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Abstract—This paper focuses on cellular integrated sensing
and communications (ISAC), with particular focus on downlink
where the positioning reference signal (PRS) is the primary
physical resource for high-accuracy delay estimation and ranging.
The PRS allows for large bandwidths, and thus high ranging
accuracy, however, the involved comb-like subcarrier patterns
induce ambiguity challenges in both positioning and sensing.
In this paper, alternative time-/frequency-domain solutions to
resolve or relax the ambiguity challenges are described, discussed
and proposed. Specifically, new irregular resource patterns are
introduced, allowing for high-accurate downlink sensing with
suppressed ambiguity while at the same time supporting also
ordinary UE positioning services. Corresponding numerical results
are also provided, evidencing and highlighting the benefits of the
proposed approach.

Index Terms—5G-6G, ambiguity suppression, cellular networks,
integrated sensing and communications (ISAC), OFDM radar,
positioning reference signal (PRS), ranging.

I. INTRODUCTION

The notion of integrated sensing and communications (ISAC)
refers to extending the capabilities of cellular networks beyond
high-performance data connectivity and user equipment (UE)
positioning to facilitate also localizing and tracking different
passive objects of the environment [1]–[5] – all with the cellular
radio signals combined with appropriate signal processing.
While the opportunities for ISAC are expected to grow further
towards the 6G network era [6], [7], already the current 5G
New Radio (NR) networks have been shown, e.g., in [8], [9],
to offer selected ISAC functionalities.

In bi-static and multi-static downlink (DL) or uplink (UL)
sensing, the constraints in the structures and the availability
of the currently specified 5G NR reference signals limit the
precision of target or landmark estimation [10], while the
same holds true also for more ordinary UE positioning [11].
To this end, the fundamental radar ambiguity as well as the
related waveform optimization aspects in ISAC context have
been addressed, e.g., in [12]–[16]. Additionally, [17] performed
sensing ambiguity analysis in 5G NR, with specific focus on
the synchronization signal burst (SSB) as the physical resource.

In this paper, we focus on high-accuracy range estimation by
exploiting 5G NR downlink positioning reference signal (PRS)
[18] as the physical resource, introduced originally in the 3GPP
Release 16. The resource structure of PRS builds on comb-like
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Fig. 1. High-level illustration of downlink positioning and sensing, with
beamformed PRS transmissions serving as the physical resource.

patterns, while being primarily intended for UE positioning
[19]. However, sensing and ISAC can also exploit PRS, as a
physical signal that is known in advance. Additionally, the PRS
is transmitted regularly and in beam-based manner, thus offering
directional measurements systematically. Moreover, the PRS
bandwidth can be configured fairly large, allowing good and
improved delay estimation and corresponding ranging accuracy
compared to, e.g., SSB. However, the periodic comb-patterns
of PRS introduce certain type of ranging ambiguity, resulting
potentially into ghost targets in the estimated range profile.
Thus, in this work, novel irregular structures for enhanced PRS
definitions are introduced and described to enable simultaneous
UE positioning services and high-accuracy range estimation for
passive radar-like targets. The proposed patterns allow for good
sensing performance without impacting the original purpose
of PRS, thus allowing for coexisting sensing and positioning,
while being also implementation and standardization feasible
towards 5G evolution or 6G. Additionally, applicable signaling
aspects between the network and the UEs are discussed, while
a representative set of numerical results are provided for gNB-
based sensing utilizing the existing and proposed enhanced
PRS structures.

The rest of the paper is organized as follows: First, in Section
II, we describe the basic OFDM radar system model, while also
provide a basic description of the currently standardized 5G NR
downlink PRS and its time-frequency structure. Then, different
ambiquity suppression methods as well as the proposed
enhanced PRS structure are described in Section III. Numerical
results and examples are provided in Section IV, while the
conclusions are drawn in Section V.



II. OFDM RADAR SYSTEM MODEL AND PRS

A. Downlink OFDM Radar

The downlink sensing functionality builds on the 5G base
stations (BSs), referred to as gNBs, that operate and transmit
physical signals as specified in the 3GPP 5G NR standards.
The downlink transmit waveform interacts with point targets
in the environment, with the corresponding reflected and/or
scattered waves being observed by the sensing receiver. In
general, the sensing receiver may be either collocated at the
transmitting gNB (mono-static case) or located at another gNB
or other network element (bi-static case). The corresponding
received signal at the sensing receiver (RX) can be expressed
as [20]

r(t) =

K−1∑
k=0

bk s(t− τk)e
j2πfD,kt + z(t) (1)

where s(t) is the time-domain transmit waveform, z(t) denotes
additive white Gaussian noise (AWGN), and K is the number
of point targets. Additionally, bk is a complex coefficient
accounting for the involved antenna responses, target radar
cross-section (RCS) and the overall propagation loss, while τk
and fD,k are the time delay and the Doppler shift, respectively,
all for target k. For clarity, it is noted that the direct transmitter-
receiver coupling is ignored, however, such can be a substantial
implementation challenge especially in the mono-static case
as discussed, e.g., in [8], [21].

