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Joint Processing of Distributed Antennas

• [Wyner, TIT 1994]: centralized processing of all antennas in the uplink, Vector
Gaussian MAC, capacity region was already known.
• [GC, Shamai, TIT 2003 – Weingarten, Steinberg, Shamai, TIT 2006]: Vector

Gaussian BC, sum capacity and capacity region, in the downlink.
• Some past attempts: Coordinated MultiPoint (CoMP) .... not so successful,

per-site (non-cooperative) massive MIMO has taken over the scene...
• Some successes: C-RAN, distributed antenna systems with joint processing,

virtualization of the PHY/MAC in the CP.
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Cell-Free User-Centric Wireless Networks (1)

• Expected to become central in 6G systems operating in FR3 (7-24 GHz).
• Ultra-dense scenarios: campus networks, super-high spectral efficiency ... e.g. a sport

arena with 10,000 users, on a 20-60 MHz bandwidth, served by 20 RUs with 10 antennas
each, achieving ∼ 50 bit/s/Hz per 10× 10 m2.

• Improved coverage scenarios: moving from FR1 (5G) to FR3 (6G), the traditional cells
“shrink” and “holes” most be covered by RU cooperation.

2
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Cell-Free User-Centric Wireless Networks (2)

• Each UE is served by a user-centric cluster of RUs; each RU participates in multiple user-
centric clusters.

• RUs are connected with DUs via a flexible fronthaul network, and implement the user-centric
cluster processors (PHY layer) as SDVNF.

• A CU implements higher level centralized functions.
• Scalability: as the coverage areaA→∞, with given RU density λa, DU density λd, and UE

density λu, the load of the fronthaul at any node and the computational load at any processor
remain finite.
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Random Access

• RACH: it is used to allow “idle users” to access the network and possibly request resources.
• To allow sporadic low-latency communications, 3GPP has specified a “2-step RACH”

scheme (b) beyond the traditional “4-step RACH” (a).
• The 3GPP 2-step RACH fits very well the unsourced Random Access (uRA) model

[Polyanskiy, 2017].

5G New Radio and Narrowband IoT
Four-Step Random Access

⌅ Building on the legacy of LTE, 5GNR and NB-IoT employ
“four-step random access”

⌅ The procedure decouples random access and data transmission:

msg 1: random access via preamble transmission
to identify users

msg 2: resource allocation provided by the base
station

msg 3: data transmission over resources that are
orthogonal for the identified users

msg 4: final acknowledgment

⌅ No grant-free transmission

UT BS
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RESOURCE ALLOCATION

DATA

ACK

8 G. Liva · Ban� Workshop · 6G UMAC · Random Access in 5G-NR March 10-15, 2024

5G New Radio
Two-Step Random Access

⌅ With Rel. 16 of 5GNR, “two-step” random access

msg A: preamble transmission, announcing the
resources used for data transmission,
data transmission follows

msg B: acknowledgment

⌅ If decoding fails, four-step random access is resumed

⌅ Grant-free (in part)

⌅ Focus: How does two-step random access perform?

UT BS
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DATA
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9 G. Liva · Ban� Workshop · 6G UMAC · Random Access in 5G-NR March 10-15, 2024

a) b)

UE UEBase Station Base Station
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2-Step RACH
Two-Step Random Access

PO 0 PO 1 PO 2 PO 3 . . . PO N � 2 PO N � 1

. . .user 4

. . .user 3

. . .user 2

. . .user 1

# # # # # # #

RACH slot

preamble

N PUSCH occasions (POs)

data

⌅ Preamble dictionary: 64 Zado�-Chu sequences, length 139 (short preambles) or 839
(long preambles), possibly repeated

⌅ Each preamble points to a physical uplink shared channel (PUSCH) occasion (PO)
⌅ One-to-one mapping vs. many-to-one mapping
⌅ We denote by N the number of POs

10 G. Liva · Ban� Workshop · 6G UMAC · Random Access in 5G-NR March 10-15, 2024

• Pilot + Data approach.
• uRA codebook (preambles): 64 Zadoff-Chu sequences.
• Each preamble points to a physical uplink shared channel (PUSCH) opportunity (PO).
• RA users pick a preamble, transmit it in the RACH slot, and send their payload in the

corresponding PO.
• The performance is dominated by preamble misdetection and preamble collisions.

5
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Our Viewpoint on uRA

clear to
send

P
ro
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ss
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g

RACH

• AMP (Channel estimation)
• User Cluster Formation

DL UL DL UL/DL (TDD)

ACK DATA

• A user may pick a random access codeword from a pre-defined codebook common to all
users, and send it on the RACH slot.

• The receiver (base station) must detect the list of transmitted codewords (or “messages”),
and estimate their corresponding channel vectors.

• The base station can immediately (super-low latency) reply with an ACK message allocating
further UL/DL transmission resources.

• The uRA problem has been widely treated in the last few years for: a) Gaussian additive
channels, b) multiantenna fading channels.

• For cell-free user-centric networks, uRA is “trickier”.
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Basic Model with Concentrated Antennas

90 IEEE SIGNAL PROCESSING MAGAZINE   |   September 2018   |

obtain the grant to access the network. Recently, extensive efforts 
have been devoted to different variations of the random access 
schemes with advanced contention-resolution strategies [4], [5]. 
However, due to the large number of collisions in the massive 
IoT scenarios, still many users cannot access the network even if 
some of the colliding connection requests could be resolved, as 
shown in Example 1.

Example 1
Consider a cellular network consisting of one BS and 2,000 
users. Let L  denote the length (and thus the number) of the 
orthogonal preambles available for the devices from which 
to choose. Assume that in each time slot 100 of these 2,000 
devices are active, with each active device picking one of the 
L  orthogonal pilots at random. The coherence bandwidth and 
the coherence time of the wireless channel are 1 MHz and 
1 ms, respectively; therefore in each coherence block, 1,000 
symbols can be transmitted. Moreover, we assume that both 

the scenario in which the contention resolution is not per-
formed and the scenario in which (if) there is a collision, the 
BS can always grant access to one of the colliding devices 
(this could happen because of the capture effect in random 
access networks). Under this setup, the average numbers of 
devices that are granted permission to access the network for 
both the cases with and without contention resolution, versus 
the different values of L  are plotted in Figure 4. The plot is 
obtained by Monte Carlo simulations. To guarantee a 90% 
success rate, at a minimum L 470=  and L 930=  out of 
1,000 symbols are needed, respectively, as pilots for the cases 
with and without contention resolution.

3) Connection Request

1) Random Preamble

2) Random Access Response

4) Contention Resolution

Device BS

FIGURE 3. A grant-based random access procedure. Due to the lack of 
coordination, collisions occur when two or more devices select the same 
pilot, prompting the need for new access attempts in this case.
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FIGURE 4. Grant-based random access with orthogonal pilots and captures. 
How many users can access the network? 

Active Device

Inactive Device

FIGURE 2. A typical IoT network with a massive number of devices, e.g., drones, smart watches, etc. Arising from the sporadic IoT data traffic, only a 
subset of devices in the network are active at each time slot.

• Activity Detection (AD): each UE has a unique access code. Goal: determine
who is active.

• Unsourced RA (uRA): when active, UEs transmit a randomly chosen
codeword of the same codebook. Goal: determine the set of active
messages.

• Similar but some fundamental differences ...

7
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Model for Concentrated Antennas

• The received baseband signal over the L channel uses and the M antennas:

Y = SAG1/2H + W
where W is Gaussian i.i.d. noise.

• Γ = AG = diag(γ), where γk = akgk for user k with LSFC gk.

• X = ΓH contains Bernoulli-Gaussian rows. Each k-th row has i.i.d.
CN (0, gk)the elements, given ak = 1.

+=
<latexit sha1_base64="8nal5v5QsD9yug/xRUMSIV7IN3M=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRnxtSy6cVnBPrQtJZPeaUMzmSHJCGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHv8WHBtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y9uMr/5hErzSN6bcYzdkA4kDzijxkqPnZCaoR+kD5NeqexW3CnIIvFyUoYctV7pq9OPWBKiNExQrdueG5tuSpXhTOCk2Ek0xpSN6ADblkoaou6m08QTcmyVPgkiZZ80ZKr+3khpqPU49O1kllDPe5n4n9dOTHDVTbmME4OSzT4KEkFMRLLzSZ8rZEaMLaFMcZuVsCFVlBlbUtGW4M2fvEgapxXvonJ+d1auXud1FOAQjuAEPLiEKtxCDerAQMIzvMKbo50X5935mI0uOfnOAfyB8/kD0V6RBw==</latexit>

Y
<latexit sha1_base64="N5K2WmdMwun85Loc44Fr6smycKY=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcuK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy0eiBwOOdecu7xY8G1cd0vp7C0vLK6VlwvbWxube+Ud/eaOkoUwwaLRKTaPtUouMSG4UZgO1ZIQ19gyx9fZ37rEZXmkbw3kxh7IR1KHnBGjZUeuiE1Iz9I76b9csWtujOQv8TLSQVy1Pvlz+4gYkmI0jBBte54bmx6KVWGM4HTUjfRGFM2pkPsWCppiLqXzhJPyZFVBiSIlH3SkJn6cyOlodaT0LeTWUK96GXif14nMcFlL+UyTgxKNv8oSAQxEcnOJwOukBkxsYQyxW1WwkZUUWZsSSVbgrd48l/SPKl659Wz29NK7SqvowgHcAjH4MEF1OAG6tAABhKe4AVeHe08O2/O+3y04OQ7+/ALzsc3yECRAQ==</latexit>

