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ABSTRACT To enable integrated sensing and communication (ISAC) in cellular networks, a wide range of
additional requirements and challenges are either imposed or become more critical. One such impairment
is sampling jitter (SJ), which arises due to imperfections in the sampling instants of the clocks of digital-
to-analog converters (DACs) and analog-to-digital converters (ADCs). While SJ is already well studied for
communication systems based on orthogonal frequency-division multiplexing (OFDM), which is expected
to be the waveform of choice for most sixth-generation (6G) scenarios where ISAC could be possible, the
implications of SJ on the OFDM-based radar sensing must still be thoroughly analyzed. Considering that
phase-locked loop (PLL)-based oscillators are used to derive sampling clocks, which leads to colored SJ,
i.e., SJ with non-flat power spectral density, this article analyzes the resulting distortion of the adopted
digital constellation modulation and sensing performance in OFDM-based ISAC for both baseband (BB)
and bandpass (BP) sampling strategies and different oversampling factors. For BB sampling, it is seen that
SJ induces intercarrier interference (ICI), while for BP sampling, it causes carrier phase error and more
severe ICI due to a phase noise-like effect at the digital intermediate frequency. Obtained results for a single-
input single-output OFDM-based ISAC system with various OFDM signal parameterizations demonstrate
that SJ-induced degradation becomes non-negligible for both BB and BP sampling only for root mean square
(RMS) SJ values above 10−11 s at both DAC andADC, which corresponds to 0.5×10−2 times the considered
critical sampling period without oversampling. Based on the achieved results, it can be concluded that state-
of-the-art hardware enables sufficient communication and sensing robustness against SJ, as RMS SJ values
in the femtosecond range can be achieved.

INDEX TERMS 6G, integrated sensing and communication (ISAC), orthogonal frequency-division multi-
plexing (OFDM), oscillator phase noise (PN), sampling jitter (SJ).

I. INTRODUCTION

W ITH the advent of sixth generation (6G) networks
[1], integrated sensing and communication (ISAC)

is expected to emerge as a pivotal technology [2]–[5]. The
principle of ISAC consists of simultaneously performing
communication and radar sensing with shared hardware and
spectral resources [6], [7]. With the added sensing function-
ality to the cellular infrastructure, a wide range of novel
applications is expected to become possible. These include,
e.g., environment sensing in urban scenarios to enable safe

mobility and automation in intralogistics scenarios involving
humans and automatic guided vehicles (AGVs) [8]–[10]. As
a result, ISAC is set to play a transformative role in next-
generation cellular networks, with early developments antici-
pated in upcoming 3rdGeneration Partnership Project (3GPP)
6G releases.

One of the key challenges in ISAC is enabling accurate
radar sensing while meeting the main demand of 6G cellular
networks, which is to support robust connectivity at high data
rates [11], [12]. This is facilitated by the use of the mul-
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ticarrier modulation scheme orthogonal frequency-division
multiplexing (OFDM) [13], which is already employed in
current fifth generation (5G) cellular systems and will most
likely also be the choice for 6G. Besides a proper allocation
of radio resources between communication and radar sensing,
this requires jointly tackling impairments associated with one
or both applications [14], [15]. Among these are high iso-
lation between closely located transmit and receive antenna
arrays and self-interference cancellation (SIC) requirements
due to the required in-band full duplex (IBFD) operation
for some communication applications and monostatic radar
sensing [16]–[18], or hardware non-idealities which may lead
to synchronization issues or signal impairments for commu-
nication and bistatic radar sensing [19], [20]. Among afore-
mentioned non-idealities are time and frequency offset [21],
[22], sampling frequency offset (SFO) [23], [24], oscillator
phase noise (PN) [25], [26], and sampling jitter (SJ) [27],
[28], whose implications have already been widely studied
for OFDM-based communication systems. In the OFDM-
based radar and ISAC context, recent studies have investi-
gated the influence of most of these issues on radar sensing
performance and proposed compensation strategies where
feasible [29]–[36]. However, the effects of SJ on OFDM-
based sensing performance have been overlooked.

SJ refers to the deviation in digital-to-analog converter
(DAC) or analog-to-digital converter (ADC) sampling in-
stants caused by imperfections in clock timing [20]. Accord-
ing to [37], SJ is composed of both aperture jitter, which
represents the sampling time variations caused by noise in the
sample-and-hold circuit of an ADC, and clock jitter, which is
raised by the clock generator used to feed the ADC with a
clock signal. The analysis in this study shows that, for short
signal block durations as is typically the case in milimeter
wave (mmWave) OFDM-based communication, clock jitter
is the dominant effect. In addition, it is shown that increasing
oversampling is ineffective against clock jitter-induced inter-
ference. Unlike aperture jitter that is spread over the whole
digitization band, this happens since clock jitter interference
is concentrated within the frequency band occupied by the
input signal to an ADC. Out of this reason, numerous studies
consider only the effect of clock jitter.

When experienced in OFDM-based systems with baseband
(BB) sampling, SJ leads to intercarrier interference (ICI) [20].
For the case where bandpass (BP) sampling is adopted, [38]
and [28] presented an analysis of ADC SJ on an OFDM-based
communication system. These studies showed that, besides
ICI, SJ results in an oscillator PN-like effect due to the use
of a digital intermediate frequency (IF), leading to common
phase error (CPE). For the BB sampling case, [27], [39]
investigated the effect of oversampling on the ICI induced
by white ADC SJ, where the SJ at different sampling time
instants is uncorrelated as opposed to colored SJ which has
non-flat power spectral density (PSD), without considering
DAC SJ. Furthermore, [40] derived closed-form expressions
and upper bounds for the ICI power due to white and colored
ADC SJ only, also considering the effect of oversampling.

It was shown that, for colored SJ, oversampling is not as
effective as for the white SJ case, and that a residual ICI is
always present.
Shifting the focus from the receiver to the transmitter side,

[41] presented an analysis of white DAC SJ, showing that
it leads to out-of-band (OOB) radiation and investigating
spectral sidelobe supression techniques to compensate for it.
Finally, [42], analyzed the effects of white and colored SJ at
both ADC and DAC for hybrid OFDM-digital filter multi-
ple access passive optical networks. Afterwards, the authors
proposed a SJ simulation model consisting of oversampling,
a fractional delay filter at the increased sampling rate, and
downsampling. Based on the obtained results, it was con-
cluded that the effects of SJ are virtually the same regardless
of whether they take place at a DAC or an ADC. In addition,
it was observed that oversampling at the ADC is ineffective
against DAC jitter.
In future 6G ISAC systems, which are expected to operate

at increasingly higher frequencies and require tighter syn-
chronization margins, understanding the effects of SJ and its
implications on not only communication, but also on the radar
sensing performance becomes crucial. In addition, to better
understand how sampling jitter can affect the performance of
OFDM-based ISAC, a larger variety of OFDM signal param-
eters (i.e., number of subcarriers and modulation alphabet)
than in the aforementioned studies needs to be considered.
Furthermore, a SJ model that better reflects the behavior
of state-of-the-art hardware must be adopted. Such model
should, e.g., consider the use of phase-locked loop (PLL)-
based oscillators to derive DAC and ADC sampling clocks,
which leads to colored SJ.
In this sense, this article investigates the impact of colored

