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Abstract— High-accuracy wireless ranging and positioning
becomes necessary in many applications, and while many wave-
forms promise high accuracy, their performance in cluttered
environments is not optimal. This article confers about the
potential of high-accuracy wireless ranging using orthogonal
frequency-division multiplexing (OFDM) signals. The excellent
correlation properties of OFDM signals for high-accuracy rang-
ing in real-life environments are discussed and the Cramer-Rao
lower bound (CRLB) is derived for OFDM ranging indepen-
dent of the transmitted information. Simulation results and
experimental measurements at a carrier frequency of 1.4 GHz
with 200 MHz of bandwidth are included. Range estimation is
demonstrated with a standard deviation of 1.6 mm in a realistic
laboratory environment with no anechoic walls.

Index Terms— Correlation, Cramer—-Rao lower bound (CRLB),
high-accuracy ranging, joint radar-communication, orthogonal
frequency-division multiplexing (OFDM), radar.

I. INTRODUCTION

IRELESS ranging and positioning is crucial for various

applications, including wireless sensor networks [1],
navigation [2], robotics [3], and indoor localization where
global navigation satellite system (GNSS) lacks precision,
necessitating short-range localization systems [4].

Joint radar and communications (JRC) has gained attention
due to enabling greater spectrum efficiency and cost-
effectiveness [5]. This integration is significant for structural
monitoring, smart building management, indoor positioning,
and security systems within indoor environments, providing
real-time data transmission and target detection for assessing
the integrity and safety of buildings [6], [7], [8]. Achiev-
ing JRC involves coexistence, which increases cost and
interference [9], or codesign that includes either communica-
tion or radar-centric waveforms [10]. Using traditional radar
waveforms, such as frequency-modulated continuous wave
(FMCW), causes significant challenges. Those are designed
primarily for radar sensing, and their characteristics may not
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Fig. 1. Comparison of autocorrelation responses: two-tone waveform
(200-MHz separation), LFM, and OFDM (200-MHz bandwidth).

be optimal for data transmission [11]. In addition, multiplexing
between FMCW and other communications waveforms limits
the data rate achieved for communication purposes [12].
Hence, this study concentrates on the sensing performance of
orthogonal frequency-division multiplexing (OFDM), a fun-
damental and promising technique in current and upcoming
wireless communication systems [13], [14]. Thus, this work
is concerned with high-accuracy ranging using OFDM sig-
nals, using the waveform directly for sensing without any
modification [15], [16]. Therefore, the proposed approach
will not impact communication performance and demonstrates
excellent ranging accuracy. Despite many studies showcasing
the efficacy of OFDM signals in radar applications [17], their
potential for high-accuracy ranging and positioning remains
relatively unexplored and necessitates experimental validation
in a realistic environment [18]. We examine the OFDM
signal correlation properties and present the theory of wireless
OFDM ranging, including a straightforward derivation of the
Cramer—Rao lower bound (CRLB) largely independent of the
transmitted information [19]. Real-life experimental measure-
ments using OFDM signals that achieve a 1.6-mm standard
deviation are included along with simulations.

II. WIRELESS RANGING USING OFDM SIGNALS

Recent high-accuracy-ranging radar advancements have
leveraged two-tone waveforms and wideband linear frequency-
modulated (LFM) signals. While two-tone waveforms offer
optimal accuracy, their autocorrelation (yellow) is highly
ambiguous for multiple targets as shown in Fig. 1. OFDM
signals (blue) exhibit excellent correlation properties similar
to LFM (orange), making them valuable for range estimation,
localization, and dual radar-communications waveform in
fifth-generation (5G) networks [20], [21], [22], [23].
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The baseband time-domain OFDM signal with N sub-
carriers can be written as s(t) = ., A,e/PrelAS
where A, and ¢, represent the symbol amplitude and phase
on the nth subcarrier, respectively, and Af denotes the
subcarrier spacing. Subsequently, it is quadrature upcon-
verted to a carrier frequency f,, and then transmitted.
Assuming a target at distance R, the scattered signal r(¢)
after quadrature downconversion is represented by r(t) =
SN @, Ae®nePTANED (), where a, is the complex
channel response at the nth subcarrier, w(¢) denotes the
receiver noise, T = (2R/c) corresponds to round-trip time
delay, and c is the speed of light. We use a matched filter for
range estimation, maximizing the signal-to-noise ratio (SNR)
at its output instead of subcarrier processing. Unlike other
works [24], matched filtering includes one OFDM symbol
with N subcarriers at a time to avoid sidelobes. The matched
filter output can be given by x(r) = ffT s*(t — T)r(t)dr.
Matched filtering, or pulse compression, provides processing
gain and enhances output SNR without the distortion of multi-
ple amplification chains [25]. Considering signal bandwidth B
and duration T, the time-bandwidth product, k = B - T, is the
matched filter processing gain [26] and depends on the number
of subcarriers. The time delay estimate 7 maximizes the
matched filter response magnitude, yielding a range estimate
R=ct /2. The range resolution R, is inversely proportional
to B and equal to ¢/(2- B) = ¢/(2 - NAf). With OFDM
symbol duration 7y = 1/Af, excluding cyclic prefix (CP),
the maximum unambiguous range is inversely proportional to
subcarrier spacing [27]

