasurfaces are shown in Fig. 16
in the Appendix. To support different radar bands, the GS simply re-
places the horn antenna and metasurface with wavelength-specific
counterparts. The metasurface retains the same programmable unit-
cell topology and control interface, while the horn preserves the
same antenna geometry; only the physical dimensions of both com-
ponents are scaled to the target wavelength. All metasurface unit
cells are controlled by a shared control signal generated by an
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Arduino. The downlink receiver exports the detected pulse-onset
signal as a hardware trigger to the Arduino controller, which im-
mediately initiates the preloaded metasurface switching sequence.
Compared with conventional designs, the proposed GS prototype
is significantly more compact, portable, and easier to deploy.

5 Evaluation
In this section, we first describe the evaluation methodology. We
then present the corresponding results and analysis for the down-
link and uplink, respectively.

5.1 Methodology
To fully leverage existing in-orbit satellite resources while thor-
oughly evaluating each module of CommSAR, we design the fol-
lowing evaluation methodology, experimental setup, and metrics.
Downlink Impact on Imaging. Since the CS-LFM waveform can-
not be directly deployed on our in-orbit commercial satellite, we
implement it on the UAV-mounted CommSAR radar prototype (as
shown in Fig. 11b) to evaluate downlink-induced impact on imag-
ing. The UAV flies at an altitude of 300 m with a constant velocity
of 5 m/s, enabling the formation of a synthetic aperture analogous
to that of a SAR satellite. By alternating between CS-LFM and stan-
dard LFMwaveforms across successive pulse windows, we compare
CommSAR with conventional SAR imaging under identical scenes,
flight conditions, and radar hardware. For quantitative evaluation,
we use resolution, peak sidelobe ratio (PSLR), and integrated sidelobe
ratio (ISLR) to characterize the point-target impulse response. It
should be noted that the UAV is used solely for the imaging evalua-
tion (i.e., LFM vs. CS-LFM comparison) and is not involved in any
subsequent communication-related experiments.
Downlink Communication Performance. Although the CS-
LFM waveform cannot be directly deployed on the existing in-orbit
satellite, we can still measure the real downlink channel under ac-
tual satellite motion, propagation conditions, and RF impairments
based on our in-orbit satellite and GS. We then generate the pro-
posed CS-LFM waveform using the same FPGA-based DDS radar
(Fig. 11a) employed by the in-orbit satellite and incorporate the mea-
sured downlink channel response into the transmitted signal. To
further eliminate external interference and environmental effects,
the experiment is conducted in a microwave anechoic chamber.
We use the uncoded physical-layer bit error rate (BER) to evalu-
ate downlink communication performance under different channel
conditions. Unless otherwise noted, the SNR reported in all com-
munication BER plots refers to the raw sample-level SNR before
dechirping, symbol integration, and decoding. Since each CS-LFM
symbol encodes𝑚 bits, downlink BER is computed based on the
Hamming distance between the decoded and transmitted 𝑚-bit
symbol indices, normalized by the total number of transmitted bits.
Uplink Imaging Impact and Communication Performance.
We obtain onboard IQ traces of echoes reflected by our ground-
deployed metasurfaces and recorded by the in-orbit satellite; these
traces are used to evaluate uplink communication performance and
its impact on imaging. The detailed orbital info of the satellite is
shown in Fig. 10. To assess the uplink impact on imaging, since the
proposed echo-based shared-waveform uplink affects only the GS
resolution cell, corresponding to one or a few pixels in the SAR

Table 2: Quantitative comparison of point-target imaging
metrics between SAR and CommSAR. For each metric, the
better value is highlighted in bold.

