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Abstract—A novel detection for stealthy target model F-117A 
with a higher aspect vision is introduced by using Stratospheric 
Balloon - borne Bistatic radar system. The potential problem of 
proposed scheme is platform instability impacted on the balloon 
by external wind force. The flight control system is studied in 
detail under typical random process, which is defined by Dryden 
turbulence Spectrum. To accurately detect the stealthy target 
model, a real Radar Cross Section (RCS) based on physical optics 
(PO) formulation is applied. The detection of proposed scheme 
has been improved due to increasing PO – scattering field of 
stealthy model with higher aspect angle comparing to the 
conventional Ground -based system. Simulations demonstrate 
that proposed scheme gives much higher location accuracy and 
reduces location errors. 

Keywords-stealthy RCS;bistaic balloon-borne radar; PO 
method 

I. INTRODUCTION 
The complexity of stealth target detection is not only 

related to the target itself, but also influenced by the 
electromagnetic environment [1]. The countering-stealth 
technologies are increasingly relevant, and research in this 
field is ongoing around the world. Stealth technology mostly 
focuses on defeating conventional ground-based detection 
radar. Thus, the success of counter stealth endeavors is 
focused mostly on novel and unique air defense infrastructure 
configurations. The Radar Cross Section (RCS) is an 
important evaluation criterion of aircraft's stealthy 
performance, the envelope of the backscatter from stealthy 
target varies rapidly with aspect angle. The shaping of stealthy 
objects to reduce the backscattered energy towards the radar is 
believed to be less effective when bistatic radar is used [2]. 

Several researches deal with improving stealthy target 
detection and tracking based on Ground–based bistaticor 
netted radar system [2-4]. Theses researches didn’t evaluate 
Bistatic radar sensitivityand performance of stealthy target 
with a higher aspect vision. Since the Bistatic radar system 
might be mounted onhigher altitude platforms to achievea 
larger probability of detecting stealthy target, the Bistatic radar 
sensitivity will be improved due to increasing the scattered 
field of stealthy target with higher altitude.  In this paper, we 
investigate a novel technique for stealthy target detection 
based on Balloon–borne bistatic radar system. The stations are 
positioned in the stratosphere about 21 km above the Earth and 
kept stable in a sphere of radius of 0.5 km [5]. To achieve high 
location accuracy for stealthy target, the proposed scheme uses 

a physical optics method (PO) to predict the real RCS of 
stealthy target. This willbetter represent the actual situation of 
the stealthy target detection.One of the open research issues is 
whether the platforms positional instability due to sudden 
gusts of stratospheric winds. In the aerospace field, the study 
of turbulence effects is of fundamental importance in a lot of 
different aspects [6]: such as improvements of the 
aerodynamic and structural analysis, prediction of expected 
behavior of a balloon-borne platform under various levels of 
turbulence, evaluation of the stability of onboard sensing 
equipment, and so on. Numerous turbulence models are 
enumerated and described. The most commonly adopted 
model to study the impact of the turbulent wind gust on the 
balloon-borne is the Dryden model. According to this model, 
the atmospheric turbulence is modeled as a random velocity 
process added by balloon-borne velocity vector described in a 
body-fixed Cartesian coordinate system.  

The rest of this paper is organized as follows. In Section 2, 
we present balloon positional instability analysis and random 
wind mathematical model. Performance of the proposed 
scheme is evaluated via computer simulation in Section 3, 
followed by the conclusion in Section 4. 