SJ raised by the use of a PLL-based oscillator to generate the
sampling clock of single-input single-output (SISO) OFDM-
based ISAC systems. In this context, both communication
and radar sensing impairment are assessed. Specifically, the
degradation of the constellation shapes induced by SJ at both
DAC and ADC is analyzed using error vector magnitude
(EVM) and signal-to-interference ratio (SIR) as parameters.
In addition, both BB and BP sampling strategies, as well as
several distinct numbers of OFDM subcarriers, modulation
orders, and oversampling factors used in frequency-domain
zero padding (FDZP) are considered. Next, the resulting im-
plications on the radar sensing capabilities of OFDM-based
ISAC systems are analyzed. For that purpose, the degradation
of main and sidelobes of radar target reflections, as well as the
SIR reduction due to SJ is analyzed for the aforementioned
sets of parameters.
The contributions of this article can be summarized as

follows:

• A mathematical formulation of the effects of SJ is pre-
sented. A closed-form expression is provided that relates
the received OFDM symbols in the discrete-frequency
domain to both the transmitted OFDM symbols and the
SJ at the DAC and ADC stages.
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• A numerical analysis is conducted on the impact of
colored SJ, caused by PN in PLL-based oscillators,
on OFDM-based ISAC systems with various wave-
form configurations. These include different constella-
tion sizes, oversampling factors for FDZP at the trans-
mitter side, and subcarrier numbers. EVM and SIR are
used to quantify constellation distortions, while radar
sensing is assessed using peak power loss ratio (PPLR),
peak sidelobe level ratio (PSLR) and integrated sidelobe
level ratio (ISLR) in both range and Doppler shift direc-
tions of radar images, and the SIR of target reflections
in radar images, henceforth referred to as image SIR.

• A comparison of OFDM-based ISAC systems with BB
and BP sampling strategies under the influence of SJ is
presented.While it is known in the literature that SJ leads
to ICI when BB sampling is adopted as well as in both
ICI and CPE in the BP sampling case as SJ results in a
PN-like effect at the digital IF, the consequences of these
effects on the sensing is quantified and analyzed in this
article.

The remainder of this article is organized as follows. Sec-
tion II formulates the systemmodel of an OFDM-based ISAC
system impaired SJ. Sections III and IV present analyses of
the SJ-induced impairment of the considered ISAC system
under SJ influence for communication and radar sensing,
respectively. To conclude the discussion, Section V provides
final remarks and discusses the implications of the findings
of this article.

II. SYSTEM MODEL
At the transmitter side of the considered SISO OFDM-
based ISAC system, constellation symbols dOFDM

Tx ∈ CN×1

are mapped into a discrete-frequency domain transmit OFDM
symbol S ∈ CN×1 that contains N ∈ N>0 subcarriers spaced
by ∆f = B/N , where B is the BB bandwidth later occupied
by the OFDM signal. It is worth emphasizing that, although
the following formulation assumes a single OFDM symbol
for clarity and without loss of generality, a frame containing
multiple OFDM symbols is typically transmitted in prac-
tice. The transmitter processing chain continues with FDZP,
which consists of appending empty subcarriers to the edges
of the OFDM symbol in the discrete-frequency domain, to
perform oversampling with factor η ∈ N>0, which results in
the OFDM symbol X ∈ CηN×1. Next, by inverse discrete
Fourier transform (IDFT) is performed onX and cyclic prefix
(CP) prepending to the resulting discrete-time domain OFDM
symbol. The resulting discrete-time domain transmit OFDM
symbol is denoted as xCP ∈ Cη(N+NCP)×1, where NCP is
the CP length without oversampling. xCP then undergoes

paralell-to-serial (P/S) conversion to form a stream of sam-
ples that finally undergoes digital-to-analog (D/A) conversion
with sampling rate Fη

s = ηB. Consequently, a sampling pe-
riod T η

s = 1/Fη
s = 1/ (ηB), which is η times smaller than the

critical sampling period Ts = 1/B, is obtained. The resulting
BB analog signal xBB(t) ∈ C from D/A conversion with
an ideal, bandlimited DAC to f ∈ [−Fs/2,Fs/2], where f
denotes frequency, can be expressed as

xBB(t) =
ηN−1∑

ν=−ηNcp

xν
sin (π (t − νTs/η) / (Ts/η))

π (t − νTs/η) / (Ts/η)
(1)

for −TCP ≤ t < T , where TCP = NCPTs and T = NTs
are the durations of the CP and the OFDM symbol disre-
garding CP, respectively. In (1), xν ∈ C is the νth sample,
ν ∈ {−ηNcp,−ηNcp + 1, · · · , ηN − 1}, of xCP.
The expression in (1) is only valid for ideal sampling

instants. In practice, however, the DAC sampling clock is
usually derived from a PLL-based oscillator, which has a PN
θPN
DAC(t) ∈ R with double-sided PSD SθPN

DAC
(f ) ∈ R≥0 [20],

[43]–[45]. The presence of the PN θPN
DAC(t) in the oscillator

used to derive the sampling clock ultimately leads to a SJ
δDAC
SJ (t) ∈ R, whose relationship to the aforementioned PN
can be expressed as [20]

δDAC
SJ (t) = θPN

DAC(t)/ (2πF
η
s ) . (2)

Considering the effect of SJ and neglecting further impair-
ments such as SFO, xBB(t) ∈ C becomes xSJBB(t) ∈ C, and
(1) can be rewritten as (3).
Assuming a noiseless, ideal single-path channel and

still neglecting further impairments, the receive BB signal
yBB(t) ∈ C can simply be expressed as

yBB(t) = xSJBB(t). (4)

After sampling at an ADC with SJ δADC
SJ (t) ∈ R also

resulting from the use of a PLL-based oscillator to
derive the sampling clock, the ν′th sample yν′ ∈ C,
ν′ ∈ {−ηNcp,−Ncp + 1, · · · , ηN − 1}, of the discrete-time
domain receive OFDM symbol yCP ∈ Cη(N+NCP)×1 is ob-
tained as

yν′ = yBB

(
ν′Ts/η + δSJADC (ν′Ts/η)

)
= xSJBB

(
ν′Ts/η + δSJADC (ν′Ts/η)

)
(5)

To expand (5), (4) and (3) are used, which results in (6). Next,
the CP is removed from yCP, and a discrete Fourier transform
(DFT) is performed to produce the discrete-frequency do-
main receive OFDM symbolY ∈ CN×1, whose lth element,
l ∈ {−ηN/2,−ηN/2 + 1, . . . , ηN/2− 1}, is expressed as

Yl =
ηN−1∑
ν′=0

yν′ expj2π
lν′
ηN . (7)

xSJBB(t) =
ηN−1∑

ν=−ηNcp

xν
sin
(
π
[
t −
(
νTs/η + δSJDAC (νTs/η)

)]
/ (Ts/η)

)
π
[
t −
(
νTs/η + δSJDAC (νTs/η)

)]
/ (Ts/η)

