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Abstract  
To derive elevation models and topographic change of glaciers and ice sheets, the Harmony mission's across-track InSAR 
phase requires accurate elevation bias correction due to signal penetration into dry snow, firn, and ice. This paper extends 
a monostatic penetration bias model to the bistatic geometry, incorporating the effect of the large squint angle between 
transmitter and receiver. The calculations show only a few percent difference in 2-way penetration depth between the 
bistatic Harmony geometry and conventional monostatic InSAR for identical signal extinction and penetration length. 
The derived bistatic volume decorrelation model establishes the relationship between coherence, phase, and penetration 
depth. This allows a penetration bias correction of individual Harmony interferograms, assuming constant, isotropic signal 
extinction, as already established for monostatic InSAR. 
 
 
 
1 Introduction 
The European Space Agency's (ESA) Harmony mission 
[1][2] will represent a significant advancement in the mon-
itoring of Earth's cryosphere, with a focus on closing ob-
servation gaps of the mass balance of ice sheets and glaci-
ers. It will consist of two passive SAR receivers flying in 
formation with Sentinel-1, which acts as the illuminator. 
The Across-Track Interferometry (XTI) mission phase is 
designed to provide high-resolution topographic infor-
mation over vast areas of glaciated terrain, by means of sin-
gle-pass SAR interferometry (InSAR). One of the primary 
applications of the XTI data will be the derivation of topo-
graphic change (TOC) products, which are essential for un-
derstanding the dynamics of land ice systems.  
The generation of digital surface models (DSM) of glaciers 
with InSAR is an established technique [3][4][5], but is af-
fected by an elevation bias due to the penetration of the 
microwave signals into dry snow, firn, and ice. InSAR pen-
etration biases at C-band frequencies from few meters 
down to -13 m have been measured [6][7], depending on 
the snow, firn, and ice conditions, as well as on polariza-
tion, incidence angle, and interferometric baseline. C-band 
penetration biases of down to -19 m can be inferred from 
signal penetration estimations from the dry snow zone in 
the interior of ice sheets [8][9]. 
Different approaches have been followed to address the 
bias, by using indicators of constant penetration bias [4], 
selected acquisitions during melting periods to minimize 
penetration [10], and by empirically deriving altitude-de-
pendent bias estimates [5]. Recently, statistical and ma-
chine learning approaches, calibrated on large amounts of 
reference data have shown promising results [11][12][13]. 

The spatial and temporal differences in penetration, re-
quirements on large training data, and the dependence of 
the bias on the acquisition geometry hamper these ap-
proaches for the Harmony mission.  
An alternative option to account for the bias is the use of 
scattering models. Studies indicated the potential of a 
model-based estimation of the phase center depth directly 
from InSAR data [8][14][15][16], which is foreseen as the 
baseline approach for the penetration bias correction of in-
dividual interferograms of the Harmony mission.  
This paper extends this monostatic penetration bias model 
to the bistatic acquisition geometry of Harmony. First the 
Harmony InSAR geometry is described and the monostatic 
model briefly recapped. The bistatic penetration bias 
model is then derived from the bistatic penetration geome-
try of Harmony. Model results are shown to illustrate the 
behavior of coherence, phase and penetration bias and to 
compare the monostatic and bistatic cases. 

2 Harmony Across-Track InSAR  
The two passive receivers Harmony A and B will have the 
same orbit as Sentinel-1, the active illuminator, but with an 
along-track separation of 350 km between Sentinel-1 and 
the Harmonies, see Figure 1. The Harmonies receive the 
transmitted signals, after scattering at the Earth’s surface, 
with squint angles ߰ of 26° (near range) to 20° (far range). 
The fundamental interferometric observable is the complex 
coherence ߛ, which describes the complex correlation be-
tween the two simultaneous, single-pass InSAR  
measurements sୌ୅, sୌ୆ separated by a spatial baseline ܤ, 
and is given by 



