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(57) ABSTRACT

A simulation system for use 1 testing a radar system com-
prises a coarse delay module, a fine delay module, and a
doppler shift module. The coarse delay module 1s configured
to recerve a first stream of digital data samples that are
sampled from a radar signal at a sample time period or a
second stream of digital data samples that are processed by
another simulation system component and delay the digital
data samples by a selectable first delay time that 1s greater
than or equal to the sample time period. The fine delay mod-
ule 18 configured to recerve the digital data samples and filter
the digital data samples to represent delay by a selectable
second delay time that 1s less than the sample time period.
The doppler shift module 1s configured to receive the digital
data samples and adjust a value of a frequency content of the
fine delayed samples.
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SIMULATION SYSTEM FOR TESTING A
RADAR SYSTEM

STATEMENT REGARDING FEDERALLY-
SPONSORED RESEARCH OR DEVELOPMENT

[0001] This invention was made with Government support
under Contract No.: DE-NA00002839 awarded by the Uni-
ted States Department of Energy/National Nuclear Security
Administration. The Government has certain rights i the
ivention.

RELATED APPLICATION

[0002] The current patent application 1s a continuation
patent application which claims priority benefit, with regard
to all common subject matter, of earlier-filed U.S. Pat.
Application Ser. No. 16/822,197, titled “A SIMULATION
SYSTEM FOR TESTING A RADAR SYSTEM?”, and filed
Mar. 18, 2020. The listed earhier-filed patent application 1s
hereby incorporated by reference, 1 1ts entirety, mto the
current patent application.

FIELD OF THE INVENTION

[0003] Embodiments of the current invention relate to sys-
tems that simulate targets to test radar systems.

DESCRIPTION OF THE RELATED ART

[0004] Radio detection and ranging (radar) systems trans-
mit radio frequency wireless signals, also known as radio
waves, mto a region or space and receive reflections of the
radio waves. The radio waves are transmitted and recerved
by one or more antennas. The reflections are created by the
radio waves bouncing off, or reflecting from, objects (also
known as “targets”) i the path of the radio waves. The
objects may mclude aircraft, ships, spacecraft, guided mais-
siles, motor vehicles, weather formations, terramn, and the
like. The characteristics of the reflections, such as time
delay between transmission and reception, frequency shaft
of the radio waves, angle of arrival, and so forth, are ana-
lyzed by the radar system to determine a range from the
radar source, an angle or bearing from the source, and/or a
velocity of the objects. To verity the operation of a radar
system, 1t needs to be tested. A straightforward approach
to testing may 1volve placing objects at known distances
or locations from the radar source and operating the radar
system to verify that 1t detects the objects 1n the correct loca-
tion. However, to fully test the radar system, different types
of objects, such as aircraft, vehicles, etc., would need to be
used. The objects would need to be placed at a variety of
distances and angles from the radar source. Furthermore,
some objects would need to be stationary, while others
should be moving. Thorough testing of the radar system
with this approach would be time consuming and costly.

SUMMARY OF THE INVENTION

[0005] Embodiments of the current mnvention solve the
above-mentioned problems and provide a simulation system
to simulate objects, or targets, for testing a radar system.
Instead of recerving the radio waves from the radar system
and reflecting them back to sitmulate objects at various loca-
tions, the stmulation system receives from the radar system
a first electronic signal that would normally be provided to

Apr. 6, 2023

one or more antennas that transmit the radio waves. The
simulation system also provides to the radar system a sec-
ond electronic signal that would normally be generated by
one or more antennas as a result of receiving reflections. The
simulation system includes components, described 1n more
detail below, that can delay the electronic signal from the
radar system m order to simulate objects at a variety of
ranges, objects that are stationary, wobbling, scitillating,
or moving, and objects that are moving toward or away
from the radar source. Since the simulation system does
not ivolve physical objects, 1t can test the radar system
quickly and cost etfectively, and provide a repeatable, deter-
ministic, and high quality simulation.

[0006] An cxemplary simulation system broadly com-
prises a coarse delay module, a fine delay module, and a
doppler shift module. The coarse delay module 1s configured
to rece1ve either a first stream of digital data samples that are
sampled from a radar signal at a sample time period or a
second stream of digital data samples that are processed by
another simulation system component, delay the digital data
samples by a selectable first delay time that 1s greater than or
equal to the sample time period, and output coarse delayed
samples. The fine delay module 1s configured to receive
either the first stream of digital data samples or the second
stream of digital data samples, filter the digital data samples
to represent delay by a selectable second delay time that 1s
less than the sample time period, and output fine delayed
samples. The doppler shift module 1s configured to receive
either the first stream of digital data samples or the second
stream of digital data samples, adjust a value of one or more
frequency components of the digital data samples, and out-
put doppler shifted samples.

[0007] Another embodiment of the current mvention pro-
vides a stmulation system for use 1n testing a radar system
comprising a coarse delay module, a fine delay module, and
a doppler shift module. The coarse delay module 1s config-
ured to recerve either a first stream of digital data samples
that are sampled from a radar signal at a sample time period
or a second stream of digital data samples that are processed
by another stmulation system component, delay the digital
data samples by a selectable first delay time that 1s greater
than or equal to the sample time period, and output coarse
delayed samples. The coarse delay module includes a mem-
ory element and a memory controller. The memory element
1s configured to receive the digital data samples and store
them, with each digital data sample being stored 1 a ditfer-
ent on¢ of a plurality of memory locations. The memory
element 1s further configured to transmit the digital data
samples.

[0008] The fine delay module 1s configured to receive
either the first stream of digital data samples or the second
stream of digital data samples, filter the digital data samples
to represent delay by a selectable second delay time that 1s
less than the sample time period, and output fine delayed
samples. The fine delay module mncludes a fractional delay
filter and a fractional delay controller. The fractional delay
filter includes a plurality of computational stages configured
to perform an terpolation calculation to determine values
of the digital data samples at the second delay time. The
fractional delay controller 1s configured to control the opera-
tion of the fractional delay filter by setting parameters of the
computational stages.

[0009] The doppler shift module 1s configured to receive
either the first stream of digital data samples or the second
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stream of digital data samples, adjust a value of one or more
frequency components of the digital data samples, and out-
put doppler shifted samples.

[0010] Yet another embodimment of the current mvention
provides a simulation system for use 1n testing a radar sys-
tem comprising a doppler shift module, a fine delay module,
and a coarse delay module. The fine delay module 1s config-
ured to recerve either a first stream of digital data samples
that are sampled from a radar signal at a sample time period
or a second stream of digital data samples that are processed
by another simulation system component. The fine delay
module mcludes a vanable time delay unit and a fractional
delay filter. The variable time delay unit 1s configured to
receive the digital data samples, delay them by a variable
time period, and output variable time delayed samples.
The fractional delay filter 1s configured to receive the vari-
able time delayed samples, filter the vanable time delayed
samples to represent delay by a selectable first delay time
that 1s less than the sample time period, and output fine
delayed samples. The doppler shift module 1s configured to
recerve either the first stream of digital data samples or the
second stream of digital data samples, adjust a value of one
or more frequency components of the digital data samples,
and output doppler shifted samples. The coarse delay mod-
ule configured to recerve either the first stream of digital
data samples or the second stream of digital data samples,
delay the digital data samples by a selectable second delay
time that 1s greater than or equal to the sample time period,
and output coarse delayed samples.

