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ABSTRACT 

Telemetry radar data in the range-Doppler domain is commonly displayed using a 2D range-

Doppler map (RDM).  However, a static 2D RDM does not provide the proper data visualization 

that can be achieved with 3D software.  Commercial 3D software can be expensive and difficult 

to modify, and writing custom software can be complex and time consuming.  These issues were 

overcome by quickly developing a 3D Range-Doppler Map Visualization Tool in C# to 

dynamically display flight test range-Doppler data. 
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INTRODUCTION 

Many organizations perform real-time hardware-in-the-loop (HIL) and computer-in-the-loop 

(CIL) simulations in conjunction with actual flight testing to validate flight hardware and 

software.  The resulting telemetry radar data from these tests are commonly visualized using 

range-Doppler maps (RDM).  For this data, a static 2D range-Doppler map does not provide the 

proper data visualization that can be accomplished with 3D software.  Unfortunately, existing 

commercial 3D software can cost thousands of dollars, be difficult or impossible to customize, 

and contain many unnecessary or unwanted features.  Alternatively, writing custom 3D software 

using Direct3D or OpenGL can be complex and time consuming.  .   

For these reasons, the option selected for this project was the creation of a custom 3D application 

that included only those features requested by the users.  This paper describes how C# and 

Windows Presentation Foundation (WPF) were used to quickly and easily create a lightweight 

dynamic 3D Telemetry Range-Doppler Map Visualization tool, including the processes 

developed for dynamic display. 

 

RANGE-DOPPLER MAPS 

A range-Doppler map (RDM) for military defense applications provides radar visualization of 

targets, their speed, and their distance.  An RDM display also allows users to differentiate 

between multiple targets.  Specifically, the range-Doppler map is a matrix with one axis 

representing frequency (converted from time pulse periods) and one axis representing range.  

The frequency is represented in hertz (Hz) or kilohertz (kHz), and the range is commonly 

represented in meters or kilometers.  In addition, the frequency axis can be converted to speed, 

which is represented in meters per second (m/s). 



 

2 
 

Each cell in the map is a color (or color shade) representing the power level of the radar signal, 

which is measured in either amplitude or decibels (dB).  Because the map is a matrix, each cell 

has identical lengths along the X and Y axes. 

Target detections have the highest radar power readings on the RDM and are displayed as “hot 

spots” on the map.  A separate map is displayed for each tracking radar beam.   

Range-Doppler maps are commonly displayed in 2D, but as evidenced by the graphics below, 

2D maps do not provide the same resolution that can be achieved with 3D software.  Figure 1 

shows a 2D map, which when contrasted with the figure 2 display of the same map using the 3D 

RDM Visualization Tool, can be seen to have a much lower degree of resolution.  The higher 

resolution on the 3D map allows users to quickly visualize and discern the magnitude of the 

radar’s power level differences across the map.  In addition, the 3D RDM Visualization Tool 

contains functionality not available with a 2D display, such as a rotation function allowing users 

to fully rotate the map 360 degrees, and a zoom function allowing magnification of any area of 

the map. 

  

 

Figure 1: a 2D range-Doppler map 
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Figure 2: a 3D range-Doppler map 

 

WPF 3D GRAPHICS 

Microsoft’s Windows Presentation Foundation (WPF) contains functionality to draw and 

manipulate 3D objects.  WPF contains a Viewport3D class which is the background on which the 

3D scene is rendered.  A Camera class defines the viewpoint in 3D space.  As such, this class 

contains properties to set the field of view, the look direction, and the near and far plane 

distances.  WPF also has four light source classes that illuminate the 3D scene:  AmbientLight, 

DirectionalLight, PointLight, and SpotLight.  AmbientLight illuminates objects 

evenly, regardless of location.  DirectionalLight illuminates from a specified directional 

vector.  PointLight illuminates from a specified 3D position and contains a Range property to 

specify the light’s distance.  SpotLight illuminates a specified cone-shaped area.  These classes 

can be used separately or in combination with one another, and each light source contains a color 

property.  The 3D Range-Doppler Map Visualization Tool uses a white DirectionalLight. 

