IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 5, MAY 2003 939

lonospheric Effects on SAR Imaging:
A Numerical Study

Jun Liu, Yasuo KugaSenior Member, IEEEAkira Ishimary Life Fellow, IEEE Xiaoqing Pi, and
Anthony FreemanFellow, IEEE

Abstract—There has been an increasing interest in the use of as possible mitigation techniques must be investigated before
spaceborne very high frequency ultra high frequency (VHF-UHF) deploying a VHF-UHF SAR in space.
synthetic aperture radar (SAR) for measuring forest biomass and In our previous analytical study [2], a homogeneous layer of

for detecting underground facilities. The propagation charac- tant elect d itv for the i h ) d.Th
teristics of the low-frequency electromagnetic wave are severely constant electron density for the lonosphere Is assumed. 1he av-

affected by the ionosphere. Recently, Faraday rotation effects and €rage electron density is specified, and the irregularity of the
SAR image degradation have been studied using an analytical ionosphere is given by a two-parameter spectrum. The SAR
model and a homogeneous ionosphere. In this paper, a numericalimage resolutions were then obtained by computing the 3-dB
model is developed to investigate the SAR image degradation ;g of the second order of the ambiguity function. Results

caused by an inhomogeneous ionosphere. Both horizontal and. dicat bstantial ch . imuthal lution for th
vertical structures of the ionosphere are considered in this model. Incicate a substantial change In azimuthal resolution for the

Three different cases are studied. The first is a vertically homoge- UHF-band SAR system, while the change of range resolution
nous ionosphere, where the simulation condition is the same asis negligible. However, the real ionosphere is not uniform and
in the analytical study by Ishimaru and others. The second is a has both small- and large-scale structures, mostly due to iono-
vertical profile, which is introduced using the Chapman formula. spheric dynamical processes, plasma instabilities, and the cou-

The ray-bending effect is added for the ionosphere with a layered ling bet . h h h d i h
structure. Finally, both the vertical profile in electron density and ~ P'INg DEWEEN 1onosphere, thermosphere, and magnetosphere

the horizontal gradient in total electron content are considered [3]-[5]- Two factors may affect the SAR imaging: 1) ambient

in the simulation. Simulation results show good agreement total electron current (TEC) on large spatial scales greater than
with the theoretical analysis under the same conditions of the gz few hundred kilometers, and 2) irregularities on scales from
ionosphere. When both horizontal and vertical structures and a few meters to a few tens of kilometers. The former can have

the inhomogeneity of the ionosphere are considered in the model,I dient and t h in th torial |
the simulation result shows further image degradation and shift arge gradient and curvature, such as in the equatorial anomaly

caused by the ray-bending effect. The simulation results also show region, while the latter can occur mostly in the equatorial and
the strong frequency dependence of the SAR image resolution.  auroral regions (less frequently at middle latitudes).

Index Terms—onospheric electromagnetic propagation, remote QU Prévious study also assumes that the ionosphere is ver-
sensing, synthetic aperture radar (SAR). tically uniform, but in reality, the electron density varies with
height and its peak value appears at around 300-km altitude. The
vertical structure of the ionosphere introduces a ray-bending ef-
fect which causes both image degradation and image shift. In

HERE HAS BEEN an increasing interest in the use dgfddition to the random variation of the electron density, a hori-

spaceborne very high frequency ultra high frequeng@ental total electron content gradient may also exist within the
synthetic aperture radar (VHF-UHF SAR) for measurin§AR aperture.
forest biomass and for detecting underground facilities which In this paper, a numerical model is developed to evaluate these
requires the use of longer wavelengths for enhanced foliagetential effects. The horizontal structure is described using a
and ground penetration [1]. SAR provides high-resolutioiwo-parameter spectrum. As for the vertical profile, three dif-
images by coherently processing the signals returned from feeent cases are studied. First, a vertically homogenous iono-
ground. Perturbations in the signal propagation path, includisghere is considered. The simulation condition is the same as in
the ionosphere and troposphere, lead to phase change withianalytical study. The purpose of this case is to compare sim-
the effective aperture of the system. This phase perturbatigiation results with analytical results and determine good agree-
caused by the irregularities of the refractive index structureent. Second, a vertical profile is introduced using the Chapman
of the ionosphere will be particularly severe at VHF-UHFormula. The ray-bending effect is added for an ionosphere with
frequency and will distort the SAR image. These effects as walllayered structure. Third, both vertical profile and TEC slope

are considered in the simulation.