[0011] This summary 1s provided to mtroduce a selection
of concepts m a simplified form that are further described
below 1n the detailed description. This summary 18 not
intended to 1dentify key features or essential features of
the claimed subject matter, nor 1s 1t intended to be used to
lmmat the scope of the claimed subject matter. Other aspects
and advantages of the current mvention will be apparent
from the following detailed description of the embodiments
and the accompanying drawing figures.

BRIEF DESCRIPTION OF THE DRAWING
FIGURES

[0012] Embodiments of the current mvention are
described 1 detaill below with reference to the attached
drawing figures, wherein:

[0013] FIG. 11s a schematic block diagram of a sitmulation
system, constructed mm accordance with various embodi-
ments of the current mvention, for testing a radar system;
[0014] FIG. 2 1s a schematic block diagram of a tractional
delay filter of the simulation system;

[0015] FIG. 31saplot of power versus frequency 1llustrat-
ing an output of a prior art simulation system, the plot show-
ing the presence a number of objects when there should be
only one object;

[0016] FIG. 415 a plot of power versus frequency illustrat-
ing an output of the simulation system of the current mven-
tion, the plot correctly showing the presence of one object;
and

[0017] FIG. § 1s a schematic block diagram of a second
embodiment of the simulation system.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0018] The drawing figures do not limit the current mven-
tion to the specific embodiments disclosed and described
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herein. The drawings are not necessarily to scale, emphasis
instead being placed upon clearly illustrating the principles
of the mvention.

[0019] The following detailed description of the technol-
ogy references the accompanying drawings that illustrate
specific embodiments 1n which the technology can be prac-
ticed. The embodiments are intended to describe aspects of
the technology 1n sufficient detail to enable those skilled 1n
the art to practice the technology. Other embodiments can be
utilized and changes can be made without departing from
the scope of the current invention. The following detailed
description 18, therefore, not to be taken m a limiting
sense. The scope of the current mvention 18 defined only
by the appended claims, along with the full scope of equiva-
lents to which such claims are entitled.

[0020] A simulation system 10, constructed 1n accordance
with various embodiments of the current imvention, for
simulating targets, or objects of interest, while testing a
radar system 12 1s shown 1n FIG. 1. The stmulation system
10 may mterface or communicate with intermediate electro-
nic circuitry including a down conversion circuit 14, an ana-
log to digital converter 16, a digital to analog converter 18,
an up conversion circuit 20, and an external controller 22.
[0021] The radar system 12 1s a radio and ranging
(RADAR) system that may be utilized to observe, i1dentity,
or track targets or objects of interest which are moving or
stationary. The radar system 12 normally outputs radio fre-
quency (RF) signals that are transmitted wirelessly via one
or multiple antennas (not shown in FIG. 1) and known as
radar beams. The radar system 12 also recerves reflections
of the beams that have bounced off or reflected from objects
within the path of the radar beams, 1.¢., the targets. The radar
system 12 processes the received reflected radar beams
order to determine the positions and velocities of the targets.
However, to simplify the setup for testing the radar system
12, the radar system 12 may be configured without 1ts anten-
nas as shown 1n FIG. 1. In this configuration, the radar sys-
tem 12 outputs RF electronic signals that are not ever trans-
mitted wirelessly. The radar system 12 also receives RF
clectronic signals, such as a radar input signal, which repre-
sents reflections of the radar beams.

[0022] The down conversion circuit 14 generally receives
an electronic signal that includes one or more frequency
components and converts all frequency components of the
clectronic signal from a higher frequency value to a lower
frequency value. The down conversion circuit 14 may
include, or be formed from, electronic components and cir-
cuits, such as tunable oscillators, mixers, filters, detectors,
amplifiers, and the like. The down conversion circuit 14
recerves the radar output signal from the radar system 12
and converts the radar output signal from a higher tfrequency
value to a lower frequency value. The down conversion cir-
cuit 14 outputs a down-converted signal which includes the
lower frequency component value.

[0023] The analog to digital converter (ADC) 16 generally
converts an analog electronic signal to a sequence of
sampled digital values. The ADC 16 may utilize, or imple-
ment, any one of a plurality of conversion architectures,
such as direct conversion, successive approximation, ramp
compare, Wilkinson, mtegrating, etc. The ADC 16 receives
the down-converted signal from the down conversion circuit
14, samples 1t at a sample frequency or rate whose mverse 1s
a sample period, and outputs a stream of digital samples,
with each sample having a value equal to, or corresponding
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to, a value of the electric voltage, or other electrical charac-
teristic, of the down-converted signal when 1t was sampled.
[0024] 'The digital to analog converter (DAC) 18 generally
converts a stream of digital values 1into an analog electronic
signal whose waveform or shape 1s determined by the digital
values. The DAC 18 may utilize, or implement, any on¢ of a
plurality of conversion architectures, such as pulse-width
modulation, oversampling, iterpolating, delta-sigma, bin-
ary weighted, R-2R ladder, etc. The DAC 18 receives a
simulation signal from the simulation system 10 and con-
verts 1t to an analog mtermediate frequency signal.

[0025] The up conversion circuit 20 generally receives an
electronic signal that includes one or more frequency com-
ponents and converts all frequency components of the elec-
tronic signal from a lower frequency value to a higher fre-
quency value. The up conversion circuit 20 may include, or
be formed from, electronic components and circuits, such as
tunable oscillators, mixers, filters, detectors, amplifiers, and
the like. The up conversion circuit 20 receives the mter-
mediate frequency signal from the DAC 18 and converts
the intermediate frequency signal from a lower frequency
value to a higher frequency value. The up conversion circuit
20 outputs an up-converted signal which includes the higher
frequency component value.

[0026] 'The external controller 22 generally controls the
overall operation of the stmulation system 10 and monitors
its performance. The external controller 22 may be embo-
died by an embedded microcontroller or a computer, such as
a workstation computer, a desktop computer, a laptop com-
puter, a tablet computer, and so forth. Utilizing a software
program, the external controller 22 may automate testing or
schedule one or more tests for the simulation system 10 to
execute. Accordingly, the external controller 22 may deter-
mine, or establish, the configuration or parameters for each
test. The parameters may include a number of targets to
simulate, whether each target 1s stationary or moving, a
velocity of a moving target, and the like. Furthermore,
based on feedback from the radar system 12, the external
controller 22 may adjust the parameters of the tests or may
schedule additional tests. In addition, the results of each test
may be stored 1n, and evaluated by, the external controller
22.

[0027] The simulation system 10 may broadly comprise
an external configuration block 24, a clock generator 26, a
memory element 28, a memory controller 30, a fractional
delay filter 32, a fractional delay controller 34, a single side-
band modulator 36, and a control processor 38. The simula-
tion system 10 may be implemented 1n a field programmable
pate array (FPGA) or an application specific mtegrated cir-
cuit (ASIC), and thus the functions of the simulation system
10 may be executed in hardware, software, firmware, or
combinations thereof. Portions of the simulation system 10
may be formed by the execution of code from a hardware
description language. Furthermore, the simulation system
10 may mclude memory or data storage that constitutes or
embodies a non-transitory “computer-readable medium”
capable of storing functional instructions, code, code state-
ments, code segments, software, firmware, programs, appli-
cations, apps, services, daemons, or the like.