S

<latexit sha1_base64="pUZ+PSWjRTHwb2DTHGovtSa3+j4=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRTZcV7APbUjJppg3NZIbkjlCG/oUbF4q49W/c+Tdm2llo9UDgcM695Nzjx1IYdN0vp7Cyura+UdwsbW3v7O6V9w9aJko0400WyUh3fGq4FIo3UaDknVhzGvqSt/3Jbea3H7k2IlL3OI15P6QjJQLBKFrpoRdSHPtBWp8NyhW36s5B/hIvJxXI0RiUP3vDiCUhV8gkNabruTH2U6pRMMlnpV5ieEzZhI5411JFQ2766TzxjJxYZUiCSNunkMzVnxspDY2Zhr6dzBKaZS8T//O6CQbX/VSoOEGu2OKjIJEEI5KdT4ZCc4ZyagllWtishI2ppgxtSSVbgrd88l/SOqt6l9WLu/NK7SavowhHcAyn4MEV1KAODWgCAwVP8AKvjnGenTfnfTFacPKdQ/gF5+Mbt4mQ9g==</latexit>

H

<latexit sha1_base64="QFLV2vkl2T42kDuNkqTVKAtjNVo=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfTmFldW19o7hZ2tre2d0r7x80dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++zfzWEyrNI/lgJjH2QjqUPOCMGis9dkNqRn6Qtqb9csWtujOQZeLlpAI56v3yV3cQsSREaZigWnc8Nza9lCrDmcBpqZtojCkb0yF2LJU0RN1LZ4mn5MQqAxJEyj5pyEz9vZHSUOtJ6NvJLKFe9DLxP6+TmOC6l3IZJwYlm38UJIKYiGTnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDzlSRBQ==</latexit>

W

<latexit sha1_base64="y/2HGpHCvqlbOunlq7HyrvSt5FQ=">AAACD3icbVDLSsNAFJ34rPUVdelmsCiuSiK+lkU3LivYBzShTCY37dDJJMxMhBL6B278FTcuFHHr1p1/47TNwrYeuHA4517uvSdIOVPacX6speWV1bX10kZ5c2t7Z9fe22+qJJMUGjThiWwHRAFnAhqaaQ7tVAKJAw6tYHA79luPIBVLxIMepuDHpCdYxCjRRuraJ14mQpCBJBRyL+0ToZM4J7MYjbp2xak6E+BF4hakggrUu/a3FyY0i0FoyolSHddJtZ8TqRnlMCp7mYKU0AHpQcdQQWJQfj75Z4SPjRLiKJGmhMYT9e9ETmKlhnFgOmOi+2reG4v/eZ1MR9d+zkSaaRB0uijKONYJHoeDQyaBaj40hFDJzK2Y9onJRpsIyyYEd/7lRdI8q7qX1Yv780rtpoijhA7RETpFLrpCNXSH6qiBKHpCL+gNvVvP1qv1YX1OW5esYuYAzcD6+gWDop2a</latexit>| {z }
<latexit sha1_base64="H9nnF44JcOse9B7KljPtnAhOh0I=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfTmFldW19o7hZ2tre2d0r7x80dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++zfzWEyrNI/lgJjH2QjqUPOCMGis9dkNqRn6Qtqf9csWtujOQZeLlpAI56v3yV3cQsSREaZigWnc8Nza9lCrDmcBpqZtojCkb0yF2LJU0RN1LZ4mn5MQqAxJEyj5pyEz9vZHSUOtJ6NvJLKFe9DLxP6+TmOC6l3IZJwYlm38UJIKYiGTnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDz9mRBg==</latexit>

X

<latexit sha1_base64="Q4FerNBHphWLriq/ZwC9yk05r2Q=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIr2XRhS4r2Ac0oUymk3bozCTMTIQa+iVuXCji1k9x5984abPQ1gMDh3Pu5Z45YcKo0q77bZVWVtfWN8qbla3tnd2qvbffVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCcc3+R+55FIRWPxoCcJCTgaChpRjLSR+nbV50iPwijzbxHnaNq3a27dncFZJl5BalCg2be//EGMU06Exgwp1fPcRAcZkppiRqYVP1UkQXiMhqRnqECcqCCbBZ86x0YZOFEszRPamam/NzLElZrw0EzmMdWil4v/eb1UR1dBRkWSaiLw/FCUMkfHTt6CM6CSYM0mhiAsqcnq4BGSCGvTVcWU4C1+eZm0T+veRf38/qzWuC7qKMMhHMEJeHAJDbiDJrQAQwrP8Apv1pP1Yr1bH/PRklXsHMAfWJ8/+m6TUA==</latexit>
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Scaling Regimes for Ktot,Ka, L,M

• Compressed Sensing (CS) regime: in order to obtain a “stable” estimate the
(sparse) rows of Γ1/2H we need L ≥ Ka log(Ktot/Ka) (more measurements
than unknowns).

• Identifiability regime (quadratic): two Ka-sparse vectors γ,γ′ ∈ RKtot
+ can be

distinguished based on Y if A(Γ−Γ′)AH 6= 0. This yieldsKa ≤ L2 (quadratic
in the signature dimension).

• Achievability of the quadratic regime: AMP fails (as well as any CS algorithm)
but a relaxed ML algorithm, practically implemented by componentwise
rank-1 update minimization, achieves the quadratic regimes [Fengler,
Haghighatshoar, Jung, and GC, TIT 2021].

• Note: Beyond the linear CS regime, it is “impossible” to obtain “good”
channel estimates (activity can be still detected for largeM , but the estimated
channels has large MSE). Therefore, the quadratic regime is intrinsically
“non-coherent”.
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Key Difference Between AD and uRA

• In AD, provided that the users’ LSFCs are known, we can treat X = ΓH as
row-wise Bernoulli-Gaussian: Bayesian estimation formulation is “relatively
simple”, in particular the Posterior Mean Estimate (PME) denoising function
in AMP is tractable.

• In uRA, Ktot is irrelevant (it could be arbitrarily large): what counts is the
number of codewords N (number of columns of S).

• Any active user can pick any codeword: a fixed correspondence between the
columns of S and the LSFCs is not possible.

• As a consequence, X = ΓH is not row-wise Bernoulli-Gaussian: Bayesian
estimation formulation is “much more complicated” (and heavily relies on
assumptions on the LSFC distribution for randomly placed users, .. risk of
model mismatch, etc ...).
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User-Location Dependent LSFC Profile

<latexit sha1_base64="It1ZyKXcHRK3xNgBNdsDhBO32kU=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX7AdimzabYNTTZrkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VNwRNOYtpyzDDaTdRFETIaScc3878zhNVmsn4wUwSGggYxixiBIyV/N4QhIC+V30875crbs2dA68SLycVlKPZL3/1BpKkgsaGcNDa99zEBBkowwin01Iv1TQBMoYh9S2NQVAdZPOTp/jMKgMcSWUrNniu/p7IQGg9EaHtFGBGetmbif95fmqi6yBjcZIaGpPFoijl2Eg8+x8PmKLE8IklQBSzt2IyAgXE2JRKNgRv+eVV0r6oefVa/f6y0rjJ4yiiE3SKqshDV6iB7lATtRBBEj2jV/TmGOfFeXc+Fq0FJ585Rn/gfP4AUleQpA==</latexit>

�1(q)

<latexit sha1_base64="xpbTcogvNC0EndDeXRd9m18IEbk=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69BItQLyUpUj0WvXisYGshDWWz3bRL9yPuboQS+jO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KGFUG8/7dgpr6xubW8Xt0s7u3v5B+fCoo2WqMGljyaTqRkgTRgVpG2oY6SaKIB4x8hCNb2b+wxNRmkpxbyYJCTkaChpTjIyVgt4QcY769erjeb9c8WreHO4q8XNSgRytfvmrN5A45UQYzJDWge8lJsyQMhQzMi31Uk0ShMdoSAJLBeJEh9n85Kl7ZpWBG0tlSxh3rv6eyBDXesIj28mRGellbyb+5wWpia/CjIokNUTgxaI4Za6R7ux/d0AVwYZNLEFYUXuri0dIIWxsSiUbgr/88irp1Gt+o9a4u6g0r/M4inACp1AFHy6hCbfQgjZgkPAMr/DmGOfFeXc+Fq0FJ585hj9wPn8AU96QpQ==</latexit>

�2(q)

