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Efficient Doppler Frequency Simulator for
Multifrequency

Sukjae Yoon , Member, IEEE, Kyoduk Ku , Member, IEEE, and Hoyoung Yoo , Member, IEEE

Abstract—This article introduces an innovative interpolation-
based radar simulation system (IRSS) designed to simulate
Doppler frequencies across multiple frequencies with minimal
hardware complexity. Traditional radar simulation systems,
such as Analog Radar System Simulators (ARSSs) and Dig-
ital Radar System Simulators (DRSSs), face challenges when
supporting multifrequency simulations due to the need for
parallel processing of individual Doppler frequencies. The pro-
posed IRSS exploits linear interpolation and the superposition
property, enabling a single interpolation process to handle mul-
tiple frequency components efficiently. The IRSS structure was
implemented using a field programmable gate array (FPGA)-
based universal software radio peripheral (USRP), and its
performance was evaluated through experimental testing. The
results demonstrated that the IRSS accurately generated Doppler
frequencies for both single-frequency and multifrequency sig-
nals, maintaining consistency with theoretical predictions. The
system effectively simulated Doppler shifts for various target
speeds while preserving hardware simplicity, unlike traditional
simulators that require increased resources proportional to the
number of frequencies. This research highlights the advantages
of using linear interpolation to reduce hardware complexity
and improve scalability in radar simulators. Consequently, the
proposed IRSS provides a cost-effective and efficient solution for
modern radar systems that demand multifrequency capabilities,
making it well-suited for applications in complex environments
such as autonomous vehicles, military operations, and aviation.

Index Terms—Doppler frequency, linear interpolation, radar
system, universal software radio peripheral (USRP).

I. INTRODUCTION

RADAR systems are technologies that detect and track
the position and speed of objects using electromagnetic

waves, and they are applied in various fields such as military,
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aviation, meteorology, and maritime traffic control [1]. In
the defense industry, they are used for detecting aircraft and
missiles [2], [3], in air traffic control, for tracking aircraft
[4], in meteorology, for predicting precipitation and storms
[5], [6], and in maritime applications, for preventing ship
collisions [7]. Recently, radar systems have also been applied
to autonomous vehicles, smart homes, and industry [8], [9],
and their importance is expanding across various industries.
Radar systems measure the position of an object through time
delay and its speed using the Doppler effect. The change in
Doppler frequency occurs according to the relative speed of
the moving object, allowing for the calculation of the velocity
of the object.

However, these technologies are significantly affected by
various environmental conditions, making verification in real
environments challenging and expensive [10], [11], [12]. Par-
ticularly in high-risk environments such as the military and
aviation sectors, recreating actual scenarios for testing is not
only limited but also constrained by time and resources [13],
[14]. To address these issues, the need for radar system
simulators has emerged. Simulators provide a testing envi-
ronment that can virtually reproduce various environments
and scenarios, allowing for the realistic simulation of real-
world conditions [15]. Recently, radar system simulators have
become essential for ensuring reliability and stability before
actual implementation. They enable precise performance eval-
uation of radar systems under different environmental variables
and conditions [11], [12], and they allow the simulation
of various functions, including velocity measurement using
Doppler frequencies, from the design stage, enabling early
detection and improvement of potential issues [16], [17], [18],
[19], [20].

In this article, we propose a method to simulate Doppler
frequency using DSP algorithms. Specifically, the proposed
simulator applies linear interpolation to the frequency samples
fed into the system, adjusting the amplitude of each sample
to modify the output signal frequency. The simulated radar
signal is determined by the input frequency and Doppler
frequency, which vary according to the relative speed between
the radar and the target. We can present a method to vary
the Doppler frequency by changing the linear interpolation
ratio. Additionally, the need for multifrequency has become
increasingly emphasized to optimize radar system performance
and enhance reliability [21], [22], [23], [24], [25] in com-
plex environments such as urban multipath environments [9],
ground clutter scenarios [12], [26], and intentional jamming
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Fig. 1. Basic radar system based on the Doppler effect.

