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Abstract 

Spatial and temporal variation of the free electron concentration in the ionosphere affects SAR interferograms, in particular at 

low radar frequencies. The split-spectrum method permits separating the ionospheric and the non-dispersive phase terms using 

spectral sub-band images. In this work a reformulation of the split-spectrum method facilitates the necessary processing steps. 

Reformulating the split-spectrum method permits determining the ionospheric phase component based on a split-spectrum 

double-difference interferogram and the full-bandwidth differential interferogram. In this way differing a pair of unwrapped 

phase images, each one scaled by a large factor, can be avoided, making the method more robust. The applicability of the 

proposed method is demonstrated with examples including cases with very strong ionospheric effects. 
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1. Introduction 

The SAR interferometric phase can be expressed as a sum of phase components including the flat earth phase, the 

topographic phase, the deformation phase, the atmospheric path delay phase and the ionospheric path delay phase. 

As described in [1], the ionospheric path delay phase, or in short ionospheric phase, can be expressed as 
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where TEC is the difference between the Total Electron Content (TEC) values integrated along the line-of-sight 

of the two radar acquisitions, and K=40.31m
3
s
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  is a constant, c=3.0e08m/s is the speed of light and f0 is the radar 

center frequency. The ionospheric phase is proportional to 1/f0 and is called dispersive phase. All the other phase 

terms listed are proportional to f0 and are called non-dispersive. 

The concept of the split-spectrum approach is to determine separate interferograms for spectral sub-bands, 

permitting separation of the ionospheric and the non-dispersive phase terms ([2-8]). The ionospheric phase can be 

expressed as (see e.g. [6]) 
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Where fL and fH are the radar center frequencies of the lower and higher spectral sub-bands and L and H are the 

interferometric phases of the lower and higher spectral sub-bands. Equation 2 expresses the ionospheric phase as a 

linear combination of the interferometric phases of the lower and higher spectral sub-bands. For a number of 

PALSAR 1 and PALSAR 2 modes Table 1 indicates the related factors a and b calculated using the lowest and 

highest third of the processed chirp spectrum for the lower and higher spectral sub-bands. As can be seen, the factors 

are non-integer values significantly larger than 1. To be able to apply these factors it is necessary to unwrap the 

lower and higher spectral sub-bands interferometric phases. Furthermore, significantly reducing phase noise through 

multi-looking and filtering, and avoiding phase unwrapping errors is required. For practical reasons we searched for 

ways to reduce the complexity of this task. 

Table 1. Factors a and b used in   
HLiono ba     and x and z used in )(0 LHiono zx    for PALASAR 1 and PALSAR 2 modes 

Mode a b x z 

PALSAR-1 FBS 34.27 -33.77 0.50 -34.02 

PALSAR-1 FBD 68.29 -67.79 0.50 -68.04 

PALSAR-2 SM1 12.12 -11.62 0.50 -11.83 

PALSAR-2 SM2 24.65 -24.15 0.50 -24.40 

PALSAR-2 SM3 37.50 -37.00 0.50 -37.25 

 

The unwrapping and spatial filtering steps necessary to apply Eq. (2) are very delicate considering the relatively 

large factors a and b used to scale the two components. Using different spatial filters on a specific data set (e.g. 

different filter sizes or different weighting functions, or doing the filtering before or after the unwrapping etc.) can 

easily result in phase differences of 0.1 radian or larger. Scaling these with a factor around 34, for example, will 

result in phase differences larger than . As demonstrated in the literature ([2-8]) the estimation of the ionospheric 

phase is possible using Eq. (2), if these steps are carefully performed and possibly including a step to identify and 

correct unwrapping errors as described in [6]. Nevertheless, increasing the robustness of the processing steps would 

be highly welcome and facilitate the applicability of the method. 

In Section 2 we reformulate the split-spectrum method to increase the robustness of the necessary processing 

steps. In Section 3 we discuss a few aspects related to the implementation and application of the method. Then, in 

Section 4 application cases are presented, including one case with a relatively moderate ionospheric phase and two 

cases with very strong ionospheric effects caused by sporadic-E episodes as identified and analyzed in [7,9-11]. 