<latexit sha1_base64="AaEHDnog5CfQZoIvvzEBgFm47MY=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYhDiJeyqRI9BLx4jmAdsljA7mU2GzGOdmRXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEka18bxvZ2V1bX1js7BV3N7Z3dsvHRy2tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoduq3n4jSVIoHM05IyNFA0JhiZKwUdAeIc9S7qDye9Uplr+rN4C4TPydlyNHolb66fYlTToTBDGkd+F5iwgwpQzEjk2I31SRBeIQGJLBUIE50mM1OnrinVum7sVS2hHFn6u+JDHGtxzyynRyZoV70puJ/XpCa+DrMqEhSQwSeL4pT5hrpTv93+1QRbNjYEoQVtbe6eIgUwsamVLQh+IsvL5PWedWvVWv3l+X6TR5HAY7hBCrgwxXU4Q4a0AQMEp7hFd4c47w4787HvHXFyWeO4A+czx9VZZCm</latexit>

�3(q)

<latexit sha1_base64="rBnZRiRQqhp+6x7xu5QI8UVaC50=">AAAB8nicbVBNSwMxEM36WetX1aOXYBHqpexKqR6LXjxWsB+wXcpsmm1Dk82aZIWy9Gd48aCIV3+NN/+NabsHbX0w8Hhvhpl5YcKZNq777aytb2xubRd2irt7+weHpaPjtpapIrRFJJeqG4KmnMW0ZZjhtJsoCiLktBOOb2d+54kqzWT8YCYJDQQMYxYxAsZKfm8IQkC/Vnm86JfKbtWdA68SLydllKPZL331BpKkgsaGcNDa99zEBBkowwin02Iv1TQBMoYh9S2NQVAdZPOTp/jcKgMcSWUrNniu/p7IQGg9EaHtFGBGetmbif95fmqi6yBjcZIaGpPFoijl2Eg8+x8PmKLE8IklQBSzt2IyAgXE2JSKNgRv+eVV0r6sevVq/b5WbtzkcRTQKTpDFeShK9RAd6iJWoggiZ7RK3pzjPPivDsfi9Y1J585QX/gfP4AVuyQpw==</latexit>

�4(q)
<latexit sha1_base64="Obgct7mf5IpcagUacPk+I/Ert5Q=">AAAB8nicbVDLSgNBEOz1GeMr6tHLYhDiJeyKRo9BLx4jmAdsljA7mU2GzGOdmRXCks/w4kERr36NN//GSbIHTSxoKKq66e6KEka18bxvZ2V1bX1js7BV3N7Z3dsvHRy2tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoduq3n4jSVIoHM05IyNFA0JhiZKwUdAeIc9S7rDye9Uplr+rN4C4TPydlyNHolb66fYlTToTBDGkd+F5iwgwpQzEjk2I31SRBeIQGJLBUIE50mM1OnrinVum7sVS2hHFn6u+JDHGtxzyynRyZoV70puJ/XpCa+DrMqEhSQwSeL4pT5hrpTv93+1QRbNjYEoQVtbe6eIgUwsamVLQh+IsvL5PWedWvVWv3F+X6TR5HAY7hBCrgwxXU4Q4a0AQMEp7hFd4c47w4787HvHXFyWeO4A+czx9Yc5Co</latexit>

�5(q)
<latexit sha1_base64="ipokD1iTDrek14uc4nDg6H/W5Rk=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX7AdinZNNuGJps1mRXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhYngBlz32ymsrW9sbhW3Szu7e/sH5cOjtlGppqxFlVC6GxLDBI9ZCzgI1k00IzIUrBOOb2d+54lpw1X8AJOEBZIMYx5xSsBKfm9IpCT9evXxvF+uuDV3DrxKvJxUUI5mv/zVGyiaShYDFcQY33MTCDKigVPBpqVealhC6JgMmW9pTCQzQTY/eYrPrDLAkdK2YsBz9fdERqQxExnaTklgZJa9mfif56cQXQcZj5MUWEwXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSfui5tVr9fvLSuMmj6OITtApqiIPXaEGukNN1EIUKfSMXtGbA86L8+58LFoLTj5zjP7A+fwBWfqQqQ==</latexit>

�6(q)

<latexit sha1_base64="XsZKdGhofdMzFi9iX9dfFtGx1Z8=">AAAB/HicbVDLSsNAFL3xWesr2qWbwSK4kJKIVDdC0Y3LCvYBbQiT6aQdOpmEmYkQQvwVNy4UceuHuPNvnD4W2npg4HDOvdwzJ0g4U9pxvq2V1bX1jc3SVnl7Z3dv3z44bKs4lYS2SMxj2Q2wopwJ2tJMc9pNJMVRwGknGN9O/M4jlYrF4kFnCfUiPBQsZARrI/l2pR9hPQrCfFT4eXomCnSNfLvq1Jwp0DJx56QKczR9+6s/iEkaUaEJx0r1XCfRXo6lZoTTotxPFU0wGeMh7RkqcESVl0/DF+jEKAMUxtI8odFU/b2R40ipLArM5CSqWvQm4n9eL9XhlZczkaSaCjI7FKYc6RhNmkADJinRPDMEE8lMVkRGWGKiTV9lU4K7+OVl0j6vufVa/f6i2riZ11GCIziGU3DhEhpwB01oAYEMnuEV3qwn68V6tz5moyvWfKcCf2B9/gBBSJSF</latexit>

hu,n =

<latexit sha1_base64="Q1mDWc1LhUXeX5kXyAG/bt4mk9s=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6EUIEcSLEME8IFnC7KQ3GTI7u8zMCiHkI7x4UMSr3+PNv3GS7EETCxqKqm66u4JEcG1c99tZWV1b39jMbeW3d3b39gsHhw0dp4phncUiVq2AahRcYt1wI7CVKKRRILAZDG+mfvMJleaxfDSjBP2I9iUPOaPGSs1bck2q5L5bKLoldwayTLyMFCFDrVv46vRilkYoDRNU67bnJsYfU2U4EzjJd1KNCWVD2se2pZJGqP3x7NwJObVKj4SxsiUNmam/J8Y00noUBbYzomagF72p+J/XTk145Y+5TFKDks0XhakgJibT30mPK2RGjCyhTHF7K2EDqigzNqG8DcFbfHmZNM5LXrlUfrgoVqpZHDk4hhM4Aw8uoQJ3UIM6MBjCM7zCm5M4L8678zFvXXGymSP4A+fzB0aSjj0=</latexit>

F = BM

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M
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User-Location Dependent LSFC Profile

<latexit sha1_base64="It1ZyKXcHRK3xNgBNdsDhBO32kU=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosevFYwX7AdimzabYNTTZrkhXK0p/hxYMiXv013vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VNwRNOYtpyzDDaTdRFETIaScc3878zhNVmsn4wUwSGggYxixiBIyV/N4QhIC+V30875crbs2dA68SLycVlKPZL3/1BpKkgsaGcNDa99zEBBkowwin01Iv1TQBMoYh9S2NQVAdZPOTp/jMKgMcSWUrNniu/p7IQGg9EaHtFGBGetmbif95fmqi6yBjcZIaGpPFoijl2Eg8+x8PmKLE8IklQBSzt2IyAgXE2JRKNgRv+eVV0r6oefVa/f6y0rjJ4yiiE3SKqshDV6iB7lATtRBBEj2jV/TmGOfFeXc+Fq0FJ585Rn/gfP4AUleQpA==</latexit>
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LSFC Profile Clustering

• The ensemble of all LSFC profiles

γ(q) = (γ1(q), γ2(q), . . . , γB(d)) q ∈ D

forms a “source”: we design a VQ for this source and each quantization region Du
(cluster) is associated to an uRA codebook Su, and to a cluster representative gu =

(gu,1, gu,2, . . . , gu,B).
• In the case of standard pathloss radial function, the clusters correspond to Voronoi regions.

RU
Center of location
Location border

13
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of the position given the observation r is proportional to
gpr;0,⌃pqq`Cq�upqq. This yields the MAP position estimator

pq “arg min
qPQu

 
log

`
⇡N |⌃pqq ` C|˘

` log �upqq ` rHp⌃pqq ` Cq´1r
(

. (16)
The active users detected as non-active (misdetection events)
are simply ignored by the system. The false alarms correspond
to users that actually do not exist, and therefore no subsequent
UL or DL data transmission will follow anyway. Hence, eval-
uating the position estimation error is meaningful only for the
UEs that are effectively active and are detected as active.

V. NUMERICAL RESULTS

Fig. 1: City map with buildings in red, vegetation in green and RUs in blue,
aerial image, two examples of LSFC maps in dB for specific RUs

A. Dataset and Experimental Setup

To confirm the effectiveness of the proposed method, we
evaluate it on realistic channel data obtained from ray-tracing
simulations in an urban environment. We use a 3D city model
featuring buildings and trees derived from real world LiDAR
data with RUs placed on the edges of buildings [8]. A two-
dimensional grid of UEs with step-size 1m is placed at 1.5m
height above the ground. The simulation yields the LSFC
between each RU and all of the possible UE locations, ac-
counting for multipath effects such as line-of-sight propagation,
reflections from the ground and building surfaces, diffractions
around building edges and attenuation by tree canopies.