The corresponding frequency-domain model obtained
through applicable fast Fourier transform (FFT) can be ex-
pressed as

(FRX)p,q =

K−1∑
k=0

bk (FTX)p,q e
j2π(qTsfD,k−pτk∆f) + (Z)p,q

(2)
where FRX,FTX ∈ CM×N are, respectively, the received and
transmitted OFDM grids that span over M subcarriers and
N OFDM symbols, p = 0, . . . ,M − 1, q = 0, . . . , N − 1, ∆f
is subcarrier spacing (SCS), Ts = 1/∆f + Tcp is total time
duration of a single OFDM symbol, Tcp is the time duration
of the cyclic prefix, and Z ∈ CM×N represents AWGN matrix
in FFT domain.

In general, τk and fD,k are the fundamental parameters
of interest, corresponding to the range-Doppler profiles of
the involved targets. Target detection and the corresponding
estimation of distances and velocities can be carried out, e.g.,
by the periodogram approach [20]. The periodogram builds
on the radar channel estimation through element-wise division
between the RX and TX grids at non-zero transmit bins, and
can be expressed as

(F)p,q =
(FRX)p,q
(FTX)p,q

(3)

where F ∈ CM×N denotes a matrix containing the results of
the element-wise division operations. Afterwards, Nper-point
FFT and Mper-point inverse FFT (IFFT) are applied to the
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Fig. 2. Example illustration of PRS resources for a single UE, assuming
comb-size of 12.

division matrix. The generated range-velocity profile, denoted
by PF(m,n), can thus be expressed as [20]

PF(m,n) =

1

MN

∣∣∣∣∣∣
Mper−1∑
p=0

Nper−1∑
q=0

(F)p,q e
−j2π qn

Nper

 e
j2π pm

Mper

∣∣∣∣∣∣
2

(4)

where the range and velocity bins are indexed, respectively, by

m = [0, . . . , Mper − 1] and n = [
⌊−Nper

2

⌋
, . . . ,

⌊Nper

2

⌋
− 1].

Any (m̂, n̂) point in PF(m,n) whose strength is above a
chosen detection threshold corresponds to a potential detected
target. The corresponding estimated distance d̂ and the relative
velocity v̂ of a target at point (m̂, n̂) can then be calculated as

d̂ =
m̂ c0

2∆f Mper
, v̂ =

n̂ c0
2 fc Ts Nper

(5)

where c0 is the speed of light and fc is the center frequency
of the transmit signal.

B. Downlink PRS

Downlink PRS (DL-PRS) is a physical reference signal
defined and intended originally for UE positioning in 5G NR
networks. PRS can generally be transmitted in one or multiple
slots, using different configurations for bandwidth, symbol
length, periodicity, and resource density [18].

To this end, the frequency density of PRS resourcing, denoted
in the following with Kcomb, is determined by the size of comb-
structure in the subcarrier allocation and it can take the values
of {2, 4, 6, 12}. This means that PRS samples are placed in
every Kcomb-th subcarrier, building up a non-contiguous but
regular pattern across frequency bins. Fig. 2 illustrates a slot
carrying a PRS resource with comb size 12 while assuming a
length of 12 OFDM symbols.

Furthermore, the frequency allocation can start from any
subcarrier index within the carrier bandwidth and PRS band-
width has a granularity of 4 PRBs with a minimum of 24
PRBs up to a maximum of 272 PRBs. Accordingly, PRS
achieves 100 MHz and 400 MHz bandwidths with 30 kHz and



120 kHz SCS, respectively. Out of band (OOB) emissions in
PRS transmission can be controlled by the flexible selection
of occupied bandwidth. Across time domain, PRS can be
configured in {2, 4, 6, 12} OFDM symbols per slot based on
the value of Kcomb, while the number of consecutive OFDM
symbols per slot that PRS occupies is a multiple of Kcomb.
Additionally, different frequency offset is applied to resource
elements of every OFDM symbol within Kcomb consecutive
OFDM symbols carrying PRS, ranging from 0 to Kcomb − 1,
as defined in exact terms in [18].