Section 5, finally, presents the conclusions. 
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2. Reformulating the split-spectrum method 

With a simple algebraic transformation Equation 2 can be reformulated as a linear function of the full bandwidth 

interferometric phase and 0 (with center frequency f0) and the split-spectrum double difference phase (H - L) 
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For symmetrically chosen upper and lower spectral bands (i.e. fL = f0-f/2 and fH = f0+f/2) the x and z are 
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For a number of PALSAR 1 and PALSAR 2 modes Table 1 also indicates the factors x and z. As can be seen x 

has values very close to 0.5 (for the channels considered in Table 1 it differs from 0.5 by less than 0.001). This 

means the scale factor for the unwrapped interferometric phase is much smaller than in the original approach which 

is relevant concerning the scaling of noise effects and errors introduced in the filtering and unwrapping. The z factor 

is comparable in size to the a and b factors, but it is only applied to the split-spectrum double difference phase which 

is small compared to a phase cycle, so that unwrapping becomes trivial (unwrapping can be done to the lowest 

ambiguity). 

Approximating x with 0.5 offers further possibilities. Multiplying both sides of Equation 3 we get  

)(22 0 LHiono z      (5) 

Unlike Equation 3 Equation 6 can also be applied to the wrapped 0. This means we can determine a complex valued 

image with the phase corresponding to twice the ionospheric phase. Generating this image permits to identify the 

level of ionospheric effects without having done an unwrapping for the interferogram (but only for the split-

spectrum double difference interferogram). Furthermore, for pairs with a low level of ionospheric effects, which is 

expected to be the vast majority of interferometric pairs, unwrapping this 2iono should be trivial as long as the 

phases to unwrap remain in the interval [-,]. 

Similarly, a complex valued image of twice the non-dispersive phase can be calculated by subtracting the scaled 

unwrapped split-spectrum double difference phase 

)(2222 00 LHionodispersivenon z     (6) 

Which means that a complex version of twice the ionospheric corrected interferogram can be generated without 

having done an unwrapping for the interferogram (but only for the split-spectrum double difference interferogram). 

The interferometric phase is a sum of the ionospheric phase and the non-dispersive phase. Considering, that we 

are usually able to model and subtract orbital and topographic phase terms the main remaining phase terms in the 

non-dispersive phase are deformation phase and atmospheric path delay phase, besides error terms and phase noise.  

So, especially at L-band, there are cases with rather low spatial variation in the non-dispersive phase. In such 

cases unwrapping twice the non-dispersive phase may be preferred over unwrapping the original interferogram. 
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Fig. 1. Phase effects on L-band differential interferograms caused by co-registration errors in the presence of ionospheric path delay variations 

with strong along-track spatial gradients. (a) and (b) show a small section of the PALSAR-1 differential interferogram further discussed in 

Section  4.2. (c) and (d) show a small section of the PALSAR-2 differential interferogram further discussed in Section  4.3. The differential 

interferometric phase after co-registration using a carefully determined offset field is shown in (a) and (c). (b) and (d) show the same section of 

the same differential interferograms as obtained using a co-registration procedure with an offset polynomial. 

Using Eq. 3 we call Method 1 (M1); besides calculating the unwrapped split-spectrum double difference phase 

the unwrapped phase of the differential interferogram needs to be calculated. Considering the full bandwidth instead 

of a sub-band has the advantage of a slightly higher coherence, but overall the complexity is the same as when using 

Eq. 2. The big advantage, though, is that the unwrapped phase is only scaled with a factor around 0.5 which strongly 

reduces the quality requirements. Using Eq. 5 we call Method 2 (M2) and using Eq. 6 we call Method 3 (M3). The 

obvious advantage of M2 and M3 is that complex-valued images of twice the ionospheric phase and twice the non-

dispersive phase can be calculated requiring as the only unwrapping step the unwrapping of the split-spectrum 

double difference phase, which is, as mentioned before, straightforward. Provided twice the ionospheric phase or 

twice the non-dispersive phase can be unwrapped, permits also scaling to retrieve the unwrapped ionospheric and 

non-dispersive phases. 