[0028] The external configuration block 24 generally acts
as an interface between the control processor 38, or the
simulation system 10 1n general, and the external controller
22. The external configuration block 24 may include elec-
tronic circuitry and/or software programming to perform
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logic processing and decision making. The external config-
uration block 24 may send and receive commands, control
signals, and/or data from the external controller 22. The
external configuration block 24 may also send and receive
commands, control signals, and/or data from the control
processor 38. In addition, the external configuration block
24 may recerve feedback 1n the form of commands, control
signals, and/or data from the radar system 12, typically dur-
ing testing. The external configuration block 24 may for-
ward the feedback to both the external controller 22 and

the control processor 38.
[0029] The clock generator 26 generates a clock or timing

signal to provide synchronous operation of the simulation
system 10. The clock generator 26 may iclude crystals,
oscillators, square-wave generators, or the like, or combina-
tions thereof. The clock signal 1s periodic, typically a square
wave, and 1s generated with a clock frequency, whose
mverse 18 a clock period or clock cycle. The clock signal 1s
communicated to and received by the other components of

the stmulation system 10.
[0030] The memory clement 28 stores the digital samples

of the radar output electronic signal from the ADC 16,
referred to heremnafter as “digital samples”, and may be
embodied by devices or components that store data 1n gen-
cral, and digital or binary data i particular, and may include
exemplary electronic hardware data storage devices or com-
ponents such as random-access memory (RAM), 1.e., static
RAM (SRAM) or dynamic RAM (DRAM), or the like. The
storage devices typically include a plurality of storage loca-
tions (or addresses), whereimn each storage location 18 cap-
able of storing a multibit data word (such as a digital sample
of the radar output signal). The memory element 28 may
also be formed from a sequence of storage registers, such
as shift registers, first-in, first-out (FIFO) structures, etc.
The memory element 28 may further include at least one
write memory pointer which stores the current location or
register i which digital samples have been written or
stored. The memory element 28 may also include at least
one read memory pomter which stores the current location
or register 1n which digital samples have been read. The
memory element 28 receives the stream of digital samples
from the ADC 16. The samples are stored 1n, or written to,
the storage locations or registers, as determined by the write
memory pointer, which are typically successive locations
within the memory element 28. After a period of time deter-
mined by, or varymg according to, the parameters of the test
that 1s being run, the digital samples are read from, or shifted
out of, the storage locations or registers, as determined by

the read memory pointer.
[0031] The memory controller 30 generally controls the

flow of data samples mto and out of the memory element
28. The memory controller 30 may be formed from control-
ler and/or processor electronic circuitry, such as a finite state
machine (FSM), or the like, and may include additional
logic circuitry. Alternatively, the memory controller 30
may be implemented as a software program or application.
Based on commands, control signals, and/or data from the
control processor 38, the memory controller 30 may set the
values of the write and read memory pointers of the memory
clement 28 to control which storage locations or registers
have samples written to them and which storage locations
or registers have samples read from them. Thus, for each
data sample, the memory controller 30 stores the sample 1n
a memory location, waits for an amount of time, and then
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has the sample read from the memory location and commu-
nicated to the next component. By controlling the amount of
time that each data sample 1s stored in a memory location,
the memory controller 30 1s controlling the amount of delay
time that the memory element 28 introduces to the digital
samples.

[0032] 'The memory element 28 and the memory control-
ler 30 may form a coarse delay module 40 which provides
lower resolution control of the delay of the digital samples.
That 1s, the coarse delay module 40 may delay the data sam-
ples by relatively larger delay times, or times that are greater
than or equal to the sample time period, which 1s “coarse
delay”.

[0033] The fractional delay filter 32 generally provides the
ability to filter the digital samples to simulate or approxi-
mate delaymg the digital samples by a fractional amount
of the sample time period, which may also be known as
the “unit delay”. This 1s akin to resampling the down-con-
verted signal at an offset from the time periods at which the
digital samples are created. For example, 1f the digital sam-
ples are provided at a rate of 1 gigahertz (GHz), or
1 giga samples per second, then the sample time period
would be 1 nanosecond (ns). This sampling rate yields a
first digital sample at a time of 1 ns, a second digital sample
at a time of 2 ns, a third digital sample at a time of 3 ns, and
so forth. Resampling at an ofiset would determine a value of
the digital samples at times 1n between the known values,
such as determining digital sample values at times of, for
example, 1.5 ns, 2.5 ns, 3.5 ns, and so forth.

[0034] Since the fractional delay filter 32 cannot actually
resample the down-converted signal to obtain digital sample
values at fractional, offset amounts of the sample time per-
10d, 1.¢., fractional delay times, the fractional delay filter 32
performs an 1nterpolation calculation to determine or
approximate the digital sample values at fractional delay
times. In various embodiments, the fractional delay filter
32 may perform a Lagrange interpolation on the digital sam-
ple values to determine or approximate their values at frac-

tional delay times.
[0035] An exemplary fractional delay filter 32 includes a

Farrow structured fractional delay filter as shown m FIG. 2

and described 1n more detail in U.S. Pat. Application Sernal
No.: 16/985,884, entitled “FRACTIONAL DELAY FILTER

FOR A DIGITAL SIGNAL PROCESSING SYSTEM”, and
filed Aug. 5, 2020, which 1s hereby mcorporated by refer-
ence 1n 1ts entirety into the current patent application. The
fractional delay filter 32 includes a plurality of stages of
computational blocks 42 and a standalone filter block 44.
Each computational block 42 mcludes a first mnput 46, a sec-
ond mput 48, a filter block 50, a coetlicient block 52, an
adder 54, and an output 56. The fractional delay filter 32

can include N stages of computational blocks 42 and one

standalone filter block 44.
[0036] 'The first input 46 recerves the digital sample from

the memory element 28 at a rate of one digital sample per
clock cycle. The second mput 48 recerves the output from an
adjacent stage, which may be a successive stage, of compu-
tational block 42. The filter block 50, denoted as C,,(z), with
n having a value ranging from 0 to N-1, may be implemen-
ted as an Nth order finite mmpulse response (FIR) filter,
wherem each FIR filter may have a plurality of filter stages,
and cach filter stage may require one or more coeflicient
values. The filter block 50 receives 1ts mput from the first
input 46, and outputs a filtered sample. The coefficient block
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52 performs a multiplication function wheremn an input of
the coefficient block 52 1s multiplied by a coeflicient with
a selectable value of D. The input of the coetflicient block 52
1s the second mput 48, and the output 1s a coetlicient pro-
duct. The adder 54 adds the coetficient product and the {il-
tered sample and outputs the sum of the two, which 1s the

output 56 of the computational block 42.
[0037] The standalone filter block 44, which 1s the same 1n

structure and function as the other filter blocks 50, also
recerves the digital sample from the memory element 28 as
its input. The output of the standalone filter block 44 1s com-
municated to the second mput 48 of the last stage (N-1) of
the computational blocks 42.