In the top row of Fig. 1, we show the considered environment
depicted as a height map from a birds-eye perspective and a
corresponding aerial image, together with the locations of the
B “ 9 RUs considered. Below, we plot the radio maps con-
taining in each spatial location the LSFC for the corresponding
UE, for two example RUs. The coverage area D is defined
as the set of all UE positions for which the LSFC from at
least one RU is larger than the threshold ´127dB derived as

follows. We consider UL transmit power PT “ 20dBm and
thermal noise power spectral density of N0 “ ´174dBm/Hz.
At W “ 10MHz bandwidth and assuming an idealistic noise
figure of NF “ 0dB, we derive the noise floor as N “
10 log10pW q ` N0 ` NF “ ´104dBm. Hence, we obtain the
SNR as SNR “ PR ´ N “ PT ` �dB ´ N “ 124 dB `�dB,
where �dB denotes the LSFC in dB scale for the considered
RU and UE, and PR “ PT ` �dB is the received signal
power. Only those points that fulfill the very conservative
threshold of SNR • ´3dB for at least one RU are considered
to be relevant for communications and included in D. To

Fig. 2: Network topology with 9 and 18 clusters used in the numerical results
of this paper.

define the clusters Du, for q P D consider the LSFC profile
�dBpqq “ p�b,dBpqqqB

b“1 P RB , where �b,dBpqq is the LSFC
between RU b and UE q in dB scale. We partition the set of
LSFC profiles t�dBpqq : q P Du using k-means clustering, i.e.
we aim to define the k “ U clusters Du, u “ 1, . . . , D so that
the sum of the within-cluster variances

Uÿ

u“1

ÿ

qPDu

}�dBpqq ´ µu}2 (17)

is minimized, where

µu “ 1

|Du|
ÿ

qPDu

�dBpqq (18)

is the centroid of cluster Du [9]. The solution is found numeri-
cally using Lloyd’s algorithm [10]. Notice that the clusters (and
their centers tµuu) are produced off-line and are known for
any given environment. In a practical implementation, any UE
can identify its cluster by receiving orthogonal beacon signals
periodically sent by the RUs in the DL isotropically and at
fixed power, and by performing minimum distance quantization
of the estimated LSFC profile using the cluster centers tµuu
resulting from the Lloyd’s algorithm said above.

We consider M “ 2 antennas at each RU and D is partitioned
into U “ 9 or U “ 18 clusters shown in Fig. 2. Each cluster-
based codebook Su consists of Nu “ 2048 codewords with
block length L “ 1024. The message activity probability is
set as � “ 0.005, fixed for all the clusters. This means that the
average number of active messages per cluster ranges is around
0.005 ˆ 2048 « 10.24. The active UE positions are generated
independently and uniformly on each cluster.

B. Simulation Results
Fig. 3 shows the simulation results of the MD and FA

probabilities for U “ 18 and U “ 9. We observe better
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of the position given the observation r is proportional to
gpr;0,⌃pqq`Cq�upqq. This yields the MAP position estimator

pq “arg min
qPQu
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. (16)
The active users detected as non-active (misdetection events)
are simply ignored by the system. The false alarms correspond
to users that actually do not exist, and therefore no subsequent
UL or DL data transmission will follow anyway. Hence, eval-
uating the position estimation error is meaningful only for the
UEs that are effectively active and are detected as active.

V. NUMERICAL RESULTS

Fig. 1: City map with buildings in red, vegetation in green and RUs in blue,
aerial image, two examples of LSFC maps in dB for specific RUs

A. Dataset and Experimental Setup

To confirm the effectiveness of the proposed method, we
evaluate it on realistic channel data obtained from ray-tracing
simulations in an urban environment. We use a 3D city model
featuring buildings and trees derived from real world LiDAR
data with RUs placed on the edges of buildings [8]. A two-
dimensional grid of UEs with step-size 1m is placed at 1.5m
height above the ground. The simulation yields the LSFC
between each RU and all of the possible UE locations, ac-
counting for multipath effects such as line-of-sight propagation,
reflections from the ground and building surfaces, diffractions
around building edges and attenuation by tree canopies.

In the top row of Fig. 1, we show the considered environment
depicted as a height map from a birds-eye perspective and a
corresponding aerial image, together with the locations of the
B “ 9 RUs considered. Below, we plot the radio maps con-
taining in each spatial location the LSFC for the corresponding
UE, for two example RUs. The coverage area D is defined
as the set of all UE positions for which the LSFC from at
least one RU is larger than the threshold ´127dB derived as

follows. We consider UL transmit power PT “ 20dBm and
thermal noise power spectral density of N0 “ ´174dBm/Hz.
At W “ 10MHz bandwidth and assuming an idealistic noise
figure of NF “ 0dB, we derive the noise floor as N “
10 log10pW q ` N0 ` NF “ ´104dBm. Hence, we obtain the
SNR as SNR “ PR ´ N “ PT ` �dB ´ N “ 124 dB `�dB,
where �dB denotes the LSFC in dB scale for the considered
RU and UE, and PR “ PT ` �dB is the received signal
power. Only those points that fulfill the very conservative
threshold of SNR • ´3dB for at least one RU are considered
to be relevant for communications and included in D. To

Fig. 2: Network topology with 9 and 18 clusters used in the numerical results
of this paper.

define the clusters Du, for q P D consider the LSFC profile
�dBpqq “ p�b,dBpqqqB

b“1 P RB , where �b,dBpqq is the LSFC
between RU b and UE q in dB scale. We partition the set of
LSFC profiles t�dBpqq : q P Du using k-means clustering, i.e.
we aim to define the k “ U clusters Du, u “ 1, . . . , D so that
the sum of the within-cluster variances

Uÿ

u“1

ÿ

qPDu

}�dBpqq ´ µu}2 (17)

is minimized, where

µu “ 1

|Du|
ÿ

qPDu

�dBpqq (18)

is the centroid of cluster Du [9]. The solution is found numeri-
cally using Lloyd’s algorithm [10]. Notice that the clusters (and
their centers tµuu) are produced off-line and are known for
any given environment. In a practical implementation, any UE
can identify its cluster by receiving orthogonal beacon signals
periodically sent by the RUs in the DL isotropically and at
fixed power, and by performing minimum distance quantization
of the estimated LSFC profile using the cluster centers tµuu
resulting from the Lloyd’s algorithm said above.

We consider M “ 2 antennas at each RU and D is partitioned
into U “ 9 or U “ 18 clusters shown in Fig. 2. Each cluster-
based codebook Su consists of Nu “ 2048 codewords with
block length L “ 1024. The message activity probability is
set as � “ 0.005, fixed for all the clusters. This means that the
average number of active messages per cluster ranges is around
0.005 ˆ 2048 « 10.24. The active UE positions are generated
independently and uniformly on each cluster.

B. Simulation Results
Fig. 3 shows the simulation results of the MD and FA

probabilities for U “ 18 and U “ 9. We observe better
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Our Idea: Location-based uRA code partitioning

• All users in “location” u ∈ U make use of codebook Su.
• The detector assumes users in the same cluster as co-located, having the same cluster

representative LSFC profile gu.
• This establishes a fixed relation between codewords and LSFCs.
• B. Cakmak, E. Gkiouzepi, M. Opper, and G. Caire. ”Joint message detection and channel estimation
for unsourced random access in cell-free user-centric wireless networks.” IEEE Transactions on Information
Theory (2025).
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X1

<latexit sha1_base64="zZNSjGhIpTxQ1Uj0IgZUmmxq/Rs=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaKr2XRjcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz7Sy09UDgcM693JMTJIJr4zjfqLS2vrG5Vd6u7Ozu7R9UD486Ok4VZW0ai1j1AqKZ4JK1DTeC9RLFSBQI1g0md7nffWJK81g+mmnC/IiMJA85JcZKnhcRMw7CrDdozAbVmlN35sCrxC1IDQq0BtUvbxjTNGLSUEG07rtOYvyMKMOpYLOKl2qWEDohI9a3VJKIaT+bZ57hM6sMcRgr+6TBc/X3RkYiradRYCfzjHrZy8X/vH5qwhs/4zJJDZN0cShMBTYxzgvAQ64YNWJqCaGK26yYjoki1NiaKrYEd/nLq6TTqLtX9cuHi1rztqijDCdwCufgwjU04R5a0AYKCTzDK7yhFL2gd/SxGC2hYucY/gB9/gD9zJGr</latexit>

X2

<latexit sha1_base64="MCCCHUQxV1+vkxTCKFFs7lX6Zno=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiS+l0U3LivYBzShTKaTduhkEuYhlNDfcONCEbf+jDv/xkmbhbYeGDiccy/3zAlTzpR23W+ntLK6tr5R3qxsbe/s7lX3D9oqMZLQFkl4IrshVpQzQVuaaU67qaQ4DjnthOO73O88UalYIh71JKVBjIeCRYxgbSXfj7EehVHW7Z9P+9WaW3dnQMvEK0gNCjT71S9/kBATU6EJx0r1PDfVQYalZoTTacU3iqaYjPGQ9iwVOKYqyGaZp+jEKgMUJdI+odFM/b2R4VipSRzayTyjWvRy8T+vZ3R0E2RMpEZTQeaHIsORTlBeABowSYnmE0swkcxmRWSEJSba1lSxJXiLX14m7bO6d1W/fLioNW6LOspwBMdwCh5cQwPuoQktIJDCM7zCm2OcF+fd+ZiPlpxi5xD+wPn8Af9Rkaw=</latexit>