I. INTRODUCTION
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SAR _ O I o __ By combining (1)—(4) and using = Ydown = tup, WE can
obtain
B 1 [, ,exp (2'2 J Bds —i%22rq,, + 21/;)
Tonos x(r, ro)—zn: 27r/ul(w) (47r1"n)2 o

S

®)
3 ‘1:’:?\('/", f(w) can be expanded about the carrier frequengy
1')’\4?/”\"’\\ B) = Blen) + (@ — o) (o) + U2 ") (@)

5
N

Ground where the first, second, and third terms are related to free-space

propagation, group delay, and pulse broadening given in (9),
Fig. 1. SAR flight path and ground target. (10), and (11), respectively. The input pulsgt) is usually

a chirp signal. Using the Gaussian approximation, the Fourier
constructed within the plane formed by the satellite track afgnsform ofu;(t) can be expressed as [9]
the wave propagation path. We assume the equivalent aperture 9
size of the SAR system is 10 km, the data sampling distance (w) = \/Eexp l_w
along the flight path is 100 m, the number of sampling points Q da

is 100, the altitude of the satellite orbit is 400 km, and the SAR . T . B
look angle is 60. These parameters are based on the preliminary a=ap+ior = aTe + 4T, 7
study of proposed UHF-band SAR by the Jet Propulsion Labo- ) ) ) )
ratory (JPL). The length of the ground to be observed is 1000 WhereB is the bandwidth and is the pulse duration.
The data sampling distance on the ground is 10 m, which gives! hen the signal observed at theh position is given by
the number of sampling points to be 100. Fig. 1 shows the struc- 1
ture of the model. The Chapman formula will be used to describe Xn (Tn; Ton) = 2P (i®o(wo))
the vertical profile of the ionosphere. A horizontal electron den- (47
sity perturbation is given by the two-parameter spectrum [2], . /exp (Z‘(w_wo)(pl_(w_wo)?%)dw (8)
[8]- The details will be discussed in the following section. "
Do (wo) =22 (1 —Ton —d;) +20(wo) di +2¢) 9)
I1l. FORMULATION 9 ¢ ) 1

The numerical model presented in this paper is based on the P1(wo) = £ (rn=ron)+2 {ﬂ (wo) = E] di (10)
analytical model published in our previous paper [2]. Therefore, QR oy
we will only briefly describe the analytical model. (wo) = 2o — i (wo)ds (11)
A. Formula Used for Analytical Study whered; = [ ds the ionospheric thickness along the path, and

determines the azimuthal resolution. The group delay is rep-

'.A‘S a starting point, we assume th? |onosphere IS Vert'caﬁgsented by, and®, represents the pulse broadening. Finally,
uniform, and the random fluctuation is specified by the twaq; . ot L
he generalized ambiguity function is given by

parameter spectrum of the refractive index fluctuation [7], [8].
In the analytical study, the SAR image characteristics are given 1 .
by the first- and second-moments of the generalized ambigu?f)gr’ ro) =) (drrm)? exp (1%o(wo))
function (system point target response) which is given by "
. /eXp (z(w —wo)P; — (w— w0)2<1>2> dw. (12)

x(r,10) = Z%/gn(wﬁn),’;(w,mn)dw )

The SAR image resolution and shift can be obtained from the

where first and second moments of (12) [2}.represents the random
Tn(w, 7)) =T (w)Go(w, ) ) fluctuation of the |onosphe_re _and can be e_xpressed in terms of
— . w the spectrum of the refractive index fluctuation and the structure
Jn(w,ron) =i(w)exp (7;27"071) (3  function [10].
-~ I.2 d 1 own 1 u . . .
Go(w,m) = exp(i fﬂ(z + l/;‘; +¢ p). (4) B. Model for Numerical Simulation
T n