[0038] Furthermore, the output 56 of the first stage (0) of
the computational blocks 42 1s the filtered digital sample
output of the fractional delay filter 32.

[0039] A number of stages N, the filter block 50 (FIR)
coetlicients, and a value of D can be chosen and adjusted
to meet various design constraints. In some situations,
such as simulating a stationary target, the values of N, the
filter block 50 coefficients, and D may be chosen to provide

no fractional delay.
[0040] The fractional delay controller 34 generally con-

trols the operation of the fractional delay filter 32. The frac-
tional delay controller 34 may be formed from controller
and/or processor electronic circuitry, such as an FSM, or
the like, and may include additional logic circuitry. Alterna-
tively, the fractional delay controller 34 may be implemen-
ted as a software or firmware program or application. Based
on commands, control signals, and/or data from the control
processor 38, the fractional delay controller 34 may set the
number of stages N, the values of the coefficients for each
filter block 50, and the value of the coeflicient D.

[0041] The fractional delay filter 32 and the fractional
delay controller 34 may form a fine delay module 58
which provides higher resolution control of the delay of
the digital samples. That 1s, the fine delay module 58 may
filter the digital samples to represent a delay by relatively
smaller delay times, or times that are less than, or a fraction
of, the sample time period, which 1s “fine delay”.

[0042] The single sideband modulator 36 generally
adjusts values of a frequency content of the digital samples
and may form a Doppler shift module 60. The single side-
band modulator 36 may be formed from electronic circuitry
such as oscillators, mixers, filters, and the like, or combina-
tions thereof. Alternatively, the single sideband modulator
36 may be implemented as a software or firmware program
or application. The single sideband modulator 36 receives
the digital samples tfrom the fractional delay filter 32. The
data of the digital samples may iclude a plurality of tre-
quency components which makes up the tfrequency content
of the digital samples. That 18, {01107 sampres = |11, T2, ..., 1]
[0043] The smgle sideband modulator 36 may selectively
or optionally adjust a value of one of more frequency com-
ponents of the digital samples by either increasing the value
or decreasing the value. The simgle sideband modulator 36
may receive commands, control signals, and/or data from
the control processor 38 to adjust the frequency components
and an amount to adjust. For example, the frequency com-
ponents of the digital samples may have imtial values when
the digital samples enter the simgle sideband modulator 36.
IT the single sideband modulator 36 receives commands,
control signals, and/or data to adjust the frequency content,
then the single sideband modulator 36 may process the digi-
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tal samples to have a shifted frequency value for each fre-
quency component that 1s greater than or less than the 1nitial
frequency value by an amount delta A. That 18: {1,500 =
fl initial +/- A: fZShzﬁ‘ed — foﬂiﬁﬂf /- A; -5 fﬂshiﬁed — ﬂ?iﬂfﬁaf +/-
A. The single sideband modulator 36 may shift all of the
frequency components, or 1t may shift a portion thereof. In
situations where no Doppler shift 1s required, then the single
sideband modulator 36 may simply pass through the digital
samples with no modification.

[0044] FIG. 1 shows an exemplary flow that the digital
samples follow from the ADC 16 to the coarse delay module
40, the fine delay module 38, and then to the Doppler shait
module 60. In theory and 1n practice, the modules 40, 58, 60
could be arranged 1n any sequence and the simulation sys-
tem 10 would still produce the same output.

[0045] The control processor 38 genecrally controls the
operation of, and flow of digital samples through, the mem-
ory e¢lement 28, the fractional delay filter 32, and the smgle
sideband modulator 36. The control processor 38 may be
formed from controller and/or processor electronic circuitry,
such as an FSM, or the like, and may include additional
logic circuitry. Alternatively, the control processor 38 may
be implemented as a software program or application. The
control processor 38 may recerve commands, control sig-
nals, and/or data from the external controller 22 regarding
the parameters of the tests to run. The control processor 38
may then determine the control signals and values discussed
heremafter based on, or varying according to, the recerved
parameters.

[0046] 'The control processor 38 may output a first com-
mand, control signal, and/or data to the memory controller
30 that determines the delay of the digital samples due to the
coarse delay module 40. The first command, control signal,
and/or data may provide the values of the write and read
memory pointers which controls the spacing therebetween,
and thus controls the timing of the flow of the digital sam-
ples through the memory element 28, which sets the value of
the delay of the digital samples. In the case of a variable
delay stmulation, control processor 38 may change the spa-
cing between the read and write pointers at a rate or fre-
quency (not related to the frequency content of the digital
samples), 1,44, that can be constant or changing and
thereby vary the amount of coarse delay applied to the digi-
tal samples by the coarse delay module 40. The rate or fre-
quency that the spacing between memory pomnters changes,
typdate, May be determined and varied according to the velo-
city of the target that 1s bemg simulated. The maximum
value ot 1,44 18 the trequency at which data flows through
the memory element 28, 1,,.,,. That 15 1,701 < Linem-

[0047] The control processor 38 may determine configura-
tions of the fractional delay filter 32 including the number of
stages N, the values of the coefficients for each filter stage,
and the value of the coetlicient D. The control processor 38
may also determine a number of sampling mterval divisions,
Np, based on, or varying according to, a value or amount of
fractional delay time to be applied to the digital samples,
wherein the time period of each sampling interval division
1s equal to a minimum value of the fractional delay time
coetticient D,,;,,. The coefficient D can be equal to D,,,,, ¥
Np, wherein N, = V'D, ;... In operation, the control proces-
sor 38 may determine values for D,,,;,, and Np, and then vary
the value of D during the simulation.

[0048] The control processor 38 may output a second
command, control signal, and/or data to the fractional
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delay controller 34 that sets a value of Ny and D. The con-
trol processor 38 may also update the value of D at a rate, or
frequency, less than or equal to a product of the sampling
interval division Np and the flow of digital samples through
the memory element 28 1,,,.,,,. That 1s, 1,70 < Np X $,000- It
the test 1s to mvolve acceleration or deceleration of the
simulated target, then the rate, or frequency, of updating
the value of D may vary as a function of time. The control
processor 38 may simulate non-uniform motion of the target
by selecting the value of D from a statistical distribution
about the nominal value of D that has been computed for
cither the constant velocity or non-zero acceleration calcu-

lations ot D. In such a situation, 1,7, = Lyem-
[0049] The control processor 38 may output a third com-

mand, control signal, and/or data to the smgle sideband
modulator 36 that sets or adjusts one or more values by
which the frequency content of the digital samples 1s
increased or decreased.

[0050] In addition, the control processor 38 may receive
feedback from the digital system 12 (through the external
configuration block 24). Based on the feedback, the control
processor 38 may adjust the commands, control signals,
and/or data communicated to the memory controller 30,
the fractional delay controller 34, and the single sideband
modulator 36 which control the operations of each of these

components.
[0051] The simulation system 10 may operate as follows.