(3)
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The expression in (6) is then substituted into (7) to yield (8).
Assuming ω = π/ (Ts/η), the fraction in (8) can be

rewritten as the function φ (ν, ν′) of ν and ν′ in (9). Ex-
panding (9) via Taylor series and keeping only the first
two terms yields (10). The latter equation can be further
rewritten as (11), which allows rewriting (8) as (12). Af-
ter discarding the subcarriers added at the transmitter side
for FDZP, the discrete-frequency domain receive OFDM
symbol R ∈ CN×1 is obtained. Since (η − 1)N inactive
subcarriers are added at the transmitter side for FDZP,
(η − 1)N/2 to the left and (η − 1)N/2 to the right of
the discrete-frequency domain spectrum, the kth element
Rk ∈ C, k{−N/2,−N/2 + 1, . . . ,N/2− 1}, of R is ex-
pressed as

Rk = Yk+ηN/2+1. (13)

An analysis of the obtained expressions in (12) and (13)
reveals that the non-ideal sampling results in an ICI term that
depends on all discrete-time domain samples, including the
ones in the CP, as well as their mutual leakage due to SJ at
both DAC and ADC. If only SJ at the DAC is considered,
it is known that unwanted OOB radiation will occur [41].
Combinedwith ADCSJ, this will not only result in ICI among
the subcarriers of interest, but in more severe ICI due to
the leakage into the subcarriers originally used for FDZP at
the transmitter side that were supposed to be inactive. The
aforementioned issues are the only impairments induced by
SJ when BB sampling is performed. When BP sampling is
adopted instead, the transmit samples undergo digital up-
conversion (DUC) to an IF before D/A conversion at the trans-
mitter side, and the receive samples undergo digital down-
conversion (DDC) from the IF into the baseband after analog-
to-digital (A/D) conversion at the receiver side. Consequently,
not only OOB radiation due to DAC SJ and ICI due to both
DAC and ADC SJ occur, but also a PN-like effect is induced
to the IF as discussed in [38], which in turn results in more ICI
and CPE [36]. The implications of the discussed degradations
induced by SJ and their effects on the communication and
radar sensing in OFDM-based ISAC systems with both BB
and BP sampling are analyzed in Sections III and IV, respec-
tively.

III. NUMERICAL RESULTS FOR COMMUNICATION
To analyze the SJ-induced impairments in an mmWave
OFDM-based ISAC system, the set of OFDM signal param-

TABLE 1
Adopted OFDM signal parameters

Carrier frequency (fc) 26.2GHz

Bandwidth (B) 500MHz

Critical sampling period (Ts) 2 ns

Digital IF (fIF) {0Hz, 1GHz}

Oversampling factor (η) {1, 2, 4, 8}

No. of subcarriers (N ) {256, 512, 1024, 2048, 4096, 8192, 16384}

CP length (NCP) {0,N/4,N}

No. of OFDM symbols (M ) {128}

Modulation alphabet {QPSK, 16-QAM, 64-QAM, 256-QAM}

eters listed in Table 1 are adopted, being the specifically
considered parameter values are mentioned in the following
subsections. The digital IFs fIF = 0Hz and fIF = 1GHz are
for BB and BP sampling, respectively. As for the adopted
radio-frequency (RF) carrier and frequency bandwidth in Ta-
ble 1, they are close to what is typically adopted at initial part
of the 5G New Radio (5G NR) Frequency Range 2 (FR2).
The somewhat deviating values from the 5G NR were chosen
to yield reasonable performance due to the constraints in
the measurement setup for ISAC measurements adopted in
previous works [35], [36], [46].

Besides the aforementioned OFDM signal parameters, the
PLL-based oscillator PN model from [20] is adopted. Its
parameters were chosen to match the PN PSD reported for
the PLL contained in the Texas Instruments LMX2594 RF
synthesizer [47] for the closest frequency to the 122.88MHz
reference oscillator. Both the aforementioned PLL and sam-
pling clock frequency are used for the reference oscillator
from which the sampling clocks of DAC and ADC tiles are
generated in the Zynq UltraScale+ RFSoC ZCU111 system-
on-chip (SoC) platform [48]. In reality, however, the oscillator
signal passes through a Texas Instruments LMK04208 low-
noise clock jitter cleaner with dual loop PLLs [49], which
shapes the PN PSD and eventually reduces the resulting SJ.
For simplicity, the jitter cleaner LMK04208 is disregarded
from the following analyses, the root mean square (RMS)
SJ associated with the LMX2594 is varied instead to allow
analyzing the effect of a wider range of SJ RMS values on
the communication and radar sensing performance in the con-
sidered OFDM-based ISAC system. The adopted PN model,

yν′ =

ηN−1∑
ν=−Ncp

sν
sin
(
π
[(
ν′Ts/η + δSJADC (ν′Ts/η)

)
−
(
νTs/η + δSJDAC (νTs/η)

)]
/ (Ts/η)

)
π
[(
ν′Ts/η + δSJADC (ν′Ts/η)

)
−
(
νTs/η + δSJDAC (νTs/η)

)]
/ (Ts/η)

(6)

Yl =
ηN−1∑
ν′=0

 ηN−1∑
ν=−ηNcp

xν
sin
(
π
[
(ν′ − ν)Ts/η +

(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

)]
/ (Ts/η)

)
π
[
(ν′ − ν)Ts/η +

(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

)]
/ (Ts/η)

 e j2πlν
′/(ηN) (8)
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which was based on data from the LMX2594 data sheet
[47], has the double-sided PN PSD shown in Fig. 1a and the
integrated PN level shown in Fig. 1b. A PN time series was
then generated based on the aforementioned PSD, and the
resulting SJ from the aforementioned PLL-based oscillator
PN calculated according to (2). The resulting SJ probability
density function (PDF) is shown in Fig. 1d. Due to the fact
that the considered PN PSD from Fig. 1a is not flat, the SJ
will be colored. Moreover, since individual RF synthesizers
and therefore PLLs are used for the DAC and ADC tiles in
the Zynq UltraScale+ RFSoC ZCU111, the DAC and ADC
SJs δDAC

SJ (t) and δADC
SJ (t) are henceforth assumed to be

uncorrelated regardless of whether a monostatic or bistatic
ISAC architecture is assumed and communication or sensing
is performed.

Next, the SJ-induced communication performance degra-
dation in an OFDM-based ISAC system over an ideal, noise-
less channel as assumed in Section II is analyzed. For that,
EVM and SIR are adopted as performance parameters. Re-
sults and discussions are presented for both BB and BP
sampling strategies in Sections III-A and III-B, respectively,
and remarks on the presented simulation results are given in
Section III-C.

