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Introduction
Massive Random Access

⌅ Machine-type communications (mMTC)
and internet of things (IoT) are expected to
impact the connectivity requirements of
next generation wireless systems

⌅ Large number of low-power nodes
⌅ Sporadic transmission of small data units
⌅ Often, relaxed reliability targets

Massive, energy-e�cient
grant-free random access

Ericsson Mobility Report (Nov. 2023)

Can cellular standards support
massive random access?
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Random Access: Historical Notes

First Wave
(1970-2007)

Aloha, CSMA,
Splitting Algorithms

Second Wave
(2007-2017)

SICTA/CRDSA/CSA
E-SSA, Frameless Aloha

Third Wave
(2017-now)

Coding for
the UMAC

Random Access as

Layer-2 protocol
†

Improving Aloha

with SIC

Layer-2 ¡ Layer-1

Random access as

a coding problem

Layer-1

†Notable exception: spread Aloha
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Coordinated K-User Multiple Access Channel

⌅ Assign di�erent codebooks to users
⌅ Di�erent codebooks allow (a) to identify users and (b) to “separate” them

+

X1 œ C1

X2 œ C2

XK œ CK

...
Y = X1 + X2 + . . . + XK + Z

⌅ Typically, K is small

4 G. Liva · Ban� Workshop · 6G UMAC · Introduction March 10-15, 2024



Random, Uncoordinated Access

⌅ Large user population (large K)
⌅ User activity sporadic and unpredictable (Ka π K active users)
⌅ Each user transmits a short message of k bits
⌅ Impractical to assign a di�erent codebook to each user (receiver complexity)

huge coordination
overhead!

+

X1 œ C

X2 œ C
...

XKa œ C

Y = X1 + X2 + . . . + XKa + Z

⌅ Even if users embed their identity in the message (partitioning the codebook), the
decoder cannot make use of this information: Unsourced Multiple Access (UMAC)
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Unsourced Multiple Access

⌅ The decoder outputs a list of codewords D(Y )

+

X1 œ C

X2 œ C
...

XKa œ C

Y = X1 + X2 + . . . + XKa + Z

⌅ Per-user probability of error (PUPE)

PUPE := 1
Ka

Kaÿ

i=1

P[Xi /œ D(Y )]
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Unsourced Multiple Access
Connection to Compressive Sensing (CS)

⌅ Stack the M = |C| codewords in the

n ◊ M sensing matrix C

⌅ Re-write

Y = CA + Z

⌅ A is a length-M sparse binary activity vector, Ai = 1 if the ith codeword is transmitted

⌅ Decoding © estimating the support of A

Curse of dimensionality: M is huge already for
moderately-short messages (e.g. k = 100–500 bits)

Number of protons in the observable universe

¥ 2266
(Eddington number)
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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

t
im

e

PREAMBLE

RESOURCE ALLOCATION

DATA

ACK
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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

t
im

e

PREAMBLE
DATA

ACK

RESOURCE ALLOCATION

DATA

ACK
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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
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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

⌅ Within a PO, transmission through (nc, k) LDPC codes (5GNR)
⌅ Pilot field appended to each codeword (demodulation reference signal, DMRS)
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Gaussian MAC
Model and Notation

⌅ UMAC code C(n, M), information message of k = log2 M bits

Y = X1 + X2 + . . . + XKa + Z

with

||X||22 Æ nP Z ≥ CN (0, I)

⌅ Per-user signal-to-noise ratio

Eb

N0
= nP

k

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



Quasi-Static Rayleigh Fading MAC
Model and Notation

⌅ UMAC code C(n, M), information message of k = log2 M bits

Y = H1X1 + H2X2 + . . . + HKa XKa + Z

with

||X||22 Æ nP Z ≥ CN (0, I) Hi ≥ CN (0, 1) (i.i.d.)

⌅ Per-user average signal-to-noise ratio

Ēb

N0
= nP

k
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Two-Step Random Access
Simulation Setup

⌅ Preamble length = 2 ◊ 139 (A1 configuration)
⌅ (500, 100) LDPC code (5GNR base graph 2) with QPSK modulation
⌅ Pilot-free (AWGN) or 50 pilots (quasi-static fading)
⌅ Decoding: treat-interference-as-noise (TIN) w/wo successive interference cancellation
⌅ N = 64 POs (one-to-one mapping)

⇤ AWGN: n = 16278
⇤ Quasi-static fading: n = 19478

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
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Two-Step Random Access: Gaussian MAC
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Two-Step Random Access: Quasi-Static Rayleigh Fading MAC
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Study Group on Random Access for 6G
Objective

Leaning on lessons from the UMACs framework, identify directions to upgrade existing
3GPP protocols (two-step random access)

