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Why do we want 6G localization and sensing?
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How to measure performance?

• Positioning/localization: estimate location of a connected device
• Accuracy (m): error in location (XY, XYZ) that can be attained in a 

statistical sense (e.g., 90% of the time/space, or RMSE). 
• Resolution: ability to resolve multipath in delay, angle, Doppler, or 

position. 
• Latency (s): time between positioning request and availability of the 

position estimate. Includes also the over-the-air-latency. 
• Update rate (Hz): frequency of the position estimates. Limited by the 

latency. 
• Mobility (m/s): typical speed of objects
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From positioning to radar-like sensing
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monostatic sensing bistatic sensing

multistatic sensing

synthetic aperture sensing

passive sensing

data
positioning

Accuracy and resolution 

and detection performance 

and data association and …
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Accuracy

• Localization / sensing error
• Accuracy, based on statistics of 

– 90% (or 99%) percentile of the norm of
– Root mean squared error (RMSE)

• Lower bound on RMSE: Cramér-Rao bound (CRB)
– Unknown 
– Observations
– Fisher information matrix (FIM) of    : 

– CRB of parameters of interest    (under certain conditions)

– Position error bound (PEB) is the CRB of the location
– Useful as lower bound for estimators and to design systems (BS placement, waveform) 

• Accuracy is only meaningful when objects can be resolved
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Resolution

• Example:
– Wideband: objects are separated
– Narrowband: objects looks as merged into one

• Resolution: ability to resolve paths / objects
– Delay / range resolution: 
– Angle resolution: 
– Doppler resolution: 

• Resolution thresholds can be improved with super-resolution 
methods at high SNR. 

© Henk Wymeersch, 2023 7

<latexit sha1_base64="juI6SqivknwsLlkDjhPQ3Fy3uDw=">AAACAnicbVC7TsMwFHXKq5RXAImFxaJCMEBJEK8JVbAwFok+pDaKHNdtrdpOZDtIVdqNL2EEFsTKbzDwN7hpBmg50tU9Oude+foEEaNKO863lZubX1hcyi8XVlbX1jfsza2aCmOJSRWHLJSNACnCqCBVTTUjjUgSxANG6kH/duzXH4lUNBQPehARj6OuoB2KkTaSb+8MWxrFPjtOW8IORsNr96Tu20Wn5KSAs8TNSBFkqPj2V6sd4pgToTFDSjVdJ9JegqSmmJFRoRUrEiHcR13SNFQgTpSXpPeP4L5R2rATSlNCw1T9vZEgrtSAB0cBN8Mc6Z6atsfif14z1p0rL6EiijURePJWJ2ZQh3CcB2xTSbBmA0MQltScC3EPSYS1Sa1gcnCnfz1Laqcl96J0fn9WLN9kieTBLtgDh8AFl6AM7kAFVAEGQ/AMXsGb9WS9WO/Wx2Q0Z2U72+APrM8fVn6WuQ==</latexit>

|⌧l � ⌧l0 | > 1/W

<latexit sha1_base64="8X9Wsfq2nSRd7ucV0fHMXNzDCHc=">AAACBXicbVDLSgMxFM3UV62vUVfiZrCIFbTOiK+VFN0Ibiq0ttCWIZNm2tAkMyQZoUyLS7/EpboRt36FC//GTDsLbT1wL4dz7iW5xwspkcq2v43MzOzc/EJ2Mbe0vLK6Zq5v3MsgEghXUUADUfegxJRwXFVEUVwPBYbMo7jm9a4Tv/aAhSQBr6h+iFsMdjjxCYJKS665NWjyyKWHSY/p3nBw6RwVbiuu3HfNvF20R7CmiZOSPEhRds2vZjtAEcNcIQqlbDh2qFoxFIogioe5ZiRxCFEPdnBDUw4Zlq14dMLQ2tVK2/IDoYsra6T+3oghk7LPvAOP6WEGVVdO2on4n9eIlH/RigkPI4U5Gr/lR9RSgZVEYrWJwEjRviYQCaK/a6EuFBApHVxO5+BMXj1N7o+Lzlnx9O4kX7pKE8mCbbADCsAB56AEbkAZVAECj+AZvII348l4Md6Nj/Foxkh3NsEfGJ8/zGOXdA==</latexit>

|⌫l � ⌫l0 | > 1/(KTs)

<latexit sha1_base64="uK/2rNwBOMkX/kKbLzCBXyoklZk=">AAACE3icbZC7TsNAEEXXPEN4BShpLCIEBQQ74lWhCBoqFCQCSElkrTcTssp6be2OEZHjT6DkSyiBBtFSUvA3bBIXvK600tGdGc3O9SPBNTrOpzU2PjE5NZ2byc/OzS8sFpaWL3UYKwY1FopQXftUg+ASashRwHWkgAa+gCu/ezKoX92C0jyUF9iLoBnQG8nbnFE0llfY6DewA0g9sZ1BIjbS/lF558xLGgh3mFCJaeoVik7JGcr+C24GRZKp6hU+Gq2QxQFIZIJqXXedCJsJVciZgDTfiDVElHXpDdQNShqAbibDg1J73Tgtux0q8yTaQ/f7REIDrXuBv+UHpjmg2NG/ywPzv1o9xvZhM+EyihEkG+1qx8LG0B4EZLe4AoaiZ4Ayxc13bdahijI0MeZNDu7vq//CZbnk7pf2zneLleMskRxZJWtkk7jkgFTIKamSGmHknjySZ/JiPVhP1qv1Nmods7KZFfJD1vsXrHOepg==</latexit>

|✓l � ✓l0 | > 2/Nant

All dimensions have common form
<latexit sha1_base64="HFZtsBOA0YVg0f1lc7qmapR4l1Q=">AAACAHicbVDLSsNAFJ34rPUVHzs3g0VwISUpvpZFXbisYB/QlDCZTtqhM0mYuRFq6MYvcaluxK3/4cK/cdpmoa0HLhzOuZd77wkSwTU4zre1sLi0vLJaWCuub2xubds7uw0dp4qyOo1FrFoB0UzwiNWBg2CtRDEiA8GaweB67DcfmNI8ju5hmLCOJL2Ih5wSMJJv71e8hGMPSOoL7N0wAcQPfbvklJ0J8Dxxc1JCOWq+/eV1Y5pKFgEVROu26yTQyYgCTgUbFb1Us4TQAemxtqERkUx3ssn1I3xklC4OY2UqAjxRf09kRGo9lMFJIE2zJNDXs/ZY/M9rpxBedjIeJSmwiE53hanAEONxGrjLFaMghoYQqrg5F9M+UYSCyaxocnBnv54njUrZPS+f3Z2Wqld5IgV0gA7RMXLRBaqiW1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fd7SVrQ==</latexit>

2⇡⌧l�f
<latexit sha1_base64="AewrFCBdMZPO5on/kMEjxGFQDXE=">AAAB/nicbVDLSsNAFJ34rPUV69LNYBFcSEnE17LoxmUF+4AmhMl00g6dTMLMjVhCwS9xqW7ErT/iwr9x2mahrQcuHM65l3vvCVPBNTjOt7W0vLK6tl7aKG9ube/s2nuVlk4yRVmTJiJRnZBoJrhkTeAgWCdVjMShYO1weDPx2w9MaZ7IexilzI9JX/KIUwJGCuyKl3LsaS5zDwYMSCDGgV11as4UeJG4BamiAo3A/vJ6Cc1iJoEKonXXdVLwc6KAU8HGZS/TLCV0SPqsa6gkMdN+Pr19jI+M0sNRokxJwFP190ROYq1HcXgSxqY5JjDQ8/ZE/M/rZhBd+TmXaQZM0tmuKBMYEjzJAve4YhTEyBBCFTfnYjogilAwiZVNDu7814ukdVpzL2rnd2fV+nWRSAkdoEN0jFx0ieroFjVQE1H0iJ7RK3qznqwX6936mLUuWcXMPvoD6/MHOrOVpg==</latexit>

