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Abstract: To improve the accuracy of interferometric syn-
thetic aperture radar (InSAR) topographic mapping, an error
source analysis method of InSAR topographic mapping
based on satellite interferometry is proposed. According to
the basic principle of InSAR altimetry, the preconditions of
SAR satellite interferometry are quantitatively analyzed, and
the phase error experiment is carried out. The error sources
of formation satellite InSAR system are studied. Finally, the
error sources affecting the formation satellite InSAR system
are systematically analyzed. The experimental results show
that this method has good analytical performance, quantita-
tively evaluates the propagation law of each error, and pro-
vides a basic reference for practical application.

Keywords: InSAR topographic mapping, satellite inter-
ferometry, phase error, error source, propagation law

1 Introduction

Topographic mapping is an important application direc-
tion in the field of remote sensing. The corresponding
digital elevation model (DEM) data play a more and
more important role in military reconnaissance, national
economic construction, and scientific research. Extracting
terrain information using SAR technology has always been
one of the hot research directions. At present, there are
four main ways to obtain the elevation information of the
surface based on SAR images: radar angle measurement,
radar photogrammetry, radar polarization measurement,
and radar interferometry. Among them, interferometric
synthetic aperture radar (InSAR) is a technology to infer
the range information from the interference phase of SAR
complex image pair and then obtain the three-dimensional

information of the surface. The main purpose of its devel-
opment is to carry out topographic mapping and obtain
high-precision DEM data. Today, in order to obtain global
DEM data and other value-added products, the spaceborne
SAR system with large and wide imaging capability has
become the Space Shuttle Radar terrain mission (SRTM)
using InSAR technology, which can provide DEM with ele-
vation accuracy of 16m in the global latitude range of –56°
to 60°. The DEM obtained by the TanDEM-X formation
satellite is used to expand its coverage to the south pole,
and 90% of the global point-to-point elevation accuracy is
within 3.49m [1,2].

Many research studies have been carried out on
InSAR topographic mapping. For example, scholars from
the German Space Agency carried out a detailed error ana-
lysis for the TanDEM-X satellite and carried out a large
number of advanced technical discussions and demon-
strations for onboard and ground calibration technologies
[3]. This demonstration method of satellite earth inte-
gration ensures the surveying and mapping accuracy
of TanDEM-X. Some scholars have used the simple air-
borne model to analyze the error of InSAR topographic
mapping [4]. However, the influence of earth curvature
is not considered in the model. At present, the more
general error analysis model of spaceborne distributed
InSAR is generally used. However, the baseline is still
the baseline expression of the airborne model, and only
the length and inclination are considered. In addition,
some interferometric calibration studies have been done
for airborne InSAR Technology in China. However, due
to the limitation of data quality, the research on inter-
ferometric calibration for spaceborne InSAR is relatively
small. Other scholars proposed a method to locate the
error source by combining multi-temporal a-DInSAR
data (LAMBDA) and implemented the multi-dimensional
landslide activity matrix for the first time, to define the
error source, filter the standard deviation, and improve
the positioning accuracy by combining multiple sensors
[5,6]. However, the research error of this method still
needs to be further reduced.

In this article, for the application of distributed space-
borne InSAR in terrain mapping, the direct observation of
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satellites is studied, and the error propagation formula of
observation measurement in topographic mapping is given.
The InSAR terrain mapping error sources of satellite inter-
ferometry are analyzed through the phase error experiment.

2 Satellite positioning constraint
baseline

China has launched two civilian SAR satellites, namely
environment-1c and gaofen-3. However, the interference
performance of the two satellites is not ideal, and further
constraints are needed to meet the operational interfer-
ence requirements. In this article, the precondition of
SAR satellite interference is analyzed quantitatively.

