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ABSTRACT 
 

RF Communication (COMMS) systems where receivers and transmitters are in motion must be proven 
rigorously over an array of natural RF link perturbations such as Carrier Doppler shift, Signal Doppler shift, 
delay, path loss and noise.  These perturbations play significant roles in COMMS systems involving 
satellites, aircraft, UAVs, missiles, targets and ground stations.  In these applications, COMMS system 
devices must also be tested against increasingly sophisticated intentional and unintentional interference, 
which must result in negligible impact on quality of service.  Field testing and use of traditional test and 
measurement equipment will need to be substantially augmented with physics-compliant channel emulation 
equipment that broadens the scope, depth and coverage of such tests, while decreasing R&D and test costs 
and driving in quality. This paper describes dynamic link emulation driven by advanced antenna and motion 
modeling, detailed propagation models and link budget methods for realistic, nominal and worst-case 
hardware-in-the-loop test and verification. 
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INTRODUCTION 
 

RF communication systems, whether used for human communications, data exchange or command and 
control, involve transmitter and receiver systems that are in motion with respect to one other, and that are 
often separated by great distances.  These systems are not easily modified or serviced once deployed, yet they 
are mission critical and must be designed and rigorously tested against a nearly overwhelming array of worst-
case and nominal mission requirements and communications conditions.  Foundational to such tests is 
precision emulation of the RF propagation effects on the communication signals themselves.  These RF effects 
include, but are certainly not limited to carrier and signal Doppler shift, range delay, range attenuation, noise 
and interference, both accidental and intentional.  These signal effects vary with distance, velocity, RF 
frequency, data rate, modulation type, transmitter attributes, receiver characteristics, antenna pointing 
accuracy and antenna patterns, to name several. 
 
Deep component-level and hardware-level tests must account for each of these RF effects, singly and in 
combination for full assurance of communication system imperviousness to them.  Failure to fully consider 
and test against these signal effects means that tests that do not reflect real-world conditions, resulting in 
inferior end systems.  Additionally, device and system design costs may be higher than necessary if tests 
and/or test equipment impose signal conditions that cannot occur in nature.  In the end, improper and/or 
incomplete verification can easily result in partial or complete mission failure or communication system-
imposed mission restrictions. 
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APPLICATIONS 
 
Channel Simulators add RF realism to any RF link design and test situations where receivers and transmitters 
are moving with respect to each other.  Channel Simulators are used, for example, to emulate links between 
fixed or moving terrestrial assets and space vehicles (satellites, manned vehicles, rockets, etc.), inter-linkages 
between vehicles, links between space platforms and atmospheric assets such as UAVs, missiles, aircraft, etc.) 
and atmospheric vehicle links to terrestrial assets. 
 
In each case, the RF link is subject to the laws of physics which imply carrier and signal Doppler shift, delay, 
path loss and noise, as well as intentional and accidental interference.  RF link performance also depends 
heavily on factors such as flight profiles, antenna patterns, modulation types, data rates, transmitter power 
levels, and receiver Signal to Noise Ratio (SNR) requirements. 

 
Antenna placement is a major factor whenever antennas cannot be aligned permanently on the corresponding 
transmitter or receiver antenna.  This occurs for example, with spinning or tumbling satellites, or when aircraft 
turn or bank such that their wings or fuselage come between receiver and transmitter antennas.  In these cases, 
periodic signal attenuation or complete interruption must be accommodated.      

 
When atmospheric or ground assets are part of the link, additional considerations include terrain, as well 
atmospheric and weather effects on signals. 

 
As well, fast amplitude and phase scintillation may characterize signals passing through metallic exhaust 
plumes, or through an electrically/magnetically disturbed medium.  Multipath and statistical models for Rician 
and Rayleigh fading, among others, may apply as well. 

 
Channel Simulators enable hardware-in-the-loop testing against each of these factors, and more, either singly 
or in combination.  They do so in physics compliant, phase-continuous fashion, such that their output signals 
precisely match reality. 
 