In the numerical model, the random fluctuation of iono-
Equation (1) is expressed in the frequency-domain,@and spheric density affects the propagation constatitat contains
G,, andf, are the Fourier transform of the input signal, Green'the random perturbation in refractive index For a given
function, and matched filter function, respectively. The propa&lectron density profile, we need to calculate the phase shift
gation constant along the electromagnetic wave paff(dis, using 3 along the EM wave path. Therefore, the numerical
andy4own andyy,, are the down- and up-path complex phassimulation involves three steps. First, the electron density
fluctuations due to the ionospheric turbulence. profile must be specified. Second, the refractive index along
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Fig. 2. An example of vertical TEC map over the United States and adjacent
regions. The map was produced in real time on April 6, 2000, at JPL using GPS
data measured from a regional ground receiver network. Ten degrees in latituddo0 generate an electron density profile numerically, a

corresponds to 1180 km in an ionospheric altitugd Q0 km) approximately. sequence of normally distributed random numbers is used in
the phase of the profile spectrum. The profie = f(z,)
the signal path must be calculated. Third, the SAR image migtrelated to the 1-D discrete Fourier transform of the profile
be formed for a given ionosphere profile. spectrum as described in the following equations:
Fig. 2 is an example of a TEC map produced by the JPL using

o (N/2)—1
dual-frequency global positioning system (GPS) data collected 1 .
from a regional ground-GPS receiver network. The map repre- fw) = L Z F(Kn) exp(iKnz) (18)
sents vertical TEC (altitude integration of electron densities) up n=-N/2
to the orbit height of GPS satellites. The map shows horizontghere
gradient structures that can occur under disturbed space weather
conditions. In addition to the large-scale structures shown inthe F(K,) =+/2rLV (Ky)
TEC map, small- and medium-scale (meter to kilometer) elec- % [N(0,1)+iN(0,1)], n#0,N/2
tron density and TEC irregularities can also occur [3]. Since the ' { N(0,1), n=0,N/2
SAR aperture size is on the orderldfometers it is also nec- 2
essary to investigate the possible impact on the SAR imaging Ky = I i=v-1. (19)

caused by this TEC gradient within the radar aperture.

To generate random fluctuations of electron density, we will IV (0, 1) denotes a sequence of normally distributed numbers
use the technique developed for a random surface generatiorfdf.1] with zero mean and unity standard deviatifns a total
the numerical simulations of wave scattering from rough sufength of a profile. It can be seen that the two-point statistics are
faces [6]. This method uses the spectral density of the rand§fverned by the magnitude of the Fourier spectrum which fol-
surface to generate a surface profile which obeys a desired §4¢s the profile spectruni (), and the one-point statistics are
tistical function. Because a two-parameter spectrum was ugiyerned by the random modulation in the phase of the Fourier
in our analytical paper, we will generate an electron densi efficients. The profile is a series of real numbers; therefore,
profile with the same spectrum. The two-parameter spectriff Phase of the Fourier coefficient must satisfy the following
in three-dimensional (3-Dy space is given by [2], [8] requirements

A F(K,) = F*(-K,). (20)
Oy(k) = ————, for k < Ky (13) ) ) ] ) )

(k2 + k2] Fig. 3 shows a typical profile generated with this method. In
this model, the average peak electron density of the ionosphere
is set to10'2 el/m®. The average vertical TEC, electron density

9 91v2—v1 | 9 91 —v2 integration up to a typical SAR orbit altitude (set to be 400 km

O (k) = Alrg + it [o +57] 7, above ground in this study) is set to 5 TECU where TEEU
for k> ry Ky = 2 Ky = 2r (14) 10'° el/m”. One realization has 100 points along the satellite
Ly, Lo track with 100 m per point. In our previous analytical studies, we

wheres; is a break wave numbek is outerscale 10 kn¥;, is
breakscale 500 n2v; = 3.5; and2v, = 5.5.

