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InSAR Phase Errors Due to Range Misregistrations

Fan Yang", Cunren Liang", and Yuhang Wang

Abstract—High-quality InSAR measurements require precise
and accurate range coregistration both between the reference
and the secondary synthetic aperture radar (SAR) images and
between the reference SAR image and the digital elevation model
(DEM) used for computing topographic phase. However, this
requirement is not invariably satisfied due to the occurrence
of range misregistrations. The range misregistration can occur
between the reference image and the DEM, between the reference
and secondary images, or due to the inhomogeneity within the
range resolution cell. Our analysis reveals that, apart from the
decorrelation effects, the effects of all three misregistration types
ultimately reduce to that of an equivalent misregistration between
the reference image and the DEM, which manifests as a phase
error. Moreover, a closure phase error can be induced by the
InSAR phase errors from the range misregistration between the
reference and secondary images, as well as the inhomogeneity of
the range resolution cell. We derive the InSAR and closure phase
errors from both geometrical and signal theory perspectives,
assuming a homogeneously distributed target. We further extend
the derivation to different types of targets. The derived InSAR
and closure phase errors are confirmed by simulation and real-
data experiments.

Index Terms—Closure phase, coregistration, range misregis-
tration, synthetic aperture radar interferometry (InSAR).

I. INTRODUCTION

ITH the advancements in synthetic aperture radar

(SAR) hardware and processing algorithms, both the
precision and accuracy of SAR interferometry (InNSAR) mea-
surements have been substantially improved over the years.
In the meantime, the SAR and InSAR processing workflows
have become increasingly standardized. These developments
call for a heightened focus on the fine processing of InNSAR
data to achieve further quality improvements and meet the
requirements of new and emerging applications.

A critical prerequisite for the fine processing of InSAR data
is range coregistration. This process involves the reference
SAR image, the secondary SAR image, and the digital eleva-
tion model (DEM), which is used to compute and remove the
topographic phase from the interferogram. During the coregis-
tration of the latter two to the reference image, range misreg-
istrations might occur. For the fine processing to yield high-
quality measurements, these misregistrations must be con-
strained within a sufficiently small fraction of a resolution cell.
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Offsets between the reference image, and the DEM and
secondary image arise from a combination of factors such as
imaging geometry differences, atmospheric delays [1], [2], [3],
[4], [5], [6], SAR system and processing errors [7], variations
in scattering mechanisms, and resolution cell inhomogeneity.
Most of these offsets are spatially inhomogeneous, with some
varying rapidly at subresolution cell scales.

Three primary methods are currently employed to esti-
mate offsets between the reference and secondary images,
including cross correlation, spectral diversity [8] or multiple
aperture InSAR (MAI) [9], and geometrical methods [10]. The
geometrical method only accounts for the baseline-induced
geometrical offset component, whereas cross correlation and
spectral diversity methods estimate the full offset. While the
geometrical method is inherently robust, the performances of
cross correlation and spectral diversity methods are limited by
interferometric coherence [11]. Consequently, none of these
methods can universally guarantee the estimation of spatially
varying offsets with consistently high precision and accuracy,
inevitably leading to residual misregistrations.

Azimuth misregistration between reference and secondary
images has attracted considerable interest in recent years. This
is largely due to the prevalent adoption of burst mode in
current SAR satellites, including the TOPS mode of Sentinel-1
and ScanSAR mode of ALOS-2 [12], [13]. The major concern
centers on the InSAR phase bias that is jointly induced by
the azimuth misregistration and the large Doppler centroid
frequencies present at burst edges [8], [13], [14], [15].

The range misregistration, by contrast, has been largely
overlooked. Previous research has predominantly investigated
the effects of range misregistrations from a statistical per-
spective, concentrating on the resulting decorrelation [16],
[17]. In practice, a misregistration threshold of 0.1 resolution
cell has become a widely adopted standard to ensure that
decorrelation effects remain acceptable. This requirement was
originally proposed based on the decorrelation effects on the
standard deviation of the InSAR phase, which is an indicator
of measurement precision.

High-quality InSAR measurements require not only high
precision but also high accuracy. Accuracy specifically
requires that the expectation of the measurement error, or
the bias, be minimized. As this article will demonstrate, a
range misregistration introduces not only decorrelation noise
but also a systematic phase bias undermining accuracy. While
the phase bias induced by azimuth misregistrations in burst
mode data processing has been extensively investigated [8],
[13], [14], [15], the phase bias (hereafter referred to as
InSAR phase error) due to range misregistrations remains
unexamined.
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In this article, we investigate the range misregistration and
find: 1) a range misregistration, whether between the reference
image and the DEM or between the reference and secondary
images, induces an InSAR phase error, in addition to the
previously known decorrelation noise; and 2) the InSAR phase
error due to the range misregistrations between the reference
and secondary images would further give rise to a nonzero
InSAR closure phase (hereafter referred to as closure phase
error) [18], [19]. Similarly, the inhomogeneity of the range
resolution cell can also generate a closure phase error. Unlike
the closure phase of physical origins that has been primarily
investigated in previous works [19], [20], [21], [22], this newly
discovered closure phase error stems from data processing
inaccuracies. It would affect all problems associated with the
closure phase, including its direct application as an observable
and its role in affecting measurements from InSAR stack
processing.

The remainder of this article is organized as follows.
Section II reviews the known sources of range offsets in
InSAR and the commonly used estimation methods, along
with the resulting errors. Section III summarizes the mech-
anisms underlying the InSAR and closure phase errors due to
range misregistrations. Section IV formulates these InSAR and
closure phase errors and introduces the correction methods.
Validations through simulated and real-data experiments are
presented in Sections V and VI, respectively. Finally, this
article concludes with a summary in Section VIIL.

II. RANGE OFFSETS IN INSAR AND THEIR ESTIMATION
METHODS

A. Overview of Known Range Offsets in InSAR

The range bandwidth of a spaceborne SAR system typically
spans from 10 to 100 MHz, which corresponds to a range res-
olution between approximately 1.50 and 14.99 m. According
to the Nyquist sampling theorem, the actual range pixel size
is slightly reduced by a factor equal to the oversampling ratio.
A variety of sources can induce range offsets that vary both
temporally and spatially, with magnitudes that may exceed or
be comparable to the size of a range resolution cell or pixel.

