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PAPER
Surface Height Change Estimation Method Using Band-Divided
Coherence Functions with Fully Polarimetric SAR Images

Ryo OYAMA†, Nonmember, Shouhei KIDERA†a), and Tetsuo KIRIMOTO†, Members

SUMMARY Microwave imaging techniques, in particular, synthetic
aperture radar (SAR), are promising tools for terrain surface measurement,
irrespective of weather conditions. The coherent change detection (CCD)
method is being widely applied to detect surface changes by comparing
multiple complex SAR images captured from the same scanning orbit.
However, in the case of a general damage assessment after a natural disaster
such as an earthquake or mudslide, additional about surface change, such as
surface height change, is strongly required. Given this background, the cur-
rent study proposes a novel height change estimation method using a CCD
model based on the Pauli decomposition of fully polarimetric SAR images.
The notable feature of this method is that it can offer accurate height change
beyond the assumedwavelength, by introducing the frequency band-divided
approach, and so is significantly better than InSAR based approaches. Ex-
periments in an anechoic chamber on a 1/100 scaled model of the X-band
SAR system, show that our proposed method outputs more accurate height
change estimates than a similar method that uses single polarimetric data,
even if the height change amount is over the assumed wavelength.
key words: synthetic aperture radar (SAR), fully polarimetric analysis, co-
herent change detection (CCD), multiply band-divided SAR images, height
change estimation

1. Introduction

Synthetic aperture radar (SAR) is the most powerful imag-
ing tool for microwave remote sensing systems, which is
able to estimate the structure of terrain surfaces regardless
of lighting or weather conditions [1], [2]. A notable feature
of SAR image is that these complex-valued images, in par-
ticular, their phase component, can be exploited to analyze
the height or structural features of targets. To conduct this,
the coherent change detection (CCD) method, one of the
most cutting edge derivative techniques of SAR, has been
developed [3], [4]. The concept of CCD is simply based on
local spatial correlation between sequential complex SAR
images obtained through observations of the same region at
different times. There are various extensions of the origi-
nal CCD method, such as more accurate change detection
using the phase of the coherence function [5]. However,
traditional CCD techniques were designed only for change
detection, and so failed to address height change measure-
ments. Height change is strongly required to judge if a road
is suitable for motor vehicle use following a natural disaster,
such as huge earthquake or deadly mudslide.
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Interferometric SAR (InSAR) is one of the promising
solutions for extracting height information from complex
SAR images, which is based on the phase interferometry
of plural SAR images obtained from different scanning or-
bits [6], [7]. However, InSAR often suffers from inaccuracy
caused by difficulty of phase unwrapping problem and is
not designed for extracting the temporal height change, ba-
sically. There are various derivation techniques for InSAR,
such as the polarimetric approach (PolInSAR) [8], which
classifies a target according to the characteristic polariza-
tion of the received signal; and a method [9] based on the
differential SAR Interferometry (DinSAR), which employs
the likelihood function and frequency diversity to unwrap a
phase distribution. However, this type of technique has a
significant drawback due to phase wrapping because the ob-
tained height is relative to a reference point, and thus, in the
case of great height changes in spatially narrow areas, this
method fails to output the correct relative height distribu-
tion. To overcome such unwrapping problem, the intensity
based offset tracking have been developed by using cross-
correlation of PolSAR images [10]. Nonetheless, since the
InSAR-based techniques described above were developed
for height estimation method, they are incapable of detect-
ing change because they assume the temporal invariance of
the target surface.

As a suitable approach for this issue, we have already
proposed a method to estimate the height change with a CCD
model [11], in particular, one that employs multiple band-
divided SAR images and their coherence functions with as-
sociated phases. To accurately reconstruct the height change,
this method focuses on the phase characteristics of each cen-
ter frequency and resolves ambiguities by employing a mul-
tiple non-linear regression scheme. It enhances robustness
against phase fluctuations by employing, rather than spatial
averaging, a type of frequency averaging scheme. Thus, it
can maintain the accuracy of height change estimation with-
out degrading the spatial resolution of the estimation, and
thus is also suitable for detecting temporal change in the
target surface. However, this method is oriented to the sin-
gle polarimetric case. It should be appropriately extended
to the fully polarimetric case to enhance the height change
estimation accuracy.