 
Figure 1  Harmony interferometric geometry for the XTI 
phase. Incidence angles ߠ and range distances ܴ are shown 
for both Sentinel-1 (S1) and one Harmony satellite (H). The 
along-track separation leads to a squint angle ߰. The across-
track, perpendicular baseline between Harmony A and Har-
mony B is ୄܤ. Range and angles of Harmony B are omitted 
for clarity. Modified from [17]. 
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The interferometric phase ∠ߛ contains then information 
about the elevation of the scattering target on the ground 
and is converted to DSMs through interferometric pro-
cessing [1]. On glaciers and ice sheets, the scattering phase 
center, and thus the derived elevation, lies below the sur-
face, due to the microwave signal penetration in dry snow, 
firn and ice. 

3 InSAR Penetration Bias 
The penetration bias, ℎ௕, is the difference between the scat-
tering phase center, ℎ௣௖, and the true surface elevation, ℎ௦, 

ℎ௕ = ℎ௣௖ − ℎ௦. (2) 

Thus, ℎ௕ is negative with ℎ௣௖ and ℎ௦ being positive eleva-
tion values. Assuming the interferometric phase being nor-
malized to the surface and all other coherence terms cor-
rectly accounted for [18], the penetration bias (i.e. phase 
center depth) can be derived from the phase of the meas-
ured coherence ߛ 

ℎ௕ =
ߛ∠

௭௏௢௟ߢ
 (3) 

where ߢ௭௏௢௟ is the vertical wavenumber in the volume, 
which is described below. The depth of the scattering phase 
center below the surface depends on system parameters 
(e.g. frequency, polarization) and on the signal penetration 
 

 
Figure 2  Across-track InSAR geometry considering the re-
fraction into the subsurface of a glacier or an ice sheet. 
 
due to the snow, firn, and ice conditions (e.g. wetness, 
grain size, scattering from ice lenses and layers). The rela-
tionship to the subsurface structure is described in terms of 
the volume coherence ߛ௩௢௟. 
After InSAR processing, accounting for all other coher-
ence factors, and without temporal decorrelation, the vol-
ume coherence ߛ௩௢௟ depends on the vertical scattering pro-
file ߪ௩(ݖ), which is the fundamental relationship for ad-
dressing the penetration bias  

௩௢௟ߛ = ݁௜௞೥௭బ
∫ ଴ ݖ௜௞೥ೇ೚೗௭݀݁(ݖ)௩ߪ

ିஶ

∫ ଴ ݖ݀(ݖ)௩ߪ
ିஶ

. (4) 

The vertical scattering profile ߪ௩ is considered a semi-infi-
nite half space below the surface of glaciers and ice sheets. 
݁௜௞೥௭బ accounts for the interferometric phase of the surface 
at ݖ଴. The general penetration and refraction geometry for 
across-track InSAR is depicted in Figure 2. ߢ௭ is the verti-
cal wavenumber in free space 

௭ߢ =
ߨ2
ߣ

ୄܤ ݌

ܴ sin ߠ
=

ߨ2
௔ܪ

, (5) 

l is the radar wavelength, ܴ is the slant range distance, ߠ 
is the incidence angle at the air/snow interface, ୄܤ is the 
effective interferometric baseline. ݌ =  1 is valid for the 
combination of one monostatic and one bistatic SAR image 
forming an interferogram, as well as for two bistatic images 
as in the Harmony case. ݌ =  2 for the combination of two 
monostatic images. ܪ௔ is the height of ambiguity in free 
space. Accounting for the change in the propagation con-
stant and incidence angle due to refraction [14][19][20], 
yields the following formulation for vertical wavenumber 
in the volume 

௭௏௢௟ߢ  = ߝ√ ௭ߢ   
cos ߠ
cos ௥ߠ

,  (6) 

where e is the real part of the relative dielectric permittivity 
and  ߠ௥ the refracted incidence angle in the volume, calcu-
lated with Snell’s law.  
 