The spatial baseline between SAR acquisitions constitutes
the primary source of range offset in InSAR. Under current
satellite orbit configurations, such geometrical offsets typically
vary from several meters to several hundred meters. Terrestrial
surface motions also introduce signal path differences that
manifest as range offsets in SAR data. Such motions can result
from crustal movements (mm/yr to cm/yr), tidal and loading
effects (mm to dm), anthropogenic activities (mm/yr to m/yr),
earthquakes and volcanoes (cm to m), and glaciers (m/yr to
km/yr), among others.

Atmospheric refraction of microwave signals is another
significant source of range offset, leading to propagation
delays through the atmosphere. Tropospheric delay comprises
two principal components: a relatively larger but temporally
stable dry delay, and a smaller yet highly variable wet
delay [23]. Under typical meteorological conditions at sea
level, the zenith dry delay approximates 2.3 m, whereas the
zenith wet delay ranges from several millimeters in polar
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regions to approximately 40 cm in equatorial zones [24].
In contrast to the troposphere, the ionosphere behaves as a
dispersive medium for microwave signals, with its induced
delay inversely proportional to the square of the signal fre-
quency [25]. The ionospheric delay can reach several meters
at C-band and tens of meters at L-band. Fig. 1 shows three
representative examples of substantial range offsets resulting
from ionospheric delays.

In addition to the aforementioned range offsets, variations
in ground scattering mechanisms can also induce range oft-
sets comparable in magnitude to the range pixel size. This
phenomenon has been widely observed in C-band Sentinel-1
data in vegetated areas [26]. A representative example from
L-band ALOS-2 data is presented in Fig. 2.

Range offsets may also originate from the SAR system
and processing errors. For example, the precision of near
range measurements is critically dependent on geometrical
calibration precision [27]. In ALOS-2 products, the near range
value is stored as an integer in meters, and its error can
exceed a pixel for ScanSAR mode (range pixel size: 8.6 m)
in early products [28]. Fig. 1(c) shows a couple of commonly
observed range offsets in Sentinel-1 TOPS data, which are
likely attributed to SAR system and processing errors. Among
these, the offset errors in rectangular chunks may result from
the assumptions adopted in secondary range focusing [29].

The range offsets induced by spatial baselines, terrestrial
surface motions, and atmosphere appear in both amplitude
and phase with equal magnitude. However, the range offsets
induced by the ionosphere exhibit opposite signs in amplitude
and phase, given that the ionosphere causes a phase advance
instead of a delay. For the range offsets induced by variations
in ground scattering mechanisms and SAR system and pro-
cessing errors, however, an amplitude offset is not necessarily
accompanied by a phase offset. Moreover, such offsets are also
not necessarily spatially smooth, which makes their estimation
quite challenging.

It should be noted that the range offsets discussed above
may not represent an exhaustive catalog. They constitute only
a subset of range offset types that have been identified.

B. Range Offset Estimation Methods and Resulting Errors

Three principal methods are commonly employed for esti-
mating offsets between a pair of SAR images, including cross
correlation, spectral diversity [8], [9], and geometrical methods
[10]. Each of them is applicable to the estimation of range
offsets.

Of the three principal methods, the geometrical method
is typically applied first in state-of-the-art InSAR workflows
to estimate offsets induced by spatial baseline. This method
uses the well-established range Doppler equations to compute
the offsets [10]. Required inputs include near ranges, azimuth
starting times, orbits (time, position, and velocity), and a DEM.
For representative modern satellites, orbit errors are typically
on the order of a few centimeters, rendering their impact on
offset estimation nearly negligible. The errors in the computed
range offsets are mainly given as follows.

1) Range offset errors due to DEM errors. These errors
exhibit significant spatial variability. Currently, high-precision
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Large InSAR range offsets resulting from microwave refraction in the ionosphere. Geometrical range offsets caused by the spatial baseline have been

removed prior to estimating these offsets using the cross correlation method. (a) Region extending from Tibet, China, to South Asia. (b) Region in northern
Chile. (c) Region predominantly in northern Chile. In addition to the background range offsets due to ionosphere, (c) also exhibits patterns that are likely
associated with systematic and processing errors, including offset errors in rectangular chunks and relative offset errors between swaths.

Optical Image

Slant Range Pixel Size: 1.43 m
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Fig. 2. InSAR range offsets induced by vegetation at L-band. Geometrical
range offsets caused by the spatial baseline have been removed prior to
estimating this offset using the cross correlation method. Data: ALOS-2 UBS
(Stripmap) mode, track A126, pair 2019/06/21-2024/05/31.

global DEMs, such as SRTM 30-m DEM with a precision
better than 9.0 m [30], TanDEM-X 30 m EDEM with 3.49-
m precision [31], and Copernicus 30-m DEM with 2.17-m
precision [32], are available. With orbit tubes of most modern
satellites maintained within 500 m, range offset errors due to

DEM errors are generally negligible [10]. However, in rugged
topography, these DEM errors can become substantial.

2) Range offset errors due to near range errors. These errors
mainly manifest as a spatially invariant bias across the entire
image.

Following the application of the geometrical method, which
corrects for range offsets induced by spatial baseline, residual
offsets persist. These include spatially varying offsets from
other sources, as well as a constant residual offset set in 2).
Even after implementing the corrections suggested in [33], the
residual offsets might still be significant. Therefore, the cross
correlation or spectral diversity method should be applied to
estimate these remaining range offsets, preferably using the
SLC images after geometrical coregistration. The cross cor-
relation method additionally uses texture information beyond
speckle tracking, thereby making it more robust against decor-
relation. Considering the operational complexity associated
with implementing the spectral diversity method, the cross
correlation method is preferred in practical applications.

Current software packages do not mandate the estimation
of residual range offsets following geometrical correction
[34], [35], [36]. Consequently, certain implementations rely
exclusively on the geometrical method, which may result in
substantial range misregistrations between the reference and
secondary images. Some workflows use the cross correlation
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(a) Range misregistration between reference SAR image and DEM. (b) Range misregistration between reference and secondary SAR images. The

reference and secondary acquisitions are indicated in black and gray, respectively. Green and red lines denote the same and different scatterers within the
coregistered range resolution cell. (c) Range misregistration resulting from inhomogeneity within the resolution cell.

method to estimate only a constant residual offset across
the entire image, thereby neglecting the spatially varying
components. A polynomial model or even an offset field would
more accurately represent these spatially varying components,
albeit at the cost of reduced robustness as model complexity
increases.

In practice, neither cross correlation nor spectral diversity
method can consistently and accurately estimate the full spa-
tially varying range offset field, e.g., the one in Fig. 2, as their
performances are inherently limited by coherence [11].

