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Abstract—Bistatic radar provides an additional degree of free-
dom in the observing geometry for imaging by using a spatially
separated transmitter and receiver. This capability allows the cap-
ture of scattering phenomena at various bistatic sensing angles,
which helps to interpret the physical characteristics of a target
or scene for remote sensing and radar applications. A crucial
problem associated with bistatic radar is the synchronization of
time and frequency between the transmitter and receiver for co-
herent image formation. In this article, a model-based method of
synchronization, called semiblind synchronization, is introduced
for maintaining the phase coherence of a bistatic radar system for
range-Doppler processing. Specifically, semiblind synchronization
refers to bistatic synchronization where the direct path is not avail-
able or where the global positioning system signal is not accurate
enough, and where prior knowledge of the transmit waveform and
target location are exploited during a coherent processing interval.
The method focuses on error estimation and compensation based
on understanding the impact of synchronization errors on the
received signals. After detailing our system model and semiblind
synchronization method, we conduct a simulation study for assess-
ing the effectiveness of our method by first introducing a variety
of synchronization errors, including chirp rate mismatch, and time
and frequency offsets. Scattering responses from a point target are
simulated, and high-range resolution profiles and range-Doppler
images are formed to validate the proposed method. The simulation
results demonstrate that a linear frequency modulation waveform
enables us to estimate and compensate the synchronization errors
considered in this article and improve the overall quality of the
bistatic range-Doppler image. Our synchronization technique has
potentially broad applicability in emerging remote sensing appli-
cations using bistatic radar systems.

Index Terms—Bistatic radar, range-Doppler processing, stretch
processing, synchronization.

I. INTRODUCTION

RADAR images are used in a variety of remote sensing
applications for detecting and monitoring the physical

characteristics of an area, such as from satellites or aircraft.
In recent years, bistatic imaging systems have been actively
proposed and discussed in radar and remote sensing commu-
nities because of their various advantages [1], [2], [3], [4],
[5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15]. For
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example, unlike traditional monostatic systems, bistatic radar
systems have separated transmitters and receivers at different
locations, introducing an additional degree of freedom in the
observing geometry. This ability allows the systems to capture
the scattering features from radar images in bistatic geometries,
which provide further information to understand the physical
properties of a scene that consists of both natural and man-made
structures.

To form bistatic radar images, synchronization with respect
to frequency and time must be achieved between the spatially
separated transmitter and receiver [2], [3], [4], [5], [6], [7],
[8], [9], [10], [11], [12], [13], [14], [15]. The oscillator noise,
including frequency offset and phase noise, causes a time-variant
shift, spurious sidelobes, and a Doppler widening of the radar
response on the resulting bistatic synthetic aperture radar (SAR)
and inverse SAR (ISAR) images, as reported in [2], [3], [4],
[5], [6], [7], [8], [9], [10], [11], [12], [13], [14], and [15]. The
most common approaches to synchronize bistatic radar are using
high-precision oscillators, such as chip-scale atomic clocks and
global positioning system disciplined oscillators (GPSDOs), in
conjunction with direct-path signals, synchronization links, or
GPS time.

For example, in [8], the direct-path signal from transmitter to
receiver is used for synchronization for bistatic SAR imaging.
The direct-path signals are first used to synchronize sampling
clock and phase errors on the receiver end, and then the residual
time and phase errors are compensated with GPS or inertial
navigation system or inertial measurement unit information.
Furthermore, synchronization using a long round-trip fiber optic
link was proposed to cancel the effective phase error for ground-
based bistatic ISAR images without GPS timing information in
[9].

A synchronization link, which is also known as two-way
time transfer synchronization, is widely used to exchange the
oscillator signals between transmitter and receiver for space-
borne bistatic SAR imaging [2], [10], [11], [12]. Synchroniza-
tion signals are exchanged between the satellites and then, by
adequate signal processing, the phase errors and drifts caused
by oscillators are corrected for bistatic SAR signals. Addition-
ally, modern communication and software-defined radio (SDR)
technologies allow for the synchronization of distributed sensors
via wireless sensor networks (WSNs) [2], [11]. Using WSNs,
< 50 ps precision among three SDR-based radar systems was
demonstrated in [11].

Synchronization methods leveraging high-precision oscilla-
tors and pulse-per-second (PPS) signals have been investigated
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in [13], [14], and [15]. To achieve the required time and phase
precision for distributed SAR, GPS time information and PPS
signals are used with range alignment and subaperture auto-
focus algorithms, which compensate the residual phase errors
in [13]. Additionally, in [15], three independent radar sys-
tems were synchronized by allowing a common PPS signal
to pass at all nodes. A low jitter trigger signal was derived
from the synchronous PPS output of the GPSDOs. The perfor-
mance of various commercial-off-the-shelf (COTS) devices was
characterized to develop the GPS-based radar synchronization
systems.

Although synchronization approaches for bistatic SAR and
ISAR imaging have been reported in the literature, to the best
of our knowledge, a synchronization method for enabling radar
imaging, where a direct path or GPS is not available, has not
been explored. In this article, we present a novel model-based
synchronization methodology that we call semiblind synchro-
nization for overcoming this problem. In particular, we de-
velop a linear frequency modulation (LFM) based semiblind
synchronization method, which estimates and compensates syn-
chronization errors based on the knowledge of the contribution
of those errors on received signals. Our analysis focuses on
understanding the contribution of synchronization errors on
phase errors of the received signals through bistatic stretch
processing [6], [16]. Synchronization errors, including chirp rate
mismatch, and time and frequency offsets, are considered in
bistatic stretch processing on the receiver chain. There has been
little to no published work on stretch processing for bistatic
high-range resolution profiles (HRRP), and range-Doppler and
ISAR imaging to address synchronization-induced phase errors.
The proposed method does not require an exchange of oscilla-
tor signals between the transmitter and receiver or direct-path
signals, but prior knowledge of the transmit LFM waveform
and target location, and is agnostic to whether the scene con-
tains natural or man-made structures. Our synchronization tech-
niques impact a wide range of bistatic imaging scenarios in
support of large-scale Earth observations via remote sensing
systems.

