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Abstract: Hybrid quadrature polarimetric (hybrid quad-pol) synthetic aperture radar (SAR) is proposed
as a potential candidate for the full-polarimetric SAR mode. It allows balanced range ambiguity
performance and simplified system structure. System based on hybrid-pol SAR mode can also
implement the conventional quad-pol mode and the compact-pol mode via few adjustments. However,
the azimuth ambiguity performance in cross-pol channels is proved deteriorated in hybrid quad-pol
mode due to the lopsided energy distribution of ambiguities. As are generally called “ghost” targets,
azimuth ambiguities usually influence the recognition of the targets in SAR imaging. This letter
describes how to remove the false targets that arise from azimuth ambiguities by means of waveform
diversity and dual-focus post-processing (DFPP) technique. The proposed method exploits the feature
of azimuth ambiguity and yields improved image quality in cross-pol channels with strong co-pol
azimuth ambiguities removed in hybrid quad-pol SAR at a low system cost. Furthermore, it offers
remarkable benefits for target detecting and recognition with strong false targets removed.

Keywords: azimuth ambiguities; dual-focus post-processing (DFPP); hybrid quadrature polarization
(hybrid quad-pol); synthetic aperture radar (SAR); waveform diversity

1. Introduction

Synthetic Aperture Radar (SAR) is an effective imaging radar, which is capable of providing
high-resolution microwave images of the Earth’s surface with the technologies of signal processing [1].
In order to acquire the additional characteristics of the scattering scenes, polarimetric SAR (Pol-SAR) is
introduced and has already been applied in many SAR systems, providing ample data of the whole
earth [2]. Conventional quadrature polarimetric (quad-pol, QP) SARs transmit alternate horizontal (H)
and vertical (V) polarized pulses and receive both H and V polarizations, generating a measurement
of the full scattering matrix of the targets.

In recent years, several new polarimetric SAR modes have been proposed, such as π/4 compact
polarization (compact-pol, CP) [3] and hybrid compact polarization (hybrid compact-pol, HP) [4].
Hybrid compact-pol mode transmits right (or left) circular polarized waves and receives through linear
(H and V) polarizations (i.e., CTLR mode) . Moreover, hybrid quadrature polarimetric (hybrid quad-pol,
HQP) mode was put forward as a potential substitute of conventional quadrature polarimetric mode.
It combines the transmitting polarization state of compact-pol mode and the transceiver mode of
conventional quad-pol mode [5].

The “hybrid” feature of transmitting polarizations in hybrid quad-pol mode makes the range
ambiguities in cross-pol (HV or VH) channels and co-pol (HH or VV) channels balanced, which
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leads to balanced performance metric of range ambiguity to signal ratio (RASR) of the four polarized
channels. Meanwhile, due to the balanced signal power of the alternately transmitted pulses, it is no
longer needed to adjust the receive gains of receivers, which means simplified system and low cost [5].
Additionally, through hybrid quad-pol structure, SAR systems can also implement conventional
quad-pol mode and compact-pol mode with few adjustments of radar beam position design [3,4,6,7].
However, the balanced range ambiguity performance is achieved at the cost of deteriorated azimuth
ambiguity performance in cross-pol channels [8].

Azimuth ambiguity arises from non-ideal antenna pattern and limited pulse repetition frequency
(PRF). It brings paired “ghost” targets along the azimuth direction. The ambiguities from strong targets
will have serious effects on low-intensity scenes. Generally, filters are often adopted to handle azimuth
ambiguities in normal SAR systems, such as deconvolution filter [9], selective filter [10,11] or notch
filter [12]. However, in cross-pol channels of hybrid quad-pol mode, the azimuth ambiguities come from
the strong co-pol returns, which may be comparable to the desired cross-pol returns in signal power.
Moreover, due to polarimetric characteristics, these filters could not function so well. On hardware level,
the multi-channel SAR combined with digital beamforming [8,13] technique uses multiple receiving
channels to form controlled antenna pattern with low sidelobes. It is effective in reducing azimuth
ambiguities, but with highly increased system complexity and cost. Moreover, introducing reflector
antennas with low-sidelobe patterns may be a choice at the cost of slightly weaker flexibility.