As noted in Section II-A, the range offset due to spatial
baseline also manifests in the InNSAR phase. Therefore, the
range offset computed by the geometrical method is used
to remove the topographic phase. However, the reference
SAR image itself contains distortions from spatially varying
range offsets relative to the DEM. The difficulty in precisely
estimating these offsets results in a residual topographic phase,
as will be analyzed in Section III.

III. UNDERLYING MECHANISM

Here, our discussion is limited to the range direction. For
simplicity, we assume a homogeneously distributed target.
We begin with the scenario of a misregistration between
the reference SAR image and the DEM, as illustrated in
Fig. 3(a). The InSAR phase center of a range resolution cell
lies at its geometrical center. In the absence of misregistration,
the topographic phase, which is computed solely from the
imaging geometry at the geometrical center and is independent
of the SAR images, can be regarded as accurate if errors in
orbit and DEM data are negligible [10]. The presence of the
misregistration, however, which is common in practical data
processing, equates to computing the topographic phase at a
position different from the geometrical center, thereby leaving
a residual topographic phase after the computed topographic
phase is removed.

In the presence of a range misregistration between reference
and secondary SAR images, as illustrated in Fig. 3(b), the
corresponding range resolution cell of each image—bounded
by the two black lines—contains two groups of scatterers rep-
resented by the green and red lines. The scatterers marked in
green are common to both reference and secondary resolution
cells, signifying the same ground scatterers. In contrast, those
marked in red are unique to each image, representing different

scatterers. These distinct scatterers are incoherent; therefore,
their contributions in the interferogram constitute noise rather
than a signal. Consequently, the InSAR phase center shifts
to the geometrical center of the common (green) scatterers,
which is only a portion of the original resolution cell. The
topographic phase, however, is still computed based on the
geometrical center of the full, original resolution cell. This
discrepancy, analogous to the case in Fig. 3(a), gives rise to a
residual topographic phase. However, this phase bias has been
neglected in previous work, which concentrated exclusively
on the decorrelation noise [16], [17]. In summary, the overall
effects of this misregistration include a residual phase error
and decorrelation noise.

As will be discussed in Section IV, the residual topographic
phase is proportional to the product of the misregistration
and perpendicular baseline (or range frequency shift). In the
context of multiple images, e.g., a stack, the misregistration
depicted in Fig. 3(a) remains constant for a given range
resolution cell across all InSAR pairs. Since the misregistration
is a common factor and the perpendicular baselines sum to
zero in a closed loop, no closure phase is produced. However,
in the case of Fig. 3(b), the misregistration tends to vary for
different InSAR pairs. Consequently, the coupling between
these misregistrations and perpendicular baselines leads to a
nonzero closure phase.

In the third scenario, illustrated in Fig. 3(c), the scatterers
represented by the red line decorrelated between repeat-
pass acquisitions, leaving only the green scatterers correlated.
This renders the resolution cell effectively inhomogeneous
for InSAR processing. Consequently, the resulting effects are
similar to those of Fig. 3(b). Moreover, variation in which scat-
terers decorrelate across different InNSAR pairs can potentially
lead to a nonzero closure phase. Furthermore, if scatterers with
different reflectivities are distributed nonuniformly within the
resolution cell, the InNSAR phase center also deviates from its
geometrical center, resulting in a residual topographic phase.

To summarize, while the first case [Fig. 3(a)] introduces
solely a residual topographic phase, the latter two cases
[Fig. 3(b) and (c)] yield identical effects: a residual topo-
graphic phase, decorrelation, and a nonzero closure phase.
Since the second case is representative and manifests all these
effects, it will serve as the framework for quantifying them in
Section IV.
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Aref

Fig. 4. InSAR geometry.

IV. EFFECTS OF A MISREGISTRATION BETWEEN
REFERENCE AND SECONDARY SAR IMAGES

A. InSAR Geometry and Topographic Phase

The InSAR geometry is illustrated in Fig. 4. For simplicity,
we adopt a rectilinear imaging geometry with a smooth ground
surface of constant slope a. The antenna phase centers of
the reference and secondary image, denoted as Ays and Agec,
correspond to look angles of 6 and 6" = 6 4 A6, respectively.

Assume that a resolution cell on the ground surface has a
geometrical center O. The slant ranges from the antenna phase
centers to O are rorr and rogc. The difference between the
two slant ranges at O defines the parallel baseline expressed
as b, = rorer — Fosec. Let P be an arbitrary point within the
resolution cell, located at a small distance d from O. The slant
ranges from the antenna centers to P are ryf and rg.. Our
purpose now is to determine the slant range difference at P,
defined as Arp = rpr — Isee, and the corresponding InSAR
phase pp = —4nfyArp/c, where fy denotes the radar center
frequency and c is the speed of light.

As illustrated in Fig. 4, the angle between the ground surface
and the reference radar wavefront at P is §— . By considering
triangle A.;PO, the difference between the two slant ranges
Trer and 70 ref is

Tref — T0,ref = —dsin(0 — a). €))

For the secondary radar wavefront, the angle becomes 6’ — a.
Similarly, by considering the triangle A PO, the difference
of the two slant ranges ry. and rggec 1S

Feec = Tosec = —d sin (6 — @)

sin (0" — @)
= (Vref - rO,ref) m
~(r _, )sin(9—0)+cos(9—a/)A9
~ \Tref 0,ref sin (9 — (Y)
Af
= Tref — F0re 1 o |- 2
(rref = ro, f)|: +tan(9—a)] ()

Combining these results, the slant range difference at P can
be expressed as

Arp = Fref — Feec

5203919

= (rref - rO,ref) - (rsec - rO,sec) =+ Foref = F0,sec

A6
= \Fref = F0o,ref) — \Fref = F0,re 1 TN br
(V £ — 70, f) (V £ — 70, f)|: +tan(6—a)i|+
AB
=b— — - . 3
tan (0 — @) (Vref rO,ref) (3)
Accordingly, the corresponding InSAR phase at P is
4r
pp=- Cfo Arp
47l'f0 A6
= - _br o~ Uref —T0re
|: * tan (6 — @) (r roro. f)i|

4
= 771. [_fObr+Af (rref - r(),ref)] (4)

where Af = fyAB/tan(0 — @) =~ fob,/[rorws tan(d — )] is the

range frequency shift found in [37] and b,, is the perpendicular
baseline between the antenna phase centers.

B. InSAR Phase Error Due to Range Misregistration

Here, we derive the InSAR phase error geometrically. A res-
olution cell on the ground is considered to comprise numerous
independent homogeneous elementary scatterers, neglecting
mutual interactions. The total scattered electromagnetic wave
from the resolution cell is the superposition of the waves
scattered by all elementary scatterers. By conceptualizing the
resolution cell as analogous to a SAR antenna consisting of
multiple radiating elements, it follows that the resolution cell
has an effective phase center.

