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Traditional Sensing and Communications Separation

Communication Sensing

Conventional approach

Individual hardware with own antenna and own RF
chain for each of the two tasks

Separate bandwidths for the two tasks
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Integrated Sensing and Communication (ISAC)

Sensing and Communication

Feedback

Feedback

M1

M2

Synergistic hardware, bandwidth, and waveform performing
both tasks: Sensing and Communications
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Motivation for Integrating Sensing and Communication

The most immediate benefits of ISAC:

Cellular communication move up in frequencies, even to the THz
regime
→ radar and cellular communication occupy similar bandwidths

Integrating radar and communication will allow to free up precious
bandwidth

Savings in hardware costs, resources, and energy consumption
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Important Use Cases

But we can dream of much more...
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Multi-Functional Networks in 6G

Ubiquitous sensing capabilities for all terminals in the network:
Anywhere and anytime capabilities for all terminals

Network sensing (joint sensing capabilities for communicating
terminals) can significantly improve local onboard sensing
capabilities

Precise positioning information allows for better communication
performances

Precise sensing of position, angles, speed, and structure of objects
allows to obtain a reliable digital twin
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Current Status of ISAC

Predicted to be crucial building block of future 6G networks

Heavily investigated in the communications and signal processing
societies

First prototypes available

Information-theoretic angle of attack

Determine the optimal performances of ISAC systems. And the
inherent tradeoffs between sensing and communications
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Outline of the Tutorial

1 Some Basics of Information Theory

2 Channel Capacity—Shannon’s Channel Coding Theorem

3 Information-Theoretic Integrated Sensing and Communication
(ISAC) with Distortion

4 Some Basics of Detection Theory

5 Information-Theoretic ISAC with Detection-Errors

6 Results on Network ISAC
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Some Basics of Information Theory
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Entropy

Entropy measures randomness/uncertainty of a random variable

H(X ) =
∑
x∈X

PX (x) log2
1

PX (x)
= EPX

[
log2

1

PX (X )

]

where 0 log 1
0 := 0

Entropy of a binary random variable
X ∼ B(p):

H(X ) = −p log2 p − (1− p) log2(1− p).
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Extreme Values of Entropy

Deterministic random variable, PX (a) = 1 for some a ∈ X :

H(X ) =
∑
x∈X

PX (x) log2
1

PX (x)
= 0 log

1

0
+ 1 · log 1

1
= 0 + 1 · 0 = 0

Uniform random variable PX (x) =
1
|X | , for all x ∈ X :

H(X ) =
∑
x∈X

1

|X | log |X | = |X | ·
1

|X | log |X | = log |X |.

Extreme values
0 ≤ H(X ) ≤ log |X |;

lower bound tight iff X determ. and upper bound iff X uniform.
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Conditional Entropy

How the observation of a related random variable changes entropy

Conditional entropy:

H(X |Y ) =
∑
y∈Y

PY (y)
∑
x∈X

PX |Y (x |y) log2
1

PX |Y (x |y)︸ ︷︷ ︸
H(X |Y=y)

= EPXY

[
log2

1

PY |X (Y |X )

]

Conditioning reduces entropy: 0 ≤ H(X |Y ) ≤ H(X )

H(X |Y ) = 0 ⇔ X = f (Y )

H(X |Y ) = H(X ) ⇔ X independent of Y
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Joint Entropy

How much uncertainty is contained in a bunch of random variables

Joint Entropy:

H(X ,Y ) =
∑
x ,y

PXY (x , y) log2
1

PXY (x , y)
= EPXY

[
log2

1

PXY (X ,Y )

]

Joint and conditional entropies extend to many r.v.:
H(X1, . . . ,Xj |Y1, . . . ,Yi ) and H(X1, . . . ,Xj)
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Chain rule of Entropy

Entropy of X : H(X ) = E
[
log 1

PX (X )

]
Conditional entropy of Y given X : H(Y |X ) = E

[
log 1

PY |X (Y |X )

]
Sum of the two: (log(ab) = log a+ log b)

H(X ) + H(Y |X ) = E
[
log

1

PX (X )PY |X (Y |X )

]
= E

[
log

1

PXY (X ,Y )

]
= H(X ,Y )

Chain rule of Entropy

H(X ,Y ) = H(X ) + H(Y |X ) = H(Y ) + H(X |Y ).
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Mutual Information

Mutual Information is how much X tells about Y

Reduction in Entropy:

I (X ;Y ) , H(X )− H(X |Y ) = H(Y )− H(Y |X ) ≥ 0.

X and Y are independent → I (X ;Y ) = 0

X = Y → I (X ;Y ) = H(X )
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Empirical Statistics or Types

Empirical statistics (type) of a sequence x = (x1, . . . , xn)

πx(a) =
|{i : xi = a}|

n
, a ∈ X .

Example for the sequence x = (0, 1, 2, 1, 1, 2, 2, 0, 2, 1):

πx(0) =
2

10
=

1

5
, πx(1) =

4

10
=

2

5
, πx(2) =

4

10
=

2

5
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Joint Empirical Statistics

Joint empirical statistics of x = (x1, . . . , xn) and y = (y1, . . . , yn):

πxy (a, b) =
|{i : xi = a and yi = b}|

n
, a ∈ X , b ∈ Y.

Example for the sequences x = (0, 1, 2, 1, 1, 2, 2, 0, 2, 1) and
y = (0, 3, 3, 0, 3, 0, 0, 0, 3, 0)

πxy (0, 0) =
2

10
πx ,y (1, 0) =

2

10
πx ,y (2, 0) =

2

10

πx ,y (1, 3) =
2

10
πx ,y (2, 3) =

2

10
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Probability of having a Joint Empirical Statistic

Let X = (X1, . . . ,Xn) and Y = (Y1, . . . ,Yn) be jointly drawn i.i.d.
from PXY .

⇒ P[(X ,Y ) have joint empirical statistics ≈ PXY ]

→ 1 as n→∞.

(weak law of large numbers)

Let X = (X1, . . . ,Xn) be and Y = (Y1, . . . ,Yn) be independently
drawn i.i.d. from PX and PY .

P[(X ,Y ) have joint empirical statistics ≈ PXY ] ≈ 2−nI (X ;Y )
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Recap from Basic Information Theory Part

Entropy and Conditional Entropy

Mutual Information (Reduction in Entropy)

Joint Empirical Statistics

Probability that independently drawn sequences have joint
empirical statistics PXY is ≈ 2−nI (X ;Y )
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Channel Capacity

—

Shannon’s Channel Coding Theorem
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Data Transmission over a Noisy Channel

Receiver
<latexit sha1_base64="0ZK/ZNt65rzSQ/VI1WEsMSSYvrM=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5ioWXQxjKK+YDkCHubuWTJ3t65uyeEI3/CxkIRW/+Onf/GTXKFJj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6HSPJYPZpKgH9Gh5CFn1Fipc48MufX75Ypbdecgq8TLSQVyNPrlr94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n83un5MwqAxLGypY0ZK7+nshopPUkCmxnRM1IL3sz8T+vm5rwys+4TFKDki0WhakgJiaz58mAK2RGTCyhTHF7K2EjqigzNqKSDcFbfnmVtGpV76Jau6tV6td5HEU4gVM4Bw8uoQ630IAmMBDwDK/w5jw6L86787FoLTj5zDH8gfP5AxrGkAE=</latexit>

Transmitter
<latexit sha1_base64="qt43r6wNUv6VHU2svlhuoUs1r8E=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYBA8hd140GPQi8cIecFmCbOT2WTIPJaZXiEs+QwvHhTx6td482+cJHvQxIKGoqqb7q44FdyC7397G5tb2zu7pb3y/sHh0XHl5LRjdWYoa1MttOnFxDLBFWsDB8F6qWFExoJ148n93O8+MWO5Vi2YpiySZKR4wikBJ4UtQ5SVHICZQaXq1/wF8DoJClJFBZqDyld/qGkmmQIqiLVh4KcQ5cQAp4LNyv3MspTQCRmx0FFFJLNRvjh5hi+dMsSJNq4U4IX6eyIn0tqpjF2nJDC2q95c/M8LM0huo5yrNAOm6HJRkgkMGs//x0NuGAUxdYRQw92tmI6JIdRFYMsuhGD15XXSqdeC61r9sV5t3BVxlNA5ukBXKEA3qIEeUBO1EUUaPaNX9OaB9+K9ex/L1g2vmDlDf+B9/gC3KZGH</latexit>
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The Discrete Memoryless Channel (DMC)

M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhGOlho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY |X
<latexit sha1_base64="ozd1xucFxnnX34HyRy3yvRYrdlI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWMF+yFtKJvtpl262YTdiVBif4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbRSu9HPHp46036p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6RVq3oX1drdZbleyeMowCmcQQU8uII63EIDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx9Y6I9+</latexit>

Discrete-time and stationary memoryless channel law:

P
[
Yt = y

∣∣X t = x t ,Yt−1 = y t−1
]
= PY |X (y |xt)

Finite input and output alphabets X and Y
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Examples of Discrete Memoryless Channel

Binary Symmetric Channel (BSC):
Each input, independently flipped with

probability p

0 0

1

1 � p
<latexit sha1_base64="2eYJgSfIdi7hxh4mXFpAzvXvg/8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhrLZTtqlu5uwuxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSy4sa777RTW1jc2t4rbpZ3dvf2D8uFRy0SJZthkkYh0J6AGBVfYtNwK7MQaqQwEtoPxXea3n1AbHqlHO4nRl3SoeMgZtZnkXcSlfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seONPuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSatW9S6rtYerSv02j6MIJ3AK5+DBNdThHhrQBAYjeIZXeHOk8+K8Ox+L1oKTzxzDHzifP+kljX4=</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

YX
p

<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

1 � p
<latexit sha1_base64="2eYJgSfIdi7hxh4mXFpAzvXvg/8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhrLZTtqlu5uwuxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSy4sa777RTW1jc2t4rbpZ3dvf2D8uFRy0SJZthkkYh0J6AGBVfYtNwK7MQaqQwEtoPxXea3n1AbHqlHO4nRl3SoeMgZtZnkXcSlfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seONPuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSatW9S6rtYerSv02j6MIJ3AK5+DBNdThHhrQBAYjeIZXeHOk8+K8Ox+L1oKTzxzDHzifP+kljX4=</latexit>

1

Binary Erasure Channel (BEC):
Each input, independently erased with

probability ε

0

1

0

1

�X Y

1 � ✏
<latexit sha1_base64="0LvyPb6BGr3Qhz9SqgDBGJKX2x0=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cK9gPbUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqz06J13MdFcxLJXKrsVdwayTLyclCFHvVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42u3hCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjJ9n/S5QmbE2BLKFLe3EjakijJjQyraELzFl5dJs1rxLirV+8ty7SaPowDHcAJn4MEV1OAO6tAABhKe4RXeHO28OO/Ox7x1xclnjuAPnM8fKa2Qlg==</latexit>

1 � ✏
<latexit sha1_base64="0LvyPb6BGr3Qhz9SqgDBGJKX2x0=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cK9gPbUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqz06J13MdFcxLJXKrsVdwayTLyclCFHvVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42u3hCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjJ9n/S5QmbE2BLKFLe3EjakijJjQyraELzFl5dJs1rxLirV+8ty7SaPowDHcAJn4MEV1OAO6tAABhKe4RXeHO28OO/Ox7x1xclnjuAPnM8fKa2Qlg==</latexit>

✏
<latexit sha1_base64="S940j+PXnpyPoS6EHFdj/RxnHVw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBOH5Ak</latexit>

✏
<latexit sha1_base64="S940j+PXnpyPoS6EHFdj/RxnHVw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBOH5Ak</latexit>

Fast-fading channel Yt = StXt + Zt for i.i.d. {St} and {Zt}

(Imperfect) receiver channel state information: Yt =

(
StXt + Zt

S̃t

)
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M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhGOlho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY |X
<latexit sha1_base64="ozd1xucFxnnX34HyRy3yvRYrdlI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWMF+yFtKJvtpl262YTdiVBif4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbRSu9HPHp46036p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6RVq3oX1drdZbleyeMowCmcQQU8uII63EIDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx9Y6I9+</latexit>

M consists of nR random (i.i.d. Bernoulli-1/2) bits

A rate R > 0 is achievable if ∃ sequence of encodings f (n) and

decodings g (n) such that P
[
M̂ 6= M

]
→ 0 as n→∞.

Theorem (Shannon’s Channel Coding Theorem)

All rates R < C := maxPX
I (X ;Y ) are achievable.

All rates R > C are not achievable.

C. E. Shannon, “A mathematical theory of communication,” Bell System Journal,

October 1948.
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M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhGOlho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY |X
<latexit sha1_base64="ozd1xucFxnnX34HyRy3yvRYrdlI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWMF+yFtKJvtpl262YTdiVBif4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbRSu9HPHp46036p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6RVq3oX1drdZbleyeMowCmcQQU8uII63EIDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx9Y6I9+</latexit>

M consists of nR random (i.i.d. Bernoulli-1/2) bits

A rate R > 0 is achievable if ∃ sequence of encodings f (n) and

decodings g (n) such that P
[
M̂ 6= M

]
→ 0 as n→∞.

Theorem (Shannon’s Channel Coding Theorem)

All rates R < C := maxPX
I (X ;Y ) are achievable.

All rates R > C are not achievable.

C. E. Shannon, “A mathematical theory of communication,” Bell System Journal,

October 1948.
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M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhGOlho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY |X
<latexit sha1_base64="ozd1xucFxnnX34HyRy3yvRYrdlI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWMF+yFtKJvtpl262YTdiVBif4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbRSu9HPHp46036p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6RVq3oX1drdZbleyeMowCmcQQU8uII63EIDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx9Y6I9+</latexit>

M consists of nR random (i.i.d. Bernoulli-1/2) bits

A rate R > 0 is achievable if ∃ sequence of encodings f (n) and

decodings g (n) such that P
[
M̂ 6= M

]
→ 0 as n→∞.

Theorem (Shannon’s Channel Coding Theorem)

All rates R < C := maxPX
I (X ;Y ) are achievable.

All rates R > C are not achievable.

C. E. Shannon, “A mathematical theory of communication,” Bell System Journal,

October 1948.
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Capacity of the Binary Symmetric Channel

Binary Symmetric Channel

0 0

1

1 � p
<latexit sha1_base64="2eYJgSfIdi7hxh4mXFpAzvXvg/8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhrLZTtqlu5uwuxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSy4sa777RTW1jc2t4rbpZ3dvf2D8uFRy0SJZthkkYh0J6AGBVfYtNwK7MQaqQwEtoPxXea3n1AbHqlHO4nRl3SoeMgZtZnkXcSlfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seONPuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSatW9S6rtYerSv02j6MIJ3AK5+DBNdThHhrQBAYjeIZXeHOk8+K8Ox+L1oKTzxzDHzifP+kljX4=</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

YX
p

<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

1 � p
<latexit sha1_base64="2eYJgSfIdi7hxh4mXFpAzvXvg/8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhrLZTtqlu5uwuxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSy4sa777RTW1jc2t4rbpZ3dvf2D8uFRy0SJZthkkYh0J6AGBVfYtNwK7MQaqQwEtoPxXea3n1AbHqlHO4nRl3SoeMgZtZnkXcSlfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seONPuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSatW9S6rtYerSv02j6MIJ3AK5+DBNdThHhrQBAYjeIZXeHOk8+K8Ox+L1oKTzxzDHzifP+kljX4=</latexit>

1

C = max
PX

I (X ;Y ) = max
PX

[H(Y )− H(Y |X )]

= max
PX

[
H(Y )−

∑
x∈{0,1}

PX (x)H(Y |X = x)

]
= max

PX

[H(Y )]− Hb(p)

= 1− Hb(p)

Capacity achieved for PX Bernoulli-1/2 → PY also Bernoulli-1/2
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Capacity of the Binary Symmetric Channel

Binary Symmetric Channel

0 0

1

1 � p
<latexit sha1_base64="2eYJgSfIdi7hxh4mXFpAzvXvg/8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhrLZTtqlu5uwuxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSy4sa777RTW1jc2t4rbpZ3dvf2D8uFRy0SJZthkkYh0J6AGBVfYtNwK7MQaqQwEtoPxXea3n1AbHqlHO4nRl3SoeMgZtZnkXcSlfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seONPuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSatW9S6rtYerSv02j6MIJ3AK5+DBNdThHhrQBAYjeIZXeHOk8+K8Ox+L1oKTzxzDHzifP+kljX4=</latexit>

p
<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

YX
p

<latexit sha1_base64="YCRLqY3FYFMPr169IIibebwVZHg=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtIvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucP22eM+A==</latexit>

1 � p
<latexit sha1_base64="2eYJgSfIdi7hxh4mXFpAzvXvg/8=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBiyWpgh6LXjxWsB/QhrLZTtqlu5uwuxFK6V/w4kERr/4hb/4bkzYHbX0w8Hhvhpl5QSy4sa777RTW1jc2t4rbpZ3dvf2D8uFRy0SJZthkkYh0J6AGBVfYtNwK7MQaqQwEtoPxXea3n1AbHqlHO4nRl3SoeMgZtZnkXcSlfrniVt05yCrxclKBHI1++as3iFgiUVkmqDFdz42tP6XaciZwVuolBmPKxnSI3ZQqKtH40/mtM3KWKgMSRjotZclc/T0xpdKYiQzSTkntyCx7mfif101seONPuYoTi4otFoWJIDYi2eNkwDUyKyYpoUzz9FbCRlRTZtN4shC85ZdXSatW9S6rtYerSv02j6MIJ3AK5+DBNdThHhrQBAYjeIZXeHOk8+K8Ox+L1oKTzxzDHzifP+kljX4=</latexit>

1

C = max
PX

I (X ;Y ) = max
PX

[H(Y )− H(Y |X )]

= max
PX

[
H(Y )−

∑
x∈{0,1}

PX (x)H(Y |X = x)

]
= max

PX

[H(Y )]− Hb(p)

= 1− Hb(p)

Capacity achieved for PX Bernoulli-1/2 → PY also Bernoulli-1/2
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Capacity of Binary Erasure Channel

Binary Erasure Channel

0

1

0

1

�X Y

1 � ✏
<latexit sha1_base64="0LvyPb6BGr3Qhz9SqgDBGJKX2x0=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cK9gPbUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqz06J13MdFcxLJXKrsVdwayTLyclCFHvVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42u3hCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjJ9n/S5QmbE2BLKFLe3EjakijJjQyraELzFl5dJs1rxLirV+8ty7SaPowDHcAJn4MEV1OAO6tAABhKe4RXeHO28OO/Ox7x1xclnjuAPnM8fKa2Qlg==</latexit>

1 � ✏
<latexit sha1_base64="0LvyPb6BGr3Qhz9SqgDBGJKX2x0=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4sSRV0GPRi8cK9gPbUDbbSbt0swm7G6GE/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHssHM07Qj+hA8pAzaqz06J13MdFcxLJXKrsVdwayTLyclCFHvVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42u3hCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/YzLJDUo2XxRmApiYjJ9n/S5QmbE2BLKFLe3EjakijJjQyraELzFl5dJs1rxLirV+8ty7SaPowDHcAJn4MEV1OAO6tAABhKe4RXeHO28OO/Ox7x1xclnjuAPnM8fKa2Qlg==</latexit>

✏<latexit sha1_base64="S940j+PXnpyPoS6EHFdj/RxnHVw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBOH5Ak</latexit>

✏<latexit sha1_base64="S940j+PXnpyPoS6EHFdj/RxnHVw=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2k3bpZhN3N0IJ/RNePCji1b/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqzU6WGiuYhlv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7vlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jwZcIXMiIkllClubyVsRBVlxkZUsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQwEPMMrvDmPzovz7nwsWgtOPnMMf+B8/gBOH5Ak</latexit>

C = max
PX

I (X ;Y ) = 1− ε.