The condition that two echo signals can form inter-
ference is that they have enough overlap of azimuth and
range signal bandwidth on the ground object, that is,
high enough coherence. Coherence can be expressed as:

= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅γ γ γ γ γ γ γ γ γ ,D B S Q A R V T (1)

In Eq. (1), the eight items on the right are Doppler coher-
ence, baseline coherence, signal-to-noise ratio coherence,
quantization coherence, fuzzy coherence, registration
coherence, volume scattering coherence, and time coher-
ence. For TanDEM-X, the typical value of some coherence
is γS = 0.975, γQ = 0.96, γA = 0.94, γR = 0.984, and the total
coherence of these items is 0.866. The bulk scattering
coherence is related to the ground object, and the tem-
poral coherence can be considered as 1 in the single trans-
mitter and double receiver mode. In the case of small
signal-to-noise ratio, quantization, ambiguity, and regis-
tration incoherence, only Doppler coherence and baseline
coherence are related to satellites in Eq. (1) [7]. These two
parameters are important parameters for the coherence
constraint of domestic satellites at present.

The expression of instantaneous Doppler difference
between primary and secondary images is as follows:

( )= ∂ − ∂f
λ

r r1 ,D m s (2)

In Eq. (2), λ is the wavelength; rm is the oblique distance
of the main image; and rs is the oblique distance of the
secondary image. For TanDEM-X, the velocity difference
between the primary and secondary images is less than
1 m/s, the velocity direction difference is less than 0.001°,
and the corresponding yaw angle is less than 4° and the
pitch angle is less than 0.1° at this time; Eq. (2) can be
transformed into:
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In Eq. (3), BA is the azimuth baseline length and v is
the satellite velocity. The Doppler coherence is generally
expressed as follows:
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In Eq. (4), Bq is the azimuth processing bandwidth.
For TanDEM-X, if the azimuth coherence is 0.9 and the
azimuth processing bandwidth is 2,000Hz, if its flight speed
is 7687.06m/s and the slant distance is 621709.05m, then
the corresponding along orbit baseline is about 485.26m. It
is worth noting that for SAR, the Doppler center will return
to zero in the imaging process, which is called zero Doppler
center imaging [8,9]. In this case, the coherence will no
longer be limited by the along orbit baseline. At this time,
the main parameter to be constrained is the coherence of the
vertical baseline, also known as baseline coherence [10]. The
expression of the vertical baseline is as follows:

( ) ( )< = / −
⊥ ⊥

B B λ B c R β ζ0.7 0.7 .R tan (5)

In Eq. (5),
⊥

B is the vertical baseline, BR is the dis-
tance bandwidth; c is the speed of light; β is the local
angle of incidence; and ξ is the local slope angle. The
range bandwidth is related to the range resolution μr:

=B c
R2

.R (6)

If the range resolution is 2 m, the incident angle is
35.97°, and the local slope angle is 0°, the corresponding
vertical baseline should be less than 2368.80m, but the base-
line coherence can only reach 0.3 at this time. Although this
coherence can meet the minimum requirements of phase
unwrapping, it cannot ensure the accuracy of topographic
mapping [11]. In the process of topographic mapping, it is
generally necessary to use the height of ambiguity (HOA) to
further constrain the baseline:

=

⊥

h λr β
B
sin .π2 (7)

TanDEM-X adopts two stages of HOA setting: the first
stage is 40–55 m and the second stage is 35 m; that is,
HOA is between 35 and 55m, and the vertical baseline
range is 199.18–313.00m.

It is found that coherence constraints are needed to
implement SAR satellite interferometry from two aspects:
payload and platform. Considering that the interferogram
can be provided by the SeaSat launched by the United
States in 1978, the research shows that after nearly
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40 years of development, and the payload technology
has not been the main constraint factor for the domestic
SAR satellite to interfere for a long time. The platform
control, especially the vertical baseline length control,
is the main bottleneck of domestic SAR satellite opera-
tional interference.