II. BALLOON POSITIONAL INSTABILITY ANALYSIS  
The general dynamic equations of a stratospheric balloon 

platform are derived for flight over flat and non-rotating Earth, 
considering buoyancy, added mass and relevant conceptual 
design data of the stratospheric platform. To include the effect 
of jet stream as a moving wind field, the dynamic equations of 
motion can be derived in the relative wind-axes, inertial wind-
axes, or body-axes coordinate systems [7]. The relative wind-
axes system is more convenient than other coordinate systems 
because it expresses the wind-effect terms explicitly, bringing 
easier understanding. Fig. 1 illustrates the relationship between 
horizontal wind vector, airspeed velocity vector, and local 
(Earth-fixed) velocity of the platform. The wind-relative 
velocity vector is defined by airspeed 𝑉𝑉, flight path angle 𝛾𝛾, 
and heading 𝜓𝜓.  From Fig. 1, the inertial flight velocity with 
respect to the local ENU frame is determined as: 

𝑉𝑉𝐼𝐼 = 𝑉𝑉 + 𝑊𝑊 = 𝑥̇𝑥𝑖𝑖  𝑢𝑢 + 𝑦̇𝑦𝑖𝑖  𝑒𝑒 + 𝑧̇𝑧𝑖𝑖  𝑛𝑛                            
= 𝑉𝑉 sin 𝛾𝛾 𝑢𝑢 + (𝑉𝑉 cos 𝛾𝛾 sin𝜓𝜓 + 𝑊𝑊𝐸𝐸)𝑒𝑒 + (𝑉𝑉 cos 𝛾𝛾 cos𝜓𝜓 + 𝑊𝑊𝑁𝑁)𝑛𝑛        

= 𝑉𝑉𝐼𝐼 sin 𝛾𝛾𝐼𝐼 𝑢𝑢 + 𝑉𝑉𝐼𝐼 cos 𝛾𝛾𝐼𝐼 sin𝜓𝜓𝐼𝐼 𝑒𝑒 + 𝑉𝑉𝐼𝐼 cos 𝛾𝛾𝐼𝐼 cos𝜓𝜓𝐼𝐼 𝑛𝑛                         (1) 
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FIGURE I.  BALLOON VELOCITY IN WIND FRAMES UNDER 

EXTERNAL FORCES ACTING. 

The Dryden model is one of the most useful and tractable 
models for atmospheric turbulence [7]. To define it we need a 
body-fixed reference frame attached to the gravity centre of 
balloon-borne which moves with the target. The x-axis is on 
theposition of motion direction, y-axis is on position along the 
wings, and z-axis is perpendicular to the balloon-borne plane. 
Then, the turbulence is modeled by adding some random 
components to balloon-borne velocity defined in the body-
fixed coordinate system. An important consideration in this 
paper is the effect of steady-state horizontal winds. The 
horizontal wind velocity vector is defined as: 

𝑊𝑊𝐻𝐻 = 𝑊𝑊 𝑠𝑠𝑠𝑠𝑠𝑠 𝜓𝜓𝑤𝑤𝑒𝑒 +  𝑊𝑊 𝑐𝑐𝑐𝑐𝑐𝑐 𝜓𝜓𝑤𝑤𝑛𝑛= 𝑊𝑊𝐸𝐸 𝑒𝑒
+ 𝑊𝑊𝑁𝑁 𝑛𝑛                                                          (2) 

In Dryden model that continuous-time random processes are 
modeled as zero-mean, Gaussian-distributed processes whose 
PSD have analytic form given by [7]: 
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where𝑉𝑉0 is the gust wind speed in the balloon-borne system. 
The parameters 𝜎𝜎𝑒𝑒2 and 𝜎𝜎𝑛𝑛2depend on the level of turbulence 
to be simulated and are selected accordingly. Parameters 𝐿𝐿𝑒𝑒  
and 𝐿𝐿𝑛𝑛  are the scale lengths for the PSDs and depend on the 
flight altitude. The mean wind velocity at the altitude of 21Km 
varies between -15 to +I5 𝑚𝑚/𝑠𝑠. Fig. 2 shows the PSDs of (4) 
and (5) for 𝜎𝜎𝑒𝑒 = 𝜎𝜎𝑛𝑛 = 𝜎𝜎𝑤𝑤 = 15 𝑚𝑚/𝑠𝑠 , 𝐿𝐿𝑒𝑒 = 𝐿𝐿𝑛𝑛 = 533.54 𝑚𝑚  , and 
𝑉𝑉0 =  15 𝑚𝑚/𝑠𝑠. To reflect higher level of turbulence, the curves 
would be multiplied by the desired values of 𝜎𝜎𝑒𝑒2and 𝜎𝜎𝑛𝑛2. 