WPF also contains classes that represent the models that are moved and manipulated in 3D 

applications.  The GeometryModel3D class, which inherits from the abstract Model3D base 
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class, is used to display 3D objects.  Multiple models can be combined into a single model using 

the Model3DGroup class.  GeometryModel3D and Model3DGroup objects must be attached to 

a Visual3D subclass, either ModelVisual3D or ModelUIElement3D. 

The 3D models that can be created in WPF can be simple, basic shapes (e.g., cubes, cylinders, 

spheres) or complex, highly detailed 3D images.  In both cases the 3D models contain vertices, 

with X, Y, and Z coordinates representing their position in 3D space.  A collection of vertices is 

known as a mesh, and meshes are usually comprised of triangles (i.e., 3 connected vertices).  

Meshes are used to form the shape of the models.  Depending on their level of detail, 3D models 

can contain thousands of vertices. 

 

GENERATING 3D MODELS IN WPF 

In WPF, XAML (Extensible Application Markup Language) is used to render visual UI 

components including 3D models.  XAML is an XML, tag-based language.  XAML files are 

connected to C# files known as “code-behind” that contain partial class definitions.  Figure 2 

shows a fragment of XAML code for a 3D rectangle; these rectangles are the 3D models used by 

this project for the range-Doppler map cells: 

     
      <ModelVisual3D>  
          <ModelVisual3D.Content>  
              <GeometryModel3D>  
                  <GeometryModel3D.Geometry>  
                      <MeshGeometry3D  
                          Positions="-0.101014533313053, -0.0709033921942744, 
                                      0.88919115101361... 
                          TriangleIndices="0 1 2 3.../> 
                  </GeometryModel3D.Geometry>  
                  <GeometryModel3D.Material>  
                      <DiffuseMaterial Brush="Blue" />  
                  </GeometryModel3D.Material>  
              </GeometryModel3D>  
          </ModelVisual3D.Content>  
      </ModelVisual3D> 
 

Figure 2: XAML for a 3D Rectangle Model 
 

 

Rendering 3D graphics in WPF has a built-in advantage over other 3D frameworks:  hardware 

acceleration.  WPF renders graphics through the graphics card, which allows the CPU to perform 

other processing and accelerates graphics performance.  Using Windows 7, 8, or 10, a WPF 3D 

application can load and process XAML models with significant detail quickly (within a few 

seconds).  Running the application in Windows XP, however, can take much longer to load the 

same models.  Hardware acceleration also produces faster run times when using dynamic 

movement in a 3D application, which creates a smoother 3D display.                                 
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DESIGN OF THE DYNAMIC 3D RANGE-DOPPLER MAP 

VISUALIZATION TOOL 

The remainder of this document details the classes and processes that were used and developed 

to create the dynamic 3D Range-Doppler Map Visualization Tool. 

Dynamic Movement 

The 3D RDM Visualization Tool accomplishes dynamic movement in two ways:  by using a 

slider control to manually control movement and by using play/pause buttons based on a timer to 

automatically control movement.  The slider’s increments are represented by the individual 

major frames of the flight run’s telemetry; each click on the slider’s forward arrow button 

advances one major frame in the telemetry data (and vice-versa for the slider’s backward arrow 

button).  The slider can be manually scrolled forward and backward, which draws and redraws 

the RDM cells through the flight run. 

For the play button, the RDM 3D cell rectangles are drawn based on a timer synchronized to the 

telemetry frame rate of the missile.  For example, if the missile frame rate is 10 Hz, the timer 

starts and stops every 100 milliseconds.  In order to automatically draw the WPF 3D rectangles 

via the play button, the IncrementFrame method in the 3D Range-Doppler Map Visualization 

Tool is registered as the Rendering event handler for the C# CompositionTarget class.  