⇡ sin ✓l
<latexit sha1_base64="kp8krgZJajeMpSLP00jzhxSJses=">AAAB+HicbVDLSsNAFL2pr1pfVZduBovgQkpSfC2LblxW6AuaGCbTSTt0MgkzE6GG/odLdSNu/RcX/o3TNgttPXDhcM693HtPkHCmtG1/W4WV1bX1jeJmaWt7Z3evvH/QVnEqCW2RmMeyG2BFORO0pZnmtJtIiqOA004wup36nUcqFYtFU48T6kV4IFjICNZGeqi5CUOuSH2Omr7yyxW7as+AlomTkwrkaPjlL7cfkzSiQhOOleo5dqK9DEvNCKeTkpsqmmAywgPaM1TgiCovm109QSdG6aMwlqaERjP190SGI6XGUXAWRKY5wnqoFu2p+J/XS3V47WVMJKmmgsx3hSlHOkbTFFCfSUo0HxuCiWTmXESGWGKiTVYlk4Oz+PUyadeqzmX14v68Ur/JEynCERzDKThwBXW4gwa0gICEZ3iFN+vJerHerY95a8HKZw7hD6zPH3upkvQ=</latexit>

2⇡⌫lTs

<latexit sha1_base64="8F8m9Bw5coxqygIuXnZKhpSNEOE=">AAACHHicbVDLSgMxFM34rPVVdekmWARBKTPiayMU3bhwUcE+oNMOmfS2jSaZIckIZehvuPRLXKobcang35g+Ftp6IHByzj0k94QxZ9q47rczMzs3v7CYWcour6yurec2Nis6ShSFMo14pGoh0cCZhLJhhkMtVkBEyKEa3l8O/OoDKM0ieWt6MTQE6UjWZpQYKwU5txdIfI59nYgg5eduv3mNfcLjLgk4hmZ6hyX2IwEde+/vy8BG8m7BHQJPE29M8miMUpD79FsRTQRIQznRuu65sWmkRBlGOfSzfqIhJvSedKBuqSQCdCMdbtbHu1Zp4Xak7JEGD9XfiZQIrXsiPAiFHRbEdPWkPRD/8+qJaZ81UibjxICko7faCccmwoOmcIspoIb3LCFUMftdTLtEEWpsn1nbgze59TSpHBa8k8LxzVG+eDFuJIO20Q7aQx46RUV0hUqojCh6RM/oFb05T86L8+58jEZnnHFmC/2B8/UDHj6gxg==</latexit>

yn =
LX

l=0

↵le
jn!l + nn



Chalmers University of Technology

Outline

• Foundations of radio localization and sensing
• Localization in 5G: practice and potentials
• Integrated communication and sensing/localization towards 6G 
• Main research questions and challenges
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Signal strength

• Principle

– Path loss equation
– Learn parameters from data
– Map received power to distance

• Challenges
– Not one-to-one mapping
– Many meters distance uncertainty
– More common with fingerprinting

© Henk Wymeersch, 2023
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Fig. 7. Path loss scatter plot for all the residential measurement data (not including data from tree lines).

different transmitter and receiver configurations, average shad-
owing effects by houses and trees, and aggregate penetration
loss into homes.
Each path loss value reported in this paper has been calcu-

lated from the linear average of hundreds of local area power
samples (see Section II). For comparison, several tables that
contain sets of path loss values provide both a linear average
and a dB average of the path loss measurements. A linear
average is calculated by first converting the path loss values
from the dB scale to an absolute value. The mean of the
absolute path loss is computed and converted back to a dB
value by taking , resulting in the linear average. A
dB average is computed as the mean of the individual dB
measured values without conversion to the absolute scale. The
dB average tends to deemphasize the large variations from the
mean, whereas a linear average may be heavily skewed by one
or two extreme values. Both approaches are comparable when
only small variations exist in the averaged data, as is the case
for most of our local area path loss values.

A. Path Loss Exponents
Path loss can be described by the distance-dependent path

loss model

[dB] [dB] (4)

where is the average path loss value in dB at a TR
separation of is the path loss in dB at a reference
distance m, and is the path loss exponent that
characterizes how fast the path loss increases with increasing
TR separation [13]. For free space propagation, equals 2.
Obstructions between the transmitter and receiver as well as
multipath propagation change the value in practice.

Fig. 7 presents a path loss scatter plot for all indoor and
outdoor measurement data. In this scatter plot, all house data
are processed together. Linear regression using a minimum
mean square error (MMSE) criterion is used to estimate for
all the indoor and outdoor measurements at the residential
homes. The path loss exponent, , is found to be 3.4 for
measurements inside the home and 2.9 for measurements made
just outside the home. The standard deviation is 8.0 and 7.9
dB, respectively, for outdoor and indoor measurement data in
Fig. 7. Notice that the value of increases as the receiver goes
from outdoor to indoor environments due to penetration loss.
Table II summarizes the MMSE path loss exponent and

standard deviation for the variety of transmitter–receiver con-
figurations measured in the experiment and provides specific
models for each of the measured houses. For both indoor and
outdoor locations, the level or height of the receiver has no
statistically significant effect on the path loss exponent.

B. House Shadowing
Some of the houses were measured with receiver locations

on both the transmitter and shadowed sides of the house. The
effects of close-in house shadowing (excess loss induced by
a receiver on the side of the house opposite the transmitter
compared to a receiver on the same side of the house as the
transmitter) were studied in this configuration by comparing
the average path loss on both sides of the home. Table III
lists the differences in dB between the linearly averaged
path loss on the transmitter and shadowed sides of a house
for two different receiver heights. For example, the linear
average of path loss w.r.t. 1 m FS on the back side of the
Rappaport home with 150 m TR separation is 65.9 dB for
the 5.5-m-height receivers. Along the front, with the house

Durgin, Greg, Theodore S. Rappaport, and Hao Xu. "Measurements and 
models for radio path loss and penetration loss in and around homes and 
trees at 5.85 GHz." IEEE Transactions on Communications 46.11 (1998): 
1484-1496.
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Time

• We consider OFDM pilot transmission
• Transmitted signal over N subcarriers

• Received signal after unknown delay, in receiver frame of reference

• Vectorize

• Delay relates to time-of-flight and clock bias
• Estimation can be based on FFT
• Resolution depends on bandwidth
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Angle of arrival (AOA) and angle of departure (AOD)

• AOA Operation: narrowband signal, plane 
wavefronts

• Discrete time observation

• Estimation with, e.g., FFT
• Resolution depends on aperture

• AOD Operation: narrowband signal, plane 
wavefronts

• Discrete time observation

• Estimation with, e.g., OMP
• Resolution depends on aperture
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From measurements to positions

• Delay-based positioning:

• Angle-based positioning:

• Combinations:
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y = f(x) + n

x̂(y) = argmin
x

ky � f(x)k2
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Typically non-convex
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Fig. 1. Comparison between FMCW radar (left) and OFDM radar (right). OFDM involves a more complex transmit and receive signal processing chain, but
can control the data, allowing more freedom in time and frequency. The high PAPR of OFDM is a limiting factor. FMCW relies on chirp signals with low
PAPR, and simple transmit and receive signal processing.

dechirping rm(t) via conjugate mixing with the transmit signal
s(t), we obtain the discrete-time signal model as [1]

ym,n = � ej2⇡(�↵⌧+fc⌫)nTsej2⇡fc⌫mT + zm,n, (4)

where m and n represent slow-time and fast-time indices,
respectively. The range-Doppler coupling term fc⌫nTs in
(4) is typically negligible for practical automotive settings
[16, Ch. 4.6.4]. From (4), delay-Doppler estimation can be
performed by applying two-dimensional Fourier transform
across slow-time and fast-time dimensions. The FMCW signal
and processing chains are shown on the left side of Fig. 1.

