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Abstract—This article contributes to the experimentation of
joint vehicular communications and radio-based sensing using
a fifth-generation (5G) New Radio (NR) waveform. Firstly,
simulations are carried out to observe the effect of using default
(communication-purpose) 5G NR waveforms for sensing, and
they indicate high side-lobes in the range profile due to the
existence of unused communication subcarriers within the frames
of the 5G NR waveform. These can be filled with optimized
frequency-domain symbols to minimize the side-lobes. As the
main result, these observations are validated through over-the-
air measurements with practical 5G NR waveforms, operating at
the mm-wave frequency of 27.7 GHz. For this, an outdoor envi-
ronment is mapped with both the default 5G NR waveform and
the optimized waveform, and the latter showcases considerable
improvement in the mapping image due to side-lobe suppression.

I. INTRODUCTION

Developing joint communications and sensing (JCAS) for

vehicular systems with the fifth-generation (5G) New Radio

(NR) waveforms is important especially for two reasons [1].

Firstly, such vehicular systems are ubiquitous, requiring wire-

less connectivity between nearby vehicles, pedestrians, and

roadside infrastructure. These communications need high ca-

pacity and low latency links to allow for efficient decision-

making [2], and 5G networks have facilitated this requirement.

Secondly, apart from communications, such systems also re-

quire a sensing platform to detect and estimate the different

distances to the road users, to prevent possible collisions [3].

In JCAS vehicular scenarios, the sensing transceiver (TRX)

and the communications transmitter (TX) are the same device.

Moreover, the TRX must continuously process the reflec-

tions from the same TX communications signal to detect

the road users, and a joint waveform is thus used for both

communications and sensing [4]. For this to be viable, the

TRX has to operate in a full-duplex manner, mitigating the

self-interference due to the strong TX signal leakage. Using

the fourth-generation Long-Term Evolution system for this

purpose is discussed in [5], showing the feasibility of incor-

porating sensing in such modern communications systems.

The sensing performance of using 5G NR waveforms can be

quantified through the conventional detection and estimation

metrics. These are the accuracy of the range or the velocity

estimate [6], peak side-lobe level of the range profile and

the spatial waveform [7], the signal-to-interference-plus-noise

ratio at the sensing receiver (RX) [8], and the probability of

detection or false alarm [9].
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Fig. 1. General overview of the considered joint vehicular communications
and sensing scenario.

The default 5G NR waveforms usually have unused commu-

nication subcarriers, depending on the number of users served

by the network. These are observed in the physical downlink

shared channels and in the synchronization signal block burst

[10]. The sensing performance of directly using these 5G NR

waveforms with null subcarriers needs to be investigated. To

further improve this performance, they can also be populated

with optimized frequency-domain symbols.

In this paper, we experiment with vehicular JCAS using 5G

NR waveforms. First, the null subcarriers of the waveform

are filled with optimized frequency-domain symbols, ensuring

that some proportion of TX power is allocated to these filled

radar subcarriers. Additionally, we also minimize the peak-

to-average power ratio (PAPR) of the waveform. Then, simu-

lations are performed to analyze the range profile’s side-lobes

of the default and the optimized 5G NR waveforms. These

indicate that the side-lobes can be minimized considerably

through the use of radar subcarriers. Especially, over-the-air

radio-frequency (RF) measurements are carried out at the

mm-wave frequency of 27.7 GHz to validate the feasibility

of using the 5G NR waveforms in vehicular scenarios.

II. SYSTEM MODEL

The considered vehicular scenario is shown in Fig. 1.

The vehicle at left carries the sensing TRX that is also the

communications TX. A 5G waveform is used as the TX signal

x(t). This is reflected from the targets in the environment,

e.g., pedestrians, vehicles, obstacles and sources of clutter, and

received back at the sensing TRX as yr(t). The reflected echoes

are processed at the TRX in a full-duplex manner. Moreover,

the same TX communications signal is used to communicate

with a roadside base station, where the RX signal is yc(t).