A. BASEBAND SAMPLING
In Fig. 2, the achieved mean EVM is shown as a function
of the number of subcarriers N for all digital modulation
schemes from Table 1, namely QPSK, 16-QAM, 64-QAM
and 256-QAM. In addition, the case where no FDZP was
performed, i.e., η = 1, as well as the cases with FDZP
oversampling factors of η ∈ {2, 4, 8} were analyzed. The
achieved results assume the use of the SJ model with PDF
depicted in Fig. 1d, which was derived from the PN PSD in
Fig. 1a, but with varying RMS values to better analyze the
effects of different SJ levels. The adopted SJ RMS values,
which were assumed to be the same for both DAC and ADC,
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FIGURE 1. Adopted PN model based on the Texas Instruments LMX2594
RF synthesizer [47]. The double-sided PN PSD is shown in (a), while the
integrated PN level as a function of frequency offset (double-sided) for the
frequency range of interest assuming BB sampling and η = 1 is presented
in (b). In (b), B/2 = 250MHz is highlighted (– –), as this offset
corresponds to the bandwidth B = 500MHz listed in Table 1. Finally, the
PDF of the PN time series is shown in (c) and the corresponding SJ PDF in
(d). Since a critical sampling period of Ts = 2ns was considered, the PDF
in (d) is associated with an RMS SJ of 49.44 fs.

were 10−14 s, 10−13 s, 10−12 s, 10−11 s, and 10−10 s. Since
Ts = 1/B = 2ns, these numbers correspond to 0.5×10−5Ts,
0.5×10−4Ts, 0.5×10−3Ts, 0.5×10−2Ts, and 0.5×10−1Ts,
respectively. It can be seen in Fig. 2(a) that all considered

sin
(
ω
[
(ν′ − ν) Ts/η +

(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

)])
ω
[
(ν′ − ν)Ts/η +

(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

)] . (9)

sin (π (ν′ − ν))

π (ν′ − ν)
−
(
π (ν′ − ν) cos (π (ν′ − ν))− sin (π (ν′ − ν))

π2 (ν′ − ν)
2

)
ω
(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

)
(10)

φ (ν, ν′) =

 1, ν′ = ν
cos(π(ν′−ν))

π(ν′−ν) ω
(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

)
, ν′ ̸= ν

(11)

Yl = Xl +
ηN−1∑
ν′=0

 ηN−1∑
ν=−Ncp,ν ̸=ν′

xν
cos (π (ν′ − ν))

π (ν′ − ν)
ω
(
δSJADC (ν′Ts/η)− δSJDAC (νTs/η)

) e j2πlν
′/(ηN) (12)
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FIGURE 2. Mean EVM obtained with BB sampling as a function of the number of subcarriers N . The performed simulations considered M = 128 OFDM
symbols, and SJ RMS values of 10−14 s, 10−13 s, 10−12 s, 10−11 s, and 10−10 s at both transmitter and receiver. These values correspond to RMS SJs of
0.5× 10−5Ts, 0.5× 10−4Ts, 0.5× 10−3Ts, 0.5× 10−2Ts, and 0.5× 10−1Ts, respectively. In addition, quadrature phase-shift keying (QPSK) ( ),
16-quadrature amplitude modulation (QAM) (♦), 64-QAM (■), and 256-QAM (⋆) modulations were considered. For the results in (a), (b), (c), and (d),
η = 1, η = 2, η = 4, and η = 8 were used, respectively.

parameterizations result in the same EVMof 24.13 dB. When
η = 2 is adopted in Fig. 2(b), a significantly improved EVM
is obtained in comparison to the case for η = 1 in Fig. 2,
especially for RMS SJ values equal to or smaller than 10−11 s
(i.e., 0.5× 10−2Ts). When the oversampling factor is further
increased to η = 4, an improvement of around 2 dB or less for
N ≤ 1024 is observed for an RMS SJ of 10−11 s. For RMS
SJ values equal to or lower than 10−12 s, an improvement of
up to 3 dB is observed for the whole considered N range. As
for the oversampling factor η = 8, similar performance to
the case with η = 4 is experienced, with exception for RMS
SJ values equal to or lower than 10−12 s (i.e., 0.5× 10−3Ts).
At the aforementioned SJ levels, up to around 1.4 dB higher
EVM is experienced with η = 8. This is due to the fact that
the experienced deviations from the correct sampling points
are more relevant in this case than for η = 4, where the two
times higher oversampled sampling period is experienced,
i.e., T η

s = Ts/4 instead of T η
s = Ts/8. This result aligns the

fact that colored makes oversampling less effective against
the SJ than it would be in a case with white DAC and ADC
SJ.

For all oversampling factors other than η = 1, i.e.,
η ∈ {2, 4, 8}, increasing the number of subcarriers N tends
to result in lower EVM for RMS SJ equal to or lower than
10−11 s (i.e., 0.5×10−2Ts). This is due to the smaller subcar-
rier spacing ∆f = B/N , which leads to a more pronounced
ICI effect and less relevant CPE Since, however, ICI is rather
low for these RMS SJ values, the greater robustness against
CPE with increasing N stands out. In addition, an EVM
degradation along with N of between approximately 13 dB
and 15 dB is experienced between the RMS SJ values of
10−11 s and 10−10 s (i.e., 0.5 × 10−2Ts and 0.5 × 10−1Ts),

showing that the RMS SJ point where performance degrada-
tion starts becoming relevant lies between these two values.
At this point, one relevant factor for performance degradation
is the fact that increasing DAC SJ leads to increased OOB
radiation [41], which will ultimately result in additional ICI
after sampling at an ADC also impaired by SJ.

To illustrate the influence of DAC and ADC SJ on the
receive constellations, Fig. 3 shows normalized QPSK con-
stellations obtained with the transmission of OFDM symbols
with N ∈ {256, 2048, 16384}, NCP = 0 since an ideal chan-
nel is assumed, and η ∈ {1, 2, 4, 8}. For all cases, M = 128
OFDMsymbols and anRMSSJ of 10−10 s (i.e., 0.5×10−1Ts)
were considered. The obtained constellations confirm that
the highest EVM values are observed for η = 1, besides
an increasing EVM trend from η = 2 to η = 8, while N
plays no significant role. While this would be different for
lower RMS SJ values as previously discussed, rather low
EVM values would be experienced and their effect would
not be clearly visible in the QPSK constellations. To enable
a better understanding of the mean EVM behavior and the
constellation shapes, Fig. 4 shows the EVM per subcarrier
for the same parameters assumed for the results presented
in Fig. 3. The obtained results reveal that η = 1 results
in pronounced distortion at the edge subcarriers due to the
use of the critical sampling frequency. It can also be seen
that the EVM pattern is clearly improved with oversampling
factors η ∈ {2, 4, 8}. The obtained values are still frequency-
selective, which, however, is due to the considered colored
SJ. As expected from the results in Fig. 2 for the RMS SJ of
10−10 s, no significant difference is observed for different N
values for the considered RMS SJ value.

To further quantify the SJ-induced communication perfor-
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FIGURE 3. Normalized receive QPSK constellations obtained with BB sampling, M = 128 OFDM symbols, and an RMS SJ of 10−10 s (i.e.,
0.5× 10−1Ts). Results are shown for different numbers of subcariers and zero padding (ZP) factors, namely N = 256 and (a) η = 1, (b) η = 2, (c) η = 4,
(d) η = 8, N = 2048 and (e) η = 1, (f) η = 2, (g) η = 4, (h) η = 8, and N = 16384 and (i) η = 1, (j) η = 2, (k) η = 4, (l) η = 8.