B. OFDM Radar

In this type of radars, the waveform used is an OFDM
signal known from communications. The processing details are
documented in [12], [17], [18] and are summarized here. The
transmit signal consists of parallel orthogonal subcarriers, each
modulated with a data. The resulting baseband time-domain
signal is expressed as [18]

x(t) =
M�1X

m=0

N�1X

n=0

D(mN + n)ej2⇡n�f trectT (t � mT ), (5)

where N represents the number of subcarriers, M is the
number of consecutive symbols evaluated, �f is the subcarrier
spacing, T = Tcp + Tsym is the OFDM symbol duration
consisting of the cyclic prefix (CP) duration Tcp and the
elementary symbol duration Tsym, and D(n) represents the
complex modulation symbol (the arbitrary data modulated
with a discrete phase modulation technique, e.g., quadrature
amplitude modulation (QAM)).

The processing of the backscattered signal consists of the
following steps [12, Ch. 3.2]: (i) removal of the CP1, (ii)
Fourier transform over the elementary symbol duration, and
(iii) element-wise complex division by the transmit symbols.
Then, for the nth subcarrier of the mth OFDM symbol, we
obtain

ym,n = � e�j2⇡n�f⌧ej2⇡fc⌫mT + zm,n. (6)

1The CP duration is assumed to be larger than the round-trip time of the
furthermost target [12, Ch. 3.2.1]. In contrast to OFDM communications,
OFDM radar is mono-static and does not require synchronization to detect
the CP interval of the incoming signal.

Similar to FMCW processing, taking the two-dimensional
Fourier transform over frequency and time dimensions in (6)
yields estimates of range and Doppler parameters. The OFDM
signal processing chain is shown on the right side of Fig. 1.

III. QUALITATIVE COMPARISON

In this section, we perform a comparison between FMCW
and OFDM in terms of the properties and parameters. We
consider the following aspects:

• Range resolution (�R): for both OFDM and FMCW, we
require that the total bandwidth B > c/(2�R). Note
that the instantaneous bandwidth, limited by the ADC
sampling rate Badc, may be much smaller. For OFDM,
this can be realized through stepped-carrier approaches
[19], while for FMCW this is realized inherently by the
waveform.

• Velocity resolution (�v): depends on the number of
chirps for FMCW or the number of OFDM symbols for
OFDM. Both are denoted by M , with M > c/(2fc�vT ),
where fc is the carrier frequency and T is the chirp
duration for FMCW or the symbol duration for OFDM.

• Maximum range (Rmax): For FMCW, this is determined
by the ADC bandwidth Badc with Badc > 2Rmax↵/c.
For OFDM, the maximum range is limited by the cyclic
prefix duration Tcp > 2Rmax/c.

• Maximum velocity (vmax): depends on the fast time
duration, with T  c/(2fcvmax).

• Time-frequency utilization U : for FMCW, U =
MTBadc ⇥ u, where u 2 (0, 1] is the radar duty cycle.
For OFDM, U = MTB ⇥ u ⇥ f , where f 2 (0, 1]
denotes the fraction of non-zero subcarriers during active
transmission. This parameter is important for interference
robustness as it determines the number of mutually non-
interfering radars that can coexist.

• Peak-to-average power ratio (PAPR): is defined as
PAPR = max[|x(t)|2]/mean[|x(t)|2]. For FMCW,
PAPR = 1. In OFDM, PAPR can be very high (e.g.,
a single OFDM symbol with unit mean power the PAPR
can be as high as the number of sub-carriers N , when all
sub-carriers transmit the same symbol). Practical OFDM
systems scramble the information to be transmitted,
which causes the transmit data to appear pseudo-random.
In this case, it has been shown that PAPR rarely exceeds

From positioning to sensing: monostatic radar 

• Sample signal across time and frequency

• Peaks in 2D FFT provide range/Doppler of targets

• Detection of multiple targets (e.g., CFAR)
• Can also be extended to the antenna domain to obtain angles

© Henk Wymeersch, 2023 14

<latexit sha1_base64="DdZvJkkAdb748bzBl4v0CQdx61E="></latexit>

rk[nTs] = � exp (�|2⇡nTs↵⌧) exp (|2⇡fc⌫kT ) + zk[nTs]

Fig. 4. Interference traffic scenario. Radar of interest has position [0 m, 0 m]
and velocity 30 m/s. The interferer has position [0 m, 75 m] and velocity
0 m/s. The target has position [75 m, 0 m] and velocity 30 m/s.

FMCW and OFDM due to the fact that the phase of the signal
is assumed to be constant.

C. Performance with Interference
Interference signals can be generated in many ways by other

sensors operating in the same frequency as the radar of interest
and can even be produced by multipath backscatter of the
radar signal or by leakage of the transmitted signal in the
receiver circuit [7], [23]. It is also possible to have the case in
which the target vehicle includes a radar that can be the source
of interference. To simplify the analysis, here we consider a
scenario where the target vehicle does not include a radar and
where the source of interference is not in the field of view of
the radar of interest. Here the power transmitted by both the
studied radar and the interference is equal and assumed 1 W.
We also use a Chebyshev window in the range and Doppler
signal processing. This scenario is shown in Fig. 4.

1) FMCW: Fig. 5 compares the response pattern with
different interference durations (long duration in Fig. 5a and
short duration in Fig. 5b). In Fig. 5a the interference is
coherent with respect to the radar signal. This leads to two
identifiable “targets” (labeled A (interference) and B (target
of interest)). The strongest detection is due to the interference
signal in A, since although it is located at the same distance
of 75 m of the target with respect to the radar, it has only one-
way propagation loss. The velocity of A is �30 m/s since the
detected Doppler for a velocity of 0 m/s is subtracted from
the radar vehicle velocity of 30 m/s. The target of interest is at
the location B at a range of 75 m and a speed of 30 m/s. Here
we notice that a very strong “target” A due to the interference.
This strong interference can lead to saturation in the receiver
that may impair the detection of the target of interest B. When
the interference signal is of a shorter duration, the response
pattern in Fig. 5b shows that interference signal A is spread
along the overall range at a velocity of �30 m/s. In this case,
the interference is no longer fully coherent with the signal of
interest and the target B is now the strongest signal. Comparing
this case with the coherent interference of Fig. 5, one could see
that the noise floor level increases for the shorter interference
pulse. This is consistent with observations in the literature as in
[1], [3], [23]. These results exemplify that interference, varies
greatly according to the scenario. The interference signal can
appear as ghost targets or as an increased noise level, reducing
the desired SNR of the receiving radar. For example, in the
case that the target of interest would contain an interference

(a)

(b)

Fig. 5. Response pattern of signal detection for a vehicle equipped with an
FMCW radar with waveform duration T = 5.12 µs in the presence of an
interfering FMCW radar. The duration of the interference pulse is 5.12 µs in
(a), and 3 µs in (b).

radar, the target detection would be directly impaired by the
interference and it may be not be discernible.

