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Wireless connectivity enables new services

source: IoTpool

Challenges

å Collect data from a massive number of low-cost sensors

å Communicate reliably critical information
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Massive and critical wireless connectivity

massive machine-type comm. (mMTC)

• Uplink mostly

• High energy efficiency

• Great commercial interest

• LPWAN, satellite

ultra-reliable low-latency comm. (URLLC)

• Bidirectional

• Low latency, high reliability

• Limited commercial interest (so far)

• Private 5G network
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Some characteristics

mMTC

• Small information payload (100 bits)

• High user density (107 devices/Km2)

• Sporadic TX (less that 1 per minute)

⇒ 120 dof per user at B = 20MHz

URLLC

• Small information payload (100 bits)

• Low latency (100 µs)

• Low error prob. (below 10−5)

⇒ 168 dof per user for 5G

Key design question

How to transmit hundreds of bits in hundreds of dof per user (short-packet regime) under stringent
constraints on reliability/latency/energy efficiency?

Key design tool

Finite-blocklength information theory
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Finite-blocklength IT for URLLC
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Guidelines for optimal design (R = 1/2 bit/channel use)
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LDPC code F256, OSD t = 4

Extended BCH code, OSD t = 4

m = 14 TBCC
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This talk

• FBL-IT bounds for mMTC [Polyanskiy ’17]

• Coding schemes approaching the bound

• Extension to

• Unknown number of active users [Ngo et
al. 2023a]

• Heterogeneous traffic [Ngo et al. 2023b]

• Further extensions and open problems
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Traditional multiple access models and their limitations [Gallager ’85]

Multiaccess IT [Cover ’75, Wyner ’74]
<latexit sha1_base64="aFmK+lz/nyNBFW7lrSzIjcAiGjM=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiDkFGbE7Rjw4jEuWSAZQk+nJmnS0zN09whhyCd48aCIV7/Im39jJ5mDRh8UPN6roqpekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9f3+uWKW3PnIH+Jl5MK5Gj0y5+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmJVQYkjJUtachc/TmR0UjrSRTYzoiakV72ZuJ/Xjc14ZWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyX9I6rXkXtfPbs0q9msdRhCM4hip4cAl1uIEGNIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzfNK41q</latexit>
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<latexit sha1_base64="3wYBSZdUeB83/I6cUFutlL7aTHk=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJiq9lwY3LCvYBTQiT6aQdOpkJMxOhxCz8FTcuFHHrb7jzb5y2WWj1wIXDOfdy7z1hwqjSjvNllZaWV1bXyuuVjc2t7R17d6+jRCoxaWPBhOyFSBFGOWlrqhnpJZKgOGSkG46vp373nkhFBb/Tk4T4MRpyGlGMtJEC+8CLJMKZm2eN3GNiWHNPW0HjJLCrTt2ZAf4lbkGqoEArsD+9gcBpTLjGDCnVd51E+xmSmmJG8oqXKpIgPEZD0jeUo5goP5vdn8NjowxgJKQpruFM/TmRoVipSRyazhjpkVr0puJ/Xj/V0ZWfUZ6kmnA8XxSlDGoBp2HAAZUEazYxBGFJza0Qj5AJRJvIKiYEd/Hlv6TTqLsX9fPbs2qzVsRRBofgCNSACy5BE9yAFmgDDB7AE3gBr9aj9Wy9We/z1pJVzOyDX7A+vgFUwpTu</latexit>
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<latexit sha1_base64="15KWR7GXl5K1hBZmlIO7DkBJ5gk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahIpSk+FoW3LisYB/QhDCZTtqhk5kwMxFKKLjxV9y4UMStP+HOv3HSZqHVAxcO59zLvfeECaNKO86XVVpaXlldK69XNja3tnfs3b2OEqnEpI0FE7IXIkUY5aStqWakl0iC4pCRbji+zv3uPZGKCn6nJwnxYzTkNKIYaSMF9oEXSYQzd5o1ph4Tw5p72gryapwEdtWpOzPAv8QtSBUUaAX2pzcQOI0J15ghpfquk2g/Q1JTzMi04qWKJAiP0ZD0DeUoJsrPZj9M4bFRBjAS0hTXcKb+nMhQrNQkDk1njPRILXq5+J/XT3V05WeUJ6kmHM8XRSmDWsA8EDigkmDNJoYgLKm5FeIRMqFoE1vFhOAuvvyXdBp196J+fntWbdaKOMrgEByBGnDBJWiCG9ACbYDBA3gCL+DVerSerTfrfd5asoqZffAL1sc3nguWIQ==</latexit>