Our numerical simulation requires a two-parameter spectr
expressed in one-dimensional (1-B)space. The relationshi
between a 1-D and 3-D spectrum is given by [10]

1 9V(k)

P (k) = 2tk Ok

(15)

assumed that the ionosphere is vertically uniform to simplify the
analysis. The actual ionosphere, however, has a vertical profile
which must be included in the numerical simulations. We use

YAk Chapman formula to describe the vertical electron density
P profile of the ionosphere [8]. A typical daytime electron density

N, profile is given as

_ h_Hmax

21
Hscale ( )

z
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Then the index of refraction for both ordinary and extraordi-
S A 7 nary modes for each layer can be expressed as [2]
08 I i I I i i i I i X
0 10 2 30 40 50 6B 70 60 S0 100 n?—1=— (23)
SAR positions (x100m) U+ Y,? Y,* Ly
z
2(X -0U) 4X =U)?

Fig. 3. Horizontal electron density profile generated using the two-parameter
spectrum. Average peak value 10'2 el/m*. Average TEC= 5 TECU and 9, o
perturbation = 10%. lonosphere thickness: 50 km. TEC = (average WhereX = w,”/w?Y = eugHg./mew; Y, =Y cosb; Y, =
electron density} (ionosphere thicknes§JECU. TECU= 10'° el/m?. Ysin;U=1-— jv/w; v is the collision frequencym. is the

mass of the electrony, is the permeability of the free space; and

400 the plasma frequency is given ag = 27f, = 2 x 8.98 x
350 (N.)"%.
The last step is to describe the generalized ambiguity function
300 in the numerical model. The random fluctuation of the iono-
sphere affects the propagation constarhat contains the re-
250 fractive index fluctuatiom. For a given electron density pro-
g file, we need to calculate the phase shift usirgong the signal
< 200 path.
7@ We now express (4) as
T 150
, — exp(:2 | Bds
100 : Go(w, ) = #2) (24)
; (47ry)
50 Therefore, (5) will be modified as
i i i i ] i i i . sw
% o5 1 15 2 25 3 35 4 45 x(rre) =Y 1 T(w)Qexp (i2 [ Bds — i%2ro,,) o
Electron density (eVm3) 10" ’ o ¢ (47r,)?
(25)
Fig. 4. \Vertical electron density profile up to the assumed SAR altitudgngd (9) becomes
generated using the Chapman formula.
wo
and (0] =2— n—"T0n— Ad; 2 i Ad;.
o(wo) o | o i=21:m + i;mﬂ (wo)
Ne = Nuaxexp (0.5(1.0 — z — e7%)) . (22) ’ ’ (26)

. . . Finally, the generalized ambiguity function is given b
H,,.. is the height wheré/, has maximum valued,... deter- y g guity 9 y

mines the sharpness of the shafig,., = 350 km andd ., =

50 km are used in our simulations. Fig. 4 shows the vertical x(r,ro) =3 ()2 0 (io(wo)) 27)
electron density generated by the Chapman formula using these " '
parameters. wherem is the number of layers in which the ionosphere is

The next step is to calculate the refractive index profile fromiivided; 3; is the propagation constant of tktl layer; andAd;
a given electron density profile. Because of the presenceisthe thickness of each layer.
the earth’s geomagnetic field, both ordinary and extraordinarylt should be noted that the process described in this section
modes with a different index of refraction will be present withinvill generate a SAR image for one realization of the ionosphere.
the ionosphere. To simplify the problem, we assume the waVe obtain the statistical data and SAR image, more than 100
is propagating in the direction and the geomagnetic fielfl;. realizations must be computed for the given average TEC and
is in they—z plane as shown in Fig. 5 [8]. perturbation values.
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Fig. 6. Case 1. Comparison between theoretical and numerical results. SAR. 7. Case 2. Comparison between theoretical and numerical results. SAR
frequency is 500 MHz. Average TE€ 5 TECU and 5% perturbation. frequency is 500 MHz. Average TEE 5 TECU and 10% perturbation.
10 TECU 5% perturbation, Simulation w 100 realizations
IV. CASE STUDIES 1 T . T T — T . I
prtl ¢ | — aTheoretical
Numerical simulations are conducted for three differer og}------i------1------- beenmehenees Me--odi-d — b Vertical uniform 1
H H H ! i t | = - cVertical profile

cases. The vertically uniform profile is used for comparisc
with the analytical study. The ionosphere with a vertical profil
and slant TEC slope profiles is for more realistic cases.