-60

-45

-30

-15

0

-N/2 -N/4 0 N/4 N/2−1
n

E
V

M
(d

B
)

(a)

-N/2 -N/4 0 N/4 N/2−1
n
(b)

-N/2 -N/4 0 N/4 N/2−1
n

(c)

FIGURE 4. EVM at the nth subcarrier obtained with BB sampling and an RMS SJ of 10−10 s (i.e., 0.5× 10−1Ts), QPSK modulation, and: (a) N = 256,
(b) N = 2048, and (c) N = 16384. In all cases, results are shown for η = 1 ( ), η = 2 (♦), η = 4 (■), and η = 8 (⋆).

mance degradation in the considered OFDM-based ISAC sys-
tem, Fig. 5 shows the obtained SIR as a function of the RMS
SJ, which is assumed to be equal at both DAC and ADC. For
the performed simulations, the same numbers of subcarriers
N , CP length, number of OFDM symbols, digital modulation
schemes, and oversampling factors was adopted as for the re-
sults in Figs. 3 and 4, i.e.,N ∈ {256, 2048, 16384},NCP = 0,
M = 128, QPSK and η ∈ {1, 2, 4, 8}. The achieved results
show a constant SIR of 15.92 dB for η = 1 regardless of the
number of subcarriers N , which is mainly due to the severe
distortion of the edge subcarriers. For η = 2, in turn, a maxi-
mumSIR of around 56.44 dB is observerd, whereas η = 4 and

η = 8 yield maximum SIR values of approximately 57.27 dB
and 57.33 dB, respectively. The obtained results agree with
the fact that oversampling has limited effectiveness against
ADC SJ and the OOB radiation due to DAC SJ, as previously
discussed in Section II. With increasing RMS SJ after 10−11 s
(i.e., 0.5 × 10−12Ts), however, the performance of the cases
with higher η among η ∈ {2, 4, 8} tend to start degrading. In
addition, slightly higher robustness against increasing RMS
SJ is observed for a higher number of subcarriers N for these
oversampling factors, as was the case in the previous EVM
analyses. Next, Fig. 6 shows the obtained SIR considering dif-
ferent RMS SJ values for the DAC and the ADC, N = 2048,
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FIGURE 5. SIR as a function of the RMS SJ obtained with BB sampling, M = 128 OFDM symbols, QPSK modulation, and (a) η = 1, (b) η = 2, (c)
η = 4, and (d) η = 8. In all cases, results are shown for N = 256 ( ), N = 2048 (♦), and N = 16384 (■).
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FIGURE 6. SIR obtained with BB sampling, M = 128 OFDM symbols, QPSK modulation, and different RMS SJ values at the DAC and ADC. Results are
shown for N = 2048 and (a) η = 1, (b) η = 2, (c) η = 4, and (d) η = 8.

and QPSK modulation. It can be seen that, apart from η = 1,
which achieves the worst SIR performance at low RMS SJs, a
slight SIR improvement is observed when increasing η from
2 to 4, but no further noticeable enhancement is observable
for η = 8, which supports the previous results. In addition,
the obtained results reveal that the adopted colored SJ model
leads to similar effects when applied at either DAC or ADC,
which agrees with the result from (12).

B. BANDPASS SAMPLING

In BP sampling, the transmit signal must first undergo over-
sampling before DUC to the digital IF. The inverse is done
at the receiver side, i.e., DDC followed by downsampling.
In this subsection, a digital IF of fIF = 1GHz and an over-
sampling factor η = 8 used during FDZP are adopted to
analyze the effect of SJ on the communication performance
of an OFDM-based ISAC system with BP sampling. Given
these parameters, Fig. 7 shows the achieved mean EVM as
a function of the number of subcarriers for the same digital
modulations and RMS SJ values considered for the results for
BB sampling in Fig. 2. Compared to the results for η = 8 in
the BB sampling case, considerably higher EVM values are
achieved with BP sampling.

The aforementioned results are illustrated by the normal-
ized receive QPSK constellations in Fig. 8 for the RMS SJ
of 10−10 s (i.e., 0.5 × 10−1Ts). The observed results show
no difference in the constellations densities for different N as
expected from Fig. 7. Only less points are seeing for N = 14
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FIGURE 7. Mean EVM obtained with BP sampling at a digital IF
fIF = 1GHz as a function of the number of subcarriers N . For the
obtained results, η = 8, M = 128 OFDM symbols, and SJ RMS values of
10−14 s, 10−13 s, 10−12 s, 10−11 s, and 10−10 s (i.e., 0.5× 10−5Ts,
0.5× 10−4Ts, 0.5× 10−3Ts, 0.5× 10−2Ts, and 0.5× 10−1Ts,
respectively) at both the DAC and the ADC were considered. As in Fig. 2,
QPSK ( ), 16-QAM (♦), 64-QAM (■), and 256-QAM (⋆) modulations
were considered.

as the same number of OFDM symbols, i.e., M = 128, was
assumed in all cases. Compared to the constellations in the
BB case with η = 8 in Fig. 3, a clear degradation of the
constellation is observed both in the form of spreading due
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FIGURE 8. Normalized receive QPSK constellations obtained with BP
sampling at a digital IF fIF = 1GHz, η = 8, M = 128 OFDM symbols,
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ADC. Results are shown for (a) N = 256, (b) N = 2048, and (c)
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FIGURE 9. EVM at the nth subcarrier obtained with BP sampling at a
digital IF fIF = 1GHz, η = 8, M = 128 OFDM symbols, QPSK
modulation and an RMS SJ of 10−10 s (i.e., 0.5× 10−1Ts) at both the
DAC and the ADC. Results are shown for N = 256 ( ), N = 2048 (♦),
and N = 16384 (■) total number of subcarriers.

to ICI and slight rotation of some points due to CPE, which
is mainly due to two factors. The first is the more severe ICI
effect, as the OFDM signal is transmitted at higher frequen-
cies where the PN PSD from which the SJ is derived has
accumulated a higher level as seen in Fig. 1b. The second
factor, which is the source of the constellation rotation, is the
CPE that is experienced due to the PN-like effect induced by
the SJ on the digital IF used to transmit the OFDM signal as
discussed in [38]. These results are linked to the ones in Fig. 9,
where the obtained EVM per subcarrier for the same signal
parameters are shown. Unlike the results for BB sampling in
Fig. 4, a smaller EVM variation with an overall higher level
is observed in all cases with BP sampling, which is due to
the aforementioned accumulated PN level at that region and
SJ-induced CPE to the digital IF.