 



 
Figure 3 Sketch of the bistatic geometry with the paths and 
angles from Sentinel-1 (݈ௌଵೞ೜,  ௥ೄభ) to a scatterer P  and fromߠ
P to the Harmonies (݈ு,  ௥ಹ), considering the refraction intoߠ
a volume.  

3.1 Monostatic Penetration Bias Model 
 
The relationship between interferometric coherence and ra-
dar signal penetration as well as the retrieval of the pene-
tration bias assuming a homogeneous scattering medium 
(uniform volume with constant signal extinction) is thor-
oughly described in literature for monostatic, zero-doppler 
acquisition geometries [8][14]. It also applies to bistatic In-
SAR with no significant along-track separation and negli-
gible squint angles between the acquisitions, such as Tan-
DEM-X. 
Changing from the coherence magnitude formulation in [8]  
to complex coherence and expressing it in terms of the ver-
tical wavenumber in the volume ߢ௭௏௢௟ and the extinction 
 ௘ (or one-way penetration depth ݀௣) givesߢ

௩௢௟ߛ =
1

1 + ݆ cos ௥ߠ ௭௏௢௟ߢ
௘ߢ2

=
1

1 +
݆݀௣ߢ௭௏௢௟

2

. (7) 

The phase center depth, i.e., penetration bias, from such a 
modelled volume coherence is then calculated as in eq. (3). 
The advantage of such a simplified, constant extinction 
volume assumption is that the phase ∠ߛ௩௢௟ can be directly 
inverted from the coherence magnitude |ߛ௩௢௟| through [14] 

௩௢௟ߛ∠ =  arctan ቀඥ|ߛ௩௢௟|ିଶ − 1ቁ , (8) 

which gives a penetration bias estimate by converting this 
phase to a depth with eq. (3).  

4 Bistatic Penetration Bias  

4.1 Bistatic Penetration Geometry 
Since the bistatic scattering from snow, firn and ice is on-
going research with very little experimental evidence, only 
the geometry aspects of the bistatic Harmony acquisition 
geometry are considered. The same scattering properties as 
in the monostatic case are assumed for now. 
 
 

 
Figure 4 Bistatic and monostatic 2-way penetration depth for 
a 2-way penetration length of 5 m (assumed permittivity  
ߝ = 2.0 corresponds to a firn density of ߩ = 0.5 ݃/ܿ݉ଷ). 
 
For the uniform volume model with constant extinction, 
the extinction is considered isotropic, thus equal for both 
the incident path into the volume from Sentinel-1 and the 
receive path towards the Harmonies. 
The starting point is the understanding that, for constant 
isotropic extinction, the penetration length ݀௟  through the 
volume is identical for the monostatic and bistatic geome-
try. Figure 3 illustrates the bistatic penetration geometry, 
where the path to and from a scatterer P inside a glacier 
volume is ݀௟ = 2݈ௌଵ for the monostatic case. Instead, for 
the bistatic Harmony geometry, it results in  

݀௟ = ݈ௌଵೞ೜ + ݈ு = ݈ௌଵೞ೜ ቌ1 +
1

cos ቀ߰௥ೞ೜ቁ
ቍ. (9) 

with cos ߰௥ೞ೜ = cos ு௥ߠ / cos  ”ௌଵ௥. The additional “sqߠ
subscript to ݈ௌଵೞ೜ should indicate that for the squinted Har-
mony geometry, the path from Sentinel-1 has the same di-
rection, but is shorter than the monostatic ݀௟ೄభ for equal 
penetration length ݀௟. Considering length-to-depth conver-
sion with refracted incidence angles, this leads to the deri-
vation of a “squint factor” between the bistatic penetration 
depth ݀ ௕௜ and the monostatic penetration depth ݀ ௣ for iden-
tical extinction (i.e. penetration length) 

݀௕௜ = ௦݂௤ ∗ ݀௣. (10) 