A. 5G NR Waveform

The TX communications signal consists of M orthogonal

frequency-division multiplexing (OFDM) symbols, each with

NPRB physical resource blocks (PRBs). The total number of

subcarriers in one OFDM symbol is denoted by N . Commu-

nication and radar PRBs are randomly distributed throughout

the whole waveform, with Nr and Nc denoting the total radar

and communication subcarriers, and Nr +Nc = NM .

The time-domain TX signal is given by

x(t) =

M−1
∑

m=0

p(t− tm)

(

∑

n∈Cm

Xc,n,mej2πn∆f(t−tm)

+
∑

n∈Rm

Xr,n,mej2πn∆f(t−tm)

)

,

(1)

where m,n, p(t), tm,∆f,Xc,n,m and Xr,n,m denote the

OFDM symbol index, subcarrier index, pulse shaping function,

starting time instant of the mth OFDM symbol, subcarrier

spacing, frequency-domain symbol on a communication and

radar subcarrier, respectively, with m ∈ [0,M − 1] and

n ∈ [0, N − 1]. The set of subcarrier indices corresponding

to communications and radar are denoted by C and R, with

cardinalities Nc and Nr, respectively, and Cm and Rm denote

the corresponding indices in the mth OFDM symbol.

B. Processing for the Sensing System

The TX signal is reflected from the targets and received

back at the JCAS vehicle as yr(t), as illustrated in Fig. 1.

Without the Doppler effect, this signal can be written as

yr(t) =

Kr
∑

k=1

Ar,kx(t− τr,k) + vr(t), (2)

where Kr, Ar,k, τr,k and vr are the total number of targets in the

vicinity of the sensing TRX, the effective attenuation constant

for the kth target, the two-way delay between the kth target and

the sensing TRX, and the noise at the sensing RX, respectively.

Here, the noise is assumed to be additive, white and Gaussian,

i.e., normally distributed with zero mean.

Upon substituting (1) to (2) and converting the time-domain

expression to frequency domain with the use of discrete

Fourier transform (DFT) results in the relation between a TX

and RX frequency-domain symbol as

Yn,m =

Kr
∑

k=1

Ar,kXn,me−j2πn∆fτr,k + Vn,m, (3)

where Yn,m, Xn,m, and Vn,m denote the frequency-domain

symbol on each subcarrier for reception, transmission, and

noise, respectively. Both radar and communication subcarriers

are used for sensing purposes at the JCAS RX and no

distinction is made between the two. Further, to cancel the

interference from the radar reflections at the communications

RX, additional techniques, e.g., transmit precoding, will be

necessary to implement.

For brevity, the relation between a TX and RX frequency-

domain symbol due to a single target can be represented as

Yn,m = AXn,me−j2πn∆fτ + Vn,m. (4)

It is then observed that the delay to the target induces a phase-

shift between the TX and RX frequency-domain symbols,

which can be used to estimate it. Representing the relation

in a matrix format yields

Y = DX + V, (5)

where Y,X and V are of the same size N×M , and (Y)n,m =
Yn,m, (X)n,m = Xn,m and (V)n,m = Vn,m. The matrix D is

a diagonal matrix of size N × N , with (D)n,n = Dn,n =
Ae−j2πn∆fτ representing each element of the diagonal.

C. Calculation of Range Profile

The frequency-domain TX and RX symbols can be used

for estimating the delay to the target through maximum

likelihood estimation. The simplified log-likelihood function

for the signal model in (5) can be represented based on [6] as

L(τ) = ℜ

(

M−1
∑

m=0

N−1
∑

n=0

Zn,me−j2πn∆fτ

)

, (6)

where Zn,m = Y ∗
n,mXn,m and ℜ(·) denotes the real operation.

Quantizing the delay as τn′ = n′

N∆f
, with n′ = 0, . . . , N − 1,

the range profile is then given by

Q(n′) =
1

M

∣

∣

∣

∣

L

(

n′

N∆f

)
∣

∣

∣

∣

2

, (7)

where |·| denotes the absolute value, and it is calculated with

the help of the DFT [6].

