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Abstract—Integrating sensing and communications is becom-
ing a rising trend in the architecture design of the foreseeable
mobile communications system, which could be driven by multi-
fold applications and scarce spectrum resources. Regarding the
demand for the economic surveillance solution in the secondary
airports, the inborn imaging function in the 5G networks could be
a promising candidate. This paper investigates the feasibility and
capability of using 5G uplink and downlink reference signals for
imaging purposes. An ambiguity function-based signal processing
method is proposed in this paper to elaborate the imaging func-
tionality in the 5G networks. The 5G signal-based imaging idea
is validated with a realistic ray-tracing channel model generated
from a simulated 3D airport model. Our method empowers
the imaging functionality of the wireless communications system
solely without the aid of external signal resources. Different
from the conventional synthetic-aperture radar processing, our
methods are adjusted for unevenly allocated reference signal
symbols, which causes mirror images problem. The mirror
images are quantified in the simulation result, and the mitigation
strategies such as lower flight speed and narrower beam are
proposed to resolve the problem.

Index Terms—5G, SAR, BiSAR, imaging, Passive Sensing,
Mono-static Radar, Bi-static Radar, Sub-6 GHz.

I. INTRODUCTION

The wireless communications systems, especially the mo-
bile systems, have evolved rapidly in the last decades in
terms of data rate, network structure, service quality and
applications scenarios. We witnessed the rapid roll out of
the commercial 5G systems and the deep involving of 5G
in various verticals. The conceptualization of futuristic 6G is
as well on the way in different areas, like 6G Flagship in
Finland, Next G Alliance in North American, etc. To support
the wider-than-ever range of applications such as virtual reality
(VR), argument reality (AR), robotics/drone swarming and
surveillance, the future mobile systems, beyond the traditional
communication function, are envisioned to possess multiple
radio sensing functions (e.g. target detection, tracking, motion
detection, imaging etc.) [1].

The concepts on convergence of the radio sensing and com-
munication functions has been frequently brought up recently,
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yet it can be traced back to when it was often interpreted for
the spectrum congestion point of view, particularly the inva-
sion of the communication system to the legacy radar spectrum
due to the booming demands and increasing deployment of the
communications devices. Amongst the recent literature, Bliss
et al. has classified the radar and communications convergence
into coexistence, cooperation and co-design in [2] and [3]
according to levels of integration. The coexistence system in-
cludes the passive radar [4] or channel state information (CSI)
based passive sensing [5]. The cooperation system usually
focus on the effective interference avoidance or mitigation by
sharing the prior knowledge. The co-design presents the high-
est integration level, where the sensing and communication
functions are designed from sketch for mutual benefits and
efficient utilization of temporal, spectral, spatial and power
resources. In the recent research, multiple-input and multiple-
output (MIMO) and orthogonal frequency-division multiplex-
ing (OFDM) are two popular options to accommodate co-
design schemes because of the high flexibility for resource
allocations between the two functions in the frequency domain
and high degrees-of-freedom (FoD) to lower the inter-system
interference. In the recent work [6], the superposed radar
and communications waveform transmission is investigated on
power domain. In most current literature, researchers usually
focus on the target detection or angle/distance/speed estimation
when considering the sensing function in the joint system.
The metrics such as detection rate (DR), false alarm rate
(FAR), estimation accurate/resolution is used together with
the information rate for joint performance criterion. However,
radio imaging, as an essential sensing functionality in surveil-
lance, geographic information system (GIS) and landscape
monitoring, is often treated as a marginal topic or even
overlooked.