The simulation system 10 generally provides a delay of the
signal or data from the radar system 12, 1.e., the digital sam-
ples, before the signal or data 1s returned to the radar system
12 1n order to simulate one or more targets that are to be
detected by the radar system 12. The delay of the signal or
data, which 1s a period of time between the transmission of
the signal or data from the radar system 12 and the reception
of a simulated reflection of the signal or data by the radar
system 12, determines a range, or distance, of the target
from the radar system 12 source. Generally, a greater delay
of the signal or data corresponds to a greater range of the
target, while a smaller delay of the signal or data corre-
sponds to a smaller range of the target. In addition, a con-
stant delay of the signal or data may mdicate a stationary
target, while a variable delay of the signal or data may 1ndi-
cate a moving target. Furthermore, a change 1n a frequency
component of the signal or data may indicate that the target
1s moving either toward the radar system 12 source or away
from 1t - as would simulate the naturally-occurring Doppler
shift of targets moving toward or away from a source.

[0052] The radar system 12 outputs the radar output sig-
nal, which 1s received by the down conversion circuit 14.
The down conversion circuit 14 converts the frequency con-
tent of the radar output signal from its natural frequency
value to a lower frequency value and outputs the down-con-
verted signal. The ADC 16 samples the down-converted si1g-

nal and generates a stream of digital samples.
[0053] The memory clement 28 of the coarse delay mod-

ule 40 receives the stream of digital samples from the ADC
16. The memory controller 30 determines the locations of
the memory element 28 m which the digital samples will
be temporarily stored. The memory controller 30 determines
the locations of the memory element 28 from which the
radar samples are read. The number of memory locations
or samples between the write location and the read location
corresponds to a selectable (determined by the parameters of
the test) delay value.
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[0054] The fractional delay filter 32 of the fine delay mod-

ule 38 recerves the digital samples as they are read from the
memory ¢lement 28. The operation of the fractional delay
filter 32 1s determined by, and varies according to, the para-
meters of the type of target simulation to be performed. If a
non-fluctuating, stationary target 1s to be simulated, then the
number of stages N, the values of the coetficients for each
filter stage, and the value of the coefficient D may be set by
the fractional delay controller 34 to provide no fractional
delay of the digital samples. If a fluctuating, or wobbling,
stationary target 1s to be stmulated, then a value of D that
dithers around a nominal value may be chosen. If a moving
target 1s to be simulated, then the number of stages N, the
values of the coefficients for each filter stage, and the value
of the coeflicient D may be set by the fractional delay con-
troller 34 to provide fractional delay of the digital samples n
order to smooth the motion of the stmulated target. The frac-
tional delay may be constant or may be varied (different) for
cach digital sample. A fluctuating moving target, or one with
non-uniform motion, may be simulated by dithering the
value for the coetlicient D around a nominal value. In addi-
tion, the fractional delay filter 32 may be set up by the frac-
tional delay controller 34 to provide simulated micro-Dop-
pler effects (compression of the reflected radar output signal
pulse envelope due to target motion) on the digital samples.
The fractional delay controller 34 in combination with the
fractional delay filter 32 provide fine control of the delay of
the digital samples - that 1s, filtering the data samples to
represent delay times that are a fraction of the sample time
period.

[0055] The single sideband modulator 36 of the Doppler
shift module 60 receives the digital samples from the frac-
tional delay filter 32. If no Doppler shitt 1s necessary for the
simulation, then the single sideband modulator 36 may out-
put the digital samples without any modification. If a Dop-
pler shift 1s needed for the simulation, then the control pro-
cessor 38 may output the necessary commands, control
signals, and/or data to mnstruct the single sideband modulator
36 to provide the appropriate change 1n the frequency con-
tent of the digital samples to simulate the Doppler shift. The
single sideband modulator 36 outputs the digital samples
that have been delayed and, optionally, frequency shifted.
[0056] The discussion above regarding the coarse delay
module 40, the fine delay module 58, and the Doppler shaft
module 60 describes the exemplary flow of the digital sam-
ples 1n the sequential order of coarse delay module 40, fine
delay module 58, and Doppler shift module 60, as shown
FIG. 1. It 1s within the scope of the current invention that the
modules 40, 538, and 60 may be connected mn any sequential
order. For example, the Doppler shift module 60 may
receive the digital samples from the ADC 16. The fine
delay module 38 may receive the digital samples from the
Doppler shift module 60. And the coarse delay module 40
may rece1ve the digital samples from the fine delay module
58. Other sequential orders are possible as well. No matter
the order of the modules 40, 538, 60, the digital samples that
are output by the simulation system 10 have the appropriate
time delay and frequency shift to simulate the desired
targets.

[0057] 'The digital samples are received by the DAC 18
which converts the samples to the analog intermediate fre-
quency signal. The up conversion circuit 20 receives the
intermediate frequency signal and converts the frequency
content thereof from 1ts natural frequency value to a higher
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frequency value. The up conversion circuit 20 outputs the
up-converted signal, which mcludes the appropriate amount
of coarse delay, fine delay, and Doppler frequency shift to
simulate the desired type of target. The radar system 12
recerves the up-converted signal as the radar input signal
and analyzes or processes 1t to determine what type of target
was simulated. For example, the radar system 12 may deter-
mine that the target was stationary at a certain range (dis-
tance). Or the radar system 12 may determine that the target
was moving with a certain velocity and/or at a certain head-
ing. The radar system 12 may output commands, signals,
and/or data, indicating any mformation regarding the target
(determined by the design or application of the radar system
12), as feedback to the external configuration block 24.
Depending on the goal of the test, 1f the determination of
the target type was correct or imcorrect, then no changes
may occur and the test may conclude or the external config-
uration block 24 may output commands, control signals,
and/or data to the control processor 38 to adjust the settings
of one or more of the memory ¢lement 28, the fractional

delay filter 32, and the single sideband modulator 36.
[0058] Referring to FIG. 3, a plot 300 of signal power vs.

Doppler frequency of a signal output by a prior art stmula-
tion system. The output signal 1s stmmilar to the up-converted
signal discussed above which would be received by the
radar system 12 and analyzed for the detection of targets.
The plot 300 1illustrates a Doppler spectrum of the output
signal and includes a peak pulse around the {2 frequency
that represents a single target. However, the plot 300 also
includes numerous other lower power level pulses that
may be contused for additional targets by the radar system
12. If 1t 1s known that there 18 supposed to be only one simu-
lated target or the target should only have one Doppler tre-
quency shift component and the radar system 12 detects
multiple targets and / or multiple Doppler frequency shafts,
then the test will fail. It may be falsely suspected that the
radar system 12 18 not functioning properly, when 1t 1s actu-
ally poor quality output from an inferior simulation system.
[0059] The simulation system 10 of the current invention
corrects for the problems of the prior art stmulation systems.
By including at least the fractional delay filter 32 and frac-
tional delay controller 34, the simulation system 10 outputs
a signal that excludes all of the spurious pulses from the
prior art system that may be incorrectly detected as targets.
A plot 400 of signal power vs. Doppler frequency for the up-
converted signal 1s shown m FIG. 4. The plot 400 includes
the peak pulse at around the 12 frequency representing the
target. But, the rest of the plot 400 shows the smooth decay
of the signal away from the peak pulse, which results 1n the
radar system 12 properly detecting a single target.