Capacity again achieved with Bernoulli-1/2 input X
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Capacity of the White Gaussian Noise Channel

Xt
<latexit sha1_base64="uVEK9meGuI+kkSgxghfWHrXPMHs=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGCaQttKJvtpl262YTdiVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXplIYdN1vZ219Y3Nru7RT3t3bPzisHB23TJJpxn2WyER3Qmq4FIr7KFDyTqo5jUPJ2+H4bua3n7g2IlGPOEl5ENOhEpFgFK3kd/o5TvuVqltz5yCrxCtIFQo0+5Wv3iBhWcwVMkmN6XpuikFONQom+bTcywxPKRvTIe9aqmjMTZDPj52Sc6sMSJRoWwrJXP09kdPYmEkc2s6Y4sgsezPxP6+bYXQT5EKlGXLFFouiTBJMyOxzMhCaM5QTSyjTwt5K2IhqytDmU7YheMsvr5JWveZd1uoPV9XGbRFHCU7hDC7Ag2towD00wQcGAp7hFd4c5bw4787HonXNKWZO4A+czx8Gco7T</latexit>

Yt

{Zt} i.i.d. ⇠ N (0, N0)
<latexit sha1_base64="0vH2LbKPICzVVSp/4FFkI6k9L+o="></latexit>

Real inputs with blockpower constraint
∑n

t=1 E[X 2
i ] ≤ nEs :

C =
1

2
log

(
1 +

Es

N0

)
Capacity achieved with Gaussian input PX ∼ N (0,N0)

With M-PAM inputs: I (X ;Y ) for uniform PX
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What is this Input Distribution PX?

M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhG Olho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY |X
<latexit sha1_base64="ozd1xucFxnnX34HyRy3yvRYrdlI=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWMF+yFtKJvtpl262YTdiVBif4QXD4p49fd489+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuTaiFjd4yThfkSHSoSCUbRSu9HPHp46036p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzc6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvudDITmDOXEEsq0sLcSNqKaMrQJFW0I3vLLq6RVq3oX1drdZbleyeMowCmcQQU8uII63EIDmsBgDM/wCm9O4rw4787HonXNyWdO4A+czx9Y6I9+</latexit>

The capacity formula C = maxPX
I (X ;Y )

PX describes the probability distribution of the input Xt averaged
over all times t

Since data bits are uniform, so are the codewords
xn(M = 000 · · · 000), xn(M = 000 · · · 001), xn(M = 000 · · · 010),
xn(M = 000 · · · 011), . . . ,

⇒ PX (0) simply indicates the frequency (empirical statistics) of
the 0-symbol among all codewords
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A Refined Shannon Theorem

What Shannon says:

For any distribution PX over X :

There is no family of encodings/decodings {(f (n), g (n))}∞n=1 of rate
R > C
such that P

(n)
e → 0 as n→∞

For any rate R < C there does exist a family of
encodings/decodings {f (n), g (n))}∞n=1

s.t. P
(n)
e → 0 as n→∞
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A Refined Shannon Theorem

A stronger version:

For any distribution PX over X :

There is no family of encodings/decodings {(f (n), g (n))}∞n=1 of rate
R > I (X ;Y ) and with codebook statistics PX

such that P
(n)
e → 0 as n→∞

For any rate R < I (X ;Y ) there does exist a family of
encodings/decodings {f (n), g (n))}∞n=1 with codebook statistics PX

s.t. P
(n)
e → 0 as n→∞
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Achievability Proof (if-direction) for Capacity Theorem

...<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

xn(00 · · · 01)
<latexit sha1_base64="K4LJ42Ax86gfH7NKEiaWNCiH7vg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkmWIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BAln2iD07RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqBFhTzgRtGmY47SSK4jjgtB2Mbmd+e0yVZlI8mElC/RgPBIsYwcZKfdd9ehQVhHoklEZD5J333TKqojngKvFyUgY5Gn33qxdKksZUGMKx1l0PJcbPsDKMcDot9VJNE0xGeEC7lgocU+1n88un8MwqIYyksiUMnKu/JzIcaz2JA9sZYzPUy95M/M/rpia69jMmktRQQRaLopRDI+EsBhgyRYnhE0swUczeCskQK0yMDatkQ/CWX14lrVrVu6jW7i/L9Zs8jiI4AaegAjxwBergDjRAExAwBs/gFbw5mfPivDsfi9aCk88cgz9wPn8AdriSPg==</latexit>

xn(00 · · · 00)
<latexit sha1_base64="X5WLAIzObqjwoPVT3s+yenhkIoY=">AAAB+HicbVDLSgMxFM34rPXRUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkGbEO/RI3LhRx66e4829M21lo64ELh3Pu5d57goQzbRD6dlZW19Y3Ngtbxe2d3b2Su3/Q0jJVhDaJ5FJ1AqwpZ4I2DTOcdhJFcRxw2g5G11O//UCVZlLcmXFC/RgPBIsYwcZKfbf0eC8qCPVIKI1G6LTvllEVzQCXiZeTMsjR6LtfvVCSNKbCEI617nooMX6GlWGE00mxl2qaYDLCA9q1VOCYaj+bHT6BJ1YJYSSVLWHgTP09keFY63Ec2M4Ym6Fe9Kbif143NdGlnzGRpIYKMl8UpRwaCacpwJApSgwfW4KJYvZWSIZYYWJsVkUbgrf48jJp1areWbV2e16uX+VxFMAROAYV4IELUAc3oAGagIAUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8a75IT</latexit>

xn(00 · · · 10)
<latexit sha1_base64="eNyG+ygSxFSQ8dnC8Easeqjlusg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkmWIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BAln2iD07RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqBFhTzgRtGmY47SSK4jjgtB2Mbmd+e0yVZlI8mElC/RgPBIsYwcZKfdd9ehQVhHoklEZDD5333TKqojngKvFyUgY5Gn33qxdKksZUGMKx1l0PJcbPsDKMcDot9VJNE0xGeEC7lgocU+1n88un8MwqIYyksiUMnKu/JzIcaz2JA9sZYzPUy95M/M/rpia69jMmktRQQRaLopRDI+EsBhgyRYnhE0swUczeCskQK0yMDatkQ/CWX14lrVrVu6jW7i/L9Zs8jiI4AaegAjxwBergDjRAExAwBs/gFbw5mfPivDsfi9aCk88cgz9wPn8AdrmSPg==</latexit>

xn (11 · · · 11)
<latexit sha1_base64="HgWpe3x6D+FZxCvmrJKiid/skFw=">AAACBHicbZDLSgMxFIYz9Vbrreqym2AR6qbMVEGXRTcuK9gLdGrJpJk2NJMMyRmxDF248VXcuFDErQ/hzrcxvSy09YfAx3/O4eT8QSy4Adf9djIrq2vrG9nN3Nb2zu5efv+gYVSiKatTJZRuBcQwwSWrAwfBWrFmJAoEawbDq0m9ec+04UrewihmnYj0JQ85JWCtbr7wcCd9wUIoeZ5PewoMtqB5fwAn3XzRLbtT4WXw5lBEc9W6+S+/p2gSMQlUEGPanhtDJyUaOBVsnPMTw2JCh6TP2hYliZjppNMjxvjYOj0cKm2fBDx1f0+kJDJmFAW2MyIwMIu1iflfrZ1AeNFJuYwTYJLOFoWJwKDwJBHc45pRECMLhGpu/4rpgGhCweaWsyF4iycvQ6NS9k7LlZuzYvVyHkcWFdARKiEPnaMqukY1VEcUPaJn9IrenCfnxXl3PmatGWc+c4j+yPn8AT4xlzA=</latexit>

empirical statistics of
each codeword ⇡ PX

<latexit sha1_base64="gUwIR1cGs7OeWeBKSHWvN03LuuI="></latexit>

Encoder: Send xn(M)

Decoder: Declare the unique M̂ s.t. (xn(M̂),Y n)
have joint empirical statistics ≈ PXPY |X

Analysis:

P
[
(xn(M),Y n) of joint stat. ≈ PXPY |X

]
≈ 1

∀j 6= M:
P[(xn(j),Y n) of joint stat.≈PXPY |X ]≈ 2−nI (X ;Y )

By union bound:

P[∃j 6= M : (xn(j),Y n) of joint st.≈PXPY |X ]

≈ 2nR · 2−nI (X ;Y )

which vanishes as n→∞ if R < I (X ;Y ).
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Achievability Proof (if-direction) for Capacity Theorem

...<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

xn(00 · · · 01)
<latexit sha1_base64="K4LJ42Ax86gfH7NKEiaWNCiH7vg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkmWIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BAln2iD07RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqBFhTzgRtGmY47SSK4jjgtB2Mbmd+e0yVZlI8mElC/RgPBIsYwcZKfdd9ehQVhHoklEZD5J333TKqojngKvFyUgY5Gn33qxdKksZUGMKx1l0PJcbPsDKMcDot9VJNE0xGeEC7lgocU+1n88un8MwqIYyksiUMnKu/JzIcaz2JA9sZYzPUy95M/M/rpia69jMmktRQQRaLopRDI+EsBhgyRYnhE0swUczeCskQK0yMDatkQ/CWX14lrVrVu6jW7i/L9Zs8jiI4AaegAjxwBergDjRAExAwBs/gFbw5mfPivDsfi9aCk88cgz9wPn8AdriSPg==</latexit>

xn(00 · · · 00)
<latexit sha1_base64="X5WLAIzObqjwoPVT3s+yenhkIoY=">AAAB+HicbVDLSgMxFM34rPXRUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkGbEO/RI3LhRx66e4829M21lo64ELh3Pu5d57goQzbRD6dlZW19Y3Ngtbxe2d3b2Su3/Q0jJVhDaJ5FJ1AqwpZ4I2DTOcdhJFcRxw2g5G11O//UCVZlLcmXFC/RgPBIsYwcZKfbf0eC8qCPVIKI1G6LTvllEVzQCXiZeTMsjR6LtfvVCSNKbCEI617nooMX6GlWGE00mxl2qaYDLCA9q1VOCYaj+bHT6BJ1YJYSSVLWHgTP09keFY63Ec2M4Ym6Fe9Kbif143NdGlnzGRpIYKMl8UpRwaCacpwJApSgwfW4KJYvZWSIZYYWJsVkUbgrf48jJp1areWbV2e16uX+VxFMAROAYV4IELUAc3oAGagIAUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8a75IT</latexit>

xn(00 · · · 10)
<latexit sha1_base64="eNyG+ygSxFSQ8dnC8Easeqjlusg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkmWIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BAln2iD07RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqBFhTzgRtGmY47SSK4jjgtB2Mbmd+e0yVZlI8mElC/RgPBIsYwcZKfdd9ehQVhHoklEZDD5333TKqojngKvFyUgY5Gn33qxdKksZUGMKx1l0PJcbPsDKMcDot9VJNE0xGeEC7lgocU+1n88un8MwqIYyksiUMnKu/JzIcaz2JA9sZYzPUy95M/M/rpia69jMmktRQQRaLopRDI+EsBhgyRYnhE0swUczeCskQK0yMDatkQ/CWX14lrVrVu6jW7i/L9Zs8jiI4AaegAjxwBergDjRAExAwBs/gFbw5mfPivDsfi9aCk88cgz9wPn8AdrmSPg==</latexit>

xn (11 · · · 11)
<latexit sha1_base64="HgWpe3x6D+FZxCvmrJKiid/skFw=">AAACBHicbZDLSgMxFIYz9Vbrreqym2AR6qbMVEGXRTcuK9gLdGrJpJk2NJMMyRmxDF248VXcuFDErQ/hzrcxvSy09YfAx3/O4eT8QSy4Adf9djIrq2vrG9nN3Nb2zu5efv+gYVSiKatTJZRuBcQwwSWrAwfBWrFmJAoEawbDq0m9ec+04UrewihmnYj0JQ85JWCtbr7wcCd9wUIoeZ5PewoMtqB5fwAn3XzRLbtT4WXw5lBEc9W6+S+/p2gSMQlUEGPanhtDJyUaOBVsnPMTw2JCh6TP2hYliZjppNMjxvjYOj0cKm2fBDx1f0+kJDJmFAW2MyIwMIu1iflfrZ1AeNFJuYwTYJLOFoWJwKDwJBHc45pRECMLhGpu/4rpgGhCweaWsyF4iycvQ6NS9k7LlZuzYvVyHkcWFdARKiEPnaMqukY1VEcUPaJn9IrenCfnxXl3PmatGWc+c4j+yPn8AT4xlzA=</latexit>

empirical statistics of
each codeword ⇡ PX

<latexit sha1_base64="gUwIR1cGs7OeWeBKSHWvN03LuuI="></latexit>

Encoder: Send xn(M)

Decoder: Declare the unique M̂ s.t. (xn(M̂),Y n)
have joint empirical statistics ≈ PXPY |X

Analysis:

P
[
(xn(M),Y n) of joint stat. ≈ PXPY |X

]
≈ 1

∀j 6= M:
P[(xn(j),Y n) of joint stat.≈PXPY |X ]≈ 2−nI (X ;Y )

By union bound:

P[∃j 6= M : (xn(j),Y n) of joint st.≈PXPY |X ]

≈ 2nR · 2−nI (X ;Y )

which vanishes as n→∞ if R < I (X ;Y ).
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Achievability Proof (if-direction) for Capacity Theorem