Flight Direction Resolution (m) PSLR (dB) ISLR (dB)

SAR CommSAR SAR CommSAR SAR CommSAR

#1 Azimuth 0.1064 0.1106 -15.2217 -14.7790 -12.0493 -11.9901

Range 0.1843 0.1766 -14.6180 -14.3928 -13.1985 -11.6186

#2 Azimuth 0.1079 0.1041 -16.5228 -16.6590 -13.0646 -13.2310

Range 0.1827 0.1788 -20.1172 -19.0233 -16.2049 -15.4610

#3 Azimuth 0.0846 0.0852 -14.0381 -14.0468 -11.0188 -10.1511

Range 0.1942 0.1711 -16.6492 -18.2162 -14.7511 -13.9108

image, we present the resulting SAR images without quantitative
analysis. For uplink communication performance, we use the un-
coded physical-layer BER computed over the D-BPSK payload bits.
Barker symbols are used solely for synchronization and are ex-
cluded from the payload, while a synchronization failure causes all
payload bits in the corresponding pulse to be counted as erroneous.

5.2 Downlink Impact on Imaging
We evaluate the impact of CommSAR downlink modulation on SAR
imaging quality using the UAV-based radar prototype. Since UAV
trajectories are less repeatable than satellite orbits, we avoid com-
paring two independent flights. Instead, the radar transmits CS-LFM
and standard LFM pulses in an interleaved manner: odd pulses use
the CommSAR waveform, while even pulses use the conventional
SAR waveform. This design ensures that the two waveforms share
almost the same radar hardware, platform trajectory, synthetic
aperture geometry, scene, and propagation environment. After data
collection, the received echoes are de-interleaved into CS-LFM and
standard LFM subsets, which are then processed independently by
the CommSAR and conventional SAR imaging pipelines, respec-
tively. The evaluation is conducted in two stages: (1) a qualitative
visual comparison at the scene level and (2) a quantitative point-
target impulse-response assessment.
Cross-Platform Fidelity. This experiment does not attempt to
reproduce the exact satellite imaging geometry. Instead, it verifies
the key waveform-level question: whether CS-LFM can achieve the
same SAR focusing behavior as standard LFM when both wave-
forms observe the same scene through the same aperture, hardware,
trajectory, and imaging SNR. The transition from the UAV prototype
to the satellite platform changes parameters such as range, velocity,
carrier frequency, and Doppler history. However, these are standard
platform-dependent inputs to SAR focusing algorithms [2, 8, 31]
and are matched accordingly for both CS-LFM and LFM processing.
Therefore, they do not introduce any additional imaging penalty
specific to CS-LFM. The only remaining waveform-specific factor
is pulse compression under matched filtering, which is analyzed
in Sec. 3.1 and empirically validated through the interleaved A/B
test. This is also consistent with the common practice of validating
SAR imaging waveforms and processing algorithms using airborne
experiments before spaceborne deployment [34, 35].
Visual Scene-Level Comparison. We conduct three UAV flights
using modulation orders of 8 bits, 9 bits, and 10 bits, corresponding
to low, medium, and high modulation orders, respectively. Fig. 12
compares the conventional SAR and CommSAR imaging results
across all three flights. The scenes cover diverse land-cover types



SIGCOMM ’26, August 17–21, 2026, Denver, CO, USA Yimin Zhao et al.

Pop cans

(a) (b) (c)

SAR	(Flight	#1)

Range	(m)
-0.5 -0.25 0 0.25 0.5

A
zi
m
ut
h	
(m

)

-0.5

-0.25

0

0.25

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
m
pl
itu

de

(d)

CommSAR	(Flight	#1)

Range	(m)
-0.5 -0.25 0 0.25 0.5

A
zi
m
ut
h	
(m

)

-0.5

-0.25

0

0.25

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
m
pl
itu

de

(e)

(f) (g) (h)

SAR	(Flight	#2)

Range	(m)
-0.5 -0.25 0 0.25 0.5

A
zi
m
ut
h	
(m

)

-0.5

-0.25

0

0.25

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
m
pl
itu

de

(i)

CommSAR	(Flight	#2)

Range	(m)
-0.5 -0.25 0 0.25 0.5

A
zi
m
ut
h	
(m

)

-0.5

-0.25

0

0.25

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
m
pl
itu

de

(j)

(k) (l) (m)

SAR	(Flight	#3)