[0060] A second embodiment of the simulation system
100 1s shown 1n FIG. 5. The smmulation system 100 may
include the same modules, a fine delay module 102, a Dop-
pler shift module 104, and a coarse delay module 106, as are
present 1n the simulation system 10, but the modules may be
formed from different components and may process data 1n
a different order. The simulation system 100 could be
inserted 1n the same location as the simulation system 10
in FIG. 1 to test the operation of the radar system 12. The
functions of the stmulation system 100 may be executed 1n
hardware, software, firmware, or combinations thereof.
[0061] The fine delay module 102 generally provides
higher resolution control of the delay of the (radar) data
samples. That 1s, the fine delay module 102 may filter the
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data samples to represent a delay by relatively smaller delay
times, or times that are less than the sample time period. The
fine delay module 102 may include a first counter 108, a
second counter 110, a constant value block 112, a data
type converter 114, a first multiplier 116, a variable time
delay unmit 118, and a fractional delay filter 120.

[0062] Input data 1s recerved by the fine delay module 102.
The mput data may be digital samples received from the
ADC 16, or the mput data may be retrieved from a data
file or generated by a data generator to represent data from
the radar system 12. In any case, the mput data 1s a stream of
discrete data samples. The data samples are received by the
vanable time delay unit 118 which delays the data samples
by a delay value that 1s set by the first counter 108, which
may generate a series of numbers that increase in value,
reset to a start value, and then repeat. The data type conver-
ter 114 recerves the numbers from the first counter 108 and
converts them to an appropriate format or type to be
recerved by the vanable time delay unmit 118. The data sam-
ples from the vaniable time delay unit 118 are recerved by
the fractional delay filter 120, which may be similar 1n struc-
ture and operation to the fractional delay filter 32, and may
output fine delay data samples. The amount of simulated
delay time filtering provided by the fractional delay filter
120 may be determined or set by the second counter 110
which produces a series of increasing numbers, similar to
the first counter 108. The series of numbers are received
by the first multiplier 116 which multiplies the numbers,
cach number 1n turn, by a selectable, fractional value, pro-
vided by the constant value block 112. The value provided
by the constant value block 112 typically ranges from
approximately 0 to approxmmately 1 and may be selected
or set by an operator prior to, or during, a stmulation of
radar targets. The value shown i FIG. § 1s merely
exemplary.

[0063] The doppler shift module 104 generally provides a
programmable shift in frequency of the (radar) data samples.
The doppler shift module 104 may include a first digital
delay umit 122, a Hilbert transform unit 124, a cosine wave
oenerator 126, a sine wave generator 128, a second multi-
plier 130, a third multiplier 132, and an adder 134.

[0064] The fine delay data samples from the fine delay
module 102 are recerved by the first digital delay umt 122
and the Hilbert transform unit 124, which convert the sam-
ples mto mn-phase data and quadrature data, respectively.
The amount of delay mtroduced by the first digital delay
unit 122 should be roughly equivalent to the amount of
delay introduced by the Hilbert transform umit 124. The
delay value shown m FIG. 5 1s merely exemplary. The
cosine wave gencrator 126 and the sine wave generator
128 also recerve doppler shift mnput data from a source
such as the control processor 38, a data file, or a data gen-
crator. The cosine wave generator 126 may generate cosine
wave data, and the sme wave generator 128 may generate
sine wave data. The doppler shift input data may include
frequency and amplitude setting values for the cosine and
sine wave data. The cosine wave data and the in-phase
data are received by the second multiplier 130, and the
sine wave data and the quadrature data are received by the
third multiplier 132. Each multiplier 130, 132 may multiply
the data supplied by the mputs and/or perform a frequency
mixing function on the mput signal data and output product
data that includes frequency components which are the sum
and/or difference of the input signal data. That 1s, the second
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multiplier 130 may output product data that includes fre-
quency components which are the sum and/or difference
of the cosine wave data and the in-phase data, while the
third multiplier 132 may output product data that includes
frequency components which are the sum and/or ditference
of the sine wave data and the quadrature data. The adder 134
recerves the product data from the second and third multi-
pliers 130, 132, adds them together, and outputs doppler
shift data samples, which are the sum of the two product
data streams. The amount of frequency shitt in the doppler
shift data samples 1s selectable and may include no fre-
quency shift of the frequency of the fine delay data samples,
1f that 1s desired.

[0065] The coarse delay module 106 generally provides
lower resolution control of the delay of the (radar) data sam-
ples. That 1s, the coarse delay module 106 may delay the
data samples by relatively larger delay times, or times that
arec greater than or equal to the sample time period. The
coarse delay module 106 includes a second digital delay
unit 136. The second digital delay unit 136 recerves the dop-
pler shift data samples, delays the samples by a plurality of
sample time periods, and outputs coarse delay data samples.
Typically, the number of sample time periods by which the
doppler shift data samples are delayed 1s an integer value
and 1s selectable. The delay value shown n FIG. § 1s merely
exemplary. The coarse delay data samples are communi-
cated to the DAC 18 or stored 1n a data file to be analyzed
to verity the proper operation of the simulation system 100.
[0066] The discussion above regarding the fine delay
module 102, the Doppler shift module 104, and the coarse
delay module 106 describes the exemplary tlow of the digi-
tal samples 1n the sequential order of the fine delay module
102, the Doppler shift module 104, and the coarse delay
module 106, as shown 1n FIG. 5. It 1s within the scope of
the current mvention that the modules 102, 104, 106 may be
connected 1 any sequential order. For example, the Doppler
shift module 104 may receive the digital samples from the
ADC 16. The fine delay module 102 may receive the digital
samples from the Doppler shift module 104. And the coarse
delay module 106 may recerve the digital samples from the
fine delay module 102. Other sequential orders are possible
as well. No matter the order of the modules 102, 104, 106,
the digital samples that are output by the simulation system
100 have the appropriate time delay and frequency shift to
simulate the desired targets.

Additional Considerations

[0067] Throughout this specification, references to “one
embodiment”, “an embodiment”, or “embodiments” mean
that the feature or features being referred to are included n
at least one embodiment of the technology. Separate refer-
ences to “one embodiment”, “an embodiment™, or “embodi-
ments” 1 this description do not necessarily refer to the
same embodiment and are also not mutually exclusive
unless so stated and/or except as will be readily apparent
to those skilled 1n the art from the description. For example,
a feature, structure, act, etc. described in one embodiment
may also be included in other embodiments, but 1s not
necessarily included. Thus, the current invention can
include a variety of combinations and/or integrations of
the embodiments described herein.