 

CHANNEL SIMULATOR DESIGN 
 

The advanced Channel Simulator is often designed as shown in Figure 1, with emphasis on modularity and 
user-configurability to meet evolving needs.  Due to the use of standard RF, IF and control interfaces, such 
instruments can be readily integrated with other test and measurement equipment. 
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Figure 1.  Block diagram of an advanced Channel Simulator. 
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RF frequency down-converters are often included at the input to the system, and RF frequency up-converters 
included at the output, so that the channel simulator matches the actual transmit and receive frequencies of the 
systems under test.  Channel Simulators can usually be employed at RF or IF, at the convenience of the user. 
 
The instrument’s Intermediate Frequency (IF), not specifically related to the Radio Frequency (RF), is first 
band-pass filtered to remove frequency components that are outside the instrument’s input frequency range.  
The resulting signal, still analog, is then converted to digital form by an Analog to Digital (ADC) stage with 
high resolution and sufficient sample rate to accurately represent the input signal. 
 
In the DSP stage, the Channel Simulator digitally applies physics-compliant, phase-continuous and time-
varying carrier and signal Doppler shift, range attenuation, range delay and noise.  The instrument applies 
these effects singly or in combination, based on inputs to the Control Interface related to the relative motion, 
distance and RF effects to be simulated.  
 
Once the signal perturbations have been applied, the digital signal is converted back to analog in an 
interpolation Digital to Analog (DAC) stage then filtered according to the output specifications of the 
instrument.   
 
Overall instrument control is provided by a Processor that may be running an instrument server which is 
responsible for receiving and implementing user inputs to the Control Interface.  Normally however, the 
Processor is not involved in actual DSP activities, since these are conducted in real time. 
 
Channel Simulators often include test and/or interference signal generators, whose outputs can be used as test 
signals, or can be combined with user input signals to create interference signals.  Signal Generators are often 
able to emit multiple signals with independent modulation types, data, data rates, frequency offsets, 
amplitudes, etc.  Some also generate signals from Clock/Data signal inputs, In-phase/Quadrature-phase (IQ) 
inputs, or binary data stored in files.   
 
Regardless of source however, signals at the input to the ADC emulate those that occur on a transmitted 
signal.  Signals at the output of the DAC represent those that occur at the receive end of the link.  This allows 
the injection of test and/or interference signals at the transmitter node and/or receiver node.   
 
Injected signals can emulate both unintentional and intentional interference including sweepers, pulses, chirps 
and others.  Unauthorized users appearing as carrier-under-carrier or guard-band signals can be simulated, as 
well as jammers that seek not to eliminate communications, but degrade their Quality of Service (QOS). 
 
Time domain, frequency domain and/or data domain signal analysis is also present in some channel simulation 
equipment.  This provides analytic and visual confirmation that Control Interface inputs to the Channel 
Simulator are causing the desired signal emulation. 
 
The channel simulator can be controlled statically, set to specific conditions of Doppler shift, delay, loss, 
noise, etc.  Dynamic control can be supplied from user-written programs, industry-standard propagation and 
flight modeling software, or user-developed profile spreadsheets. 
 
In summary, the Channel Simulator is specifically designed to create realistic RF effects, and can add 
interference and worst-case conditions to enable verification of communication system operation under a wide 
variety of conditions. 
 
 

TEST SYSTEM DESIGN 
 
Initial Research and Development (R&D) activities often utilize simple test setups comprised of standard Test 
and Measurement (T&M) equipment.  Setups like these can often be found in product test and Quality 
Assurance (QA) areas as well.  While effective at many levels, such test setups do not result in the full signal 
realism under which communication systems must truly be verified.   
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The addition of a Channel Simulator, as shown in Figure 2 adds realism, and therefore more complete testing, 
with dynamic carrier and signal Doppler shift, range delay, range attenuation, noise and interference. 
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Figure 2.  Enhanced test setups with Channel Simulators. 

 
Figure 3 illustrates a full-system verification with both transmit and receive systems or components under test.  
This sort of setup is particularly useful for automated regression testing of new firmware, software or 
hardware in the transmit and/or receive systems or components under test. 
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Figure 3.  Full-system test with channel simulation. 