Range	(m)
-0.5 -0.25 0 0.25 0.5

A
zi
m
ut
h	
(m

)

-0.5

-0.25

0

0.25

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
m
pl
itu

de

(n)

CommSAR	(Flight	#3)

Range	(m)
-0.5 -0.25 0 0.25 0.5

A
zi
m
ut
h	
(m

)

-0.5

-0.25

0

0.25

0.5

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

A
m
pl
itu

de

(o)

Figure 12: Visual comparison of standard SAR (LFM) and CommSAR (CS-LFM) imaging results across three real UAV flights
(rows). Columns correspond to: (a, f, k) Optical reference (Google Maps); (b, g, l) Standard SAR imaging; (c, h, m) CommSAR
imaging; (d, i, n) Standard SAR point-target response, and (e, j, o) CommSAR point-target response. The bright pattern spelling
“SAR” at the upper-right of (a, b, c) is formed by pop cans spaced ≈1.5 m apart; their strong metallic reflections act as point
scatterers, revealing the spatial resolution. Across all flights, CommSAR preserves imaging fidelity with no visible artifacts.
Full resolution SAR/CommSAR images of this experiment can be found in Appendix B.

and scattering structures, including farmland, asphalt roads, con-
crete and brick buildings, metallic towers, and water bodies such
as ponds. Across all modulation orders, the CommSAR images ex-
hibit visual quality comparable to that of conventional SAR images.
Major scene structures, dominant scatterers, and spatial layouts
are well preserved, including compact metallic scatterers, linear
road features, field and water boundaries, and building and land-
cover patterns that support common SAR interpretation tasks. We
observe no noticeable artifacts or geometric distortions as the mod-
ulation order increases, indicating that CS-LFM modulation does
not visibly remove or distort application-relevant image cues.
Point-Target Impulse Response Analysis.While a visual scene-
level comparison evaluates overall image fidelity, point-target anal-
ysis offers a more sensitive evaluation of the radar system’s impulse
response characteristics. We perform point-target analysis using
isolated strong scatterers extracted from the reconstructed images,
as illustrated in the six rightmost subfigures of Fig. 12. For eachmod-
ulation order, we evaluate resolution, peak sidelobe ratio (PSLR),
and integrated sidelobe ratio (ISLR) in both azimuth and range di-
mensions. Table 2 compares the point-target metrics between SAR
and CommSAR. Across all modulation orders, CommSAR achieves
resolutions that are comparable to, and in several cases slightly
better than, those of standard SAR. PSLR and ISLR values remain
on par with conventional SAR. Moreover, we observe no systematic
degradation as the modulation order increases. This behavior is
expected, as the CS-LFM waveform is theoretically transparent to
the SAR imaging process, as analyzed in Sec. 3.1.

5.3 Downlink Communication
Using the real-channel-data–assisted methodology described above,
we evaluate the performance of CS-LFM downlink communication
under various SNR levels and Doppler shifts measured from the real
satellite-to-ground channel. We further evaluate the throughput
degradation introduced by the proposed pilot insertion scheme
used to combat extreme satellite mobility.

Impact of SNR.We evaluate the uncoded physical-layer BER of the
proposed CS-LFM scheme under varying SNRs encountered as the
satellite passes over our GS.We use the recorded channel noise from
the real satellite-to-ground link as the baseline noise and synthesize
additional additive white Gaussian noise to systematically reduce
the SNR. We test different modulation orders𝑚 (where each CS-
LFM symbol encodes 𝑚 bits) and the corresponding results are
shown in Fig. 13a. The BER results reveal a fundamental trade-
off between spectral efficiency and noise robustness: increasing𝑚
packs more CS-LFM symbols into the same bandwidth but reduces
the tolerance margin against noise. However, even at the maximum
bandwidth-limited modulation order of𝑚 = 13, the downlink BER
falls below 10−3 once the SNR reaches approximately 15 dB. Notably,
our real-world measurements from the in-orbit SAR satellite show
that the minimum received SNR is approximately 18 dB, even at
a low elevation angle of 30◦. This establishes a link margin of
approximately 3 dB over the 10−3 BER operating point.