1

2
log(1 + P1 + P2)

p All users active (no sporadicity)

• Each user is given a different codebook

p Not feasible for mMTC (overhead too large)

Collision resolution [Abramson ’70, Roberts ’72,
Liva ’11]

<latexit sha1_base64="FrCXhVO9dapZ8dQaZ+sUpgItfS8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0kKfhwLXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ2ySZZtxniUx0N6SGS6G4jwIl76aa0ziUvBNO7uZ+54lrIxL1iNOUBzEdKREJRtFKvpEJmkG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGN0GuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urL66TdqHvX9auHRq3ZKOIowxmcwyV4cANNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEet47Z</latexit>

slots

<latexit sha1_base64="PZ6bBUFDFT/UQHBjFUUXMzKcvtE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0kKfhwLXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1MpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+Zmx3qBac+vuAmSdeAWpQYHWoPrVHyYsi7lCJqkxPc9NMcipRsEkn1X6dmxK2YSOeM9SRWNugnyx7IxcWGVIokTbp5As1N8dOY2NmcahrYwpjs2qNxf/83oZRrdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdoMKjYEb/XkddJu1L3r+tVDo9ZsFHGU4QzO4RI8uIEm3EMLfGAg4Ble4c1Rzovz7nwsS0tO0XMKf+B8/gAaMo7W</latexit> u
se

rs

✓ Infinitely many, sporadically active users

p Crude modeling of communication aspects

• De-facto standard for mMTC

Addressing these limitations

• Noiseless adder channel (e.g., [Bar-David et al., ’97])

• More general information-theoretic perspective [Polyanskiy ’17]
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R1

<latexit sha1_base64="UAMkRccvXa9cOUIu+MDP9IFKHu0=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiDkFGaC2zHgxWNcskAyhJ5OTdKkp2fo7hFCyCd48aCIV7/Im39jJ5mDJj4oeLxXRVW9IBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLRzcxvPaHSPJaPZpygH9GB5CFn1Fjp4b5X7RVLbsWdg6wSLyMlyFDvFb+6/ZilEUrDBNW647mJ8SdUGc4ETgvdVGNC2YgOsGOppBFqfzI/dUrOrNInYaxsSUPm6u+JCY20HkeB7YyoGeplbyb+53VSE177Ey6T1KBki0VhKoiJyexv0ucKmRFjSyhT3N5K2JAqyoxNp2BD8JZfXiXNasW7rFzcnZdq5SyOPJzAKZTBgyuowS3UoQEMBvAMr/DmCOfFeXc+Fq05J5s5hj9wPn8Azq+Naw==</latexit>

R2

<latexit sha1_base64="3wYBSZdUeB83/I6cUFutlL7aTHk=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJiq9lwY3LCvYBTQiT6aQdOpkJMxOhxCz8FTcuFHHrb7jzb5y2WWj1wIXDOfdy7z1hwqjSjvNllZaWV1bXyuuVjc2t7R17d6+jRCoxaWPBhOyFSBFGOWlrqhnpJZKgOGSkG46vp373nkhFBb/Tk4T4MRpyGlGMtJEC+8CLJMKZm2eN3GNiWHNPW0HjJLCrTt2ZAf4lbkGqoEArsD+9gcBpTLjGDCnVd51E+xmSmmJG8oqXKpIgPEZD0jeUo5goP5vdn8NjowxgJKQpruFM/TmRoVipSRyazhjpkVr0puJ/Xj/V0ZWfUZ6kmnA8XxSlDGoBp2HAAZUEazYxBGFJza0Qj5AJRJvIKiYEd/Hlv6TTqLsX9fPbs2qzVsRRBofgCNSACy5BE9yAFmgDDB7AE3gBr9aj9Wy9We/z1pJVzOyDX7A+vgFUwpTu</latexit>