...<latexit sha1_base64="hx9vrypjtBJpcEsh1w05CZs9G34=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRV0GPRi8cKthbaUDabTbt2sxt2J4VS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8MBXcoOd9O4W19Y3NreJ2aWd3b/+gfHjUMirTlDWpEkq3Q2KY4JI1kaNg7VQzkoSCPYbD25n/OGLacCUfcJyyICF9yWNOCVqp1R1FCk2vXPGq3hzuKvFzUoEcjV75qxspmiVMIhXEmI7vpRhMiEZOBZuWuplhKaFD0mcdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODALHsz8T+vk2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0sHRBOKNqCSDcFffnmVtGpV/6Jau7+s1G/yOIpwAqdwDj5cQR3uoAFNoPAEz/AKb45yXpx352PRWnDymWP4A+fzB8y9j0Y=</latexit>

xn(00 · · · 01)
<latexit sha1_base64="K4LJ42Ax86gfH7NKEiaWNCiH7vg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkmWIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BAln2iD07RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqBFhTzgRtGmY47SSK4jjgtB2Mbmd+e0yVZlI8mElC/RgPBIsYwcZKfdd9ehQVhHoklEZD5J333TKqojngKvFyUgY5Gn33qxdKksZUGMKx1l0PJcbPsDKMcDot9VJNE0xGeEC7lgocU+1n88un8MwqIYyksiUMnKu/JzIcaz2JA9sZYzPUy95M/M/rpia69jMmktRQQRaLopRDI+EsBhgyRYnhE0swUczeCskQK0yMDatkQ/CWX14lrVrVu6jW7i/L9Zs8jiI4AaegAjxwBergDjRAExAwBs/gFbw5mfPivDsfi9aCk88cgz9wPn8AdriSPg==</latexit>

xn(00 · · · 00)
<latexit sha1_base64="X5WLAIzObqjwoPVT3s+yenhkIoY=">AAAB+HicbVDLSgMxFM34rPXRUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkGbEO/RI3LhRx66e4829M21lo64ELh3Pu5d57goQzbRD6dlZW19Y3Ngtbxe2d3b2Su3/Q0jJVhDaJ5FJ1AqwpZ4I2DTOcdhJFcRxw2g5G11O//UCVZlLcmXFC/RgPBIsYwcZKfbf0eC8qCPVIKI1G6LTvllEVzQCXiZeTMsjR6LtfvVCSNKbCEI617nooMX6GlWGE00mxl2qaYDLCA9q1VOCYaj+bHT6BJ1YJYSSVLWHgTP09keFY63Ec2M4Ym6Fe9Kbif143NdGlnzGRpIYKMl8UpRwaCacpwJApSgwfW4KJYvZWSIZYYWJsVkUbgrf48jJp1areWbV2e16uX+VxFMAROAYV4IELUAc3oAGagIAUPINX8OY8OS/Ou/Mxb11x8plD8AfO5w8a75IT</latexit>

xn(00 · · · 10)
<latexit sha1_base64="eNyG+ygSxFSQ8dnC8Easeqjlusg=">AAAB+XicbVDLSgMxFM3UV62vUZdugkWom5Kpgi6LblxWsA9ox5LJZNrQTDIkmWIZ+iduXCji1j9x59+YtrPQ1gMXDufcy733BAln2iD07RTW1jc2t4rbpZ3dvf0D9/CopWWqCG0SyaXqBFhTzgRtGmY47SSK4jjgtB2Mbmd+e0yVZlI8mElC/RgPBIsYwcZKfdd9ehQVhHoklEZDD5333TKqojngKvFyUgY5Gn33qxdKksZUGMKx1l0PJcbPsDKMcDot9VJNE0xGeEC7lgocU+1n88un8MwqIYyksiUMnKu/JzIcaz2JA9sZYzPUy95M/M/rpia69jMmktRQQRaLopRDI+EsBhgyRYnhE0swUczeCskQK0yMDatkQ/CWX14lrVrVu6jW7i/L9Zs8jiI4AaegAjxwBergDjRAExAwBs/gFbw5mfPivDsfi9aCk88cgz9wPn8AdrmSPg==</latexit>

xn (11 · · · 11)
<latexit sha1_base64="HgWpe3x6D+FZxCvmrJKiid/skFw=">AAACBHicbZDLSgMxFIYz9Vbrreqym2AR6qbMVEGXRTcuK9gLdGrJpJk2NJMMyRmxDF248VXcuFDErQ/hzrcxvSy09YfAx3/O4eT8QSy4Adf9djIrq2vrG9nN3Nb2zu5efv+gYVSiKatTJZRuBcQwwSWrAwfBWrFmJAoEawbDq0m9ec+04UrewihmnYj0JQ85JWCtbr7wcCd9wUIoeZ5PewoMtqB5fwAn3XzRLbtT4WXw5lBEc9W6+S+/p2gSMQlUEGPanhtDJyUaOBVsnPMTw2JCh6TP2hYliZjppNMjxvjYOj0cKm2fBDx1f0+kJDJmFAW2MyIwMIu1iflfrZ1AeNFJuYwTYJLOFoWJwKDwJBHc45pRECMLhGpu/4rpgGhCweaWsyF4iycvQ6NS9k7LlZuzYvVyHkcWFdARKiEPnaMqukY1VEcUPaJn9IrenCfnxXl3PmatGWc+c4j+yPn8AT4xlzA=</latexit>

empirical statistics of
each codeword ⇡ PX

<latexit sha1_base64="gUwIR1cGs7OeWeBKSHWvN03LuuI="></latexit>

Encoder: Send xn(M)

Decoder: Declare the unique M̂ s.t. (xn(M̂),Y n)
have joint empirical statistics ≈ PXPY |X

Analysis:

P
[
(xn(M),Y n) of joint stat. ≈ PXPY |X

]
≈ 1

∀j 6= M:
P[(xn(j),Y n) of joint stat.≈PXPY |X ]≈ 2−nI (X ;Y )

By union bound:

P[∃j 6= M : (xn(j),Y n) of joint st.≈PXPY |X ]

≈ 2nR · 2−nI (X ;Y )

which vanishes as n→∞ if R < I (X ;Y ).
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Converse Proof (only if-direction) for Capacity Theorem

Fix encodings/decodings (f (n), g (n)) so that P
(n)
e → 0 as n→∞

nR = H(M) = I (M;Y n)− H(M|Y n)︸ ︷︷ ︸
→0 as n→∞,Pe→0

= I (M;Y n)− δ(P(n)
e , n)

=
n∑

t=1

I (M;Yt |Y t−1)− δ(P(n)
e , n)

=
n∑

t=1

[
H(Yt |Y t−1)− H(Yt |Y t−1,M)

]
− δ(P(n)

e , n)

≤
n∑

t=1

[
H(Yt)− H(Yt |Y t−1,M,Xt)

]
− δ(P(n)

e , n)

=
n∑

t=1

[H(Yt)− H(Yt |Xt)]− δ(P(n)
e , n)

=
n∑

t=1

I (Yt ;Xt)− δ(P(n)
e , n) ≤ nC − δ(P(n)

e , n)
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What about Feedback?

M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhGOlho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY Z|X
<latexit sha1_base64="nj3TRAUlFbseIDs0eIyKbPrEy7Y=">AAAB73icbVBNTwIxEJ36ifiFevTSSEw4kV000SOJF4+YCKzChnRLFxq63bXtmpCVP+HFg8Z49e94899YYA8KvmSSl/dmMjMvSATXxnG+0crq2vrGZmGruL2zu7dfOjhs6ThVlDVpLGLlBUQzwSVrGm4E8xLFSBQI1g5GV1O//ciU5rG8NeOE+REZSB5ySoyVvEYvu7t/8ia9UtmpOjPgZeLmpAw5Gr3SV7cf0zRi0lBBtO64TmL8jCjDqWCTYjfVLCF0RAasY6kkEdN+Nrt3gk+t0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJL/2MyyQ1TNL5ojAV2MR4+jzuc8WoEWNLCFXc3orpkChCjY2oaENwF19eJq1a1T2r1m7Oy/VKHkcBjuEEKuDCBdThGhrQBAoCnuEV3tADekHv6GPeuoLymSP4A/T5Awjgj+I=</latexit>

Zn = (Z1, . . . , Zn)
<latexit sha1_base64="0s+6EJAP2fhVnskMsB33IIJXm4Y=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyxChVJmqqAboeDGZQX7oO04ZDKZNjSTDElGKLULf8WNC0Xc+hvu/BvTdhbaeuDC4Zx7ufeeIGFUacf5tpaWV1bX1nMb+c2t7Z1de2+/oUQqMaljwYRsBUgRRjmpa6oZaSWSoDhgpBkMrid+84FIRQW/08OEeDHqcRpRjLSRfPuwfc+vim3fLcEuC4VWJdj2+alvF5yyMwVcJG5GCiBDzbe/uqHAaUy4xgwp1XGdRHsjJDXFjIzz3VSRBOEB6pGOoRzFRHmj6f1jeGKUEEZCmuIaTtXfEyMUKzWMA9MZI91X895E/M/rpDq69EaUJ6kmHM8WRSmDWsBJGDCkkmDNhoYgLKm5FeI+kghrE1nehODOv7xIGpWye1au3J4XqsUsjhw4AsegCFxwAargBtRAHWDwCJ7BK3iznqwX6936mLUuWdnMAfgD6/MHXZaUUA==</latexit>

Transmitter observes backscatterers or feedback

Theorem (Shannon’s Capacity-Theorem for Feedback Channels)

Capacity with feedback and without feedback is the same for Discrete
Memoryless Channels.

Holds also with active feedback.

Active feedback cannot be better than perfect feedback Z = Y
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What about Feedback?

M̂
<latexit sha1_base64="/oYgV+E8IXUnU+5gxoBlU7Im/9Y=">AAAB7nicdVDLSgNBEOyNrxhfUY9eBoOQU9hNAvEY8OJFiGAekCxhdjKbDJl9MNMrhCUf4cWDIl79Hm/+jbPJCipa0FBUddPd5cVSaLTtD6uwsbm1vVPcLe3tHxwelY9PejpKFONdFslIDTyquRQh76JAyQex4jTwJO9786vM799zpUUU3uEi5m5Ap6HwBaNopP5oRjG9WY7LFbtmr0Ay0nLqTkbqrWajSZzcqkCOzrj8PppELAl4iExSrYeOHaObUoWCSb4sjRLNY8rmdMqHhoY04NpNV+cuyYVRJsSPlKkQyUr9PpHSQOtF4JnOgOJM//Yy8S9vmKB/6aYijBPkIVsv8hNJMCLZ72QiFGcoF4ZQpoS5lbAZVZShSahkQvj6lPxPevWa06jVb5uVdjWPowhncA5VcKAFbbiGDnSBwRwe4Amerdh6tF6s13VrwcpnTuEHrLdPlH6Ppw==</latexit>

M
<latexit sha1_base64="vGoTJgg4m5UlTqoY9rZ7IyjW8lc=">AAAB6HicdVBNS8NAEJ3Ur1q/qh69LBahp5KkhXosePEitGA/oA1ls920azebsLsRSugv8OJBEa/+JG/+GzdtBBV9MPB4b4aZeX7MmdK2/WEVNja3tneKu6W9/YPDo/LxSU9FiSS0SyIeyYGPFeVM0K5mmtNBLCkOfU77/vwq8/v3VCoWiVu9iKkX4qlgASNYG6lzMy5X7Jq9AspI03GdjLjNRr2BnNyqQI72uPw+mkQkCanQhGOlho4day/FUjPC6bI0ShSNMZnjKR0aKnBIlZeuDl2iC6NMUBBJU0Kjlfp9IsWhUovQN50h1jP128vEv7xhooNLL2UiTjQVZL0oSDjSEcq+RhMmKdF8YQgmkplbEZlhiYk22ZRMCF+fov9Jz6059ZrbaVRa1TyOIpzBOVTBgSa04Bra0AUCFB7gCZ6tO+vRerFe160FK585hR+w3j4ByqaM2g==</latexit>

Enc.f (n)
<latexit sha1_base64="O2fcRLDJo1/9YkmsxRUCrF0As8w=">AAAB/HicbVDLSsNAFJ34rPVV7dLNYBHqJiRV0GVBBJcV7APaWCbTSTt0MgkzN2II8VfcuFDErR/izr9x+lho64ELh3Pu5d57/FhwDY7zba2srq1vbBa2its7u3v7pYPDlo4SRVmTRiJSHZ9oJrhkTeAgWCdWjIS+YG1/fDXx2w9MaR7JO0hj5oVkKHnAKQEj9UvlHrBHyK4ltXMc3GdVeZr3SxXHdqbAy8Sdkwqao9EvffUGEU1CJoEKonXXdWLwMqKAU8HyYi/RLCZ0TIasa6gkIdNeNj0+xydGGeAgUqYk4Kn6eyIjodZp6JvOkMBIL3oT8T+vm0Bw6WVcxgkwSWeLgkRgiPAkCTzgilEQqSGEKm5uxXREFKFg8iqaENzFl5dJq2a7Z3bt9rxSr87jKKAjdIyqyEUXqI5uUAM1EUUpekav6M16sl6sd+tj1rpizWfK6A+szx8N6pRL</latexit>

Dec. g(n)
<latexit sha1_base64="pzMEZiDQF1TiDCWgPQ82EWf7jIE=">AAAB/XicbVDJSgNBEO2JW4xbXG5eGoMQL2EmCnoM6MFjBLNAEkNPp5I06ekZumvEOAR/xYsHRbz6H978GzvLQRMfFDzeq6Kqnh9JYdB1v53U0vLK6lp6PbOxubW9k93dq5ow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0fXI792j1oI0J1i8MIWgHrKdEVnKGV2tmDJsIDJlfAC3REe3dJXp2M2tmcW3AnoIvEm5EcmaHczn41OyGPA1DIJTOm4bkRthKmUXAJo0wzNhAxPmA9aFiqWACmlUyuH9Fjq3RoN9S2FNKJ+nsiYYExw8C3nQHDvpn3xuJ/XiPG7kUrESqKERSfLurGkmJIx1HQjtDAUQ4tYVwLeyvlfaYZRxtYxobgzb+8SKrFgndaKN6c5Ur5WRxpckiOSJ545JyUyDUpkwrh5JE8k1fy5jw5L8678zFtTTmzmX3yB87nD1p6lGw=</latexit>

Xn =
(X1, . . . , Xn)

<latexit sha1_base64="SIblE2IVAp8TS6slxr1ho8NtXjw=">AAACGHicbVBNSwMxEM36WetX1aOXYBEqaN2tQr0IBS8eFaxd6K5LNp3a0CS7JFmxLP0ZXvwrXjwo4tWb/8a09qDWBwOP92aYmRennGnjup/OzOzc/MJiYam4vLK6tl7a2LzWSaYoNGnCE+XHRANnEpqGGQ5+qoCImEMr7p+N/NYdKM0SeWUGKYSC3ErWZZQYK0Wlw6CnU0IhP/BcIYb+jTzFQdA+qNbhPixW/MjbxwHvJEbvYz+Se1Gp7FbdMfA08SakjCa4iEofQSehmQBpKCdatz03NWFOlGGUw7AYZBrsAX1yC21LJRGgw3z82BDvWqWDu4myJQ0eqz8nciK0HojYdgpievqvNxL/89qZ6Z6EOZNpZkDS70XdjGOT4FFKuMMUUMMHlhCqmL0V0x5RhBqbZdGG4P19eZpc16reUbV2eVxuVCZxFNA22kEV5KE6aqBzdIGaiKIH9IRe0Kvz6Dw7b877d+uMM5nZQr/gfHwBke+dfQ==</latexit>

Y n =
(Y1, . . . , Yn)

<latexit sha1_base64="O9Bl45OTWA9yexunl5B3YuHbJ5E=">AAACCXicbVDLSsNAFJ34rPUVdelmsAgVakiqUDdCwY3LCvZFE8NkOmmHTiZhZiKW0K0bf8WNC0Xc+gfu/Bunj4W2HrhwOOde7r0nSBiVyra/jaXlldW19dxGfnNre2fX3NtvyDgVmNRxzGLRCpAkjHJSV1Qx0koEQVHASDMYXI395j0Rksb8Vg0T4kWox2lIMVJa8k3YvuOXrts5tSrkwcsX275Tgi7rxkqWYNvnJ75ZsC17ArhInBkpgBlqvvnldmOcRoQrzJCUHcdOlJchoShmZJR3U0kShAeoRzqachQR6WWTT0bwWCtdGMZCF1dwov6eyFAk5TAKdGeEVF/Oe2PxP6+TqvDCyyhPUkU4ni4KUwZVDMexwC4VBCs21ARhQfWtEPeRQFjp8PI6BGf+5UXSKFvOmVW+OS9Ui7M4cuAQHIEicEAFVME1qIE6wOARPINX8GY8GS/Gu/ExbV0yZjMH4A+Mzx+Gl5ea</latexit>PY Z|X
<latexit sha1_base64="nj3TRAUlFbseIDs0eIyKbPrEy7Y=">AAAB73icbVBNTwIxEJ36ifiFevTSSEw4kV000SOJF4+YCKzChnRLFxq63bXtmpCVP+HFg8Z49e94899YYA8KvmSSl/dmMjMvSATXxnG+0crq2vrGZmGruL2zu7dfOjhs6ThVlDVpLGLlBUQzwSVrGm4E8xLFSBQI1g5GV1O//ciU5rG8NeOE+REZSB5ySoyVvEYvu7t/8ia9UtmpOjPgZeLmpAw5Gr3SV7cf0zRi0lBBtO64TmL8jCjDqWCTYjfVLCF0RAasY6kkEdN+Nrt3gk+t0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJL/2MyyQ1TNL5ojAV2MR4+jzuc8WoEWNLCFXc3orpkChCjY2oaENwF19eJq1a1T2r1m7Oy/VKHkcBjuEEKuDCBdThGhrQBAoCnuEV3tADekHv6GPeuoLymSP4A/T5Awjgj+I=</latexit>

Zn = (Z1, . . . , Zn)
<latexit sha1_base64="0s+6EJAP2fhVnskMsB33IIJXm4Y=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyxChVJmqqAboeDGZQX7oO04ZDKZNjSTDElGKLULf8WNC0Xc+hvu/BvTdhbaeuDC4Zx7ufeeIGFUacf5tpaWV1bX1nMb+c2t7Z1de2+/oUQqMaljwYRsBUgRRjmpa6oZaSWSoDhgpBkMrid+84FIRQW/08OEeDHqcRpRjLSRfPuwfc+vim3fLcEuC4VWJdj2+alvF5yyMwVcJG5GCiBDzbe/uqHAaUy4xgwp1XGdRHsjJDXFjIzz3VSRBOEB6pGOoRzFRHmj6f1jeGKUEEZCmuIaTtXfEyMUKzWMA9MZI91X895E/M/rpDq69EaUJ6kmHM8WRSmDWsBJGDCkkmDNhoYgLKm5FeI+kghrE1nehODOv7xIGpWye1au3J4XqsUsjhw4AsegCFxwAargBtRAHWDwCJ7BK3iznqwX6936mLUuWdnMAfgD6/MHXZaUUA==</latexit>

Transmitter observes backscatterers or feedback

Theorem (Shannon’s Capacity-Theorem for Feedback Channels)

Capacity with feedback and without feedback is the same for Discrete
Memoryless Channels.