The rest of this article is organized as follows. Section II
introduces the bistatic radar system model using stretch pro-
cessing. Synchronization errors and simulation parameters are
also discussed in this section. The impact of synchronization
errors on range-Doppler processing and resulting images is
then presented in Section III. Section IV introduces the LFM-
based, semiblind synchronization method and provides proof-
of-concept using simulation. Finally, Section V concludes this
article.

II. SYSTEM MODEL

A bistatic system consists of a transmitter and receiver
mounted on different platforms separated in time and space and
each with an independent oscillator. In this section, a bistatic
radar imaging system using stretch processing is discussed with
a focus on synchronization errors. In the bistatic radar system
model using stretch processing, an LFM pulse waveform is
considered. The LFM pulse waveform is first generated from

a waveform generator at baseband, and then the baseband
waveform is upconverted to the center radio frequency (RF)
ΩT by mixing the output of a phase-locked loop (PLL) local
oscillator (LO) centered at frequency Ωo. During upconversion,
errors in frequency offset Δ ΩT = ΩT − Ωo and transmitter
phase noise ϕT occur depending on the accuracy and stability
of the PLL and LO. The RF waveform goes through a power
amplifier and a transmitting antenna, as shown in Fig. 1. The
returned signals from scatterers after a low-noise amplifier are
expressed as

x̃k (t) =

N∑
i=1

ξi exp

(
j
πβ

τ
(t− tbi)

2

)
exp (j [ΩT (t− tbi)

+ ϕT (t− tbi)]) , 0 ≤ t− tb ≤ τ (1)

where N is the number of scatterers,β is the chirp rate, ξ is the re-
flectivity of scatterers, τ is the pulsewidth, k is the pulse number,
ΩT is the carrier frequency with frequency offset on transmitter,
ϕT is the transmitter phase noise, and tb is the time delay
associated with distanceRb from the transmitter to the scatterer
and to the receiver, as shown in Fig. 1. In Fig. 1, both the standard
clean received signal (in blue font) and the synchronization error
parameters in the transmitter and receiver (in red font) have been
highlighted.

A. Synchronization Error Parameters

In bistatic radar, there are three types of clock jitter that
contribute to synchronization errors of the received signal: fre-
quency offset, time offset, and chirp rate mismatch. Frequency
offset ΔΩ is the frequency difference between output signals
from the transmitter’s and receiver’s PLLs and LOs that deviate
from the carrier frequency. The time synchronization determines
the accuracy of the range measurement. A typical requirement
for time synchronization is about one-tenth of the compressed
pulsewidth [2]. The GPSDO provides ∼10 ns accuracy relative
to UTC [11], [13]. A significant source of error in time synchro-
nization of the precisely calibrated GPSDO COTS equipment is
the biasing of the GPS receiver. The time accuracy of received
PPS signals depends on the precision of the timestamp, which,
in turn, can be significantly affected by the accelerated motion of
the receiver platform. Chirp rate mismatchαmay occur in stretch
processing on the bistatic receiver as introduced in (2). The
output of the stretch processing removes the carrier frequency
from the received echo and combines it in a mixer with a replica
of the transmitted LFM waveform with a delay corresponding to
the central reference point (CRP). Since bistatic radar consists
of a separated transmitter and receiver using independent up and
down converters, the received echo can be mixed with an LFM
signal with a different chirp rate causing distortion of the output
signal [6].

B. Stretch Processing-Based Synchronization Error Analysis

Stretch processing reduces the bandwidth requirement that
must be satisfied by the receiver and processor [6], [16], [17],
[18], and it facilitates ultrawideband imaging applications,
which provide high down-range resolution. At the receiver,
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Fig. 1. Bistatic system model using stretch processing.

Fig. 2. Scenario for stretch processing in bistatic radar.

stretch processing is considered in the system model. Fig. 2
shows the scenario for stretch processing in bistatic radar. The
CRP is at the middle of the range window extent at R0 cor-
responding to a time delay of t0. The differential time delay
and range relative to the CRP are denoted as ΔRb and Δtb,
respectively [18].

Stretch processing consists of deramp processing and pulse
compression using a Fourier transform. The Fourier transform
performs a spectral analysis of the mixer output signal. The
synchronization errors occur in the down-conversion and der-
amp processing before the analog-to-digital converter (ADC)
and the discrete Fourier transform (DFT) block. The stretch
processing is done by mixing (1) with the reference signal from
the receiver’s PLL and LO and an arbitrary waveform generator.

The reference signal is

r (t) = exp (−j [ΩR (t+Δt− t0) + ϕR (t+Δt− t0)])

exp
(
−j παβτ (t+Δt− t0)

2
)

(2)
where ΩR = Ωo +ΔΩR is the down-conversion frequency
with receiver frequency offset ΔΩR, ϕR is the receiver phase
noise, Δt is the time offset, and α is the chirp rate mismatch
factor. Note, (2) contains ΩR to remove the carrier and a replica
of the transmitted chirp rate β referenced to the time delay t0.
After the mixer, the received signal y is expressed as follows:

yk (u) = exp (−jφε (u))
N∑
i=1

ξi exp (jφbi (u)) , u = t+Δt.