Recently, waveforms diversity has been considered in range ambiguity suppression and yields
decent result [14,15]. The key idea is to focus and remove the undesired energy without affecting the
desired part. With different waveforms applied to the alternately transmitted signals, waveform of
odd-order range ambiguities is different from that of the desired main echo returns. On account of
pulse compression theory, the ambiguous part can be first focused using the corresponding matched
filter. Then it can be suppressed or removed through image filters. Eventually, the final images are
acquired through inverse imaging procedure. This idea can be termed the dual-focus post-processing
(DFPP) technique. However, this method cannot be directly applied to the hybrid quad-pol SAR mode
due to the different situation of azimuth ambiguities.

This letter presents an effective method for suppressing azimuth ambiguities in hybrid quad-pol
mode, which modifies the configuration of waveform diversity and makes use of the DFPP technique.
In Section 2 the hybrid quad-pol mode is briefly introduced and the effect of azimuth ambiguities
based on this mode is analyzed. Section 2 also describes the principles of the proposed ambiguity
suppression method. Section 3 gives an implementation example of the suppression method. Some
discussions are given in Section 4. Conclusions are drawn in Section 5.

2. Materials and Methods

2.1. Hybrid Quad-Pol Mode & Azimuth Ambiguity Analysis

The hybrid quad-pol SAR mode was proposed in order to solve the problem of poor range
ambiguity performance in conventional quad-pol SAR mode [5]. The key point of this mode is the
hybrid feature of the transmitting polarizations, which can eventually balance the power of interleaved
echoes when receiving, see Figure 1. Here, the transmitting signals can be expressed as Equation (1).

TRHQP =

{
H + V · ejϕ, (+)

H−V · ejϕ, (−)
, Alternately (1)

where the symbols +/− in the brackets are the signs marked for the distinction between the interleaved
two transmitting signals; the ϕ in the exp is a phase “switcher”, which varies from −π/2 to +π/2.

Note that H and V are unit vectors with identical transmitting power in Equation (1). Particularly,
the polarization mode can switch to be circular-polarized when ϕ equals±π/2 [4], and±π/4-polarized
when ϕ = 0 [3]. Then polarimetric systems based on this hybrid mode receive echoes through H and
V polarized channels simultaneously. As a contrast, conventional quad-pol SAR systems transmit H



Remote Sens. 2020, 12, 1226 3 of 14

and V polarized waves alternately, and receive echoes through H and V polarizations simultaneously.
Figure 1 shows the timing diagram of the conventional quad-pol mode and hybrid quad-pol mode for
transmitted signals and received echoes.
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Figure 1. Timing diagram for transmitted signal and received echo. (a) Conventional quad-pol SAR
system. (b) Hybrid quad-pol SAR system.Tx/Rx indicates the transmission/reception of the signals; the
tags of HH/HV/VH/VV and H+/H−/V+/V− indicate the received echoes. PRI is pulse repetition
interval and is the reciprocal of pulse repetition frequency (PRF).

Echoes in hybrid quad-pol SAR can be listed in a scattering matrix as Equation (2).(
SH+ SH−
SV+ SV−

)
=

(
SHH + SHV · ejϕ SHH − SHV · ejϕ

SVH + SVV · ejϕ SVH − SVV · ejϕ

)
(2)

The range ambiguities arise from undesired echoes of adjacent pulses. In conventional quad-pol
SAR, desired cross-pol echoes (HV/VH) suffer from severe odd-order range ambiguities that come
from stronger co-polarizations (HH/VV). From Figure 1 and Equation (2), it can be seen that the power
of echoes (e.g., H+ and H−) from interleaved transmitted signals is balanced equivalently. And then
the range ambiguity performance is balanced [5,8].

• Signal Analysis & Azimuth Ambiguity in Hybrid Quad-pol Mode

For hybrid quad-pol SAR, the main purpose is to obtain the four polarized data under conventional
linear polarimetric bases, i.e., HH/HV/VH/VV, from the acquired hybrid data, see Equation (2).