interference [10], [23]. The previous Doppler simulators target
only single frequencies, resulting in an increase in complexity
proportional to the number of supported frequencies when
simulating multiple signals. This article proposes a simulator
that supports multifrequency using the superposition property
of signals and a single interpolation process. This structure
minimizes the increase in complexity, allowing multifrequency
simulation through a single hardware platform. The structure
of this article is as follows. Section II covers the background
on Doppler frequency and previous simulators necessary to
understand this article. Section III explains the proposed
interpolation-based simulator structure. Section IV presents the
implementation of the proposed simulator using a field pro-
grammable gate array (FPGA)-based universal software radio
peripheral (USRP) and discusses the experimental results.
Finally, Section V concludes this article.

II. BACKGROUND

The Doppler effect refers to the phenomenon where the
frequency of a signal transmitted by a radar changes when
it is reflected off a target and returns to the radar, due to the
relative movement between the radar and the target [28]. When
the target approaches the radar, the wavelength of the reflected
signal shortens, increasing the frequency of the received signal.
Conversely, when the target moves away from the radar, the
wavelength of the reflected signal lengthens, decreasing the
frequency. Figure 1 illustrates the Doppler effect in a basic
radar system based on the radar and the target [28]. In Fig. 1,
the frequency of the signal transmitted by the radar is denoted
as fr, and the frequency of the signal reflected by the target is
denoted as ft. When the target moves closer to the radar, it is
represented as f+t , and when it moves away, it is represented
as f −t . According to [28], the frequency ft reflected by the
target consists of the component fr transmitted by the radar
and the Doppler frequency component fd caused by the relative
movement of the target. More precisely, the frequency ft,
reflected by the target, is determined by the transmitted fr
and the relative speed v of the target is shown below

ft = fr + fd =

�
c + v
c − v

�
× fr (1)

where c is the speed of light, 3×108 m/s. In radar systems, the
Doppler frequency is calculated based on the relative speed
v = vt – vr between the radar and the target. Typically, the
radar is stationary, so v is usually equal to vt. Furthermore, by
rearranging the equation, it can be expressed as

ft =

�
c − v + 2v

c − v

�
× fr =

�
1 +

2v
c − v

�
× fr

= fr +

�
2v

c − v

�
× fr. (2)

TABLE I
EXAMPLE OF DOPPLER FREQUENCY [HZ]

Using (1) and (2), the Doppler frequency can be expressed as

fd =
2v

c − v
fr. (3)

Additionally, if c � v, (3) can be simplified as

fd =
2v
c

fr. (4)

As a result, a radar simulator is a system that generates the
frequency ft to the transmitted frequency fr by adding the
Doppler frequency fd based on (1) through (4). For example,
Table I shows the various Doppler frequencies generated based
on the frequency fr and the relative speed v. The fr ranges
from 800 MHz to 1.2 GHz, and the Doppler frequencies are
shown for relative speeds ranging from ±100 m/s to ±1 km/s.
For instance, a 1 GHz radar carrier frequency with a target
moving at 500 m/s induces a Doppler frequency of 3336 Hz,
resulting in a reflected signal of 1000 003 336 Hz.