Next, Fig. 10 shows the experienced SIR as a function of
the RMS SJ for QPSK modulation and the same remaining
signal parameters assumed for the results in Figs. 8 and 9.
The obtained results show that a maximum SIR of around
55.82 dB is achieved for all considered N values, which is
around 1.51 dB lower than in the BB sampling case with
η = 8 in Fig. 5(d). If CPE estimation and correction is per-
formed, e.g., as described in [36], the SIR is improved by
only around 0.57 dB for RMS SJs above 10−11 s (i.e., 0.5 ×
10−2Ts), which is where the SIR starts degrading. The reason
for this is that, when CPE becomes relevant, the ICI induced
by SJ is already severe enough to impair the CPE estimation
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FIGURE 10. SIR as a function of the RMS SJ (same at both the DAC and
the ADC) obtained with BP sampling at a digital IF fIF = 1GHz, η = 8,
and M = 128 OFDM symbols (a) without and (b) with CPE correction. In
all cases, results are shown for N = 256 ( ), N = 2048 (♦), and
N = 16384 (■), as well as QPSK (—) and 256-QAM (– –) modulations. In
the obtained results, an SIR improvement of only around 0.57 dB is seen
when CPE compensation is performed. In addition, no significant difference
is observed between the experienced SIR with QPSK and 256-QAM.
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FIGURE 11. SIR as a function of the RMS SJ (same at both the DAC and
the ADC) obtained with BP sampling at a digital IF of fIF = 1GHz,
η = 8, N = 2048 subcarriers, and M = 128 OFDM symbols, and QPSK
modulation (a) without and (b) with CPE correction. As in Fig. 10, only
around only around 0.57 dB SIR improvement due to CPE compensation
was observed.

and make its correction less effective. Results assuming dif-
ferent RMS SJ values at the DAC and ADC are finally shown
for a reduced RMS SJ range in Fig. 11 for the cases with and
without CPE compensation. As in the BB sampling case for
η = 8 in Fig. 6(d), similar effects are observed for both DAC
and ADC SJs. With BP sampling, however, a significant SIR
degradation is experienced as previously discussed, and the
CPE correction presents the same slight SIR improvement of
only around 0.57 dB for RMS SJs above 10−11 s. This allows
concluding that, for the adopted colored SJ model, ICI is the
dominant impairment induced by SJ.

C. REMARKS ON SIMULATION RESULTS
As evidenced by the obtained expressions (12) and (13),
besides related studies in the literature, it was shown that SJ
exclusively causes ICI if BB sampling is adopted. If BP sam-
pling is adopted instead, SJ also leads to CPE and additional
ICI due to a PN-like effect on the digital IF. Consequently,
BP tends to result in more severely degraded communication
performance, yielding higher EVM and SIR than in the BB
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case as the receive constellations are not only spread due to
ICI, but also rotated due to CPE. It was also shown that the
absence of oversampling in the BB sampling case, i.e., η = 1,
leads to the distortion of the edge subcarriers and therefore
the highest EVM and lowest SIR.While performing oversam-
pling prevents that issue, the results have shown that adopting
increasing oversampling factors among the considered values
η ∈ {2, 4, 8} only leads to improvement at rather low RMS
SJ at both DAC and ADC. For higher RMS SJ, however, more
significant OOB radiation due to DAC SJ happens, which
combined with the ICI induced by both DAC and ADC SJ,
leads to more degraded communication performance, both in
terms of EVM and SIR, than with a lower oversampling factor
among the considered ones. Finally, it can be concluded that
RMS SJ values of up to around 10−10 s (i.e., 0.5 × 10−1Ts)
at both DAC and ADC result in tolerable communication
performance degradation for BB samplingwith all considered
oversampling factors, ensuring EVMbelow−40 dB andmax-
imum SIR of around 56 dB to 57 dB. The reason why better
values are not obtained with even lower RMS SJ values is due
to limited accuracy in the SJ simulation, which is done with
via resampling with a Farrow filter [50] preceded by cubic
interpolation [51]. For the BP sampling scenario at an IF of
fIF = 1GHz and with oversampling η = 8, the same RMS SJ
upper bound applies.

IV. NUMERICAL RESULTS FOR RADAR SENSING
In this section, the effects of SJ on radar sensing in OFDM-
based ISAC systems is analyzed. For that purpose, the same
SJ model from Section III is adopted. To analyze how the
EVM and SIR degradation ultimately translate into degrada-
tion of target reflections in a radar image, several performance
parameters are used. These include PPLR, PSLR, and ISLR
[7], [52], [53], as well as SIR [36]. To better understand the
effects of SJ, the PSLR and ISLR parameters are evaluated
for both range and Doppler shift directions of the simulated
radar images. Finally, SIR is used as a measure of the ratio
between a target peak and the interference floor raised by SJ
in the radar image.

The obtained results assuming BB and BP sampling are
discussed in Sections IV-A and IV-B, respectively, with re-
marks on the presented simulation results given in Sec-
tion IV-C. For the performed simulations, the parameters
from Table 1 are considered. For conciseness, however, only
N ∈ {256, 2048, 16384}, besides QPSK and 256-QAM are
henceforth considered. In addition, a scenario with a single
static target was considered and all other typical impair-
ments in OFDM-based ISAC systems such as additive white
Gaussian noise (AWGN), external interference and self-
interference were neglected to focus on the SJ effects. Since
the assumed SJ model is uncorrelated in both monostatic and
bistatic ISAC architectures, the same degradation due to SJ
is experienced in both cases. Therefore, the following radar
sensing performance analyses assume a bistatic OFDM-based
ISAC with perfect synchronization and full knowledge of the
transmit OFDM frame for radar signal processing. Finally,

TABLE 2
Simulated PPLR, Range and Doppler Shift PSLR, and Range
and Doppler Shift ISLR for BB Sampling and RMS SJ between

10−17 s and 10−10 s (0.5× 10−8Ts and 0.5× 10−1Ts)

η PPLR Range PSLR (dB) Doppler PSLR (dB) Range ISLR (dB) Doppler ISLR (dB)
1 0 dB −13.44 dB −13.30 dB −10.84 dB −9.68 dB
2 0 dB −13.30 dB −13.30 dB −9.68 dB −9.68 dB
4 0 dB −13.30 dB −13.30 dB −9.69 dB −9.68 dB
8 0 dB −13.27 dB −13.30 dB −9.67 dB −9.68 dB

the same SJ is assumed for both DAC and ADC. This is
done since, as also demonstrated in [42] and by the results
in Section III, both DAC and ADC SJ yield the same effects.
The expression in (12) also confirms this, showing that the
combined DAC and ADC SJ is the defining factor for the
OFDM-based ISAC system performance.

A. BASEBAND SAMPLING
Assuming BB sampling for the considered OFDM-based
ISAC system, PPLR, range and Doppler shift PSLR, as well
as range and Doppler shift ISLR were calculated as func-
tions of the normalized RMS SJ values between 10−17 s and
10−10 s (i.e., 0.5 × 10−8Ts and 0.5 × 10−1Ts, respectively)
for oversampling factors η ∈ {1, 2, 4, 8}. In the performed
simulations, the considered RMS SJ values were assumed
to be equal at both DAC and ADC, and only rectangular
windowing was performed during both range and Doppler
processing. Since negligible difference between QPSK and
256-QAM, among different N values, and for different RMS
SJ values within the considered range was observed, the
obtained results are shown in Table 2 as a function of the
oversampling factor η only. The obtained results show negli-
gible PPLR for all cases, and similar overall performance. The
most pronounced differences, which are still rather small, are
observed in the for range PSLR and ISLR with η = 1. With
this oversampling factor, the worst values are achieves due
to the distortion of the edge subcarriers even with low RMS
SJ. It is worth highlighting that, since CPE due to SJ is not
experienced in the BB sampling case and the fixed number
M = 128 of OFDM symbols is assumed, the same Doppler
shift PSLR and ISLR is observed in all cases.
While PPLR, PSLR, and ISLR do not clearly showcase the