In Equation (2), no matter what the ϕ is, pulses of V polarized transmission have a fixed modulated
phase of 0 or π alternately (e.g., the HV expression in SHH + SHV · ejϕ and SHH − SHV · ejϕ). Similar to
the principle of azimuth phase coding (APC) technique in [16], alternate phase modulation of 0 and π,
i.e., phase modulation of nπ, brings a spectrum shift in Doppler frequency domain, which is equal to
1 · PRF here. Note that the PRF is the pulse repetition frequency of any single transmitting channel
(+ or −) in Equation (1). The total pulse repetition frequency here in this mode is 2 · PRF, see Figure 1.

Take H-polarized receiving channel as example. In hybrid quad-pol mode, echoes of H+ and H−
can be acquired. When time sequence is considered, they can be expressed as below:

S̃H+(t) = S̃HH + S̃HV · ejϕ

= ∑
i

δ(t− i · PRI) · SHH(t) + ∑
i

δ(t− i · PRI) · SHV(t) · ejϕ

S̃H−(t) = S̃HH − S̃HV · ejϕ

= ∑
i

δ(t− i · PRI− PRI/2) · SHH(t)−∑
i

δ(t− i · PRI− PRI/2) · SHV(t) · ejϕ

(3)

According to signal structure of hybrid quad-pol mode in Equation (1), echo pulses of the
H-polarized receiving channel can be derived as
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sH(t) = S̃H+(t) + S̃H−(t)

= 2 ·∑
i

δ(t− i · PRI/2) · SHH(t)

+ 2 ·∑
i

δ(t− i · PRI) · SHV(t) · ejϕ − 2 ·∑
i

δ(t− i · PRI− PRI/2) · SHV(t) · ejϕ

(4)

Note that sH(t), i.e., Equation (4), represents all echoes acquired from H polarized receiving
channel. It is sampled at 2 · PRF.

Spectrum of Equation (4) can then be then derived as

SH( f ) =
4

PRI ∑
i

SHH( f − 2i · PRF) +
4

PRI ∑
i

SHV( f − 2i · PRF− PRF) · ejϕ (5)

Analogously, the spectrum of the whole echoes from V polarized receiving channel can also be
derived:

SV( f ) =
4

PRI ∑
i

SVH( f − 2i · PRF) +
4

PRI ∑
i

SVV( f − 2i · PRF− PRF) · ejϕ (6)

When observed with antenna pattern and azimuth ambiguity, the Doppler spectrum of pulses in
H polarized receiving channel can be drawn and displayed in Figure 2.

−0.5−1.5 0.5 1.5 𝑓𝑎/ PRF

HVHH

2.5

Ba Ba

HHHV … …… …

Figure 2. Doppler spectrum of echoes from H polarized receiving channel in hybrid quad-pol SAR
mode. The bold solid lines and the dashed lines represent the desired main signals and undesired
azimuth ambiguities respectively. Ba is the bandwidth of desired main lobe. PRF is set equal to
1.25× Ba here; Power of HH polarization is set +7.9588 dB higher than power of HV polarization.

In Equations (5) and (6), there is an extra spectrum shift of PRF in signals of V polarized transmission,
i.e., SHV( f ) in Equation (5) and SVV( f ) in Equation (6). With the 2 · PRF sampling frequency, this means
that the spectra of SHH and SHV from H polarized receiving channel are staggered along Doppler frequency
with a shift of PRF. The same goes for the components of SVH and SVV from V polarized receiving channel.

Still take H polarized receiving channel as example. Figure 2 shows the spectrum distribution
of SHH and SHV. The main lobe of the HV polarized spectrum locates at [−PRF/2, PRF/2], while the
spectrum of HH polarized part shifts along the Doppler frequency axis for PRF.

Therefore SHH( f ) and SHV( f ) can be perfectly separated through azimuthal spectrum filtering
when desired parts are considered (bold solid lines marked with two different colors in Figure 2).
For instance, the HH components can be reserved if the HV components are filtered out and vice versa.
This means that the two different polarized echoes in one receiving channel, i.e., SHH(t) and SHV(t) in
sH(t) or SVH(t) and SVV(t) in sV(t), can be divided.