Building a radar simulation system to model Doppler
effect based on target movement is significantly influenced by
various environmental conditions, making it challenging and
costly to verify in real-world settings [10], [11], [12], [16],
[18], [19], [20], [27], [28], [29], [30], [31], [32], [33], [34].
Especially in high-risk areas like the military and aviation
sectors, recreating real-life scenarios for testing is not only
limited but also extremely dangerous. To address these chal-
lenges, radar system simulators have been actively developed,
including analog radar system simulator (ARSS) [29], [30]
and digital radar system simulator (DRSS) [27], [31], [32],
[33], [34], [35]. ARSS was one of the first hardware-based
radar system simulators [29], [30]. As shown in Fig. 2(a), the
block diagram of the ARSS [29], [30] includes components
like the Doppler calculator, Doppler generator, local oscillator
(LO), and mixer. Initially, the Doppler calculator uses (4) to
compute fd by taking fr and v as inputs. The Doppler generator
then takes the calculated Doppler frequency fd and produces
a signal f̃d corresponding to this frequency. Here, f represents
the value of the frequency, while f̃ denotes the wave signal
associated with that frequency. f̃r can either be provided as
an external input or generated by the LO. Finally, the mixer
produces the f̃t signal, simulating the reflection from the target.
Based on (1)–(4), the ARSS [29], [30] can create various
Doppler frequencies based on the given radar frequency fr
and the relative speed v. Although ARSS [29], [30] success-
fully generated various Doppler frequencies, it encountered
difficulties in producing high-frequency signals due to the
bandwidth limitations of analog IC chips. To overcome this,
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Fig. 2. Previous Serial ARSS [29], [30] and DRSS [27], [31], [32], [33],
[34], [35] for single frequency: (a) serial ARSS and (b) serial DRSS.

DRSS was developed [27], [31], [32], [33], [34], [35], which
downconverts RF signals to IF or baseband signals, enabling
Doppler frequency simulation at the digital level. Fig. 2(b)
shows the block diagram of a previous DRSS [27], [31],
[32], [33], [34], [35]. Like ARSS [29], [30], it calculates
the Doppler frequency fd using fr and speed v through a
Doppler calculator. However, unlike ARSS [29], [30], DRSS
[27], [31], [32], [33], [34], [35] downconverts the f̃r signal
waveform, mixes it with f̃d, and then performs upconversion.
Additionally, the DRSS [27], [31], [32], [33], [34], [35] uses
a Direct Digital Synthesizer (DDS) for Doppler generation,
whereas ARSS [29], [30] directly generates the analog f̃d. As
a result, the DRSS [27], [31], [32], [33], [34], [35] generates
a f̃t signal at the digital level that simulates reflections from a
target based on the given relative speed v. Compared to ARSS
[29], [30], which directly generates high-frequency bands,
DRSS [27], [31], [32], [33], [34], [35] processes baseband
or IF signals, allowing it to handle frequency ranges that
ARSS [29], [30] cannot manage. To facilitate system-level
hardware analysis further, the block diagrams employ color-
coded lines to distinguish between component domains: red
lines represent digital components, blue lines correspond to
analog components, and green lines indicate RF components.
In addition, the longest signal path is emphasized using bold
and shaded lines to highlight potential latency-critical routes.
This convention is applied uniformly across all diagrams.

Recently, the need for multifrequency capability has become
more prominent to optimize radar system performance and
enhance reliability [16], [18], [19], [26], [36], [37] in com-
plex environments such as urban multipath environments [9],
ground clutter scenarios [12], [26], and intentional jamming

Fig. 3. Previous Parallel ARSS [29], [30] and DRSS [27], [31], [32], [33],
[34], [35] for multifrequency: (a) parallel ARSS and (b) parallel DRSS.

interference [10], [23]. Utilizing multiple frequencies simul-
taneously overcomes the limitations of single-frequency
systems, allowing for more precise detection and tracking
[16], [37]. For example, techniques such as frequency hop-
ping [26], [27], [28], which improve radar performance by
varying the transmission frequency over short intervals, or
frequency-modulated continuous wave (FMCW) [16], [21],
[37], [38], which transmit signals by continuously modulating
the frequency over time, demonstrate the advantages of multi-
frequency approaches. Additionally, multifrequency systems
play a crucial role in improving reliability in cluttered or
interference-prone environments [21]. Using different frequen-
cies, it is possible to cancel out or avoid interference and noise
that may occur in specific frequency bands [21], [36], thereby
enhancing the overall signal processing performance of the
system. However, the previous ARSS [29], [30] and DRSS
[27], [31], [32], [33], [34], [35] structures used analog-based
ICs or digital baseband signal processing to simulate single-
frequency Doppler shifts. To handle multiple frequencies,
it is necessary to individually generate the Doppler shift
for each frequency according to (1)–(4). Therefore, in the
previous structures, simulating multiple Doppler frequencies
requires parallel expansion of the single Doppler frequency
simulation structure, resulting in additional hardware resources
proportional to the number of frequencies supported. Fig. 3
illustrates a system based on ARSS [29], [30] and DRSS
[27], [31], [32], [33], [34], [35] designed to simulate multiple
frequency signals. As shown in Fig. 3, each independent
Doppler frequency fd,i (1 ≤ i ≤ n) is generated and combined
to produce the target frequency ft,i (1 ≤ i ≤ n) for each
respective frequency. The previous f in Fig. 2 is extended to
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TABLE II
SUMMARY OF VARIOUS INTERPOLATION METHODS