Impact of Doppler Shifts. Doppler shifts pose a critical challenge
to CS-LFM demodulation because they introduce frequency offsets
that can lead to incorrect symbol decisions and, consequently, bit
errors. To isolate the impact of Doppler shifts, we fix the baseline
SNR to the minimum value observed in the real satellite–ground
channel, which is 18 dB. Fig. 13b illustrates the diverse time-varying
downlink Doppler shifts during satellite passes with different max-
imum elevation angles, based on our in-orbit satellite. To quantify
the inherent sensitivity of CS-LFM to these shifts, we evaluate the
uncoded physical-layer BER as a function of Doppler shift with the
opposite-slope LFM pilot-based compensation disabled. The results,
shown in Fig. 13c, reveal that sensitivity to Doppler shifts scales
with the modulation order𝑚. By cross-referencing these results
with Fig. 13a—where the same modulation order (𝑚 = 13) remains
below the plotted BER range at 18 dB SNR with pilot compensation
enabled—the comparison shows that pilot insertion is essential for
reliable high-order downlink demodulation under satellite-induced
Doppler shifts across realistic overpass geometries.
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Figure 13: Evaluation of CommSAR downlink communication performance.
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Figure 14: CommSAR uplink communication evaluation.

CommSAR GS

Figure 15: In-orbit SAR image acquired during CommSAR
uplink communication.

Throughput Overhead of Pilot Insertion. Given the effective-
ness of the proposed pilot insertion scheme, we further quantify
the throughput degradation introduced by this design. With the
measured Doppler shifts in Fig. 13b, we calculate the corresponding
maximum allowable pilot insertion interval, as illustrated in Fig. 13d.
This interval is determined by requiring the Doppler drift between
consecutive pilots to remain below half of the CS-LFM symbol spac-
ing, ensuring that the residual frequency offset does not cross the
nearest symbol decision boundary. As expected, the Doppler drift
depends strongly on the satellite’s elevation angle during the pass,
with the 90° near-zenith pass representing the worst-case scenario.
Notably, even in this most demanding near-zenith scenario, the de-
rived maximum allowable pilot interval for our CS-LFMmodulation
scheme remains above 5 seconds, indicating that only infrequent
pilot insertion is required. With one pilot pulse inserted every five
seconds, the fraction of pulses used for CS-LFM data transmission
is 𝑓PRF−1/5

𝑓PRF
, which yields 99.9975% at the maximum PRF (𝑓PRF=8000).

Hence, the 5 s pilot strategy ensures robust Doppler compensation
while introducing a negligible throughput overhead.

5.4 Uplink Performance
We evaluate CommSAR’s uplink directly with the in-orbit SAR
satellite, preserving the real satellite-ground geometry, propaga-
tion channel, and RF hardware conditions. The uplink evaluation
focuses on three aspects: (1) the visual scene-level impact of the
modulated uplink waveforms; (2) the communication reliability of
the metasurface-based uplink; and (3) the computational overhead
of uplink demodulation.

Visual Scene-Level Results. Fig. 15 shows the in-orbit SAR image
acquired during uplink communication. Because the metasurface

acts as a dedicated point scatterer, standard SAR processing focuses
its modulated echo into the GS’s resolution cell. Consequently, the
visual impact of the uplink transmission is inherently confined
to the GS’s geolocation cell (i.e., only a few bright pixels), while
the rest of the scene remains unchanged. This visualization also
illustrates the spatial filtering underlying uplink demodulation: the
standard SAR focusing process naturally separates the metasurface
echo from the surrounding scene clutter.