Note that this azimuthal spectrum filter is implemented in Doppler spectrum only and will
not influence the cross-track (range) spectrum. This operation is independent of cross-track (range)
direction and will not influence cross-track signals no matter what the signals are.
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• Composition of azimuth ambiguities in hybrid quad-pol data

In Figure 2, spectra of HH and HV polarizations (marked with orange and blue respectively) are
displayed with azimuth ambiguities considered. The dashed lines represent the undesired azimuth
ambiguities. It is clearly seen that azimuth ambiguities of HH polarization contaminate HV signals
while azimuth ambiguities of HV polarization contaminate HH signals.

Through azimuthal spectrum filtering, spectra of HH and HV polarized signals can be reconstructed
as below (phase term ejϕ is ignored for simplicity here):

S̃HH = SHH( f ) + ∑
m=odd

RPm · ŜHV( f + m · PRF)

+ ∑
m=even

RPm · ŜHH( f + m · PRF)
(7)

and
S̃HV = SHV( f ) + ∑

m=odd
RPm · ŜHH( f + m · PRF)

+ ∑
m=even

RPm · ŜHV( f + m · PRF).
(8)

where the hat on Ŝ means the undesired ambiguities. RPm represents the antenna pattern weighting
ratio between the mth ambiguity and the desired signal.

Generally, echo power of co-polarizations (HH and VV) is stronger (usually 6–10 dB) than that
of cross-polarizations (HV and VH). Therefore, in hybrid quad-pol mode, the azimuth ambiguity
performance will deteriorate in cross-pol channels and meliorate in co-pol channels with the transposition
of odd azimuth ambiguities from Equations (7) and (8). Consequently, ambiguity performance of acquired
co-pol channels is fine. The main purpose of this paper is to remove the strong co-pol azimuth ambiguities
in cross-pol channels.

2.2. Azimuth Ambiguity Suppression Method Based on Dfpp and Waveform Diversity

In order to solve the problem of poor imaging quality caused by strong azimuth ambiguous
signals in cross-pol channels, we developed an azimuth ambiguity suppression method aimed at
odd-order azimuth ambiguous signals.

Obviously, one mainstream idea for suppressing or dislodging the unneeded components from
the desired data is to find the “difference” between the undesired and the desired, and then make
proper use of the “difference”. As a potential method for suppressing range ambiguities, “orthogonal”
or pseudo “orthogonal” waveforms has been proposed in the last few decades, such as up/down
(positive/negative) chirp signals [17] and orthogonally paired nonlinear frequency modulated (NLFM)
signals. However, this method has a limitation of generating the defocused “clutter” if the signals are
directly used.

In [15], a dual-focus post-processing (DFPP) idea is applied to handle the nadir echo influence.
Similarly, it is also used in suppressing the range ambiguities [14]. The procedure is briefly shown in
Figure 3: focusing the undesired part firstly, detecting and removing the focused part afterwards, and
at last refocusing the desired images.

Two different waveforms are applied in alternate transmission to form the “difference” between
the desired and the undesired parts. The signal configuration of transmission is shown as Equation (9).

sT(τ, n) =

{
s1(τ), n is even

s2(τ), n is odd
(9)

where n is the sequence number of the transmitted pulses and τ means fast time in the range
(cross-track) direction; signal waveforms s1 and s2 can be set as up and down chirps or other similar
waveform pairs with weak cross-correlation. Then the odd-order range ambiguities are distinguishable
from the desired main echoes by the different signal waveforms [14].
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Figure 3. Block diagram showing the processing steps of the DFPP technique for suppressing the ambiguities.

• Signal form using DFPP technique

Different with nadir echoes or range ambiguities that originate from multiple unneeded echoes
before or after the desired echo, azimuth ambiguities are generated due to under-sampling of
out-of-band signals [1]. Moreover, the dominating low-order azimuth ambiguities have similar imaging
features to the desired targets. They are usually called “ghosts”, i.e., false targets.

From the polarization synthesis result in Section 2.1, simply applying the signal configuration
of Equation (9) to hybrid quad-pol mode is helpless in suppressing the azimuth ambiguities. This
is because the polarizations of the transmitted signals are hybrid, which leads to the hybrid of
polarizations in azimuth ambiguities. The alternation of waveforms in Equation (9) would not alter
the signal waveform of the azimuth ambiguities.