Krishna
Narayanan

Jean-Francois
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Zoran
Utkovski

Zoran
Utkovski

Johannes
Dommel
Johannes
Dommel

Patrick
Agostini
Patrick
Agostini

Yury
Polyanskiy

Federico
Clazzer
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Andrea
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Slawomir
Stanczak
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UMAC Emerging Architectures

⌅ Several excellent schemes: very hard to provide a comprehensive survey...
⌅ Four dominant architectures:

⇤ Slotted Aloha with multipacket reception (MPR)

⇤ Preamble-based

⇤ Coded compresses sensing (CCS)

⇤ Spreading-based

17 G. Liva · Ban� Workshop · 6G UMAC · UMAC Architectures March 10-15, 2024



UMAC: Emerging Architectures
Slotted Aloha with MPR

⌅ Principle: Turn a UMAC channel with many transmissions
in a several UMAC channels with fewer transmissions

⌅ Ingredients: Low-rate error correcting codes, data-driven
pilot selection, joint decoding or SIC

SPLIT
u
/

k

DICT

ENC

MUX SLOT SEL

u1
/

k1

u2
/

k2

d
/

n2

p
/

n1

b = (p|d) x
/

n

⌅ O. Ordentlich and Y. Polyanskiy, “Low complexity
schemes for the random access Gaussian channel,”
in Proc. IEEE Int. Symp. Inf. Theory, 2017.

⌅ A. Vem, K. R. Narayanan, J.-F. Chamberland, and
J. Cheng, “A user-independent successive
interference cancellation based coding scheme for
the unsourced random access Gaussian channel,”
IEEE Trans. Commun., 2019.

⌅ E. Marshakov, G. Balitskiy, K. Andreev, and
A. Frolov, “A Polar Code Based Unsourced Random
Access for the Gaussian MAC,” in Proc. IEEE

Vehicular Technology Conference Fall, 2019.
⌅ A. K. Tanc and T. M. Duman, “Massive random

access with trellis-based codes and random
signatures,” IEEE Commun. Lett., 2021.

⌅ S. S. Kowshik, K. Andreev, A. Frolov, and
Y. Polyanskiy, “Energy e�cient coded random
access for the wireless uplink,” IEEE Trans.

Commun., 2020.
⌅ K. Andreev, E. Marshakov, and A. Frolov, “A Polar

Code Based TIN-SIC Scheme for the Unsourced
Random Access in the Quasi-Static Fading MAC,”
in Proc. IEEE Int. Symp. Inf. Theory, 2020.

⌅ M. J. Ahmadi, M. Kazemi, and T. M. Duman,
“Unsourced Random Access Using Multiple Stages
of Orthogonal Pilots: MIMO and Single-Antenna
Structures,” IEEE Trans. Wireless Commun., 2023.

⌅ M. Ozates, M. Kazemi, and T. M. Duman, “A
Slotted Pilot-Based Unsourced Random Access
Scheme with a Multiple-Antenna Receiver,” IEEE

Trans. Wireless Commun., 2023.
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“Pilot-Based Unsourced Random Access With a
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and Power Control,” IEEE J. Sel. Areas Commun.,
2022.
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UMAC: Emerging Architectures
Slotted Aloha with MPR: Gaussian MAC
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UMAC: Emerging Architectures
Preamble-based

⌅ Principle: Use an initial UMAC phase (preamble) to signal
the resources that will be used in the second phase

⌅ Ingredients: CS-based preamble detection, repetition/interleaving,
sparse access patterns
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u
/

k
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/

k1
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/

k2

c
/

nc

x2
/
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x1
/

n1

x
/

n

preamble

index i

⌅ A. K. Pradhan, V. K. Amalladinne, A. Vem, K. R.
Narayanan, and J.-F. Chamberland, “Sparse IDMA:
A Joint Graph-Based Coding Scheme for Unsourced
Random Access,” IEEE Trans. Commun., 2022.

⌅ D. Truhachev, M. Bashir, A. Karami, and
E. Nassaji, “Low-complexity coding and spreading
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Lett., 2021.
⌅ E. Nassaji, M. Bashir, and D. Truhachev,
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via Data Repetition, Permutation, and Scrambling,”
IEEE Trans. Commun., 2022.
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UMAC: Emerging Architectures
Preamble-based: Gaussian MAC
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UMAC: Emerging Architectures
Coded Compressed Sensing

⌅ Principle: Divide&conquer approach to CS by transmitting
message sub-blocks over parallel UMAC channels

⌅ Ingredients: CS-based detection for each sub-block, codes
for the A-channel (tree codes)
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UMAC: Emerging Architectures
Coded Compressed Sensing: Gaussian MAC
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UMAC: Emerging Architectures
Spreading-based

