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Impact of Receiver Thermal Noise and PLL RMS
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Zeeshan Ali, Graduate Student Member, IEEE, Mostafa Elsayed, Girish Tiwari, Meraj Ahmad, Julien Le Kernec,
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Abstract—The accuracy of range and velocity measurements
relies on the characteristics of the hardware blocks employed
within a radar system. In particular, the two crucial blocks
in a radar system are the low noise amplifier (LNA) located
at the front of the receiver chain and the phase-locked loop
(PLL) used as a signal generator. Thus, the predominant noise
sources in the radar system are the receiver’s thermal noise
(primarily influenced by the LNA) and the RMS jitter of the
PLL. The presence of noise in these blocks causes uncertainties
in the radar measurements. This work derives the formulation
of standard deviation for range and velocity uncertainties for
frequency-modulated continuous wave (FMCW) and stepped-
frequency continuous wave (SFCW) radars and further validates
it through real-world measurement results from a radar in X-
band. The study primarily examines the effect of parameters
such as the RMS jitter and settling time of the signal generator,
along with the thermal noise in the receiver on the radar range
and velocity measurement. The conclusion drawn from the study
is that applications requiring a rapid measurement time with a
specified level of accuracy necessitate the integration of a fast-
settling PLL in a radar system. Ultimately, the relationship of the
specifications of these essential components in the measurement
accuracy in radars used in Industry 4.0 can help the designer in
developing a robust radar system.

Index Terms—FMCW, fractional-N synthesizer, phase noise,
PLL, radar, range, RMS jitter, SFCW, settling time.

I. INTRODUCTION

Monolithic system-level integration of radar chips has be-
come cost-effective due to the advancements in semiconduc-
tor technology. The frequency modulated continuous wave
(FMCW) and stepped frequency continuous wave (SFCW)
radars have thus gained popularity, enabling various applica-
tions in the microwave range and imaging systems [1]-[4].
In both radar systems, signal generation stands out as the
pivotal component. The signal generation in the radar system
can be carried out using a digital-to-analog converter (DAC)
driving a voltage-controlled oscillator (VCO) or an integer-
N phase-locked loop (PLL) [5]-[6]. Further, to improve the
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frequency resolution of the DAC-based signal generator, a
direct digital synthesizer (DDS) along with a PLL is used [7]-
[8]. The fractional-N PLL architecture is the preferred method
for successfully integrating two-point modulation (TPM) into
scalable CMOS technologies, offering the highest level of
modulation capability [9]. This work focuses on the signal
generator based on fractional-N PLL.

The measurement accuracy in a radar system will be con-
strained by the RMS jitter and settling time of the PLL. The
dependence of these parameters on the standard deviation of
range and velocity would give an estimate of the specifications
of the PLL required in developing a radar system. On the
other hand, measurement accuracy is also affected by the
receiver’s thermal noise. A fast-settling PLL would cater for
the requirement of high accuracy in the measurement when
considering the effects of the thermal noise in the receiver
and the RMS jitter of the PLL.

Fig. 1 depicts a simple model of an FMCW homodyne radar
front-end to measure the target range and velocity. The round
trip time td has the target range information as td = 2R/co,
where R is the target range and co is the speed of light.
The transmitted signal at time t is multiplied by the signal
at an earlier time td by the mixer. The output phase of the
radar signal (ϕout(t)) after the low-pass filter (LPF) essentially
corresponds to the difference in PLL output phases of the
transmitter (ϕ(t)) and its time-delayed version (ϕ(t − td)).
The low-pass filtered output is then digitally processed after
passing through an analog-to-digital converter (ADC).

A phase variance is observed at the receiver output by
anomalies such as the PLL RMS jitter, receiver thermal noise,
quantization noise of ADC, sampling clock jitter, and supply-
induced noise. This work mainly focuses on the contribution
of receiver thermal noise and the PLL RMS jitter in the
inaccuracy. It is shown in [10] that the variance of the range
measurement in FMCW radar has a higher degree of depen-
dence on receiver thermal noise than the PLL phase noise
for far-field objects. However, the mathematical expressions
derived here in this work provide a clearer picture of individual
contributions of receiver thermal noise and PLL RMS jitter on
radar measurement, compared to the work in [10].