In hybrid quad-pol mode, the odd-order azimuth ambiguities in cross-polarization and
co-polarization after polarization synthesis are swapped with each other, see Equations (7) and (8) in
Section 2.1. Therefore, the diverse waveforms can be configured in different polarizations, such as
HH to HV and VH to VV. To meet this requirement, the H and V polarized pulses in transmission
Equation (1) can be set with diverse waveforms respectively. The new configuration of the waveforms
can be set as Equation (10). {

eH(τ) = s1(τ)

eV(τ) = s2(τ)
. (10)

where ex(τ) means transmitting signal of x polarization, the subscripts of H and V represent the
corresponding transmitting channels.

According to Section 2.1, the mixed signals of co-polarization and cross-polarization in the same
receiving channel can be separated through azimuthal spectrum filtering. This filtering method is
independent of cross-track (range) direction and will not be influenced if the signal waveform changes.
Take H polarized receiving channel as example. Like Equations (7) and (8), the acquired HH and HV
signals synthesized by hybrid quad-pol data with the new configuration applied turn to be

S̃HH = SHH, s1( f ) + ∑
m=odd

RPm · ŜHV, s2( f + m · PRF)

+ ∑
m=even

RPm · ŜHH, s1( f + m · PRF)
(11)

and
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S̃HV = SHV, s2( f ) + ∑
m=odd

RPm · ŜHH, s1( f + m · PRF)

+ ∑
m=even

RPm · ŜHV, s2( f + m · PRF).
(12)

• Focusing of the ambiguities

In Equations (11) and (12), the odd-order azimuth ambiguities own different signal waveforms to
the desired main signals. Following the DFPP processing procedure, filters matched to the undesired
odd-order azimuth ambiguities can be then applied to the synthesized signals.

For HV channel, i.e., Equation (12), this filter is set as

Hamb, HV = conj[FFT(sHH)] = conj[FFT(s1)] (13)

where the conj() is complex conjugate operation, FFT is the fast Fourier transform. After frequency
filtering using Equation (13), the undesired HH polarized azimuth ambiguities are focused, whereas
the desired main HV polarized signals are smeared.

Analogously, the ambiguity-matched filter to the other cross-polarization VH should be matched
to the waveform of V polarized transmission, i.e., s2, here [see (10)].

Hamb, VH = conj[FFT(sVV)] = conj[FFT(s2)] (14)

• Suppression of the ambiguities

After imaging of the ambiguities, the azimuth ambiguities can be then suppressed through
the detection and removing procedure. Moreover, owing to the remarkably stronger power of
co-polarizations compared to cross-polarizations, the detection of the undesired co-polarized azimuth
ambiguities in cross-pol channels is much easier than the detection of range ambiguities in [14,15].

• Inverse focusing & Re-imaging

According to the reversible imaging process, echo data can be obtained through anti-compression
in range and azimuth direction. The inverse imaging process is applied after the detection and
removing of the focused ambiguous areas.

At last, through imaging process using the filter matched to the desired main signal, the final
images with suppressed ambiguities are obtained.

Note that in co-polarizations of HH and VV, this azimuth ambiguity suppressing method is
unnecessary. This is because the major influence in co-pol channels comes from odd-order azimuth
ambiguities of cross-polarizations with weaker power [see Equation (11)]. Furthermore, the defocusing
property induced by waveform mismatch gives rise to the dispersed energy of the odd-order azimuth
ambiguities for all the reconstructed channels. This also helps to further improve the image quality
in co-polarizations.

3. Result

3.1. Simulation

In this paper, up and down modulated chirps are chosen in the proposed ambiguity suppression
method. Note that as a result of waveform mismatch, the smear occurs in the range direction if up and
down chirps are applied. Figure 4 briefly shows the results of pulse compression under matched and
mismatched filters.

Using the system parameters provided in Table 1, the azimuth ambiguity suppression results
are presented with a simulation. A set of sea-surface polarimetric complex data of quad-pol mode
acquired by Gaofen-3 SAR sensor is applied to simulate the hybrid quad-pol data using waveforms of
up and down modulated chirps.
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Figure 4. Range compressing results of up (positive modulation rate) and down (negative modulation
rate) chirps using filter matched to up chirp. Parameters are taken from Table 1. The orange solid line
shows the matched compression result. Whereas the blue dashed line shows the smearing compression
result with filter mismatched.