This method contains an instance of the C# Stopwatch timer class that is used to control the 

frame rate based on milliseconds.  At a missile frame rate of 10 Hz, the Stopwatch timer object 

fires an event every 100 milliseconds; this event calls the IncrementFrame method, which 

increases the telemetry major frame counter by one.  This results in the 3D Range-Doppler Map 

Visualization Tool automatically displaying 10 telemetry frames per second.  The pause button 

simply stops the Stopwatch timer until the play button is pressed again.   

A speed control located to the right of the play/pause buttons allows the user to increase or 

decrease the playback speed.  This is accomplished by decreasing the number of milliseconds in 

the Stopwatch timer’s event to speed up the playback or increasing the number of milliseconds 

to slow down the playback.  

Model Class 

Model is a subclass of ModelVisual3D  that creates the 3D rectangles that are drawn for the 

RDM cells.  This class contains a Transform3DGroup variable, which includes the 3D matrix 

transformations: translation, rotation, and scale.  Transformations are used in 3D programming to 

position, size, and orient the 3D models.  In 3D computer graphics, three matrices make working 

with these transformations easier:  the World matrix, the View matrix, and the Projection 

matrix.  The World matrix represents where the models are located in 3D space, the View matrix 

represents where the camera position is located, and the Projection matrix represents the 

location on the 2D display screen.   

The code fragment in figure 3 details the transformations for the Model class.  Note that only 

the translation and scale transformations are used; this is because while the height of the 3D 
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rectangles changes (based on the decibel level in the radar signal), the rectangles do not rotate, so 

no rotation transformation is required. 

 

double xCenter = (xMin + xMax) / 2; 

double yCenter = (yMin + yMax) / 2; 

double zCenter = (zMin + zMax) / 2; 

 

double xRange = (xMax - xMin) / 2; 

double yRange = (yMax - yMin) / 2; 

double zRange = (zMax - zMin) / 2; 

 

Matrix3D viewMatrix = new Matrix3D(); 

Matrix3D projectionMatrix = new Matrix3D(); 

projectionMatrix.SetIdentity(); 

projectionMatrix.Translate(new Vector3D(-xCenter, -yCenter, -zCenter)); 

 

double xScale = scaleFactor / xRange; 

double yScale = scaleFactor / yRange; 

double zScale = scaleFactor / zRange; 

 

projectionMatrix.Scale(new Vector3D(scaleX, scaleY, scaleZ); 

Matrix3D totalMatrix = Matrix3D.Multiply(projectionMatrix, viewMatrix); 

 

Transform3DGroup group = Content.Transform as Transform3DGroup; 

 

 

group.Children.Clear(); 

group.Children.Add(new MatrixTransform3D(totalMatrix)); 

 

Figure 3: 3D Transformations 

 
 

Camera Class 

In WPF 3D, the Camera class encapsulates the 3D point of view (i.e., the positioning of the 

camera).  It contains the Position, FieldOfView, LookDirection, and UpDirection 

properties.  The Position property is the XYZ point of the camera in 3D space.  The 

FieldOfView vector contains the camera’s horizontal field of view in degrees.  The 

LookDirection vector specifies the direction the camera is aimed.  The UpDirection vector 

specifies which direction is “up” from the camera’s perspective.  Each model can have its own 

camera and every camera created must be added to the WPF Viewport3D instance.  Cameras in 

WPF 3D can be movable or stationary. 

WPF 3D has two types of cameras:  perspective and orthographic.  With a perspective camera, 

the model objects are foreshortened (i.e., distant objects appear smaller).  With an orthographic 

camera, there is no perspective; the model objects appear the same size, regardless of distance.   