(3)
The fast time t with time offset Δt on the receiver chain

is substituted to u. In (3), the phase error φε(u) due to the
contribution of synchronization errors is

φε (u) =

[
πβ

τ
Δt− (Ω0 +ΔΩT )

]
Δt

−
[
2πβ

τ
Δt+ (ΔΩR −ΔΩT )

]
(u− t0)

+
πβ

τ
(1− α) (u− t0)

2 + ϕR (u− t0)

= C0 + C1 (u− t0) + C2(u− t0)
2 + ϕR (u− t0) .

(4)

Our analysis shows that the phase error is expressed as a
quadratic function

C0 =

[
πβ

τ
Δt− (Ω0 +ΔΩT )

]
Δt (4.1)

C1 = −
[
2πβ

τ
Δt+ (ΔΩR −ΔΩT )

]
(4.2)
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C2 =
πβ

τ
(1− α) . (4.3)

Note that the transmitter frequency offsetΔΩT and time offset
Δt contribute to both C0 and C1, while chirp rate mismatch α
only contributes to C2. It is assumed that, in this study, ΔΩT is
unknown, but ΔΩR can be measured on the receiver. The phase
contribution of scattering response φbi(t) as a function of fast
time t is

φbi (t) = −2πβ

τ
Δtbit− θ (5)

where θ = ((Ω0 +ΔΩT )− 2πβ
τ t0) Δtbi +

πβ
τ (Δtbi )

2. The
derivation of (4) and (5) for the received signal is provided in
the Appendix.

In the system model, the received signal in (5) is sampled via
ADC, which produces

y (n) = exp

(
j

(
2πβ

τ
Δtb (nTs)− θ

))
n

= 0, 1, . . . , (Ns − 1) (6)

where Ts is the ADC sampling period Fs = 1/Ts. The DFT is
applied to the received signal in (6). A fast Fourier transform
(FFT) can be considered for the DFT to efficiently generate the
HRRP. The DFT is defined as

Y (m) =

Ns−1∑
n=0

y (n) exp
(
−j2πnm

M

)
m

= 0, 1, . . . , (M − 1) (7)

where M is the total sample number of range cells. The DFT of
(6) is expressed as

|Y (m)| =
∣∣∣∣∣∣
sin

(
N
2

(
2πm
M − 2π

Fs

βΔtb
τ

))
sin

(
1
2

(
2πm
M − 2π

Fs

βΔtb
τ

))
∣∣∣∣∣∣ . (8)

Equation (8) is the compressed range response associated with
a scatterer. In the range response, a scatterer is located at themth
DFT bin related to time delay Δtb =

Fsτm
βM . The width of the

main lobe of (8) determines the range resolution [19]. Through
the stretch processing, the HRRPs Yk(m) are collected in dwell
time and sent to the range-Doppler processing block.

C. Range-Doppler Simulation

We first simulated the returned signals from a point-scatter
model using the system model without synchronization errors,
as discussed in Section II-A. The point-scatter model consisted
of 9774 3-D scatterers representing a boat, as shown in Fig. 3.
The size of this boat is ∼116 m long and ∼24 m wide. The
highest and the lowest point scatterers are located at z =∼34 m
and z =∼−12 m. The carrier frequency was set to 9.5 GHz, and
the chirp bandwidth β and pulsewidth τ of the LFM waveform
were fixed to 500 MHz and 1 μs, respectively. A pulse repetition
interval (PRI) of 0.5 ms, which is consistent with 2 kHz pulse
repetition frequency, and a sample rate of 2 GHz were selected
in this simulation study.

Fig. 3. Three-dimensional point scatterers representing a boat.

Fig. 4. Simulation of (a) range profiles and (b) resulting range-Doppler image
without synchronization errors.

The range-Doppler and ISAR imaging process leverages
Doppler shifts induced by the rotational motion of a target. A
target can be rotated about three orthogonal axes: yaw ψ, roll φ,
and pitch θ. The rotation angle is modeled as

ψ/φ/θ (k) = C × PRI × k +M sin

(
2π × PRI × k

P

)
(9)

where C is the constant rate (°/s), M is the sinusoid magnitude
(°), and P is the parameter for the sinusoid period (s). Nominal
rotation angle for a boat was modeled as C = 5 and P = 1 for
ψ, and M = −5 and P = 10 for θ. The rotation angle varies
as a function of pulse number k during the coherent processing
interval (CPI) time. Note that the translational motion of a target
was not considered in this simulation to focus on the assessment
of synchronization errors.

After pulse compression through stretch processing, the base-
band in-phase (I) and quadrature (Q) data collected in CPI time
are organized into an M × K complex matrix for range-Doppler
imaging. The complex matrix consists of K range profiles where
each range profile has M range cells. The HRRP represents the
energy distribution of the received signal as a function of range.
Magnitude peaks of the HRRP indicate the range locations of
dominant scatterers. In an HRRP, if one or more magnitude peaks
are detected at certain range cells, it indicates that one or more
dominant scatterers have been detected at the corresponding
locations. Fig. 4(a) shows the HRRPs, G(rm, tk), consisting
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of K = 128 pulses using the simulation parameters and rotation
angle. Note that tk is the time series over the CPI time, and rm
is the fast time (slant range) samples.