 
FIGURE II.  PSD OF DRYDEN VELOCITY PROCESSES. 

From (2) and (3), simulation model of wind can be written 
as: 
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where 𝑊𝑊1 is the transition variable for calculating the wind 
field model, 𝜉𝜉𝑒𝑒  and 𝜉𝜉𝑛𝑛  are the random variables subject to 
normal distribution 𝑁𝑁 (0, 𝜎𝜎𝑤𝑤2). The external forces acting on 
Balloon-borne platform include aerodynamic lift (L) and drag 
(D), thrust (T), weight (W) and buoyancy (B). We also 
consider a generic lateral force (N), which may be generated 
by any means,such as rolling the lift vector through a small 
angle, 𝜙𝜙, or applying lateral thrust. A free-body diagram of the 
forces in x-z plane is shown in Fig. 1. The equations of motion 
are described by equating the time derivative of the 
momentum vector with the sum of external forces. 

           ∑𝐹𝐹 =
𝑑𝑑
𝑑𝑑𝑑𝑑

(𝑀𝑀 𝑉𝑉𝐼𝐼)
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Finally, solving the simultaneous algebraic equations for the 
derivatives𝑉̇𝑉, 𝛾̇𝛾, and 𝜓̇𝜓, the force equilibrium equations can be 
represented as 

𝑉̇𝑉 =
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𝑤̇𝑤𝑤𝑤𝑤𝑤 = 𝑤̇𝑤𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐 𝛾𝛾 𝑐𝑐𝑐𝑐𝑐𝑐 𝜓𝜓 + 𝑤̇𝑤𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐 𝛾𝛾 𝑠𝑠𝑠𝑠𝑠𝑠 𝜓𝜓                  (7𝑎𝑎) 

𝑤̇𝑤𝑤𝑤𝑤𝑤 = 𝑤̇𝑤𝑁𝑁 (𝑠𝑠𝑠𝑠𝑠𝑠⁡𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠 𝛾𝛾 𝑐𝑐𝑐𝑐𝑐𝑐 𝜓𝜓 − 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓)                    
         +𝑤̇𝑤𝐸𝐸 (𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠 𝛾𝛾 𝑠𝑠𝑠𝑠𝑠𝑠 𝜓𝜓 + 𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 𝑐𝑐𝑐𝑐𝑐𝑐 𝜓𝜓)           (7𝑏𝑏) 

𝑤̇𝑤𝑤𝑤𝑤𝑤 = 𝑤̇𝑤𝑁𝑁 (𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠 𝛾𝛾 𝑐𝑐𝑐𝑐𝑐𝑐 𝜓𝜓 + 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓)                    
         +𝑤̇𝑤𝐸𝐸 (𝑐𝑐𝑐𝑐𝑐𝑐 𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠 𝛾𝛾 𝑠𝑠𝑠𝑠𝑠𝑠 𝜓𝜓 − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜙𝜙 𝑠𝑠𝑠𝑠𝑠𝑠𝜓𝜓)           (7𝑐𝑐) 

III. SIMULATION RESULTS 

A. Instability of Balloon- Borne Receiver According to Wind 
Speed Results 
For all problems considered, the ideal balloon position is 