1

2
log(1 + P2)

<latexit sha1_base64="0iXu2tbTzxKMeDlGnBVW1qm4c0Y=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARKkJJiq9lwY3LCvYBTQiT6aQdOpkJMxOhxCz8FTcuFHHrb7jzb5y2WWj1wIXDOfdy7z1hwqjSjvNllZaWV1bXyuuVjc2t7R17d6+jRCoxaWPBhOyFSBFGOWlrqhnpJZKgOGSkG46vp373nkhFBb/Tk4T4MRpyGlGMtJEC+8CLJMKZm2eN3GNiWHNPW4F7EthVp+7MAP8StyBVUKAV2J/eQOA0JlxjhpTqu06i/QxJTTEjecVLFUkQHqMh6RvKUUyUn83uz+GxUQYwEtIU13Cm/pzIUKzUJA5NZ4z0SC16U/E/r5/q6MrPKE9STTieL4pSBrWA0zDggEqCNZsYgrCk5laIR8gEok1kFROCu/jyX9Jp1N2L+vntWbVZK+Iog0NwBGrABZegCW5AC7QBBg/gCbyAV+vRerberPd5a8kqZvbBL1gf31M9lO0=</latexit>

1

2
log(1 + P1)

<latexit sha1_base64="15KWR7GXl5K1hBZmlIO7DkBJ5gk=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahIpSk+FoW3LisYB/QhDCZTtqhk5kwMxFKKLjxV9y4UMStP+HOv3HSZqHVAxcO59zLvfeECaNKO86XVVpaXlldK69XNja3tnfs3b2OEqnEpI0FE7IXIkUY5aStqWakl0iC4pCRbji+zv3uPZGKCn6nJwnxYzTkNKIYaSMF9oEXSYQzd5o1ph4Tw5p72gryapwEdtWpOzPAv8QtSBUUaAX2pzcQOI0J15ghpfquk2g/Q1JTzMi04qWKJAiP0ZD0DeUoJsrPZj9M4bFRBjAS0hTXcKb+nMhQrNQkDk1njPRILXq5+J/XT3V05WeUJ6kmHM8XRSmDWsA8EDigkmDNJoYgLKm5FeIRMqFoE1vFhOAuvvyXdBp196J+fntWbdaKOMrgEByBGnDBJWiCG9ACbYDBA3gCL+DVerSerTfrfd5asoqZffAL1sc3nguWIQ==</latexit>

1

2
log(1 + P1 + P2)

p All users active (no sporadicity)

• Each user is given a different codebook

p Not feasible for mMTC (overhead too large)

Collision resolution [Abramson ’70, Roberts ’72,
Liva ’11]

<latexit sha1_base64="FrCXhVO9dapZ8dQaZ+sUpgItfS8=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0kKfhwLXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4PHeDDPzwlQKg6777ZQ2Nre2d8q7lb39g8Oj6vFJ2ySZZtxniUx0N6SGS6G4jwIl76aa0ziUvBNO7uZ+54lrIxL1iNOUBzEdKREJRtFKvpEJmkG15tbdBcg68QpSgwKtQfWrP0xYFnOFTFJjep6bYpBTjYJJPqv0M8NTyiZ0xHuWKhpzE+SLY2fkwipDEiXalkKyUH9P5DQ2ZhqHtjOmODar3lz8z+tlGN0GuVBphlyx5aIokwQTMv+cDIXmDOXUEsq0sLcSNqaaMrT5VGwI3urL66TdqHvX9auHRq3ZKOIowxmcwyV4cANNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEet47Z</latexit>