Holds also with active feedback.

Active feedback cannot be better than perfect feedback Z = Y
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Capacity of Channels with Memory

Arbitrary channel law PY n|X n (for each n)

Capacity formula

C := sup
{PXn}∞n=1

p−lim
n→∞

1

n
i(X n;Y n)

where the information density is i(X n;Y n) = log PXnYn (X n,Y n)
Pn
X (X

n)·PYn (Y n)

Supremum over distributions on tuples of inputs X n

For DMCs and i.i.d. inputs we obtain by the weak law of large
numbers: p−limn→∞

1
n i(X

n;Y n) = I (X ;Y )

S. Verdu and T.S. Han, “A general formula for channel capacity,” in IEEE Trans.

IT, July 1994.
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Information-Theoretic Finite-Blocklength Bounds

Information density: i(X ;Y ) := log
PY |X (y |x)
PY (y)

Theorem

Given a blocklength n. Rate R is achievable with error probability ε if ∃
PX and K > 0 s.t.:

R ≤ I (X ;Y )−
√

V

n
Q−1 (ε− βu)− K

log(n)

n
(1)

with βu := 1
nK

+ 0.7975T√
nV3

and V / T the 2nd / 3rd cent. mom. of i(X ;Y ).

Rate R is not achievable with error probability ε > 0, if ∀δ > 0 and
pmfs PX :

R ≥ I (X ;Y )−
√

V

n
Q−1 (ε+ βl) +

log(n)

2n
− log δ

n
, (2)

where βl :=
6T√
nV3

+ δ√
n

.
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Take-Away Messages from the Capacity Part

Capacity denotes the highest rates of reliable communication
(error probability tending to 0)

Capacity formula: C = maxPX
I (X ;Y )

Capacity formula holds also with feedback

Maximimaztion argument PX refers to the codebook statistics

For given codebook statistics PX largest reliable rate is I (X ;Y )
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Information-Theoretic Integrated

Sensing and Communication (ISAC)

with Distortion
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Information Theoretic Model for ISAC Kobayashi et al.

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PY Z|XS
<latexit sha1_base64="tlCCzT+yRB+hWxF1xkXC0QquAqY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT0WvHisaL9sl5JNs21okl2SrFDW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMviDnTxnW/ndza+sbmVn67sLO7t39QPDxq6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMr2d+65EqzSJ5byYx9QUeShYygo2VOvV+2nl4at9N+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8MpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzzSvX2olQrZ3Hk4QROoQweXEINbqAODSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gCuopA/</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

PS
<latexit sha1_base64="iYw26aTP4lHrYcE7sDRMhc5g9zY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4rtbXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZKreagNShX3Jq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66RTr3mXtfr9VaVRzeMowhmcQxU8uIYG3EET2sBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wf7tY2E</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Ŝn
<latexit sha1_base64="gmHhD6QNyS/m4WZI20cCvOM3IwU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSJ0VZIqtt0V3LisaB/SjiWTpm1okhmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufeeIBLcWIQ+vMzK6tr6RnYzt7W9s7uX3z9omTDWlDVpKELdCYhhgivWtNwK1ok0IzIQrB1MLlK/fc+04aG6sdOI+ZKMFB9ySqyTbntjYpPr2Z3q5wuohBDCGMOU4Mo5cqRWq5ZxFeLUciiAJRr9/HtvENJYMmWpIMZ0MYqsnxBtORVsluvFhkWETsiIdR1VRDLjJ/ODZ/DEKQM4DLUrZeFc/T6REGnMVAauUxI7Nr+9VPzL68Z2WPUTrqLYMkUXi4axgDaE6fdwwDWjVkwdIVRzdyukY6IJtS6jnAvh61P4P2mVS/i0VL46K9SLyziy4AgcgyLAoALq4BI0QBNQIMEDeALPnvYevRfvddGa8ZYzh+AHvLdPQ8uQpA==</latexit>

Si
<latexit sha1_base64="6XMjV952ocXSMxpr8XQpYIKzrWk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBByCjNRTHILePEYiXlAsoTZyWwyZPbBzKwQlnyCFw+KePWLvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB13dJQoxtsskpHqeVRzKULeNsJI3osVp4EnedebXmd+954rLaLwzsxi7gZ0HApfMGqs1GoNxbBQxGWMMSEEZYRUr7Al9XqtQmqIZJZFEVZoDgvvg1HEkoCHhkmqdZ/g2LgpVUYwyef5QaJ5TNmUjnnf0pAGXLvp4tQ5OrfKCPmRshUatFC/T6Q00HoWeLYzoGaif3uZ+JfXT4xfc1MRxonhIVsu8hOJTISyv9FIKM6MnFlCmRL2VsQmVFFmbDp5G8LXp+h/0qmUyUW5cntZbJRWceTgFM6gBASq0IAbaEIbGIzhAZ7g2ZHOo/PivC5b15zVzAn8gPP2CW6kjdM=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

state sequence Sn = (S1, . . . ,Sn) i.i.d. ∼ PS

Behaviour of the channel depends on the state Sn

(for example the acceleration of an object)

Sensing Performance measured by Average Block-Distortion:

lim
n→∞

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D.
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Distortion as a Sensing Performance

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PY Z|XS
<latexit sha1_base64="tlCCzT+yRB+hWxF1xkXC0QquAqY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT0WvHisaL9sl5JNs21okl2SrFDW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMviDnTxnW/ndza+sbmVn67sLO7t39QPDxq6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMr2d+65EqzSJ5byYx9QUeShYygo2VOvV+2nl4at9N+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8MpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzzSvX2olQrZ3Hk4QROoQweXEINbqAODSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gCuopA/</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

PS
<latexit sha1_base64="iYw26aTP4lHrYcE7sDRMhc5g9zY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4rtbXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZKreagNShX3Jq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66RTr3mXtfr9VaVRzeMowhmcQxU8uIYG3EET2sBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wf7tY2E</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Ŝn
<latexit sha1_base64="gmHhD6QNyS/m4WZI20cCvOM3IwU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSJ0VZIqtt0V3LisaB/SjiWTpm1okhmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufeeIBLcWIQ+vMzK6tr6RnYzt7W9s7uX3z9omTDWlDVpKELdCYhhgivWtNwK1ok0IzIQrB1MLlK/fc+04aG6sdOI+ZKMFB9ySqyTbntjYpPr2Z3q5wuohBDCGMOU4Mo5cqRWq5ZxFeLUciiAJRr9/HtvENJYMmWpIMZ0MYqsnxBtORVsluvFhkWETsiIdR1VRDLjJ/ODZ/DEKQM4DLUrZeFc/T6REGnMVAauUxI7Nr+9VPzL68Z2WPUTrqLYMkUXi4axgDaE6fdwwDWjVkwdIVRzdyukY6IJtS6jnAvh61P4P2mVS/i0VL46K9SLyziy4AgcgyLAoALq4BI0QBNQIMEDeALPnvYevRfvddGa8ZYzh+AHvLdPQ8uQpA==</latexit>

Si
<latexit sha1_base64="6XMjV952ocXSMxpr8XQpYIKzrWk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBByCjNRTHILePEYiXlAsoTZyWwyZPbBzKwQlnyCFw+KePWLvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB13dJQoxtsskpHqeVRzKULeNsJI3osVp4EnedebXmd+954rLaLwzsxi7gZ0HApfMGqs1GoNxbBQxGWMMSEEZYRUr7Al9XqtQmqIZJZFEVZoDgvvg1HEkoCHhkmqdZ/g2LgpVUYwyef5QaJ5TNmUjnnf0pAGXLvp4tQ5OrfKCPmRshUatFC/T6Q00HoWeLYzoGaif3uZ+JfXT4xfc1MRxonhIVsu8hOJTISyv9FIKM6MnFlCmRL2VsQmVFFmbDp5G8LXp+h/0qmUyUW5cntZbJRWceTgFM6gBASq0IAbaEIbGIzhAZ7g2ZHOo/PivC5b15zVzAn8gPP2CW6kjdM=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

Sensing Performance Measured by Average Block-Distortion:

lim
n→∞

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D.

Examples of distortion measures

Mean-Squared Error d(s, ŝ) = (s − ŝ)2

Hamming weight d(s, ŝ) = 1{s 6= ŝ}

Distortion on a function of the state d(s, ŝ) = d ′(f (s), ŝ)
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Recall the Generality of our Model

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PY Z|XS
<latexit sha1_base64="tlCCzT+yRB+hWxF1xkXC0QquAqY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT0WvHisaL9sl5JNs21okl2SrFDW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMviDnTxnW/ndza+sbmVn67sLO7t39QPDxq6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMr2d+65EqzSJ5byYx9QUeShYygo2VOvV+2nl4at9N+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8MpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzzSvX2olQrZ3Hk4QROoQweXEINbqAODSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gCuopA/</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

PS
<latexit sha1_base64="iYw26aTP4lHrYcE7sDRMhc5g9zY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4rtbXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZKreagNShX3Jq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66RTr3mXtfr9VaVRzeMowhmcQxU8uIYG3EET2sBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wf7tY2E</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Ŝn
<latexit sha1_base64="gmHhD6QNyS/m4WZI20cCvOM3IwU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSJ0VZIqtt0V3LisaB/SjiWTpm1okhmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufeeIBLcWIQ+vMzK6tr6RnYzt7W9s7uX3z9omTDWlDVpKELdCYhhgivWtNwK1ok0IzIQrB1MLlK/fc+04aG6sdOI+ZKMFB9ySqyTbntjYpPr2Z3q5wuohBDCGMOU4Mo5cqRWq5ZxFeLUciiAJRr9/HtvENJYMmWpIMZ0MYqsnxBtORVsluvFhkWETsiIdR1VRDLjJ/ODZ/DEKQM4DLUrZeFc/T6REGnMVAauUxI7Nr+9VPzL68Z2WPUTrqLYMkUXi4axgDaE6fdwwDWjVkwdIVRzdyukY6IJtS6jnAvh61P4P2mVS/i0VL46K9SLyziy4AgcgyLAoALq4BI0QBNQIMEDeALPnvYevRfvddGa8ZYzh+AHvLdPQ8uQpA==</latexit>

Si
<latexit sha1_base64="6XMjV952ocXSMxpr8XQpYIKzrWk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBByCjNRTHILePEYiXlAsoTZyWwyZPbBzKwQlnyCFw+KePWLvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB13dJQoxtsskpHqeVRzKULeNsJI3osVp4EnedebXmd+954rLaLwzsxi7gZ0HApfMGqs1GoNxbBQxGWMMSEEZYRUr7Al9XqtQmqIZJZFEVZoDgvvg1HEkoCHhkmqdZ/g2LgpVUYwyef5QaJ5TNmUjnnf0pAGXLvp4tQ5OrfKCPmRshUatFC/T6Q00HoWeLYzoGaif3uZ+JfXT4xfc1MRxonhIVsu8hOJTISyv9FIKM6MnFlCmRL2VsQmVFFmbDp5G8LXp+h/0qmUyUW5cntZbJRWceTgFM6gBASq0IAbaEIbGIzhAZ7g2ZHOo/PivC5b15zVzAn8gPP2CW6kjdM=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

Arbitrary forward and backward channels PY |XS and PZ |YXS

Examples:

Memoryless fading channels Y = SX + N

Backscatterer can be Z = SX + N or Z = Y + N or ...

Receiver CSI: Yi can include Si or imperfect versions of Si
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Information-Theoretic Fundamental Limit

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PY Z|XS
<latexit sha1_base64="tlCCzT+yRB+hWxF1xkXC0QquAqY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT0WvHisaL9sl5JNs21okl2SrFDW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMviDnTxnW/ndza+sbmVn67sLO7t39QPDxq6ihRhDZIxCPVDrCmnEnaMMxw2o4VxSLgtBWMr2d+65EqzSJ5byYx9QUeShYygo2VOvV+2nl4at9N+8WSW3HnQKvEy0gJMtT7xa/eICKJoNIQjrXuem5s/BQrwwin00Iv0TTGZIyHtGupxIJqP50fPEVnVhmgMFK2pEFz9fdEioXWExHYToHNSC97M/E/r5uY8MpPmYwTQyVZLAoTjkyEZt+jAVOUGD6xBBPF7K2IjLDCxNiMCjYEb/nlVdKsVrzzSvX2olQrZ3Hk4QROoQweXEINbqAODSAg4Ble4c1Rzovz7nwsWnNONnMMf+B8/gCuopA/</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

PS
<latexit sha1_base64="iYw26aTP4lHrYcE7sDRMhc5g9zY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4rtbXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZKreagNShX3Jq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66RTr3mXtfr9VaVRzeMowhmcQxU8uIYG3EET2sBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wf7tY2E</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Ŝn
<latexit sha1_base64="gmHhD6QNyS/m4WZI20cCvOM3IwU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSJ0VZIqtt0V3LisaB/SjiWTpm1okhmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufeeIBLcWIQ+vMzK6tr6RnYzt7W9s7uX3z9omTDWlDVpKELdCYhhgivWtNwK1ok0IzIQrB1MLlK/fc+04aG6sdOI+ZKMFB9ySqyTbntjYpPr2Z3q5wuohBDCGMOU4Mo5cqRWq5ZxFeLUciiAJRr9/HtvENJYMmWpIMZ0MYqsnxBtORVsluvFhkWETsiIdR1VRDLjJ/ODZ/DEKQM4DLUrZeFc/T6REGnMVAauUxI7Nr+9VPzL68Z2WPUTrqLYMkUXi4axgDaE6fdwwDWjVkwdIVRzdyukY6IJtS6jnAvh61P4P2mVS/i0VL46K9SLyziy4AgcgyLAoALq4BI0QBNQIMEDeALPnvYevRfvddGa8ZYzh+AHvLdPQ8uQpA==</latexit>

Si
<latexit sha1_base64="6XMjV952ocXSMxpr8XQpYIKzrWk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBByCjNRTHILePEYiXlAsoTZyWwyZPbBzKwQlnyCFw+KePWLvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB13dJQoxtsskpHqeVRzKULeNsJI3osVp4EnedebXmd+954rLaLwzsxi7gZ0HApfMGqs1GoNxbBQxGWMMSEEZYRUr7Al9XqtQmqIZJZFEVZoDgvvg1HEkoCHhkmqdZ/g2LgpVUYwyef5QaJ5TNmUjnnf0pAGXLvp4tQ5OrfKCPmRshUatFC/T6Q00HoWeLYzoGaif3uZ+JfXT4xfc1MRxonhIVsu8hOJTISyv9FIKM6MnFlCmRL2VsQmVFFmbDp5G8LXp+h/0qmUyUW5cntZbJRWceTgFM6gBASq0IAbaEIbGIzhAZ7g2ZHOo/PivC5b15zVzAn8gPP2CW6kjdM=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

Definition

Capacity-distortion tradeoff C (D) is largest rate R such that there
exist encoders, decoders and estimators with

Pr
(
M̂ 6= M

)
→ 0 as n→∞

and

lim
n→∞

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D
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Optimal Sensing under Distortion Constraints

By memoryless assump.: Markov chain (X n,Zn)→ (Xi ,Zi )→ Si

Lemma

The optimal estimator operates symbolwise on (X n,Zn)

ŝn(xn, zn) := (ŝ∗(x1, z1), ŝ∗(x2, z2), . . . , ŝ∗(xn, zn)),

where the optimal per-symbol estimator is

ŝ∗(x , z) := arg min
s′∈Ŝ

∑
s∈S

PS |XZ (s|x , z)d(s, s ′)

Minimum achievable distortion Dmin = 1
n

∑n
t=1 E[d(St , ŝ∗(Xt ,Zt))]

So, it depends only on the empirical statistics of the codebook
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Capacity-Distortion Tradeoff C (D)

Theorem (Kobayashi et al.)

Capacity-distortion tradeoff

C (D) := max I (X ;Y )

where maximum is over PX satisfying

E[d(S , ŝ∗(X ,Z ))] ≤ D.

Tradeoff between communication and sensing stems from PX

Generalized feedback not used for coding. Simple point-to-point
codes are sufficient. It suffices to adjust input pmf PX to desired
sensing performance.
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Ex. 1: Binary Multiplicative-State Channel

S ∼ B(q)

Z = Y ′ = SX and Y = (Y ′,S)

Hamming Distortion d(s, ŝ) = s ⊕ ŝ.

Minimize distortion: X = 1 → D = 0 and R = 0

Maximize rate: X ∼ B(1/2) → D = 1/2 ·min{q, 1− q} and R = q

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
0

0.1

0.2

0.3

0.4

D

R

C (D)
Resource sharing
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Ex. 2: Rayleigh Fading Channel

Standard Gaussian state and noises S ,N,Nfb

Rayleigh fading channel Y ′ = SX + N

Rx observes Y = (Y ′,S) and Tx Z = Y ′ + Nfb

Input power constraint P = 10dB

Quadratic distortion d(s, ŝ) = (s − ŝ)2.