In the works of [10], [11], [12], [13], [14], radar systems,
including the VCO and PLL phase noise, were introduced.
[10], [11] utilized an Ornstein–Uhlenbeck (OU) process to
model VCO phase noise, while [12] employed an innovative
additive coloured noise (ACN) method to model PLL phase
noise. [13] employed Leeson’s equation for oscillator phase
noise modelling, and [14] utilized a filter-based technique
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Fig. 1. A simple model of a homodyne radar system to estimate the range and velocity of a target.

for PLL noise modelling. Notably, these works lacked a
clear representation of measurement uncertainty in the radar
system based on overall PLL RMS jitter. The VCO phase
noise undergoes high-pass filtering within the closed loop in
PLL and the “close-in” phase noise of the VCO is reduced
significantly by the action of the PLL [15]. In an effort to
mitigate the ambiguity associated with the dependence of VCO
on the PLL phase noise, the literature often reports the RMS
jitter of the PLL. The formulation presented in this paper
establishes an explicit relationship between PLL RMS jitter,
receiver thermal noise, and radar measurement uncertainties.

Accurate speed control is crucial in automation, impacting
productivity, quality, and process reliability. Radar systems
are frequently utilized in the automation sector in Industry
4.0. This study focuses on understanding radar anomalies’
impact on velocity measurement, aiding in selecting appro-
priate specifications of the components in the radar systems
for dependable outcomes in various industrial settings.

While FMCW radars are extensively utilized in various
applications, SFCW radars remain the preferred choice in ap-
plications such as GPR, remote sensing, biomedical, and other
imaging applications [16], [17]. There is a lack of available
literature that addresses the investigation of ambiguity caused
by noise in SFCW radars. The main contributions of this work
are:

1) To present a clearer dependence of range uncertainties
in a radar system on receiver thermal noise and PLL
RMS jitter.

2) To comprehensively address the impact of receiver ther-
mal noise and RMS jitter in the PLL on the accuracy of
velocity measurements in radar systems.

3) To present the measurement uncertainty relation to the
thermal noise and PLL RMS jitter in SFCW radar
systems.

4) We present that a meticulous exploration of these noise-
related influences becomes imperative for selecting an
appropriate chirp time for FMCW radar or a suitable

stepped repetitive interval (SRI) for SFCW radar. This
choice aims to mitigate uncertainties in range and ve-
locity measurements effectively.

This work investigates the effects of receiver thermal noise
on the range and velocity uncertainty in FMCW and SFCW
radar systems in Section II. The effect of PLL RMS jitter on
both radar systems’ range and velocity accuracy is explored in
Section III. The theory presented in these sections is validated
by measurement results, presented in Section IV. Finally,
Section V concludes this paper.

II. EFFECT OF THERMAL NOISE IN THE RECEIVER

The signal at the receiver output after LPF represented as
(1), will have the signal power V 2

0 /2.

Vo(t) = V0.cos(2πfot+ ϕout(t)) (1)

The output frequency fo is related to the bandwidth (B), sweep
time (Tsw), target range (R), and speed of the light (co) as

fo =
2.B.R

Tsw.co
(2)

The noise power of the signal given in (1), can be written as

σV =

√
V 2
0

2(SNR)o
(3)

where (SNR)o is signal-to-noise ratio at the output of re-
ceiver, which can be further expressed in terms of input signal-
to-noise ratio, (SNR)i, and receiver noise factor (F ), as

(SNR)o =
(SNR)i

F
(4)

The signal slope at the zero crossings is given as∣∣∣∣dVo

dt

∣∣∣∣
Vo(t)=0

= 2πfoV0 (5)
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Using (3), (4), (5), and propagation of uncertainty (PoU), the
RMS timing jitter σt can be found as

σt =
σV∣∣∣∣dVo

dt

∣∣∣∣
Vo(t)=0

=
1

2πfo

√
F

2(SNR)i
(6)

Using (6) as a baseline equation, we now find the range
and velocity uncertainty because of the noise in the receiver
in FMCW and SFCW radar in the subsequent subsections.