According to the above background, this study intro-
duces an extension of the height change estimation method
to fully polarimetric data. There are various studies on fully
polarimetric SAR analysis that focus on structural recog-
nition of features, such as the ground surface, paddy fields,
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forests, and artificial buildings [12], [13]. As the most useful
tool for this analysis, Pauli decomposition has been widely
applied to determine the dominant scattering components
such as surface scattering, double-bounced scattering, and
volume scattering [14], [15]. Furthermore, this study adopts
the Pauli decomposition for height change estimation, which
enables us to extract the dominant, in particular higher SNR
components. A notable feature of this method is its applica-
bility to the beyond-the-wavelength height change situations,
by using the band-divided and synthesizing approach, and
should be a significant advantage over InSAR-based estima-
tion. The experimental data, assuming a 1/100 scaleddown
model of the X-band SAR system, validate that our pro-
posed index significantly enhances the accuracy of the height
change estimation compared with that obtained by the same
method using single polarimetric data.

2. System Model

Figure 1 shows the observation geometry. The target is as-
sumed to have a rough surface around the z = 0 plane, and
the propagation speed of the microwaves is a known constant
and denoted as c. Mono-static radar is used to correct a set
of scans along the x axis line, located at y = 0, z = z0. The
off-nadir angle is denoted by θ. Each antenna receives the
complex-valued reflection signal s (x; f ) at each frequency
f , where the signal is swept through a finite frequency range.
The height of the target surface is changed as ∆ztrue(x, y)
between the first and second observations. The two linear
polarizations are assumed to be vertical (denoted by V) and
horizontal (denoted by H) with respect to the transmitting
and receiving antennas. Following this, fully polarimetric
data characterized by VV, VH, HV andHH are obtained. For
example, VH denotes horizontal polarization in transmitting
and vertical polarization in receiving and assumes the reci-
procity as HV = VH. The polarimetric SAR complex image,
focused on the z = 0 plane at the p th observation, is defined
as Si j

p (x, y), where the subscripts i and j denote H or V, and
p denotes 1 or 2. In this manner, a scattering vector Xp is
defined as follows:

Xp (x, y) ≡
[

SHH
p (x, y) ,

√
2SHV

p (x, y) , SVV
p (x, y)

]T
(1)

The normal coherence function γ (x, y) between the com-
plex SAR images Si j

1 (x ′, y ′) andSi j
2 (x ′, y ′) is defined as fol-

lows:

γi j (x, y) =!
Ω(x, y) Si j

1 (x ′ − x, y ′ − y) Si j
2 (x ′ − x, y ′ − y)∗ dx ′dy ′√!

Ω(x, y)
��S

i j
1 (x ′ − x, y ′ − y) ��2dx ′dy ′

×
1√!

Ω(x, y)
��S

i j
2 (x ′ − x, y ′ − y) ��2dx ′dy ′

, (2)

where * denotes a complex conjugate and Ω(x, y) denotes

Fig. 1 Observation geometry.

Fig. 2 Geometrical relationship between the phase difference and height
change amount.

the size of the correlation. Clearly, 0 ≤ |γi j (x, y) | ≤ 1
holds true.

Under the assumption that the target surface moves
along the z axis, the height change ∆zi j (x, y) can be cal-
culated from the phase of the coherence function γi j (x, y),

∆zi j (x, y) ≈ −
c

4πfc cos θ(x, y)
ψi j (x, y), (3)

where ψi j (x, y) denotes the phase of γi j (x, y) and fc is the
center frequency of the transmitted signal, and θ(x, y) is the
off nadir angle averaged over all antenna locations of ob-
servations. Figure 2 shows the geometrical relationship be-
tween the height change and off-nadir angle. Note that there
should be ambiguity in determining the actual height change
due to the phase of the coherence function. The amount of
this ambiguity for the center frequency fc is calculated as
follows:

∆zamb =
c

2fc cos θ(x, y)
, (4)

which makes height change estimation difficult.