slots

<latexit sha1_base64="PZ6bBUFDFT/UQHBjFUUXMzKcvtE=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0kKfhwLXjxWMG2hDWWz3bRLN5uwOxFK6G/w4kERr/4gb/4bt20O2vpg4fHezOzMC1MpDLrut1Pa2Nza3invVvb2Dw6PqscnbZNkmnGfJTLR3ZAaLoXiPgqUvJtqTuNQ8k44uZv7nSeujUjUI05THsR0pEQkGEUr+Zmx3qBac+vuAmSdeAWpQYHWoPrVHyYsi7lCJqkxPc9NMcipRsEkn1X6dmxK2YSOeM9SRWNugnyx7IxcWGVIokTbp5As1N8dOY2NmcahrYwpjs2qNxf/83oZRrdBLlSaIVds+VGUSYIJmV9OhkJzhnJqCWVa2F0JG1NNGdoMKjYEb/XkddJu1L3r+tVDo9ZsFHGU4QzO4RI8uIEm3EMLfGAg4Ble4c1Rzovz7nwsS0tO0XMKf+B8/gAaMo7W</latexit> u
se

rs

✓ Infinitely many, sporadically active users

p Crude modeling of communication aspects

• De-facto standard for mMTC

Addressing these limitations

• Noiseless adder channel (e.g., [Bar-David et al., ’97])

• More general information-theoretic perspective [Polyanskiy ’17]
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Unsourced GMAC model [Polyanskiy ’17]

+

+
...
+

+

=

user 1

user 2

user Kt

noise

received signal

f(W1)

f(W2)

f(WKt)

z ∼ N (0, In)

y =

Kt∑
k=1

f(Wk) + z

∥f(Wk)∥2 ≤ nP , k = [1 : Kt]

• Wk ∼ Unif[1 :M ], k = 1, . . . ,Kt

, Same encoder f(·) (and same codebook) for
all users

, Decoder produces an unordered list Ŵ = g(y)
of Kt messages

• Kt known to the decoder

, Per-user error-probability

Pe =
1

Kt

Kt∑
k=1

P
[
Wk /∈ Ŵ

]
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of Kt messages

• Kt known to the decoder

, Per-user error-probability

Pe =
1

Kt

Kt∑
k=1

P
[
Wk /∈ Ŵ
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Random coding achievability bound
(M,n, ϵ) code for Kt-user unsourced GMAC with power constraint P

It consists of a pair of possibly randomized encoder and decoder satisfying Pe ≤ ϵ

Random-coding achievability bound [Polyanskiy ’17]

For every P ′ < P , there exists an (M,n, ϵ) code for the Kt-user unsourced GMAC with power
constraint P satisfying

ϵ ≤
Kt∑
k=1

k

Kt
min{pk, qk}+ p0, where

p0 =

(
Kt
2

)
M

+Kt P

[
1

n

n∑
j=1

z2j >
P

P ′

]
pk = e−E(t)

E(t) = max
0≤ρ1,ρ2≤1

−ρ1ρ2kR1 − ρ2R2 + E0(ρ1, ρ2)

E0(ρ1, ρ2) : complicated expression in ρ1, ρ2, k, P
′

qk = inf
γ

P[Ik ≤ γ] + en(kR1+R2)−γ

Ik : related to inf. dens.

R1 =
1

n
logM − 1

nk
log k!

R2 =
1

n
log

(
Kt

k

)
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Key ideas and steps in the proof

Random codebook generation and encoder

• Gaussian codebook: fix P ′ < P ; generate M codewords c1, c2, . . . , cM
i.i.d.∼ N (0, P ′In)

• Encoder: User k transmits cWk1
{
∥cWk∥

2 ≤ nP
}

Decoder

Unordered list Ŵ of decoded messages obtained by solving

Ŵ = arg min
W′⊂[1:M ],|W′|=Kt

∥y − c(W ′)∥, with c(W ′) =
∑

w∈W′

cw
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Analysis of per-user error probability

Pe =
1

Kt
EP

[
Kt∑
k=1

1

{
Wk /∈ Ŵ

}]
P : probability measure on noise, uniform messages, and conditionally Gaussian codewords given that
the power constraint is satisfied