A. FMCW

This section is based on the assumptions mentioned below.
1) The sweep time Tsw is considered after the PLL in the

FMCW radar has reached its steady state.
2) The flicker noise is neglected since the FMCW radars

have significant intermediate frequency (IF).
With output period represented as To = 1/fo, and exploiting

the fact that two successive output periods are uncorrelated
for white noise sources, we get σTo

=
√
2.σt [10]. Using the

above information, the standard deviation of one output period
is obtained as

σTo =
1

2πfo

√
F

(SNR)i
(7)

The standard deviation at the output frequency fo can be found
using (7) and PoU, as

σfo = σTo .f
2
o =

fo
2π.

√
F

(SNR)i
(8)

With fo being a stochastic process, the standard deviation in
(8) is degraded by a factor of

√
1/n, where n is the number

of oscillations of output period at the receiver output, given
as n = Tswfo [10]. The obtained standard deviation of IF
frequency averaged over one sweep is represented by

σfo
=

1

2π

√
fo.F

Tsw.(SNR)i
(9)

Using (2), (9) and PoU, we get

σR =
Tsw.co
2B

.σfo
=

1

2π

√
co.F.R

2B.(SNR)i
(10)

The input SNR at the matched receiver in terms of transmitted
signal energy (ET ), the gain of the transmitter and receiver
antennae (G), wavelength in the medium (λ), radar scattering
cross-section of the object (RCS), range of the object (R),
Boltzmann constant (kB), system temperature (T0) and the
system noise factor (F ) is represented as (11) [18].

(SNR)i =

[
ET .G

2

kB .To.F

]
.

[
λ2.(RCS)

(4π)3.R4

]
(11)

The transmitted signal energy, ET , for a signal of power PT (t)
for duration τ is given as

ET =

∫ τ

0

PT (t)dt (12)

TABLE I
CONFIGURABLE RADAR SYSTEM PARAMETERS

Carrier Frequency 9.5 GHz
Average Transmitted Power 20 dBm

Total Noise Figure 5 dB
Bandwidth 1 GHz

Sweep Time∗ 50µs
Gain of Tx and Rx Antenna 10 dB

No of steps (SFCW)∗ 64

* Configurable

The average transmitting power over a sweep time is given as

P̂T =
ET

Tsw
(13)

1) Range uncertainty: Using (11) and (13) in (10), the
variance in range (σ2

R) in terms of sweep time (Tsw), range
(R), and centre frequency (fc) can be found as

σ2
R =

8πkB .To.F
2.f2

c .R
5

B.P̂T .Tsw.G2.co.(RCS)
(14)

The following conclusions can be drawn from (14):

1) σR ∝ R5/2
√
Tsw

signifies that to improve the standard devi-
ation in the range estimation, Tsw should be judiciously
chosen to be above a minimum Tsw where the value of
change in σR is insignificant,

2) a trade-off exists between measurement time, ADC
sampling rate and accuracy,

2) Velocity uncertainty: Similar to the analysis done for es-
timating range uncertainty, the velocity uncertainty can also be
estimated. A minimum of two chirps are essential to estimate
the velocity of an object [19]. The velocity is calculated based
on the phase difference information captured from the same
frequency from the two different chirps. The target would have
travelled (∆R) at these two instants, resulting in the phase
difference. For two chirps from the transmitter with individual
sweep time Tsw, the velocity is evaluated based on the phase
difference sensed at the receiver given as

υ =
λ.∆ϕ

4π.Tsw
(15)

where λ is the wavelength and ∆ϕ is the phase difference
observed at the receiver. The variation in range affects the
phase difference observed at the receiver, thus, ∆ϕ depends
on the range accuracy given in (14).

Using (15) and PoU, the standard deviation in velocity in
terms of standard deviation in ∆ϕ can be found as

συ =
λ

4π.Tsw
.σ∆ϕ (16)

The derivations for velocity uncertainty estimation are valid
under the assumption that ∆Rmax is already known. One
example is the displacement in the stepper motor head of an
automated machine like a 3D printer or a surgical robot.