0.1 0.15 0.2 0.25 0.3 0.35 0.4

0.8

0.9

1

1.1

1.2

D

R

Resource Sharing
C (D)

X ∼ N (0,P) achieves capacity

X ±
√
P optimal for sensing
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The Finite Blocklength Regime

Given blocklength n, triple (R,D, ε) is called achievable if ∃
encoder, decoder, and estimator with

Pr
(
M̂ 6= M

)
≤ ε and

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D

Can reuse the optimal
estimator s?(x , z) from the
capacity-problem!

Ex.: Z = Y = XS and
S ∼ B(0.4) and ε = 10−3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

D

0

0.05

0.1

0.15

0.2

0.25

R

Capacity

n = 3000, converse

n = 3000, achievability

n = 800, converse

n = 800, achievability

[3] H. Nikbakht et al., “Integrated Sensing and Communication in the Finite

Blocklength Regime”, ISIT 2024.
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Information-Theoretic Finite-Blocklength Bounds

Theorem

Given n. Triple (R,D, ε) is achievable if ∃ PX and K > 0 s.t.:

R ≤ I (X ;Y )−
√

V

n
Q−1 (ε− βu)− K

log(n)

n
, (3)

D ≥ E[d(S , ŝ?(X ,Z ))] (4)

with βu := 1
nK

+ 0.7975T√
nV3

and V / T the 2nd / 3rd cent. mom. of i(X ;Y ).

Triple (R,D, ε) not achievable if ∀δ > 0 and pmfs P satisfying (4):

R ≥ I (X ;Y )−
√

V

n
Q−1 (ε+ βl) +

log(n)

2n
− log δ

n
, (5)

where βl :=
6T√
nV3

+ δ√
n

.

[3] H. Nikbakht et al., “Integrated Sensing and Communication in the Finite

Blocklength Regime”, ISIT 2024.
46 / 95



Beyond the Memoryless Assumption

arbitrary state sequence Sn = (S1, . . . ,Sn) (for each n)

No feedback coding X n = f n(M)

arbitrary channel law PZnY n|X nSn (for each n)

general distortion constraint limn→∞ 1
nE[d(S

n, Ŝn)] ≤ D

Theorem (Capacity-distortion tradeoff)

C (D) := sup
{PXn}n

p − lim
n→∞

1

n
i(X n;Y n)

where supremum over all {PX n} s.t. limn→∞ 1
nE[d(S

n, Ŝn(X n,Zn))] ≤ D

[4] Chen et al. “On general capacity-distortion formulas of integrated sensing and

communication,” Arxiv 2023.
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Take-Away for Distortion-Based Single-User ISAC

Information-theoretic model with average distortion

Symbol-by-symbol estimator optimal in memoryless case ⇒
sensing performance depends only on empirical statistics of X n

⇒ Use optimal data communication scheme under restriction on
empirical statistics of xn

⇒ No need to use backscatterers for coding

Tradeoff between sensing and communication

Resource-sharing schemes highly suboptimal
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Beyond the Distortion Model: Estimation-Theoretic
Sensing

Gaussian channels:

Y c = HcX + Z c

Y s = HsX + Z s

Sensing parameter η s.t. Hs = g(η) and metric (which
lower-bounds MMSE)

E
[
tr
(
J−1η|X

)]
Characterized/approximated extreme points of
Rate-Cramer-Rao-Bound Tradeoff (max rate and min CRB)

[5] Y. Xiong et al., “On the fundamental tradeoff of ISAC under Gaussian

channels,” Trans. IT Sep. 2023.
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Beyond the Distortion Model: Detection of Events

Transm. Receiver

Radar Rx

Channel
<latexit sha1_base64="Gyl3Qfopg9i4QNyFzvN67htjFJ0=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoOQKtzFIpaBNJYRzAckR9jbzCVL9vaO3T0hHPkRNhaK2Pp77Pw3bpIrNPHBwOO9GWbmBYng2rjut1PY2d3bPygelo6OT07PyucXXR2nimGHxSJW/YBqFFxix3AjsJ8opFEgsBfMWku/94RK81g+mnmCfkQnkoecUWOlXmtKpUQxKlfcmrsC2SZeTiqQoz0qfw3HMUsjlIYJqvXAcxPjZ1QZzgQuSsNUY0LZjE5wYKmkEWo/W527IDdWGZMwVrakISv190RGI63nUWA7I2qmetNbiv95g9SEd37GZZIalGy9KEwFMTFZ/k7GXCEzYm4JZYrbWwmbUkWZsQmVbAje5svbpFuvebe1+kO90qzmcRThCq6hCh40oAn30IYOMJjBM7zCm5M4L86787FuLTj5zCX8gfP5Ay8Dj2E=</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>M

<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Xn
<latexit sha1_base64="RIwJI983GjFePSl3A3YCup3X3d4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSL0VJIq6LHgxWNF+wFtLJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfjm5nffuLaiFg94CThfkSHSoSCUbTSfedR9Utlt+rOQVaJl5My5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1a1buo1u4uy/VKHkcBTuEMKuDBFdThFhrQBAZDeIZXeHOk8+K8Ox+L1jUnnzmBP3A+fwAvW42m</latexit>

Y n
<latexit sha1_base64="VFwNmPUwpPS3uDKFKjYuZBWA+B0=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHhRHbRRI8kXjxilIeBlcwOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR9cxvPaHSPJb3ZpygH9GB5CFn1Fjp7uFR9oolt+LOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/8CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5JmteKdV6q3F6VaOYsjDydwCmXw4BJqcAN1aACDATzDK7w5wnlx3p2PRWvOyWaO4Q+czx8w4Y2n</latexit>

Zn
<latexit sha1_base64="c/Tdudd+2CxN/e3xI85sDppaCek=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHhRHbRRI8kXjxilEeElcwOvTBhdnYzM2tCCJ/gxYPGePWLvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR9cxvPaHSPJb3ZpygH9GB5CFn1Fjp7uFR9oolt+LOQVaJl5ESZKj3il/dfszSCKVhgmrd8dzE+BOqDGcCp4VuqjGhbEQH2LFU0gi1P5mfOiVnVumTMFa2pCFz9ffEhEZaj6PAdkbUDPWyNxP/8zqpCa/8CZdJalCyxaIwFcTEZPY36XOFzIixJZQpbm8lbEgVZcamU7AheMsvr5JmteKdV6q3F6VaOYsjDydwCmXw4BJqcAN1aACDATzDK7w5wnlx3p2PRWvOyWaO4Q+czx8yZ42o</latexit>

PH
Y Z|X

<latexit sha1_base64="lEmFzorYzsQHGxqtMBvW4fo+/P8=">AAAB/3icbVDLSsNAFL3xWesrKrhxEyxCVyWpgi4LbrqsYB/axjCZTtuhk0mYmQglzcJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjRqWy7W9jZXVtfWOzsFXc3tnd2zcPDlsyjAUmTRyyUHR8JAmjnDQVVYx0IkFQ4DPS9sfXmd9+JELSkN+qSUTcAA05HVCMlJY887jhJXf30076kPQCpEYYsaSepp5Zsiv2DNYycXJSghwNz/zq9UMcB4QrzJCUXceOlJsgoShmJC32YkkihMdoSLqachQQ6Saz/Kl1ppW+NQiFflxZM/X3RoICKSeBryezjHLRy8T/vG6sBlduQnkUK8Lx/NAgZpYKrawMq08FwYpNNEFYUJ3VwiMkEFa6sqIuwVn88jJpVSvOeaV6c1GqlfM6CnACp1AGBy6hBnVoQBMwTOEZXuHNeDJejHfjYz66YuQ7R/AHxucPor+Waw==</latexit>

H
<latexit sha1_base64="4wK1iBG1kqheckLQ/+0CGes+DQg=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4kJJUse2u4KbLCvYB06Fk0rQNzSRDkhHK0M9w40IRt36NO//GTFtBRQ8EDufcS849YSy4sQh9eLm19Y3Nrfx2YWd3b/+geHjUMSrRlLWpEkr3QmKY4JK1LbeC9WLNSBQK1g2nN5nfvWfacCXv7CxmQUTGko84JdZJfj8idkKJSJvzQbGEygghjDHMCK5eI0fq9VoF1yDOLIcSWKE1KL73h4omEZOWCmKMj1Fsg5Roy6lg80I/MSwmdErGzHdUkoiZIF1EnsMzpwzhSGn3pIUL9ftGSiJjZlHoJrOI5reXiX95fmJHtSDlMk4sk3T50SgR0CqY3Q+HXDNqxcwRQjV3WSGdEE2odS0VXAlfl8L/SadSxpflyu1VqXGxqiMPTsApOAcYVEEDNEELtAEFCjyAJ/DsWe/Re/Fel6M5b7VzDH7Ae/sEwpeRgg==</latexit>

Ĥ
<latexit sha1_base64="+v5t4huhwiFJ1UfaZ3jSZlPEJvs=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgQkpSxba7gpsuK9gHdIaSSTNtaOZBkhHLML/ixoUibv0Rd/6NmbaCih4IHM65l3tyvFhwpRH6sApr6xubW8Xt0s7u3v6BfVjuqSiRlHVpJCI58Ihigoesq7kWbBBLRgJPsL43u879/h2TikfhrZ7HzA3IJOQ+p0QbaWSXoTMlOnUCoqeUiLSdZSO7gqoIIYwxzAmuXyFDms1GDTcgzi2DClihM7LfnXFEk4CFmgqi1BCjWLspkZpTwbKSkygWEzojEzY0NCQBU266yJ7BU6OMoR9J80INF+r3jZQESs0Dz0zmGdVvLxf/8oaJ9htuysM40Syky0N+IqCOYF4EHHPJqBZzQwiV3GSFdEokodrUVTIlfP0U/k96tSq+qNZuLiut81UdRXAMTsAZwKAOWqANOqALKLgHD+AJPFuZ9Wi9WK/L0YK12jkCP2C9fQJ1nZSq</latexit>

H 2 {0, 1}
<latexit sha1_base64="DN/7q52Gmii/tYHvXs47VQLejmE=">AAAB/nicdVDLSgMxFM34rPVVFVdugkXoQkpSxba7gpsuK9gHdIaSSTNtaCYzJBmhDAV/xY0LRdz6He78GzNtBRU9EDiccy/35Pix4Nog9OGsrK6tb2zmtvLbO7t7+4WDw46OEkVZm0YiUj2faCa4ZG3DjWC9WDES+oJ1/cl15nfvmNI8krdmGjMvJCPJA06JsdKgcOyGxIwpEWlz5nLppugcu7NBoYjKCCGMMcwIrl4hS+r1WgXXIM4siyJYojUovLvDiCYhk4YKonUfo9h4KVGGU8FmeTfRLCZ0Qkasb6kkIdNeOo8/g2dWGcIgUvZJA+fq942UhFpPQ99OZmH1by8T//L6iQlqXsplnBgm6eJQkAhoIph1AYdcMWrE1BJCFbdZIR0TRaixjeVtCV8/hf+TTqWML8qVm8tio7SsIwdOwCkoAQyqoAGaoAXagIIUPIAn8OzcO4/Oi/O6GF1xljtH4Aect08ex5WD</latexit>

Channel governed by single parameter H for entire transmission
Radar Rx wishes to detect finite H
Information-theoretic limits derived under various sensing criteria:
Stein exponent, minimum error exponent, exponents region

lim
n→∞

−1/n logPr[Ĥ 6= H|H = i ], i ∈ {0, 1}

[6] H. Joudeh & F. Willems, “Joint communication and binary state detection,”
JSAIT 2022.
[7] M.-C. Chang, et al. “Rate and detection-error exponent tradeoff for joint

communication and sensing of fixed channel states,” JSAIT 2023.
[8] M. Ahmadipour, et al. “Strong Converse for Bi-Static ISAC with Two

Detection-Error Exponents,” IZS 2024.
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Some Basics of Detection Theory
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Non-Adaptive Active Detection / Hypothesis Testing

PZ|X or QZ|X
<latexit sha1_base64="mj51XVk+nD9sq4AfbnRIZ+DCiF0=">AAACCXicbVC7TgMxEPTxDOEVoKSxiJCooruABGUEDWUikYdITief40us+OyTvYeIjrQ0/AoNBQjR8gd0/A3Oo4CEqUYzu9qdCRPBDbjut7O0vLK6tp7byG9ube/sFvb2G0almrI6VULpVkgME1yyOnAQrJVoRuJQsGY4uBr7zTumDVfyBoYJ82PSkzzilICVggKuBtntQ2uEO8DuQSodE5FhpfGoNjWCQtEtuRPgReLNSBHNUA0KX52uomnMJFBBjGl7bgJ+RjRwKtgo30kNSwgdkB5rWypJzIyfTZKM8LFVujiy9yMlAU/U3xsZiY0ZxqGdjAn0zbw3Fv/z2ilEF37GZZICk3R6KEoFBoXHteAu14yCGFpCqOb2V0z7RBMKtry8LcGbj7xIGuWSd1oq186KlctZHTl0iI7QCfLQOaqga1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/8PaafQ==</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>Zn

<latexit sha1_base64="3ASCIcMFvxUfz9en2fbdr7uccoI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3n1BpHsl7M47RD+lA8j5n1Fjp7uFRdoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+pd+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOypXb81L1KosjD0dwDKfgwQVU4QZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz86OY3C</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Hypothesis H ∈ {0, 1}

Non-adaptive input sequence xn (deterministic or random)

under H = 0: outputs Z n ∼ P⊗nZ |X (·|xn)

under H = 1: outputs Z n ∼ Q⊗nZ |X (·|xn)

Decision Ĥ = g (n)(Z n,X n)

52 / 95



Non-Adaptive Active Detection / Hypothesis Testing

PZ|X or QZ|X
<latexit sha1_base64="mj51XVk+nD9sq4AfbnRIZ+DCiF0=">AAACCXicbVC7TgMxEPTxDOEVoKSxiJCooruABGUEDWUikYdITief40us+OyTvYeIjrQ0/AoNBQjR8gd0/A3Oo4CEqUYzu9qdCRPBDbjut7O0vLK6tp7byG9ube/sFvb2G0almrI6VULpVkgME1yyOnAQrJVoRuJQsGY4uBr7zTumDVfyBoYJ82PSkzzilICVggKuBtntQ2uEO8DuQSodE5FhpfGoNjWCQtEtuRPgReLNSBHNUA0KX52uomnMJFBBjGl7bgJ+RjRwKtgo30kNSwgdkB5rWypJzIyfTZKM8LFVujiy9yMlAU/U3xsZiY0ZxqGdjAn0zbw3Fv/z2ilEF37GZZICk3R6KEoFBoXHteAu14yCGFpCqOb2V0z7RBMKtry8LcGbj7xIGuWSd1oq186KlctZHTl0iI7QCfLQOaqga1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/8PaafQ==</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>Zn

<latexit sha1_base64="3ASCIcMFvxUfz9en2fbdr7uccoI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3n1BpHsl7M47RD+lA8j5n1Fjp7uFRdoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+pd+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOypXb81L1KosjD0dwDKfgwQVU4QZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz86OY3C</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Hypothesis H ∈ {0, 1}

Probability of type-I: αn = P
[
Ĥ = 1|H = 0

]
Probability of type-II: βn = P

[
Ĥ = 0|H = 1

]
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Example on how to Detect

Assume Z = X = {0, 1} and for x 6= z : PZ |X (z |x) = 0.25 and
QZ |X (z |x) = 0.7

Assume the input sequence is
X n = (0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 1, 1, 1, 1)

How to decide on the following output sequences:

Zn = (0, 0, 1, 0, 0, 1, 0, 0, 1, 1, 0, 1, 0, 1, 1, 1) → Ĥ = 0

Zn = (0, 0, 1, 1, 1, 1, 1, 1, 1, 0, 0, 0, 0, 0, 0, 1) → Ĥ = 1

Zn = (0, 0, 1, 1, 0, 1, 0, 0, 1, 1, 0, 0, 0, 0, 0, 1) → Ĥ =?
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Neyman-Pearson Test

For a fixed blocklength n and fixed input sequence xn

Log-likelihood ratio (LLR) =
∑n

i=1 log
PZ |X (Zi |xi )
QZ |X (Zi |xi )

Neyman-Pearson Test:

Ĥ = 0 if LLR ≥ γ and Ĥ = 1 otherwise

Varying γ over R we obtain the optimal tradeoff-curve between the
type-I and type-II error probabilities

Our interest will be in the behaviour of the error probabilities in
function of n→∞:

→ error probabilities can decay exponentially!
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Kullback Leibler Divergence

Given two probability distributions P and Q on same alphabet X

Kullback Leibler (KL) Divergence:

D(P‖Q) ,
∑
x∈X

P(x) log
P(x)

Q(x)
.