The Fourier image formation takes the Fourier transform at
each range cell along K pulses and generates a Doppler spectrum
called the Doppler profile. Since the translational motion is not
considered in the simulation, a motion compensation algorithm
is not applied to the imaging process. Finally, by adjoining the
Doppler spectra for each of the M range cells, the M × K range-
Doppler image is formed as follows:

I (rm, fk) = FFTk {G (rm, tk)} . (10)

Note that fk is the Doppler sample after FFT. Fig. 4(b) shows
the resulting range-Doppler image generated from the HRRPs in
Fig. 4(a). The horizontal and vertical axes of the range-Doppler
image represent the slant range and Doppler frequency, respec-
tively. Each image is normalized by its maximum intensity. The
simulation results show that, without synchronization errors, the
scattering responses from the boat’s structure are well focused
on the range-Doppler image in this case.

III. IMPACT OF SYNCHRONIZATION ERRORS ON

RANGE-DOPPLER IMAGE

We are now in a position to define the specific models for
each of the synchronization error parameters, including the
frequency offset, the time offset, and the chirp mismatch in our
bistatic system setup described in Section II; this is explicated in
Section III-A. We found that the phase difference has a negligible
impact on image quality based on the simulation study, so this
error is not focused on this article. Thereafter, we explore the im-
pact of the synchronization error parameters on range-Doppler
imaging in Section III-B. We have investigated the impact of
the phase difference on image qualitatively. However, its impact
was minor based on simulation. Thus, the phase difference is
not focused in this article.

A. Synchronization Errors’ Models

We consider the scenario where the bistatic radar does not
share an oscillator between transmitter and receiver chains,
which causes frequency and time offsets. Those offsets are one of
the sources of synchronization errors. An oscillator’s frequency
and time may drift or vary in time depending on environmental
effects, such as temperature, acceleration (gravity and vibration),
power supply voltage, and atmospheric pressure [21].

The CPI for range-Doppler and ISAR imaging is typically
less than 1 s. In this case, transmitter frequency offset is modeled
using three parameters as follows:

ΔΩT (k) = η0 + η1k + nΩ (k) (11)

where η0 is the initial frequency offset and η1 is the linear
drift, which usually depends on the oscillator temperature and
acceleration, and nΩ(k) is the random jitter. The random jitter is
usually much smaller than the initial offset and linear drift [4].
Constant frequency offsetη0 produces displacement in the image
but no defocusing, but linear frequency drift η1 dominantly
causes defocusing in the Doppler direction, and random noise

nΩ increases the sidelobe levels. In a semiblind scenario, it is
assumed that the bistatic radar system is synchronized at the
beginning of the data collection, so the linear drift is focused on
an error model in this article. Also, the receiver frequency offset
ΔΩR is assumed to be measured on the receiver end. Similar
to the frequency offset, the time offset Δt is also modeled as
follows:

Δt (k) = γ0 + γ1k + nt (k) . (12)

Similar to the frequency offset, the time variation of a clock
generally depends on three independent components: initial
clock offset γ0, clock drift γ1, and random additive noise nt
[22].

Additionally, in practice, the transmitter and receiver hard-
ware and the atmosphere modify the magnitude and phase
response of the waveform prior to the deramp processing [17],
which can cause some changes in chirp rate β and pulsewidth τ .
The contribution of these errors is captured in the chirp mismatch
parameterα. The phase differenceϕ between the transmitter and
receiver oscillators may increase the noise level of the received
signal, but our analysis found that its impact on the image quality
was negligible. Also, the initial frequency η0 and time offsets γ0
are constant in time and the random jitters nΩ/t are very small
values. Thus, the remainder of this article is focused on chirp
rate mismatch, transmitter frequency drift, and time drifts.

B. Impact of Synchronization Errors on Range-Doppler
Images

Synchronization errors, as discussed in Section III-A, are
added to the system model to assess the impact of those errors on
the range profiles and range-Doppler images. Fig. 5 shows a few
examples, which demonstrate the negative impacts of various
synchronization errors on image quality. These time-varying
scattering responses were generated using the simulation param-
eters and rotational motion, as discussed in Section II-B. Each
image was normalized by its own maximum intensity value.

Fig. 5(a) is an example showing range profiles (top) and
range-Doppler images (bottom) where the transmitter frequency
offset ΔΩT drifts η1 = 100 kHz every 0.5 ms PRI. Note that the
nominal frequency drift η1 is added to the system to observe
its impact on the image quality. In this case, the phase error
becomes φε,k (t) = C1 (t− t0), where C1 = ΔΩT = η1 k. The
contribution of frequency drift affects θ in (5), which becomes
a function of k. A discrete-time Fourier transform of (5) along
the pulses at the given range cell is

fDi
(ω) =

K−1∑
k=0

exp (jΔΩTΔtb ) exp (−jωk)

=
K−1∑
k=0

exp (jη1Δtbk ) exp (−jωk)

=

K−1∑
k=0

exp (j(η1Δtbi − ω)k) . (13)
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Fig. 5. Range profiles (top) and range-Doppler images (bottom) with (a) η1 = 100 kHz, (b) γ1 = 1 ns, (c) α = 0.9, and (d) multiple synchronization errors
considered in (a–c).

Equation (13) indicates that the Doppler shift of scatterer
i varies depending on Δtbi , and the differential time delay
determined by the scatterer’s range relative to the CRP. Thus,
the effect of linear frequency drift is that of shifting scattering
centers along the Doppler coordinate, which appears as the scat-
terers are rotated in the range-Doppler image. The transmitter
frequency drift also causes migration of scattering responses.
Without compensating the frequency offset, the comparison of
the range-Doppler images between Figs. 4(b) and 5(a) clearly
shows that the image becomes smeared.