[0068] Although the present application sets forth a
detailed description of numerous different embodiments, 1t
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should be understood that the legal scope of the description
1s defined by the words of the claims set forth at the end of
this patent and equivalents. The detailed description 1s to be
construed as exemplary only and does not describe every
possible embodiment since describing every possible embo-
diment would be impractical. Numerous alternative embodi-
ments may be implemented, using either current technology
or technology developed aftter the filing date of this patent,
which would still fall within the scope of the claims.
[0069] Throughout this specification, plural instances may
implement components, operations, or structures described
as a single mstance. Although individual operations of one
or more methods are illustrated and described as separate
operations, one or more of the mdividual operations may
be performed concurrently, and nothing requires that the
operations be performed 1n the order 1llustrated. Structures
and functionality presented as separate components 1n
example configurations may be implemented as a combined
structure or component. Simularly, structures and function-
ality presented as a single component may be implemented
as separate components. These and other variations, modifi-
cations, additions, and improvements fall within the scope
of the subject matter herem.

[0070] Certain embodiments are described herein as
including logic or a number of routines, subroutines, appli-
cations, or instructions. These may constitute either soft-
ware (¢.g., code embodied on a machine-readable medium
or 1n a transmission signal) or hardware. In hardware, the
routines, etc., are tangible units capable of performing cer-
tain operations and may be configured or arranged 1 a cer-
tain manner. In example embodiments, one or more compu-
ter systems (e.g., a standalone, client or server computer
system) or one or more hardware modules of a computer
system (€.g., a processor or a group of processors) may be
configured by software (e.g., an application or application
portion) as computer hardware that operates to perform cer-
tain operations as described herein.

[0071] In various embodiments, computer hardware, such
as a processing element, may be mmplemented as special
purpose or as general purpose. For example, the processing
clement may comprise dedicated circuitry or logic that 1s
permanently configured, such as an application-specific
integrated circuit (ASIC), or mdefinitely configured, such
as an FPGA, to perform certain operations. The processing
clement may also comprise programmable logic or circuitry
(¢.g., as encompassed within a general-purpose processor or
other programmable processor) that 1s temporarily config-
ured by software to perform certain operations. It will be
appreciated that the decision to implement the processing
clement as special purpose, i dedicated and permanently
configured circuitry, or as general purpose (e.g., configured
by software) may be driven by cost and time considerations.
[0072] Accordingly, the term “processing clement” or
equivalents should be understood to encompass a tangible
entity, be that an enftity that 1s physically constructed, per-
manently configured (¢.g., hardwired), or temporarily con-
figured (¢.g., programmed) to operate 1n a certain manner or
to perform certain operations described herein. Considering
embodiments 1n which the processing element 18 tempora-
rily configured (e.g., programmed), each of the processing
elements need not be configured or instantiated at any one
instance 1 time. For example, where the processing element
comprises a general-purpose processor configured using
software, the general-purpose processor may be configured
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as respective different processing elements at different
times. Software may accordingly configure the processing
element to constitute a particular hardware configuration at
one mstance of time and to constitute a different hardware

configuration at a ditferent mstance of time.
[0073] Computer hardware components, such as commu-

nication elements, memory elements, processing elements,
and the like, may provide mformation to, and receive mifor-
mation from, other computer hardware components.
Accordingly, the described computer hardware components
may be regarded as being communicatively coupled. Where
multiple of such computer hardware components exist con-
temporancously, communications may be achieved through
signal transmission (e.g., over appropriate circuits and
buses) that connect the computer hardware components. In
embodiments 1 which multiple computer hardware compo-
nents are configured or mstantiated at different times, com-
munications between such computer hardware components
may be achieved, for example, through the storage and
retrieval of information 1n memory structures to which the
multiple computer hardware components have access. For
example, one computer hardware component may perform
an operation and store the output of that operation 1 a mem-
ory device to which 1t 1s communicatively coupled. A
further computer hardware component may then, at a later
time, access the memory device to retrieve and process the
stored output. Computer hardware components may also
initiate communications with mput or output devices, and
may operate on a resource (e.g., a collection of information).
[0074] The wvarious operations of example methods
described herein may be performed, at least partially, by
one or more processing elements that are temporarily con-
figured (e.g., by software) or permanently configured to per-
form the relevant operations. Whether temporarily or per-
manently configured, such processing elements may
constitute processing clement-implemented modules that
operate to perform one or more operations or functions.
The modules referred to heremn may, mn some example
embodiments, comprise processing element-implemented
modules.

[0075] Similarly, the methods or routines described herein
may be at least partially processing element-implemented.
For example, at least some of the operations of a method
may be performed by one or more processmg elements or
processing element-implemented hardware modules. The
performance of certain of the operations may be distributed
among the one or more processing elements, not only resid-
ing within a single machine, but deployed across a number
of machines. In some example embodiments, the processing
elements may be located m a single location (e.g., within a
home environment, an office environment or as a server
tarm), while 1n other embodiments the processing elements
may be distributed across a number of locations.

[0076] Unless specifically stated otherwise, discussions
herein using words such as “processing,” “computing,”
“calculating,” “determining,”

presenting,” “displaying,”
or the like may refer to actions or processes of a machine
(e.g., a computer with a processing element and other com-
puter hardware components) that manmipulates or transforms
data represented as physical (e.g., electronic, magnetic, or
optical) quantities within one or more memories (€.g., vola-
tile memory, non-volatile memory, or a combination
thereot), registers, or other machine components that
recerve, store, transmit, or display mformation.
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[0077] As used herein, the terms “comprises,” “compris-
ing,” “includes,” “mncluding,” “has,” “having” or any other
variation thereof, are intended to cover a non-exclusive
inclusion. For example, a process, method, article, or appa-
ratus that comprises a list of elements 18 not necessarily lim-
ited to only those elements but may include other elements
not expressly listed or iherent to such process, method,
article, or apparatus.

[0078] The patent claims at the end of this patent applica-
tion are not intended to be construed under 35 U.S.C. §
112(1) unless traditional means-plus-function language 1s
expressly recited, such as “means for” or “step for” lan-
ouage being explicitly recited n the claim(s).

[0079] Although the technology has been described with
reference to the embodiments illustrated 1n the attached
drawing figures, 1t 1s noted that equivalents may be
employed and substitutions made herein without departing
from the scope of the technology as recited 1n the claims.
[0080] Having thus described various embodiments of the
technology, what 1s claimed as new and desired to be pro-
tected by Letters Patent includes the following:

1. A simulation system for use in testing a radar system, the
simulation system comprising:

a coarse delay module configured to receive either a first
stream of digital data samples that are sampled from a
radar signal at a sample time period or a second stream
of digital data samples that are processed by another
simulation system component, delay the digital data
samples by a selectable first delay time that 1s greater
than or equal to the sample time period, and output coarse
delayed samples;

a fine delay module configured to receive either the first
stream of digital data samples or the second stream of
digital data samples, filter the digital data samples to
represent delay by a selectable second delay tume that 1s
less than the sample time period, and output fine delayed
samples; and

a doppler shift module configured to recerve either the first
stream of digital data samples or the second stream of

digital data samples, adjust a value of one or more fre-
quency components of the digital data samples, and out-
put doppler shifted samples.

2. The smmulation system of claim 1, wherem the coarse
delay module includes

a memory element configured to receive the digital data
samples and store them, cach digital data sample stored
in a different one of a plurality of memory locations, the
memory element further configured to transmit the digi-
tal data samples, and

a memory controller configured to control the operation of
the memory element so that the memory element stores
cach digital data sample tor the first delay time.