The interferometric signal is generated exclusively by scat-
terers present in both the reference and secondary resolution
cells. Assume that ro s is the slant range at the geometrical
center of the resolution cell in the reference image and b,
represents the parallel baseline. Provided that the secondary
image is well coregistered to the reference image, the InSAR
phase center will coincide with the geometrical center. How-
ever, when a range misregistration 75 is present between the
reference and secondary images, the InSAR phase center is
displaced to the geometrical center of the common part of the
two resolution cells, e.g., the parts of resolution cells in green
in Fig. 3(b), and the associated slant range 7 is

~ F'mis
7 =Trorer + 29. )]
According to (4), the InSAR phase at the phase center is
4

¢ = — [~ fobr + AF (F = ronr)]
4n T'mis
= X (< sobr + AF ). ©)

The InSAR phase at the geometrical center is

4r
%o = —7fobr- (7N

The phase error due to the misregistration is thus given by the
difference between the InSAR phases at the phase center and
geometrical center of the resolution cell

Perror = @ — 0
4 4
= ?ﬂ [_f()br +Af (7' - rO,ref)] - (_?ﬂ-fObr)
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Fig. 5. InSAR phase errors due to the range misregistrations between
reference and secondary SAR images. The radar center frequency is 1.26 GHz.
The range resolution is 10.71 m. The look angle is 35°. The ground slope is
20°.

4
= ;Af (7 - rO,ref)

A7 Fmis
= —A
c f 2

Tmis
=2tAf—
7rf2

®)

where ty,is = 2rm;s/c is the range misregistration in seconds.
A more in-depth derivation of the InSAR phase error from a
signal theory perspective is provided in the Appendix, leading
to the same result.
The InSAR phase errors computed under typical configura-
tions are shown in Fig. 5.

C. Decorrelation Due to Range Misregistration

Having established the analytical framework in the
Appendix, we now compute the decorrelation due to range
misregistration. From (33), the expected amplitude of the
interferogram is

W, = 55 [7tmis (KIT = |AfD)] ©)

Tlmis

where & is the radar cross section (RCS) density in range, K is
the range chirp rate, T is the range chirp duration, and |K|T is
the SAR signal bandwidth. As Af is the range frequency shift,
|K|T —|Af] is the effective range bandwidth for generating the
interferometric signal.

Letting t,;s = 0 and Af = 0, the expected intensities of the
SAR images are

Wiet = Weee = 5-|K|T (10)

Therefore, the coherence of the interferogram can be expressed
as
Wi
Wrestec
_IKIT = |Af] sin [t (KIT = [Af])]
© KT s (KIT — |AfD

p:
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Fig. 6. Decorrelation in (11). The radar center frequency is 1.26 GHz. The
range resolution is 10.71 m. The look angle is 35°. The ground slope is 20°.

= PgeomPmis- (11)

The first term, pgeom = (IK|T —|Af1)/(IK|T), is the geometrical
decorrelation, and the second term, puis = sin[atn;s(|[K|T —
IAfDI/ [tmis IKIT = |AfD] = sinc[tmis(IKIT — [AfD], is the
decorrelation due to range misregistration as that derived in
[16].

The decorrelation resulting from typical configurations is
presented in Fig. 6, using the same parameter set as in Fig. 5.

D. InSAR Phase Error for Different Types of Targets

Here, we generalize the InSAR phase error model in (8) to
accommodate different target types. Let us consider a range
resolution cell with an InSAR phase center located at 7, which
depends on the target type, and a geometrical center ryref.
From (8), the InSAR phase error is

Perror = 4?ﬂAf (? - rO,ref) . (12)

We consider three types of targets within the range resolu-
tion cell.

1) A target consisting of a single scatterer, which is known
as a persistent scatterer (PS).

2) A distributed target, modeled as in Section IV-B by
a large number of elementary scatterers. Each elementary
scatterer is an independent, zero-mean complex Gaussian
variable with a common variance.

3) A mixed target that is intermediate between 1) and 2): the
target contains one dominant scatterer in addition to a large
number of elementary scatterers, as described in 2).

For a type 1) target, the InSAR phase center is located at
the scatterer’s position 7ps. Consequently, the phase error is
proportional to the range difference between this position and
the geometrical center of the range resolution cell

PS
error

4
= {Af (Fos — Fouer) - (13)

Its value is invariant to range misregistrations.
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TABLE I
SIMULATION PARAMETERS FROM SENTINEL-1

Parameter Value
Center Frequency [GHz] 5.405
Bandwidth [MHz] 56.5
Range Sampling Rate [MHz] 64.3
Pulse Duration [us] 524
Look Angle [Deg] 35
Altitude of the Platform [Km] 693
Ground Surface Slope [Deg] 20

For a type 2) target, a misregistration ry; between the
reference and secondary images introduces a phase error of

Fmis

2

- iV
distrib __
Perror 7Af

(14)

as derived in (8).
For a type 3) target, the phase error can be expressed as a
weighted average between the cases of types 1) and 2)

A _ o

gl = S [ (s = ront) + (1 = @) 122
where the weighting coefficient a represents the degree to
which the target scattering is dominated by the dominant
scatterer.

(15)

E. Closure Phase Error Due to Range Misregistration

Nonzero closure phase is a recently identified problem in
InSAR [19]. Its impacts on InSAR time series are now widely
acknowledged [39]. Previous works have predominantly con-
centrated on investigating the physical origins of closure phase
related to ground surface and subsurface properties [19], [20],
[21], [22]. For instance, the closure phase has been proposed

as a potential indicator for measuring soil moisture [18],
[40], [41]. Here, we identify range misregistration as a factor
generating the closure phase.