Fig. 5(b) shows the negative effects of time offset on the
receiver chain and resulting images. The time offset is modeled
as γ1 = 1 ns, which means that the time offset drifts 1 ns in
fast time every 0.5 ms PRI. The phase error in this example
is modeled as φε,k(t+ γ1k) = C0 + C1(t+ γ1k − t0), where
C0 = (πβτ γ1k − Ω0) γ1k and C1 = − 2πβ

τ γ1k. The range pro-
files in Fig. 5(b) top show that the scattering peaks in the range
profiles are shifted in fast time and range due to the time drift
during the CPI time. The corresponding range-Doppler image
looks blurry compared with Fig. 4(b) due to the linear time drift.

Fig. 5(c) is an example of range-Doppler processing where
chirp rate mismatch occurs on stretch processing. The chirp
mismatch parameter of α = 0.9 is added in (4), which is
φε (t) = C2 (t− t0), where C2 = πβ

τ (1− α). Note that this
chirp mismatch parameter is nominal. Since, in this example,
the chirp mismatch parameter does not vary in slow time, the
error only affects range responses. The mismatch error extends
the scattering centers in the range cells, which results in poor
resolution and overlap of adjacent scattering responses. The
comparison of Figs. 4(b) and 5(c) shows that the mismatch
degrades the down-range resolution and extends the scattering

responses along the slant range as a result of distortion in the
deramp processing.

In the last example, all three synchronization errors η1 =
100 kHz, γ1 = 1 ns, and α = 0.9 are considered. Fig. 5(d)
shows the resulting range profiles and range-Doppler image. The
images show that the impact of the three errors is superposed into
the phase error and significantly decreases the resulting image
quality. These simulated I and Q data are used for testing the
LFM-based, semiblind synchronization method in Section IV.

IV. LFM-BASED SEMIBLIND SYNCHRONIZATION METHOD

Our core, model-based, synchronization method, called semi-
blind synchronization, which builds upon the system model
described in the previous sections, is explicated in Section IV-A.
The image quality metrics used by our algorithm are described
in Section IV-B. Finally, extensive simulation results validat-
ing our model-based synchronization technique are shown in
Section IV-C. It is worth noting that the demonstration of the
performance of our semiblind synchronization method on basic
point targets and extended structures in Section IV-C points to
the generality of our approach, which is applicable to general
radar image data obtained from bistatic sensors in a variety of
remote sensing applications.

A. Semiblind Synchronization Algorithm

Fig. 6 shows the block diagram of the LFM-based, semiblind
synchronization method. The algorithm estimates synchroniza-
tion errors via parametric sweep and image quality assessment
(IQA) based on the knowledge of the structure of the transmitted
waveform and received signal, as discussed in Section III. The
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Fig. 6. Semiblind synchronization method using parametric sweep and IQA on the receiver.

quality of the range-Doppler image is quantitatively measured
using methods to analyze the distortions and degradations due to
synchronization errors added in the received signals. The image
quality metrics are discussed in Section IV-B.

The semiblind synchronization method consists of two steps
for error estimation. In Step 1, the chirp rate mismatch parameter
α is estimated using (4.3). Among the three synchronization
errors considered in this study, α only contributes to (4.3). The
collected received signals yk after the ADC are multiplied by the
error compensation termhk for givenα. The error compensation
term is

hk = exp(−jφ̂ε,k ), k = 0, 1, 2, . . . , (K − 1) (14)

whereφε,k (tk) = C2 tk2 and C2 = πβ
τ (1− α) in this case. This

signal ykhk is transformed to spectrum Yk via the DFT block.
The spectrum provides a range profile as the result of stretch
processing. The quantitative quality values of range profiles for
K number of pulses are computed using image quality metrics
and the values are summed as

J1 (α) =

K−1∑
k=0

IQA
(
Ŷk

)
. (15)

The summation of the quality values J1 is calculated, while
α is varied from αmin to αmax, as shown in the parametric sweep
block in Fig. 6. The chirp rate mismatch parameterα is estimated
by finding the maximum (best quality) value from J1 as

{α̂} = arg max
α∈R

J1 (α) . (16)

Step 2 estimates the remaining error parameters, which are
frequency drift η1 and time drift γ1 in conjunction with α̂ from
Step 1. The phase contribution of all the synchronization errors
in (4) is considered in Step 2. The frequency and time drifts
are modeled as Δ ΩT = η1 k and Δt = γ1 k, respectively,
and applied to (4.1) and (4.2). The chirp mismatch parameter
α̂ estimated in Step 1 is added to (4.3). Through the parametric
sweep, the error compensation term hk is updated and again
multiplied with yk. The range-Doppler image I is generated
using K number of range profiles Yk for given η1 and γ1, and
the image quality is measured for the range-Doppler image each
time while sweeping the error parameters as follows:

J2 (η1, γ1,) = IQA
(
Î (η1, γ1)

)
. (17)

After the parametric sweep, the error parameters that provide
the maximum/highest image quality are selected, as shown in

the following equation:

{η̂1, γ̂1} = arg max
η1, γ1 ∈R

J2 (η1, γ1) . (18)

For the final image generation, all the estimated error pa-
rameters η̂1, γ̂1, and α̂ obtained in Steps 1 and 2 are added to
the error compensation term hk and correct the phase errors in
the received signals yk along the slow time. The range-Doppler
image is formed using the error-corrected range profiles Ŷk.

The summary of the semiblind synchronization method is
given as follows.