⌅ Principle: Simplify user separation by means of
information-dependent spreading

⌅ Ingredients: CDMA toolbox, joint decoding or SIC,
properties of rank-1 tensor decomposition
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UMAC: Emerging Architectures
Spreading-based: Gaussian MAC
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Grant-Free Access for 6G

⌅ 5GNR two-step random access not suitable for massive user connectivity
⌅ Several architectures can give outstanding gains over two-step random access

⌅ To ease the adoption of advanced UMAC schemes, build on the existing two-step
random access framework

⌅ First step: dissect two-step random access, and identify the factors that limit its
performance
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Two-Step Random Access
UMAC Viewpoint

⌅ 5GNR two-step random access: hybrid slotted
Aloha + preamble-based architecture

⌅ Preambles are not required by slotted Aloha!

⌅ Preambles imply energy overhead...
...but they allow to resume the legacy four-step

random access procedure
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Two-Step Random Access
UMAC Viewpoint

⌅ 64 preambles limit the performance of two-step random access

⇤ Only 64 access patterns (slots)
⇤ MPR hindered by channel estimation: users transmitting in the same slot with the

same pilot sequence...

⌅ Possible fix: enlarge the preamble set

⇤ Subsets of preambles point to the same slot...
... but to di�erent pilot sequences
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Two-Step Random Access: Quasi-Static Rayleigh Fading MAC
E�ect of Larger Preamble Sets (64 Slots)
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Embracing Preamble-based Architectures

⌅ Two-step random access: Performance limited by the size of the preamble set and by
the limited number of access patterns

⌅ With a larger preamble set, we may increase the number of access patterns
⇤ Keep a slotted structure (facilitates channel estimation)
⇤ Keep the overall number of resources (total number or channel uses) unmodified

⌅ Inspired by the sparse IDMA constructionı: sparse block IDMA
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ı A. K. Pradhan, V. K. Amalladinne, A. Vem,
K. R. Narayanan, and J.-F. Chamberland, “Sparse
IDMA: A Joint Graph-Based Coding Scheme for
Unsourced Random Access,” IEEE TCOM, 2022.
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Sparse Block IDMA: Transmitter
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Sparse Block IDMA: Receiver

DEMAP
y
/

n

PRE
EXTRACT

y≠

y≠

CS
y(P)

-PILOT
y≠

¸

CSI
ĥ¸
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ĥ¸x̂¸

32 G. Liva · Ban� Workshop · 6G UMAC · 5G-NR Evolution March 10-15, 2024



Sparse Block IDMA: Gaussian MAC
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Sparse Block IDMA: Quasi-Static Rayleigh Fading MAC
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Ēb/N0 [dB]

N
u
m

b
e
r

o
f

a
c
t
iv

e
u
s
e
r
s

K
a

saturation due to
preamble miss-
detection rate

saturation due to
number of access
patterns

saturation due to
number of preambles
(channel estimation)

34 G. Liva · Ban� Workshop · 6G UMAC · 5G-NR Evolution March 10-15, 2024



Sparse Block IDMA: Quasi-Static Rayleigh Fading MAC
64 Slots, Single Antenna

8 10 12 14 16 18 200

100

200

300

5GNR two-step RA

64 preambles

1024 preambles

(500, 100)
polar code

(500, 100)
LDPC code

SB-IDMA, 8192 “long” preambles with power

back-o� = ≠10 dB, (500, 100) polar code

O
p
t
im

u
m

D
e
c
o

d
in

g

(
A

s
y
m

p
t
o
t
ic

,
R

e
p
li
c
a

M
e
t
h
o

d
)

SB-IDMA
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Sparse Block IDMA: Quasi-Static Rayleigh Fading MAC
64 Slots, Multiple Antennas
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Sparse Block IDMA: Analysis

⌅ At moderate loads, adding users leads to a negligible SNR penalty
⌅ Phenomenon that is quite common in multiuser systemsı
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ı S. S. Kowshik and Y. Polyanskiy, “Fundamental Limits of Many-User MAC With Finite Payloads and Fading,” IEEE T-IT, 2021.