2) OFDM: Fig. 6 shows the response pattern for full-
band OFDM radar with interference, according to the scenario
of Fig. 4. Since the interference has a one-way propagation
signal and overlaps with the signal of interest over the whole
bandwidth and channel time the resulting detection shown in
Fig. 6a makes it impossible to identify the compressed echo
signal corresponding to the target of interest. Equivalent results
have been shown in [7], which proposed to mitigate interfe-
rence using an OFDM joint radar and communication system.
Since the radar is capable of demodulating the interfering
communication signals, these can then be subtracted from the
reflected radar signal to improve its dynamic range. However,
this method requires the a-priory knowledge of a pilot symbol
in the interference signal. Similar to the FMCW study, we
investigate the impact of less coherence in the interference for
OFDM. In particular, when only 104 adjacent carriers of the
interfering signal overlap with the total of 1024 carriers in
the transmitted signal, Fig. 6b indicates that target detection
becomes possible (a zoomed-in version is shown in Fig. 6c).
This would imply a limit for a channel overlapping of about

Carvajal, G., Keskin, F., Aydogdu, C. et al (2020). Comparison of 
Automotive FMCW and OFDM Radar Under Interference. IEEE 
National Radar Conference - Proceedings, 2020-September. 

Sturm, C. and Wiesbeck, W., 2011. Waveform design and signal 
processing aspects for fusion of wireless communications and 
radar sensing. Proceedings of the IEEE, 99(7), pp.1236-1259.
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Outline

• Foundations of radio localization and sensing
• Localization in 5G: practice and potentials
• Integrated communication and sensing/localization towards 6G 
• Main research questions and challenges
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Typical 5G approach: time-difference-of-arrival (TDOA)

Operation

• Estimate
• Differential measurement    no longer 

depends on bias B
• Find intersection of several hyperbola

Performance limitation
• Main limitation: resolution ( = bandwidth)
• Also: base station placement, LOS 

Many enhancements in 3GPP R16, 17, 18
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⌧̂i = di/c+B + ni

yi = ⌧̂i � ⌧̂0, i > 0

https://www.crfs.com/

di
<latexit sha1_base64="IhWGJeo/cNmHJO4Nv8TLUl+ITY8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWw2k3bpZhN2N0Ip/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAqujet+O4W19Y3NreJ2aWd3b/+gfHjU0kmmGDZZIhLVCahGwSU2DTcCO6lCGgcC28Hodua3n1BpnshHM07Rj+lA8ogzaqz0EPZ5v1xxq+4cZJV4OalAjka//NULE5bFKA0TVOuu56bGn1BlOBM4LfUyjSllIzrArqWSxqj9yfzUKTmzSkiiRNmShszV3xMTGms9jgPbGVMz1MveTPzP62YmuvYnXKaZQckWi6JMEJOQ2d8k5AqZEWNLKFPc3krYkCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Ble4c0Rzovz7nwsWgtOPnMMf+B8/gBDZo3I</latexit>

Dwivedi S, Shreevastav R, Munier F, Nygren J, Siomina I, Lyazidi Y, Shrestha D, Lindmark 
G, Ernström P, Stare E, Razavi SM. “Positioning in 5G networks”, IEEE Communications 
Magazine. 2021 Dec 30;59(11):38-44.

https://www.crfs.com/
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Potentials 1/3: radio SLAM

• Conventional thinking: multipath is foe
• Insight: With angle measurements at UE and BS:

– Each multipath component has 3 geometric 
unknowns, up to 5 observables

– So multipath can be our friend!
• Outcomes:

– Multipath can be exploited to perform 
single-BS UE positioning, synchronization, 
and environment mapping à Radio-SLAM

– Even possible without LOS path.
– Synchronization problem solved “by 

nature”.
• Validation:

– https://www.youtube.com/watch?v=wAV0_
uMpSDo

– Collaboration with Lund Univ. QAMCOM, 
Ericsson, Veoneer, CEVT

© Henk Wymeersch, 2023

Ge, Y., Kaltiokallio, O., Kim, H., Jiang, F., Talvitie, J., Valkama, M., Svensson, L., Kim, S. 
and Wymeersch, H., 2022. A computationally efficient EK-PMBM filter for bistatic mmWave 
radio SLAM. IEEE Journal on Selected Areas in Communications, 40(7), pp.2179-2192.
Ge, Y., Khosravi, H., Jiang, F., Chen, H., Lindberg, S., Hammarberg, P., Kim, H., 
Brunnegård, O., Eriksson, O., Olsson, B.E. and Tufvesson, F., 2023. Experimental 
Validation of Single BS 5G mmWave Positioning and Mapping for Intelligent Transport. 
arXiv preprint arXiv:2303.11995.
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Fig. 1. Scenario with one base station (blue), one vehicle (heading shown
with an arrow), and 4 virtual anchors (each corresponding to a vertical wall).

state sk = [xT

UE,k ↵UE,k Bk]T comprises the vehicle’s position,
orientation (i.e., the vehicle heading since we consider that
the vehicle can only rotate around the vertical axis) and clock
bias, and it is governed by transition function p(sk|sk�1).
The epoch duration depends on how frequently the position
is updated. We assume the UE has a priori information in a
factorized form p(xVA,m), p(xUE,k), p(↵UE,k) and p(Bk); and
demonstrate in Sec. III how this form can be maintained after
updating with measurements.

B. Measurement Model
The BS periodically sends a mmWave positioning reference

signal (PRS). At epoch k, the received signal at the UE is [11]

yk(t) = (2)

WH

k

Lk�1X

l=0

hl,kaUE(✓l,k)a
H

BS(�l,k)Fkpk(t � ⌧l,k) + WH

k n(t),

where Lk is the number of resolvable propagation paths, Fk is
a precoder matrix, pk(t) the training signal, Wk a combiner
matrix, hl is a complex channel gain, aUE and aBS are the
antenna response vectors, and ⌧l,k, ✓l,k, and �l,k denote time
of arrival (TOA), direction of arrival (DOA), and direction
of departure (DOD), respectively, of path l at epoch k. Both
DOA and DOD have azimuth and elevation components. The
AWGN at the receiver is denoted n(t) and has known power
spectral density.

From the observation (2), several techniques exist to recover
the triplet of TOA, DOA, and DOD, such as based on sparse
recovery [6] or subspace methods [12], which achieve a good
balance between estimation accuracy and computational com-
plexity. Assuming that the Lk propagation paths are resolvable
in the delay and angular domain, a channel estimation routine
provides

zl,k = [⌧l,k,✓T

l,k,�T

l,k]
T + nl,k, l 2 {0, 1, . . . , Lk � 1} (3)

where nl,k ⇠ N (0,⌃l,k), in which ⌃l,k depends on the
channel as well as the precoding, combining, duration of the

Data 
communication 

PRS design

Channel estimation Data association Positioning and 
mapping

Mobility

Position information

Position information

Channel information

Downlink communication

Fig. 2. The stages of 5G mmWave downlink positioning: the vehicle
estimates channel parameters from a dedicated PRS (including precoding and
combining), which it associates to prior map information and then uses to
refine the vehicle position, heading, and clock bias.

training signal, and the receiver. Let the measurement set be
Zk = {zl,k}

Lk�1

l=0
, where the measurements are unordered as

explained below.