Table 1. Simulation Parameters.

Parameter Value

Orbital height 755 km
Carrier frequency 5.4 GHz
Waveform bandwidth 15 MHz
Platform velocity 7500 m/s
Antenna size 20 m(Azimuth)
Pulse length 10 µs
Channel PRF 797.65 Hz
Look angle 60.0◦

In Figures 5 and 6 are generated after polarization synthesis using azimuthal spectrum filter.
In Figure 5, it is distinct that the cross-pol HV channel suffers from severe azimuth ambiguities
whereas co-pol HH channel is exempt due to weaker power of HV polarization. Meanwhile, with the
waveforms of up and down chirps applied, the HH azimuth ambiguities are smeared due to waveform
mismatch [see Figure 5b].

Figure 6 displays the procedure of eliminating the azimuth ambiguities in cross-pol HV channel
using method of DFPP (co-pol channels are not seriously affected [see Figure 5a]). In Figure 6a, the
originally acquired HV raw data are compressed using filter matched to HH azimuth ambiguities.
The desired HV component is smeared in the range direction, whereas the HH odd-order azimuth
ambiguities are focused.

These focused strong HH azimuth ambiguities are then removed [see Figure 7b]. Due to the
polarimetric feature of stronger power in co-polarizations, the removing process is simply realized
here by setting several pixels to zero according to an adaptive threshold (based on local contrast
minimization). Other advanced methods such as Constant False Alarm Rate (CFAR) detecting method
can also be considered for better results.

At last, the image is handled by inverse imaging process. The acquired new HV raw data are then
re-focused as Figure 6c using corresponding filter matched to the desired HV signal.

Compare the figures marked with red rectangles in Figures 5 and 6. It is shown that the azimuth
ambiguities (smeared in Figure 5b and focused in Figure 6a) are removed effectively (Figure 6c).
It indicates that the ambiguity signal power in data has been well suppressed and the effect of
ambiguity suppression is remarkable. The result shows the accuracy and validity of the proposed
ambiguity suppression algorithm.
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Figure 5. Simulations of the acquired HH and HV polarized images after polarization synthesis from
hybrid quad-pol data based on parameters in Table 1. The HV and HH polarized data are simulated
using chirp signals of up and down modulation rates respectively. Vertical is the azimuth direction.
(a) Rebuilt HH polarized image with HV azimuth ambiguities. (b) Rebuilt HV polarized image with
HH azimuth ambiguities. An example of smeared azimuth ambiguity is marked with red rectangle.
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Figure 6. Simulations of the acquired HV polarized images with azimuth ambiguities of strong HH
polarization based on parameters in Table 1. HH polarized data are simulated using chirp signals
chirp of up modulated rate. HV polarized data are simulated using chirp signals chirp of down
modulated rate. Vertical is the azimuth direction. (a) Acquired HV image using filter matched to up
chirp, in which the desired HV polarized component is smeared with HH azimuth ambiguities focused
(e.g., the focused targets in red rectangle). (b) Smeared HV image, in which the focused HH azimuth
ambiguities has been removed by simply setting several pixels to zero according to the amplitude
level in image (image sharpness and contrast). (c) Refocused HV image, which is obtained by focusing
the inverse-focused data (after inverse imaging process), using corresponding filter matched to the
down chirp. The content in red rectangle can be compared with that in Figure 5b, showing a decent
ambiguity suppression efficiency.
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3.2. Performance Evaluation

• Analysis of the Result

In order for a particular performance evaluation, we analyze the suppressed ambiguities with
statistical energy method. The main concept of this method is to compute the total energy of the
originally introduced azimuth ambiguities and the total energy of the suppressed azimuth ambiguities,
and to make a comparison. Generally, the energy can be obtained by calculating the sum of the squares
of the pixels’ amplitude:

Pamb =
Ntotal

∑
i=1
|∆Ai|2 (15)

where Ai is the amplitude of the ith pixel in the image; ∆Ai is calculated for extracting the undesired
azimuth ambiguities via subtraction of the original image data from the ambiguity-contaminated
image data.