The squint factor ௦݂௤ is 

௦݂௤ =
2

ቆ1 + 1
cos ߰௥ೞ೜

ቇ
=

2

ቆ1 + ඥߝ − sinଶ ௌଵߠ

ඥߝ − sinଶ ுߠ
ቇ

, 
(11) 

where ߰௥ೞ೜ is the refracted squint angle between the line-
of-sights of Sentinel-1 and Harmony inside the volume. It 
can be also expressed in terms of permittivity ߝ and the in-
cidence angle of Sentinel-1 ߠௌଵ and the incidence angle 
(i.e. zenith scattering angle) of Harmony ߠு. 
Figure 4 shows the resulting difference between mono-
static and bistatic 2-way penetration depths for a common 



2-way penetration length of 5 m, over Sentinel-1 incidence 
angles. The bistatic 2-way penetration depth is slightly 
smaller (i.e. shallower) than its monostatic equivalent for 
identical extinction and penetration length. Interestingly, 
this difference is less than 5% for the Harmony geometry. 

4.2 Bistatic Vertical Wavenumber  
The calculation of the bistatic phase-to-height sensitivity is 
thoroughly elaborated in [21]. Assuming parallel velocity 
vectors for all three satellites and a flat Earth geometry, the 
following, much simpler, calculation for the bistatic ߢ௭್೔ 
holds 

௭್೔ߢ =
ߨ2
ߣ

cos ߰
ߠ߂

sin ௌଵߠ
=

ߨ2
ߣ

ୄܤ

ܴு sin ௌଵߠ
, (12) 

Δߠ =  ௌଵ is the difference in look angles of the twoܴ/ୄܤ
Harmonies in the across-track plane, which equals the ratio 
of the across-track, perpendicular baseline ୄܤ component 
of the baseline between the two Harmony satellites (Figure 
1) and the Sentinel-1 range ܴௌଵ. ߰ is the squint angle be-
tween the line of sights of Sentinel-1 and Harmony. For a 
flat earth geometry, this can be further simplified using the 
Harmony range distance ܴு = ܴௌଵ/ cos ߰. An important 
step in this simple solution comes from the fact that the in-
terferometric phase dependence on height is derived from 
the sensitivity to the elevation direction, which is orthogo-
nal to the range and Doppler directions, i.e., it is the same 
elevation direction for Harmony XTI as for an equivalent 
Sentinel-1 zero-Doppler interferometer.  
The conversion from free-space vertical wavenumber ߢ௭್೔ 
to vertical wavenumber in the volume ߢ௭௏௢௟್೔  is similar for 
Harmony as in the monostatic equation in (6) using the 
free-space ߠௌଵ and refracted incidence angle ߠோೄభ of Senti-
nel-1. Also, the refracted squint angle ߰௥ೞ೜ has to be con-
sidered. 

݇௭௏௢௟್೔ = ݇௭್೔√߳
cos ߰௥ೞ೜

cos ߰
cos ௌଵߠ

cos ௌଵೝߠ

 . (13) 

This solution is used in the following simulations. 

4.3 Bistatic Volume Decorrelation Model 
The bistatic model of the volume decorrelation ߛ௩௢௟್೔ for a 
uniform volume has to consider the squint factor ௦݂௤ when 
using extinction or penetration length to accommodate the 
correct relationship to the vertical dimension of ߢ௭௏௢௟್೔ . Al-
ternatively, it can be also expressed in terms of the bistatic 
penetration depth ݀௕௜, without squint factor,  

௩௢௟್೔ߛ =
1

1 +
݆ cos ௥ೄభߠ ௦݂௤ߢ௭௏௢௟್೔

௘ߢ2

=
1

1 +
݆݀௕௜ߢ௭௏௢௟್೔

2

. (14) 