X3

<latexit sha1_base64="I6uF35Fa7n7+L0XaVHlHSyV+L6I=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcuK9gGdoWTSTBuaZIYkI5Shv+HGhSJu/Rl3/o2ZdhbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTj29zvPFGlWSwfzSShgcBDySJGsLGS7wtsRmGUPfS9ab9ac+vuDGiZeAWpQYFmv/rlD2KSCioN4VjrnucmJsiwMoxwOq34qaYJJmM8pD1LJRZUB9ks8xSdWGWAoljZJw2aqb83Miy0nojQTuYZ9aKXi/95vdRE10HGZJIaKsn8UJRyZGKUF4AGTFFi+MQSTBSzWREZYYWJsTVVbAne4peXSfus7l3WL+7Pa42boo4yHMExnIIHV9CAO2hCCwgk8Ayv8Oakzovz7nzMR0tOsXMIf+B8/gD0pJGl</latexit>

S1
<latexit sha1_base64="1OwXmxYLXngpjDDkLqfkhSm75pg=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnRPqAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJaPZpIwPyJDyUNOibGS50XEjIIwe+jXp/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD2KZGm</latexit>

S2
<latexit sha1_base64="8TDsfA3tPAyX3J/i2ynjgc60Jhg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsz4XhbduKxoH9AZSibNtKFJZkgyQhn6G25cKOLWn3Hn35hpZ6HVA4HDOfdyT06YcKaN6345paXlldW18nplY3Nre6e6u9fWcaoIbZGYx6obYk05k7RlmOG0myiKRchpJxzf5H7nkSrNYvlgJgkNBB5KFjGCjZV8X2AzCqPsvn867Vdrbt2dAf0lXkFqUKDZr376g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQTbLPEVHVhmgKFb2SYNm6s+NDAutJyK0k3lGvejl4n9eLzXRVZAxmaSGSjI/FKUcmRjlBaABU5QYPrEEE8VsVkRGWGFibE0VW4K3+OW/pH1S9y7q53dntcZ1UUcZDuAQjsGDS2jALTShBQQSeIIXeHVS59l5c97noyWn2NmHX3A+vgH3rpGn</latexit>

S3

<latexit sha1_base64="YtcMGL0LiTvUe3DfQPbRXSE/CdE=">AAAB8XicbVBNT8JAEN3iF+IX6tFLIzHxRFrj15HoxSMaC0RoyHaZwobtttmdGknDv/DiQWO8+m+8+W9coAcFXzLJy3szmZkXJIJrdJxvq7C0vLK6VlwvbWxube+Ud/caOk4VA4/FIlatgGoQXIKHHAW0EgU0CgQ0g+H1xG8+gtI8lvc4SsCPaF/ykDOKRnroIDxhdufpcbdccarOFPYicXNSITnq3fJXpxezNAKJTFCt266ToJ9RhZwJGJc6qYaEsiHtQ9tQSSPQfja9eGwfGaVnh7EyJdGeqr8nMhppPYoC0xlRHOh5byL+57VTDC/9jMskRZBstihMhY2xPXnf7nEFDMXIEMoUN7fabEAVZWhCKpkQ3PmXF0njpOqeV89uTyu1qzyOIjkgh+SYuOSC1MgNqROPMCLJM3klb5a2Xqx362PWWrDymX3yB9bnD/BMkRs=</latexit>

RUsclusters/subcodes

16
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Trigger Frame and LSFC Cluster

• How can the “idle” UEs determine in which LSFC cluster they are?
• In the trigger frame announcing the RACH slot, all RUs send a unique signature sequence

(with possible large spatial reuse factor). Each UE can measure the received power for each
sequence and map the vector of RSSs into a region index , e.g., see:
• Testi, Enrico, Andrea Giorgetti, and Giuseppe Caire. ”Weighted Centroid Localization in Cell-Free mMIMO: A
Stochastic Geometry Perspective.” IEEE Transactions on Wireless Communications 25 (2026): 13042-13055.

Quantize

cluster index selects the uRA codebook

17



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Problem: find the “active codewords”

+=
<latexit sha1_base64="8nal5v5QsD9yug/xRUMSIV7IN3M=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRnxtSy6cVnBPrQtJZPeaUMzmSHJCGXoX7hxoYhb/8adf2OmnYW2HggczrmXnHv8WHBtXPfbWVpeWV1bL2wUN7e2d3ZLe/sNHSWKYZ1FIlItn2oUXGLdcCOwFSukoS+w6Y9uMr/5hErzSN6bcYzdkA4kDzijxkqPnZCaoR+kD5NeqexW3CnIIvFyUoYctV7pq9OPWBKiNExQrdueG5tuSpXhTOCk2Ek0xpSN6ADblkoaou6m08QTcmyVPgkiZZ80ZKr+3khpqPU49O1kllDPe5n4n9dOTHDVTbmME4OSzT4KEkFMRLLzSZ8rZEaMLaFMcZuVsCFVlBlbUtGW4M2fvEgapxXvonJ+d1auXud1FOAQjuAEPLiEKtxCDerAQMIzvMKbo50X5935mI0uOfnOAfyB8/kD0V6RBw==</latexit>

Y
<latexit sha1_base64="QFLV2vkl2T42kDuNkqTVKAtjNVo=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcsK9oFtKZn0ThuayQxJRihD/8KNC0Xc+jfu/Bsz7Sy09UDgcM695Nzjx4Jr47rfTmFldW19o7hZ2tre2d0r7x80dZQohg0WiUi1fapRcIkNw43AdqyQhr7Alj++zfzWEyrNI/lgJjH2QjqUPOCMGis9dkNqRn6Qtqb9csWtujOQZeLlpAI56v3yV3cQsSREaZigWnc8Nza9lCrDmcBpqZtojCkb0yF2LJU0RN1LZ4mn5MQqAxJEyj5pyEz9vZHSUOtJ6NvJLKFe9DLxP6+TmOC6l3IZJwYlm38UJIKYiGTnkwFXyIyYWEKZ4jYrYSOqKDO2pJItwVs8eZk0z6reZfXi/rxSu8nrKMIRHMMpeHAFNbiDOjSAgYRneIU3RzsvzrvzMR8tOPnOIfyB8/kDzlSRBQ==</latexit>

W

<latexit sha1_base64="cYqsjsIpvgo3CpgBD5hnZA+xipQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYWmlMl00g6dTMLMjVBCf8ONC0Xc+jPu/BsnbRbaemDgcM693DMnSKQw6LrfTmlldW19o7xZ2dre2d2r7h88mjjVjLdYLGPdCajhUijeQoGSdxLNaRRI3g7Gt7nffuLaiFg94CThvYgOlQgFo2gl348ojoIw6/S9ab9ac+vuDGSZeAWpQYFmv/rlD2KWRlwhk9SYrucm2MuoRsEkn1b81PCEsjEd8q6likbc9LJZ5ik5scqAhLG2TyGZqb83MhoZM4kCO5lnNIteLv7ndVMMr3uZUEmKXLH5oTCVBGOSF0AGQnOGcmIJZVrYrISNqKYMbU0VW4K3+OVl8nhW9y7rF/fntcZNUUcZjuAYTsGDK2jAHTShBQwSeIZXeHNS58V5dz7moyWn2DmEP3A+fwD8R5Gq</latexit>

X1

<latexit sha1_base64="zZNSjGhIpTxQ1Uj0IgZUmmxq/Rs=">AAAB83icbVDLSgMxFL2pr1pfVZdugkVwVWaKr2XRjcsK9gGdoWTSTBuayQxJRihDf8ONC0Xc+jPu/Bsz7Sy09UDgcM693JMTJIJr4zjfqLS2vrG5Vd6u7Ozu7R9UD486Ok4VZW0ai1j1AqKZ4JK1DTeC9RLFSBQI1g0md7nffWJK81g+mmnC/IiMJA85JcZKnhcRMw7CrDdozAbVmlN35sCrxC1IDQq0BtUvbxjTNGLSUEG07rtOYvyMKMOpYLOKl2qWEDohI9a3VJKIaT+bZ57hM6sMcRgr+6TBc/X3RkYiradRYCfzjHrZy8X/vH5qwhs/4zJJDZN0cShMBTYxzgvAQ64YNWJqCaGK26yYjoki1NiaKrYEd/nLq6TTqLtX9cuHi1rztqijDCdwCufgwjU04R5a0AYKCTzDK7yhFL2gd/SxGC2hYucY/gB9/gD9zJGr</latexit>

X2

<latexit sha1_base64="MCCCHUQxV1+vkxTCKFFs7lX6Zno=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiS+l0U3LivYBzShTKaTduhkEuYhlNDfcONCEbf+jDv/xkmbhbYeGDiccy/3zAlTzpR23W+ntLK6tr5R3qxsbe/s7lX3D9oqMZLQFkl4IrshVpQzQVuaaU67qaQ4DjnthOO73O88UalYIh71JKVBjIeCRYxgbSXfj7EehVHW7Z9P+9WaW3dnQMvEK0gNCjT71S9/kBATU6EJx0r1PDfVQYalZoTTacU3iqaYjPGQ9iwVOKYqyGaZp+jEKgMUJdI+odFM/b2R4VipSRzayTyjWvRy8T+vZ3R0E2RMpEZTQeaHIsORTlBeABowSYnmE0swkcxmRWSEJSba1lSxJXiLX14m7bO6d1W/fLioNW6LOspwBMdwCh5cQwPuoQktIJDCM7zCm2OcF+fd+ZiPlpxi5xD+wPn8Af9Rkaw=</latexit>