influence of SJ on the radar sensing performance, the SIR
distinctly captures this effect as illustrated in Fig. 12. This
figure shows the achieved mean and minimum image SIR as
a function of the RMS SJ. These parameters are defined as
the average and minimum power ratio, respectively, that is
calculated between the target peak and each point outside the
mainlobe. The performed simulations assumed equal RMS SJ
at both DAC and ADC, as well as the remaining parameters
used for the previously discussed PPLR, PSLR, and ISLR
results. Overall, a better performance is obtained with QPSK
compared to 256-QAM, with a more pronounced difference
in the mean image SIR case ranging from 3 dB to 6 dB. In
addition, increasing oversampling factors η and number of
subcarriers N also result in higher SIR. While the first pa-
rameter is directly proportional to the processing gain experi-
enced against the SJ-induced ICI after range processing. It can
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FIGURE 12. Image SIR as a function of the normalized RMS SJ by the critical sampling period Ts (same at both the DAC and the ADC) jitter obtained with
BB sampling, M = 128 OFDM symbols. The simulated mean image SIR is shown for (a) η = 1, (b) η = 2, (c) η = 4, and (d) η = 8, while the simulated
minimum image SIR is shown for the same η values in (e), (f), (g), and (h), respectively. In all cases, results are shown for N = 256 and QPSK (— and  ),
N = 2048 and QPSK (— and ♦), and N = 16384 and QPSK (— and ■), as well as N = 256 and 256-QAM (– – and ), N = 2048 and 256-QAM (– – and
♦), and N = 16384 and 256-QAM (– – and ■).

also be seen that the mean image SIR values are from around
12 dB to 37 dB higher than the minimum image SIR values,
with exact values depending on η, N , and the modulation
alphabet. This is due to the SJ-induced ICI, which may lead
to artifacts that cannot be always suppressed by windowing as
later shown in the results in Figs. 13 and 14. For all considered
η values, the SIR values only start degrading at RMS SJ equal
to or higher than 10−11 s (i.e., 0.5×10−2Ts), which was also
the case in the communication analysis in Section III. Unlike
in the communication case, a more pronounced image SIR
improvement is observed when increasing the oversampling
factor from η = 2 to η = 4, and from η = 4 to η = 8. This
is particularly visible for mean SIR with N ∈ {256, 2048}
(comparing Figs. 12(b) and 12(c)) in the former case, andwith
N ∈ {256} (comparing Figs. 12(c) and 12(d)) in the latter.
In addition, the fact that maximum observed mean SIR is
limited at around 136 dB, as seen for N = 16384 and QPSK
modulation in Fig. 12(b), (c), and (d)) is due to the previously
discussed limited accuracy in the SJ simulation.

To illustrate the influence of the degradation of the previ-
ously analyzed parameter on obtained radar images, Figs. 13
and 14 show obtained bistatic range-Doppler radar images
with η = 1 and η = 8, respectively. Further considered
parameters are N = 2048, NCP = 2048, M = 128, and
QPSK. In addition, two targets were simulated. The first was
at 10m with a Doppler shift of 0 kHz, and the second at
15m with a Doppler shift of 0.1∆f . In both figures, radar

images are shown for the cases where rectangular windowing
or Chebyshev windowing with 100 dB sidelobe supression
are adopted for both range and Doppler shift processing,
with RMS SJ values at both DAC and ADC of 10−16 s,
10−13 s, and 10−10 s (i.e., 0.5 × 10−7Ts, 0.5 × 10−4Ts, and
0.5×10−1Ts, respectively) for both cases. While rectangular
windowing results in high range and Doppler shift sidelobes,
which partly mask the effect of SJ as illustrated by the previ-
ously presented discussion on PPLR, PSLR and ISLR results,
Chebyshev windowing allows clearly observing the expected
SIR degradation along with increasing RMS SJ as previously
seen in Fig. 12.

B. BANDPASS SAMPLING
For the case where BP sampling is performed at a digital IF of
fIF = 1GHz with oversampling factor η = 8, Table 3 shows
the simulated PPLR, range and Doppler shift PSLR, as well
as range andDoppler shift ISLR. Simulations were performed
for both QPSK and 256-QAM, N ∈ {256, 2048, 16384} and
M = 128, within the RMS SJ range from 10−17 s to 10−10 s
(i.e., 0.5 × 10−8Ts to 0.5 × 10−1Ts, respectively). As in the
BB case in Section IV-B, negligible differences between all
these settings was observed, which is why a single result is
shown for each performance parameter. Compared to the BB
results for η = 8 in Table 2, only negligible differences of
0.06 dB and 0.03 dB were observed in range PSLR and ISLR,
respectively.
Next, the mean and minimum image SIR obtained as a
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FIGURE 13. Bistatic range-Doppler radar images obtained with BB sampling, N = 2048, NCP = 2048, M = 128, QPSK modulation, and η = 1. A target
at 10m with a Doppler shift of 0 kHz and another at 15m with a Doppler shift of 0.1∆f were simulated. Results are shown for rectangular windowing for
both range and Doppler shift processing and RMS SJ values at both DAC and ADC of (a) 10−16 s, (b) 10−13 s, and (c) 10−10 s (i.e., 0.5× 10−7Ts,
0.5× 10−4Ts, and 0.5× 10−1Ts, respectively), as well as for and Chebyshev windowing with 100 dB sidelobe supression for both range and Doppler shift
processing and RMS SJ values at both DAC and ADC of (d) 10−16 s, (e) 10−13 s, and (f) 10−10 s.
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FIGURE 14. Bistatic range-Doppler radar images obtained with BB sampling, N = 2048, NCP = 2048, M = 128, QPSK modulation, and η = 8. The
same targets as for the radar images shown in Fig. 13 were simulated. Results are shown for rectangular windowing for both range and Doppler shift
processing and RMS SJ values at both DAC and ADC of (a) 10−16 s, (b) 10−13 s, and (c) 10−10 s (i.e., 0.5× 10−7Ts, 0.5× 10−4Ts, and 0.5× 10−1Ts,
respectively), as well as for and Chebyshev windowing with 100 dB sidelobe supression for both range and Doppler shift processing and RMS SJ values at
both DAC and ADC of (d) 10−16 s, (e) 10−13 s, and (f) 10−10 s.

function of the RMS SJ are shown in Figs. 15(a) and 15(b),
respectively. Since negligible improvement is experienced

with CPE correction as previously demonstrated by the results
in Fig. 10, only results without CPE correction are shown. As
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TABLE 3
Simulated PPLR, Range and Doppler Shift PSLR, and Range
and Doppler Shift ISLR for BP Sampling and RMS SJ between
10−17 s and 10−10 s (0.5× 10−8Ts and 0.5× 10−1Ts)