The change in phase is related to the displacement (∆R) as

∆ϕ = 2πfo
2∆R

co
=

4π.fo.υ.Tsw

co
(17)
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(a) (b)

(c) (d)
Fig. 2. Effect of thermal noise in the receiver in FMCW radar: Range and velocity uncertainty vs (a) range; (b) sweep time, for R = 10m. Effect of thermal
noise in the receiver in SFCW radar: Range and velocity uncertainty vs (a) range; (b) SRI, for R = 10m.

Using (2), (17), and PoU, we get the standard deviation
in the observed phase difference, in terms of the standard
deviation in range, as

σ∆ϕ =
4πfo
co

σR =
8π.B.R

c2o.Tsw
.σR (18)

The variance in the velocity estimation (σ2
υ) in terms of Tsw,

R can be found using (18) and (14) as

σ2
υ =

16π.kB .T0.F
2.B.R7

c3o.T
5
sw.P̂t.G2.(RCS)

(19)

Equation (19) implies that improving standard deviation in
velocity estimation relies on carefully selecting Tsw, keeping
the relation συ ∝ R7/2

T
5/2
sw

in mind. This highlights the crucial
trade-off between measurement time and accuracy, emphasiz-
ing the need for a thoughtful balance between the two factors.

Table I presents the radar system parameters employed in
this work. Matlab simulations were conducted to assess range
uncertainty and velocity uncertainty, as indicated in equations
(14) and (19), respectively. The simulations involved varying
range and sweep time (Tsw) across three different RCS values,
as depicted in Fig. 2a and Fig. 2b, respectively. Notably, the
standard deviation in both range and velocity rises for far-
field targets and smaller RCS values. Conversely, the standard
deviation in range and velocity decreases as Tsw increases.

B. SFCW

The SFCW operate with N stepped frequency swept over
the bandwidth (B) with a discrete frequency step ∆f (= B

N ).

A simple model of an SFCW radar system is shown in Fig.
1. The SRI is the amount of time spent in one frequency
step. The entire frequency band is swept in N*SRI. If N
frequencies are transmitted in an SFCW radar, then phase
ϕ1−N are represented as ϕk = 4πfkR/c, where k ∈ [1, N ].
Using this baseline method, we perform the range and velocity
uncertainty analysis in an SFCW radar. The radar in Table I
can be configured to operate as a stepped frequency with 64
steps with SRI of 50µs/64 ≈ 0.78µs.

1) Range uncertainty: In SFCW, the phase difference cor-
responding to two subsequent frequencies from the first till
N th frequency in the tuning range is given as

Assuming the target is stationary, the RMS value of the
phase difference corresponding to all the frequencies is de-
noted as ∆ϕrms = 4πR∆f/c. The range in terms of the RMS
value of the phase difference corresponding to two subsequent
frequencies is denoted as

R =
N.c.∆ϕrms

4πB
(20)

Using (20) and PoU, we obtain the standard deviation in range
in terms of the standard deviation of the RMS value of the
phase difference corresponding to two subsequent frequencies

σR =
N.c

4πB
.σ∆ϕrms

(21)

Representing σ∆ϕrms
in terms of RMS timing jitter of the

received signal σt given in (6), we get

σ∆ϕrms = 2πfkσt =

√
F

2(SNR)i
(22)
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Putting (11) and (22) in (21), we get the maximum variance
in range as

σ2
R max =

2πN.kB .To.F
2.R4.f2

max

B2.P̂t.(SRI).G2.(RCS)
(23)

Below are the conclusions drawn from (23):
1) σR max ∝ R2fmax√

SRI
implies that reducing standard de-

viation in range uncertainty necessitates a higher SRI.
However, this elongates measurement time unnecessar-
ily. Hence, the goal for any radar system should be to
maintain a minimal SRI that causes negligible alterations
in range variation.