3 InSAR topographic survey model
and error analysis

3.1 Principle of interferometry

The antenna of InSAR (8) is still placed on the ground to
form a triangle at both ends of the baseline (1) [12], which
is still required to form a triangle on the ground. When
InSAR solves the triangle, it starts from the distance dif-
ference between the observed point P on the ground and
the two antennas [13]. The distance difference is obtained
by the phase difference caused by the different propaga-
tion paths between the observed point and the antennas.
The change of phase difference caused by different dis-
tance differences is called interference.

According to the principle of interference and the
geometric relationship of triangle, the elevation h of
ground point can be expressed as:

= −h H r θcos .1 (8)

Among them:

( ) ( ) ( )
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2 .
1

2
1 (9)

In the formula, n is the single navigation, and ϕ is the
phase difference, that is, the projection from the radar
antenna A2 to the antenna A1 on the YOZ plane; δ is the
distance difference between the radar antenna A1, A2 and
the ground point; β is the inclination angle of the base-
line; θ is the side angle of radar antenna A1; r1 is the
distance from the radar antenna A1 to the target point;
and θ is the height of radar antenna A1. According to
Eq. (1), in order to calculate the elevation h of the ground
point, five elements such as ϕ B β r H, , , ,1 should be deter-
mined first. Therefore, the errors affecting the accuracy of
ground point elevation h come from these five factors.

3.2 InSAR terrain mapping model

In order to improve the analysis accuracy of mapping error
sources, InSAR terrain mapping model is constructed.

The observation geometry of InSAR for topographic
mapping is shown in Figure 1. For the convenience of
expression, the proportion of some parameters is exag-
gerated. Among them, S1 is the antenna phase center
position corresponding to the image, S2 is the antenna
phase center position corresponding to the image, r and
r + Δr are the distances from the image antenna phase
center to the ground point P respectively, h is the satellite
height, Rh is the distance from the satellite to the geo-
centric, Rh is the distance from the ground point to the
geocentric, Re is the radius of curvature of the earth, and
H is the elevation of the ground point. According to the
cosine formula, h can be expressed as:

= + − −h R r rR θ R2 cos .H H e
2 2 (10)

After calculating the partial derivatives of orbit determination
parameters (x y z), baseline three-dimensional components
(BxBy Bz), slant distance parameter r, and non-winding phase
ϕ, the error transfer model of each error component to eleva-
tion can be obtained:
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Figure 1: Imaging geometry of InSAR.

Table 1: Central point parameters of TanDEM-X images and their
corresponding error propagation rules in Weinan City, Shaanxi
Province

Parameter Observations Error value Elevation error (m)

λ 0.03m — —
Re 6371419.05 m — —
h 427.60m — —
X1 −1558440.56m 0.20m 0.05
Y1 5509537.07 m 0.20m 0.16
Z1 3821829.18m 0.20m 0.11
Bx 0.51 m 0.006m 6.98 × 10−6

By −300.26m 0.006m 7.01
Bz 561.13 m 1.00m 5.08
r 621709.05 m 1.00m 2.32
Φ 1218648.6o 20.00° 2.49
Total 9.31 m
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The total elevation accuracy is the geometric average of
each error component:
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8
2 (12)

Table 1 shows the error size of each observation and
the corresponding elevation error by taking the center
point of the TanDEM-X image of Weinan City, Shaanxi
Province on November 26, 2011 as an example.

3.3 Error analysis of topographic mapping
model

According to Table 1, the first-order errors in InSAR topo-
graphic mapping can be divided into four categories.

Among these four kinds of errors, the orbit determination
error of the main satellite is the secondary error, and the
baseline measurement error, slant distance error, and
phase error are the main error sources. In this article,
the first-order error is decomposed and the source of
the second-order error is given.