c- T c

Run = = )
. 2 2-Af

(1

The CP at the beginning of an OFDM signal, a duplicated sig-
nal part, can create ambiguity. CP removal is common practice
in OFDM receiver processing which does not eliminate the
CP from reflections off secondary targets situated at greater
distances, as expressed in Section IV. The standard deviation
of range estimates, a crucial metric for this work, is discussed
next.

III. OFDM CRLB DERIVATION

The CRLB gives a lower bound for the variance of an
unbiased estimator [28], [29]. This work looks for a formula-
tion independent of the OFDM symbol information. For the
problem of time delay estimation, the CRLB becomes

2o Noj2

t = BE )

where N is the noise power spectral density, E is the signal
energy, and B is the mean-squared bandwidth, which can be
written as B2 = ([ /Y IR(NPAS)/([ IR(IPAS).
For an OFDM signal that uniformly occupies the band-
width B, the following approximation can be made
IR(f)| ~ |R,|rect(f/B), where R(f) is the received signal
spectrum and [R,| = (1/B) f%% |[R(f)|df is the mean
absolute value. This approximation is particularly valid for
lower order modulation types but can become less accurate
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for higher modulation orders such as 256 quadrature ampli-
tude modulation (256-QAM) where the OFDM spectrum has
larger amplitude variations. The two integrals can be calcu-

lated as [° QafR(R(OIPASf ~ [(5) CQap2IR(FPdf ~
R, [2(x2B%)/3, and [*2 |R(F)Pdf ~ [CF) IR()Pdf ~
|RM|ZB [29]. Therefore

3Ny /2
2> N2 3
% = 2p2E, ®)

and since (E;/Ny) = SNR - Tyram - 5, SNR is the per-symbol
SNR, the sampling frequency f; is equal to B, and Ti¢qp, is the
duration of one OFDM symbol including CP, which results in
3

o> —— 4

T 272 B3 T,qmSNR

Totam 18 equal with (1 + ch)(l/Af) = N + ch)(l/B)7
where K, is the CP rate. Hence, N(1 + K,) represents the
length of the whole OFDM symbol. Converting time delay

into round-trip range estimates R using the range estimation
formula defined in Section II, we find

3¢?
872 B>+ N(1+ Kp) - SNR

Increasing signal bandwidth and SNR reduces the variance
in range estimates. In addition, increasing K., and the num-
ber of subcarriers extends the symbol duration, decreasing
variance. Increased bandwidth also reduces packet synchro-
nization errors, which, although minor in communication, can
negatively impact range estimation. Reducing the sampling
period by increasing bandwidth can mitigate this issue. How-
ever, due to spectral limitations, a user might not always be
able to increase the bandwidth. In such cases, oversampling
on the receiver side can reduce the impact of synchronization
errors.

2
~ >
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IV. SIMULATIONS AND EXPERIMENTAL MEASUREMENTS

The experimental measurements were conducted indoors at
the University of South Florida using OFDM signals generated
by a Keysight M8190 AWG at 1.4 GHz with a 200-MHz band-
width, 4-QAM digital modulation, and 3.125-MHz subcarrier
spacing. All these parameters were also exploited in simu-
lations. Signals were captured using a Keysight MXR404A
Oscilloscope, with the transmitter and receiver using COM-
POWER AH-118 Double Ridge Horn Antennas.