3. Processing related aspects 

3.1. Band-pass filtering 

In accordance with [3,7], we apply band-pass filtering along the range axis on the full-bandwidth SLCs 

considering the lowest and highest third of the processed bandwidth to get the lower and upper spectral sub-band 

SLCs. This band-pass filtering is done before the co-registration of the SLCs to avoid being affect by spectral shifts 

occurring in the resampling of the slave SLC as part of the co-registration. The sub-band SLCs are demodulated by 

applying a phase ramp to shift the spectrum to the center of the sampled spectrum and by changing the center 

frequencies to the new values. 

3.2. SLC co-registration and effects of co-registration errors on the differential interferogram  

Azimuth gradients in the ionospheric path delay can lead to azimuth positional offsets [12-14], at L-band of up to 

several SLC pixels. Applying a co-registration approach that is either exclusively based on the orbit data, SAR 

processing parameters and a digital elevation model (DEM), or that is based on offset low order polynomials 

determined using matching techniques, will provide an overall reasonable co-registration but will not compensate 

the local effects caused by the ionospheric path delay gradients. One effect of such registration errors of the order of 

a pixel is a significant reduction of the coherence. Furthermore, we observed, that registration errors can also 

significantly affect the interferogram phase. Two obvious examples of such effects are shown in Figure 1 using data 

that will be further discussed in Section 4. For the two sections shown the fringe pattern looks consistent for the 

more accurate co-registration with the offset field. Doing the co-registration with the less accurate offset 

polynomials results for areas affected by high ionospheric gradients in clearly different phase patterns. In fact, for 

the two sections shown this includes even “unreasonable phase patterns” such as closed paths on which the phase 

increases by 2 (see arrow in Fig. 1 image on top row to the right) and fringes that terminate (see center in Fig. 1 
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image on bottom row to the right). Our understanding of this effect is that non-linear ionospheric path delay changes 

within the synthetic aperture will cause some degradation of focus and a non-constant phase over the point. While 

the phase over a well-focused point target is constant it can show variation in azimuth direction when poorly 

focused. In the presence of positional mis-placements such gradients may then cause the observed phase offsets. 

Our procedure to determine the co-registration offset field includes a first step based on the orbit, SAR 

parameters and DEM with a polynomial refinement to account for small overall offsets. In a second step residual 

offsets are determined using matching techniques. Based on the quality of the determined offsets and the spatial 

consistency of the offsets a conditioning of the offset field is applied e.g. to remove outliers, but also to interpolate 

the offset field in areas with poor coverage. The offset field is used to update the initial transformation lookup table 

and applied to get an improved co-registration. The quality of this co-registration is checked, and if necessary 

refined using a split-beam techniques. In the case of residual azimuth offsets the split-beam double difference phase 

will indicate the level of the residual offsets. Provided the previous refinement already reached in the azimuth 

direction a quality better than half an SLC pixel the unwrapping of the split-beam double difference phase becomes 

trivial as the values are in the interval (-,). The unwrapped split-beam double difference phase are then scaled to 

azimuth offsets and used to update the co-registration transformation. Split-beam techniques can also be applied on 

a single SLC to identify which one of the two SLCs includes the ionospheric effects [14]. 

3.3. Role of spatial filtering and phase unwrapping 

We use spatial filtering on one hand in support of the necessary phase unwrapping and on the other hand to 

reduce phase noise. Furthermore, spatial filtering is also used as a method to interpolate phase images across low 

coherence areas, e.g. to get a spatially more complete ionospheric path delay phase image. Filtering can be done 

both for the complex valued data sets and unwrapped phase images. To filter complex valued data we primarily use 

a modified Goldstein-Werner filter [15] as available in the Gamma Software [16]. For the spatial filtering of 

unwrapped phase images we use moving window filters with different filter seizes and weighting functions. For 

spatial phase unwrapping we use a minimum cost-flow (MCF) algorithm [17] implementation available in [16]. 