C. Problem Formulation
Our goal is to determine the marginal posterior distributions

p(xVA,m|Zk), p(xUE,k|Zk), p(↵UE,k|Zk) and p(Bk|Zk), given
prior distributions on the UE state and possibly some of the
VAs. Note that this problem is challenging, due to the unknown
clock bias between BS and UE.

III. PROPOSED SOLUTION

In this section, we outline the proposed positioning solution,
and display the geometric relations between the channel and
the location parameters. Since it is not a priori known which
measurement in Zk corresponds to which VA source, a sub-
optimal method to deal with this data association problem is
presented. Finally, the algorithm to solve the positioning and
mapping problem via belief propagation on a factor graph is
presented.

A. 5G Downlink Positioning
Our solution approach is shown in Fig. 2. First, the mmW-

PRS signals are designed based on prior location information
(from the previous epoch, combined with a prediction to
the current epoch) as well as possibly updated information
obtained from channel estimation, required during data trans-
mission. The mmW-PRS can fill the entire bandwidth in order
to localize all users simultaneously1 and should be designed
for sufficient angular coverage. Then, each UE performs
channel estimation. Since the estimates of the Lk paths are
not yet tied to the M virtual anchors, a data association step
must follow. Subsequently, the UE performs positioning and
mapping. These estimates can then be provided as inputs for
5G data communication [13]. The mobility model (including
a model for the clock) is used to predict the state of the user
at the next epoch k + 1.

1This is essentially an advantage of downlink positioning. In uplink
positioning all users could also also transmit their mmW-PRS simulatenously
and use the entire bandwidth; however, the BS would be forced to separate
each signal by applying a spatial filter, making the receiver more complex.
Nevertheless, the model (3) is still valid, with DOA and DOD switching roles.
The analysis, data association and positioning can be applied with only minor
modification.
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with an arrow), and 4 virtual anchors (each corresponding to a vertical wall).

state sk = [xT

UE,k ↵UE,k Bk]T comprises the vehicle’s position,
orientation (i.e., the vehicle heading since we consider that
the vehicle can only rotate around the vertical axis) and clock
bias, and it is governed by transition function p(sk|sk�1).
The epoch duration depends on how frequently the position
is updated. We assume the UE has a priori information in a
factorized form p(xVA,m), p(xUE,k), p(↵UE,k) and p(Bk); and
demonstrate in Sec. III how this form can be maintained after
updating with measurements.

B. Measurement Model
The BS periodically sends a mmWave positioning reference

signal (PRS). At epoch k, the received signal at the UE is [11]

yk(t) = (2)

WH

k

Lk�1X

l=0

hl,kaUE(✓l,k)a
H

BS(�l,k)Fkpk(t � ⌧l,k) + WH

k n(t),

where Lk is the number of resolvable propagation paths, Fk is
a precoder matrix, pk(t) the training signal, Wk a combiner
matrix, hl is a complex channel gain, aUE and aBS are the
antenna response vectors, and ⌧l,k, ✓l,k, and �l,k denote time
of arrival (TOA), direction of arrival (DOA), and direction
of departure (DOD), respectively, of path l at epoch k. Both
DOA and DOD have azimuth and elevation components. The
AWGN at the receiver is denoted n(t) and has known power
spectral density.

From the observation (2), several techniques exist to recover
the triplet of TOA, DOA, and DOD, such as based on sparse
recovery [6] or subspace methods [12], which achieve a good
balance between estimation accuracy and computational com-
plexity. Assuming that the Lk propagation paths are resolvable
in the delay and angular domain, a channel estimation routine
provides

zl,k = [⌧l,k,✓T

l,k,�T

l,k]
T + nl,k, l 2 {0, 1, . . . , Lk � 1} (3)

where nl,k ⇠ N (0,⌃l,k), in which ⌃l,k depends on the
channel as well as the precoding, combining, duration of the
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Fig. 2. The stages of 5G mmWave downlink positioning: the vehicle
estimates channel parameters from a dedicated PRS (including precoding and
combining), which it associates to prior map information and then uses to
refine the vehicle position, heading, and clock bias.

training signal, and the receiver. Let the measurement set be
Zk = {zl,k}

Lk�1

l=0
, where the measurements are unordered as

explained below.

C. Problem Formulation
Our goal is to determine the marginal posterior distributions

p(xVA,m|Zk), p(xUE,k|Zk), p(↵UE,k|Zk) and p(Bk|Zk), given
prior distributions on the UE state and possibly some of the
VAs. Note that this problem is challenging, due to the unknown
clock bias between BS and UE.

III. PROPOSED SOLUTION

In this section, we outline the proposed positioning solution,
and display the geometric relations between the channel and
the location parameters. Since it is not a priori known which
measurement in Zk corresponds to which VA source, a sub-
optimal method to deal with this data association problem is
presented. Finally, the algorithm to solve the positioning and
mapping problem via belief propagation on a factor graph is
presented.

A. 5G Downlink Positioning
Our solution approach is shown in Fig. 2. First, the mmW-

PRS signals are designed based on prior location information
(from the previous epoch, combined with a prediction to
the current epoch) as well as possibly updated information
obtained from channel estimation, required during data trans-
mission. The mmW-PRS can fill the entire bandwidth in order
to localize all users simultaneously1 and should be designed
for sufficient angular coverage. Then, each UE performs
channel estimation. Since the estimates of the Lk paths are
not yet tied to the M virtual anchors, a data association step
must follow. Subsequently, the UE performs positioning and
mapping. These estimates can then be provided as inputs for
5G data communication [13]. The mobility model (including
a model for the clock) is used to predict the state of the user
at the next epoch k + 1.

1This is essentially an advantage of downlink positioning. In uplink
positioning all users could also also transmit their mmW-PRS simulatenously
and use the entire bandwidth; however, the BS would be forced to separate
each signal by applying a spatial filter, making the receiver more complex.
Nevertheless, the model (3) is still valid, with DOA and DOD switching roles.
The analysis, data association and positioning can be applied with only minor
modification.

https://www.youtube.com/watch?v=wAV0_uMpSDo
https://www.youtube.com/watch?v=wAV0_uMpSDo
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Potentials 2/3: per-user signal optimization

• Conventional thinking: PRS combined with directional 
beams. Are these optimal? No, since energy is wasted 
in certain directions.

• Insight: 
– Under a priori UE information, much better 

signals can be determined (in space, time, 
frequency)

– Relation to radar sum- and difference beams, with 
power allocation

• Outcomes:
– Optimized precoders, combiners can significantly 

improve positioning performance.
• Validation:

– See D3.3 https://hexa-x.eu/deliverables/
– Collaboration QAMCOM
– Sub-degree accuracy possible using tailored 

beams with 10 degrees beamwidth

© Henk Wymeersch, 2023
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Fig. 2. Array gain of the precoders vs. azimuth for all M precoders. The Tx and Rx are equipped with 30-antenna half-wavelength inter antenna spacing
uniform linear array (ULA) [38]. The number of training sequences is M = 3. The AoD (same for the AoA for simplicity) is known a priori to lie in the range
[90°, 100°], indicated by the yellow shaded area. According to Section III-C, the optimality of these precoders is ensured because for all cases M � rankX.

for all complex � and �, different than zero. From these ex-
pressions we can conclude that the combining matrix impacts
the identifiability of the AoA, and that the precoding matrix
impacts the identifiability of the AoD only. For the particular
case of a fully digital Rx (W = I), the AoA is identifiable for
most common types of arrays [39], [40], whereas for arbitrary
combiners, the conditions for which the AoA is identifiable
are not known in the literature to the best of the authors’
knowledge (and also beyond the scope of the current study).