 
As a concrete example, a typical satellite modem test setup could be constructed as shown in Figure 4.  The 
“Dynamic motion, distance and RF profile” (the Profile) would include ground station locations and satellite 
orbit information, as well as transmitter, receiver and antenna characteristics, weather conditions, atmospheric 
conditions, and more. 
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Figure 4.  Typical satellite modem test setup. 

 
Channel Simulators can also be used outside the indoor laboratory in a wide variety of test, verification and 
training applications.   
 
As shown in Figure 5, Channel Simulators can also be used to verify test range operation.  Here, a single 
Profile controls multiple Channel Simulators synchronously to emulate signals from an in-flight UAV, aircraft 
or missile.  In this usage, each telemetry tracking station receives the same data, but with different Doppler 
shift, delay, attenuation, noise, interference and link budget and/or terrain-related dropouts associated with the 
flight vehicle’s distance and motion relation to the tracking station.  This results in realistic test of the tracking 
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station hardware, software and firmware, as well as the links from the tracking station to the range control 
center and its data display and Best Source Selection (BSS) operation.  Most range operation can be verified 
without actual flights being required. 

 

 
Figure 5.  Use of Channel Simulators for Test Range verification. 

 
A final example is shown in Figure 6, where channel simulators can be used with surrogate on-orbit assets for 
feasibility studies of the operation of a planned Inter-Satellite Link (ISL) between a to-be-launched Low Earth 
Orbit (LEO) satellite and a to-be-launched geosynchronous (GEO) satellite.  Here, the Profile would detail 
planned and worst-case LEO and GEO orbits, the ground station location, and all transmitter, receiver and 
antenna characteristics.  The Channel Simulator would then create and transmit a signal that when returned on 
the GEO downlink, would precisely emulate the signal that would occur as a result of the planned LEO  
GEO  ground signal path. 
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Figure 6.  Use of Channel Simulators for Test Range verification. 

 
 

CHANNEL SIMULATOR OPERATION 
 
The most important attribute of a Channel Simulator is its strict adherence to the laws of physics.  Failing that, 
the Channel Simulator cannot produce realistic RF effects.  In the worst case, this may result in data errors 
introduced by the instrument.  Or, instrument output signals may be stepped, rather than smooth and spectrally 
clean, leading to false conclusions regarding the device under test. 
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Channel simulators must be capable of delivering not only the range of Doppler shift expected, plus margin, 
but also the variety of Doppler shift rate expected.  The same is true for range attenuation and range delay.  
All three must be delivered phase continuously and mathematically consistent, either singly or in combination. 
 
 

CARRIER DOPPLER SHIFT 
 
In applications where receivers and transmitters are in motion with respect to one another, carrier Doppler 
shift is a significant factor in system design and validation.  Carrier Doppler shift is defined as the frequency 
shift at the center of the signal’s occupied bandwidth.  Receivers must remain locked to a signal, maintaining 
proper Bit Error Rate (BER) performance, even as the received signal’s center frequency shifts over time due 
to the relative velocity between the transmitter and the receiver. 
 
Equation 1 describes Doppler shift based on the actually transmitted frequency and the relative velocity 
between the transmitter and the receiver: 
 
FS = FA * (V/c)                               (Equation 1.) 
 

Where; 
FS Doppler shift (Hz)  
FA Transmitted frequency (Hz) 
V Relative velocity between transmitter and receiver (km/s) 
c Speed of light (299,792.458 km/s) 

 
Using Equation 1, Figure 7a is the carrier Doppler shift curve for a typical LEO satellite pass over an Earth 
station transmitting at 14.5 GHz, with a maximum 80º elevation and a minimum range of 715 km.  Figure 7b 
is for the same LEO satellite viewed from a different Earth station where the maximum elevation is only 17º 
with a minimum range of 1700 km.   
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Figure 7a.  Carrier Doppler shift curve for a 
LEO pass with 80º elevation, 715 km minimum 
range, and a 14.5 GHz signal. 