For more delicate cases, and interferograms with significant phase signals and spatially variable coherence are 

typically delicate cases, we often apply an iterative procedure to get an unwrapped, filtered phase. Initially stronger 

filtering is applied to get a spatial low-frequency component of the solution which is then subtracted from the 

complex valued image to get a differential complex valued image with reduced phase variations which may then be 

unwrapped more easily. Once the phase variations remain within the interval (-,) the complex valued 

interferogram can directly be converted to a unwrapped phase image independent of the noise level. This permits 

then to do the filtering on the unwrapped phases. Along the process quality control is important to avoid errors being 

introduced by phase unwrapping problems. 

In the processing of the results presented in Section 4 we worked at a relatively high spatial resolution with multi-

looked pixel sizes of the order of 20m. The spatial resolution of the estimated ionospheric phase is significantly 

lower than this as spatial filters are used. Furthermore, it is relevant that the SAR signal for a specific pixel is 

acquired along a full synthetic aperture which covers a significant along-track section of the ionosphere. 

4. Data examples 

4.1. Palsar-2 over Tokyo harbor area 

As a first example we selected a PALSAR-2 L-band pair acquired at HH-polarization in SM1 mode with a 

relatively moderate ionospheric phase. While this may be less challenging what concerns accomplishing the 

necessary processing steps and less interesting what concerns the study of ionospheric effects cases as this one and 

cases with even lower ionospheric effects are the vast majority of cases encountered when working with satellite 

InSAR. Calculating either an offset field or a split-beam interferogram [18,19] indicates that the pair is not affected 

by high ionospheric path delay gradients. Based on this we decided to use a co-registration approach without 

determining and applying an additional offset field correction estimated based on the data. The split-spectrum 

double differential interferogram was determined considering the lowest and highest third of the available processed 
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range bandwidth using 6 range and 5 azimuth looks in the multi-looking. The complex valued split-spectrum double 

differential interferogram was spatially filtered and unwrapped by a simple conversion of the phases to be within the 

interval (-,). Methods 1 to 3 were then applied and the results are shown in Fig. 2. 

The original interferogram shows an overall phase ramp of about one phase cycle across the image and additional 

local phase variations. The estimated ionosphere corresponds quite well to the overall phase ramp. Based on our 

experience from other interferograms over the same area we interpret the large scale part of the estimated non-

dispersive phase mainly as atmospheric. All 3 methods presented are applicable and result in very similar results. To 

correct the ionospheric effects using Method 1 does not really have disadvantages over the other methods in this 

case as unwrapping the differential interferogram was not found more complicated than unwrapping twice the 

ionospheric phase or twice the non-dispersive phase. Methods 2 and 3 offer the possibility, though, to get a good 

qualitative idea of the ionospheric and non-dispersive phases without unwrapping anything besides the split-

spectrum double differential interferogram. 
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Fig. 2. Estimation and compensation of  ionospheric path delay for PALSAR-2 HH-pol. SM1 mode data acquired on 8-Sep-2016 and 1-Dec-2016 

over Tokyo harbor area. The data of a full frame is shown in slant range geometry. The upper line shows (a) the differential interferogram, (b) the 

split-spectrum double difference phase, (c) the ionospheric path delay estimated using Eq (3), and (d) the non-dispersive phase calculated by 

subtracting (c) from (a). The lower line shows (e) twice the ionospheric phase derived using Method 2, (f) the corresponding ionospheric phase, 

(g) twice the non-dispersive phase derived using Method 3 and (h) the corresponding non-dispersive phase. To facilitate cross-comparison the 

same cyclic color scale is used to visualized the wrapped (a,e,g) and unwrapped phases (b,c,d,f,h). 
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Fig. 3. Estimation and compensation of  ionospheric path delay for PALSAR-1, path 72, frames 2920-2930, HH-pol. FBS mode data acquired on 