This paper initiates the investigation of the radio imaging
which is integrated into the wireless communication system.
A 5G signal based radio imaging for the airport is used as
a showcase for the discussion. The Airport is a typical smart
facility scenario that urges digital transformation by providing
the reliable and low-latency connectivity and monitoring of
authenticated and unauthenticated aerial and ground crafts
and objects with the private mobile network. Particularly for
the secondary airports, due to the high cost of the surface
movements radar (SMR) [7], low equipage of automatic
dependent surveillance–broadcast (ADS-B) [8] and environ-
mental constraints of optic solutions (e.g., video camera and



LiDAR), the radio based imaging which inhabits in radio
communications system becomes a promising surveillance
solution. The work in [9] has proved that the 5G signal can be
used for positioning purpose in the airport surveillance. The
5G signal based imaging in an airport is studied as a heuristic
case for integrated imaging sensing and communications in
the future mobile systems (e.g. 6G). The general ides is to
use the 5G reference signal [10] as the illuminators to form
up a synthetic-aperture radar (SAR) like system. the sounding
reference signal (SRS) is used for monostatic-SAR-like in the
uplink scenario, while the positioning reference signal (PRS)
is use bistatic-SAR like in the downlink scenario. Fig. 1 briefly
illustrates an imaging scenario with the 5G uplink SRS. The
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Fig. 1. An example of the airport surveillance scenario with 5G uplink SRS
signals.

main contributions of this work include:

1) This work is the first attempt in the community to in-
vestigate the feasibility and capability imaging function
based on the 5G signal without aid from external signal
sources. It is expected to provide an insight for the signal
or waveform design for integrated imaging sensing and
communications in the future 6G system.

2) A variant imaging method is proposed in Section II for
both the SRS and PRS signals to enable the imaging
function embedded in the 5G networks. Other than
the traditional traditional SAR processing, this method
multiply the channel information with delay and Doppler
shift steering vectors according to the reference signal
allocation pattern.

3) The proposed idea is validated by the simulation results
based on realistic 3GPP TS-138-211 sub-6GHz physical
layer parameters in the ray-tracing channels generated
based on a real 3D model of Muret Airport in Wireless
InSite®.

The rest of the paper is organised as the follows Section II
introduces the 5G reference signal modelling for imaging
purpose; Section III describes the proposed signal processing
for imaging; the airport model, simulation setting and results
are presented in Section IV; and the conclusions of the current
work as well as a discussion about future works are given
Section V.

II. SIGNAL MODELLING FOR IMAGING

This work focuses on the 5G reference signal (RS) based
imaging functions. We assume one flight, which is capable
of collecting echoes of uplink SRS and downlink PRS from
objects on the ground, is communicating with the base station
under 5G networks. For the uplink scenario, the transmitter
and receiver are co-located on the flight, so we can treat this
scenario as a monostatic SAR (Mono-SAR) system. For the
downlink scenario, echoes are sent from the gNB and reflected
from the objects to the flight (receiver or observer), and this
situation is close to the bistatic SAR (Bi-SAR) system. This
section will elaborate the reference signal allocation pattern
and imaging related range Doppler model for two cases.

A. 5G Dedicated Reference Signal
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Fig. 2. A example of one flight’s SRS allocation pattern.

1) Uplink Sounding Reference Signal: SRS is uplink chan-
nel quality detecting reference signal with low peak-to-average
power ratio (PAPR) Zadoff-Chu sequence1. The allocated
physical resource of SRS sequences follows a set of the
configuration rules, which are defined by a parameter set
[l0, k0,Ktc, nrofSymbols,mSRS , CSRS , BSRS ] 2 carried by
signaling messages radio resource control (RRC) Connection
Setup message and RRC Connection Reconfiguration message.
Fig 2 is the resource allocation example which contains one
physical resource block (PRB) with 12 subcarriers span and
14 OFDM symbols (equivalent to one slot); allocated resource
elements are marked with red color. Symbol starting index
and duration controlling parameters are l0 and nrofSymbols.
The example SRS signal starts from the 10th symbol with 4
symbols duration. The frequency domain allocation strategy is
defined by k0 and Ktc which indicate the start subcarrier index
of SRS signal and the subcarrier span between two neighbour
Zadoff-Chu sequence entries. Comb structure indicator Ktc is

1Besides the Zad-off Chu sequence, [10] defines specific low PAPR
sequences for the SRS sequence with the length shorter than 36. However,
the short length SRS sequence is insufficient for recovering the delay profile
at the meter level, so we only discuss the case where SRS sequence length
is larger than 36.