Monte Carlo simulations (3000 iterations) in MATLAB
were performed for single- and multiple-target scenarios.
First, a single target at 3.273 m was simulated to match
the experimental conditions. Then, multi-target ranging was
simulated with targets at 3.273, 6, and 9 m. Fig. 2(a) depicts
the matched filter output. Sidelobes in matched filtering can
negatively affect the accuracy of neighboring range estimates,
leading to a higher standard deviation than in the single target
case. The matched filter response is separately highlighted
in Fig. 2(b) to exhibit the sidelobe impact readably. Even
the smallest ripples due to clutter can increase the variance,
emphasizing the importance of selecting a waveform with
excellent correlation properties. In the experiment, range esti-
mation using a digital matched filter identified the target at
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Fig. 2. (a) Simulated matched filter output of multi-target ranging. (b) Single-target simulated matched filter output of the target (blue) and clutter (orange

and yellow). (c) Matched filter output of experimental OFDM measurements with a target located at 3.273 m.
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(a) (Left) Photograph of the experimental setup: Tx antenna in green, red shows Rx antenna. (Right) Object in gray at a distance of 3.273 m.

(b) Standard deviation of the simulated and experimental measurements as a function of SNR. The experimental system achieves a standard deviation of

1.6 mm at SNR = 29.13 dB.

3.273 m, as shown in Fig. 2(c). Antenna coupling occurred
at 1.39 m, with potential ambiguities at —44.69 and 51.24 m
due to the CP. Since the CP is a small portion of the received
OFDM symbol, the amplitude levels of ambiguities are low.
According to (1), the theoretical unambiguous range of 48 m
aligns with the observed R, in Fig. 2(c), based on subcarrier
spacing. While the CP is removed after packet synchronization
in OFDM systems, its effects can still pose challenges in
multi-target ranging. In non-restricted environments, where
targets can be at arbitrary ranges, the CP can introduce
significant ambiguity. This is because the CP of the first echo
is removed but a portion of the signals’ CP reflected from other
targets will remain since the maximum excess delay can longer
be than CP duration. Therefore, investigating and mitigating
the effects of CP is critical for accurate ranging in such
scenarios. In practical indoor environments, this ambiguity is
minor unless the maximum excess delay is longer than CP
duration.

The setup is shown in Fig. 3(a), with the left image depicting
the experimental setup and the right image displaying the
antennas observing the target, an ETS Lindgren Shielded Test
Box, located 3.273 m away. The simulated and experimental
standard deviations versus SNR are given in Fig. 3(b), along-
side a CRLB comparison. CRLB is plotted as the square root
of (5) for K, and N equal to 1/4, and 64, respectively. The
standard deviation of single-target simulation (yellow) closely
aligns with the CRLB (purple) in the absence of multipath,

as illustrated in Fig. 3(b). In multi-target cases, echoes from
additional targets (clutter) induce higher variance (orange) due
to the sidelobe impact as mentioned earlier in this section. The
standard deviation of the experimental measurements is shown
in blue. SNR was varied by adjusting the transmit power of the
AWG. SNR estimation in the experiment was done using the
known power spectral density and measurement of the noise
floor. The OFDM bandwidth is N - Af, and OFDM symbol
length Totam = (1+ K¢p)(1/Af). Hence, the matched filtering
processing gain is 80 corresponding to N (1 + K.p) which
results in no required amplifier in the experiment. At an SNR
of 29.13 dB, with Tx and Rx power values of 2.64 dBm and
—30.58 dBm, respectively, we achieve a standard deviation of
1.6 mm. Although some studies show a lower ranging standard
deviation, they do not use communication waveforms, and
their measurements are conducted in anechoic environments.

V. CONCLUSION

This research demonstrates the effectiveness of OFDM
waveforms for highly accurate indoor ranging in real-life clut-
tered environments, emphasizing the potential for integrated
communications and sensing. Despite the high peak-to-average
power ratio (PAPR) issue in OFDM systems [30], various
methods such as clipping, selective mapping, and block coding
mitigate this problem [31]. Hence, this article focuses on
experimentally validating OFDM systems for high-accuracy
ranging, with future work exploring JRC tradeoffs.
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