fi (1 ≤ i ≤ n) in Fig. 3, requiring an increase in complexity by
n times and additional combiner hardware resources. Finally,
these frequencies are combined to produce the final ft.

III. PROPOSED METHOD

As multifrequency applications expand in radar systems, the
previous radar simulators limited to single frequencies face
increased hardware complexity with each additional frequency.
To address this, this article applies an interpolation technique
to simulate Doppler frequencies and proposes a structure that
utilizes signal superposition properties, which enables a single
interpolation to simulate Doppler frequencies across multiple
frequencies.

A. Linear Interpolation

Interpolation is a widely used technique for estimating
intermediate values between sampled data points. Typical
methods include linear interpolation [41], polynomial interpo-
lation [39], and spline interpolation [42]. Linear interpolation
offers simplicity and low computational cost by connect-
ing adjacent points with straight lines, making it suitable
for real-time applications. Polynomial and spline interpola-
tions improve accuracy by fitting higher order or piecewise
polynomials, but they incur significantly higher hardware
complexity, especially as the polynomial degree increases.
Table II summarizes the equations and arithmetic operation
counts for each method. Even at a low degree of n = 3,
polynomial and spline methods require substantially more
operations than linear interpolation. Given the need for low-
latency and resource-efficient implementation, the proposed
Interpolation-based Radar Simulation System (IRSS) adopts
linear interpolation to simplify the architecture and enable real-
time processing. Furthermore, linear interpolation techniques
in signal processing are generally classified into amplitude,
frequency, and phase interpolation. Amplitude interpolation
directly estimates signal amplitudes and is both simple and
efficient. Frequency interpolation smooths instantaneous fre-
quency variations, while phase interpolation maintains phase
continuity. The proposed system simulates radar signals by
adjusting amplitudes according to target velocity. To meet real-
time constraints with minimal hardware overhead, amplitude
interpolation is employed. While it may introduce phase dis-
continuities and minor amplitude distortion, these effects are

Algorithm 1 Proposed Interpolation
Input: SampleS i, before interpolation
Output: SampleS o, after interpolation

// initialization
1: i = 0; i’ = 0; d = 0; w = α;

// main loop
2: for (i = 0; i < L; i++; i’++)
3: d = S i[i′]−S i[i − 1]

// discrepancy between input samples
4: S o[i] = S i[i′] +d · w

// linear interpolation
5: if (|w| < 1)

// weight update
6: w = w + α;
7: else

// weight reset & index adjust
8: w = α;
9: i’= i’ +sign(α)

10: end if
11: end for

acceptable in our simulation context. Compared to frequency
or phase interpolation, the adopted method offers a favorable
balance between accuracy and efficiency.

Fig. 4 illustrates the digital signal processing steps for
the interpolation method proposed in this article. In Fig. 4,
the black samples represent the input samples S i[i] (0 ≤
i ≤ L), while the blue samples represent the output samples
S o[i] obtained through linear interpolation. In this article, the
interpolation is achieved by adding a compensation value to
adjacent input samples. The compensation value is calculated
by multiplying the difference d between input samples by
a weight w, which itself is determined by accumulating
the interpolation ratio α. If the absolute value of weight w
exceeds 1, indicating that the interpolation magnitude sur-
passes the sample period, the input index i is determined by
the sign of α. If α is positive, the algorithm skips the next
sample; if α is negative, the current sample is reused once
more. Subsequently, w is reset to α. When the interpolated
values based on the ratio α are applied to all samples of the
sampled signal, the signal’s period is effectively changed in
proportion to α. Fig. 4(a) shows a case with a positive α,
where the frequency increases via linear interpolation, while
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Fig. 4. Concept of linear interpolation: (a) positive α and (b) negative α.