In terms of beamforming and beam-based transmissions,
one PRS beam is referred to as one PRS resource, where a
set of multiple PRS resources transmitted on same frequency
is called a PRS resource set. Beam sweeping is applied to
the whole resource set and PRS resources are multiplexed
through different spatial transmission filters or beamforming
weights corresponding to the different beams. Finally, PRS
periodicity is defined in two flavors: repeat before sweeping,
and sweep before repeating. In the former case, resource
repetition factor of PRS can be taken from {1, 2, 4, 6, 8, 16, 32}
slots within a resource set, whereas resource set has periodicity
of 2µ × {4, 5, 8, . . . , 10240} slots with µ = {0, 1, 2, 3} for
∆f = {15, 30, 60, 120} kHz, respectively.

III. AMBIGUITY PROBLEM AND ENHANCEMENT METHODS

A. Ambiquity Problem

As described above, the PRS includes numerous empty
subcarriers while having periodic locations for the active
subcarriers. Such signal structure results in ambiguity in the
form of ghost targets appearing in the range estimation. An
illustrative example is provided in Fig. 3 assuming Kcomb = 12
and ∆f = 120 kHz, and a single true target being located
at a distance of 140m. In general, the ambiguity appears as
ghost targets, where the location of a real target is periodically
repeating at every dghost meters with

dghost =
c0
2

×
Mper

Kcomb
× 1

fs
=

c0/2

Kcomb ∆f
(6)

where c0 is the speed of light and ∆f is the SCS. Additionally,
fs denotes the sample rate which is assumed to be fs =
Mper∆f in the latter form of (6). Concrete numerical values are
gathered and shown in Table I. We can observe that especially
with larger SCS values and/or larger values for Kcomb, the
ambiquity can be really severe.

In the following, we thus discuss how the PRS-based
radar profiles can be processed and enhanced to relax or
resolve the ambiguity challenges, in two alternative domains: in
frequency-domain using 2D periodogram, and in time-domain
using correlation. The resolution of radar estimation in both
approaches depends on the sparsity of the received OFDM grid.
Specifically, the Kcomb −1 number of non-allocated subcarriers
between every active PRS subcarrier creates frequency gaps.

B. Time- and Frequency-Domain Enhancement Methods

1) Combining Multiple OFDM Symbols: In order to resolve
the frequency-discontinuity of the individual OFDM symbols,
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Fig. 3. Auto-correlation of a single PRS symbol with Kcomb = 12 is shown in
(a). Corresponding estimated range profiles obtained via PRS with Kcomb = 12
regular pattern are shown in (b) and (c), obtained through time-domain cross-
correlation and frequency-domain periodogram processing, respectively. In (b)
and (c), the true target is located at 140m distance moving at 20m/s, while
its ghost replica are located at multiples of 104m around the true distance.

TABLE I
EXAMPLE PRS RANGE ESTIMATION AMBIGUITY VALUES, EXPRESSED IN

METERS [m], FOR DIFFERENT VALUES OF Kcomb AND SCS ∆f

Kcomb 2 4 6 12

∆
f

[k
H

z]

15 4996 2498 1665 832
30 2498 1249 832 416
60 1250 624 416 208

120 624 312 208 104
240 312 156 104 52
480 156 78 52 26
960 78 39 26 13

active subcarriers from Kcomb neighboring OFDM symbols can
basically be concatenated directly in frequency domain without
harmful overlapping between active subcarriers. This is because
the active frequency bin offsets of each OFDM symbol are
unique. This is illustrated visually along Fig. 4, particularly in
(b), while (c) and (d) refer to frequency-domain interpolation
based results discussed later in this section. The reconstruction
of a single effective OFDM symbol with contiguous spectrum
can be alternatively achieved also in time-domain, via first
removing the cyclic prefix from Kcomb OFDM symbols and
adding the waveforms together in a sample-wise manner.

The resulting effective range profiles are illustrated in Fig. 5
for two different target velocities. With larger target velocities,
the Doppler-induced time-varying phase from OFDM symbol
to another distorts the effective single-symbol contiguous bin
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Fig. 4. Effective PRS resource grids with Kcomb = 12 in frequency-domain
using (a) PRS with legacy pattern, (b) concatenation of 12 OFDM symbols,
(c) 1D-interpolated grid, and (d) 2D-interpolated grid.

reconstruction, and thus also the corresponding ambiguity
suppression capabilities. This is clearly observed in Fig. 5,
and thus we can conclude that the method works well only for
stationary or slow-moving targets.