Consider three SAR images, denoted as i, j, and k, where
image i serves as the reference image to which images j
and k are coregistered. From this triplet, three interferograms
Iij, Ijx, and I;; can be generated. The corresponding range
frequency shifts are Af;j, Afjx, and Afi. Let rogs represent
the geometrical center of the reference range resolution cell.
The InSAR phase centers of this resolution cell in the three
interferograms are denoted as 7; j, 7, and 7;;. Following (12),
the InSAR phase errors are

4r 5
$ij= Afij (Fij = rosef)

¥ d 5
ik = ?Afj,k (Fjk = roer)

4 -
Gik = TAfi,k (Fik = Fosef) -

(16)

The sum of Af satisfies a closure condition
Afij+ Afjxk — Afix = 0.
Using (17), the closure phase is

a7

Agijk = @ij + ik — Pik
4r 5 . _
= — (AfijFij + Afiain = MisFir) -

Equation (18) shows that the coupling between the range fre-
quency shift and the InNSAR phase center violates the closure
condition, except in the special case when the InSAR phase
centers coincide. Therefore, temporal variations in the InNSAR
phase center of a resolution cell can generate a nonzero closure
phase. These variations primarily originate from two sources:
first, differential range misregistrations between the reference
and various secondary images, a scenario that is frequently

(18)
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Fig. 9. InSAR phase error and decorrelation of target 2) due to a range

misregistration of 0.3 range resolution cell between reference and secondary
images.

observed; and second, changes in the inhomogeneity within
the resolution cell, e.g., seasonal shifts in the InSAR phase
center.

The closure phase, as computed under typical configurations
for a triplet with image 1 as the reference, is shown in Fig. 7.

FE. Corrections of the Phase Errors

Nevertheless, correcting the InNSAR and closure phase errors
in (12) and (18) presents a significant challenge. The InSAR
phase error is entangled with other phase components in the
interferogram. Consequently, it is difficult to isolate based
solely on its characteristic signatures. A comparable difficulty
arises in the mitigation of closure phase errors.

Alternatively, the errors can be corrected using the expres-
sion on the right-hand side of (12), where the InSAR phase
error depends on both the range frequency shift Af =
JoA6/tan(60 — «) and the range misregistration. A precise
calculation of Af, however, requires an accurate terrain slope
a of the range resolution cell. A rough estimate of the slope
can be derived from a publicly available DEM, although the
DEM resolution is typically much coarser than that of the
SAR image. The primary challenge stems from the general
lack of precise range misregistration, as discussed in Section
II-B, and knowledge of target types. Given precise range
misregistration, a suboptimal correction could be achieved by
combining a DEM-derived ground slope with a distributed tar-
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Fig. 10. Sensitivity analysis of InSAR phase error and decorrelation of target
2). Subplots show variations with one parameter while keeping the other two
constant. (a) Range misregistration (the perpendicular baseline is 300 m and
the ground slope is 20°). (b) Perpendicular baseline (the range misregistration
is 0.3 resolution cell and the ground slope is 20°). (c) Ground slope (the range
misregistration is 0.3 resolution cell and the perpendicular baseline is 300 m).

get assumption. As demonstrated in Section VI, this approach
actually proves effective. Therefore, the solution hinges on
precisely determining the range misregistration. The range
misregistration induced by the ionosphere is mostly smooth,
making it easier to obtain a reliable estimate. In contrast, other
types of range misregistrations may exhibit significant spatial
variability, making their estimation challenging, especially
when coherence is low.

G. Implications

As indicated by (12) and (18), both the InSAR and closure
phase errors are proportional to the range frequency shift Af.
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TABLE II
DETAILS OF THE EXPERIMENTAL DATA
Date 2023/08/10 | 2023/08/22 | 2023/09/03
i [YYYY/MM/DD]
Western China ™50 "Baseline b, b, b,
[m]
Sentinel-1 — 188.2 78.5 266.7
2020/10/23 2020/11/04 2020/11/16
Chile-Argentina | [YYYY/MM/DD]
Border Perp. Baseline b?, b, by,
[m] 126.4 27.9 154.3
Date 2008/06/05 | 2009/10/24 | 2010/06/11
ALOS Chile-Argentina | [YYYY/MM/DD]
PALSAR Border Perp. Baseline by, by, by,
[m] -2120.7 1326.0 -794.7
Date 2017/05/09 | 2017/06/20 | 2020/12/01
ALOS-2 Northern Chil [YYYY/MM/DD]
PALSAR-2 orthern Chile Perp. Baseline by, by, by,
[m] 200.8 142.8 343.6
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Fig. 11. InSAR phase error and decorrelation of target 3) due to a range (a)
misregistration of 0.3 range resolution cell between reference and secondary
images. 0.5 1
Minimizing these errors necessitates the use of a small orbit _ (4 . ° .
tube, a requirement that is also consistent with other consid- E 8 s
erations in InSAR theories. Since Af is a function of local g ° ° s
. 8 051 .
ground slope, the resulting InSAR and closure phase errors & . R .
should exhibit correlations with topography. This correlation % 3-loop o ¢ .
suggests that some topographic-correlated anomalies observed £ ~1.04 ;‘izzg g 8 °
in InSAR and closure phase can be attributed to these errors. ®  6-loop .
Notably, despite the small orbit tubes in current representative 154 o oo
satellites, local Af values might still be significant due to their ®  9loop
dependence on ground slope. 0 ' ]°'l°°pl . . . . .
The InSAR and closure phase errors also depend on range 0 2 4 6 8 10 12
misregistrations. Achieving high-precision range coregistra- Loop Starté)ate (day)
tion, however, is inherently challenging, as discussed in
Section II. In fact, this issue has received considerably less Fi L
ig. 12. Nonzero closure phase due to range misregistrations between

attention compared to azimuth coregistration. The InSAR and
closure phase errors induced by range misregistration argue for
its necessity and highlight that it demands careful handling.
The InSAR phase error is generally negligible compared to
other dominant phase components in a single interferogram
and therefore has minimal impact on applications relying
on individual InSAR pairs. In contrast, the closure phase
error is significant as the closure phase itself is typically

reference and secondary images. (a) Perpendicular baselines and range mis-
registrations between reference and secondary images. (b) Closure phases of
sequential loops.

a small quantity. This is particularly critical for time series
analysis, where the error can introduce a systematic bias.
For instance, in mountainous regions, it may manifest as a
velocity difference between the slopes facing toward and away
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Fig. 13. Optical image, SAR amplitude image, and DEM of the study area located in western China.
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Fig. 14. Residual range offsets estimated using the cross correlation method after geometrical coregistration (a) without and (b) with corrections from the
ETAD product for the InSAR pair 2023/08/10-2023/08/22. (c) Difference between closure phases with and without ETAD corrections. These results are

derived from Sentinel-1 data acquired over western China.

from the radar, thereby compromising the accuracy of InSAR
time series measurements in such terrain. It is also necessary
to consider these errors in physical measurements based on
the closure phase, such as soil moisture retrieval. Although
such measurements are typically conducted over relatively
flat terrain, it remains necessary to account for closure phase
errors due to range misregistrations. This is because range
misregistrations can exhibit spatial variations, as exemplified
in Fig. 2.