3.3.1 Categories of errors

When using spaceborne distributed InSAR system to
produce DEM products, each interference parameter
error has a very important impact on DEM accuracy.
Decomposing and analyzing each interference para-
meter one by one and defining the error type caused
by each interference parameter is the premise to elim-
inate or reduce the height measurement error [14,15]
and is also the key to improve the accuracy of InSAR
topographic mapping. Based on the principle of space-
borne distributed InSAR height measurement, the errors
caused by various interference parameters can be divided

InSAR altimetry error

Absolute error

Relative error

Satellite sizing error

Satellite velocity error

Measurement error of slant distance

Baseline measurement error

Phase error

Decoherence of thermal noise

Baseline decoherence

Quantized decoherence

Fuzzy decoherence

Doppler shift decoherence

Decoherence of volume scattering

Time decoherence

Figure 2: Altimetry error classification of spaceborne distributed InSAR.
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into absolute error and relative error. Various error sources
are various, and the error characteristics are not the same, so
the influence on height measurement accuracy and posi-
tioning accuracy is also different [16,17]. Absolute error,
also known as system error, can affect absolute height mea-
surement accuracy and absolute positioning accuracy, and
can be eliminated or weakened by system correction. The
relative error mainly affects the relative height measurement
accuracy and relative positioning accuracy, and the relative
error cannot be eliminated by system correction, and the
influence is generally weakened by filtering or multiview
processing [18]. Analyzing and studying the types and pro-
pagation characteristics of various errors are of great signifi-
cance to the design and research of spaceborne distributed
InSAR system, product accuracy control, and operational
application. As shown in Figure 2, then distributed SAR alti-
metry error is divided into absolute error and relative error
[19,20]. Absolute error includes satellite orbit determination
error, satellite velocity error, slant range measurement error,
baseline measurement error, and phase offset [21]. Relative
error mainly includes various decoherence source errors,
including thermal noise decoherence, baseline decoherence,
quantization decoherence, fuzzy decoherence and Doppler
frequency shift Decoherence, volume scattering decoherence,
and time decoherence.

3.3.2 Error model

According to the observation geometry, the ground point
elevation h can be expressed as follows:

= + − −h R R R R θ Rcos .H H e
2 2 (13)

According to the geometric relationship of Figure 3, where:

( ) ( )= − − − −θ α θ α α θ αcos cos 1 sin sin sin , (14)

= + +R X Y Z ,H 1
2

1
2

1
2 (15)

where ϕ is the non-winding phase of point P, a is the
baseline inclination angle, [ ]B B B, ,X Y Z is the three-dimen-
sional vector of the baseline, and the coordinates of the
phase center of the [ ]X Y Z, ,1 1 1 main image antenna [22].
The relationship between side view angle θ and baseline
horizontal angle α and angle β was as follows:

= / + −θ π α β2 . (16)

Let λ be the radar wavelength and Δϕ be the interference
phase. For the distributed InSAR system, the relationship
between ΔR and Δϕ is = −RΔ ϕλ

π
Δ
2 .

4 Phase error model of interference

4.1 Interference phase error

According to the InSAR height measurement principle,
the interferometric phase represents the phase difference
corresponding to the slant range difference in SAR ima-
ging geometry. Through the interference processing of
the master-slave image, the corresponding pixel phase
error is obtained. The interference phase error can be
divided into systematic error and random error [23]. The
systematic interference phase error mainly comes from the
system error in the master-slave image phase error, while
the random interference phase error mainly comes from
the random error term in the master-slave image phase
error, the phase error introduced by the interference pro-
cessing, and the interference phase error caused by the
scattering unit. From the angle of the interference phase
error source, a detailed analysis is carried out [24–26].

The phase error caused by interference processing
error is mainly summarized as the interference phase
error caused by image pair registration error, interference
phase filtering error, and phase unwrapping error. Among
them, the registration error mainly affects the interference
phase error by theway of registration decoherence. The inter-
ference phase filtering and phase unwrapping processing
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Figure 3: Observation geometry of InSAR in topographic mapping.
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will also introduce a certain degree of interference phase
error, especially in the phase unwrapping process. Different

phase unwrapping algorithms will have different effects on
the interference phase error. Previous studies have shown
that the branch tangent method phase unwrapping will not
cause errors When the least square method is used, if the
errors introduced form residual points, it will lead to the
global transfer of errors, and the corresponding analytical
expression cannot be obtained. The least-square phase
unwrapping method is usually not used except for fast
coarse unwrapping [27,28]. On the whole, the interference
phase errors introduced by the phase filtering and phase
unwrapping are usually relatively small. In conclusion, the
interference phase error introduced in the process of inter-
ference processing is random.