o
~

2
m

A. Vertically Uniform Electron Density Distribution

The main purpose of this case is to verify the numerical mod §
by comparing it with the previous analytical calculations. In oU's 0.4
analytical studies, a homogenous layer of constant electron d g
sity for the ionosphere is assumed. The average electron den €
is specified, and the irregularities of the ionosphere are given 0.2
the two-parameter spectrum. The SAR image resolutions we
then obtained by computing the 3-dB width of the second-ord : ' , : : : : : :
moment of the ambiguity function. It is expected thatunder tt 0 ——o5~>m 300 20 510 600 700 600 900 1000
same ionospheric conditions, the simulation results should h¢ ground position (m)
good agreement with the analytical results.

The ionosphere is specified by a uniform 50-km-thick slalsig. 8. Case 3. Comparison between theoretical and numerical. SAR
The average electron density at each point within this slabfigauency is 500 MHz. Average TE€ 10 TECU and 5% perturbation.
constant. The entire ionosphere acts as one layer and, therefore,
there is no ray-bending within the ionosphere. In the numerid&0st the same as the free-space image resolution indicating the
model, however, the uniform ionosphere is divided into marffnall effects of the ionosphere. Increasing both average TEC
vertical layers. Each layer contributes to the image distortiéd perturbation values, however, will result in a substantial
and the effects must be added together. The image is formeddgg@radation of the image resolution as shown in Figs. 7-9. The
coherently summing signals from each SAR sample point. Values used in Fig. 9 (TEG 10 TECU, TEC perturbation-

Figs. 6-9 show SAR images of four different numerical rel0%) are not unusual during the day time. It is obvious that the
sults is due to the slow convergence of the averaging procésdB spread of 480 m shown in Fig. 9 will be unacceptable for
sionosphere conditions. The solid line in each plot corresponf@@st practical SAR imaging situations.
to the analytical result. The dashed line represents the numer-
ical result for an ionosphere with a uniform vertical structurd-
Also shown are the numerical results with the vertical electron The purpose of studying an ionosphere with a vertical pro-
density profile which will be discussed in the following sectiorfile is to simulate more realistic cases and also to analyze the
In all cases, the numerical results of the uniform ionosphere aeg-bending effects [11]. The vertical profile is specified by the
close to those of the analytical results indicating the validity @hapman formula and shown in Fig. 4. The ionosphere is verti-
our simulations. The fluctuation in the . The 3-dB image resoleally sliced into many layers, and the index of refraction of each
tion of Fig. 6 (TEC= 5 TECU, TEC perturbatios= 5%) is al- layer is calculated from the electron density. Because the index

d intensity

05

0.1

lonosphere With Vertical Profile
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Fig. 9. Case 4. Comparison between theoretical and numerical. S/

frequency is 500 MHz. Average TEE 10 TECU and 10% perturbation.

TABLE |

SAR IMAGE RESOLUTION FORDIFFERENT CASES ANALYTICAL , VERTICAL

UNIFORM, AND VERTICAL PROFILE
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Image shift due to raybending (10% perturbation)
14 -

12 =

)

oo

Image shirt (m)
(23]

Py

[

D T T T l
7.5 10

TEC (TECU)

Fig. 11. Image shift due to ray-bending for different TEC. SAR frequency is
500 MHz. Ten percent perturbation is assumed.

5 TECU, 10% perturbation, vertical profile (hscale=50km), 100 realizations

I
a J00MHz

Case 1 Case 2 Case 3 Case 4
N 5 TECU 5 TECU 10 TECU 10 TECU
Dy 5% 10% 5% 10%

a b c a b c A b c a b c
Wiga(m) | 5 5 5 150 | 160 | 200 | 140 | 160 | 200 | 480 |480 |520

Note: N: TEC, Dy: TEC perturbation, Wiqg(m): 3 dB spread.

f=500 MHz, 5TECU, 10% Perturbation, vertical profile
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Fig. 12. SAR image resolution in the ionosphere for different operating
frequency. Average TEE 5 TECU and 10% perturbation.

an ionosphere with a vertical electron density profile. In gen-
eral, the effect of the vertical profile compared to the uniform

case is small. Table | summarizes the simulation results of four
TEC cases.