Fig. 4(b) shows a case with a negative α, indicating a decrease
in frequency. The linear interpolation process described above
can be summarized in Algorithm 1. As shown in Line 3, the
discrepancy for a given input sample S i[i] (0 ≤ i ≤ L) is
calculated. Then, as described in Line 4, the compensation
value is added to perform linear interpolation, resulting in
single subtraction, addition, and multiplication. Note that
the proposed method calculates the compensation value by
multiplying the discrepancy and the weight. Ordinarily, the
weight is computed by accumulating the interpolation ratio α
as described in Line 6. If the absolute value of the weight
exceeds 1, it is considered to have surpassed the sample, the
weight is reset, and the index is adjusted as described in
Lines 8 and 9. This process is applied to all input samples
to calculate the output samples S o.

According to Fig. 4 and Algorithm 1, frequency variation
can be achieved by interpolating the input signal samples.
More precisely, when the input signal sample S i[i] has a
frequency fi, and the interpolated output signal sample S o[i]
has a frequency fo scaled by α, fo and fi satisfy the following
relation as:

fo = (1 + α) fi. (5)

To provide examples, Fig. 5(a) demonstrates the results
when Algorithm 1 is applied to an input frequency fi of 1 Hz,
with the set to 1/4, 2/4, and 3/4, and a sampling frequency
designated as 20 Hz. According to (5), the frequency changes
to 1.25, 1.5, and 1.75 Hz, respectively. Similarly, Fig. 5(b)
shows the results for α = −1/4, −2/4, and −3/4 with the
same input, where the frequency changes accordingly to 0.75,
0.5, and 0.25 Hz, as calculated by (5). In conclusion, by
adjusting the interpolation ratio α in (5), the desired frequency
of a given signal can be achieved through linear interpolation.
Applying this approach in a radar simulator system enables
the generation of signals with Doppler frequencies by tuning
α. By substituting 2v/c for α in (1) –(4) and using fr as fi, fo
can be computed as ft.

Furthermore, this interpolation property preserves the char-
acteristics of (5) even for multifrequency signals with mixed
components. In other words, frequency modification can be
applied to signals expressed as linear combinations through

Fig. 5. Example of single frequency: (a) positive α and (b) negative α.

interpolation, while maintaining the superposition property.
Fig. 6 demonstrates that linear interpolation satisfies the super-
position property. In detail, Fig. 6(a) and (b) show signals with
fr,1 = 1 Hz and fr,2 = 1.5 Hz, respectively, while Fig. 6(c)
displays the combined signal fr = fr,1+ fr,2. Fig. 6(d), (e), and
(f) show the results of applying interpolation with α = 1/4 to
fr,1, fr,2 and fr.

According to Fig. 6, the interpolation result for the linearly
combined signal in Fig. 6(c) is the same as that shown in
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Fig. 6. Example of multifrequency. (a) fr,1, (b) fr,2, (c) fr = fr,1 + fr,2, (d) αfr,1, (e) αfr,2, and (f) αfr = αfr,1 + αfr,2.

Fig. 6(f), and Fig. 6(f) matches the result obtained by combin-
ing Fig. 6(d) and (e). It is important to note that Fig. 6(f) can
be obtained by a single interpolation on the combined signal
without the need to interpolate each signal separately and then
combine them. Consequently, this linear interpolation property
allows the simulation of Doppler frequencies by performing
a single interpolation on the combined signal, eliminating
the need to generate individual Doppler frequencies for each
frequency, as required in conventional ARSS [29], [30] and
DRSS [27], [31], [32], [33], [34], [35] systems.