fixed at (𝑋𝑋 = 150 𝐾𝐾𝐾𝐾, 𝑌𝑌 = 100 𝐾𝐾𝐾𝐾, 𝑍𝑍 = 21 𝐾𝐾𝐾𝐾)  from the 
ground-based transmitter. The balloon is initialized by flying 
at 1m/s airspeed. With solving the optimal control problems, 
we neglect the contribution from centripetal acceleration, 
assuming acceleration is constant in the ENU farm, with a 
magnitude of 0.029 𝑚𝑚/𝑠𝑠2 . The simulation displays the 
positional instability of the balloon- borne receiver according 
to the horizontal wind speed, taking 250 seconds of random 
wind as an example,𝜎𝜎𝑤𝑤  is of  15 m/s  shown in Fig. 3(a).  It is 
clear that the mean wind velocity at altitude of 21 𝐾𝐾𝐾𝐾 varies 
randomly between −15 to +15 𝑚𝑚/𝑠𝑠 . Fig.3 (b) shows the 
comparison between the ideal position and unstable balloon 
position in X-direction and Y-direction.  It is clear that the 
balloon suspends in the stratosphere about 21 𝑘𝑘𝑘𝑘 above the 
Earth and extends in a sphere of  0.5 𝑘𝑘𝑘𝑘 radius. 

 
(a) 

 
(b) 

FIGURE III.  SIMULATION OF RANDOM HORIZONTAL WIND 
SPEED AND THE COMPARISON BETWEEN THE IDEAL POSITION 

AND UNSTABLE BALLOON POSITION. 

B. Establishing theStealthy Target Model and Detection 
Results  
A stealth target model implemented by PO approximation 

is used todetect the RCS[8]. The scientific computational 
features of MATLAB and GUI functions provide an efficient 

calculation of stealthy RCS. Fig. 4(a) shows the geometry 
modeland scattersof stealth target F-117A in the range of (0 ≤ 
θ ≤ 360) and     (0 ≤ 𝜙𝜙 ≤ 360). Fig. 4(b) shows 3-D RCS of the 
stealth target inBistatic system. A comparison of 2-D 
bistaticRCS withindifferent aspect angle (θ) according to the 
altitude of bistatic receiver is demonstrated in Fig. 5 (a).We 
further assume that the incident wave is (θ-polarized), 
frequency is 3GHz and elevation angle takes two values (θ = 
80 and 120 degree) while azimuth angle (𝜙𝜙 ) between the 
horizon and observation directionvaries from (0 to 360 
degrees). It is clear that the RCS with a higher aspect angle in 
Balloon-borne radar is better than with lower aspect angles in 
ground –based bistatic system. Fig. 5(b) shows the (RMSE) in 
range of stealthy target detection. It shows thatRMSE of 
proposed scheme under instable position has been improved 
comparing to the conventional Ground-based radar by 
increasing scatterer RCS of stealth model withhigher aspect 
angle.Fig. 6(a) presents the contour plots of GDOP values for 
real stealth RCS in different radar geometrical structures. 
TheGDOP of Balloon-borne radar has been improved on 
conventional ground–based radar by higher aspect vision. Fig. 
6(b) show a comparison between tracking of stealth target 
using proposed scheme and the conventional ground system.  

 
FIGURE IV.  BISTATIC RCS OF THE STEALTHY TARGET 

BASED ON F-117A IN 3-D. 
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(a) 

 
(b) 

FIGURE V.  A COMPARISON BETWEEN THE (RMSE) OF STEALTHY 
TARGET DETECTION WITH PROPOSED SCHEME AND 

CONVENTIONAL SYSTEM. 

 
(a) 

 
(b) 

FIGURE VI.   (A) THE GDOP (M) COMPARISON OF BALLOON-
BORNE AND CONVENTIONAL GROUND-BASED BISTATIC SYSTEM. 

(B) THE COMPARISON BETWEEN THE TRACKING . 

IV. CONCLUSION 
An improvement of stealth RCS detection with a higher 

aspect vision is presented. The stratospheric Balloon positional 
instability due to random wind is considered. The results 
revealed that proposed scheme demonstrates higher location 

accuracy than conventional Ground- based system. It is clear 
that Bistatic radar sensitivity of proposed scheme has been 
improved due to increasing scatterer RCS of stealth model 
with a higher aspect angle which predicted by PO method. The 
comparison between tracking of stealth target using proposed 
schemeand conventional system is introduced. The GDOP of 
proposed scheme has been improved due to decreasing the 
RMSE of balloon radar system comparing to the conventional 
system. Finally the proposed system has better performance at 
almost all time intervals.  
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