X3

<latexit sha1_base64="I6uF35Fa7n7+L0XaVHlHSyV+L6I=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIr2XRjcuK9gGdoWTSTBuaZIYkI5Shv+HGhSJu/Rl3/o2ZdhbaeiBwOOde7skJE860cd1vp7Syura+Ud6sbG3v7O5V9w/aOk4VoS0S81h1Q6wpZ5K2DDOcdhNFsQg57YTj29zvPFGlWSwfzSShgcBDySJGsLGS7wtsRmGUPfS9ab9ac+vuDGiZeAWpQYFmv/rlD2KSCioN4VjrnucmJsiwMoxwOq34qaYJJmM8pD1LJRZUB9ks8xSdWGWAoljZJw2aqb83Miy0nojQTuYZ9aKXi/95vdRE10HGZJIaKsn8UJRyZGKUF4AGTFFi+MQSTBSzWREZYYWJsTVVbAne4peXSfus7l3WL+7Pa42boo4yHMExnIIHV9CAO2hCCwgk8Ayv8Oakzovz7nzMR0tOsXMIf+B8/gD0pJGl</latexit>

S1
<latexit sha1_base64="1OwXmxYLXngpjDDkLqfkhSm75pg=">AAAB83icbVDLSgMxFL3xWeur6tJNsAiuykzxtSy6cVnRPqAzlEyaaUMzmSHJCGXob7hxoYhbf8adf2OmnYW2HggczrmXe3KCRHBtHOcbrayurW9slrbK2zu7e/uVg8O2jlNFWYvGIlbdgGgmuGQtw41g3UQxEgWCdYLxbe53npjSPJaPZpIwPyJDyUNOibGS50XEjIIwe+jXp/1K1ak5M+Bl4hakCgWa/cqXN4hpGjFpqCBa91wnMX5GlOFUsGnZSzVLCB2TIetZKknEtJ/NMk/xqVUGOIyVfdLgmfp7IyOR1pMosJN5Rr3o5eJ/Xi814bWfcZmkhkk6PxSmApsY5wXgAVeMGjGxhFDFbVZMR0QRamxNZVuCu/jlZdKu19zL2sX9ebVxU9RRgmM4gTNw4QoacAdNaAGFBJ7hFd5Qil7QO/qYj66gYucI/gB9/gD2KZGm</latexit>

S2
<latexit sha1_base64="8TDsfA3tPAyX3J/i2ynjgc60Jhg=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsz4XhbduKxoH9AZSibNtKFJZkgyQhn6G25cKOLWn3Hn35hpZ6HVA4HDOfdyT06YcKaN6345paXlldW18nplY3Nre6e6u9fWcaoIbZGYx6obYk05k7RlmOG0myiKRchpJxzf5H7nkSrNYvlgJgkNBB5KFjGCjZV8X2AzCqPsvn867Vdrbt2dAf0lXkFqUKDZr376g5ikgkpDONa657mJCTKsDCOcTit+qmmCyRgPac9SiQXVQTbLPEVHVhmgKFb2SYNm6s+NDAutJyK0k3lGvejl4n9eLzXRVZAxmaSGSjI/FKUcmRjlBaABU5QYPrEEE8VsVkRGWGFibE0VW4K3+OW/pH1S9y7q53dntcZ1UUcZDuAQjsGDS2jALTShBQQSeIIXeHVS59l5c97noyWn2NmHX3A+vgH3rpGn</latexit>

S3

<latexit sha1_base64="YtcMGL0LiTvUe3DfQPbRXSE/CdE=">AAAB8XicbVBNT8JAEN3iF+IX6tFLIzHxRFrj15HoxSMaC0RoyHaZwobtttmdGknDv/DiQWO8+m+8+W9coAcFXzLJy3szmZkXJIJrdJxvq7C0vLK6VlwvbWxube+Ud/caOk4VA4/FIlatgGoQXIKHHAW0EgU0CgQ0g+H1xG8+gtI8lvc4SsCPaF/ykDOKRnroIDxhdufpcbdccarOFPYicXNSITnq3fJXpxezNAKJTFCt266ToJ9RhZwJGJc6qYaEsiHtQ9tQSSPQfja9eGwfGaVnh7EyJdGeqr8nMhppPYoC0xlRHOh5byL+57VTDC/9jMskRZBstihMhY2xPXnf7nEFDMXIEMoUN7fabEAVZWhCKpkQ3PmXF0njpOqeV89uTyu1qzyOIjkgh+SYuOSC1MgNqROPMCLJM3klb5a2Xqx362PWWrDymX3yB9bnD/BMkRs=</latexit>

RUsclusters/subcodes

• Find the transmitted columns of the matrices {Su : u ∈ [U ]}
• Find the non-zero rows of the matrices {Xu : u ∈ [U ]}
• The Nu × F matrices Xu have i.i.d rows and are “row sparse” due to the Bernoulli random

activity (an average fraction (1− λu) of rows is identically zero).
• For the sake of analysis, we choose Su ∼i.i.d. CN (0, 1/L) of dimensions L × Nu, and we

assume Nu/L = αu as L→∞ (system scaling parameter).
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Multisource AMP (1)

For the system at hand, we consider the following AMP algorithm:

• Initialize: X
(1)
u = 0 for u ∈ [U ] and Z(0) = 0.

• For iteration steps t = 1, 2, . . . , T , repeat:

V(t)
u = SuX

(t)
u − αuZ(t−1)Q(t)

u (1a)

Z(t) = Y −
U∑

u=1

V(t)
u (1b)

R(t)
u = SH

uZ
(t) + X(t)

u (1c)

X(t+1)
u = ηu,t(R

(t)
u ) (1d)

19



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Multisource AMP (2)

• where ηu,t(·) : CF → CF is an appropriately defined deterministic and (u, t)-
dependent “denoiser” function.

• ηu,t(·) applied to an Nu × F matrix Ru denotes the N × F matrix with its nth
row given by ηu,t(rn), i.e.,

ηu,t(R) = [ηu,t(r1)>, ηu,t(r2)>, · · · , ηu,t(rNu)>]> .

• where we define the expectation of the Jacobian matrix

Q(t+1)
u

.
= E[η′u,t(xu + φ(t))],

with Q
(1)
u = 0, xu is a random vector distributed as the rows of Xu, and

{φ(t)}t∈[T ] is a Gaussian process (see later) independent of xu.

20



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

State Evolution

Definition 1. (State Evolution) Let {φ(t) ∈ C1×F}t∈[T ] be a zero-mean
(discrete-time) Gaussian process with its two-time covariances C(t,s) .

=
E[(φ(t))Hφ(s)] for all t, s ∈ [T ] constructed recursively according to

C(t,s) = σ2
wI +

U∑

u=1

αuE[(x(t)
u − xu)H(x(s)

u − xu)] , (2)

where we define the random vectors for t ∈ [T ] and u ∈ [U ]

x(t+1)
u := ηu,t(xu + φ(t)), (3)

independent of x
(1)
u . ♦
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Main Result

Theorem 1. Under mild assumptions on the distribution of the rows of Xu, with
i.i.d. sub-Gaussian elements of S, for large L with Nu/L = αu and finite U and
F , and differentiable and Lipschitz-continuous denoiser function ηu,t, we have

R(t)
u ' Xu + Φ(t)

u

where Φ(t)
u ∼i.i.d. φ

(t) with the Gaussian processes φ(t) given by the SE and the
elements in the set {Φ(t)

u ,Xu}u∈[U ] are all mutually independent. �

• This result is proved for any large but finite L in:

B. Cakmak, E. Gkiouzepi, M. Opper, and GC. “Joint message detection and channel estimation for unsourced

random access in cell-free user-centric wireless networks.” IEEE Trans. on IT, (2025).
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“Operational” corollaries

• Decoupling principle: any n-th row of R
(t)
u has the asymptotic (large L)

statistics
r(t)
u,n ∼ xu,n + φ(t)

u,n

where φ(t)
u,n ∼ CN (0,C(t,t)).

• Convergence of the empirical squared error:

1

Nu
(Xu −X(t)

u )H(Xu −X(t)
u )

a.s.→ E
[
(xu − x(t)

u )H(xu − x(t)
u )
]
.
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MSE and PME Bayesian Denoiser

• The decoupling principle and the MSE suggest to choose ηu,t(·) in order to
minimize E

[
(xu − x

(t)
u )H(xu − x

(t)
u )
]
.

• This yields the Posterior Mean Estimator (PME) for xu form the observation
r

(t)
u = xu + φ(t), i.e.,

ηu,t(r) = E[xu|r(t)
u ]

• Interestingly, both ηu,t(r) and its Jacobian matrix η′u,t(r) can be obtained in
closed form.
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Closed-Form Expressions

• Consider the conditional mean η(r)
∆
= E[ah|r] with a ∼ Bern(λ), and r =

ah + φ with h,φ and a independent.