Change of measure

• Change measure from P to Q for which: messages are distinct and codewords are i.i.d. Gaussian

• For every event E , EP [E ] ≤ EQ[E ] + dTV(P,Q)
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Analysis of per-user error probability

Ŵ = arg min
W′⊂[1:M ],|W′|=Kt

∥y − c(W ′)∥, with c(W ′) =
∑

w∈W′

cw

Pe ≤
1

Kt
EQ

[
Kt∑
k=1

1

{
Wk /∈ Ŵ

}]
+ p0

Distinct
transmitted
messages W

Decoded
messages Ŵ

correctly
decoded
messages
W ∩ Ŵ

mis-
detected:
Wmd

false
positive:
Wfp

Pe ≤
Kt∑
k=1

k

Kt
P[|Wmd| = |Wfp| = k] + p0

P[|Wmd| = |Wfp| = k] =P

[ ⋃
Wmd⊂W
|Wmd|=k

⋃
Wfp⊂[1:M ]\W

|Wfp|=k

∥z+ c(Wmd)− c(Wfp)∥ ≤ ∥z∥

]
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correctly
decoded
messages
W ∩ Ŵ
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Three tools and their applications

Chernoff: for every random u and every λ > 0

P[∥z+ u∥ ≤ v] ≤ eλv
2

Ez

[
e−λ∥z+u∥2

]

MGF of Gaussian vector: if z ∼ N (0, σ2In)

Ez

[
e−λ∥z+u∥2

]
=

e
− λ∥u∥2

1+2σ2λ

(1 + 2σ2λ)n/2

Gallager’s trick to tighten the union bound

• Assume that
P[Aj | z] ≤ e−nE(z), j = 1, . . . ,m

• Then for all 0 ≤ ρ ≤ 1

P

[
m⋃

j=1

Aj

]
≤ mρ E

[
e−nρE(z)

]

P

[ ⋃
Wmd

⋃
Wfp

∥z+ c(Wmd)− c(Wfp)∥ ≤ ∥z∥

]

1. Chernoff bound to evaluate

P
[
∥z+ c(Wmd)− c(Wfp)∥ ≤ ∥z∥ | c(Wmd), z

]

2. Gallager’s trick on
⋃

Wfp

3. MGF to compute expectation over c(Wmd)

4. Gallager’s trick on
⋃

Wmd

5. MGF to compute expectation over z
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Random coding achievability bound [Polyanskiy ’17]

For every P ′ < P , there exists an (M,n, ϵ) code for the Kt-user unsourced GMAC with power
constraint P satisfying

ϵ ≤
Kt∑
k=1

k

Kt
min{ pk , qk}+ p0, where

p0 =

(
Kt
2

)
M

+Kt P

[
1

n

n∑
j=1

z2j >
P

P ′

]

pk = e
− E(t)

E(t) = max
0≤ ρ1 , ρ2 ≤1

−ρ1ρ2k R1 − ρ2 R2 + E0(ρ1, ρ2)

E0(ρ1, ρ2) : complicated expression in ρ1, ρ2, k, P
′

qk = inf
γ

P[Ik ≤ γ] + en(kR1+R2)−γ

Ik : related to inf. dens.

R1 =
1

n
logM − 1

nk
log k!

R2 =
1

n
log

(
Kt

k

)
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Numerical evaluation of the bound
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Novel coding schemes (2017–2022)
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Kt is random and not known to the receiver [Ngo et al. ’23a]

distinct transmitted
messages W

decoded
messages Ŵ

correctly
decoded
messages

Wmd Wfp

Kt known ⇒ |Wmd| = |Wfp|

distinct transmitted
messages W

decoded
messages Ŵ

correctly
decoded
messages

Wmd Wfp

Kt unknown ⇒ |Wmd| ̸= |Wfp|

Pragmatic mismatched approach

Estimate Kt and deploy a coding scheme that treats Kt as known
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Performance metrics and definition of a code