V. SIMULATION

This section validates the proposed theory through simula-
tions.

A. InSAR Phase Error

In our simulations, scatterers are arranged along a uniformly
sloped, smooth surface, as shown in Fig. 4. Their distribution
and reflectivity are defined by the target type established in
Section I'V-D: target 1) consists of a single scatterer; target 2)
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Fig. 15. Optical image, SAR amplitude image, and DEM of the study area across the Chile-Argentina border. The blue and yellow boxes in the optical
image outline the coverage of Sentinel-1 and ALOS PALSAR images, respectively.
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Fig. 16. Experimental versus modeled InSAR phase errors due to range misregistrations, derived from Sentinel-1 data across the Chile—Argentina border.

The InSAR pair used here is 2020/10/23-2020/11/04.

is distributed spanning 57 range pixels; and target 3) is derived
from target 2) by introducing an additional dominant scatterer
with a relatively higher reflectivity.

Our simulation implements the complete SAR processing
workflow, from raw data acquisition to interferogram for-
mation, using Sentinel-1 system parameters in Table 1. The
process begins with generating a linear frequency-modulated
(FM) signal. The raw radar echoes are then simulated by
convolving this signal with the ground reflectivity. The raw
data are focused using matched filtering to produce two SAR
images. These images, designated as reference and secondary,
are generated with the antenna phase centers separated by
a defined spatial baseline. The range offset between the
reference and secondary image can be accurately determined
based on the imaging geometry, thereby enabling a precise
coregistration. For targets 2) and 3), the secondary image is
additionally resampled with an introduced range offset error
to simulate the range misregistration effects. Subsequently,
the interferogram is generated with the topographic phase
component removed at the geometrical center of the resolution
cell. Unless otherwise specified, the simulations are repeated
500 times to estimate the expected values of both the InSAR
phase and coherence.

For target 1), the scatterer is positioned at various loca-
tions within the range resolution cell, while the perpendicular
baseline is held constant at 100 m. The results are presented
in Fig. 8. The theoretical phase error, calculated using (13),
demonstrates that the InSAR phase error is dependent on
the scatterer’s position relative to the geometrical center of
the resolution cell. As expected, the degree of decorrelation
remains relatively low throughout.

For target 2), a scenario comprising 57 pixels, each con-
taining 300 scatterers, is simulated. A range misregistration of
0.3 range resolution cell is introduced between the reference
and secondary images, while the perpendicular baseline is
still 100 m. The simulation is executed over 5000 times to
estimate the expected phase error and coherence. The results,
presented in Fig. 9, show that the phase error is accurately
predicted by the model in (14). The simulated coherence,
however, is slightly higher than the theoretical value derived
from (11). This discrepancy arises because the theoretical
model assumes an infinite number of scatterers contributing to
the SAR signal, whereas the practical simulation is constrained
by a finite number of effective scatterers, limited by the pulse
and matched filter lengths.
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Fig. 17. Experimental versus modeled closure phase errors due to range misregistrations, derived from Sentinel-1 data across the Chile—Argentina border. The
range misregistrations are added for the image acquired on 2020/11/04. (a) Original closure phase. (b) Experimental closure phase with a range misregistration
of +0.33 range resolution cell. (c) Closure phase difference between (a) and (b). (d) Experimental closure phase with a range misregistration of -0.33 range
resolution cell. (e) Closure phase difference between (a) and (d). (f) Modeled closure phase with a range misregistration of +0.33 range resolution, derived from
(a)+(g). (g) Modeled closure phase error with a range misregistration of +0.33 range resolution cell. (h) Modeled closure phase with a range misregistration
of -0.33 range resolution, derived from (a)+(i). (i) Modeled closure phase error with a range misregistration of -0.33 range resolution cell. (j) Residual closure
phase error between the experimental and modeled results with a range misregistration of +0.33 range resolution cell, obtained as (c)-(g). (k) Residual closure
phase error between the experimental and modeled results with a range misregistration of -0.33 range resolution cell, obtained as (e)-(i).
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Fig. 18. Experimental versus modeled InSAR phase errors due to range misregistrations, derived from ALOS PALSAR data across the Chile—Argentina
border. The InSAR pair used here is 2008/06/05-2009/10/24.
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Experimental versus modeled closure phase errors due to range misregistrations, derived from ALOS PALSAR data across the Chile—Argentina

border the range misregistrations are added for the image acquired on 2010/06/11. (a) Original closure phase. (b) Experimental closure phase with a range
misregistration of +0.44 range resolution cell. (c) Closure phase difference between (a) and (b). (d) Experimental closure phase with a range misregistration of
-0.44 range resolution cell. (e) Closure phase difference between (a) and (d). (f) Modeled closure phase with a range misregistration of +0.44 range resolution,
derived from (a)+(g). (g) Modeled closure phase error with a range misregistration of +0.44 range resolution cell. (h) Modeled closure phase with a range
misregistration of -0.44 range resolution, derived from (a)+(i). (i) Modeled closure phase error with a range misregistration of -0.44 range resolution cell. (j)
Residual closure phase error between the experimental and modeled results with a range misregistration of +0.44 range resolution cell, obtained as (c)-(g).
(k) Residual closure phase error between the experimental and modeled results with a range misregistration of -0.44 range resolution cell, obtained as (e)-(i).

The InSAR phase error and decorrelation vary as a function
of range misregistration, perpendicular baseline, and ground
slope, as illustrated by the simulation results in Fig. 10.

For target 3), the dominant scatterer is positioned 0.26 res-
olution cell from the geometrical center of the resolution cell.
The RCS ratio of this dominant scatterer to the others is swept
from 1 to a substantially high value, under a constant range
misregistration of 0.3 resolution cell. The results, presented
in Fig. 11, show that as the RCS ratio increases, the phase
error transitions from the behavior characteristic of target 2) to
that of target 1), a trend well-explained by (15). As expected,
this transition is accompanied by a systematic reduction in
coherence.

B. Closure Phase Error

To analyze the closure phase error, we generate an image
stack for a distributed target by following the method outlined
in Section V-A. The stack consists of 15 SAR images, with

the first image designated as the reference. The perpendicular
baselines between the reference and secondary images are
randomly distributed within the range of —300 to 300 m.
The secondary images are coregistered to the reference image
with random range misregistrations varying between —0.4 and
0.4 resolution cell. The closure phases are then computed for
sequential loops, where an N-acquisition sequential loop is
defined as a sequence of N consecutively acquired images. The
parameter N is varied from 3 to 10, with different starting dates
considered for each loop. The results, presented in Fig. 12,
exhibit significant nonzero closure phases.