2) The dwell time in one frequency should be at least 2x
times the PLL settling time [20]. This demands a faster
settling time of the signal generator,

3) With fixed B, a trade-off exists between measurement
time (N∗SRI), maximum range ambiguity (Rmax =
co

2∆f ), and accuracy,
2) Velocity uncertainty: Two frames transmitted can estab-

lish a relation for the variation in velocity error. The consec-
utive phase difference, (ϕd = ϕ2,1 − ϕ1,1), at one transmitted
frequency, where the first index is the frame number and the
second index is the frequency, is represented as

ϕd =
4πNf1∆R

co
= 2πNf1∆t (24)

where ∆t = 2∆R
co

. The velocity for an SFCW case in terms
of ϕd and SRI is represented as

υ =
λ.ϕd

4πN.(SRI)
(25)

After applying PoU in (25) we get

συ =
λ

4πN.(SRI)
.σϕd

(26)

With the same assumption made in velocity uncertainty
estimation stated in Section II-A2, and using (6), and (24),
the σϕd

in relation to variation in the RMS timing jitter of the
received signal σ∆t can be given as

σϕd
= 2πNf1σ∆t = N.

√
F

2.(SNR)i
(27)

Using (26) and (27), the variance in velocity, which, when
averaged over N number of stepped frequencies, results in

σ2
υ =

π.kB .To.F
2.R4

P̂t.N2.(SRI3).G2.(RCS)
(28)

The following observations can be drawn from the study:
1) συ ∝ R2

SRI1.5 , demands a larger time spent on one
frequency step for a good reliability of the velocity
measurement. This demands a faster settling time for
the signal generator. The SRI can be increased beyond
which there is insignificant improvement in the accuracy,

2) A trade-off between measurement time and accuracy.
Table I outlines the radar system parameters specific to the

SFCW configuration. Matlab simulations were conducted to
evaluate the fluctuations in range uncertainty (as defined in

(23)) and velocity uncertainty (as described in (28)). These
simulations involved varying both range and Tsw values across
different RCS, as illustrated in Fig. 2c and Fig. 2d, respectively.

III. EFFECT OF PLL RMS JITTER

In [10], phase error represented by the power spectral
density (PSD), Sϕ,out(f), of the receiver output phase, ϕout(t),
was presented. However, it did not explicitly report the effect
in range and velocity error because of the inherent PLL RMS
jitter. The analysis covered in this section relates the range and
velocity error for both the FMCW and SFCW radars because
of the PLL RMS jitter, denoted as σT . Also, if the PLL is
not over-designed to improve its σT , the radar system can
still maintain its uncertainties in measurement within limits
by choosing an appropriate sweeping time or SRI.

A. FMCW

If σT denotes the RMS jitter of the PLL integrated over
some bandwidth, then in this section, we will show how the
range and velocity uncertainty are related to the specifications
of the PLL. Neglecting 1/f noise, the standard deviation of
the receiver output of period, To, is given in [10] as

σTo =
√
2σT . (29)

With fo = 1/To, (29) and PoU we get,

σfo = fo
σT

To
=

√
2σT .f

2
o (30)

The number of oscillations of the output signal in one sweep
Tsw is given as n = Tswfo. Therefore, the standard deviation
of the average IF frequency within one sweep is given as

σf̄o =

√
2

Tsw
.σT .f

1.5
o (31)

1) Range uncertainty: Applying PoU on the range relation
to B, Tsw given in (2) we get

σR =
Tsw.co
2B

.σf̄o (32)

Putting (31) and (2) in (32), we get the standard deviation in
the range in terms of PLL RMS jitter σT , R, B and Tsw.

σR =

√
B

co

2σT

Tsw
.R1.5 (33)

Below are the conclusions drawn from the above study:

1) With σR ∝ R1.5σT

Tsw
, a smaller range uncertainty demands

a smaller jitter and a larger chirp time,
2) a larger chirp time brings a trade-off between the mea-

surement time and accuracy, thus demanding a faster
settling time.
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(a) (b)

(c) (d)
Fig. 3. Effect of σT in the receiver in FMCW radar: Range and velocity uncertainty vs (a) range; (b) sweep time, for R = 10m. Effect of σT in the receiver
in SFCW radar: Range and velocity uncertainty vs (a) range; (b) SRI, for R = 10m.