3. Conventional Method

This section introduces the conventional method as one ap-
proach for the height change estimation using theCCDmodel
which employs multiple band-divided SAR images and their
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Fig. 3 Conventional fitting approach for height change estimation with
multiple frequency bands, assuming single polarimetric data.

coherence functions [11]. This method focuses on the fre-
quency characteristics of the multiple phases obtained by the
multiple coherence functions to avoid ambiguity errors in the
height change estimation. First, the multiple band-divided
data are generated from the received signal, with each having
the same frequency band but a different center frequency de-
noted as fc,n (n = 1, 2, · · · , N ), where N is the total number
of the divided frequency bands. Second, the SAR images of
each observation are generated for each frequency band as
Sp (x, y; fc,n), where p = 1, 2 denotes the observation num-
ber. Third, the coherence functions between S1(x, y; fc,n)
and S2(x, y; fc,n) are calculated for each frequency band us-
ing Eq. (2). Using the phase of the coherence functions,
height change ∆zobs(x, y; fc,n) is calculated as

∆zobs(x, y; fc,n) = −
c

4πfc,ncosθ
ψ(x, y; fc,n), (5)

where ψ(x, y; fc,n) denotes the phase of the coherence func-
tion for n th frequency band. To resolve the ambiguity of
height change estimation, the optimum amount of height
change ∆̂z(x, y) is calculated as follows:

∆̂zsingle(x, y) = arg min
|∆z | ≤∆zmax

N∑
n=1

min
k∈Z

����∆zobs(x, y; fc,n)

−

(
∆z +

kc
2 fc,n cos θ

) ����
2
, (6)

where ∆zmax denotes the investigating range of height es-
timation, which is set to sufficiently large value. Figure 3
shows the fitting approach of Eq.(6). In this figure, the in-
vestigating index ∆z correctly fits into the actual value ∆ztrue
because the curved line is completely adjusted to∆zobs( fc,n).
Although the band-divided data are not completely indepen-
dent from each other, this method can enhance the robustness
of phase fluctuations by employing multiple frequency data
points. However, this method is oriented only to the single
polarimetric case.

4. Proposed Method

This section introduces the principle and methodology of
the proposed method. Our proposed method appropriately
extends the conventional method (described in Sect.3) to

the fully polarimetric case, where each Pauli component is
assessed for height change estimation as follows. First, a
received signal for each polarimetric combination, HH, HV
and VV, is divided into multiple bands in the frequency
domain, where each band has the same bandwidth but a dif-
ferent center frequency, denoted as fc,n. Second, the fully
polarimetric SAR images at the p th observation are gener-
ated for each frequency band using Si j

p (x, y; fc,n), where the
superscript i and j denote H or V. Next, each band-divided
polarimetric SAR image is decomposed into the Pauli scat-
tering vector kp (x, y; fc,n) as follows:

kp (x, y; fc,n) ≡

1
√

2



SHH
p (x, y; fc,n) + SVV

p (x, y; fc,n)

SHH
p (x, y; fc,n) − SVV

p (x, y; fc,n)

2SHV
p (x, y; fc,n)



, (7)

where the first, second, and third rows of kp
(
x, y; fc,n

)
are

usually regarded as the surface, double and volume scatter-
ing components, respectively. Here, a spatial gap because
of layover effect between k1(x, y; fc,n) and k2(x, y; fc,n)
are compensated for each SAR image by evaluating the local
cross-correlation functions between the 1st and 2nd observed
SAR images. Next, let γ(x, y; fc,n, r) and ψ(x, y; fc,n, r)
denote the coherence function and its phase between the r
th row components of k1(x, y; fc,n) and k2(x, y; fc,n) after
the spatial gap compensation. When | ψ(x, y; fc,n, r) |≤ π
holds, the height change ∆zobs(x, y; fc,n, r) is directly calcu-
lated as follows:

∆zobs(x, y; fc,n, r) = −
c

4π fc,ncosθ
ψ(x, y; fc,n, r). (8)

However, when ��ψ(x, y; fc,n, r)�� > π holds, the ambiguity
errors should be considered. To avoid such ambiguity errors
in the height change estimation, this method introduces the
evaluation function as follows:

f (∆z; x, y, r) =
N∑
n=1

min
k∈Z

����∆zobs(x, y; fc,n, r) −
(
∆z +

kc
2 fc,n cos θ

) ����
2
. (9)

Next, the optimal height change amount ∆̃z(x, y; r) for each
of the r th Pauli components is determined as follows:

∆̃z(x, y; r) = arg min
|∆z | ≤∆zmax

f (∆z; x, y, r), (10)

where ∆zmax denotes the range of height estimation. Then,
the optimal Pauli component r̂ for height change estimation
is determined as;

r̂ = arg min
r

f (∆̃z(x, y; r); x, y, r). (11)

Finally, the height change ∆̂zfull(x, y), which considers fully
polarimetric data is calculated as follows:

∆̂zfull(x, y) = ∆̃z(x, y; r̂) (12)
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Fig. 4 Fitting approach for height change estimation with each Pauli
component.