Figure 4 summarizes the interference phase error
sources and decoherence error factors.

4.2 Model analysis

The reasonable range of interference phase error is set, and
the corresponding height measurement error is simulated

Interference phase error

Interference phase error source Incoherence error

Phase error of main image

Phase error of auxiliary image

Interference phase error caused by scattering element

Phase error caused by interference processing error

Doppler incoherence

Baseline incoherence

Signal to noise ratio decoherence

Quantized decoherence

Fuzzy decoherence

Registration incoherence

Bulk scattering incoherence

Time incoherence

Figure 4: Interference phase error source and incoherence error.
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Figure 5: Influence of interference phase error on height measure-
ment results.

InSAR terrain mapping error sources based on satellite interferometry  673



by combining the parameters provided by the TanDEM-X
data file [29]. The interference phase error range is set at
0–30°, and the influence on the height measurement
result ( = °θ 40.5 ) is evaluated by combining the interfer-
ence phase error propagation formula (Figure 5).

According to the above experimental results, with the
increase in interferometric phase error, the elevation
measurement error increases linearly, which is consistent
with the theoretical analysis [30]. When the interference
phase error reaches 20°, the height measurement error
should be about 8 m. Therefore, the interferometric phase
error is an important error factor in InSAR topographic
mapping.

Given the interference phase errors =φΔ 20o and
=φΔ 30o, the influence of [ ]∈θ 20 , 60o o on the height

measurement results is analyzed when the radar inci-
dence angle changes.

From the experimental results, given the interference
phase error, with the increase of the radar incidence
angle, the height measurement error corresponding to
the phase error shows an increasing trend; that is, the
greater the radar incidence angle, the greater the eleva-
tion measurement error. Therefore, the radar incidence
angle, imaging width, and other factors should be con-
sidered in the design of distributed SAR satellite system
and in the process of data acquisition [31,32].

5 Experimental analysis

The accuracy of the interference phase is closely related
to coherence. According to Cramer Rao bound, the greater
the coherence, the smaller the phase error. In order to

obtain an accurate and reliable interference phase and
avoid the gross error caused by the low correlation region,
the region with coherence lower than 0.8 is removed
during the data processing Domain.

Based on the theoretical analysis of interferometric
phase error on InSAR height measurement results, com-
bined with TanDEM-X data parameters, the influence of
interferometric phase error on InSAR height measure-
ment accuracy is experimentally verified, and the spatial
distribution characteristics of DEM error are quantita-
tively evaluated.

Combined with TanDEM-X data and external SRTM
DEM data, the influence of different interferometric phase
errors on DEM extraction from InSAR is simulated and ana-
lyzed. The interference phase errors are set as =φΔ 5o,

=φΔ 10o, =φΔ 15o, =φΔ 20o, and =φΔ 25o, respectively,
to evaluate their influence on DEM extraction accuracy.
Figures 6–9 show the DEM of the test area obtained from
the simulated data of different phase errors.

From the experimental results, it is found that there
is a good consistency between DEM and SRTM DEM
obtained from different interferometric phase errors, so
it is difficult to distinguish the intuitive influence of dif-
ferent interference phase errors on the final DEM extrac-
tion results from a qualitative point of view. Based on the
SRTM DEM in the study area, the DEM error distribution
results obtained from different interferometric phase error
simulation data are analyzed, and the influence of inter-
ferometric phase error on InSAR height measurement
accuracy is quantitatively evaluated. Figure 8 shows the
error distribution between DEM obtained from different
phase error simulation data and external SRTM DEM.