KL divergence nonnegative: D(P‖Q) ≥ 0 with equality iff
P(x) = Q(x) for all x ∈ X

KL divergence is non-symmetric D(P‖Q) 6= D(Q‖P)

→ not a real distance but still measures closeness

D(PXY ‖PXPY ) = I (X ;Y )
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Probability of Having a Joint Statistics II

Let X = (X1, . . . ,Xn) be and Y = (Y1, . . . ,Yn) be jointly drawn
i.i.d. from QXY . For any PXY 6= QXY :

⇒ P[(X ,Y ) have joint empirical statistics ≈ PXY ]

≈ 2−nD(PXY ‖QXY )

Let S be a set of joint empirical statistics:

P[(X ,Y ) have joint empirical statistics in set S]
≈
∑
P∈S

2−nD(P‖QXY ) ≈ max
P∈S

2−nD(P‖QXY ) ≈ 2−nminP∈S D(P‖QXY )

Notice that the number of empirical statistics is polynomial in n!
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Stein-Exponent

PZ|X or QZ|X
<latexit sha1_base64="mj51XVk+nD9sq4AfbnRIZ+DCiF0=">AAACCXicbVC7TgMxEPTxDOEVoKSxiJCooruABGUEDWUikYdITief40us+OyTvYeIjrQ0/AoNBQjR8gd0/A3Oo4CEqUYzu9qdCRPBDbjut7O0vLK6tp7byG9ube/sFvb2G0almrI6VULpVkgME1yyOnAQrJVoRuJQsGY4uBr7zTumDVfyBoYJ82PSkzzilICVggKuBtntQ2uEO8DuQSodE5FhpfGoNjWCQtEtuRPgReLNSBHNUA0KX52uomnMJFBBjGl7bgJ+RjRwKtgo30kNSwgdkB5rWypJzIyfTZKM8LFVujiy9yMlAU/U3xsZiY0ZxqGdjAn0zbw3Fv/z2ilEF37GZZICk3R6KEoFBoXHteAu14yCGFpCqOb2V0z7RBMKtry8LcGbj7xIGuWSd1oq186KlctZHTl0iI7QCfLQOaqga1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/8PaafQ==</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>Zn

<latexit sha1_base64="3ASCIcMFvxUfz9en2fbdr7uccoI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3n1BpHsl7M47RD+lA8j5n1Fjp7uFRdoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+pd+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOypXb81L1KosjD0dwDKfgwQVU4QZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz86OY3C</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

H = 1 corresponds to an extreme alert situation!
(Tsunami, fire, earthquake)

Asymmetric requirements on the error probabilities

lim
n→∞

αn ≤ ε

lim
n→∞

−1

n
log βn ≥ θ “⇐⇒ ”βn ≤ 2−nθ

Theorem (Stein Exponent)

Largest possible exponential decay is θmax =
∑

x π(x)D(PZ |X=x‖QZ |X=x)
where π(x) denotes the statistics of the input sequence xn.
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Relation Stein-Exponent to Empirical Statistics

Fix input sequence xn of empirical statistics πx

Define P = πxPZ |X and Q = πxQZ |X

Decide Ĥ = g (n)(zn, xn) = 0 only if emp. statistics πxnzn ≈ πxPZ |X .

Else declare Ĥ = 1

P[emp. statistics of (xn,Zn) ≈ P|H = 1] ≈ 2−nD(πxPZ |X ‖πxQZ |X )

Q
<latexit sha1_base64="TIwmk8u21VOUoY7U7p41qYBa1Ac=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frGuM2Q==</latexit>

P<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

set of joint types ⇡ZX
<latexit sha1_base64="QC3JNJCK6WMYl0N/91IbH61MyHs=">AAACBnicbVC7TsMwFHXKq5RXgBEhWbRITFVSBhgrWBiLRB+ijSrHvWlNnTiyHaQq6sTCr7AwgBAr38DG3+CmGaBwJUtH55wr33P8mDOlHefLKiwtr6yuFddLG5tb2zv27l5LiURSaFLBhez4RAFnETQ10xw6sQQS+hza/vhyprfvQSomohs9icELyTBiAaNEG6pvHyrQWAT4TrBI45lD4UovZv30tjOt9O2yU3WywX+Bm4MyyqfRtz97A0GTECJNOVGq6zqx9lIiNaMcpqVeoiAmdEyG0DUwIiEoL81iTPGxYQY4ENI8c0zG/txISajUJPSNMyR6pBa1Gfmf1k10cO6lLIoTDRGdfxQkHGuRJcYDJoFqPjGAUMnMrZiOiCRUm+ZKpgR3MfJf0KpV3dNq7bpWrl/kdRTRATpCJ8hFZ6iOrlADNRFFD+gJvaBX69F6tt6s97m1YOU7++jXWB/fNk6YTw==</latexit>Set where Ĥ = 0

<latexit sha1_base64="LyyGG5ghM4sgaBtUDXgijwfWCzM=">AAACCHicdVC7SkNBEN3rM8ZX1NLCxShYhb0J8VEIQRtLRWMCSQh7N5Nkyd4Hu3OVcElp46/YWChi6yfY+TduHoKKHhg4nDPDzBwvUtIgYx/O1PTM7Nx8aiG9uLS8sppZW782YawFlEWoQl31uAElAyijRAXVSAP3PQUVr3c69Cs3oI0MgyvsR9DweSeQbSk4WqmZ2boEpLdd0EB36l2OSd3n2BVcJWeDwTHbaWayLHd0WDxiBcpybARL3P1ikeWpO1GyZILzZua93gpF7EOAQnFjai6LsJFwjVIoGKTrsYGIix7vQM3SgPtgGsnokQHdtUqLtkNtK0A6Ur9PJNw3pu97tnN4pvntDcW/vFqM7cNGIoMoRgjEeFE7VhRDOkyFtqQGgapvCRda2lup6HLNBdrs0jaEr0/p/+Q6n3MLufxFPls6mcSRIptkm+wRlxyQEjkj56RMBLkjD+SJPDv3zqPz4ryOW6ecycwG+QHn7RMLYJlb</latexit>
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Exponents Region

PZ|X or QZ|X
<latexit sha1_base64="mj51XVk+nD9sq4AfbnRIZ+DCiF0=">AAACCXicbVC7TgMxEPTxDOEVoKSxiJCooruABGUEDWUikYdITief40us+OyTvYeIjrQ0/AoNBQjR8gd0/A3Oo4CEqUYzu9qdCRPBDbjut7O0vLK6tp7byG9ube/sFvb2G0almrI6VULpVkgME1yyOnAQrJVoRuJQsGY4uBr7zTumDVfyBoYJ82PSkzzilICVggKuBtntQ2uEO8DuQSodE5FhpfGoNjWCQtEtuRPgReLNSBHNUA0KX52uomnMJFBBjGl7bgJ+RjRwKtgo30kNSwgdkB5rWypJzIyfTZKM8LFVujiy9yMlAU/U3xsZiY0ZxqGdjAn0zbw3Fv/z2ilEF37GZZICk3R6KEoFBoXHteAu14yCGFpCqOb2V0z7RBMKtry8LcGbj7xIGuWSd1oq186KlctZHTl0iI7QCfLQOaqga1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/8PaafQ==</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>Zn

<latexit sha1_base64="3ASCIcMFvxUfz9en2fbdr7uccoI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3n1BpHsl7M47RD+lA8j5n1Fjp7uFRdoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+pd+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOypXb81L1KosjD0dwDKfgwQVU4QZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz86OY3C</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Exponential decay of both error exponents:

lim
n→∞

−1

n
logαn ≥ r “⇐⇒ ”αn ≤ 2−nr

lim
n→∞

−1

n
log βn ≥ ν “⇐⇒ ”βn ≤ 2−nν

Theorem (Exponentsregion)

For fixed type-I error exponent r the largest type-II error exponent is

ν?(r) = min
πZ |X :

D(πxπZ |X ‖πxPZ |X )≤r

D(πxπZ |X‖πxQZ |X )
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Exponents region to Empirical Statistics

PZ|X or QZ|X
<latexit sha1_base64="mj51XVk+nD9sq4AfbnRIZ+DCiF0=">AAACCXicbVC7TgMxEPTxDOEVoKSxiJCooruABGUEDWUikYdITief40us+OyTvYeIjrQ0/AoNBQjR8gd0/A3Oo4CEqUYzu9qdCRPBDbjut7O0vLK6tp7byG9ube/sFvb2G0almrI6VULpVkgME1yyOnAQrJVoRuJQsGY4uBr7zTumDVfyBoYJ82PSkzzilICVggKuBtntQ2uEO8DuQSodE5FhpfGoNjWCQtEtuRPgReLNSBHNUA0KX52uomnMJFBBjGl7bgJ+RjRwKtgo30kNSwgdkB5rWypJzIyfTZKM8LFVujiy9yMlAU/U3xsZiY0ZxqGdjAn0zbw3Fv/z2ilEF37GZZICk3R6KEoFBoXHteAu14yCGFpCqOb2V0z7RBMKtry8LcGbj7xIGuWSd1oq186KlctZHTl0iI7QCfLQOaqga1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/8PaafQ==</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>Zn

<latexit sha1_base64="3ASCIcMFvxUfz9en2fbdr7uccoI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3n1BpHsl7M47RD+lA8j5n1Fjp7uFRdoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+pd+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOypXb81L1KosjD0dwDKfgwQVU4QZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz86OY3C</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Fix input sequence xn of empirical statistics πx

Decide Ĥ = g (n)(zn, xn) = 0 only if emp. statistics πxnzn is such
that D(πxnzn‖πxPZ |X ) ≤ r . Else declare Ĥ = 1

P[D(πxnZn‖πxPZ |X ) ≤ r |H = 1] ≈
∑
πZ |X :

D(πxπZ |X ‖πxPZ |X )≤r

2−nD(πxπZ |X ‖πxQZ |X )

Q
<latexit sha1_base64="TIwmk8u21VOUoY7U7p41qYBa1Ac=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frGuM2Q==</latexit>

P<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

set of joint types ⇡ZX
<latexit sha1_base64="QC3JNJCK6WMYl0N/91IbH61MyHs=">AAACBnicbVC7TsMwFHXKq5RXgBEhWbRITFVSBhgrWBiLRB+ijSrHvWlNnTiyHaQq6sTCr7AwgBAr38DG3+CmGaBwJUtH55wr33P8mDOlHefLKiwtr6yuFddLG5tb2zv27l5LiURSaFLBhez4RAFnETQ10xw6sQQS+hza/vhyprfvQSomohs9icELyTBiAaNEG6pvHyrQWAT4TrBI45lD4UovZv30tjOt9O2yU3WywX+Bm4MyyqfRtz97A0GTECJNOVGq6zqx9lIiNaMcpqVeoiAmdEyG0DUwIiEoL81iTPGxYQY4ENI8c0zG/txISajUJPSNMyR6pBa1Gfmf1k10cO6lLIoTDRGdfxQkHGuRJcYDJoFqPjGAUMnMrZiOiCRUm+ZKpgR3MfJf0KpV3dNq7bpWrl/kdRTRATpCJ8hFZ6iOrlADNRFFD+gJvaBX69F6tt6s97m1YOU7++jXWB/fNk6YTw==</latexit>

r
<latexit sha1_base64="mcxbHMlpexUZOQ80I65L7N8gjUM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlpuqXK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSrlW9i2qteVmp3+RxFOEETuEcPLiCOtxBA1rAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MH3m+M+g==</latexit>

Set where Ĥ = 0
<latexit sha1_base64="LyyGG5ghM4sgaBtUDXgijwfWCzM=">AAACCHicdVC7SkNBEN3rM8ZX1NLCxShYhb0J8VEIQRtLRWMCSQh7N5Nkyd4Hu3OVcElp46/YWChi6yfY+TduHoKKHhg4nDPDzBwvUtIgYx/O1PTM7Nx8aiG9uLS8sppZW782YawFlEWoQl31uAElAyijRAXVSAP3PQUVr3c69Cs3oI0MgyvsR9DweSeQbSk4WqmZ2boEpLdd0EB36l2OSd3n2BVcJWeDwTHbaWayLHd0WDxiBcpybARL3P1ikeWpO1GyZILzZua93gpF7EOAQnFjai6LsJFwjVIoGKTrsYGIix7vQM3SgPtgGsnokQHdtUqLtkNtK0A6Ur9PJNw3pu97tnN4pvntDcW/vFqM7cNGIoMoRgjEeFE7VhRDOkyFtqQGgapvCRda2lup6HLNBdrs0jaEr0/p/+Q6n3MLufxFPls6mcSRIptkm+wRlxyQEjkj56RMBLkjD+SJPDv3zqPz4ryOW6ecycwG+QHn7RMLYJlb</latexit>
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Chernoff Exponent

PZ|X or QZ|X
<latexit sha1_base64="mj51XVk+nD9sq4AfbnRIZ+DCiF0=">AAACCXicbVC7TgMxEPTxDOEVoKSxiJCooruABGUEDWUikYdITief40us+OyTvYeIjrQ0/AoNBQjR8gd0/A3Oo4CEqUYzu9qdCRPBDbjut7O0vLK6tp7byG9ube/sFvb2G0almrI6VULpVkgME1yyOnAQrJVoRuJQsGY4uBr7zTumDVfyBoYJ82PSkzzilICVggKuBtntQ2uEO8DuQSodE5FhpfGoNjWCQtEtuRPgReLNSBHNUA0KX52uomnMJFBBjGl7bgJ+RjRwKtgo30kNSwgdkB5rWypJzIyfTZKM8LFVujiy9yMlAU/U3xsZiY0ZxqGdjAn0zbw3Fv/z2ilEF37GZZICk3R6KEoFBoXHteAu14yCGFpCqOb2V0z7RBMKtry8LcGbj7xIGuWSd1oq186KlctZHTl0iI7QCfLQOaqga1RFdUTRI3pGr+jNeXJenHfnYzq65Mx2DtAfOJ8/8PaafQ==</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>Zn

<latexit sha1_base64="3ASCIcMFvxUfz9en2fbdr7uccoI=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4xyiPCSmaHBibMzm5mZk3Ihk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoeuo3n1BpHsl7M47RD+lA8j5n1Fjp7uFRdoslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+pd+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOypXb81L1KosjD0dwDKfgwQVU4QZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz86OY3C</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

Interested in smallest exponent for input xn

min

{
lim
n→∞

−1

n
logαn, lim

n→∞
−1

n
log βn

}
≥ E

Theorem (Symmetric Error Exponent)

ν?(r) = min
πZ |X :

D(πxπZ |X ‖πxPZ |X )≤D(πxπZ |X ‖πxQZ |X )

D(πxπZ |X‖πxQZ |X )

= max
l∈[0,1]

−
∑
x

πxn(x) log
(∑

z

PZ |X (z |x)lQZ |X (z |x , 1)1−l
)

E is also the exponent of the sum probability 1
2αn +

1
2βn

Extends to multiple hypotheses!
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Chernoff Exponent and Empirical Statistics

Fix input sequence xn of empirical statistics πx

Define P = πxPZ |X and Q = πxQZ |X

Decide Ĥ = g (n)(zn, xn) = 0 only if emp. statistics πxnzn has
smaller KL divergence with πxPZ |X than with πxQZ |X . Else Ĥ = 1

P[D(πxnZn‖πxPZ |X ) ≤ D(πxnZn‖πxQZ |X )|H = 1]

≈
∑
πZ |X :

D(πxπZ |X ‖πxPZ |X )

≤D(πxπZ |X ‖πxQZ |X )

2−nD(πxπZ |X ‖πxQZ |X )

Q
<latexit sha1_base64="TIwmk8u21VOUoY7U7p41qYBa1Ac=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrNfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8frGuM2Q==</latexit>

P<latexit sha1_base64="bzZbWfGTwOVHfOXRUHQsbNaA++g=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxUQZdFNy5bsA9oB8mkd9rYTGZIMkIZ+gVuXCji1k9y59+YtrPQ1gOBwznnkntPkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8H4duZ3nlBpHst7M0nQj+hQ8pAzaqzUbDyUK27VnYOsEi8nFchh81/9QczSCKVhgmrd89zE+BlVhjOB01I/1ZhQNqZD7FkqaYTaz+aLTsmZVQYkjJV90pC5+nsio5HWkyiwyYiakV72ZuJ/Xi814bWfcZmkBiVbfBSmgpiYzK4mA66QGTGxhDLF7a6EjaiizNhuSrYEb/nkVdKuVb2Laq15Wanf5HUU4QRO4Rw8uII63EEDWsAA4Rle4c15dF6cd+djES04+cwx/IHz+QOq54zY</latexit>

set of joint types ⇡ZX
<latexit sha1_base64="QC3JNJCK6WMYl0N/91IbH61MyHs=">AAACBnicbVC7TsMwFHXKq5RXgBEhWbRITFVSBhgrWBiLRB+ijSrHvWlNnTiyHaQq6sTCr7AwgBAr38DG3+CmGaBwJUtH55wr33P8mDOlHefLKiwtr6yuFddLG5tb2zv27l5LiURSaFLBhez4RAFnETQ10xw6sQQS+hza/vhyprfvQSomohs9icELyTBiAaNEG6pvHyrQWAT4TrBI45lD4UovZv30tjOt9O2yU3WywX+Bm4MyyqfRtz97A0GTECJNOVGq6zqx9lIiNaMcpqVeoiAmdEyG0DUwIiEoL81iTPGxYQY4ENI8c0zG/txISajUJPSNMyR6pBa1Gfmf1k10cO6lLIoTDRGdfxQkHGuRJcYDJoFqPjGAUMnMrZiOiCRUm+ZKpgR3MfJf0KpV3dNq7bpWrl/kdRTRATpCJ8hFZ6iOrlADNRFFD+gJvaBX69F6tt6s97m1YOU7++jXWB/fNk6YTw==</latexit>
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Active Adaptive Detection

Xi
<latexit sha1_base64="3iZXTg4Ib3Bh78XuDxTfX/j8otU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00OnzfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa1a1buo1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAxHo28</latexit>