2) Velocity uncertainty: Similar to the assumptions men-
tioned in Section II-A2 and the analysis presented to estimate
the velocity uncertainty because of the receiver noise, we find
the effect on velocity measurement due to the PLL RMS jitter.
Using (15), (16), (18), and (33) we get the standard deviation
in velocity as

συ =
4σT

fc.T 3
sw

√
B3.R5

c3o
, (34)

where, fc is the centre frequency. The observations drawn from
the study are:

1) With συ ∝ R2.5σT

T 3
sw

, better accuracy in the velocity
measurement requires a small RMS jitter from the PLL
along with a long time of chirp,

2) With fixed bandwidth, a trade-off exists between the
measurement time and the accuracy, thus demanding a
faster settling time.

Equation (33) is coherent with the findings in [10]. The
Matlab simulations for the variation of range uncertainty (in
(33)) and velocity uncertainty (in (34)) with range and Tsw

for different values of PLL RMS jitter are shown in Fig. 3a
and Fig. 3b, respectively. The standard deviation in both range
and velocity increases for far-field objects and higher σT . In
contrast, the standard deviation in range and velocity decreases
with an increase in Tsw.

B. SFCW
The subsequent subsections will cover the variance in range

and velocity because of the PLL RMS jitter, σT , in SFCW
radar measurement.

1) Range uncertainty: Using the relation of phase, ϕk =
4πfkR/c, where k ∈ [1, N ], we infer that the variation in ϕk

is dependent on the variation in fk and R. Using the PoU in
ϕk, we get

σ2
ϕk

ϕ2
k

=
σ2
fk

f2
k

+
σ2
R

R2
(35)

Using ϕk = 4πfkR/c, and simplifying (35), we get

σ2
ϕk

=
(4π)2

c2o

[
σ2
fk
R2 + σ2

Rf
2
k

]
(36)

Also, the variance in phase relates to the variance in PLL RMS
jitter as σ2

ϕk
= (2π)2f2

kσ
2
T . When the measurement is taken for

N number of stepped frequencies, the resulting variance gets
divided by N. Using (31) and the above relation of variance
in phase, (36) can be represented as(

4π2.f2
k .σ

2
T +

16π2.R2

c2o.N

2.f3
k .σ

2
T

(SRI)

)
=

16π2.σ2
R.f

2
k

c2o.N
(37)

The SFCW radars are widely used in short-range applications.
Therefore, for small range, 4π2f2

kσ
2
T << 16π2.R2

c2o.N
2f3

k .σ
2
T

(SRI) .
Thus, we get the variance in range measurement as

σ2
R max =

2R2.fmax.σ
2
T

(SRI)
(38)

The conclusion drawn from (38) are mentioned below:
1) σR max ∝ R.f0.5

max.σT√
(SRI)

demands a small RMS jitter from

the signal generator and a larger SRI, for a faithful
accuracy in the range measurement,

2) for a fixed RMS jitter, a trade-off exists between mea-
surement time and accuracy, thus demanding a faster
settling time.
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2) Velocity uncertainty: For an SFCW radar, the phase
difference at fk over two consecutive bursts is represented in
(24) for the first frequency step f1. Using PoU, the variation
in ϕd will be the sum of variations in frequency fk and timing
difference ∆t and given as

σ2
ϕd

ϕ2
d

=
σ2
fk

f2
k

+
σ2
∆t

∆t2
(39)

Expanding (39) and taking an average of N samples, we get

σ2
ϕd

= 4π2N2

[
∆t2σ2

fk
+ f2

kσ
2
∆t

]
(40)

Using the variance of υ representation in (26), and Equation
(40), we get

σ2
υ =

c2o
2.(N.SRI)2

[
∆t2.fk
(N.SRI)

+
1

2

]
.σ2

T (41)

Since ∆t2fk
SRI >> 1

2 , the second term in (41) can be ignored.
Taking into consideration the assumptions mentioned in Sec-
tion II-A2 and using Equation (24), we get the maximum
variance in the velocity as,

σ2
υ max =

2R2.fmax

(N.SRI)3
.σ2

T (42)

The conclusion drawn from (42) are:

1) συ max ∝ R.f0.5
max

(SRI)1.5 .σT demands a small RMS jitter
from the signal generator and a larger SRI, for a faithful
accuracy in the velocity measurement,

2) For a fixed RMS jitter, a trade-off exists between the
measurement time and accuracy, thus demanding a faster
settling time.