Two performance metrics

Pmd = E

 1

|W|

|W|∑
i=1

P
[
Wi /∈ Ŵ

] Pfp = E

 1∣∣∣Ŵ∣∣∣
|Ŵ|∑
i=1

P
[
Ŵi /∈ W

]

(M,n, ϵmd, ϵfp) code for unsourced GMAC with power constraint P and random, unknown number of
transmitting users

It consists of a pair of possibly randomized encoder and decoder satisfying Pmd ≤ ϵmd and Pfp ≤ ϵfp
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A two-step decoder

Step 1

Obtain an estimate K′
t of Kt by maximizing a suitably chosen metric m(y, k)

K′
t = arg max

k
m(y, k)

Examples: ML estimation, energy-based estimation

Step 2

Find the list Ŵ of decoded messages as

Ŵ = arg min
W′⊂[1:M ]

∥y − c(W ′)∥

r > 0: decoding radius (cannot be chosen too large)
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M = 2128, n = 38 400, Kt ∼ Poisson, ϵmd = ϵfp = 0.1
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Impact of decoding radius r
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M = 2128, n = 38 400, Kt ∼ Poisson, ϵmd = ϵfp = 10−3
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Heterogeneous traffic: massive and critical IoTs [Ngo et al. ’23b]

• K devices

• Ks devices transmit a
standard msg.

• Ka devices transmit an
alarm msg.

• Device k has a standard message Ws ∈ [1 :Ms] with prob. ρs

Ks ∼ Bin(K, ρs)

• If an alarm occurs, all devices transmit the same alarm message
Wa ∈ [1 :Ma], with probability ρa ≤ ρa,max

Ka ∼ Bin(K, ρa)

• Each device can transmit a standard message, an alarm message,
both, or none
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Performance metrics

• A: alarm event

• W: set of transmitted standard messages

• Ŵ: set of decoded standard messages

• Wa ∈ [1 :Ma]: transmitted alarm message

• Ŵa ∈ [0 :Ma]: decoded alarm message (0 ⇒ no alarm)

For B ∈ {A, Ā}

Psmd | B = E

 1

|W|

|W|∑
i=1

P
[
Wi /∈ Ŵ | B

] , Psfp | B = E

 1∣∣∣Ŵ∣∣∣
|Ŵ|∑
i=1

P
[
Ŵi /∈ W |B

]

Pamd = P
[
Ŵa ̸=Wa | A

]
, Pafp = P

[
Ŵa ̸= 0 | Ā

]
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Ŵi /∈ W |B

]

Pamd = P
[
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Definition of code and coexistence strategies

(Ma,Ms, n, ϵsmd, ϵsfp, ϵamd, ϵafp) code for unsourced GMAC with standard and alarm messages

It consists of a pair of possibly randomized encoder and decoder satisfying Psmd | B ≤ ϵsmd,
Psfp | B ≤ ϵsfp, for B ∈ {A, Ā} and Pamd ≤ ϵamd, Pafp ≤ ϵafp

Orthogonalization

n

na

alarm block
ns

standard block

Superposition: exploiting reliability diversity [Popovski et al., 2018]
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Psfp | B ≤ ϵsfp, for B ∈ {A, Ā} and Pamd ≤ ϵamd, Pafp ≤ ϵafp

Orthogonalization

n

na

alarm block
ns

standard block

Superposition: exploiting reliability diversity [Popovski et al., 2018]

n

LSIT | Giuseppe Durisi 26 / 34



Definition of code and coexistence strategies

(Ma,Ms, n, ϵsmd, ϵsfp, ϵamd, ϵafp) code for unsourced GMAC with standard and alarm messages

It consists of a pair of possibly randomized encoder and decoder satisfying Psmd | B ≤ ϵsmd,
Psfp | B ≤ ϵsfp, for B ∈ {A, Ā} and Pamd ≤ ϵamd, Pafp ≤ ϵafp
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Orthogonalization
n

na

alarm block
ns

standard block

Standard block

ys =

Ks∑
k=1

xk + zs, zs ∼ N (0, Ins)