This procedure is a natural extension of the single polari-
metric case method as described in Sect. 3. Figure 4 shows
the fitting approach of each Pauli component expressed in
Eq. (9) for cases when surface scattering is dominant, in par-
ticular, when the 1st Pauli component is higher than other
components. Because the SNR of the 1st Pauli scattering
component also becomes relatively high, there are less fluc-
tuations in observed data points in case (a), and the evaluation
function is considered to be at a minimum. In other words,
the proposed method can select the optimal estimation for
the height change by considering the dominant scattering
phenomena.

The actual procedure of the proposed method is sum-
marized as follows.

Step 1) For each center frequency fc,n, Pauli scattering
vector k1(x, y; fc,n) and k2(x, y; fc,n) are obtained by
band-divided fully polarimetric SAR images.

Step 2) Coherence functions γ(x, y; fc,n, r) are calcu-
lated for each Pauli component and divided frequency
band after the spatial gap compensation. The phase
ψ(x, y; fc,n, r) is extracted.

Step 3) For each row of Pauli vectors, the height
change amount ∆zobs(x, y; fc,n, r) is estimated from
ψr (x, y; fc,n) in Eqs. (10) and (11).

Step 4) The optimal height change amount ∆̂zfull(x, y) is
determined using Eq. (12).

Figure 5 shows the flowchart of the proposed method.

5. Experimental Validation

This section describes the performance evaluation for each
method using the experimental data. This experiment as-
sumes a 1/100 scaled-downmodel of an X-band SAR system
for the observation geometry and spatial resolution, except
for the center frequency. Figure 6 shows the setup of the
experiment. The 3 dB beam width of each horn antenna is

Fig. 5 Flowchart of the proposed method.

Fig. 6 Experimental setup.

27 degrees, and the interval between the transmitting and
receiving antennas is 48mm. The set of transmitting and re-
ceiving antennas is scanned for the range of −800mm ≤ x ≤
800 mm, where y = 0 mm and z0 = 900 mm holds true. On
the transmitter side, a 20 dB amplifier is inserted to obtain a
sufficient echo from the targets. Reflection data are obtained
by VNA (Vector Network Analyzer), where the frequency
is swept from fmin = 26 GHz to fmax = 40 GHz at 10 MHz
intervals. The off-nadir angle is 50.0 degree. Two clay ob-
jects with rough surfaces (roughness is approximately ±1
mm) are neighbored along the x-axis, assumed to simulate
the ground surface. The width, depth and thickness of each
clay target are 400 mm, 500 mm, and 100 mm, respectively.
The number of divided frequency bands N is 7, where each
bandwidth of the received signal is 8 GHz and the interval of
the center frequency is 1GHz. The theoretical range reso-
lutions before and after band dividing are 14.0mm and 24.5
mm, respectively. The theoretical azimuth resolution is ap-
proximately 12.5 mm, regardless of band division. One clay
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Fig. 7 Distribution of height change at Case 1 (height change is 5mm)
((a): Actual, (b): Estimated by SHH, (c): Estimated by SHV (d): Estimated
by SVV (e): Estimated by the proposed method).

target located x ≥ 0 is uniformly lifted as ∆ztrue(x, y) mm
following the first observation. We consider the three height
change cases as follows.