III. WAVEFORM OPTIMIZATION

The goal of our waveform optimization is to find the

frequency-domain symbols for the radar subcarriers such that

the Cramer–Rao lower bound (CRLB) of the distance estimate

is minimized. In the expression for the CRLB, it is observed

that it only depends on the amplitudes of the subcarriers. So,

two separate optimizations can be performed, firstly for the

amplitudes and then for the phases of radar subcarriers.

The amplitude optimization can be written as

minAr
CRLB(d̂) (8a)

subject to the constraints

Pr = Pt − Pc, (8b)

0 ≤ An,m ≤ Amax,m ∈ Mr and n ∈ Rm, (8c)

where Ar,CRLB(d̂), Pt, Pr and Pc denote the set of amplitudes

of the radar subcarriers, the CRLB of the distance estimate, to-

tal available TX power, total power allocated for the radar and

communication subcarriers, respectively. Further, An,m, Amax

and Mr represent the amplitude of an individual radar sub-

carrier, maximum amplitude for a radar subcarrier and the

set of OFDM symbol indices having the radar subcarriers,

respectively. The first constraint (8b) decides the total power



allocated for the radar subcarriers and this is proportional to

the ratio Nr

NM
. The second constraint (8c) limits the maximum

amplitude of a radar subcarrier.

In the analytical solution (that is omitted herein for brevity),

the available power will be allocated mostly to the edges of

the spectrum. So, the radar subcarriers at the edges would

be activated with the amplitude Amax, while the ones at the

center remain empty. The phases of the radar subcarriers are

then optimized further to minimize the PAPR of the waveform,

as illustrated in our related work in [11].

IV. MEASUREMENT CAMPAIGN AND SIMULATION SETUP

A measurement campaign is conducted in an outdoor envi-

ronment within the Tampere University premises to emulate a

scenario with vehicles. Firstly, this environment is simulated in

MATLAB as closely as possible to the outdoor environment,

to observe the effects of optimizing the waveform. Then, the

viability of the optimization is investigated through experi-

mental over-the-air RF measurements. The parameters of the

5G NR waveform used for the simulations and experimental

measurements are: Pt = 30 dBm, M = 20, NPRB = 264,

N = 3168 and ∆f = 120 kHz.

Figure 2(a) depicts the measurement setup. Two horn

antennas of model PE9851A-20 are arranged on a trolley

and they emulate the TX and RX antennas of the vehicle’s

TRX. To map the environment, these are mechanically ro-

tated from 5◦ to 85◦, with a step size of 2◦. Each horn

antenna has 3-dB beamwidth of 17◦ and a 20 dBi gain. The

TX and RX signals are processed through a vector signal

transceiver (VST) of model PXIe-5840. Both the TX and

RX signals are at an intermediate frequency of 3.2 GHz

before up/down-converted to/from the mm-wave frequency of

27.7 GHz through two mixers of model N5183B-MXG, that

are operating at 24.5 GHz. The self-interference due to the

required full-duplex operation is canceled similar to [5], [12].

The considered outdoor vehicular scenario is shown in

Fig. 2(b), where the landmarks A, B, C, and D depict a

building, walls of a building and a grassy surface, several

buildings, and metal cylinder-like structures with bicycles,

respectively. These are highlighted for a better comparison of

the measurement results, which depict the sensed environment

in the outdoor mapping. For each angle of the antennas, the

range profile is calculated and they are combined for all the

antenna angles to construct a map of the environment. In these

measurements, we only consider mapping static targets.

For the simulations, a uniform linear array of 16 antenna

elements is used as the TX and RX antennas. For the TX, this

generates a main beam at some preferred angle. The RX is

also tuned for the same angle, and the corresponding range

profile is calculated. Then the main beam is swept between

0◦ to 90◦ to generate a map of the environment.