• ∥xk∥2 ≤ nsPs

• (Eb/N0)s =
nsPs

2 log2 Ms

• unsourced GMAC with random and unknown
number of active users

• Can be analyzed as before

Alarm block

ya = Kaxa + za, za ∼ N (0, Ina)

• ∥xa∥2 ≤ naPa

• (Eb/N0)a = naPaρaK
2 log2 Ma

• Single-user AWGN channel with random,
unknown SNR K2

aPa (coherent combining)

• Can be analyzed with FBL tools
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Analysis of alarm block
Random codebook generation and encoder

• Gaussian codebook: fix P ′
a < Pa; generate Ma codewords c1, . . . , cMa

i.i.d.∼ N (0, P ′
aIna)

• Encoder: User k transmits cW01
{
∥cW0∥2 ≤ nPa

}
with probability ρa

Two-step mismatch decoder

• Detection of alarm event and number of devices: K′
a = arg max

k∈[kℓ:ku]∪{0}
p(ya | k)

•
0

•
ρaK

[
kℓ

]
ku

• Decoding of Wa: if K
′
a = 0 return Ŵa = 0; otherwise

{Ŵa, K̂a} = arg min
w∈[0:Ma],k∈[kl:ku]∪{0}

∥ya − kcw∥2

• Bounds on Pamd and Pafp via random coding union bound with parameter s
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Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa

0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa

0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa

0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

δ
=
0.
1 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Numerical experiment

• n = 30 000, (Ma,Ms) = (23, 2100), 1000 ≤ K ≤ 30 000, ρs = 0.01

• max{ϵsmd, ϵsfp} ≤ 10−1, max{ϵamd, ϵafp} ≤ 10−5

Given a target (Eb/N0)s achieving the standard msg. constr., what is the smallest (Eb/N0)a satisfying
the alarm msg. constr.?

1. Find (Eb/N0)s,min assuming ns = n

2. Set (Eb/N0)s = (Eb/N0)s,min + δ [dB]
(backoff)

3. Find smallest ns ≤ n satisfying standard msg.
constr.

4. Find smallest (Eb/N0)a by optimizing over
na ≤ n− ns, ρa ≤ ρa,max and Pa 0 1 2 3

·104

1

2

3
·104

δ =
0 d
B

δ
=
0.
1 d
B

δ
=
0.
2 d
B

Total number of users K

n
s

LSIT | Giuseppe Durisi 29 / 34



Role of device sensitivity ρa,max

0 0.5 1 1.5 2 2.5 3
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Optimal choice of parameters

• ρa = ρa,max

• na and Pa as low as
possible

Issue: dynamic range

ψ = Ps/Pa ∈ [30 : 70] dB
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Role of dynamic range ψ
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Role of dynamic range ψ
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Role of dynamic range ψ
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Role of dynamic range ψ
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Superposition

n

y =

Ks∑
k=1

xk +Kaxa + z

Decoder: reliability diversity

• Estimate Ka and Wa; treat
∑Ks

k=1 xk as noise

• Interference cancellation yic = y − K̂ax̂a

• Estimate Ks and W from yic; residual interference Kaxa − K̂ax̂a

Issue

Difficult to estimate Ka reliably in the presence of noise; imperfect interference cancellation
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Performance: orthogonalization vs. superposition
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Performance: orthogonalization vs. superposition
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Summary and further extensions

• Overview of information-theoretic bounds for
mMTC

• Generalization to unknown number of active
users and heterogeneous traffic
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Further extensions and open problems

• Fading, massive MIMO, cell-free [Kowshik & Polyanskiy, 2021; Fengler et al. 2022; Decurninge et
al. 2021; Gkagkos et al. 2023]

• Variable-length codes with stop feedback [Yavas et al. 2021]

• Imperfect synchronization [Decurninge et al. 2022 , Fengler et al. 2023]

• Age of information [Munari 2021, Munari et al., 2023]

• Energy harvesting [Demirhan & Duman, 2019]
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