1) Collect N number of pulses/received signals.
2) Sweep parameter α and compute hk (Step 1).
3) Estimate α from J1 (Step 1).
4) Sweep parameters η1 and γ1 (Step 2).
5) Compute hk for η1, γ1, and α̂ (Step 2).
6) Estimate η1 and γ1 from J2 (Step 2).
7) Compensate synchronization errors using the estimated

error parameters η̂1, γ̂1, and α̂ (final image generation).
8) Form the final range-Doppler image using the phase-

corrected HRRPs (final image generation).

B. Image Quality Metrics

In this study, image quality metrics, including image sharp-
ness (IS), image contrast (IC), and image entropy (IE), are
considered and tested for IQA in the semiblind synchronization
method. First, the IS is expressed as follows:

IS =

M∑
m=1

N∑
n=1

Ψ [I (m,n)] (19)

where I is the image amplitude and Ψ is a convex function of a
nonnegative variable. There are many possible forms to assess
IS. The power law function Ψ (x) = xν and entropy function
Ψ (x) = x lnx are the most popular forms [23]. In addition,
the function Ψ (x) = − ln(x+ b) was introduced for the solu-
tion to maximum-likelihood and maximum-posterior estimation
problems, where b can be interpreted as the intensity of the
background in the prior model for the scene reflectance [24]. In
this study, the power law function using ν = 2 is considered for
IS.

Next, the IC is considered and tested for the semiblind syn-
chronization method. The IC is defined as follows:

IC =

√
E
{
[|I| − E (|I|)]2

}
E (|I|) . (20)
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Fig. 7. Range profiles with (a) no-noise, (b) 20-dB SNR, and (c) 10-dB SNR cases.

IC is defined as the ratio of the standard deviation and the mean
value of the image intensity. E denotes the spatial mean operator.
IC is a popular indicator of image quality [25], [26]. The IC value
may depend on the number of reconstructed scatterers. In other
words, the images with the fewer number of scatterers tend to
have a higher IC value [25], [26].

Finally, the IE is tested. The 1-D entropy and 2-D IE are widely
used in range alignment and phase error compensation [27],
respectively, for motion compensation. The 2-D IE function of
the radar image is defined as follows:

IE = −
M∑

m=1

N∑
n=1

P (m,n) lnP (m,n) (21)

whereP (m,n) = |I(m,n)|
∑M

m=1

∑N
n=1 |I(m,n)| is the power normalized

image [27]. A well-focused ISAR image tends to have a low IE
value.

C. Simulation Results

Fig. 7 shows the simulated range profiles using the syn-
chronization errors, as discussed in Fig. 5(d). Synchronization
errors, which are η1 = 100 kHz, γ1 = 1 ns, and α = 0.9, are
added in the system model to test and validate the LFM-based,
semiblind synchronization method. The simulation parameters
and rotational motion, as discussed in Section II-B, are used in
this simulation study. Fig. 7(a) shows the range profiles from
128 pulses without system noise. The vertical axis is the pulse
number. Complex white Gaussian noise was added to the range
profiles to simulate signal-to-noise ratio (SNR) of 20 and 10 dB,
which are shown in Fig. 7(b) and (c).

The semiblind synchronization method was tested using the
simulated data, as shown in Fig. 7. As discussed in Section IV-A,
the chirp mismatch parameter α was first estimated as a part of
Step 1. Fig. 8 shows the normalized J1 in (15) to estimate α.
α was swept from 0.8 to 1 in this case. Fig. 8(a) and (b) shows
the parameter sweep results using IC and IE, respectively. In
the figures, the blue solid line is the no-noise case, and the red
dash and the black dash lines are the 20- and 10-dB SNR cases.

Fig. 8. Estimation of chirp mismatch parameter α using (a) IC and (b) IE.

The simulation results show that both IC and IE can accurately
estimate the error parameter, which was α = 0.9. In addition,
the comparison of no-noise, and 20-dB and 10-dB SNR cases in
Fig. 8 indicates that, as noise increases,J1 becomes less sensitive
to α.

Fig. 9 shows an example of Step 2 for estimating frequency
drift η1 and time drift γ1. Image quality metrics, including IS, IC,
and IE, were used in this example. Each parametric sweep map
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Fig. 9. Frequency η1 and time γ1 offset estimation using IQA for no-noise, 20-dB SNR, and 10-dB SNR cases.

in Fig. 9 shows the quantitative values using one of the image
quality metrics for no noise, 20-dB SNR, and 10-dB SNR. The
map is normalized by its maximum value after the parameter
sweep. The comparison of the parametric sweep maps shows
that the dynamic range of the maps decreases as noise increases,
as shown in Fig. 8. The horizontal and vertical axes represent
the error parameters for frequency offset η1 varied from 50
to 150 kHz and the time offset parameter γ1 varied from 0.5
to 1.5 ns. We selected 3.33 kHz and 0.033 ns for η1 and γ1,
respectively. Note that the range of error parameters is assumed
to be known via characterization and measurement of the system
prior to the system deployment. The green circle marker shows
the true error parameters added to the system model, and the
cross marker indicates the estimated parameters. The true and
estimated errors are closely located in the parametric sweep
map. The results indicate that the image quality metrics can be
used to estimate the error parameters in Step 2 of the semiblind
synchronization method. Fig. 10 shows that the minimum IE
point, which indicates η̂1 and γ̂1, is found in the parametric
sweep map. In order to find the global minima or maxima value,
the range of the parametric sweep must cover the actual error
parameters and the step size has to be fine enough to distinguish

Fig. 10. Parametric sweep map using IE for no noise and the minimum IE
point.

the global and the local values. Among the quality metrics,
the IE provides the best performance. Fig. 9 (top right) and
(center right) images show the parametric sweep map using IE
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Fig. 11. Range-Doppler images (a–c) before and (d–f) after error compensation for (a and d) no-noise, (b and e) 20-dB SNR, and (c and f) 10-dB SNR cases.

for no-noise (top right) and 20-dB SNR (center right) cases. In
these two cases, the true and estimated error parameters were
the same.