V. RANGE PROFILES AND THE MAPPING RESULTS

To observe the effect of optimizing the waveform, the range

profiles are analyzed first. For each angle, the range profile per

each OFDM symbol is calculated and they are then coherently

TX
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(a) The measurement setup used to map the outdoor environment

(b) Outdoor mapping scenario with the important landmarks highlighted

Fig. 2. The measurement campaign conducted within the university premises.

combined to obtain the final range profile, in accordance with

(7). In the unoptimized waveform, the TX power is allocated

fully to the communication subcarriers. In the optimized

waveform, the power is split between the communication and

radar subcarriers, according to the communication loading.

Hence, the communication subcarriers have less power com-

pared to the unoptimized waveform. Additionally, the trade-

off between radar and communication subcarriers due to this

power allocation is analyzed in [6]. Here in these results,

the power spectral density difference between a radar and

communication subcarrier is maintained at 1 dB.

The range profiles are shown in Fig. 3, for an angle of

20◦, so that the reflections from only one landmark (D) are

received strongly while those from the others are weak. Figure

3(a) depicts the range profiles for the simulation results at

a communication loading of 25% for both unoptimized and

optimized waveforms, with normalized RX power for better

comparison. Both have peaks around the distances correspond-

ing to the landmark D. However, for other distances, the opti-

mized waveform has lesser side-lobes when compared with the

unoptimized waveform. Figure 3(b) depicts the range profiles

for the experimental measurements. Similar observations can

be made here too, indicating the side-lobe suppression.

The range profiles of each direction are then combined in

a polar plot to formulate a map, which are shown in Fig. 4,

for both the simulation and experimental measurement results.
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Fig. 3. The range profiles for the unoptimized and optimized waveforms for
both simulation and experimental measurements, at 20◦ and a communication
loading of 25%.

Figures 4(a)–4(f) are with the unoptimized waveform whereas

Figs. 4(g)–4(l) are with the optimized waveform. Moreover,

each column is with different communication loading of

25%, 50% and 75%, respectively. Figure 4(l) also depicts the

sensed landmarks highlighted in the Fig. 2(b) for comparison.

For the unoptimized waveform, as the communication load-

ing increases from 25% to 75%, the side-lobes also improve, as

shown in the Figs. 4(a)–4(c) and 4(d)–4(f). The sensed targets

are better observed for a higher communication loading. The

reason for this behavior is due to the existence of null sub-

carriers. As the communication loading increases, the number

of null subcarriers decreases, and this causes the side-lobe

performance to also improve.

For the same communication loading, better side-lobes

are observed for the optimized waveform when compared

with the unoptimized waveform, due to the addition of radar

subcarriers. This improvement in the side-lobes is visible in

comparing Figs. 4(b) and 4(h), and Figs. 4(e) and 4(k), where

the communication loading is 50%. As the communication

loading decreases further, the side-lobe suppression improves.

Comparing Figs. 4(a) and 4(g), and Figs. 4(d) and 4(j), for a

communication loading of 25%, showcases this behavior.

Therefore, it can be concluded from the simulation results

and the experimental RF measurements that the optimized

waveform performs better than the unoptimized one in improv-

ing the side-lobes of the corresponding range profiles, and con-

sequently those of the mapping image. Further improvement

of the side-lobe suppression between the two waveforms is

observed as the communication loading decreases.

VI. CONCLUSION

This article considers the experimentation of 5G NR wave-

form for joint vehicular communications and sensing. The sim-

ulation results indicate that adopting the default 5G waveform

also for sensing causes high side-lobes in the range profile,

due to the existence of unused communication subcarriers.

To improve the side-lobe performance, these are then filled

with optimized frequency-domain symbols. It is then observed

that the optimized waveform allows for better side-lobe perfor-

mance than the unoptimized waveform, while simultaneously

minimizing the PAPR of the waveform. This idea is validated

through over-the-air RF measurements for a 5G NR waveform

operating at an mm-wave frequency of 27.7 GHz.
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Fig. 4. The simulation and experimental mapping results for the unoptimized and optimized waveforms with communication loading of 25%, 50% and 75%.