VI. REAL-DATA EXPERIMENT

This section validates the theoretical models for InSAR and
closure phase errors induced by range misregistrations between
reference and secondary SAR images through experiments on
real SAR datasets. The data used include C-band Sentinel-
1 TOPS mode, L-band ALOS PALSAR FBD mode, and
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Fig. 20. Optical image, SAR amplitude image, and DEM of the study area
in northern Chile.

ALOS-2 PALSAR-2 ScanSAR mode acquisitions, with key
parameters summarized in Table II. Each dataset, comprising
three images, is processed using topsStack [42], alosStack
[28], and stripmapApp [43] in the ISCE software packages.
The first acquisition in each stack is designated as the reference
image, with the subsequent two images coregistered to it.
For the Sentinel-1 dataset acquired over western China, we
compare the closure phases generated using range geometri-
cal offsets with and without corrections from the Extended
Timing Annotation Dataset (ETAD) product [44]. For the
other datasets, the InSAR and closure phase errors caused
by introduced range misregistrations are compared with the
theoretical predictions derived from (14), thereby validating
the correction method proposed in Section I'V-F.

A. C-Band Sentinel-1

Fig. 13 presents the optical image, SAR amplitude image,
and DEM of a study area located in western China. The dataset
was acquired by Sentinel-1 in TOPS mode. As shown in
Fig. 14(a), a spatially varying residual range offset, estimated
using the cross correlation method, persists after geometrical
coregistration. The residual range offset is primarily attributed
to ionospheric delay, and the ETAD product is employed to
correct the geometrical range offset. A comparison of the
closure phases with and without ETAD corrections reveals a
notable difference, as shown in Fig. 14(c).

Fig. 15 presents the optical image, SAR amplitude image,
and DEM of a study area across the Chile—Argentina border.
This experiment uses data from swath three of Sentinel-1
TOPS mode, which has a range resolution of 3.50 m. We
introduce range misregistrations of 40.33 range resolution
cell (£1.16 m) to the range geometrical offset for the image
acquired on 2020/11/04. It is important to note that in real
scenarios, such range misregistration is not a constant but
exhibits spatial variability, as illustrated in Figs. 1, 2, and 14.

Figs. 16 and 17 present a comparison between the experi-
mental results and the modeled predictions for both the InSAR
and closure phase errors due to range misregistrations. The
close agreement between the observations and the theoretical
values calculated from (14) demonstrates the model’s validity.
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These errors exhibit a clear topographic dependence. The
residuals are primarily random noise, though they show a
correlation with topography in rugged areas due to errors in
the DEM.

The closure phase errors presented in Fig. 17 are of a
magnitude that cannot be disregarded. They would bias the
physical measurements using closure phase and adversely
impact the quality of InSAR time series results [39].

B. L-Band ALOS PALSAR

The ALOS PALSAR data used in this experiment cover
a region nearly identical to that of the Sentinel-1 study
area in Fig. 15. With a range resolution of 10.71 m, range
misregistrations of +0.44 range resolution cell (£4.68 m) are
intentionally introduced to the range geometrical offset of the
image acquired on 2010/06/11.

Figs. 18 and 19 present the experimental and modeled
results of InNSAR and closure phase errors due to range misreg-
istrations. Once again, the model from (14) accurately captures
the observed errors. Due to the poorly constrained ALOS
baselines, which are notably larger, the resulting InSAR and
closure phase errors are substantially greater than those from
Sentinel-1. This contrast highlights the fundamental necessity
of baseline control in InSAR applications, as also required by
other InSAR theories.

C. L-Band ALOS-2 PALSAR-2

Fig. 20 shows the optical image, SAR amplitude image, and
DEM for a study area in northern Chile, imaged by ALOS-
2 PALSAR-2 in ScanSAR mode, with a range resolution
of 12.60 m. Range misregistrations of +0.34 and =+0.68
range resolution cell (£4.29 and £8.58 m) are intentionally
imposed on the cross correlation-estimated range offset for
the data acquired on 2017/06/20. Furthermore, the images are
segmented into four equal parts, with each quadrant assigned
a different misregistration value to demonstrate the impact of
its spatial variations.

Figs. 21 and 22 present a comparison between the experi-
mental measurements and the model predictions for the InSAR
and closure phase errors induced by the applied range misreg-
istrations. As in the previous cases, (14) effectively models the
observed errors. In contrast to the first two experiments, the
topography of this area is predominantly flat. Consequently,
the phase errors do not exhibit the pronounced spatial varia-
tions observed in the previous, more rugged terrains.

Fig. 23 illustrates the closure phase errors from the spatially
varying range misregistrations applied in this experiment. In
practical scenarios, the spatial patterns of range misregistra-
tions may be smooth, which makes their contributions difficult
to isolate from other contributions.

VII. CONCLUSION

This article has systematically analyzed the phase errors
in InSAR measurements due to the range misregistrations
between the reference SAR image and DEM, and between the
reference and secondary images, as well as the inhomogeneity
within the range resolution cell. We find that all these can
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Fig. 21. Experimental versus modeled InSAR phase errors due to range misregistrations, derived from ALOS-2 PALSAR-2 data of the study area in northern
Chile. The InSAR pair used here is 2017/05/09-2017/06/20.

be fundamentally attributed to a misregistration between the
reference image and DEM, which manifests directly as an
InSAR phase error. Moreover, we demonstrate that a clo-
sure phase error can be induced by the InSAR phase errors
from the range misregistration between the reference and
secondary images, as well as the inhomogeneity of the range
resolution cell. These effects should be considered in any
application depending on phase consistency, including closure
phase-based physical measurements (such as soil moisture
estimation) and time series analysis techniques.

The phase error due to range misregistration is proportional
to both the range offset error and the perpendicular baseline.
This relationship highlights the importance of precise range

5203919

Misreg = +0.68 res

Misreg = +0.34 res

coregistrations, a factor that has often been underestimated.
Furthermore, it emphasizes the necessity of a tightly controlled
orbit tube, which is also supported by other foundational
principles of InSAR.

APPENDIX

Here, we derive the InSAR phase error from a signal
theory perspective. Under the first-order Born approximation,
the SAR range resolution cell is modeled as comprising
numerous independent homogeneous elementary scatterers.
The total reflectivity of the resolution cell is thus the super-
position of the individual reflectivities of these elementary
scatterers.
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Fig. 22. Experimental versus modeled closure phase errors due to range misregistrations, derived from ALOS-2 PALSAR-2 data of the study area in northern

Chile.