2) Time-Domain Auto-Correlation Cancellation: One poten-
tial approach to reduce the ambiguity induced by the regular
PRS pattern is to iteratively remove or cancel the comb-like
auto-correlation function, shown in Fig. 3(a), from the estimated
range profile in time-domain, as the auto-correlation function
is known and can be precalculated. Starting from the strongest
reflection, similar to the CLEAN method [22], each iteration
detects one target and auto-correlation function is shifted and
scaled in complex domain according to the detected target.
Drawback of this method is that when a target is placed at
ambiguity locations of other targets, distance of target with
less reflected power is incorrectly estimated.

3) Frequency Increments to PRS Bins: To seek for elemen-
tary randomization of the PRS resource patterns, one may
consider adding either linear or co-prime frequency increments
to shift the PRS active subcarriers. Linear increment uses
[0, 1, . . . ,Kcomb − 1] shifts, while co-prime sequences are
used in the latter case. The viability of this approach, having
conceptual similarity to staggering of pulse-repetition frequency
(PRF) in pulsed radars [23], is assessed along the actual
numerical results in Section IV.

4) Interpolation in Frequency-Domain: Similar to ordinary
channel estimation mechanisms, one potential approach to
resolve the frequency gaps between the active subcarriers
is to deploy interpolation in frequency, either separately for
different OFDM symbols (1D interpolation) or jointly across
the neighboring OFDM symbols (2D interpolation). Example
resource grids after interpolation are shown in Fig. 4(c) and
4(d), while the method is then further assessed or visualized
along the numerical results in Section IV.

C. Proposed Irregular PRS Patterns

In this work, new non-periodic PRS structures for active
subcarriers is proposed, while allowing for multiplexing of
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Fig. 5. PRS range-profiles estimated via adding together Kcomb OFDM symbols,
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Fig. 6. Illustration of the novel irregular PRS pattern for Kcomb = 6, divided
into sub-grids of size 6× 6.

different gNB transmissions in orthogonal frequency-time
resources thus imposing no harm or impacts to the ordinary UE
positioning accuracy. Specifically, the novel irregular patterns
for PRS facilitate auto-correlation functions that largely reduce
the ambiguity and are thus suitable and favorable for sensing.
Additionally, the proposed new patterns are straightforward to
specify, either along the 5G Advanced and its further evolution,
or alternatively, along the 6G standardization work.

Since the PRS pattern should be transparent to both UE
and gNB, the new pattern must be a known sequence and is
defined under the following constraints:

1) For every sub-grid of size Kcomb subcarriers × Kcomb
OFDM symbols, only Kcomb subcarriers are active, such
that every OFDM symbol carries only one active subcarrier
and a given subcarrier is active in only one OFDM symbol.

2) Frequency distance between consecutive active subcarriers
in a given OFDM symbol is variable.

The constraints are illustrated along Fig. 6 for an example
value of Kcomb = 6, where the second constraint is novel
compared to the legacy pattern. The new proposed pattern
builds on the existing 3GPP mapping offsets defined in [18] and
its Table 7.4.1.7.3-1 as a baseline, being then combined with
co-prime sequence generation. This is presented in terms of the
exact involved steps in Algorithm 1, using coprime 5 or 7 for
Kcomb = 12 . The input matrices O and Scop are 3GPP standard
offsets and co-prime sequences, respectively. The output matrix



Algorithm 1: Frequency offsets matrix generation for
the proposed irregular PRS pattern with Kcomb = 12

Inputs: O, Scop

Output: Wn

1: 1st row: insert co-prime sequence
W0(1)← Scop{5, 7}

2: 2nd row: insert and flip PRS frequency offset
W0(2)← flip(O)

3: while Nrows(W0) < N act
SC do

4: i-th row: W0(i)←W0(i− 1) indexed by W0(i− 2)
5: end while
6: Wn ← circular shift W0 by O(n)
7: return Wn

Wn holds the new frequency offsets – with respect to the lowest
subcarrier index in the corresponding sub-grid – for Kcomb
consecutive OFDM symbols, where n = [0, . . . ,Kcomb − 1] is
the multiplexing index for the n-th gNB participating in PRS
transmission with the same overall pool of resources.

If both legacy and new proposed irregular PRS patterns
are supported, applicable signalling refinements between the
UEs and gNBs is needed. Specifically, the utilization of the
irregular pattern can be reported to UE in terms of new and/or
modified information fields on top the standard signaling
defined in [24]. These fields may include (i) MutingOption3
which controls the muting of PRS resource repetitions similar
to the existing MutingOption1 and MutingOption2 fields, (ii)
PeriodicityIrregular defines periodicity in slots if irregular
pattern has a periodic occurrence, (iii) OperatingMode selects
the functionality for every PRS resources (using, e.g., POS:
only UE positioning mode, SENS0: sensing with legacy PRS
pattern, SENS1: sensing with irregular PRS pattern), and (iv)
ResourceIrregularSlots defines the slot numbers for every PRS
resources that utilize non-periodic irregular PRS patterns.