B. Interpolation-Based Radar Simulation System

The proposed IRSS exploits two key signal processing
properties. One is the ability to change signal frequency
using linear interpolation, and the other is the property that
interpolation on a combined signal produces the same result
as applying interpolation to each signal separately and then
combining them. The overall steps of the proposed IRSS are
summarized as follows.

Step 1: Downconvert by fc.
Step 2: Linear interpolation by α.
Step 3: Upconvert by (1 + α) fc.
Fig. 7 illustrates the overall operation of the proposed

IRSS in the frequency domain. In the first step, the radar-
transmitted signal containing multifrequency components fr =

fr,1 + fr,2 + · · · + fr,n is downconverted to the baseband. For
simplicity, it is assumed that the radar-transmitted signal has
dual-frequency components as fr = fr,1 + fr,2. While individ-
ual frequencies can be downconverted using their respective
frequencies in single-frequency cases, for a signal with multi-
frequency components, an appropriate center frequency fc is

chosen for downconversion. Note that we denote the difference
between ith frequency component and the center frequency as
f∆,i = fr,i – fc. In the second step, linear interpolation is
applied to the downconverted f ∆, i signal in the baseband
by a factor of α. When linear interpolation is performed by
α times as per Algorithm 1, the output frequency can include
Doppler components for f ∆, i added proportionally by α, as
shown in (5). In the third step, the signal in the baseband is
upconverted by (1 + α) fc. As a result, the final output signal
ft is obtained. In previous DRSS systems, upconversion and
downconversion are performed using the same fc frequency.
However, in the proposed structure, upconversion considers
the Doppler frequency component by incorporating a factor of
(1 + α). After performing the three steps with the combined
signal fr and its individual frequency components fr,i, the
proposed IRSS generates the final output as

nX
i = 1

�
ft,i
�

=

nX
i = 1

�
(1 + α) f∆,i + (1 + α) fc

�
=

nX
i = 1

�
(1 + α)

�
f∆,i + fc

��
=

nX
i = 1

�
(1 + α) fr,i

�
. (6)

It is important to note that the proposed IRSS generates signals
with each frequency component combined with its Doppler
frequency using a single interpolation.

Finally, the proposed structure is illustrated in Fig. 8. It
takes a signal f̃r containing multiple frequencies as input,
along with the target speed v and center frequency fc. The
signal is first downconverted by fc using a LO to convert it
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Fig. 7. Frequency model of the proposed system.

Fig. 8. Proposed interpolation-based radar system simulator.

to a baseband signal. Next, linear interpolation is performed
according to Algorithm 1, dependent on the target speed v. In
other words, the α value is calculated as 2v/c, and it can be
adjusted for different speeds of targets, allowing simulations
for various scenarios. Finally, the signal is upconverted by
(1+α) fc to calculate the final ft, which includes all frequency
components from 1 to n, as shown in (6). The proposed
system enables the simulation of Doppler variations for a
given multifrequency signal according to the desired scenario.
Notably, compared to the previous ARSS [29], [30] in Fig. 3(a)
and DRSS [27], [31], [32], [33], [34], [35] in Fig. 3(b)
by utilizing the upper position property, the system reduces
hardware complexity by simulating the signal with a single
interpolation, without needing to apply interpolation to each
individual signal component.

IV. EXPERIMENTAL RESULTS

To verify the proposed IRSS, a demo environment was set
up for testing, as shown in Fig. 9. The signal generator pro-
duced an RF signal f̃r containing various signal components,
which was then fed into the USRP. Given the RF signal,
the USRP converted the received RF signal to the IF band
using the set frequency fc, then sampled it with the analog-to-
digital converter (ADC). The linear interpolator calculated the
α ratio based on the set speed v and performed interpolation.
The signal was then converted to an analog signal by the