From the experimental results, it can be concluded
that there is no obvious spatial distribution law of the
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Figure 6: Influence of incident angle on elevation error.
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Figure 7: DEM results obtained from simulated data with different phase errors: (a) =φΔ 5o, (b) =φΔ 10o, (c) =φΔ 15o, (d) =φΔ 20o, and
(e) =φΔ 25o.
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Figure 8: DEM error distribution obtained from simulated data with different phase errors: (a) =φΔ 5o, (b) =φΔ 10o, (c) =φΔ 15o,
(d) =φΔ 20o, and (e) =φΔ 25o.
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influence of interferometric phase error on InSAR height
measurement accuracy. This is due to the addition of
random noise to the phase in the experiment, which fol-
lows Gaussian distribution in space and has no regularity.
In order to ensure the reliability of the error propagation
link, no filtering algorithm is used in the processing, so
the random noise is directly reflected in DEM (Figure 7). It
can be seen that with the increase of phase error, DEM
becomes more and more unsmooth.

The phase error of InSAR directly affects the phase
error of InSAR. The correlation between interferometric
phase error and InSAR height measurement error is quanti-
tatively evaluated. The statistical results between interfer-
ence phase error and elevation root mean square error are
shown in Table 2.

Figure 9 shows the result evaluation diagram of the
influence of interferometric phase error on InSAR altimetry.

The experimental results show that the interfero-
metric phase error has a direct impact on the accuracy
of InSAR height measurement. With the increase in inter-
ferometric phase error, the corresponding InSAR height
measurement error increases, and the error transfer coef-
ficient is in good agreement with the theoretical results,
which further verifies the theoretical derivation process
of the influence of interference phase error on InSAR
height measurement accuracy.

Different from the above three kinds of errors, the
interference phase error is not a geometric error, but a

discrete random error with statistical significance. When
RMSE is used as the evaluation standard, the error char-
acteristics cannot be fully covered. Generally speaking,
RMSE represents 63–68% of the data characteristics,
which means that more than 30% of the data with exces-
sive random error will be ignored in the statistical pro-
cess. Therefore, the RMSE obtained from the experiment
is far better than the theoretical value.

In the InSAR altimetry process, the phase error runs
through the whole link, that is, the phase error has been
added in the single-level cell simulation process. In the
subsequent data processing, the phase error is always
retained in it. Although the phase error is small, there
is a high linear correlation between the phase error and
the elevation error. However, it is worth noting that with
the further increase of phase error, the unwrapping error
caused by phase error and the subsequent error propaga-
tion will make the elevation error far exceed the theoret-
ical error. When the error increases to a certain extent and
the image coherence is lower than 0.3, the phase unwrap-
ping will fail completely. In this case, the elevation data
are completely unreliable. In this article, controlling the
phase error within 25° means that the coherence is higher
than 0.85. Under this condition, the phase unwrapping
error is small and the linear error is still obvious. This is
consistent with the transfer error theory.

6 Conclusion

Based on the interferometric phase error sources and the
derived theoretical model of InSAR height measurement,
the effects of slant range error, orbit determination error,
baseline error, and interferometric phase error on DEM
extraction from InSAR are experimentally verified with
TanDEM-X data parameters. The whole process of research
on the influence of each error on InSAR altimetry from
point and surface evaluation and from theoretical analysis
to experimental verification is realized. The specific con-
clusions are as follows:
1) The interference link of InSAR DEM extraction and

simulation without any error is given.
2) According to TanDEM-X data parameters and external

SRTM DEM, the full link experimental verification of
the SAR image pair is carried out. The influence of
slant distance error, orbit determination error, base-
line measurement error, and interference phase error
on InSAR height measurement accuracy is evaluated
using simulation data, and the propagation law of
each error is evaluated quantitatively.

Table 2: Statistical results between interferometric phase error and
InSAR height measurement error

Phase
error (°)

0 5 10 15 20 25

Elevation
RMSE (m)

0.1041 0.8684 1.721 2.5683 3.3155 4.2331
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Figure 9: Influence of interference phase error on height measure-
ment accuracy.
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