IV. NUMERICAL RESULTS

In the following, representative example numerical results are
provided. To this end, a downlink sensing scenario is simulated
utilizing PRS as the physical resource, and considering both
the currently standardized 3GPP regular PRS pattern and the
proposed novel irregular pattern. With the regular PRS pattern,
some of the enhancement methods defined in Section III are
also implemented and assessed. The downlink PRS resource
grid consists of active bins with Kcomb = 12, scheduled in
1 slot and 100 PRBs using a subcarrier spacing of 120 kHz,
while the network center-frequency is assumed to be 28GHz.
Both the transmitting and receiving antenna panels of the
involved gNBs are rectangular arrays of size 32× 8 elements.
The frequency offset matrix W0, obtained using the proposed
approach and Algorithm 1, is shown in Table II for the first
10 active subcarriers.

In the first considered example, there is a single target
located at a distance of 140m from the illuminating gNB
while moving at a relative velocity of 20m/s. Similar single-
target scenario was already utilized to produce the numerical
results along Figs. 3 and 5. Furthermore, another more target

TABLE II
OFFSET MATRIX FOR THE PRS WITH PROPOSED IRREGULAR PATTERN,

USING THE PROPOSED METHOD WITH Kcomb = 12

Symbol number within the downlink PRS resource
0 1 2 3 4 5 6 7 8 9 10 11

A
ct

iv
e

su
bc

ar
ri

er
nu

m
be

r 0 0 6 3 9 5 11 8 2 10 4 1 7
1 11 5 8 2 10 4 7 1 9 3 6 0
2 11 7 2 3 4 0 9 8 6 10 5 1
3 1 0 6 2 5 4 8 7 10 3 9 11
4 11 7 6 2 5 1 3 10 8 9 4 0
5 7 11 3 6 1 5 8 10 4 2 9 0
6 0 10 8 3 5 11 6 9 4 2 1 7
7 9 7 3 6 10 11 4 1 5 8 2 0
8 9 2 5 6 11 0 4 8 10 3 7 1
9 3 8 6 4 7 1 11 2 0 10 5 9

rich example is also considered, with six targets located at
{50, 180, 230, 260, 300, 340}m distances from the illuminat-
ing gNB while moving at {18, 22, 14, 17, 15, 30}m/s relative
velocities, respectively. Furthermore, the radar cross-sections
of the targets in these numerical studies are assumed to be
within {1, 5, 10}m2, and the involved two-way path-losses
are appropriately modelled. Finally, the effective isotropic
radiated power (EIRP) of the illuminating gNB is assumed to
be +60 dBm.

First, the single-target case is assessed, with the correspond-
ing range profiles shown in Fig. 7. When considering the
cases with linear and co-prime frequency increments, here with
[0, . . . , 11] and coprime(7), respectively, the range profiles are
shaped to a certain extent when compared to the basic ambiguity
profile in Fig. 3. However, there are still clear ghost targets, thus
reflecting remaining ambiguity. Furthermore, the interpolation
based range profiles are also subject to remaining ambiguities,
particularly at low distances. This is because of the large
number of missing observations with Kcomb = 12, reflecting a
challenging interpolation problem. The profile obtained through
the proposed irregular pattern is, in turn, clear and free from
any ghost targets.

Fig. 8 indicates and illustrates the corresponding improved
performance through the proposed irregular pattern, when con-
sidering the more realistic case with 6 simultaneous targets with
varying velocities. It can be again observed that ambiguities
are clearly suppressed through the proposed approach and all
targets are reliably detectable. It is also noted for clarity that
the proposed approach does not impact the target velocity
estimation performance, and hence the velocity profiles are not
shown along the results.

V. CONCLUSION

The positioning reference signal is originally intended for UE
localization while offers also a valuable physical resource for bi-
static and multi-static sensing due to its available bandwidth and
recurring beam-based transmissions. The regular PRS pattern
of 3GPP standards poses ambiguity in terms of ghost targets,
particularly in high mobility scenarios. This work proposed a
new framework to create novel irregular PRS patterns without
introducing any extra system overhead, while inferring no
impacts on UE positioning and supporting the multiplexing
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of PRS resources for multiple gNBs. The provided numerical
results clearly indicate that the novel irregular pattern eliminates
the ambiguity in the estimated range profile, while also clearly
outperforming different alternative enhancement methods that
operate with the ordinary PRS. The proposed approach is
straight-forward to standardize, either along the 5G evolution
or in the 6G era.
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