After error estimation, those estimated error parameters were
added in (4) and then (14) to calculate and compensate the
phase errors along the pulses. Fig. 11 compares the range-
Doppler images before and after error compensation using the
estimated parameters obtained from Steps 1 and 2 using IE for
no-noise, 20-dB SNR, and 10-dB SNR cases. Fig. 11(a)–(c)
shows the range-Doppler images before applying the semiblind
synchronization method for no noise, 20-dB SNR, and 10-dB
SNR, respectively. The bottom figures show the corresponding
images after error compensation using the method. Note that
the resulting images are shown as rotated due to the effect
of ΔΩT in φbi , as discussed in Section III-B. For the error
estimation, among the image quality metrices, IE in (21) is used
for IQA. The comparison of the resulting images indicates that
the noise floor tends to become lower as images are focused
better. Fig. 11(d)–(f) shows that the semiblind synchronization
method can estimate and compensate the synchronization errors,
including chirp rate mismatch, transmitter frequency, and time
drift, that are simultaneously added to the received signals. The
IE of Fig. 11(a) is ∼13% higher than Fig. 4(b), which was gen-
erated without any synchronization errors. Using the semiblind
synchronization method, we were able to reduce the IE < 1%,
which is shown in Fig. 11(d). As a result, range-Doppler process-
ing generated well-focused images, which allows recognition of
the boat structures for all the noise cases, including 10-dB SNR
in Fig. 11(f).

V. CONCLUSION

In this article, we introduced a semiblind synchronization
scenario and method for bistatic, range-Doppler image pro-
cessing where conventional synchronization methods are not
available or sufficient to maintain coherence between transmitter
and receiver. To validate the method, three synchronization
errors; and chirp rate mismatch, and time and frequency offsets
were analyzed and added to the bistatic system model using an
LFM waveform and stretch processing. The simulation study
has shown that those errors degrade range resolution and cause
scatterer migration, which decreases the overall image quality.
The LFM-based, semiblind synchronization method uses a para-
metric sweep and IQA to estimate the phase contribution of
the synchronization errors based on the transmitted waveform
structure and received signals. Our simulation results show that
the method enables the estimation and compensation of the
errors, and refocuses the range-Doppler image without sharing
oscillator signals or using direct-path signals. Our semiblind
synchronization technique has potentially broad applicability in
emerging remote sensing applications, such as for facilitating
large-scale Earth observations, using bistatic radar systems.

APPENDIX

The received signal yk after down-conversion and the der-
amping process is

yk (u) = x̃ k (t) exp (−j [ΩR (u− t0) + ϕR (u− t0)])
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exp

(
−j παβ

τ
(u− t0)

2

)
(A.1)

where x̃k (t) = ξ exp(j πβτ (u− t̃b)
2
)exp(j[ΩT (u− t̃b)+

ϕT (u− t̃b)]), u = t+Δt, t̃b = tb +Δt, and tb =
Fig.t0 +Δtb, 0 ≤ t− tb ≤ τ . Thus, the expanding terms
are

yk (u) = ξ exp

(
j
πβ

τ

(
u− t̃b

)2)
exp

(
−j παβ

τ
(u− t0)

2

)

exp
(
j[ΩT

(
u− t̃b

)
+ ϕT

(
u− t̃b

)]
)

exp (−j [ΩR (u− t0) + ϕR (u− t0)]) . (A.2)

The first two terms of (A.2) can be expressed as

exp

(
j
πβ

τ

(
u− t̃b

)2)
exp

(
−j παβ

τ
(u− t0)

2

)

= exp

(
j
πβ

τ
[
(
u− t̃b

)2 − α(u− t0)
2]

)

=exp

(
j
πβ

τ

[
u− t̃b−

√
α (u− t0)

] [
u− t̃b+

√
α (u− t0)

])

=exp

(
j
πβ

τ

[
u−√

αu+
√
αt0− t̃b

] [
u+

√
αu−√

αt0 − t̃b
])

= exp

(
j
πβ

τ

[(
1−√

α
)
u+

√
αt0 − tb −Δt

]
[
(
1 +

√
α
)
u

−√
αt0 − tb −Δt]

)
= exp

(
j
πβ

τ

[(
1−√

α
)
u+

√
αt0−t0−Δtb−Δt

]
[
(
1 +

√
α
)
u

−√
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)
= exp

(
j
πβ

τ

[(
1−√

α
)
(u− t0)− (Δtb +Δt

)
][
(
1 +

√
α
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= exp

(
j
πβ
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1−√

α
)
(u− t0)−Δt̃b

]
[
(
1 +

√
α
)
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−Δt̃b]
)
. (A.3)

The rest terms can be expressed as

exp
(
j[ΩT

(
u− t̃b

)
+ ϕT

(
u− t̃b

)]
) exp (−j[ΩR (u− t0)

+ϕR (u− t0)])
= exp (−j (ΩR − ΩT )u) exp

(−jΩT t̃b + jΩRt0
)
exp(−j[

ϕR (u− t0)− ϕT

(
u− t̃b

)
])

= exp (−jΔΩu) exp
(−jΩT t̃b + j(ΩT +ΔΩ

)
t0)exp(−j[

ϕR (u− t0)− ϕT

(
u− t̃b

)
])

= exp (−jΔΩu) exp
(−jΩT
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)
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ϕR (u− t0)− ϕT

(
u− t̃b
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= exp (−jΔΩ(u− t0)) exp
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t̃b − t0

))
exp(−j[

ϕR (u− t0)− ϕT

(
u− t̃b

)
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= exp (−jΔΩ(u− t0) ) exp
(−jΩTΔt̃b

)
exp(−j[ϕR (u− t0)

−ϕT

(
u− t̃b

)
])

(A.4)

where ΔΩ = ΩR − ΩT = ΔΩR −ΔΩT , ΩT = Ωo +ΔΩT ,
and ΩR = Ωo +ΔΩR.