Zi
<latexit sha1_base64="EZEsEm6C2SjVovYotZ3SfZlZ/vA=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/cA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrp/rEneqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA0Ko2+</latexit>

Detector

g(n)(·)
<latexit sha1_base64="xxv8rojyffKaplCy/hGIW53ueog=">AAACF3icbVC7TsNAEDzzJrwClDQWASkUWHYooERAQQkSAaTYROfLJjlxD+tujYis/AUNv0JDAUK00PE3XEIKXiOtNJrZ1e5OmgluMQw/vLHxicmp6ZnZ0tz8wuJSeXnl3OrcMKgzLbS5TKkFwRXUkaOAy8wAlamAi/T6cOBf3ICxXKsz7GWQSNpRvM0ZRSc1y0HctRllUGzvSdk/AgSG2sRxI6jBbVLa6FwVVbXVr8aspXFro1muhEE4hP+XRCNSISOcNMvvcUuzXIJCJqi1jSjMMCmoQc4E9EtxbsHtv6YdaDiqqASbFMO/+v6mU1p+WxtXCv2h+n2ioNLankxdp6TYtb+9gfif18ixvZcUXGU5gmJfi9q58FH7g5D8FjcuB9FzhDLD3a0+61JDGbooSy6E6PfLf8l5LYh2gtpprbJ/MIpjhqyRdVIlEdkl++SYnJA6YeSOPJAn8uzde4/ei/f61TrmjWZWyQ94b58MaJ6M</latexit>

Ĥ
<latexit sha1_base64="w8vlduPY9OyX2JWiaHRfuaYF6NM=">AAAB+nicbVDLSsNAFJ34rPWV6tLNYBFclaQKuiy66bKCfUAbys100g6dTMLMRCkxn+LGhSJu/RJ3/o2TNgttPTBwOOde7pnjx5wp7Tjf1tr6xubWdmmnvLu3f3BoV446KkokoW0S8Uj2fFCUM0HbmmlOe7GkEPqcdv3pbe53H6hULBL3ehZTL4SxYAEjoI00tCuDCeh0EIKeEOBpM8uGdtWpOXPgVeIWpIoKtIb212AUkSSkQhMOSvVdJ9ZeClIzwmlWHiSKxkCmMKZ9QwWEVHnpPHqGz4wywkEkzRMaz9XfGymESs1C30zmGdWyl4v/ef1EB9deykScaCrI4lCQcKwjnPeAR0xSovnMECCSmayYTEAC0aatsinBXf7yKunUa+5FrX53WW3cFHWU0Ak6RefIRVeogZqohdqIoEf0jF7Rm/VkvVjv1sdidM0qdo7RH1ifP9dzlGA=</latexit>

Enc fi
<latexit sha1_base64="QGs0/O0e5kJG69chmLtClyFN4xo=">AAACAHicbVBNS8NAEN34WetX1IMHL4tF8FSSKuixKILHCvYD2hA22027dLMJuxOxhFz8K148KOLVn+HNf+O2zUFbHww83pthZl6QCK7Bcb6tpeWV1bX10kZ5c2t7Z9fe22/pOFWUNWksYtUJiGaCS9YEDoJ1EsVIFAjWDkbXE7/9wJTmsbyHccK8iAwkDzklYCTfPuwBewQZq4iI7EZSnGMc+hz7dsWpOlPgReIWpIIKNHz7q9ePaRoxCVQQrbuuk4CXEQWcCpaXe6lmCaEjMmBdQyWJmPay6QM5PjFKH4exMiUBT9XfExmJtB5HgemMCAz1vDcR//O6KYSXXsZlkgKTdLYoTAWGGE/SwH2uGAUxNoRQxc2tmA6JIhRMZmUTgjv/8iJp1aruWbV2d16pXxVxlNAROkanyEUXqI5uUQM1EUU5ekav6M16sl6sd+tj1rpkFTMH6A+szx/4uZX7</latexit>

Zi�1
<latexit sha1_base64="E+cTjqPPfL4aPcnd0VX071dFf70=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbBT0GvXiMYB6YrGF20kmGzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAajm6nffEKleSTvzThGP6QDyfucUWOl5sNjys+8SbdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR27oScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/lp1zGiUHJ5ov6iSAmItPfSY8rZEaMLaFMcXsrYUOqKDM2oYINwVt8eZk0KmXvvFy5uyhVr7M48nAEx3AKHlxCFW6hBnVgMIJneIU3J3ZenHfnY96ac7KZQ/gD5/MH01mPOw==</latexit>

D<latexit sha1_base64="0Z9RTzpD0Btya252f8AuU4HPn4E=">AAAB6HicbVA9TwJBEJ3DL8Qv1NJmIzGxIndYaEnUwhISQRK4kL1lDlb29i67eybkwi+wsdAYW3+Snf/GBa5Q8CWTvLw3k5l5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRW8epYthisYhVJ6AaBZfYMtwI7CQKaRQIfAjGNzP/4QmV5rG8N5ME/YgOJQ85o8ZKzdt+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88jMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7VrVu6jWmrVK/TqPowgncArn4MEl1OEOGtACBgjP8ApvzqPz4rw7H4vWgpPPHMMfOJ8/mBeMyg==</latexit>

Xn
<latexit sha1_base64="KHeLAVaOaSURC+R0ZraVfnPtBG4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGi/YA2ls120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRzdRvPXFtRKwecJxwP6IDJULBKFrpvv2oeqWyW3FnIMvEy0kZctR7pa9uP2ZpxBUySY3peG6CfkY1Cib5pNhNDU8oG9EB71iqaMSNn81OnZBTq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieOVnQiUpcsXmi8JUEozJ9G/SF5ozlGNLKNPC3krYkGrK0KZTtCF4iy8vk2a14p1XqncX5dp1HkcBjuEEzsCDS6jBLdShAQwG8Ayv8OZI58V5dz7mrStOPnMEf+B8/gA3LY3A</latexit>

PH
Z|X

<latexit sha1_base64="W2c4MGAZ5KG8NHsD+Js2IahpEfs=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiuCpJFXRZdNNlBfvANobJdNoOnTyYmQglzcJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEizqSyrG+jsLK6tr5R3Cxtbe/s7pn7By0ZxoLQJgl5KDoelpSzgDYVU5x2IkGx73Ha9sY3md9+pEKyMLhTk4g6Ph4GbMAIVlpyzSPUcJP7aSd9SHo+ViOCeVJPU9csWxVrBrRM7JyUIUfDNb96/ZDEPg0U4VjKrm1FykmwUIxwmpZ6saQRJmM8pF1NA+xT6SSz/Ck61UofDUKhX6DQTP29kWBfyonv6ckso1z0MvE/rxurwZWTsCCKFQ3I/NAg5kiFKCsD9ZmgRPGJJpgIprMiMsICE6UrK+kS7MUvL5NWtWKfV6q3F+XadV5HEY7hBM7AhkuoQR0a0AQCU3iGV3gznowX4934mI8WjHznEP7A+PwBT2GWTA==</latexit>

M-ary hypotheses: H ∈ {0, 1, . . . ,M − 1}

Inputs can be chosen adaptively xi = fi (Z
i−1)

Decision Ĥ = g (n)(Zn,X n)

For more than two hypotheses M ≥ 2, adaptive strategies allow to
discriminate between different hypotheses!
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Take-Away from Detection Theory

S a set of joint statistics and Zn ∼ QZ |X given xn. Then:

P[πxnZn ∈ S] ≈ 2−nminπ∈S D(π‖Q)

Non-adaptive active hypothesis testing:

Asymptotically-optimal detection rule based solely on the joint
empirical statistics of (xn,Z n)

Detection performances only depend on statistics of input xn!

Channel discrimination possible with exp.-decaying error prob.

Adaptive strategies beneficial for active hypothesis testing if more
than 2 hypotheses
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Information-Theoretic Results on

ISAC with Detection Errors
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ISAC Models with Detection Exponents

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

H 2 {0, 1}
<latexit sha1_base64="P89TfZQ6nAHzJqzYL3+BE3WVvew=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARupCSVLHtruCmywr2AZ1SMmnahmYyQ5IRyjAbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPHwmuDUIfzsrq2vrGZm4rv72zu7fvHhy2dRgrylo0FKHq+kQzwSVrGW4E60aKkcAXrONPrzO/c8eU5qG8NbOI9QMylnzEKTFWGrjHXkDMhBKRNFLocQm9BJ1jLx24BVRCCGGMYUZw5QpZUqtVy7gKcWZZFMASzYH77g1DGgdMGiqI1j2MItNPiDKcCpbmvViziNApGbOepZIETPeT+QMpPLPKEI5CZUsaOFe/TyQk0HoW+LYzO1f/9jLxL68Xm1G1n3AZxYZJulg0igU0IczSgEOuGDViZgmhittbIZ0QRaixmeVtCF+fwv9Ju1zCF6XyzWWhXlzGkQMn4BQUAQYVUAcN0AQtQEEKHsATeHbunUfnxXldtK44y5kj8APO2yfWfpXX</latexit>

Ĥ
<latexit sha1_base64="HRvgNQTLaoXLKQyIivRsVWjtnhA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBG6KpMqtt0V3HRZwT6gM5RMmmlDM5khyShlnE9x40IRt36JO//GTFtBRQ8EDufcyz05fsyZ0o7zYa2tb2xubRd2irt7+weHdumop6JEEtolEY/kwMeKciZoVzPN6SCWFIc+p31/dpX7/VsqFYvEjZ7H1AvxRLCAEayNNLJL7hTr1A2xnhLM03aWjeyyU3UcByEEc4Lql44hzWajhhoQ5ZZBGazQGdnv7jgiSUiFJhwrNUROrL0US80Ip1nRTRSNMZnhCR0aKnBIlZcuomfwzChjGETSPKHhQv2+keJQqXnom8k8o/rt5eJf3jDRQcNLmYgTTQVZHgoSDnUE8x7gmElKNJ8bgolkJiskUywx0aatoinh66fwf9KrVdF5tXZ9UW5VVnUUwAk4BRWAQB20QBt0QBcQcAcewBN4tu6tR+vFel2OrlmrnWPwA9bbJxymlHw=</latexit>

PH
Y Z|X

<latexit sha1_base64="lEmFzorYzsQHGxqtMBvW4fo+/P8=">AAAB/3icbVDLSsNAFL3xWesrKrhxEyxCVyWpgi4LbrqsYB/axjCZTtuhk0mYmQglzcJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjRqWy7W9jZXVtfWOzsFXc3tnd2zcPDlsyjAUmTRyyUHR8JAmjnDQVVYx0IkFQ4DPS9sfXmd9+JELSkN+qSUTcAA05HVCMlJY887jhJXf30076kPQCpEYYsaSepp5Zsiv2DNYycXJSghwNz/zq9UMcB4QrzJCUXceOlJsgoShmJC32YkkihMdoSLqachQQ6Saz/Kl1ppW+NQiFflxZM/X3RoICKSeBryezjHLRy8T/vG6sBlduQnkUK8Lx/NAgZpYKrawMq08FwYpNNEFYUJ3VwiMkEFa6sqIuwVn88jJpVSvOeaV6c1GqlfM6CnACp1AGBy6hBnVoQBMwTOEZXuHNeDJejHfjYz66YuQ7R/AHxucPor+Waw==</latexit>

Single sensing parameter H ∈ {0, 1} constant for all times

Sensing performance measured in detection-error exponents

Symmetric detection exponent:

ESym := lim
n→∞

−1

n
log
(
max

{
P
[
Ĥ = 1 | H = 0

]
, P
[
Ĥ = 0 | H = 1

]})
Stein’s exponent requires

lim
n→∞

P
[
Ĥ = 0 | H = 1

]
≤ ε

θStein := lim
n→∞

−1

n
logP

[
Ĥ = 0 | H = 1

]
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Relation to a Compound Channel

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>Xi

<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

H 2 {0, 1}
<latexit sha1_base64="P89TfZQ6nAHzJqzYL3+BE3WVvew=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARupCSVLHtruCmywr2AZ1SMmnahmYyQ5IRyjAbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPHwmuDUIfzsrq2vrGZm4rv72zu7fvHhy2dRgrylo0FKHq+kQzwSVrGW4E60aKkcAXrONPrzO/c8eU5qG8NbOI9QMylnzEKTFWGrjHXkDMhBKRNFLocQm9BJ1jLx24BVRCCGGMYUZw5QpZUqtVy7gKcWZZFMASzYH77g1DGgdMGiqI1j2MItNPiDKcCpbmvViziNApGbOepZIETPeT+QMpPLPKEI5CZUsaOFe/TyQk0HoW+LYzO1f/9jLxL68Xm1G1n3AZxYZJulg0igU0IczSgEOuGDViZgmhittbIZ0QRaixmeVtCF+fwv9Ju1zCF6XyzWWhXlzGkQMn4BQUAQYVUAcN0AQtQEEKHsATeHbunUfnxXldtK44y5kj8APO2yfWfpXX</latexit>

PH
Y |X

<latexit sha1_base64="Nj55qB5MZTAWQN4vvm7vA+4lm1U=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvQVZmpgi4LbrqsYB/SjkMmzbShmcyQZIQSB/wVNy4Ucet3uPNvzLSz0NYDgcM593JPTpAwKpXjfFsrq2vrG5ulrfL2zu7evn1w2JFxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuMLnO/e4DEZLG/FZNE+JFaMRpSDFSRvLt45av7x572b0eREiNMWK6mWW+XXFqzgxwmbgFqYACLd/+GgxjnEaEK8yQlH3XSZSnkVAUM5KVB6kkCcITNCJ9QzmKiPT0LH4Gz4wyhGEszOMKztTfGxpFUk6jwEzmGeWil4v/ef1UhVeepjxJFeF4fihMGVQxzLuAQyoIVmxqCMKCmqwQj5FAWJnGyqYEd/HLy6RTr7nntfrNRaVRLeoogRNwCqrABZegAZqgBdoAAw2ewSt4s56sF+vd+piPrljFzhH4A+vzB+2glgc=</latexit>

Without the sensing it is a compound channel

Compound capacity without feedback:

Ccompound ≤ max
PX

min
H

I (X ;Y |H)

Cannot adjust codebook statistics PX to the channel H!

Compound capacity with feedback:

Ccompound,fb ≤ min
H

max
PX

I (X ;Y |H) = min
H

C (PHY |X ).

Can learn channel and adapt codebook statistics!

67 / 95



Relation to a Compound Channel

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>Xi

<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

H 2 {0, 1}
<latexit sha1_base64="P89TfZQ6nAHzJqzYL3+BE3WVvew=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARupCSVLHtruCmywr2AZ1SMmnahmYyQ5IRyjAbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPHwmuDUIfzsrq2vrGZm4rv72zu7fvHhy2dRgrylo0FKHq+kQzwSVrGW4E60aKkcAXrONPrzO/c8eU5qG8NbOI9QMylnzEKTFWGrjHXkDMhBKRNFLocQm9BJ1jLx24BVRCCGGMYUZw5QpZUqtVy7gKcWZZFMASzYH77g1DGgdMGiqI1j2MItNPiDKcCpbmvViziNApGbOepZIETPeT+QMpPLPKEI5CZUsaOFe/TyQk0HoW+LYzO1f/9jLxL68Xm1G1n3AZxYZJulg0igU0IczSgEOuGDViZgmhittbIZ0QRaixmeVtCF+fwv9Ju1zCF6XyzWWhXlzGkQMn4BQUAQYVUAcN0AQtQEEKHsATeHbunUfnxXldtK44y5kj8APO2yfWfpXX</latexit>

PH
Y |X

<latexit sha1_base64="Nj55qB5MZTAWQN4vvm7vA+4lm1U=">AAAB/nicbVDLSgMxFM34rPU1Kq7cBIvQVZmpgi4LbrqsYB/SjkMmzbShmcyQZIQSB/wVNy4Ucet3uPNvzLSz0NYDgcM593JPTpAwKpXjfFsrq2vrG5ulrfL2zu7evn1w2JFxKjBp45jFohcgSRjlpK2oYqSXCIKigJFuMLnO/e4DEZLG/FZNE+JFaMRpSDFSRvLt45av7x572b0eREiNMWK6mWW+XXFqzgxwmbgFqYACLd/+GgxjnEaEK8yQlH3XSZSnkVAUM5KVB6kkCcITNCJ9QzmKiPT0LH4Gz4wyhGEszOMKztTfGxpFUk6jwEzmGeWil4v/ef1UhVeepjxJFeF4fihMGVQxzLuAQyoIVmxqCMKCmqwQj5FAWJnGyqYEd/HLy6RTr7nntfrNRaVRLeoogRNwCqrABZegAZqgBdoAAw2ewSt4s56sF+vd+piPrljFzhH4A+vzB+2glgc=</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

Without the sensing it is a compound channel

Compound capacity without feedback:

Ccompound ≤ max
PX

min
H

I (X ;Y |H)

Cannot adjust codebook statistics PX to the channel H!

Compound capacity with feedback:

Ccompound,fb ≤ min
H

max
PX

I (X ;Y |H) = min
H

C (PHY |X ).