Without the TEC perturbation, the ray-bending does not
create SAR image degradation because each individual path
goes through an ionosphere that has the same vertical refraction
index distribution. However, when the TEC perturbation is
added to the model, the refraction index distribution of each
signal path will be different. Consequently, the phase shift
caused by the ray-bending effect for each path will also be

Fig. 10. PDF of path length change due to ray-bending with TEC perturbatielifferent. Fig. 10 shows the probability density function (pdf)
(one-way only). SAR frequency is 500 MHz. Average TEE 5 TECU and  of the path length change with respect to that of the straight ray

10% perturbation.

along the SAR aperture. The ray-bending creates an average
change of 5.17\. In addition, the ionosphere perturbation

of refraction changes along the signal path, ray-bending duewdl create a standard deviation of approximately 0.082
refraction at boundaries occurs. This ray-bending will be an aflhe variation in path length among the received signals will
ditional cause of SAR image degradation and image shift. Thrgroduce phase incoherency, and therefore, degrade the SAR
dashed-dotted line in Figs. 69 represents simulation results fmage resolution. Without the TEC perturbation, the same pdf
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Fig. 13. Horizontal electron density profile with2 TECU/10-km slope. The Fig. 15. Image shift. Horizontal TEC profile with different slopes. SAR
Chapman formula is used for a vertical profile. Average TEG TECU and  frequency is 500 MHz. Average TEE 5 TECU and perturbatior= 10%.
perturbation= 10%.
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F!:ig. 16. Image shift versus TEC gradient. SAR frequency is 500 MHz.

Fig. 14. Image shift. Horizontal TEC profile with 2-TECU/10-km slope. SA Average TEC= 5 TECU and perturbation: 10%.

frequency is 500 MHz. Average TE€ 5 TECU and perturbatios: 10%.

shows a single peak at 5.1Vas expected. The ray-bending® lonosphere With Slant TEC Slope
effect also causes an image shift in range direction. Fig. 11A typical TEC map shown in Fig. 2 indicates that a large
shows that the expected image shift will be less than 10 m fecale TEC gradient can exist within the SAR aperture. To
TEC perturbations assumed here. The image broadening in itheestigate the possible impact of the TEC slope as well as the
range direction is negligible, as it has been pointed out that thEC perturbation and vertical profile on the SAR imaging,
standard deviation is on the order of YO range [2]. a horizontal TEC gradient is added to the model. Both pos-
Based on the previous study, it is known that the SAR imagfive and negative gradients are studied, and these cases are
degradation is usually negligible above 1 GHz, but the effectbown in Fig. 13. Fig. 14 shows the result for the case with a
become critical below 500 MHz. Fig. 12 shows SAR images fqositive TEC gradient with the average TEE€ 5 TECU and
frequencies from 0.3—-1 GHz for relatively small TEC value$EC perturbation= 10%. The TEC gradient introduces an
(average TEC= 5 TECU, TEC perturbation= 10%). The image shift, and the direction of the image shift depends on
impact of the ionospheric variations on the SAR image re#lie sign of slope. Fig. 15 shows the image for three different
olution decreases to a negligible level for frequencies aboskpes: 1) TEC slope= —0 TECU/10 km, 2) TEC slope=
600 MHz. We also note that there exists a sharp transition fror2 TECU/10 km, and 3) TEC slope: —4 TECU/10 km. The
400-600 MHz which is in good agreement with the analyticaxpected image shift for different TEC gradients is shown in
studies [2]. Fig. 16. An image shift of 100 m is possible for a relatively
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quiet ionosphere (average TEE: 5 TECU and 10% TEC [4] M. Mendillo, J. Baumgardner, X. Pi, and P. Sultan, “Onset conditions
perturbation). for equatorial spread FJ. Geophys. Resvol. 97, p. 13865, 1992.
[5] J. Aarons, “The longitudinal morphology of equatorial F-layer irreg-

ularities relevant to their occurrenceRadio Sci. vol. 30, p. 631,
V. CONCLUSION AND DISCUSSION 1993.