The 3D RDM Visualization Tool uses an orthographic camera.  This is because the unit size of 

the 3D rectangles in the range-Doppler map, in this case decibels, must have the same 
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proportional length regardless of the position of the camera view on the matrix.  By default, the 

3D camera remains stationary during the flight run (and therefore the user’s view angle of the 

RDM remains constant); however, the camera moves and the view angle changes when the user 

performs the rotation, zoom, or pan functions. 

Rotating, Zooming, and Panning 

The 3D RDM Visualization Tool’s MovableCamera class allows mouse movements to perform 

rotation, pan, and zoom functions on the 3D camera.  For rotation, the camera is rotated around 

its focused object (i.e., the 3D RDM map), which has the visual effect of rotating the entire 3D 

scene.  In 3D programming, the camera can fully rotate at any angle.  Full camera rotation with a 

single mouse movement works well when the 3D world is small and encompasses a single object 

- as is the case with the 3D RDM Visualization Tool - because it is easy to visually re-orient the 

camera back to any position. 

Rotation of the 3D range-Doppler map is performed by dragging the mouse in any direction 

while pressing the left mouse button.  The rotation is achieved programmatically with the use of 

quaternions.  A quaternion is a mathematical structure for complex numbers that can be used to 

calculate rotations in three dimensions.  The rotation is calculated by first computing the cross 

product of the previous and current mouse position 3D vectors to determine the delta axis of 

rotation.  Next, the delta angle between the previous and current mouse position 3D vectors is 

calculated.  Then, the delta quaternion is created from the delta axis of rotation and the delta 

angle.  Finally, the current camera rotation quaternion is multiplied by the delta quaternion to 

give the new camera axis of rotation and angle.  The Microsoft .NET Media3D library has 

classes and helper methods to facilitate these calculations. The C# code for the rotation 

calculations are shown in figure 4.  After rotating the RDM map in the 3D RDM Visualization 

Tool, the user can easily return the camera to its initial position with a double left mouse click.  

 

Vector3D initialRotationAxis = new Vector3D(.994, -.0745, -.055); 

double initialRotationAngle = 75; 

AxisAngleRotation3D currentRotation = new AxisAngleRotation3D(initialRotationAxis, 

 initialRotationAngle); 

OrthographicCamera camera.Transform = new Transform3DGroup(); 

ScaleTransform3D scale = new ScaleTransform3D(); 

Camera.Transform.Childern.Add(scale); 

Camera.Transform.Childern.Add(new RotateTransform3D(currentRotation); 

Vector3D axis = Vector3D.CrossProduct(previousPosition3D, currentPosition3D); 

double angle = Vector3D.AngleBetween(previousPosition3D, currentPosition3D); 

Quaternion delta = new Quaternion(axis, -angle); 

Quaternion q = new Quaternion(currentRotation.Axis, currentRotation.Angle); 

q *= delta; 

currentRotation.Axis = q.Axis; 

currentRotation.Angle = q.Angle;  

 

Figure 4: Camera rotation calculations 
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The 3D RDM Visualization Tool has a zoom mode, controlled by moving the mouse scroll 

wheel up and down.  This zoom simply moves the camera forward and backward by increasing 

and decreasing the camera’s X and Z positions by a small amount.   

Panning is accomplished using the left, right, up, and down arrow keys.  Pressing the up and 

down arrow keys performs a calculation that increases or decreases the Y (up) value of the 

camera’s position by adding or subtracting the product of the UpDirection vector and a fixed 

key press amount from the camera’s position.  This causes the camera to pan up and down.  

Correspondingly, pressing the left and right arrow keys causes the camera to pan left and right.  

This movement is performed by computing a right vector, which is calculated as the product of 

the camera’s LookDirection and UpDirection vectors, multiplied by the fixed key press 

amount.  This value is then added or subtracted from the camera’s position.  

Color Scales and Contrast 

The 3D RDM Visualization Tool has two types of color scales:  a user defined color scale and a 

relative color scale.  The user defined color scale allows the user to select a color from the 16.7 

million colors available in the RGB color model for each decibel range.  Using more than one 

color on a Range-Doppler Map can be advantageous because individuals can more easily 

distinguish between the hues of different colors than the shades of a single color (Mersey 1990).  