 

Figure 7b.  Carrier Doppler shift curve for a LEO 
pass with 17º elevation, 1700 km minimum range, 
and a 14.5 GHz signal. 

Figure 7a and 7b represent the same satellite viewed from different Earth stations, and depict different 
minimum and maximum carrier Doppler shift values, but often more significantly for receive-chain 
components, different carrier Doppler shift rates. 
 
Channel Simulators emulate these scenarios, and far more challenging ones (e.g. “random” aircraft/weapons 
flight paths on test ranges), smoothly, phase-continuously and with strict attention to physics so that receive-
chain hardware, firmware and software can be properly evaluated and refined using fully realistic signals. 
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SIGNAL DOPPLER SHIFT 
 
Since modern communications signals have non-zero bandwidth, by Equation 1 signal Doppler shift profiles 
are actually represented by a family of curves for the Doppler shift of each frequency component of the signal.  
 
For example, in the QPSK waveform of Figure 8, the higher frequency components would receive more 
Doppler shift than the lower at any particular non-zero relative velocity between the transmitter and receiver. 
 

 
Figure 8.  Typical QSPK signal with root raised-cosine filtering. 

 
For a 1.5 GHz QPSK signal with 36 MHz bandwidth, for example, the initial segment of the Doppler shift 
curve appears as in Figure 9.  Here, the upper curve is for the higher frequency edge of the signal, the center 
curve is for the signal’s center frequency, and the lower curve is for the lower frequency edge of the signal.  
As shown, the signal’s occupied bandwidth decreases over time as a function of the difference between the 
upper and lower curves.      
 

 
Figure 9.  Example QSPK occupied bandwidth change as a function of Doppler shift. 

 
This bandwidth contraction is a result of the Doppler shift stretching of the QPSK waveform itself, with 
corresponding decrease in data rate.  Such Doppler shift-induced data rate changes are a key characteristic of 
the Channel Simulator. 
 
 

PROPAGATION DELAY 
 

All communication systems have some form of inherent delay in propagation between transmitter and 
receiver. This is true for wire-line systems, optical systems, and wireless radio systems.  In each case, 
propagation velocity is related to the dielectric constant of the medium through which the signal passes. 
 
Propagation velocity is expressed as a percentage of the speed of light, and in vacuums (dielectric constant = 
1) and in air (dielectric constant = 1.00054) propagation velocity can be considered to be 100% of the speed of 
light for most practical purposes. 
 
Therefore, in wireless communication systems the propagation delay between a transmitter and receiver can 
be calculated by dividing the straight line distance between the transmitter and the receiver, by the speed of 
light as in Equation 2. 
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D = R / c     (Equation 2.) 
 
Where; 

D Delay (sec)  
R Range (km) 
c Speed of light (299,792.458 km/s) 

 
The propagation delay plot in Figure 9 corresponds to the satellite flight of Figure 7a. 
 

0

2

4

6

8

10

12

0 120 240 360 480 600 720 840

P
ro
p
ag
at
io
n
 D
e
la
y 
(m

s)

TIme (sec)

Propagation Delay

 
Figure 9.  Propagation delay for a LEO satellite pass with 80º elevation, 715 km minimum range, and a 

14.5 GHz signal. 
 

When performing one-way tests, where a receiver or transmitter is being tested, the Channel Simulator must 
be capable of signal delay ranges dictated by both the closest and farthest separation between transmitter and 
receiver.  When performing simulations of bent pipe uplink and downlink communications scenarios, Channel 
Simulators apply smooth and phase-continuous delay for the total of the uplink delay plus the downlink delay. 
 
Communications systems testing between atmospheric vehicles (aircraft, UAVs, and missiles) and between 
such vehicles and ground stations or satellites follow the same considerations, except that minimum and 
maximum delays are much smaller due to the relatively close proximity between transmitters and receivers.  
 
 

RANGE ATTENUATION 
 

Communication system performance also depends on the power level of the received signal. Satellite-borne 
transmitters are typically low-power systems at great distances from receiver systems. Modeling dynamic 
signal power levels and validating operation under worst-case conditions are key receiver system tests. 
 