TABLE III
FPGA IMPLEMENTATION RESULTS OF THE PROPOSED IRSS

digital-to-analog converter (DAC) and upconverted by (1+α) fc
to generate the final output signal f̃t. Finally, the generated
signal was sent to a spectrum analyzer to verify whether it
matched the doppler frequency corresponding to speed v for
the input signal f̃r from the signal generator. More precisely,
the proposed IRSS was implemented on National Instruments
USRP 2954-R. Typically, a USRP is composed of an RF
section and an IF section. For the RF section, the amplifier
(AMP), LO, ADC, DAC, and filter were adjusted to operate in
our test environment, and the IF section was designed in the
FPGA to perform linear interpolation. In addition, Table III
summarizes the resource utilization of the Xilinx Kintex-7
XC7K410T FPGA, detailing the usage of LUTs, registers,
block RAMs, DSP slices, and the overall throughput and
power consumption. The experimental results demonstrate that
the proposed IRSS occupies less than 20% of the available
hardware resources, with total power consumption remaining
below 7.5 W. The ADC and DAC handle I/Q data with 16-bit
resolution, and a measured throughput of 800 MB/s is achieved
based on a 200 MS/s sampling rate. These results confirm the
suitability of the proposed structure for lightweight, real-time
radar simulation.

Fig. 10 shows the results of measuring the USRP output
with a spectrum analyzer when a single-frequency signal
of 1 GHz was generated by the signal generator and the
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Fig. 9. Prototype system based on the proposed IRSS.

Fig. 10. Single frequency results: (a) +100 m/s, (b) +500 m/s, (c) +1000 m/s, (d) −100 m/s, (e) −500 m/s, and (f) −1000 m/s.
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Fig. 11. Multifrequency results: (a) +100 m/s, (b) +500 m/s, (c) +1000 m/s, (d) −100 m/s, (e) −500 m/s, and (f) −1000 m/s.

Fig. 12. Discrepancy between the theoretical and USRP simulated frequen-
cies.

USRP simulated speeds of ± 100, ± 500, and ± 1000 m/s.
According to (4) and Table I, the Doppler frequencies gener-
ated for a 1 GHz signal at target speeds of ±100, ± 500,
and ± 1000 m/s were ± 667, ± 3336, and ± 6671 Hz,
respectively, confirming that the generated signals matched
these values. More importantly, Fig. 11 presents the results
when a multifrequency signal containing 1.01 and 0.99 GHz
was generated by the signal generator, and the USRP simulated
speeds of ± 100, ± 500, and ± 1000 m/s, with the center

TABLE IV

RMSE OF FREQUENCY, AMPLITUDE, AND PHASE DISTORTIONS

frequency fc set at 1 GHz. The experimental results confirmed
that different Doppler frequencies were generated for the
two frequencies through single interpolation, consistent with
the values described in (4) and Table I. To further evalu-
ate system performance under dynamic conditions, Fig. 11
presents experimental results obtained by varying the SNR
from –20 to 30 dB in 10 dB increments at the transmitter
side, while simulating Doppler frequencies corresponding to
target velocities ranging from –500 to 500 m/s in 50 m/s
steps at the receiver side. In Fig. 12, the measured Doppler
frequencies are compared with the theoretical values derived
from (4) to assess the accuracy of the proposed IRSS. The
results confirm that the deviation between theoretical and
measured values remained below 1 Hz under all test scenarios.
Table IV summarizes the root-mean-square root mean squares
(rms) errors for frequency, amplitude, and phase, offering a
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TABLE V

QUANTITATIVE COMPARISON FOR VARIOUS RADAR SYSTEM SIMULATORS

comprehensive view of system performance. The frequency
error is expressed in hertz, amplitude distortion corresponds
to deviations within the 16-bit resolution, and phase error is
represented in radians. Although time-domain linear interpo-
lation may introduce slight amplitude distortion and phase
discontinuity, the results indicate that such distortions were
minimal and did not significantly affect overall system accu-
racy. This demonstrates that the proposed IRSS achieves a
practical balance between hardware efficiency and simulation
precision, while benefiting from the simplicity and real-time
capability of the interpolation method. Moreover, all error
metrics consistently decreased as the SNR increased, further
validating the robustness and reliability of the system under
various signal conditions.