Uplink Communication Reliability. Although the in-orbit satel-
lite transmits standard LFM pulses instead of CS-LFM, the uplink
demodulator recovers only the residual phase between the metasur-
face echo and the known transmitted chirp, rather than the absolute
chirp phase. Consequently, the standard-LFM experiment is rep-
resentative of CS-LFM uplink operation: in both cases, matched
dechirping removes the deterministic chirp phase, leaving only
the D-BPSK phase imposed by the metasurface. The uplink uses
D-BPSK with a 14-symbol intra-pulse modulation sequence, where
a Barker preamble provides symbol synchronization. To stress-test
link reliability, we inject controlled noise into the real satellite
echoes and vary both the SNR and Barker-code length. Fig. 14a
reports the end-to-end uplink BER over payload bits. This metric
includes both Barker synchronization failures and D-BPSK pay-
load errors after successful synchronization: Barker symbols are
not counted as payload, while a synchronization failure causes all
payload bits in that pulse to be counted as erroneous.

Barker-3 reaches the 10−3 BER target at about −13 dB SNR,
showing that a short synchronization sequence is already sufficient
in our measured traces. Longer Barker sequences do not provide a
consistent BER reduction, suggesting that the residual errors in this
regime are not dominated solely by synchronization failures. Since
increasing the Barker length also reduces the number of payload
symbols per pulse, from 11 with Barker-3 to 9 and 7 with Barker-5
and Barker-7, respectively, we use Barker-3 as the default operating
point because it provides a favorable rate–robustness trade-off.

Computational Overhead of Uplink Demodulation. For up-
link demodulation, CommSAR reuses standard SAR focusing as
the spatial-filtering primitive and runs a communication-specific
demodulation path in three stages: (1) Focus Search, whose latency
is dominated by the standard SAR focusing process; once the im-
age is focused, locating the metasurface cell is a simple crop using
the known GS geolocation; (2) Echo Rebuild, which applies inverse
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focusing to recover a clutter-suppressed time-domain echo; and (3)
D-BPSK Decoding, which dechirps and differentially demodulates
the recovered echo. Fig. 14b reports this latency breakdown: the
first bar corresponds to the focusing-dominated focus search stage,
while the other two correspond to the echo rebuild and D-BPSK
decoding stages.

We then vary the focusing buffer duration, which is the pri-
mary parameter that trades latency for spatial selectivity. Longer
buffers improve azimuth resolution, allowing the extracted cell to
contain less surrounding clutter and achieve a higher rebuilt-echo
SNR (Fig. 14d). However, the same buffers require processing more
pulses, thereby increasing computation time (Fig. 14c). Together,
these results quantify how buffer duration trades computational
latency for rebuilt-echo SNR, allowing CommSAR to choose a buffer
duration based on the required link margin and latency budget.

6 Discussion
This section discusses the capabilities enabled by higher TT&C
rates, the SAR imaging modes best suited for CommSAR, and the
implications of shared-waveform TT&C for control-plane security.

Higher TT&C Rates. A 100-kbps-class TT&C link does more
than satisfy conventional requirements: it substantially expands
the amount of control-plane data that can be exchanged within
a short contact window. Conventional TT&C baselines require at
least 2 kbps for telecommand and 9.6 kbps for telemetry [21], while
CommSAR provides a bidirectional link on the order of 100 kbps.
This rate headroom enables more agile SAR operations, including
MB-scale on-orbit updates for new imaging modes or onboard pro-
cessingmodels, as well as rapid transmission of quick-look previews
from newly acquired SAR scenes. Such previews allow operators
to assess acquisition quality and issue follow-up commands within
the same contact window or the next available contact.

SAR-Mode Scope. CommSAR is mode-dependent because SAR
modes differ in dwell time, beam geometry, and SNR. It is best
matched to high-resolution spotlight variants, where beam steering
prolongs GS illumination and provides the SNR margin needed for
shared-waveform communication. These modes further support the
fine-resolution, target-centric imaging increasingly adopted by ag-
ile commercial SAR systems [5, 13, 14, 44]. Stripmap, ScanSAR, and
other wide-swath modes are not excluded; however, their shorter
dwell times or less optimal illumination geometries may reduce the
available SNR and contact duration.