Since this work deals with the design of the
precoders, we turn to condition (33) which imposes
pair-wise independence and can also be expressed as
|aH

Tx
(✓)FFH aTx(✓0)|2kFH aTx(✓)k�2

2
kFH aTx(✓0)k�2

2
< 1.

Thus, in order to ensure that the AoD is identifiable we
propose to add the following constraints to problem (23):

���aHTx
(#i

)FFH aTx(#i0
)

���
2

kFH aTx(#i)k2
2
kFH aTx(#i0)k2

2

 ⇢ (34)

for all i, i0 such that such that #i � #i0 > D(mod 2⇡), where
0  ⇢ < 1 and D is the angular resolution of the array4. By
performing the variable change X = FFH and some algebraic
manipulations [27], (34) can be expressed as a second order
cone (convex constraint):

����
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⇢ai
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Xai

0
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, (35)

where the shortened notation (14) was used. To ensure the
AoD can be correctly estimated, this condition must be added
to optimization problem (23) for the AoD- and AoD-AoA-
optimal precoders.

4The resolution of the array is typically related to the antenna aperture
and is different for each array configuration. In practice, one could start
with an approximate value and then tweak this parameter. For instance, for
an N -antennas half-wavelength inter-antenna spaced uniform circular array
(UCA) [38], the angle resolution has been checked numerically to be well
approximately by 1.6 sin(⇡/N) [radians].

2) Out-of-Range Attenuation: From Fig. 2, we can observe
that the precoders radiate some non-negligible energy in
directions outside the prior range RTx, even though an initial
assumption was that the precoders do not illuminate any paths
other than the desired one. In addition, there may be some
operational constraints such as low sidelobe ratio [41] for
improved inter-user interference or the placement of nulls in
certain areas of the beampattern.

Let {⇡q}Sa
q=1

be the AoDs for which we wish to enforce
a lower transmitting power, and recall {#i}STx

i=1
is the grid

of angles within the prior range (12). The total transmitted
energy in direction ⇡q over the M training sequences is
kFHaTx(⇡q

)k2
2
. Let Aq < 1 be the desired attenuation factor,

then, we propose to add the following constraint to problem
(23), ��FHaTx (⇡

q
)
��2
2
 Aq

��FHaTx

�
#i
���2

2
(36)

for q = 1, . . . , Sa and i = 1, . . . , STx, which can be
transformed to linear constraints after performing the variable
change X = FFH,

aH
Tx

(⇡q
)XaTx (⇡

q
)  Aq a

H

Tx

�
#i
�
XaTx

�
#i
�
. (37)

These SaSTx constraints can be reduced to Sa + STx by
incorporating a dummy variable z,

aH
Tx

(⇡q
)XaTx (⇡

q
)  Aq z q = 1, . . . , Sa (38)

aH
Tx

�
#i
�
XaTx

�
#i
�
� z i = 1, . . . , STx. (39)

Examples: Fig. 3 plots the left hand side of (34) when
the precoders are obtained with or without the identifiability
constraint. Ideally, only the anti-diagonal across the white
square should be red as is the case in the right figure. The left
figure, has two red stripes, and therefore, there are pairs of
AoDs within the range RTx which result in the same signals,
and consequently are not identifiable even in the absence of
noise.

In Fig. 4 two sets of AoD-AoA-optimal precoders are
generated. The first set of precoders has no constraint on the
aggregated gain (30) towards directions outside of the range
of interest RTx. The second set of precoders imposes a 20 dB

N. Garcia, H. Wymeersch, D. Slock, ”Optimal Precoders for Tracking the AoD and AoA of a 
mmWave Path”, in IEEE Transactions on Signal Processing, 2018. 

A. Kakkavas, H. Wymeersch, G. Seco-Granados, M. H. Castañeda García, R. A. Stirling-
Gallacher, and J. A. Nossek, "Power Allocation and Parameter Estimation for Multipath-based 
5G Positioning", IEEE Transactions on Wireless Communications, 2021. 

Musa Furkan Keskin, Fan Jiang, Florent Munier, Gonzalo Seco-Granados, Henk Wymeersch, 
"Optimal Spatial Signal Design for mmWave Positioning under Imperfect Synchronization", 
IEEE Transactions on Vehicular Technology, 2022,
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for all complex � and �, different than zero. From these ex-
pressions we can conclude that the combining matrix impacts
the identifiability of the AoA, and that the precoding matrix
impacts the identifiability of the AoD only. For the particular
case of a fully digital Rx (W = I), the AoA is identifiable for
most common types of arrays [39], [40], whereas for arbitrary
combiners, the conditions for which the AoA is identifiable
are not known in the literature to the best of the authors’
knowledge (and also beyond the scope of the current study).

Since this work deals with the design of the
precoders, we turn to condition (33) which imposes
pair-wise independence and can also be expressed as
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for all i, i0 such that such that #i � #i0 > D(mod 2⇡), where
0  ⇢ < 1 and D is the angular resolution of the array4. By
performing the variable change X = FFH and some algebraic
manipulations [27], (34) can be expressed as a second order
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where the shortened notation (14) was used. To ensure the
AoD can be correctly estimated, this condition must be added
to optimization problem (23) for the AoD- and AoD-AoA-
optimal precoders.

4The resolution of the array is typically related to the antenna aperture
and is different for each array configuration. In practice, one could start
with an approximate value and then tweak this parameter. For instance, for
an N -antennas half-wavelength inter-antenna spaced uniform circular array
(UCA) [38], the angle resolution has been checked numerically to be well
approximately by 1.6 sin(⇡/N) [radians].

2) Out-of-Range Attenuation: From Fig. 2, we can observe
that the precoders radiate some non-negligible energy in
directions outside the prior range RTx, even though an initial
assumption was that the precoders do not illuminate any paths
other than the desired one. In addition, there may be some
operational constraints such as low sidelobe ratio [41] for
improved inter-user interference or the placement of nulls in
certain areas of the beampattern.

Let {⇡q}Sa
q=1

be the AoDs for which we wish to enforce
a lower transmitting power, and recall {#i}STx

i=1
is the grid

of angles within the prior range (12). The total transmitted
energy in direction ⇡q over the M training sequences is
kFHaTx(⇡q
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. Let Aq < 1 be the desired attenuation factor,

then, we propose to add the following constraint to problem
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for q = 1, . . . , Sa and i = 1, . . . , STx, which can be
transformed to linear constraints after performing the variable
change X = FFH,
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These SaSTx constraints can be reduced to Sa + STx by
incorporating a dummy variable z,
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Examples: Fig. 3 plots the left hand side of (34) when
the precoders are obtained with or without the identifiability
constraint. Ideally, only the anti-diagonal across the white
square should be red as is the case in the right figure. The left
figure, has two red stripes, and therefore, there are pairs of
AoDs within the range RTx which result in the same signals,
and consequently are not identifiable even in the absence of
noise.

In Fig. 4 two sets of AoD-AoA-optimal precoders are
generated. The first set of precoders has no constraint on the
aggregated gain (30) towards directions outside of the range
of interest RTx. The second set of precoders imposes a 20 dB
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Potentials 3/3: sensing

• Conventional thinking: full duplex transmission only for 
communication gains. Hardware impairments degrade 
performance

• Insight: 
– At high frequencies, where large bandwidths and large 

arrays are available, backscattered signals can reveal range 
and angle to targets. Similar to monostatic radar. 

– Hardware impairments in monostatic sensing can be 
related to targets.

• Outcome:
– Communication waveform can be optimized (time, 

frequency, space) to trade-off communication and radar 
performance. 