2The parameter symbols of SRS and PRS are the same with 3GPP TS
38.211 [10] to avoid confusion



selected as 2 in this example and it’s values can also be 1 or
4.

The total bandwidth of SRS signal is controlled by the PRB
number indicator mSRS , whose value is selected from Table
6.4.1.4.3-1 in 3GPP TS 38.211 [10] according to transmis-
sion bandwidth indicator BSRS and bandwidth configuration
parameter CSRS values.
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Fig. 3. A example of one flight’s PRS allocation pattern.

2) Downlink Positioning Reference Signal: PRS is the
downlink reference signal using the pseudo-random sequence
coming from the length-31 gold sequence. Similar with SRS
signal, the PRS entries are mapped onto specific physical
resource elements. The mapping procedure is determined by
the parameters set [lPRSstart, k0,K

PRS
comb, LPRS , k

PRS
offset] As the

Fig 3 shows, the PRS subcarrier starting index equals to
k0+kPRSoffset; k0 is always equals to 0 and the resource element
offset kPRSoffset is varying for different UEs to avoid the source
overlapping among UEs. The time domain length of PRS
symbol in one resource block is defined by LPRS , which can
be 2, 4, 6, 12 and it equals to 12 in the example. It should
be noticed that, the PRS subcarrier starting index is changing
with the symbol index; the Table 7.4.1.7.3-1 in [10] defines
the subcarrier index among OFDM symbols according to the
symbol starting index lPRSstart, comb structure indicator KPRS

comb

and LPRS .

B. Delay manifold and Doppler shift

Supposing the propagation delay of a reference signal
(either uplink or downlink) from the lth object is τl and the
first subcarrier of the signal is the reference subcarrier with
phase shift e−j2πf0τl . The phase shift on the nth reference
signal subcarrier is e−j2πfnτ , where fn is determined by comb
parameter and OFDM subcarrier space ∆f ; The subcarrier
phase shift is fSRSn = nK∆f . The general form of delay
manifold g(τl) ∈ C1×N for reference signal can be derived
as the form of eq.(1), where e−2jπK∆f is the constant phase
shift between two adjacent subcarriers. The value of K is Ktc

in the uplink case and KPRS
comb in the downlink case, we get

the delay manifold for SRS or PRS.

g(τl) = e−2jπK∆fτl [1, e1, e2, ..., en−1] (1)

Observer (flight) mobility caused relative speed between ob-
jects and the moving platform, and the speed is proportional
to objects’ cross range. Doppler effects related with speed are
presented in the receiving signals, which can be described with
the ith reference symbol phase rotation Ci(vl)3and subcarrier
phase rotation D(vl) ∈ C1×N .

Ci(vl) = e−2jπS(i)Tsym2vl/λ (3)

D(vl) = [1, e−2jπT2vl/(Nλ), ..., e−2jπ(N−1)T2vl/(Nλ)] (4)

Where T is the OFDM symbol duration with the value equals
to 1/∆f , and the CP-OFDM duration Tsym equals to 1.25∗T .

C. Received Signal Model

To keep the consistency, we define the ith frequency domain
reference signal symbol (either SRS or PRS) taking N sub-
carriers as the form of Xi

RS ∈ C1×N . The received reference
signal model Yi

RS ∈ C1×N is expressed in eq.(5). The ith
reference symbol Yi

RS contains the echoes from totally L
objects, each one has own delay τl and relative speed vl.