• We have the general simple result:

η(r) =
E[h|r, a = 1]

1 + Λmap(r)

where
Λmap(r) =

(
1− λ
λ

)
p(r|a = 0)

p(r|a = 1)
and where

Λmap(r)
a=0

R
a=1

1

the maximum a posteriori probability (MAP) decision test of a.
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Closed-Form Expressions

• In particular, for h ∼ CN (0,Σ), and φ ∼ CN (0,C), we have

E[h|r, a = 1] = r(Σ + C)−1Σ

Λmap(r) =

(
1− λ
λ

) |Σ + C|
|C| e−r(C−1−(Σ+C)−1)rH .

• We can also obtain the Jacobian matrix in the appealing compact form

η′(r) =
(Σ + C)−1Σ

1 + Λmap(r)
+ Λmap(r)C−1η(r)Hη(r)
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Message Detection (1)

• Consider the AMP output after T iterations.

• Let C := C(T,T ) and Ru := R
(T )
u ∼ Xu + Φ(T )

u . The decoupled channel
model suggests a row-by-row Neyman-Pearson binary test for the detection
(active/inactive) of message (u, n) with the two hypotheses:

rn,u ∼
{
CN (0,C) an,u = 0 (Hypothesis H0)
CN (0,Σu + C) an,u = 1 (Hypothesis H1)

• Although we use the prior activity probability λ for the PME denoiser, we
prefer to use a Neyman-Pearson test for message activity detection since
MD and FA probabilities have a different impact on the system performance.
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Message Detection (2)

• The LLR threshold test yields a decision metric in the form of a Hermitian
Quadratic form of Gaussian Circularly Symmetric Random Variables (HQF-
GRV) under both H0 and H1.

• As a consequence, the MD and FA probabilities can be computed in closed
form!!! (or approximated with any desired degree of accuracy using the
method of Laplace Inversion with Gauss-Chebyshev Quadrature Rules.

• Ventura-Traveset, Javier, Giuseppe Caire, Ezio Biglieri, and Giorgio Taricco. ”Impact of diversity reception on

fading channels with coded modulation. I. Coherent detection.” IEEE Transactions on Communications 45, no. 5

(2002): 563-572.
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Achievable rate in the ACK/DL transmission

• Based on the active message channel estimates, for each UE (detected
active message) we allocate a user-centric cluster corresponding by the Q
RUs b ∈ [B] with largest g̃u,b.

• We use MRT to transmit a beamformed coded ACK to the users (and possibly
allocate resource for further data communication).

• Using the asymptotic analysis, we obtain the semi-closed form ergodic rate
expression:

RUatF
u,n = log

(
1 +

∣∣∑
b∈CuMu,b

∣∣2

σ2
w/ρDL +

∑
b∈Cu Vu,b + L

∑
u′∈[U ]

∑
b∈Cu′

λu′αu′g̃u,bZu′,b

)
,

where, for all (u, b) ∈ [U ]× [B], we define

Mu,b
∆
= E

[
hu,b ηu,T (hu,b + zbC

1
2
b )

H|hu, z ∈ Eu
]

Vu,b ∆
= Var

(
hu,b ηu,T (hu,b + zbC

1
2
b )

H|hu, z ∈ Eu
)
,
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and the Tx power normalization coefficient

ρDL =
1

L

∑U
u=1 λuαu∑B

b=1

∑
u∈Sb λuαuZu,b

with

Zu,b ∆
= (1− Pmd

u )E
[
‖ηu,T (hu,b + zbC

1
2
b )‖2 | z,hu ∈ Eu

]

+(λ−1
u − 1)Pfa

uE
[
‖ηu,T (zbC

1
2
b )‖2 | z ∈ Fu

]
.

where hu ∼ CN (0,Σu), z ∼i.i.d. CN (0, 1) are mutually independent, hu,b and
zb denote the b-th segment of size 1 ×M of uu and z, respectively, and the
events Eu and Fu are correct detection and false alarm events.
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“Wyner model” with U = B = 2

21 12

11 22

1=0.1 2=0.4
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Toy Setup with U = B = 2

• N1 = N2 = 2048, L = 1024, SNR= 10 dB, λ1 = 0.1, λ2 = 0.2, M = 2.
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More Realistic Setup U = 16, B = 12

• Nu = 2048, L = 1024, realistic SNR and distance dependent pathloss model,
λu ∈ {0.01, 0.03}, repeated in a periodic pattern.

RU
Center of location
Location border
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More Realistic Setup U = 16, B = 12

• We choose to work at the point where Pfa = Pmd. 34

Operating point

Fig. 7. Operational tradeoff curve of the message detector with 10 independent instances from AMP for the CF network of

Fig. 5 with Nu = 2048, L = 1024, M = 2, and SNRrx = 10 dB.

set of distance-dependent large-scale fading coefficients between the user and the RUs. In the

uRA setting, users can transmit any codeword from a common codebook. It is therefore not

possible to associate in a fixed manner a given access codeword to a given set of large-scale

propagation coefficients (unlike the problem of activity detection with known user locations and

fixed association between activity signature sequences and users). We circumvent this problem

by proposing a partitioned access codebook associating sub-codebooks to locations, such that

users in a given location select codewords from the corresponding codebook. For this system,

we propose a centralized AMP algorithm for joint uRA message detection and CSI estimation.

The rigorous analysis of this AMP scheme is novel and does not reduces immediately to a

known case for which the asymptotic SE analysis and concentration result has been rigorously

proved. In fact, our results yield immediately other known concentration results the classical

AMP and the MMV-AMP, obtained as special cases of our general setting for U = F = 1

and for U = 1, F > 1, respectively. In addition, we also show the consistency of the replica

symmetry (non-rigorous) results with the rigorous SE analysis.

Based on our analysis, a rigorous (asymptotic) characterization of the statistics at the output

34
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More Realistic Setup U = 16, B = 12

• In these conditions, the channel estimation for the messages in Ad is
excellent: 35

Fig. 8. Channel estimation error for the genie-aided MMSE, the asymptotic theory (AMP), and 5 independent instances of

AMP.

of the AMP detection/estimation scheme are given. Using these statistics, we can provide very

accurate and almost closed-form expressions for the FA and MD probabilities of the uRA

messages. Also, using the asymptotic statistics, simple and almost closed-form expressions for the

achievable user rate in a subsequent transmission phase are obtained. For simplicity, we focused

here on the downlink transmission based on MRT, which requires only per-RU local combining

CSI. However, in a similar manner, expressions for other forms of combining/precoding can be

obtained for both downlink and uplink transmission (in the latter case, after the RACH slot the

user would append a data communication slot as in the scheme of [29]).

An interesting extension is the case where the number of antennas per RU scales with the

number of uRA messages (i.e., with L). In this case, we let the number of antennas per RU

be equal to mM , where M is fixed (constant with L) and m/L = β. Then, each block of M
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More Realistic Setup U = 16, B = 12

• Ergodic rate CDF (over the user population) for the MRT downlink
transmission.

0.35 0.45 0.55 0.65 0.75
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0.2

0.4
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Non-Colocated Users and RSS-based positioning

• For each message in Âu, the system assumes that it is transmitted by some user in position
q ∈ Du.

• In this case, the conditional statistics are Bernoulli-Gaussian Mixture and denoising function
and message decision metric are more complicated (no simple closed-forms).

• Consider a discrete grid Qu ⊂ Du and, under the condition that message (u, n) is active,
we use the conditional distribution of ru,n ∼ g(r; 0,Σ(q) + C).

• This yields the MAP position estimator

q̂ =arg min
q∈Qu

{
log
(
π
N |Σ(q) + C|

)
+ logPu(q) + r

H
(Σ(q) + C)

−1
r
}
.

• To quantify the performance of this position estimator, we compare with an “oracle” that, for
all active user in some (unquantized) positions q0 ∼ fu(·), finds the point on the grid Qu at
minimum distance, i.e., finds q? = arg min

q∈Qu
|q − q0|.
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Localization of random access users

• Case of radial pathloss function (triangular clusters of side 0.1 km).

• The localization performance is dominated by the grid quantization.
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Localization of random access users

• Case of realistic (ray-tracing) pathloss function.

of the position given the observation r is proportional to
gpr;0,⌃pqq`Cq�upqq. This yields the MAP position estimator

pq “arg min
qPQu

 
log

`
⇡N |⌃pqq ` C|˘

` log �upqq ` rHp⌃pqq ` Cq´1r
(

. (16)
The active users detected as non-active (misdetection events)
are simply ignored by the system. The false alarms correspond
to users that actually do not exist, and therefore no subsequent
UL or DL data transmission will follow anyway. Hence, eval-
uating the position estimation error is meaningful only for the
UEs that are effectively active and are detected as active.