The variation of range uncertainty (in (38)) and velocity
uncertainty (in (42)) to the range and SRI for different values
of PLL RMS jitter in Matlab are shown in Fig. 3c and Fig 3d,
respectively.

IV. MEASUREMENT RESULTS

Laptop to capture 

radar data

Fig. 4. The experimental setup for range measurement using radar system.

A. Range Measurement with FMCW and SFCW Radar

The measurement was carried out to verify the accuracy
derived in theory for the range uncertainty in FMCW and
SFCW radars. The experimental set-up is shown in Fig. 4. The
parameters of the radar system used for all the measurements
are mentioned in Table I. It uses horn antennas for transmitting
and receiving signals. The radar system uses commercial off-
the-shelf components like ADF4159 as PLL, AD-FMCDAQ2-
EBZ as data-acquisition board, Minicircuits ZX60-123LN-
S+ as LNA, Genesys-2 board for signal processing and post
processing on Matlab through giga byte ethernet. The total
power of the radar system is around 5.3 W.

For range measurement, an object of 10×10 cm2 was at-
tached to a tripod at a distance of 3 m. For the FMCW radar
system with a chirp of 1 GHz/50µs and an ADC sampling rate
(fs) of 100 MHz, the number of samples (N) are 5000 with
the frequency resolution of fs/N = 20 kHz. To investigate the
combined effect of the receiver thermal noise and the PLL
jitter, the distance measurement was repeated 300 times. The
error distribution was fitted with the Gaussian distribution,
as shown in Fig. 5(a). The standard deviation in the range
measurement is observed to be around 158µm. Putting the
radar system parameters in equations (14) and (33), respec-
tively, results in the total range uncertainty of around 126µm
in the standard deviation owing to the combined effect of
receiver thermal noise and PLL RMS jitter. Of 126µm range
uncertainty, the receiver thermal noise contributes around 80%,
whereas the PLL RMS jitter contributes around 20%. The
impact of receiver thermal noise on a longer range object
surpasses the contribution of PLL RMS jitter, aligning with
the results reported in [10].

(a) (b)
Fig. 5. Histogram for measured error values in range measurement at R=3 m;
(a) FMCW (b) SFCW.

A similar setup with radar in SFCW mode (as shown in
Fig. 4) was used to find the variance in range. To investigate
the combined effect of the receiver thermal noise and the
PLL jitter, the distance measurement was repeated 300 times.
Figure 5(b) shows the error distribution fitted with the Gaus-
sian distribution. The standard deviation in the range from
the measurement is around 132µm. The theory presented
for range uncertainty related to receiver thermal noise and
PLL RMS jitter from (23) and (38), respectively, results in
the combined effect of around 106µm. Of 106µm range
uncertainty, the receiver thermal noise contributes around 82%,
and the PLL RMS jitter contributes around 18%. The major
difference between the measurement and theoretical values for
both the above measurements can be attributed to the variance
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TABLE II
COMPARISON WITH OTHER PUBLISHED WORKS

[10] [12] [14] [13] This Work

Noise Modelled as VCO noise as
OU process

PLL noise as
ACN process

PLL noise as
Filter-based technique

VCO noise as
Leeson’s equation

PLL noise as
RMS jitter

Range Uncertainty
Analysis Yes No Yes Yes Yes

Velocity Uncertainty
Analysis No No No No Yes

FMCW/SFCW Radar
Analysis FMCW FMCW FMCW FMCW FMCW+SFCW

caused by the sampling clock, which is discussed in Section
IV-C.

B. Velocity Measurement with FMCW and SFCW Radar

The measurement was carried out to verify the accuracy
derived in theory for the velocity uncertainty in both the
FMCW and SFCW radars. The experimental set-up for veloc-
ity measurement is shown in Fig. 6 using a 3D printer with the
target of 10×10 cm2 attached to the printer rotary head. The
speed of the stepper motor used in the 3D printer is controlled
through commands. To investigate the combined effect of the
receiver thermal noise and the PLL jitter on the FMCW radar,
the velocity measurement was repeated 300 times. The error
distribution was fitted with the Gaussian distribution, as shown
in Fig. 7(a). The standard deviation in the velocity from the
measurement is around 1 nm/sec. The theory presented for
velocity uncertainty related to receiver thermal noise and PLL
RMS jitter from (19) and (34), respectively, results in the com-
bined effect of around 0.875 nm/sec in the standard deviation.
Of this 0.875 nm/sec velocity uncertainty, the receiver thermal
noise contributes around 88%, whereas the PLL RMS jitter
contributes around 12%.