Security and Control-Plane Coupling. CommSAR integrates
TT&C with the SAR sensing waveform only at the physical layer
and is not intended to replace conventional TT&C security mecha-
nisms. As in legacy TT&C links, confidentiality, integrity, authen-
tication, and anti-replay protection should be enforced at higher
protocol layers above the waveform [6, 7, 24]. Thus, eavesdroppers
can access only cryptographically protected bits, while forged com-
mands are rejected without valid authentication. The primary resid-
ual risk is availability: jamming or disruption of the SAR waveform
can simultaneously degrade the embedded control channel. Mitiga-
tion methods, such as frequency agility and operational scheduling,
remain system-level considerations, while a comprehensive anti-
jamming design is beyond the scope of this paper.

7 Related Work
In this section, we review related work on LEO satellite communi-
cation from two perspectives: systems that use dedicated commu-
nication links and systems that reuse existing signal resources.

LEO Communication over Dedicated Links. Both academia and
industry have made significant advances in LEO communication
links. Academic work spans broadband constellations and down-
link architectures [16, 47], low-cost GS access [27, 39], narrowband
satellite-IoT [32, 38, 52], and direct-to-satellite cellular connectiv-
ity [18]. Despite their different settings, these efforts still optimize
conventional TT&C, payload-data, or service links, rather than
departing from the dedicated-link paradigm by reusing onboard
sensing signals. Industry systems, on the other hand, extend con-
tact time through inter-satellite laser meshes, as in Starlink [23], or
MEO/GEO relay infrastructure such as TDRSS- and EDRS-like sys-
tems [12, 25]. While these systems can provide additional ground
access for future satellites, they require additional spaceborne hard-
ware, such as optical terminals [41], and therefore cannot be retro-
fitted to the more than 200 LEO SAR satellites already in orbit.

Communication over Existing Radar Signals.Most ISAC de-
signs for radar waveforms target terrestrial radar [17, 40, 54]. They
either add signals/protocol steps to the pulses [19] or alter wave-
form parameters [26], both of which disturb SAR imaging, which
depends on pulse compression and aperture focusing. For SAR satel-
lites specifically, downlink-oriented designs embed communication
into the sensing waveform by splitting the chirp and data across
disjoint OFDM subcarriers [49] or transmitting communication-
centric waveforms [20, 22, 53], both of which degrade imaging qual-
ity. Uplink-oriented designs rely on RCS-modulated reflectors [9] or
code-domain backscatter signatures spread across many PRIs [29],
both of which suffer from low data rates. Moreover, to the best
of our knowledge, no existing work provides bidirectional TT&C
links. CommSAR instead pushes the Pareto frontier by using the
native SAR waveform as a bidirectional carrier.

8 Conclusion
This paper introduces CommSAR, a bidirectional framework en-
abling satellite-ground communication via native SAR pulses and
echoes. Its primary advantage lies in facilitating robust data ex-
change without requiring hardware modifications to existing SAR
satellites. On the ground, CommSAR combines a compact reflective
metasurface with a small-form-factor antenna to enable miniatur-
ized GSs that achieve bidirectional communication rates exceeding
100 kbps. This infrastructure-lean approach lowers deployment bar-
riers and shifts satellite–ground integration from bulky fixed GSs
toward resilient portable terminals, ensuring that mission-critical
TT&C operations remain accessible anytime and anywhere.
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(a) Double-L element dimensions (b) X-band (c) Ka-band

Figure 16: Programmable passive metasurface details: (a) Double-L dimension ratios of the wideband phase modulation element;
(b, c) fabricated physical prototypes of the CommSAR X-band and Ka-band metasurfaces (front view).

B Full-resolution SAR and CommSAR Imaging Results

Figure 17: Full-resolution SAR (top) and CommSAR (bottom) imaging results for Flight #1 (256-symbol modulation).
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Figure 18: Full-resolution SAR (top) and CommSAR (bottom) imaging results for Flight #2 (512-symbol modulation).

Figure 19: Full-resolution SAR (top) and CommSAR (bottom) imaging results for Flight #3 (1024-symbol modulation).
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