The power level of a received signal is primarily affected by free-space path loss, which can be calculated 
from Equation 3: 
 
L = 32.4 + 20 log F + 20 log R  (Equation 3.) 
 

Where; 
L Free-space path loss (dB)  
F Frequency (MHz) 
R Range (km) 
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Figure 10.  Range attenuation for a LEO satellite pass with 80º elevation, 715 km minimum range, and a 

14.5 GHz signal. 
 

A Channel Simulator must accept a low-level input signal then further attenuate it according to the attenuation 
profile of the communications system being tested.  
 
Additional path loss occurs when antenna patterns, weather, cable lengths, user-defined losses, and other 
similar factors are included.  Channel Simulators typically have sufficient dynamic attenuation capability, still 
with phase continuous performance, to accommodate these additional and often dynamic losses. 

 
 

ADDITIONAL SIMULATION INPUTS 
 

Channel Simulators accept dynamic control parameters such as Doppler shift, range delay, and range 
attenuation.  At their root level, most signal perturbations and impairments other than interference and noise 
can be described by dynamic time variations of these parameters.   
 
For example, transmit antenna patterns indicate the effective power levels at various azimuth, elevation and 
range points with respect to the antenna.  Reciprocally, receive antenna patterns relate to sensitivity in various 
directions.  Motion, pointing, polarization, terrain obscuration, horizon limits and body-shielding profiles of 
the transmit and receive antennas can be combined with corresponding radiation and sensitivity patterns to 
result in dynamic signal attenuation values for Channel Simulator control. 
 
Such signal attenuation values can be further combined with other attenuation as a result of atmospheric gas 
absorption, rain attenuation, overhead obscuration, free-space path loss Equation 3, and user-defined 
attenuation profiles. 
 
In addition, some attenuation values are constant, as is the case with many receive-chain or transmit-chain 
hardware components.  Other attenuation values are dynamic, but relatively slowly changing, as with 
separated antennas that move on and off boresight with respect to each other.  Still other attenuation values 
change rapidly as when Rayleigh or Ricean fading is involved and in cases where a signal passes through the 
edges of a rocket’s metallic exhaust plume. 
 
All of these individual attenuation values sum to dynamic attenuation profiles for the Channel Simulator, with 
similar examples available for Doppler shift, delay, noise and interference parameters. 
 
This means that even though the Channel Simulator is physics-compliant in all of its operation, so too must be 
the Channel Simulator control software and resulting input data values.  Absolute physics compliance at the 
Channel Simulator control level, as well as in the Channel Simulator-applied effects and output are vital. 
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PHASE CONTINUITY AND HIGH RESOLUTION INTERPOLATION 
 

As noted at several points in this paper, Channel Simulators must perform their operations in a fully phase-
continuous manner, with absolute and strict attention to applicable physics laws and principals. This ensures 
that throughout the instrument’s capabilities, and as highly dynamic scenarios are run, no data errors are 
introduced as a result of waveform discontinuities, inappropriate transitions or glitches. 
 
The Channel Simulator must faithfully model nature in this regard, so that the instrument can be confidently 
substituted into the communications system for accurate and dependable results. This implies sophisticated 
high-resolution interpolation between commanded Doppler, delay or attenuation points. 
 
 

CONCLUSION 
 

Realistic and comprehensive RF testing can significantly enhance communication system quality and decrease 
costs.  The RF Channel Simulator is a vital tool for generating realistic test signals with appropriate carrier and 
signal Doppler shift, delay, attenuation, noise and interference. 
 
These signal perturbations are phase-continuous in nature, and vary smoothly and dynamically based on the 
relative motion between transmitters and receivers and other factors.  Channel Simulators must recreate such 
perturbations with extreme attention to physics. 
 
Since the relative motion between a receiver and transmitter is generally complex, as are the multitude of 
possible RF effects, Channel Simulators must be controlled in a comprehensive, visual and intuitive manner 
so that users can focus on the problems they are trying to solve, and the tests they are attempting, rather than 
on the details of how to make the Channel Simulator work in the scenarios of interest. 
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