Taking the azimuth sampling time as the X-axis, the total energy as the Y-axis, we can draw the
curves in Figure 7.
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Figure 7. Comparison curves of the azimuth ambiguities before and after the suppression procedure.
(a) Statistical total energy results: blue line, the introduced azimuth ambiguities; red line, the remaining
azimuth ambiguities after suppression. X-axis represents the azimuth time with sampling points. Y-axis
shows the statistical result based on Equation (15). (b) Calculated ratio of the suppressed energy to
the total energy of the azimuth ambiguities. X-axis represents the azimuth time with sampling points.
Y-axis shows the suppression ratio expressed as a percentage.

From Figure 7, it can be found that most of the strong azimuth ambiguities are well suppressed.
Furthermore, the suppression effectiveness is closely related to the energy of the ambiguities. When
the energy of the focused ambiguity (see Figure 6a) is stronger than the preset adaptive threshold,
the suppression result is fine, up to 99%, e.g. ambiguities with statistical energy larger that 1× 105 in
Figure 7a are well suppressed. As to the other ambiguities which are weaker than the threshold, the
stronger the ambiguities are, the better the suppression effect is. From this phenomenon, We can make
a reasonable conjecture that the suppression effectiveness of the proposed method could deteriorate in
images with low SNR, as the relatively weak ambiguities would be scattered and submerged in the
noise. However, in consideration of the ambiguity defocusing induced by waveform diversity, the
proposed ambiguity-suppression method is still effective.

• Result Analysis with various SNRs

In the above experiment, the SNR of the desired HV polarized targets to the background noise in
Figure 6c is approximately 28 dB. The corresponding azimuth ambiguities are marked with red rectangle
in Figure 6c. Using the proposed method, the results of the ambiguity-suppression performance of the
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two targets are 98.34% (left target, T1) and 99.52% (right target, T2). Simulations under varied SNRs are
carried out then. The results are displayed in Figure 8.
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Figure 8. Simulations of the acquired HV polarized images with azimuth ambiguities of strong HH
polarization based on parameters in Table 1 under SNRs of 20 dB (first row), 15 dB (second row), 10 dB
(third row) and 6 dB (fourth row). The selected HV polarized images are separated from the original
images in Figures 5 and 6, retaining the selected target area marked with red rectangles. Figures
of (a,e,i,m) in the first column represent the focused HV images contaminated by HH ambiguities;
the ambiguities of HH polarization are focused in figures of (b,f,j,n) in the second column, and then
suppressed in (c,g,k,o) in the third column; through inverse-imaging, the final results are displayed in
the fourth column.

In Figure 8, the results are simulated with SNRs of 20 dB, 15 dB, 10 dB and 6 dB. Comparing
figures in the third column, we can find that the suppressed part of the azimuth ambiguities decreases
due to the reduced SNR. This means a gradually weakened trend of the suppression performance.
At the same time, figures in the fourth column show the deterioration of the image quality when the
SNR is reduced.

It is not difficult to find that even in low SNR situations where the desired HV targets are nearly
submerged in noise the proposed method works well [see Figure 8i,l,m,p]. This is because the strong
power of co-polarizations helps the detection procedure in this method. Moreover, the azimuth
ambiguities can be detected and suppressed much more easily as they are focused (see figures in the
second column).

The suppression performance with different SNRs is also evaluated. The results are presented in
Table 2.

In Table 2, the suppression performance results with SNRs under 4 dB are also listed. Note
that this method also takes some effect even when the SNR is extremely low. This arises from the



Remote Sens. 2020, 12, 1226 12 of 14

power difference between co- and cross- polarizations. In addition, the undesired HH polarized
ambiguities are mainly focused to be several strong pixels in the images. This also helps the detecting
of the ambiguities.

Table 2. Suppression Performance with varied SNRs.