– Impairments such as inter-carrier interference, phase noise 
can be exploited in monostatic sensing.

• Validation:
– Ongoing project with Halmstad University, Magna, Volvo 

Cars
– Stay tuned …

© Henk Wymeersch, 2023
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Outline

• Foundations of radio localization and sensing
• Localization in 5G: practice and potentials
• Integrated communication and sensing/localization towards 6G 
• Main research questions and challenges
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6G from a sensing and localization perspective

1. Variety of carrier frequencies (< 6, 7-10 GHz, 28, 140 GHz)

2. Large aggregate bandwidths (above 1 GHz)

3. Large number of antennas (3D orientation estimation)

4. Sidelinks (relative, cooperative positioning)

5. Distributed cell-free massive MIMO with phase coherence

6. Integration of sensing, localization, and communications

7. Data-driven solutions using AI/ML

8. Shaping the environment with RIS

9. Sky segment (UAV, LEO) complements terrestrial base stations

Main challenges

• Hardware impairments, much more severe than for communication

• Extreme performance requires extreme calibration

© Henk Wymeersch, 2023
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99% of academic 
research

Where industry sees the potential 

Integration of communication and sensing – ISAC, JCAS, DFRC,…

© Henk Wymeersch, 2023 23

Dedicated positioning/sensing anchors (location reference)?
Hardware-friendly sensing waveform (e.g., FMCW, DFTS-OFDM) ?
Dedicated sensing, positioning pilots? 
Trade-off or synergy between sensing and communications?
Harmonious operation in FR1, FR2, FR3?
Applications: radar-like and non-radar like sensing, improving communication

Henk Wymeersch, Athanasios Stavridis (EAB), Kim 
Schindhelm , Hui Chen, Hao Guo, Musa Furkan Keskin, 
Simon Lindberg, Jose� Miguel Mateos-Ramos, Mohammad 
Hossein Moghaddam, Mohammad Ali Nazari, Indika Perera, 
Alejandro Ramirez, Rafaela Schroeder, Tommy Svensson, 
Andreas Wolfgang, Vijaya Yajnanarayana, “Final models and 
measurements for localisation and sensing,” Hexa-X project 
Deliverable D3.3, 2023. [Online].
Available: https://hexa-x.eu/deliverables
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Figure credit: Ericsson
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Will 6G be all about sub-THz? Probably not

• Much hype for 100+ GHz: large bandwidths, excellent delay resolution.
• What about lower bands? 

• Positioning and sensing perspective in lower bands
– Penalty of limited bandwidth?
– How to get resolution?

© Henk Wymeersch, 2023 25

https://www.mpirical.com/blog/5g-radio-spectrum-and-wrc-19

Golden 
band

Ge, Y., Stark, M., Keskin, M.F., Hofmann, F., Hansen, T. and Wymeersch, H., 
2023, March. Analysis of V2X Sidelink Positioning in sub-6 GHz. In 2023 IEEE 
3rd International Symposium on Joint Communications & Sensing (JC&S).
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• Ranging between fixed road-side unit and moving vehicle

• Multipath interference is a limiting factor!
• Even worse for sensing (clutter).

© Henk Wymeersch, 2023 26

Results from ray-tracing

Multipath 
penalty

1D coordinate of vehicle [m]

Parameter Setting
Transmitter Single omnidirectional 

antenna
Receiver Single omnidirectional 

antenna
Carrier 

frequency
5.9 GHz

Bandwidth 20 MHz in total, 167 
subcarriers, 120 kHz subcarrier 

spacing 

Poilt signal OFDM, 12 symbols with a 
constant amplitude 

Transmitter  
power

10 dBm

noise 
spectral 
density 

−174 dBm/Hz 

Receiver 
noise figure

8 dB 

Number of 
RSU

1

Number of 
users

1 vehicle, 1 bicycle

RSU location [0 0 10] meter
Landmarks 4 buildings
Sampling 

time
100 ms

Speed Vehicle: 4m/s, bicycle: 
1.4m/s



Chalmers University of Technology

Improving resolution at FR1?

© Henk Wymeersch, 2023 27

Approach 1: 
Machine 
learning

Approach 2: super-
resolution 
processing

Approach 3: 
phase 

coherence
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Machine learning: fingerprinting

• Concept: 
– Channel impulse response (CIR) unique for each location
– Changes smoothly over space
– Mapping from CIR to location can be learned (supervised learning)

• Advantages: 
– High resolution, richer channel helps
– Relatively accurate (~ 1 meter)
– Easy to use (inference)
– Potential to augment model-based methods

• Drawbacks: 

– Difficult to train (data collection)
– Sensitive to temporal variations
– Non-explainable
– Resolution not well-understood

© Henk Wymeersch, 2023 28

Approach 1: 
Machine 
learning

Approach 2: 
super-resolution 

processing

Approach 3: 
phase 

coherence

Ruan, Y., Chen, L., Zhou, X., Liu, Z., 
Liu, X., Guo, G. and Chen, R., 2022. 
iPos-5G: Indoor positioning via 
commercial 5G NR CSI. IEEE Internet 
of Things Journal, 10(10), pp.8718-
8733.

Fig. 7: RMSPE of DoA estimation of D = 2 closely spaced
sources to analyze the resolution of the methods.

Fig. 8: RMSPE of DoA estimation with various levels of
mismatch in the array geometry for D = 5 sources.

The above algorithms are compared with random guessing of
the DoA angles. The results in Table II show that the proposed
DA-MUSIC notably outperforms all considered benchmarks,
notably surpassing the MB MUSIC algorithm not only for
coherent sources but also for non-coherent ones, which is the
scenario for which the MB algorithm is designed.

To compare the resolution of the algorithms, Fig. 7 shows
the RMSPE for localizing D = 2 non-coherent signals, which
are located close together at a �✓ distance from each other. The
MB MUSIC algorithm is shown to collapse when the angular
difference approaches �✓ ⇡ 0.1 radians, while DA-MUSIC
demonstrates a constant low error for all �✓, indicating its

Fig. 9: RMSPE of DoA estimation of D = 5 signals with
different SNRs.

Fig. 10: RMSPE of DoA estimation with D = 5 signals with
different number of snapshots T .

Fig. 11: RMSE obtained for multi-source DoA estimation (in
the angle range [�⇡/3, ⇡/3) and a source spacing of at least
one degree).

improved resolution.
Next, we evaluate DA-MUSIC in the presence of a mismatch

in the array geometry. Fig. 8 depicts the RMSPE achieved
when each element of the steering vector a(·) is corrupted
with zero-mean Gaussian noise, leading to a mismatch from
the values used to compute the spatial spectrum. Indicating
improved robustness, DA-MUSIC is shown to overcome such
mismatches in the array geometry from the data. The CNN,
DeepMUSIC, and the Random algorithm remain unaffected as
they are independent of a(·).

Fig. 9 depicts the performances differences when localizing
D = 5 non-coherent signals with T = 200 snapshots
available for different SNR levels in the range of [�20, 20]
dB. DA-MUSIC shows a constant low SNR for positive dB
settings and without any fluctuations which slowly decreases
with increasing SNR.

Fig. 10 depicts the performance degradation of the estimators
with fewer snapshots available. The DD estimators are only
trained for the case T = 200 as indicated by the circle around
the T = 200 marker, yet manage to operate with shorter
sequences during inference due to the recurrent unit or by
taking the covariance matrix as input.