In range, the focused SAR image can be represented as the
convolution of the ground’s complex reflectivity with the SAR
impulse response function (IRF)

S ref (tref )

N
= S (to,ref + ui,ref) sinc [KT (tref — loref — ui,ref)]

exXp {—j2ﬂfo (tO,ref + ”i,ref)} (19)

where fs is the reference range time coordinate system, #o ref
is the reference range time at the geometrical center of the
resolution cell (e.g., point O in Fig. 4), N is the number of
scatterers in a resolution cell, s;(-) is the complex reflectivity
of scatterer i, sinc(-) is the range IRF, K is the range chirp
rate, T is the range chirp duration, and u;.s is the relative
time delay between scatterer i and the geometrical center in
the reference geometry. The total time delay of scatterer i in

the reference geometry is #oef + Uirer. This is the reference
image.

Similarly, the secondary image is

N sec (tsec)
N

= N (tO,sec + ui,sec) sinc [KT (tsec - tO,seC - ui,sec)]
exp {_jznfb (tO,sec + ui,sec)}
N
= Z Si (tO,ref -+ ui,sec)

sinc [KT (tsec — toref +1p — ui,sec)]

exp {_jZﬂﬁ) (tO,ref =+ ui,sec)} (20)

where f,. is the secondary range time coordinate system,
tosec = toret —1p 1s the secondary range time at the geometrical
center of the resolution cell, and 7, = 2b,/c.

Following coregistration of the secondary image to the
reference image for interferometry, the secondary image is
aligned with the range time coordinate system of the reference
image. As a result, both images share a common time variable
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Fig. 23.

Experimental versus modeled closure phase errors due to spatially varying range misregistrations, derived from ALOS-2 PALSAR-2 data of the

study area in northern Chile. The range misregistrations are added for the image acquired on 2017/06/20. (a) Original closure phase. (b) Experimental closure
phase with spatially varying range misregistrations. (c) Modeled closure phase with spatially varying range misregistrations, derived from (a)+(e). (d) Closure
phase difference between (a) and (b). (e) Modeled closure phase error with spatially varying range misregistrations. (f) Residual closure phase error between
the experimental and modeled results with spatially varying range misregistrations.

in their sinc(-) functions. Accordingly, the interferogram I(:)
is defined within this coordinate system, as indicated by the
variable fr. Let ter = forer, and the expected value of the
interferogram at the geometrical center of the resolution cell
is

1 (fo,et)
=E (SrefS :ec) |tref = 10,ref
N
= Z E (lsilz) sinc [KT (tref - tO,ref - M[,ref)]
i=1
sinc [KT (tref - tO,ref - ui,ref)]
exp {j27Tf0 (_tb + Uisec — ”i,ref)} |fret = fo,ref

N
= Z E (|si|2) sinc (_KTui,ref)
i=1

sinc (—K Tui,ref)

exp {27 fo (~ty + Uisec — Uier)} (21)

where |s;|2 = o is the RCS of scatterer i (neglecting 47) in
the far field [38]. In addition, the cross-product terms between
different scatterers have canceled out, leaving only the self-
interaction terms from individual scatterers in the second line
of (21). Following the relationship in (2)

__ A0
tan (6 — )

Ujref — Uisec = i,ref (22)

the interferogram is

N
1 (t(),ref) = Z E (Isi|2) sinc (—KTu,-,ref) sinc (_KTM,"ref)
i=1

exp {21t (= foty + Afttizer) } - (23)

Assume that the elementary scatterers’ reflectivities are
independent, zero-mean, circularly symmetric complex Gaus-
sian random variables with a variance of /2 [17]

1 Isil*
pdf (s;) = —expi——¢. (24)
no o
The RCS of each scatterer has an expected value of
E(|si*) = o (25)

Furthermore, if the range misregistration between the reference
and secondary images is fy;s, then the interferogram becomes

N
1 (t()’l—ef) =0 Z sinc (—K TM[’ref)

i=1
sinc [KT (—tigef + tmis) |
eXp {]27[ [_fotb + Afui,ref]} .

In the limit as N — oo, the summation converges to an
integral

I (tO,ref)

=0 / sinc (KT 1) sinc [KT (T + tms)]

exp {j27r [—fotb - AfT]} dr
a exp {—j27 fotp}

(26)

/ " sinc (KT7) sinc [KT (7 + tmis)] exp {—j2xrAft}dt
h 27)

where & is the RCS density in range. The integral is a Fourier
transform and can be calculated as follows:

f@f
= [ sinc (KT1) sinc [KT (1 + tmis)] exp {—j2rAfr}dr

00
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= F[sinc (KT1)] ® F {sinc [KT (T + tmis)]}

oot (A AF ; '
= rect (KT) ® rect (KT) exp {J2mA ftmis}

(o] A _
/_m rect (%) exp {j2ntmisg} rect ( JIZT g) dg
sin | tmis ((K|T — |A tmi

Tlmis

(28)

where ® denotes the convolution operation and rect(x) is the
rectangular function defined as

1, if |x/ <0.5
rect (x) = if |

) (29)
0, otherwise.

We now elaborate on the derivation of the final line of (28).
The expression in the preceding line represents an inverse
Fourier transform, whose integration limits are defined by the
two rectangular functions

. . (IKIT |K|T
upper limit = gypper = min — Af + =
K|IT
L, it Af >0
= 2 KT (30)
Af + - if Af <0
K|T K|T
lower limit = gjower = mMax (_%, Af - %)
K|T
Af - l if Af >0
=\ IKIT (31)
—%, if Af <O.

After applying these limits, the integral simplifies to

JFAf)

Supper )
/ eXp {]27Umisg} dg
8

lower
_sin [t (KIT = [AfD)]

Tlmis

A
exp {jmeiSTf} . (32
Substituting (28) into (27), the interferogram becomes

5. 5in [rtis (KIT — |AfD]
Tlmis

exp {j27r (—fotb v Aftm%)} .

1 (to,ref) =
(33)

In the absence of the misregistration (t,;s = 0), the interfero-
gram is

I (toser) = 7 (IKIT ~ |AfD exp {~ 27 foty) (34)

whose phase comprises solely the InSAR topographic phase.
After removing this topographic phase from (33), the residual
phase thus constitutes the phase error due to misregistration
arg (1) — arg (Io)
Imis
2rAf—
A f >

Perror

A7 Fmis

= Af2

c
where rpis = ctmis/2. The result is the same as (8).

(35)
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