η PPLR Range PSLR (dB) Doppler PSLR (dB) Range ISLR (dB) Doppler ISLR (dB)
8 0 dB −13.33 dB −13.30 dB −9.70 dB −9.68 dB
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FIGURE 15. Mean (a) and minimum (b) image SIR as a function of the
normalized RMS SJ by the critical sampling period Ts (same at both the
DAC and the ADC) jitter obtained with BP sampling at a digital IF
fIF = 1GHz, η = 8, and M = 128 OFDM symbols. In all cases, results
are shown for N = 256 and QPSK (— and  ), N = 2048 and QPSK (—
and ♦), and N = 16384 and QPSK (— and ■), as well as N = 256 and
256-QAM (– – and  ), N = 2048 and 256-QAM (– – and ♦), and
N = 16384 and 256-QAM (– – and ■).

in the BB case in Fig. 12, equal RMS SJ was assumed for
both DAC and ADC, and the same set of parameters except
for a fixed oversampling factor η = 8 is adopted. Overall, a
similar behavior as in the BB case with η = 8 is observed,
i.e., higherN yields higher image SIR andQPSK outperforms
256-QAM. Lower image SIR values are obtained in the BP
sampling case due to the fact that CPE is experienced besides
ICI. Comparing Fig. 15(a) with the BB sampling results from
12(d), lower mean image SIR values by 7.11 dB, 4.93 dB,
and 1.79 dB are experienced considering QPSK modulation
and N = 256, N = 2048, and N = 16384, respectively. This
aligns with the fact that lower N results in more pronounced
CPE. For 256-QAM, these values are increased to 7.24 dB,
5.90 dB, and 2.36 dB as higher modulation order results in
more severe effect for the same CPE. In terms of minimum
image SIR, however, a difference between the results for BP
sampling shown in Fig. 15(b) are only worse than its BB
counterparts from Fig. 12(d) for N = 256. More specifically,
2.32 dB, 3.59 dB lower values are obtained for QPSK and
256-QAM, respectively.

To show how the influence on radar images of the main
lobe and sidelobe degradation measured by PPLR, PSLR, and
ISLR, as well as the dynamic range reduction measured by
the SIR, Fig. 16 shows simulated bistatic range-Doppler radar
images with BP sampling at a digital IF of fIF = 1GHz and
with η = 8. In addition, N = 2048, NCP = 2048, M = 128,
and QPSK modulation were considered. As for windowing,
results are shown for both rectangular window andChebyshev
window with 100 dB sidelobe supression applied during both
range and Doppler shift processing. The same two targets as

for the BB case in Figs. 13 and 14 are considered, namely
one at 10m with a Doppler shift of 0 kHz, and the another at
15m with a Doppler shift of 0.1∆f . Furthermore, RMS SJ
values of 10−16 s, 10−13 s, and 10−10 s (i.e., 0.5 × 10−7Ts,
0.5 × 10−4Ts, and 0.5 × 10−1Ts, respectively) were con-
sidered, with the same value being adopted for both DAC
and ADC at each simulation. The resulting range-Doppler
shift radar images from simulations with the aforementioned
parameters confirm the findings from the previous results on
radar sensing with BP sampling in the considered OFDM-
based ISAC system. More specifically, they show that both
ICI and CPE strongly influence the quality of the obtained
radar images, which become severely degraded at signifi-
cantly lower RMS SJ than in the BB case. While the ICI can
be suppressed to a certain extent due to the radar processing
gain, the CPE effect is not effectively attenuated, leading to
stripes in the Doppler shift direction at the range of the true
targets. This is especially visible in Fig. 16(f) where 10−10 s
RMS SJ and Chebyshev windowing were considered. Since,
in contrast to the range sidelobes, these artifacts cannot be
effectively supressed by windowing, they can eventually lead
to the detection of ghost targets.

C. REMARKS ON SIMULATION RESULTS
The obtained results have shown that neither the main lobe,
measured by PPLR, nor the range and Doppler shift side-
lobes, measured by PSLR and ISLR, of a target in a radar
image experience significant degradation for the considered
RMS SJ range between 10−17 s and 10−10 s (i.e., 0.5 ×
10−8Ts and 0.5 × 10−1Ts, respectively) at both DAC and
ADC for any of the considered numbers of subcarriers,
i.e., η ∈ {256, 2048, 16384}, and oversampling factors, i.e.,
η ∈ {1, 2, 4, 8}, both for BB and BP sampling.
Although no relevant main or sidelobe degradation is mea-

sured by the PPLR, PSLR and ISLR parameters, it was
shown that the described ICI and CPE effects lead to non-
negligible image SIR degradation for RMS SJ above 10−11 s
(i.e., 0.5 × 10−2Ts). Notably, it was verified that the CPE in
the BP sampling case may lead to stripes in the Doppler shift
direction at the range of the true targets in the radar image.
This can lead to ghost targets and, in scenarios with multiple
targets, mask weaker target reflections.

V. CONCLUSION
This article analyzed the effects of colored SJ resulting from
the use of PLL-based oscillators to derive the sampling clocks
for DACs and ADCs on the communication and sensing
performance of OFDM-based ISAC for both BB and BP
sampling strategies. After a mathematical formulation of the
influence of SJ at the DAC and ADC at the transmitter and
receiver sides, respectively, on an oversampled OFDM signal
in Section II, communication and radar sensing performance
analyses were presented.
The claim from [42] that DAC and ADC SJ have similar ef-

fects was also confirmed with the derived expression in (12),
and the obtained results which showed that the combined
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FIGURE 16. Bistatic range-Doppler radar images obtained with BP sampling at a digital IF fIF = 1GHz, N = 2048, NCP = 2048, M = 128, QPSK
modulation, η = 8 and Chebyshev windowing with 100 dB sidelobe supression for both range and Doppler shift processing. The same targets as for the radar
images shown in Figs. 13 and 14 were simulated. Results are shown for rectangular windowing for both range and Doppler shift processing and RMS SJ
values at both DAC and ADC of (a) 10−16 s, (b) 10−13 s, and (c) 10−10 s (i.e., 0.5× 10−7Ts, 0.5× 10−4Ts, and 0.5× 10−1Ts, respectively), as well as
for and Chebyshev windowing with 100 dB sidelobe supression for both range and Doppler shift processing and RMS SJ values at both DAC and ADC of (d)
10−16 s, (e) 10−13 s, and (f) 10−10 s.

RMS SJ, and not the individual DAC and ADC contributions,
drive the performance of OFDM-based ISAC systems. Fur-
thermore, simulation results indicated that the degradation
due to the considered colored SJ becomes noticeable when
RMS SJ reaches approximately 10−11 s, which corresponds
to 0.5 × 10−2 times the critical sampling period Ts, at both
DAC and ADC for both BB and BP sampling. At this or
higher SJ levels, non-negligible communication performance
degradation is observed due to ICI in the BB sampling case
and both ICI and CPE in the BP sampling case. Comparing
this value with the 49.44 fs RMS SJ calculated based on the
model for the Texas Instruments LMX2594 RF synthesizer
[47] show in Fig. 1, it can be concluded that sufficient com-
munication and radar sensing performance robustness against
SJ can be achieved with state-of-the-art hardware.

While not covered by the analysis in this article, SJ may
also bias the estimation and cause additional time and fre-
quency synchronization offsets. This is, however, beyond the
scope of this article and can be compensated, e.g., through
synchronization offset estimation fine-tuning, as discussed
and demonstrated in [33] within a bistatic OFDM-based ISAC
context.
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