The received signal yk can be rewritten using (A.3) and (A.4)
as follows:

yk (u) = ξ exp
(
j πβτ

[
(1−√

α) (u− t0)−Δt̃b
]
[(1 +

√
α)

(u− t0)−Δt̃b]
)
exp (−jΔΩ(u− t0)) exp

(−jΩTΔt̃b
)

exp
(−j [ϕR (u− t0)− ϕT

(
u− t̃b

)])
.

(A.5)
For N number of scatterers, (A.5) can be expressed as
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N∑
i=1

ξiexp

(
j
πβ

τ

[(
1−√

α
)
(u− t0)−Δt̃bi

]
(
1 +

√
α
)
(u− t0)−Δt̃bi ]

)
exp (−jΔΩ(u− t0))

× [exp
(−jϕT

(
u− t̃bi

))
× exp

(−jΩTΔt̃bi
)

exp
(−j [ϕR (u−t0)−ϕT

(
u− t̃bi

)])
=

N∑
i=1

ξiexp (−jΩT (Δtbi +Δt)) exp (−jΔΩ(u− t0))

exp

(
j
πβ

τ
(1− α) (u− t0)

2

)
exp

(
j
πβ

τ

(
Δt̃bi

)2)

exp

(
−j πβ

τ

[
2 (u− t0)Δt̃bi

] )
exp(−j[ϕR (u− t0)

− ϕT

(
u− t̃bi

)
])

=exp (−jΩTΔt) exp (−jΔΩ(u− t0)) exp

(
j
πβ

τ
(1− α)

(u− t0)
2
)

exp (−jϕR (u− t0))
N∑

i = 1

ξiexp(−jΩT

Δtbi)exp

(
j
πβ

τ
(Δtbi +Δt )2

)
exp

(
−j 2πβ

τ
(u− t0)

× (Δtbi +Δt) exp
(−jϕT

(
u− t̃bi

))
=exp (−jΩTΔt) exp (−jΔΩ(u−t0)) exp

(
j
πβ

τ
(1− α)

× (u− t0)
2
)
exp (−jϕR (u− t0)) exp

(
j
πβ

τ
(Δt )2

)

exp

(
−j πβ

τ
2 (u− t0)Δt

) N∑
i = 1

ξi exp (−jΩTΔtbi)

exp

(
j
πβ

τ
(Δtbi )

2

)
exp

(
j
2πβ

τ
ΔtΔtbi

)
exp

(
−j πβ

τ

2 (u− t0)Δtbi) exp
(−jϕT

(
u− t̃bi

))
=exp (−jΩTΔt) exp (−jΔΩ(u− t0)) exp

(
j
πβ

τ
(1− α)

(u− t0)
2 exp (−jϕR (u− t0)) exp

(
j
πβ

τ
(Δt )2

)



15100 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 17, 2024

exp

(
−j 2πβ

τ
(u− t0)Δt

) N∑
i = 1

ξiexp(−j
(
ΩT − 2πβ

τ
Δt

)

Δtbi) exp

(
j
πβ

τ
(Δtbi )

2

)
exp

(
−j 2πβ

τ
(u− t0)Δtbi

)

exp
(−jϕT

(
u− t̃bi

))
= exp (jφε (u))

N∑
i=1

ξiexp

(
−j

(
ΩT − 2πβ

τ
Δt

)
Δtbi

)

exp

(
j
πβ

τ
(Δtbi)

2

)
exp

(
−j 2πβ

τ
(u− t0)Δtbi

)

exp
(−jϕT

(
u− t̃bi

))
= exp (jφε (u))

N∑
i = 1

ξi exp (jφbi (u)) . (A.6)

The phase error due to the contributions of synchronization
errors φε(u) is

φε (u) =

[
πβ

τ
Δt− (Ω0 +ΔΩT )

]
Δt−

[
2πβ

τ
Δt

+(ΔΩR −ΔΩT )] (u− t0) +
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τ
(1− α) (u− t0)

2

+ ϕR (u− t0)

= C0 + C1 (u− t0) + C2(u− t0)
2 + ϕR (u− t0)

(A.7)

where C0 = [πβτ Δt− (Ω0 +ΔΩT )]Δt, C1 = −[ 2πβτ Δt+

(ΔΩR −ΔΩT )], and C2 = πβ
τ (1− α). The phase of scattering

responses φbi(t) is

φbi (t) = −
(
ΩT − 2πβ

τ
Δt

)
Δtbi +

πβ

τ
(Δtbi )

2 − 2πβ

τ

× (u− t0)Δtbi − ϕT (u− tbi −Δt)

=−2πβ

τ
Δtbi (t+Δt− t0)−

[
(Ω0+ΔΩT )− 2πβ

τ
Δt

]

×Δtbi +
πβ

τ
(Δtbi )

2 − ϕT (u− tbi −Δt)

= −2πβ

τ
Δtbit− θ (A.8)

where θ = [(Ω0 +ΔΩT )− 2πβ
τ Δt]Δtbi +

πβ
τ (Δtbi)

2 +
2πβ
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