3. The simulation system of claim 2, wherein the memory
controller 1s further configured to determine memory loca-
tions where the digital data samples are written to and read
from.

4. The sitmulation system of claim 1, wherein the fine delay
module includes

a fractional delay filter including a plurality of computa-
tional stages configured to perform an mterpolation cal-
culation to determine values of the digital data samples at
the second delay time, and
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a fractional delay controller configured to control the opera-
tion of the fractional delay filter by setting parameters of
the computational stages.

5. The stmulation system of claim 4, wherein the fractional

delay filter includes

a standalone filter block configured to recerve the digital
data samples, filter the digital data samples, and output
filtered data, and

cach computational stage mcludes
a first nput configured to recerve the digital data samples,
a second mput rece1ving an output of an adjacent compu-

tational stage,

a filter block recerving the first input, filtering the first
input, and outputting filtered data,

a coetlicient block recerving the second mput, multiply-
ing the second mput by a coetlicient, and outputting a
product, and

an adder adding the filtered data and the product and out-
putting a sum of the filtered data and the product,

wherein the second 1nput of the last computational stage
receives the filtered data from the standalone filter
block and the output of the first computational stage
1s the output of the fractional delay filter.

6. The simulation system of claim 5, wherein the standalone
filter block and the filter block of each computational stage
includes a finite impulse response filter.

7. The stmulation system of claim 5, wherein the fractional
delay controller determines a number of computational stages
included 1n the fractional delay filter and a value of the coetii-
cient of the coefficient block.

8. The simulation system of claim 4, wherein the fractional
delay filter includes a Farrow structured fractional delay filter.

9. The simulation system of claim 1, wherein the doppler
shift module includes a single sideband modulator configured
to increase or decrease the value of one or more frequency
components of the digital data samples.

10. The simulation system of claim 1, wherein the simula-
tion system receives a feedback signal from the radar system
and adjusts stmulation parameters according to a content of
the feedback signal.

11. A simulation system foruse in testing aradar system, the
simulation system comprising:

a coarse delay module configured to receive either a first
stream of digital data samples that are sampled from a
radar signal at a sample time period or a second stream
of digital data samples that are processed by another
simulation system component, delay the digital data
samples by a selectable first delay time that 1s greater
than or equal to the sample time period, and output coarse
delayed samples, the coarse delay module including
a memory element configured to recerve the digital data

samples and store them, each digital data sample
stored 1n a different one of a plurality of memory loca-
tions, the memory element further configured to trans-
mit the digital data samples, and

a memory controller configured to control the operation
of the memory element so that the memory element
stores each digital data sample for the first delay tume;

a fine delay module configured to receive either the first
stream of digital data samples or the second stream of
digital data samples, filter the digital data samples to
represent delay by a selectable second delay time that 1s
less than the sample time period, and output fine delayed
samples, the fine delay module mcluding
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a fractional delay filter including a plurality of computa-
tional stages configured to perform an interpolation
calculation to determine values of the digital data sam-
ples at the second delay time, and

a fractional delay controller configured to control the
operation of the fractional delay filter by setting para-
meters of the computational stages; and

a doppler shift module configured to recerve either the first

stream of digital data samples or the second stream of

digital data samples, adjust a value of one or more fre-

quency components of the digital data samples, and out-
put doppler shifted samples.

12. The simulation system of claim 11, wherein the frac-

tional delay filter mmcludes

a standalone filter block configured to receive the digital
data samples, filter the coarse delayed samples, and out-
put filtered data, and

cach computational stage includes
a first mput configured torecerve the digital data samples,
a second imput rece1ving an output of an adjacent compu-

tational stage,

a filter block receiving the first mnput, filtering the first
input, and outputting filtered data,

a coetticient block recerving the second mnput, multiply-
ing the second mnput by a coetficient, and outputting a
product, and

an adder adding the filtered data and the product and out-

putting a sum of the filtered data and the product,
wherem the second input of the last computational stage

recerves the filtered data from the standalone filter
block and the output of the first computational stage
1s the output of the fractional delay filter.

13. The simulation system of claim 12, wherein the frac-
tional delay controller determines a number of computational
stages included 1n the tfractional delay filter and a value of the
coetticient of the coefficient block.

14. The stmulation system of claim 11, wherein the simula-
tion system receives a feedback signal from the radar system
and adjusts stmulation parameters according to a content of

the feedback signal.
15. The simulation system of claim 11, wherein the frac-

tional delay filter mcludes a Farrow structured fractional
delay filter.

16. The sstmulation system of claim 11, wherein the doppler
shift module mcludes a single sideband modulator configured
to mcrease or decrease the value of one or more frequency

components of the digital data samples.
17. A simulation system for use 1n testing a radar system,

the simulation system comprising:

a fine delay module configured to receive either a first
stream of digital data samples that are sampled from a
radar signal at a sample time period or a second stream
of digital data samples that are processed by another
simulation system component, the fine delay module
including
a variable time delay unit configured to recerve the digital

data samples, delay them by a vanable time period,
and output vanable time delayed samples, and
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a fractional delay filter configured to recerve the variable
time delayed samples, filter the variable time delayed
samples to represent delay by a selectable first delay
time that 1s less than the sample time period, and output
fine delayed samples;

a doppler shift module configured to recerve either the first
stream of digital data samples or the second stream of

digital data samples, adjust a value of one or more fre-

quency components of the digital data samples, and out-
put doppler shifted samples; and

a coarse delay module configured to receive either the first

stream of digital data samples or the second stream of
digital data samples, delay the digital data samples by a

selectable second delay time that 1s greater than or equal
to the sample time period, and output coarse delayed
samples.

18. The simulation system of claim 17, wherein the fine

delay module further includes

a first counter configured to generate a sequentially increas-
ing first series of numbers that are communicated to the
variable time delay unit to set a delay time,

a second counter configured to generate a sequentially
increasing second series of numbers,

a constant value block configured to generate a numerical
value, and

a multiplier configured to receive the second series of num-
bers and the numerical value, multiply each number by
the numerical value 1n turn, and output a product that 1s
communicated to the fractional delay filter to set a simu-
lated delay time.

19. The simulation system of claim 17, wherein the doppler

shift module further includes

a hilbert transform unit configured to receive the digital
data samples and output quadrature data,

a digital delay umt configured to receive the digital data
samples and output mn-phase data with a delay to main-
tain synchronization of the m-phase and quadrature data
streams,

a cosine wave generator configured to receive setting data
and output cosine wave data,

a sine wave generator configured to recerve setting data and
output sine wave data,

a first multiplier configured to recerve the cosine wave data
and the m-phase data, multiply the cosine wave data and
the m-phase data, and output a first product,

a second multiplier configured to recerve the sine wave data

and the quadrature data, multiply the sine wave data and
the quadrature data, and output a second product,

an adder configured to recerve the first product and the sec-
ond product, add the first product and the second product,
and output a sum that 1s the doppler shitted samples.

20. The simulation system of claim 17, wherem the coarse
delay module turther includes a digital delay unit configured
toreceive the digital data samples, delay them foraplurality of
sample time periods, and output the coarse delayed samples.
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