Figure 5 illustrates the coherence, phase and penetration 
depth of a monostatic zero-Doppler interferogram and a bi-
static Harmony interferogram, assuming a common 2-way 
penetration length of 5 m and enforcing equal interferomet-
ric sensitivity to penetration length. This means, the mono- 
and bistatic vertical wavenumbers are adjusted in way that 
results in the same interferometric phase for the same path 
length in the volume for both cases. This equal sensitivity 
to penetration length leads to a difference between the ver-
tical wavenumbers of factor ௦݂௤. 
This comparison illustrates the understanding that mono-
static and bistatic coherence (Figure 5, left) and phase 
(Figure 5, middle) are identical w.r.t extinction or penetra-
tion length, but differ w.r.t penetration depth (Figure 5, 
right), for the case of common penetration length and com-
mon interferometric sensitivity to penetration length. Then, 
coherence and phase are equal and the difference is only in 
the conversion to depth. For the Harmony geometry, the 
bistatic penetration depth is less than 5% smaller than the 
monostatic penetration depth for free-space propagation. 
The difference is even less for ߝ > 1. Figure 5 right shows 
a deviation between two-way penetration depths (thin dot-
ted lines, also shown in Figure 4) and phase center depths 
(i.e. penetration bias) at smaller incidence angles, which is 
a known effect for increasing perpendicular baselines 
[14][15]. 
The above model formulation holds for the case of con-
stant, isotropic signal extinction, based on the interferomet-
ric decorrelation along the propagation path through the 
volume, which leads to the described differences in pene-
tration depth between mono- and bistatic scenarios.  

Figure 5  Coherence magnitude (left), phase (middle) and phase center depth (right) for a bistatic and monostatic geometry 
over Sentinel-1 incidence angle assuming an equal 2-way penetration length of 5 m for both monostatic and bistatic cases. The 
sensitivity to extinction and penetration length is equal, hence the vertical wavenumbers differ accordingly. The horizontal 
baseline of 100 ݉ leads to 0.05 < ௭௏௢௟ߢ < 0.013 assuming ߝ = 2.0. 
 



However, this should not be confused with the general vol-
ume decorrelation relationship, which is based on the real 
physical depth of scattering contributions ߪ௩(ݖ). Here, the 
relationship stays the same as in (4) except for the differ-
ence in the calculation of the vertical wavenumber.  

௩௢௟್೔ߛ = ݁௜௞೥௭బ
∫ ଴ ݖ௜௞೥ೇ೚೗್೔௭݀݁(ݖ)௩ߪ

ିஶ

∫ ଴ ݖ݀(ݖ)௩ߪ
ିஶ

 (15) 

Assuming an identical vertical scattering profile and iden-
tical vertical wavenumbers for a monostatic and bistatic in-
terferometric geometry, would lead to the same coherence 
and phase, but the bistatic signals would then experience a 
longer propagation path in the volume (larger penetration 
length, smaller extinction). This is illustrated in Figure 6, 
where penetration depth and vertical wavenumber are 
equal for both mono- and bistatic, but this requires a larger 
bistatic penetration length (Figure 6, right). This is differ-
ent to the idea illustrated in Figure 5, where the interfero-
metric sensitivity to extinction and penetration length is 
identical, but with the resulting difference in vertical wave-
number and penetration depth.  

5 Conclusion and Outlook 
The Harmony mission will produce InSAR elevation meas-
urements of glaciers and ice sheets that are affected by the 
elevation bias due to signal penetration. This paper demon-
strates how the effect of the bistatic geometry, with signif-
icant squint angles between transmitter and receiver, on 
this penetration bias can be accounted for. It follows that 
the established uniform volume model inversion of the co-
herence magnitude [14][15][16], cf. eq. (8), can be equally 
applied to the bistatic Harmony geometry to estimate the 
penetration bias on individual interferograms. Only the 
conversion to depth differs as shown. In fact, it is planned 
that the penetration bias will be corrected in terms of its 
phase, during the generation of the DSM. Range shifts will 
be accounted for accordingly [22]. 
So far, this was derived under the assumption of constant, 
isotropic signal extinction. Future work will address the 
impact of non-isotropic extinction by considering effects 
of bistatic scattering from snow, firn and ice. Due to the 

lack of experimental data at such bistatic angles, the inves-
tigations will be conducted through modelling of the ca-
nonical scattering elements.  
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