V. NUMERICAL RESULTS

Fig. 1: City map with buildings in red, vegetation in green and RUs in blue,
aerial image, two examples of LSFC maps in dB for specific RUs

A. Dataset and Experimental Setup

To confirm the effectiveness of the proposed method, we
evaluate it on realistic channel data obtained from ray-tracing
simulations in an urban environment. We use a 3D city model
featuring buildings and trees derived from real world LiDAR
data with RUs placed on the edges of buildings [8]. A two-
dimensional grid of UEs with step-size 1m is placed at 1.5m
height above the ground. The simulation yields the LSFC
between each RU and all of the possible UE locations, ac-
counting for multipath effects such as line-of-sight propagation,
reflections from the ground and building surfaces, diffractions
around building edges and attenuation by tree canopies.

In the top row of Fig. 1, we show the considered environment
depicted as a height map from a birds-eye perspective and a
corresponding aerial image, together with the locations of the
B “ 9 RUs considered. Below, we plot the radio maps con-
taining in each spatial location the LSFC for the corresponding
UE, for two example RUs. The coverage area D is defined
as the set of all UE positions for which the LSFC from at
least one RU is larger than the threshold ´127dB derived as

follows. We consider UL transmit power PT “ 20dBm and
thermal noise power spectral density of N0 “ ´174dBm/Hz.
At W “ 10MHz bandwidth and assuming an idealistic noise
figure of NF “ 0dB, we derive the noise floor as N “
10 log10pW q ` N0 ` NF “ ´104dBm. Hence, we obtain the
SNR as SNR “ PR ´ N “ PT ` �dB ´ N “ 124 dB `�dB,
where �dB denotes the LSFC in dB scale for the considered
RU and UE, and PR “ PT ` �dB is the received signal
power. Only those points that fulfill the very conservative
threshold of SNR • ´3dB for at least one RU are considered
to be relevant for communications and included in D. To

Fig. 2: Network topology with 9 and 18 clusters used in the numerical results
of this paper.

define the clusters Du, for q P D consider the LSFC profile
�dBpqq “ p�b,dBpqqqB

b“1 P RB , where �b,dBpqq is the LSFC
between RU b and UE q in dB scale. We partition the set of
LSFC profiles t�dBpqq : q P Du using k-means clustering, i.e.
we aim to define the k “ U clusters Du, u “ 1, . . . , D so that
the sum of the within-cluster variances

Uÿ

u“1

ÿ

qPDu

}�dBpqq ´ µu}2 (17)

is minimized, where

µu “ 1

|Du|
ÿ

qPDu

�dBpqq (18)

is the centroid of cluster Du [9]. The solution is found numeri-
cally using Lloyd’s algorithm [10]. Notice that the clusters (and
their centers tµuu) are produced off-line and are known for
any given environment. In a practical implementation, any UE
can identify its cluster by receiving orthogonal beacon signals
periodically sent by the RUs in the DL isotropically and at
fixed power, and by performing minimum distance quantization
of the estimated LSFC profile using the cluster centers tµuu
resulting from the Lloyd’s algorithm said above.

We consider M “ 2 antennas at each RU and D is partitioned
into U “ 9 or U “ 18 clusters shown in Fig. 2. Each cluster-
based codebook Su consists of Nu “ 2048 codewords with
block length L “ 1024. The message activity probability is
set as � “ 0.005, fixed for all the clusters. This means that the
average number of active messages per cluster ranges is around
0.005 ˆ 2048 « 10.24. The active UE positions are generated
independently and uniformly on each cluster.

B. Simulation Results
Fig. 3 shows the simulation results of the MD and FA

probabilities for U “ 18 and U “ 9. We observe better
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Extensions to Multipath/Rician Channels

• Work in progress with Simon Tarboush (previously presented at ELLIT last week).
• To relate AoA and TDoA of the LoS components to the UE positions, we need geometric

consistency across the whole network.
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Spatially-consistent frequency-selective channel model
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Continuous to Discrete Time Conversion

• The channel vectors become vectors of discrete-time impulse responses.
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uRA Codewords Structure

• We consider a time-domain ZC-based “legacy” scheme, and a multicarrier extension of the
proposed AMP-based scheme.

(CP + L)Ts ≈ (CP +Nf)QTs ⇒ Q ≈ 1

2

(
1 +

L

CP

)
by letting Nf = CP ≥ d∆τmax/Tse.
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(CP + L)Ts

<latexit sha1_base64="j1rOzG04AoOE8EdskwshQkCCPok=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEilBmRKrLYjeupIW+oB2GTJppQ5PMkGSEMhT8FTcuFHHrd7jzb0zbWWjrgQuHc+7l3nuCmFGlHefbyq2tb2xu5bcLO7t7+wf24VFbRYnEpIUjFslugBRhVJCWppqRbiwJ4gEjnWBcm/mdRyIVjURTT2LicTQUNKQYaSP59kkp7UsOa/UpvIQPfnjRaPoK+nbRKTtzwFXiZqQIMtR9+6s/iHDCidCYIaV6rhNrL0VSU8zItNBPFIkRHqMh6RkqECfKS+fnT+G5UQYwjKQpoeFc/T2RIq7UhAemkyM9UsveTPzP6yU6vPVSKuJEE4EXi8KEQR3BWRZwQCXBmk0MQVhScyvEIyQR1iaxggnBXX55lbSvym6lXGlcF6t3WRx5cArOQAm44AZUwT2ogxbAIAXP4BW8WU/Wi/VufSxac1Y2cwz+wPr8AVwDk9Q=</latexit>

(CP + Nf )QTs

<latexit sha1_base64="f/b3F7znDwSIWVj6j5ieLx+ZAdY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF09S0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d/2w3654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6VR5HEY7gGE7Bgwuoww00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4BH5qNtg==</latexit>

Nf

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

<latexit sha1_base64="piA13sINzKnJtVnrGZeqrtG2yP4=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqNPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDrq+M4A==</latexit>

Q

<latexit sha1_base64="f/b3F7znDwSIWVj6j5ieLx+ZAdY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF09S0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPpg4PHeDDPzgkQKg6775RRWVtfWN4qbpa3tnd298v5By8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvp757UeujYjVA04S7kd0qEQoGEUr3d/2w3654lbdOchf4uWkAjka/fJnbxCzNOIKmaTGdD03QT+jGgWTfFrqpYYnlI3pkHctVTTixs/mp07JiVUGJIy1LYVkrv6cyGhkzCQKbGdEcWSWvZn4n9dNMbz0M6GSFLlii0VhKgnGZPY3GQjNGcqJJZRpYW8lbEQ1ZWjTKdkQvOWX/5LWWdWrVWt355X6VR5HEY7gGE7Bgwuoww00oAkMhvAEL/DqSOfZeXPeF60FJ585hF9wPr4BH5qNtg==</latexit>

Nf
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Challenges and On-Going Work

• Channel statistics are much more complicated (LoS contains delay and AoA,
Rician with random phase, scattering components have antenna correlation
and strength that depends on scatterers positions).

• Given what it is plausible to assume known (random access users joining
the system sporadically with large idle times), design a suitable non-linear
denoiser η(·) for AMP.

• Given the conditional AMP output statistics given the position of the “true
active” users, design an approximated MAP position estimation.

46



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Some initial results

32 / 23© 2026 Simon Tarboush. All rights reserved.

Simulation Results

47



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Some initial results

33 / 23© 2026 Simon Tarboush. All rights reserved.

Simulation Results

48



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Some initial results

34 / 23© 2026 Simon Tarboush. All rights reserved.

Simulation Results

49



TU Berlin | Sekr. HFT 6 | Einsteinufer 25 | 10587 Berlin 

 
 
 
 
www.mk.tu-berlin.de 

Faculty of  
Electrical Engineering and 
Computer Systems 
Department of Telecommunication 
Systems 
 
 
Information and Communication 
Theory 
 
 
Prof. Dr. Giuseppe Caire 
 
Einsteinufer 25 
10587 Berlin 
 
Telefon +49 (0)30 314-29668 
Telefax +49 (0)30 314-28320 
caire@tu-berlin.de 
 
 
Sekretariat HFT6 
Patrycja Chudzik 
 
Telefon +49 (0)30 314-28459 
Telefax +49 (0)30 314-28320 
sekretariat@mk.tu-berlin.de 

 

Firma xy 
Herrn Mustermann 
Beispielstraße 11 
12345 Musterstadt 

Berlin, 1. Month 2014 

 
 
Subject: 
 
 
Text…&
 
 
 
Prof. Dr. Giuseppe Caire 

Some initial results
Latest result: localization
the same random-access observation is now reused for positioning

16

Representative likelihood heatmaps from the two receiver pipelines on the same fine grid

Read-out

• CDF benchmarked against an oracle grid 
reference at 𝐾𝑎  ≈  30 active users per location.

• Localization is evaluated only on detected active 
users.

• ISAC message: random access is not only 
admission signaling; it also yields a useful 
positioning output.

Distance error CDF
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Conclusion

• Key Ideas:

spatial clustering (LSFC profiles or more in general “channel features
map”) and associate access codebooks to clusters;
a novel “multisource” AMP.

• The “decoupled” AMP output yields message detection, channel estimation,
and active user positioning.

• The AMP asymptotic output statistics allows (almost) closed-form evaluation
of large systems.

• The cluster formation can be done “instantaneously”. No explicit association
and pilot allocation (FULL SUPPORT FOR SEAMLESS CONNECTIVITY).
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Thank You
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