SNR (dB) T1, Results (%) T2, Results (%)

28 98.34 99.52
20 96.41 97.84
15 94.36 96.62
10 93.20 94.90
6 91.38 93.11
4 78.78 81.57
2 72.36 78.24

However, the suppression performance is not very fine when the noise intensity increases greatly.
The detectable part of the focused ambiguities decreases gradually when the SNR is reduced [see
Figure 8c,g,k,o]. From Table 2, the suppression performance is degraded as 72.36% with SNR of 2 dB.
Note that the image quality of the original cross-polarized images would extremely deteriorate in
situations with extremely low SNR (e.g., the desired HV polarized targets in Figure 8m,o are already
submerged, where the SNR is 6 dB). Therefore, the proposed method is still functional.

• Calculation Performance Evaluation

As is described in Section 2.2, the proposed method contains four steps: (1) imaging of the
ambiguities, (2) detection and suppression of the ambiguities, (3) inverse imaging and (4) imaging of
the desired signals.

Generally, for spaceborne SAR data, imaging is a time-consuming signal-processing step. While
the step of detection and suppression could be less complex as it is based chiefly on 2-dimensional
image processing. The total processing time can be summarized as

Ttotal = 3× Timaging + Tdetection + Tsuppression (16)

4. Discussion

For the originally proposed hybrid quad-pol SAR systems, the ±π/4 linear polarizations or the
left/right circular polarizations are adopted. The ’hybrid’ feature helps balance the range ambiguity
performance among quad-pol channels after the polarization synthesis from hybrid polarimetric bases
to conventional quad-pol bases. As is introduced above, the proposed azimuth ambiguity suppression
method combines two different signals to generate the transmitting ‘hybrid’ polarizations. This means
that the hybrid signals in transmission are not entirely linear or circular polarizations here.

Nevertheless, this method is still feasible if the purpose is to obtain the four linearly polarized
data, i.e., HH/HV/VH/VV. According to the analyses of the hybrid quad-pol signals in Section 2.1,
both the received signals in H and V polarized receiving channels can be divided into individual
polarized signals through azimuthal spectrum filtering without influence on range direction [Figure 2,
see Equations (4) and (5)]. Moreover, according to the uniqueness theorem for electromagnetic field, it
does not influence the polarimetric scattering characteristics.

To be specific, HH and HV signals in H polarized receiving channel (or VH and VV signals
in V polarized receiving channel) are separable. The acquired signals are then compressed through
cross-track pulse compression using corresponding filters in imaging process, where the waveforms are
compressed and the range resolution information remains. This indicates that the proposed ambiguity
suppression method is feasible.

Note that this method can only eliminate the odd-order azimuth ambiguities, as the even-order
components have the same signal form as the desired “zero-order” signal. Moreover, example in Figure
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6 focuses on azimuth ambiguities of strong independent targets. When it comes to large scenes with
moderate contrast, using filter matched to the odd-order ambiguities, the azimuth ambiguities will be
focused as a whole scene superimposed by the smeared desired signals. In this situation, the azimuth
ambiguities are partly removed (ambiguities with stronger energy can be suppressed according to the
preset threshold). Furthermore, with regard to scenes with crowed strong independent targets (e.g. in
a busy shipping lane), application of this method could also be limited. In this situation, some targets
may be unfortunately spaced at the interval between azimuth ambiguities, which could influence the
detection result. Therefore, this method may not be suitable for suppressing azimuth ambiguities of
large flat scenes as well as scenes with crowed strong targets.

5. Conclusions

In this paper, a new method of suppressing the azimuth ambiguities in hybrid quad-pol mode
is proposed. This method exploits waveform diversity to establish the pulse-compression difference
between desired signal and the odd-order azimuth ambiguities. The difference is then utilized to
separate the azimuth ambiguities from the desired signal under dual-focus post-processing technique,
in which the undesired ambiguities can be focused and removed individually. Its effectiveness and
correctness are verified by processing polarimetric imaging simulation based on hybrid quad-pol SAR
architecture. Therefore, the proposed method can be viewed as an alternative way to improve the
image quality for hybrid quad-pol images. Note that this azimuth ambiguity suppression method
performs well in scenes that suffers from strong false targets (such as sea surface with ships, bare land
with buildings), and may be not suitable for scenes with averaged image intensity (such as large flat
grassland and forest) and scenes with crowed strong independent targets. Further investigations are
also needed in other potential ways to improve the ambiguity suppression method.
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