“optimal multiple-access architectures should be able to almost

perfectly cancel all multi-user interference, achieving

an essentially single-user performance for each user, provided

the user density is below a critical threshold”
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Sparse Block IDMA: Analysis

⌅ Objective: Qualitative analysis of Sparse Block IDMA under iterative TIN-SIC

⌅ Setting:

⇤ Genie-aided preamble detection

⇤ Ideal interference cancellation

⇤ Ideal error detection at the decoder

⇤ Asymptotic regime with Ka = µn, n æ Œ

µ := user density

with fixed (nc, k) code parameters, fixed repetition rate fl, and fixed number of
segments Ns

⇤ Extrinsic interference cancellation

⇤ (nc, k) random codes
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Sparse Block IDMA: Analysis
Asymptotic Regime

⌅ With fixed (nc, k) code parameters, fixed repetition rate fl, and fixed number of
segments Ns, we can represent the collision pattern over the frame via a bipartite graph

Ka = µn

user nodes
(UNs)

N = n
Ns

flnc

slot nodes
(SNs)

⌅ User node degree du = Ns

⌅ Slot node degree ≥ Poisson(ds) with

ds = µflnc

Ns

Sparse graph: tree-like

neighborhood as n æ Œ
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Sparse Block IDMA: Analysis
Extrinsic Interference Cancellation

⌅ In a given slot, decoding of a user message is performed by ignoring the specific slot
observation

y3

dec(y1, y2)

y2y1

⌅ Interference cancellation as a peeling process over the graph

39 G. Liva · Ban� Workshop · 6G UMAC · Asymptotic Analysis March 10-15, 2024



Sparse Block IDMA: Analysis
Density Evolution

⌅ Track the probability that a segment is decoded at the output of each user node
⌅ Averaging over the number of collisions a�ecting the leaf slot nodes requires a depth-2

exploration of the graph
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Sparse Block IDMA: Analysis
Density Evolution

⌅ Equivalent graphical description:

“super” user node

“socket”

⌅ One super user node (SUN) for each UN
⌅ SUNs have du sockets — one for each SN connected to the associated UN
⌅ Degree of a socket: number of edges connected to it

(= number of interfering users in the slot)
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Sparse Block IDMA: Analysis
Density Evolution

⌅ Denote by ‘¸ the probability that the decoding of a segment fails at depth-¸

⌅ Moreover, let D = (D1, D2, . . .) be the socket degrees

Di are i.i.d. Poisson(ds)

⌅ Denote by G = (G1, G2, . . .) the residual socket degrees
after interference cancellation

Gi are i.i.d. Poisson((1 ≠ ‘)ds)

⌅ We are interested in the transfer function

‘¸ = f (‘¸≠1)
= E [Ï (G)]

where Ï (G) := P[dec fails|G]

� ��
D1

D2

D3

���1 ���1

���1

��

�� = f (���1; �)

f(�) := E [� (�, D; �)]

�(�, D; �) � rcu(nc, Rc;G = (1 � �)D, �)

i(x, y; g, �) =
�s�1

w=1
i(xw, yw; gw, �)

rcu(G, �) = E

�
2�[i(X,Y ;G,�)�k]+

���G
�
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Sparse Block IDMA: Analysis
Density Evolution

⌅ To compute Ï (G) = P[dec fails|G] we assume each user equipped with a random
Gaussian codebook

⌅ Model the UN decoder input as Y = (Y1, Y2, . . . , Ydu )

⇤ Yi = observation of the ith codeword segment

⇤ WLOG, set Ydu = 0 (extrinsic IC)

⇤ On the other edges,

Yi = Xi + Zi

where Zi is the noise+interference contribution whose
elements are i.i.d. ≥ CN (0, 1 + P Gi)

� ��
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���1 ���1

���1

��

�� = f (���1; �)

f(�) := E [� (�, D; �)]

�(�, D; �) � rcu(nc, Rc;G = (1 � �)D, �)

i(x, y; g, �) =
�s�1

w=1
i(xw, yw; gw, �)

rcu(G, �) = E

�
2�[i(X,Y ;G,�)�k]+

���G
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Sparse Block IDMA: Analysis
Density Evolution

⌅ Information density (random coding)

i(X, Y ) = log2
P (Y |X)

P (Y ) =
duÿ

i=1

log2
P (Yi|Xi)

P (Yi)

with
Yi = Xi + Zi

for i = 1, 2, . . . , du ≠ 1 and
Ydu = 0

⌅ Evaluate Ï (G) as
Ï (G) ¥ E

Ë
2≠[i(X,Y )≠k]+

---G
È

⌅ Averaging over G yields
f(‘) = E [Ï (G)]
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Sparse Block IDMA: Analysis
Density Evolution
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Sparse Block IDMA: Analysis
Density Evolution – µ = 0.0017
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Sparse Block IDMA: Analysis
Density Evolution – µ = 0.0067
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Conclusions

⌅ The upcoming 6G standardization o�ers a unique opportunity to introduce a massive
grant-free access mechanism in 3GPP

⌅ We can leverage on recent outstanding developments in the understanding of the
random access problem (UMAC)

⌅ It is possible to build on the existing 5GNR toolbox (two-step random access),
constructing competitive solutions
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Thank You!
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