We conclude the evaluation of DA-MUSIC with a known
number of sources by comparing the performances of the
estimators with the common RMSE measure in Fig. 11.
Additionally, we provide a comparison with the Ziv-Zakai

9
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Super-resolution processing

• Concept: 
– Channel parameters span low-dimensional subspace, 

dimensionality depends on number of paths
– Observation lies in high-dimensional subspace depends on 

number of subcarriers, snapshots, antennas
– From separating signal and noise subspace, channel parameters 

(delays, angles, Dopplers) can be recovered
• Advantages: 

– Unlimited resolution
– Sometimes search-free (ESPRIT)

• Drawbacks: 
– Need high SNR
– Still complex for high dimensions (tensor processing)
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Approach 2: super-
resolution 
processing

Approach 1: 
Machine 
learning
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(b) Comparison between the CDFs of the absolute position-
ing error using MF and HRP-SA channel estimators for the
vehicle and bicycle in the urban scenario.
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(c) Comparison between the CDFs of the absolute position-
ing error when using MF and HRP-SA channel estimators
for the vehicles in the highway scenario.

Fig. 6. RMSE and CDF performances comparison when using MF and
HRP-SA channel estimators and the default parameters for both vehicle and
highway scenarios.

two bounds is substantial. In contrast, the WAA accounts for
the challenge of non-resolvability in path determination, thus
providing more reasonable bounds that effectively align with
the performance of the MF estimator.

We then utilize the same configuration, study the CDFs
of the absolute positioning error for all four scenarios, and
compare the positioning performance when using MF and
HRP-SA channel estimation results, as indicated in Fig. 6(b)
and Fig. 6(c). From Fig. 6(b), we observe that HRP-SA
results in better positioning performance than the MF for
both vehicle and bicycle in the urban scenario. Moreover,
sub-meter accuracy can be achieved at 93.5% for the urban
vehicle scenario and moderate accuracy (error below 3 m)
can be 91.4% for the urban bicycle scenario when the HRP-
SA channel estimator is implemented. From Fig. 6(c), we
observe that HRP-SA results in better positioning performance
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Fig. 7. Analysis of the RSU array configuration on positioning performance
for the urban vehicle scenario.

than MF for both vehicles in the highway scenario. Moderate
accuracy can be achieved 65% (resp. 98.1%) of the time
for the straight-moving (resp. merging) vehicle with HRP-
SA. This is because the straight-moving vehicle starts far
away from the RSU, where small AoA estimation errors bring
significant positioning errors. The gap between HRP-SA and
MF is smaller than in the urban scenario since the multipath
is far less complicated, as discussed in Sec. V-C1.

2) Impact of RSU Array Configurations: We again focus
on the urban vehicle scenario, and study the effect of the
array configurations on the positioning performance, where we
compare three different antenna configurations for the RSU,
1 ⇥ 2, 1 ⇥ 4, and 2 ⇥ 4, and use all the rest of default
parameters. CDFs of the absolute positioning error for three
antenna configurations are summarized in Fig. 7. We find that
the larger the antenna array is used, the better positioning
performance can be achieved. This is because a larger antenna
array can provide higher angular resolution, resulting in more
accurate angle and range estimates as demonstrated in Fig. 4,
which improves the positioning performance of the system,
especially at long distances where the positioning performance
is sensitive to the angular error.

3) Impact of Bandwidth and Number of Bands: Next, the
effect of the size of bandwidth on the positioning performance
is investigated, where four different values of single-band
bandwidths, 20 MHz, 40 MHz, 60 MHz, and 80 MHz are
used in the respective order, and the results are displayed in
Fig. 8(a). Overall, we observe that larger bandwidths lead
to higher positioning accuracy. The reason is that increased
bandwidth translates to higher delay resolution, resulting in
more accurate range and angle estimates, as demonstrated in
Fig. 5(a) and Fig. 5(b). Additionally, we note that for small
positioning errors at the centimeter level, the MF approach can
outperform HRP-SA. This occurs in instances characterized
by LoS-dominant propagation in the trajectory, where the
MF benchmark exhibits asymptotic optimality at high SNRs,
achieving the LoS PEB, as indicated by the results around
0m in Fig. 6(a). However, for larger errors at the decimeter
and meter levels, typically occurring under dense multipath
conditions (e.g., outside the interval [�20, 20]m in Fig. 6(a)),
HRP-SA significantly outperforms MF, particularly when path
resolvability becomes critical. Fig. 8(b) compares the posi-
tioning performance of the system using different numbers of
bands B from 1 to 4 with a fixed frequency separation of
100 MHz between the consecutive bands. From the figure,
we can summarize that a larger number of bands in general

Ge, Yu, Maximilian Stark, Musa Furkan Keskin, Frank Hofmann, Thomas Hansen, and Henk 
Wymeersch. "V2X Sidelink Positioning in FR1: Scenarios, Algorithms, and Performance 
Evaluation." arXiv preprint arXiv:2310.13753(2023).
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Phase coherence

• Concept: 
– Small resources (time, frequency, antennas) can be fused coherently
– Provide larger aperture / aggregate bandwidth
– Realizations: cell-free MIMO, carrier phase positioning, distributed radar

• Advantages: 
– Very high resolution

• Drawbacks: 
– Channel non-stationarity
– Ambiguities
– High complexity processing

© Henk Wymeersch, 2023 30

Approach 3: 
phase 

coherence
Approach 2: 

super-resolution 
processing

Approach 1: 
Machine 
learning

Fascista, A., Deutschmann, B.J., Keskin, M.F., Wilding, T., Coluccia, A., Witrisal, K., 
Leitinger, E., Seco-Granados, G. and Wymeersch, H., 2023. Uplink joint positioning and 
synchronization in cell-free deployments with radio stripes. IEEE ICC, 2023
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Outline

• Foundations of radio localization and sensing
• Localization in 5G: practice and potentials
• Integrated communication and sensing/localization towards 6G 
• Main research questions and challenges
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Conclusions and questions

• 6G will be first generation with localization and sensing built in from the start, but how will 
these services be used?

• High frequencies, large bandwidth, many antennas is an interesting regime.
• Lower bands should not be forgotten: high resolution from high SNR, phase coherence, or 

machine learning.
• Many challenges to make it work in practice. 
• Exciting times:

– ISAC beyond monostatic sensing, synergies and trade-offs.
– RIS can be used to partially replace BSs for enabling localization.
– Hardware limitations and calibration will be important limitation for positioning and 

radar.
– What role will AI, NTN, … play? 
– KVIs (sustainability, trustworthiness, inclusiveness) must be considered in the design. 

How?
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Since 3GPP-R16, several enhancements

• Methods
– UL and DL-TDOA
– Multi-RTT
– DL-AOD
– UL-AOA

• Signals (broadcast)

– Flexible positioning reference signals
– Long and short duration
– Several BSs supported via comb patterns
– Coherent combining
– Large bandwidth for good delay estimation
– Combined with directional beams

• Outcomes
– Sub-meter accuracy possible
– Needs dense deployments
– Time synch major bottleneck
– Limited angle resolution, limited knowledge of 

beam patterns
– Continuing work, increasingly important
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Further updates in 3GPP

• Release 17
– Enhancements to time and angle measurement (e.g., 

using several adjacent beams)
– Multipath reporting and mitigation
– Latency reduction (scheduling and short 

transmissions)

• Release 18, 5G Advanced
– Sidelink positioning (RTT-based)
– Integrity support
– Bandwidth aggregation
– Carrier phase positioning
– Low power high accuracy and RedCap positioning

• Also being studied
– Use of AI/ML
– Radar-like sensing
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