Although a different color can be selected for individual decibels in the 3D RDM Visualization 

Tool, decibel ranges are typically used.   

The relative color scale programmatically uses either grayscale or different shades of one of the 

primary colors:  red, green, or blue; the user selects their preferred color.  Grayscale and the 

primary colors are used because the entire spectrum of their shades is readily available; it is 

simply the range from 0 to 255 in the RGB color scale, with 0 representing black and 255 

representing either white (in the case of grayscale) or the full primary color.  For the relative 

color scale, the 3D RDM Visualization Tool evenly distributes the Doppler radar decibel range 

for the selected flight run across the 255 primary color shades to determine the cell colors.  Since 

black is used for the cell color of the lowest decibel value in the run, dark blue (or dark red if 

blue is the primary color selected) is used for the cell color of any invalid or outlier value. 

Another feature of the 3D RDM Visualization Tool is the ability for the users to change the color 

contrast of the cells in the range-Doppler maps.  A user can accomplish this two ways for each 

map:  using the tool’s contrast sliders or by entering a decibel gain/loss.  When the relative color 

scale is in effect, moving a contrast slider to the right decreases the grayscale or primary color 

value for each cell; moving a slider to the left increase the color value.  When a custom color 

scale is used, moving a slider right moves the cell colors to a lower range and sliding left moves 

the cell colors to a higher ranges.   

Thus, the effect of the slider moving right is an overall darkening of the map, with the cooler 

spots darkening to a higher degree. This intensifies the hot spots on the map (i.e., the target 

detections).  The effect of the slider moving left is a lightening of the map, with the cooler spots 

lightening to a higher degree.  This highlights cooler spots on the map that were not as prominent 

before the contrast slider was moved. 
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The second method of changing the color contrast is for the user to enter a positive decibel gain 

value or a negative decibel loss value.  Entering a positive gain value has the same effect as 

moving a color contrast slider to the left (i.e., lightening the map) and entering a negative loss 

value has the same effect as moving the color contrast slider to the right (i.e., darkening the 

map). 

X and Y Axes Display 

Another important feature of the 3D Range-Doppler Map Visualization Tool is the ability to 

display the X, Y, and Z axes and scales.  In this tool, the X axis represents frequency, the Y axis 

represents range, and the Z (up) axis represents decibels.  The X axis is drawn across the bottom 

of the 3D map, the Y axis is drawn along the right side, and the Z axis is drawn in alternating 

color bands from top-to-bottom along the left and back sides.  The users can control turning the 

axes on and off, and when a user rotates the 3D RDM, the axes rotate with the map.  

In addition, the users can change the scale representation on the X and Z axes.  For the X axis, 

the users can switch between a scale in frequency or speed.  The calculation to convert from 

frequency to speed is as follows: 

 speed (meters per second) = wavelength (meters) * frequency (hertz) 

For the Z axis, the scale can be displayed in amplitude or decibels.  The conversion from 

amplitude to decibels is as follows: 

decibels = 20 x log10(amplitude)  

The users also have the ability to either hover or click on the 3D rectangles on the range-Doppler 

map to display the range, frequency, and decibel values for that cell. 

 

CONCLUSION 

This paper has demonstrated that using C# and WPF 3D is an excellent option for creating a 

dynamic 3D Range-Doppler Map Visualization Tool.  As opposed to purchasing commercial 3D 

software, developing a 3D application in C# and WPF can be done quickly for little cost.  In 

addition, WPF 3D Graphics is easier to use and understand than attempting the steep learning 

curve involved with DirectX, OpenGL, and GPU shaders.  Using C# and WPF allowed the 

author full control to create a lightweight dynamic 3D Range-Doppler Map application with 

multiple 3D graphics capabilities.   
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