Case 1 Height change is within λc as:

∆ztrue(x, y) =
{

5mm, (x ≥ 0)
0mm, (x < 0) . (13)

Case 2 Height change is almost same as λc as:

∆ztrue(x, y) =
{

10mm, (x ≥ 0)
0mm, (x < 0) . (14)

Case 3 Height change is beyond λc as:

∆ztrue(x, y) =
{

20mm, (x ≥ 0)
0mm, (x < 0) . (15)

The white Gaussian components are added to the re-
ceived signal in the frequency domain to simulate lower
SNR situations. For example, at Case 1, the SNRs of HH,
HV and VV polarization are 27, 12, 28 dB, respectively.
On the other hand, the SNRs of 1st, 2nd and 3rd compo-
nent of Pauli vector are 31, 20, 12 dB, respectively. This
SNR differences means that the highest SNR component is
regarded as 1st component of Pauli vector, namely, the sur-
face scattering component is dominant in this case, which
is compatible to the assumed situation. Figure 7 shows

Fig. 8 Distribution of height change at Case 2 (height change is 10mm).
((a): Actual, (b): Estimated by SHH, (c): Estimated by SHV (d): Estimated
by SVV (e): Estimated by the proposed method).

the height change estimation results in Case 1, obtained by
each single polarimetric data and the proposed method. As
shown in this figure, the VV and the proposed mixing com-
ponent offers accurate estimation, while the HV component
provide almost random height change estimation, which is
due to the lowest SNR component. Note that, the proposed
method could offer the best estimation by comparing the
VV and HH based height change estimation results through
Pauli decomposition (comparing the cost function in each
pixel), and cover the largest area with high accuracy. Fig-
ures 8 and 9 show the height change estimation results in
Case 2 and Case 3, respectively, obtained by each single
polarimetric data and the proposed method. While Fig. 8
(Case 2) shows that the proposed method retains accurate
estimations as well as that obtained in Case 1, in the Case 3,
our proposed method and other components based estima-
tion suffer from accuracy degradation compared with those
obtained in Case 1 and Case 2. This is due to the fact that
the optimal solution around here does not reach the global
optimal, which should be addressed with in our future work
by adding the regularization term to the cost function. How-
ever, the proposed method has a significant advantage from
the InSAR or DInSAR based estimation, where the phase
unwrapping problem would offer an estimation ambiguity in
height change estimation, especially in Case 3.

For quantitative analysis of the height change estima-
tion, the ambiguity resolution probability is introduced as
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Fig. 9 Distribution of height change at Case 3 (height change is 20 mm).
((a): Actual, (b): Estimated by SHH, (c): Estimated by SHV (d): Estimated
by SVV (e): Estimated by the proposed method).

the ratio of the number of pixels satisfying the following
equation to the total number of pixels.

| ∆ztrue(x, y) − ∆̂zest(x, y) |<
c

4 fc cos θ
, (16)

where fc = ( fmin + fmax) /2 holds true. Figures 10, 11
and 12 show the probability of ambiguity resolution, the
median error and inter quartile range (IQR) of height change
estimations at Case 1, Case 2 and Case 3, respectively, where
the IQR denotes the difference between 75th (3rd quartile)
and 25th (1st quartile) percentiles of statical values.

These figures demonstrate that the proposed method
enhances the ambiguity resolution probability, which leads
to less median error or IQR quantities compared with those
obtained by the method in Sect. 3, which uses single polar-
ization data, even in the case that the height change amount
is beyond the center wavelength. This is because the pro-
posed method, based on Pauli decomposition, can select the
dominant scattering effect, surface, double-bounce, and vol-
ume scattering efficiently, and eliminates lower SNR compo-
nents. As previously mentioned, in these cases, the surface
scattering component, the 1st component of Eq. (7) is actu-
ally dominant and retains the highest SNR compared with
other components.

Fig. 10 Statistical evaluation for height change estimation errors at Case
1((a): Probability of ambiguity resolution, (b): Median, and (c): IQR).

Fig. 11 Statistical evaluation for height change estimation errors at Case
2 ((a): Probability of ambiguity resolution, (b): Median, and (c): IQR).

Fig. 12 Statistical evaluation for height change estimation errors at Case
3 ((a): Probability of ambiguity resolution, (b): Median, and (c): IQR).
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6. Conclusion

This study proposed an accurate height change estimation
method that exploits the phases of the coherence functions
obtained from multiple band-divided and fully polarimetric
SAR images. The ambiguities for the height change esti-
mation are appropriately eliminated by the multi-frequency
band based approach, andmore high-value SNR components
are extracted through the Pauli decomposition process. The
results of a scaled-down experiment in an anechoic cham-
ber, verify that the proposed method significantly enhances
the estimation accuracy of surface height change when com-
pared with methods using single polarization, even in the
case that the height change amount is beyond the center
wavelength.
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