. . . [6] E.I. Thorsos, “The validity of the Kirchhoff approximation for rough
The results presented in this paper clearly show that the inho=" gyrface scattering using a Gaussian roughness spectiutdust. Soc.

mogeneous hature of the ionosphere must be included when es- Amer, vol. 83, no. 1, pp. 78-92, 1988.
timating the SAR image degradation below 500 MHz. Becausel?] S- Quegan and J. Lamont, “lonospheric and tropospheric effects on syn-
C e repp . . . thetic aperture radar performancdiit. J. Remote Sensingol. |, pp.
it is difficult to include the spatial and temporal variations of the 525539 1986.
ionosphere in an analytical model, development of an accuratgs] K. C. Yeh, C. H. Liu, and S. J. Franke, “Manifestations of multiple
numerical model will be essential. The model presented in this ~ Scattering characteristics in transionospheric radio signal/titiple

- . . . Scattering of Waves in Random Media and Random Rough Surfaces
paper includes bOth _honzgntal and Vert.lcal profiles. The numer- V. Varadan and V. K. Varadan, Eds.  University Park, PA: Pennsylvania
ical model was verified with the analytical results for a homo- State Univ. Press, 1986, pp. 291-310.

geneous ionosphere. In addition, the simulations results indicaté] S. E. El-Khamy and R. E. Mcintosh, “Optimum transionospheric
the foIIowing pulse transmission[EEE Trans. Antennas Propagatol. AP-21, pp.
' 269-273, Mar. 1973.
* When a vertical structure of the ionosphere is considered10] A. Ishimaru, Wave Propagation and Scattering in Random

further image degradation and image shift will be caused, | ﬁ”efia YF’}i(SCé‘ta"X\a{r E,Ji IEEE Péeis'plgm- Simulations of |

. . LU, Y. Kuga, A. Isnimaru, an . Freeman, Imulations ot 1ono-
by the ray_—bendlng effect. spheric effects on SAR at P-band,” Rroc. IGARSSHamburg, Ger-
* Ray-bending causes an average path length change of many, July 1999.

5.17A(f = 500 MHz) and image shift of 6 m for an iono-
sphere with average TEC (5 TECU) and 10% variation.

* In the presence of the TEC gradient within the SAR aper-
ture, the image shifts in the azimuth direction can be 20 m
for 1 TECU/10 km and up to 120 m for 4 TECU/10 km.

* The SAR image degradation caused by a structured iono-
sphere shows strong frequency dependence. The impact
of the ionospheric variations on the SAR image resolu-
tion decreases to a negligible level for frequencies abo
600 MHz. The frequency range from 600-400 MHz i
a transition zone where image resolution degrades d
matically as frequency decreases. Our example shows
3-dB image width increases from approximately 20 m
600 MHz to 420 m at 400 MHz (Fig. 9).

« lonospheric effects are negligible for an ionosphere wit Wosror Wroaes o e o er
low average TEC (less than 5 TECU) and low perturbatic.. 1999 to 2002, he Work(fd as a Network Engineer at
(less than 5%). Metawave Communications, Redmond, WA. His research interests include

one methOd to aYOId the SAR I.mage degra.datlon.ls to COI|e§¢$§tgin%ag;;g%zc.attermg, wireless communications, radio frequency systems,
data during the period when the ionosphere is relatively stable.
The simulation results indicate that for a small TEC value and
perturbation, such as the case with 5 TECU (integrated from
the ground to 400-km SAR altitude) and 5% perturbation, the
image degradation and the image shift are not significant. To
mitigate the SAR image degradation, it may be necessary to
obtain detailed information of the structure of the ionosphere.
Although we have not studied a method to compensate for the
ionospheric effects on SAR, the numerical model presen
in this paper will be useful for testing different mitigatio
techniques.
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