Furthermore, Table V quantitatively compares the hardware
complexity of the proposed interpolation-based RSS with
that of existing analog-based RSS and digital-based RSS. To
perform a numerical comparison, we conducted a comparative
analysis based on the number of components required in
the RF, analog, and digital domains. More specifically, we
categorized the hardware components as follows: LOs under
RF; Doppler Generators, Switches, and Mixers under Analog;
and Doppler Calculators, DDS units, and Interpolators under
Digital. This classification is clearly reflected in Table V. For
single-frequency signal simulation, the ARSS [29], [30] in
Fig. 2(a) has the lowest hardware complexity but is limited
in frequency range by analog IC constraints. The DRSS
[27], [31], [32], [33], [34], [35] in Fig. 2(b) expanded the
frequency range by utilizing a direct digital synthesizer to mix
Doppler frequency, but this increased hardware complexity
when simulating multiple frequencies. The proposed IRSS
in Fig. 8 mitigates hardware complexity while covering a
wide frequency range by applying linear interpolation. More
importantly, for multifrequency simulation, both ARSS [29],
[30] and DRSS [27], [31], [32], [33], [34], [35] require
generating separate signals for each frequency component,
as shown in Fig. 3, resulting in n times greater hardware
complexity compared to single-frequency structures. However,
the proposed IRSS structure maintains the same hardware
complexity regardless of the number of frequencies by uti-
lizing the superposition property.

Finally, to provide a more intuitive and practical compar-
ison of hardware complexity, Fig. 13 illustrates the relative
hardware cost per supported frequency, clearly showing how

Fig. 13. Hardware cost increase rate according to the number of simulated
frequencies.

overhead scales with increasing frequency count. Since it
is not feasible to implement and fabricate full RF, ana-
log, and digital subsystems for every ARSS, DRSS, and
IRSS configuration, we adopted a weighted estimation model,
assigning weights of 0.5, 0.3, and 0.2 to the RF, analog, and
digital domains, respectively. These weights reflect general
design trends and practical considerations, such as layout
difficulty, sensitivity to parasitics, scalability, and integration
effort, where RF components typically require complex shield-
ing and impedance control, analog circuits involve moderate
manual tuning and coupling care, and digital logic benefits
from high automation and compact implementation. This
weighted approach provides a more balanced and hardware-
aware framework for comparing system architectures. As
a result, based on the analysis presented in Fig. 13 and
Table V, the proposed IRSS consistently demonstrates superior
cost-efficiency and scalability, regardless of the number of sup-
ported frequencies, thereby validating the architectural advan-
tages of the interpolation-based approach over conventional
simulators.

V. CONCLUSION

In this article, we presented an IRSS designed to simulate
Doppler frequencies efficiently across multiple frequencies.
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The proposed system exploits the principles of linear inter-
polation and the superposition property to achieve frequency
modification while minimizing hardware complexity. The
proposed IRSS structure showed how a single interpolation
can be applied to multifrequency signals, thus addressing
the limitations of the previous simulators, like ARSS and
DRSS, which require individual Doppler frequency genera-
tion for each frequency component. Through experimental
validation using an FPGA-based USRP, we demonstrated
the effectiveness of the IRSS in simulating both single and
multifrequency Doppler shifts. The results confirmed that
the system could accurately produce the expected Doppler
frequencies for various target speeds, aligning with theoretical
values. Additionally, the IRSS maintained consistent hardware
complexity even as the number of supported frequencies
increased, thanks to the exploitation of signal superposition.
In conclusion, the IRSS offers a significant improvement in
radar simulation technology by providing a method to simulate
Doppler effects across multiple frequencies with reduced hard-
ware requirements. This capability ensures that radar systems
can be tested and validated in a more flexible, cost-effective,
and comprehensive manner, contributing to more reliable and
efficient radar system development and deployment.
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