Yi
RS =

L∑
l=1

Ci(vl)D(vl)� gi(τl)�Xi
RS + ZiRS (5)

ZiRS ∈ C1×N is the additive noise matrix with ZiRS ∼
CN (0, σ2I) and � means element wise multiplication. The
usage of CP keeps the orthogonality between symbol Xi

RS

and channel delay profile, and enables frequency domain
equalization of Yi

RS to extract geometry related channel
information [11].

III. 5G SIGNAL BASED IMAGING PROCESSING

Single reference symbol Yi
SRS is insufficient for finding

the speed caused Doppler effects. Thus, the received symbol
set YRS ∈ CN×M is constructed as the way in eq. (6)

YRS = [Y1
RS

T
,Y2

RS
T
, ...,YM

RS

T
] (6)

Where M indicates the number of observed reference symbols,
and YRS is usually refers to the slow time samples in the radar
system. After constructing the received signal model, we pro-
posed an ambiguity function based method to generating the
range-doppler plot, which reflects the geometry information
of a target area. As SRS and PRS cases are sharing the same
general idea for representing delay and Doppler speed on the
imaging plot, the block diagram in Fig. 4 illustrates imaging
processing steps. In the channel estimation stage, we extract
channel information HRS ∈ CN×M of the reflections from all
objects as the reference signal is known by the receiver (the
flight). After that, range cell migration correction (RCMC)
algorithm is adopted to correct the mobility caused range

3As the SRS symbols are not contiguous among slots, we use S(i) in (2)
to calculate RS’s symbol index based on the RS pattern map. NS equals to
nrofSymbols or LPRS .

S(i) =
14 ∗M

NS
∗ b

i− 1

NS
c+ (i− 1)mod(NS) + 1 (2)
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Fig. 4. Reference signal based imaging processing flow (b) with the
comparison of conventional synthetic aperture radar flow (a).

migration in every symbol. [12] Then, the system generates
the delay and Doppler manifold to multiply with the RCMC
output; the multiplication results with high values correspond
to the echoes from objects. The multiplication step follows
(8).

HRS = diag[1/XRS ]×YRS (7)

f(τ, v) = (g∗(τ)�D∗(v))HRSC
∗(v) (8)

C(v) = [C1(v), C2(v), ..., CM (v)]T (9)

where HRS ∈ CN×M is the output of channel estimation and
C∗(v) ∈ CM×1 contains the Doppler shift on all reference
symbols.

The processing flow in Fig. 4 is generic for both Mono-
SAR and Bi-SAR without considering the geometry correction
procedure; The range information and Doppler dependent
cross range information are the inverse fast Fourier transform
(iFFT) result of fast time samples and slow time samples [12]
respectively.

IV. SIMULATED 5G RADIO IMAGE OF AN AIRPORT

In this section, we simulate the imaging function by using
SRS and PRS separately. Firstly, we generated the propagation
environment of Muret Airport by using Wireless InSite®,
which uses ray-tracing, Geometric Optics and the Uniform
Theory of Diffraction to find paths between transmitters and
receivers and their corresponding complex electric fields.
Secondly, we collected the reflecting points on the ground and
surface of objects in the uplink and downlink scenarios from
Wireless InSite®. Thirdly, we created the geometry data in the
MATLAB and simulate the 5G reference signal based imaging
functions.

A. Airport Model and Simulation Setting

We used 5G OFDM signal working at 3.5 GHz frequency
with 15 kHz subcarrier space, and 150 MHz bandwidth is
selected for both PRS and SRS signals. The comb-4 structure
(3 subcarriers gap between two neighbour reference signal
element) is used for uplink and downlink signals. To detect
the cross range, we used 2000 OFDM symbols of reference
signals, and duration of SRS and PRS symbols in one slot are 4
and 10, respectively. The Wireless InSite® ray-tracing output
for uplink and downlink scenarios are plot in Fig. 5 and 6;
We can clearly notice that the reflection points of uplink and
downlink are non-identical due to the different between the
monostatic and bistatic geometries.
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Fig. 5. Wireless InSite® SRS Ray Tracing Output. Flight sending the SRS
signal to the gNB and echoes from reflection paths are collected by the
flight. The flight TX power is 24 dBm and antenna gain is 17.1 dBi. The
received signal strength from every path is higher than the flight RX sensitivity
−90 dBm [13] [14].
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Fig. 6. Wireless InSite® PRS Ray Tracing Output. Signal of PRS coming
from the gNB and get reflected or scattered by the ground and objects. The
gNB TX power is 49 dBm.