Radar Sensor

3D Printer with Speed Control

Target: 10cm *10cm a�ached 

to printer rotary head

Tx Antenna
Rx Antenna

Laptop for data sensing

Fig. 6. The experimental setup for velocity measurement using a radar system.

A similar setup with radar in SFCW mode (as shown in Fig.
6) was used to find the uncertainty in velocity measurement. To
investigate the combined effect of the receiver thermal noise
and the PLL jitter, the velocity measurement was repeated
300 times. The error distribution was fitted with the Gaussian
distribution, as shown in Fig. 7(b). The standard deviation in
the velocity from the measurement is around 1µm/sec. The
theory presented for velocity uncertainty related to receiver

(a) (b)
Fig. 7. Histogram for measured error values in velocity measurement at
R=3 m and ν=1 mm/sec; (a) FMCW (b) SFCW.

thermal noise and PLL RMS jitter from (28) and (42), respec-
tively, results in the combined effect of around 0.8µm/sec in
the standard deviation. Of this 0.8µm/sec velocity uncertainty,
the receiver thermal noise contributes around 90%, whereas
the PLL RMS jitter contributes around 10%. The difference
in the measurement and the theoretical values for both the
above measurements can again be attributed to the variance
caused by the sampling clock, discussed in Section IV-C.

C. Discussion on the Measured Results

Total noise power in the sampled IF signal at the radar
output, (ℵtotal), [21]-[23], is given as

ℵtotal ≈ ℵLIF
+ ℵLfs

(43)

where the first term represents the noise power associated with
the IF signal, while the subsequent term corresponds to the
noise power attributed to the ADC’s sampling clock.

Based on Equation (43), the RMS jitter of the sampling
clock was monitored separately using the eye diagram. The
measured RMS jitter of the sampling clock, when plugged in
equations (33) and (38), resulted in the range standard devi-
ation of 30µm and 23µm respectively. The measured RMS
jitter of the sampling clock, when used in equations (34) and
(42), resulted in a velocity standard deviation of 0.122 nm/sec
and 0.09µm/sec, respectively. Hence, the mismatch in the
measurement and theoretical values can be ascribed to the
influence of sampling clock jitter, which is beyond the scope of
this work. The other effect, like the power supply-induced er-
ror, is not taken into consideration in this work and contributes
negligibly. The measurement setup couldn’t verify receiver
thermal noise and RMS jitter separately due to limitations in
isolating these factors independently.

Table II presents a comparative analysis of the methods
utilized and the findings presented in this work in comparison



IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. XX, NO. XX, 2023 9

to other published works. It is worth highlighting that in
other literature, the explicit correlation between uncertainty
and radar parameters is not established. In applications such
as advanced driver assistance systems (ADAS), surveillance,
and bio-medical, absolute precision may not be of utmost
importance, while prioritizing rapid measurements becomes
essential. The outcomes of this study affirm that choosing
an appropriate settling time for the signal generator aligns
with the requisite accuracy level in these applications. The
necessity for fast measurements emphasizes the importance of
incorporating a fast-settling PLL in radar used in Industry 4.0.

V. CONCLUSION

The paper presented the influence of noise on the range
and velocity measurement of FMCW and SFCW radars. The
receiver thermal noise has a greater effect on a longer-range
target. The work also investigated the effect of PLL RMS jitter,
σT , on the measurement error. The need to over-design the
PLL for lower σT can be compensated by choosing a fast
settling PLL with a proper chirp time or SRI of the radar
system. With these dependencies known apriori, the system
designer can estimate the effect of the specifications of the
signal generator in developing a robust radar system. The
theory provided has been validated with the measurement
from a radar in X-band. The measurement accuracy is in the
same order as the theoretical value derived in this work. The
minuscule difference between the theoretical and the measured
values can be attributed to other noise sources, which are
beyond the scope of this work.
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