28-Mar-2009 and 28-Jun-2009 over Yamaguchi Prefecture, Japan (a-c) and PALSAR-2, path 156, frames 1400-1420, HH-pol. SM3 mode data 

acquired on 17-Aug-2015 and 14-Sep-2015 over the Yamal Peninsula in Northern Siberia (d-f). To facilitate cross-comparison the same cyclic 

color scale is used to visualized the wrapped (a,d) and unwrapped phases (b,c,e,f). 

4.2. Palsar-1 over Yamaguchi Prefecture, Japan 

The data used is the same as used in the first example discussed in [7], i.e. a case with very strong ionospheric 

effects caused by sporadic-E episodes as identified and analyzed in [7,9-11]. The data analyzed covers two full 

frames. In the processing we applied much care to achieve a good co-registration using an iterative improvement of 

the offset field as described in Section 3.2. The differential interferogram as well as the estimated ionospheric phase 

and the “ionosphere-corrected” non-dispersive phase are shown in Fig. 3. Overall Method 1 worked well. Only in 

the area at the lower right corner (shown also  in Fig. 1) we observe in the non-dispersive phase local patterns that 

correlate with the location of the highest ionospheric gradients present in the pair which are most likely related to an 

imperfect compensation of the ionospheric phase. While [7] states that it was necessary to consider higher order 

ionospheric phase terms to get a good compensation of the ionospheric phase, we obtained a good result by just 

considering the first order ionosphere effect. 

4.3. Palsar-2 over data over Yamal Peninsula in Northern Siberia, Russia 

This case corresponds to the first case in the additional material provided in [7], an example with very strong 

ionospheric effects.  The same processing as for the example described in Section 4.2 was used.  For an area covered 

by 3 subsequent PALSAR-2 frames acquired in SM3 mode the differential interferogram as well as the estimated 

ionospheric phase and the “ionosphere-corrected” non-dispersive phase are shown in Fig. 4. In comparison to [7] the 

result is much less noisy in areas with large gradients in the ionospheric phase, as a combination of using the 

reformulated method presented that does not require a scaling of the unwrapped interferometric phase with a large 

factor and a more accurate co-registration. The ionosphere-corrected interferogram (non-dispersive phase) shows 

good coherence for the entire land surface. The phase variation observed correlates with the ionospheric phase and 

includes therefore most likely residual ionospheric phase, possibly caused by still imperfect co-registration or higher 

order effects in the presence of very high ionospheric phase gradients. 

5. Conclusions 

Slightly reformulating the split-spectrum method permitted determining the ionospheric phase component based 

on the split-spectrum double difference interferogram and the full bandwidth differential interferogram. The main 

advantage of this method is that scaling with a large factor is only necessary for the unwrapped split-spectrum 

double difference interferogram phase. Estimating the unwrapped split-spectrum double difference interferogram 
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phase is quite straightforward and robust as the phases are in the interval (-,). A second advantage is that the 

unwrapped phase of the full-bandwidth interferogram is used for the second term instead of a sub-band 

interferogram, which increases the robustness of the unwrapping and filtering. 

Furthermore, it was shown that complex valued images of twice the ionospheric phase and twice the non-

dispersive phase can be derived requiring only the unwrapping of the split-spectrum double-difference 

interferogram. This is useful to check the presence and level of ionospheric effects in a pair. It also offers further 

possibilities in cases difficult to unwrap. In cases with a complicated non-dispersive fringe pattern, e.g. relating to an 

earthquake, the image of twice the ionospheric phase may confirm that the level of ionospheric effects is not very 

strong. Consequently, twice the ionospheric phase can be unwrapped and the interferogram can be corrected for the 

ionospheric effects without unwrapping the original. 

The applicability of the proposed methods was demonstrated with 3 examples including two with very strong 

ionospheric effects. 
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