B. Imaging Results of the Uplink Scenario (Mono-SAR)

We test the SAR imaging function by using SRS signal
with the channel model in Fig. 5 under 20 dB signal to
noise ratio. As the reference signal takes only 4 OFDM
symbols at each slot, the non allocated symbols lead to phase
discontinuity in the slow time; this will further introduce
mirrors of objectives alone the cross range. Fig. 7 (a) and
Fig. 7 (b) are SAR imagines getting from iFFT and ambiguity
methods by utilising all 14 OFDM symbols within one slot;
those reflection points are clearly plotted. On the contrary, the
SAR output with SRS signal shwon in Fig. 7 (c) and Fig. 7 (d)
present mirrors on the cross range bin with the Doppler speed
close to ±60 m/s. The reason is that, neighbour SRS symbols
in one slot has 1 OFDM symbol span and symbols from two
continuous slots have 14 OFDM symbols’ gap; Thus, slow
time samples contain two sampling components with 1 and 14
symbols spans. The sampling span of slow time symbol limits
the maximum detectable Doppler speed, and their relationship



a. SRS FFT Based Result without Gap
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b. SRS Ambiguity Based Result without Gap
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c. SRS FFT Based Result with Gap
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d. SRS Ambiguity Based Result with Gap
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Fig. 7. SRS reflection points.

is vMax
D = λ/Tsym. Under the condition in this work, the

results are 1285.71 m/s and 91.84 m/s. Therefore, the Fig(c)
and Fig(d) have mirror spots with 91.84 m/s distance to the
original points on both sides.

C. Imaging Results of the Downlink Scenario (Bi-SAR)

We also simulated the Bi-SAR scenario by using PRS signal
with FFT and Ambiguity based two imaging processing meth-
ods; The plotted range-Doppler imagines in Fig. 8 represent
the total delay profile of PRS from the gNB to the flight and
Doppler speed between objects and the receiver (flight). In
the Bi-SAR scenario, the practical geometry recover procedure
from the twisted plot Fig. 8 requires specific algorithms, which
need receivers and transmitter position information in advance.
Since this work focuses on proving the imaging capability by
using 5G reference signal and exploring the signal allocation
pattern influence on the output, we only provide the range-
Doppler figure to give intuitive proof. We can also see that in
Fig. 8, the observation span of Doppler speed is smaller than
the 91.84 m/s and no imaging is appeared. Thus, reducing the
receiver beam width or lowering the platform moving speed
to keep the relative speed less than ±45.92 m/s can be helpful
for combating the imaging effects.

a. PRS FFT Based Result
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b. PRS Ambiguity Based Result
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Fig. 8. PRS reflection points.

V. CONCLUSION

This work evaluates the feasibility of the imaging func-
tionality of reference signals in the 5G network. The uplink
and downlink scenarios can be analogous to monostatic and
bistatic SAR, respectively. A delay-Doppler manifold based
imaging method is proposed for both the uplink and downlink
imaging scenarios. The idea is validated with a realistic ray-
tracing channel based on a 3D airport model. The mirror
images mitigation strategies are discussed based on the sim-
ulation results. The future follow-ups of this work include
recovery of the twisted images in the downlink (Bi-SAR)
scenarios, synthesizing the uplink and downlink images to
have multiple facades of the objects, collecting echoes of real
5G signal to validate the concept of joint imaging sensing and
communications.
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