Can learn channel and adapt codebook statistics!
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Bi-Static ISAC with Chernoff Exponent

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PY Z|X✓
<latexit sha1_base64="nmUNZbJDuBq++R2Cbj5NvJM51Rc=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHhRHbRRI8kXjxiIg+FlcwOszBh9pGZXg1Z+Q8vHjTGq//izb9xgD0oWEknlarudHd5sRQabfvbyq2srq1v5DcLW9s7u3vF/YOmjhLFeINFMlJtj2ouRcgbKFDydqw4DTzJW97ocuq3HrjSIgpvcBxzN6CDUPiCUTTSfb2X3t49tbs45EgnvWLJrtgzkGXiZKQEGeq94le3H7Ek4CEySbXuOHaMbkoVCib5pNBNNI8pG9EB7xga0oBrN51dPSEnRukTP1KmQiQz9fdESgOtx4FnOgOKQ73oTcX/vE6C/oWbijBOkIdsvshPJMGITCMgfaE4Qzk2hDIlzK2EDamiDE1QBROCs/jyMmlWK85ppXp9VqqVszjycATHUAYHzqEGV1CHBjBQ8Ayv8GY9Wi/Wu/Uxb81Z2cwh/IH1+QO0WJKQ</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

H 2 {0, 1}
<latexit sha1_base64="P89TfZQ6nAHzJqzYL3+BE3WVvew=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARupCSVLHtruCmywr2AZ1SMmnahmYyQ5IRyjAbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPHwmuDUIfzsrq2vrGZm4rv72zu7fvHhy2dRgrylo0FKHq+kQzwSVrGW4E60aKkcAXrONPrzO/c8eU5qG8NbOI9QMylnzEKTFWGrjHXkDMhBKRNFLocQm9BJ1jLx24BVRCCGGMYUZw5QpZUqtVy7gKcWZZFMASzYH77g1DGgdMGiqI1j2MItNPiDKcCpbmvViziNApGbOepZIETPeT+QMpPLPKEI5CZUsaOFe/TyQk0HoW+LYzO1f/9jLxL68Xm1G1n3AZxYZJulg0igU0IczSgEOuGDViZgmhittbIZ0QRaixmeVtCF+fwv9Ju1zCF6XyzWWhXlzGkQMn4BQUAQYVUAcN0AQtQEEKHsATeHbunUfnxXldtK44y5kj8APO2yfWfpXX</latexit>

Radar
<latexit sha1_base64="aenUzpLZlWE0z65kYzzDxdPfnrc=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvQU0lWsO2t4MVjFbcW2qVks9k2NJtdkqxQlv4GLx4U8eoP8ua/MdtWUNEHA4/3ZpiZF6SCa4PQh1NaW9/Y3CpvV3Z29/YPqodHPZ1kijKPJiJR/YBoJrhknuFGsH6qGIkDwe6C6WXh390zpXkib80sZX5MxpJHnBJjJe+GhESNqjXUQAhhjGFBcPMCWdJut1zcgriwLGpghe6o+j4ME5rFTBoqiNYDjFLj50QZTgWbV4aZZimhUzJmA0sliZn288Wxc3hmlRBGibIlDVyo3ydyEms9iwPbGRMz0b+9QvzLG2Qmavk5l2lmmKTLRVEmoElg8TkMuWLUiJklhCpub4V0QhShxuZTsSF8fQr/Jz23gc8b7rVb69RXcZTBCTgFdYBBE3TAFegCD1DAwQN4As+OdB6dF+d12VpyVjPH4Aect0/0MI60</latexit>

Ĥ
<latexit sha1_base64="HRvgNQTLaoXLKQyIivRsVWjtnhA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBG6KpMqtt0V3HRZwT6gM5RMmmlDM5khyShlnE9x40IRt36JO//GTFtBRQ8EDufcyz05fsyZ0o7zYa2tb2xubRd2irt7+weHdumop6JEEtolEY/kwMeKciZoVzPN6SCWFIc+p31/dpX7/VsqFYvEjZ7H1AvxRLCAEayNNLJL7hTr1A2xnhLM03aWjeyyU3UcByEEc4Lql44hzWajhhoQ5ZZBGazQGdnv7jgiSUiFJhwrNUROrL0US80Ip1nRTRSNMZnhCR0aKnBIlZcuomfwzChjGETSPKHhQv2+keJQqXnom8k8o/rt5eJf3jDRQcNLmYgTTQVZHgoSDnUE8x7gmElKNJ8bgolkJiskUywx0aatoinh66fwf9KrVdF5tXZ9UW5VVnUUwAk4BRWAQB20QBt0QBcQcAcewBN4tu6tR+vFel2OrlmrnWPwA9bbJxymlHw=</latexit>

Only non-adaptive strategies are possible

Theorem (Joudeh et al. and Chang et al.)

(R,ESym) pairs are achievable iff for some PX :

R ≤ min
H

I (X ;Y |H),
ESym ≤ max

l∈[0,1]
−
∑
x

PX (x) log
(∑

z

PHZ |X (z |x)lPHZ |X (z |x)1−l
)

Tradeoff between sensing and communication due to common PX !
(input statistics)

[6] H. Joudeh & F. Willems, “Joint communication and binary state detection,”

JSAIT 2022.
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ISAC Model with Stein Error Exponent

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PY Z|X✓
<latexit sha1_base64="nmUNZbJDuBq++R2Cbj5NvJM51Rc=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHhRHbRRI8kXjxiIg+FlcwOszBh9pGZXg1Z+Q8vHjTGq//izb9xgD0oWEknlarudHd5sRQabfvbyq2srq1v5DcLW9s7u3vF/YOmjhLFeINFMlJtj2ouRcgbKFDydqw4DTzJW97ocuq3HrjSIgpvcBxzN6CDUPiCUTTSfb2X3t49tbs45EgnvWLJrtgzkGXiZKQEGeq94le3H7Ek4CEySbXuOHaMbkoVCib5pNBNNI8pG9EB7xga0oBrN51dPSEnRukTP1KmQiQz9fdESgOtx4FnOgOKQ73oTcX/vE6C/oWbijBOkIdsvshPJMGITCMgfaE4Qzk2hDIlzK2EDamiDE1QBROCs/jyMmlWK85ppXp9VqqVszjycATHUAYHzqEGV1CHBjBQ8Ayv8GY9Wi/Wu/Uxb81Z2cwh/IH1+QO0WJKQ</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

H 2 {0, 1}
<latexit sha1_base64="P89TfZQ6nAHzJqzYL3+BE3WVvew=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARupCSVLHtruCmywr2AZ1SMmnahmYyQ5IRyjAbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPHwmuDUIfzsrq2vrGZm4rv72zu7fvHhy2dRgrylo0FKHq+kQzwSVrGW4E60aKkcAXrONPrzO/c8eU5qG8NbOI9QMylnzEKTFWGrjHXkDMhBKRNFLocQm9BJ1jLx24BVRCCGGMYUZw5QpZUqtVy7gKcWZZFMASzYH77g1DGgdMGiqI1j2MItNPiDKcCpbmvViziNApGbOepZIETPeT+QMpPLPKEI5CZUsaOFe/TyQk0HoW+LYzO1f/9jLxL68Xm1G1n3AZxYZJulg0igU0IczSgEOuGDViZgmhittbIZ0QRaixmeVtCF+fwv9Ju1zCF6XyzWWhXlzGkQMn4BQUAQYVUAcN0AQtQEEKHsATeHbunUfnxXldtK44y5kj8APO2yfWfpXX</latexit>

Radar
<latexit sha1_base64="aenUzpLZlWE0z65kYzzDxdPfnrc=">AAAB7HicdVBNSwMxEM3Wr1q/qh69BIvQU0lWsO2t4MVjFbcW2qVks9k2NJtdkqxQlv4GLx4U8eoP8ua/MdtWUNEHA4/3ZpiZF6SCa4PQh1NaW9/Y3CpvV3Z29/YPqodHPZ1kijKPJiJR/YBoJrhknuFGsH6qGIkDwe6C6WXh390zpXkib80sZX5MxpJHnBJjJe+GhESNqjXUQAhhjGFBcPMCWdJut1zcgriwLGpghe6o+j4ME5rFTBoqiNYDjFLj50QZTgWbV4aZZimhUzJmA0sliZn288Wxc3hmlRBGibIlDVyo3ydyEms9iwPbGRMz0b+9QvzLG2Qmavk5l2lmmKTLRVEmoElg8TkMuWLUiJklhCpub4V0QhShxuZTsSF8fQr/Jz23gc8b7rVb69RXcZTBCTgFdYBBE3TAFegCD1DAwQN4As+OdB6dF+d12VpyVjPH4Aect0/0MI60</latexit>

Ĥ
<latexit sha1_base64="HRvgNQTLaoXLKQyIivRsVWjtnhA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBG6KpMqtt0V3HRZwT6gM5RMmmlDM5khyShlnE9x40IRt36JO//GTFtBRQ8EDufcyz05fsyZ0o7zYa2tb2xubRd2irt7+weHdumop6JEEtolEY/kwMeKciZoVzPN6SCWFIc+p31/dpX7/VsqFYvEjZ7H1AvxRLCAEayNNLJL7hTr1A2xnhLM03aWjeyyU3UcByEEc4Lql44hzWajhhoQ5ZZBGazQGdnv7jgiSUiFJhwrNUROrL0US80Ip1nRTRSNMZnhCR0aKnBIlZcuomfwzChjGETSPKHhQv2+keJQqXnom8k8o/rt5eJf3jDRQcNLmYgTTQVZHgoSDnUE8x7gmElKNJ8bgolkJiskUywx0aatoinh66fwf9KrVdF5tXZ9UW5VVnUUwAk4BRWAQB20QBt0QBcQcAcewBN4tu6tR+vFel2OrlmrnWPwA9bbJxymlHw=</latexit>

Theorem (Ahmadipour et al.)

(R,EStein) pairs are achievable iff for some PX :

R ≤ min
H

I (X ;Y |H),
EStein ≤

∑
x

PX (x)D(PZ |X (·|x)‖QZ |X (·|x)

Tradeoff between sensing and communication due to common PX !
(input statistics)

[8] M. Ahmadipour, M. Kobayashi, M. W. and G. Caire, “An Information-Theoretic

Approach to Joint Sensing and Communication,” Trans. IT, 2022.
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Adaptive Channel Coding/Sensing

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

M̂
<latexit sha1_base64="QT25BmP91iz27z1XYj46AgTfVIE=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoKiRpaOuu4MaNUME+oA1lMp20QycPZm6EEvoRblwo4tbvceffOGkrqOiBC4dz7uXee/xEcAWW9WEUNja3tneKu6W9/YPDo/LxSVfFqaSsQ2MRy75PFBM8Yh3gIFg/kYyEvmA9f3aV+717JhWPozuYJ8wLySTiAacEtNQbTglkN4tRuWKZl82649axZVpWw3bsnDgNt+ZiWys5KmiN9qj8PhzHNA1ZBFQQpQa2lYCXEQmcCrYoDVPFEkJnZMIGmkYkZMrLlucu8IVWxjiIpa4I8FL9PpGRUKl56OvOkMBU/fZy8S9vkELQ9DIeJSmwiK4WBanAEOP8dzzmklEQc00IlVzfiumUSEJBJ1TSIXx9iv8nXce0a6Zz61Za1XUcRXSGzlEV2aiBWugatVEHUTRDD+gJPRuJ8Wi8GK+r1oKxnjlFP2C8fQLIcI/K</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

M
<latexit sha1_base64="3jzRNmxI01nsRPlxWvorzOUxVjU=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoOQ07K7WZJ4C3jxIiRgHpAsYXbSScbMPpiZFcKSL/DiQRGvfpI3/8bZJIKKFjQUVd10d/kxZ1JZ1oeR29jc2t7J7xb29g8Oj4rHJx0ZJYJCm0Y8Ej2fSOAshLZiikMvFkACn0PXn11lfvcehGRReKvmMXgBmYRszChRWmrdDIsly7ysVx23ii3Tsmq2Y2fEqbkVF9tayVBCazSHxffBKKJJAKGinEjZt61YeSkRilEOi8IgkRATOiMT6GsakgCkly4PXeALrYzwOBK6QoWX6veJlARSzgNfdwZETeVvLxP/8vqJGte9lIVxoiCkq0XjhGMV4exrPGICqOJzTQgVTN+K6ZQIQpXOpqBD+PoU/086jmlXTKfllhrldRx5dIbOURnZqIYa6Bo1URtRBOgBPaFn4854NF6M11VrzljPnKIfMN4+Af6YjP0=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

H 2 {0, 1}
<latexit sha1_base64="P89TfZQ6nAHzJqzYL3+BE3WVvew=">AAACAHicdVDLSgMxFM34rPU16sKFm2ARupCSVLHtruCmywr2AZ1SMmnahmYyQ5IRyjAbf8WNC0Xc+hnu/BszbQUVPXDhcM693HuPHwmuDUIfzsrq2vrGZm4rv72zu7fvHhy2dRgrylo0FKHq+kQzwSVrGW4E60aKkcAXrONPrzO/c8eU5qG8NbOI9QMylnzEKTFWGrjHXkDMhBKRNFLocQm9BJ1jLx24BVRCCGGMYUZw5QpZUqtVy7gKcWZZFMASzYH77g1DGgdMGiqI1j2MItNPiDKcCpbmvViziNApGbOepZIETPeT+QMpPLPKEI5CZUsaOFe/TyQk0HoW+LYzO1f/9jLxL68Xm1G1n3AZxYZJulg0igU0IczSgEOuGDViZgmhittbIZ0QRaixmeVtCF+fwv9Ju1zCF6XyzWWhXlzGkQMn4BQUAQYVUAcN0AQtQEEKHsATeHbunUfnxXldtK44y5kj8APO2yfWfpXX</latexit>

Ĥ
<latexit sha1_base64="HRvgNQTLaoXLKQyIivRsVWjtnhA=">AAAB+nicdVDLSgMxFM34rPU11aWbYBG6KpMqtt0V3HRZwT6gM5RMmmlDM5khyShlnE9x40IRt36JO//GTFtBRQ8EDufcyz05fsyZ0o7zYa2tb2xubRd2irt7+weHdumop6JEEtolEY/kwMeKciZoVzPN6SCWFIc+p31/dpX7/VsqFYvEjZ7H1AvxRLCAEayNNLJL7hTr1A2xnhLM03aWjeyyU3UcByEEc4Lql44hzWajhhoQ5ZZBGazQGdnv7jgiSUiFJhwrNUROrL0US80Ip1nRTRSNMZnhCR0aKnBIlZcuomfwzChjGETSPKHhQv2+keJQqXnom8k8o/rt5eJf3jDRQcNLmYgTTQVZHgoSDnUE8x7gmElKNJ8bgolkJiskUywx0aatoinh66fwf9KrVdF5tXZ9UW5VVnUUwAk4BRWAQB20QBt0QBcQcAcewBN4tu6tR+vFel2OrlmrnWPwA9bbJxymlHw=</latexit>

PH
Y Z|X

<latexit sha1_base64="lEmFzorYzsQHGxqtMBvW4fo+/P8=">AAAB/3icbVDLSsNAFL3xWesrKrhxEyxCVyWpgi4LbrqsYB/axjCZTtuhk0mYmQglzcJfceNCEbf+hjv/xkmbhbYeGDiccy/3zPEjRqWy7W9jZXVtfWOzsFXc3tnd2zcPDlsyjAUmTRyyUHR8JAmjnDQVVYx0IkFQ4DPS9sfXmd9+JELSkN+qSUTcAA05HVCMlJY887jhJXf30076kPQCpEYYsaSepp5Zsiv2DNYycXJSghwNz/zq9UMcB4QrzJCUXceOlJsgoShmJC32YkkihMdoSLqachQQ6Saz/Kl1ppW+NQiFflxZM/X3RoICKSeBryezjHLRy8T/vG6sBlduQnkUK8Lx/NAgZpYKrawMq08FwYpNNEFYUJ3VwiMkEFa6sqIuwVn88jJpVSvOeaV6c1GqlfM6CnACp1AGBy6hBnVoQBMwTOEZXuHNeDJejHfjYz66YuQ7R/AHxucPor+Waw==</latexit>

Feedback allows the encoder to “learn” the channel parameter H
and to adapt its coding to the correct channel

Sensing (detection) problem is still open when H non-binary
→ adaptive inputs also improve detection performance

Chang et al. propose joint sensing and communication schemes

Problem seems difficult and is open!

[[7] M.-C. Chang, et al. “Rate and detection-error exponent tradeoff for joint

communication and sensing of fixed channel states,” JSAIT 2023.
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Take-Aways from ISAC with Detection-Errors

Non-Adaptive case:

Complete information-theoretic results for various Detection
Exponents

Optimal asymptotic performance only depends on xn through its
empirical statistics.

Sensing detector decides based on joint type of xn and backscatterer
depending on the exponent to maximize

Again a tradeoff between sensing and communication depending on
input statistics
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Take-Aways from ISAC with Detection-Errors

Adaptive case:

Much more involved, communication problem is closed but not the
optimal sensing → ISAC also widely open

Adaptive inputs can be used because the transmitter learns the
channel and to better discriminate between different pairs of
hypotheses.
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Network ISAC
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Network ISAC

Feedback

Feedback

M1
M2

Data sent to both receivers

Fundamental limits partly
characterized

M2

Z2

M1

Z1

Feedback

Both Transmitters sense and send data

Comm. path between Txs! → Collaborative comm. and sensing
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Multi-Receiver ISAC

State-dependent broadcast channel with backscatterer

PS
<latexit sha1_base64="iYw26aTP4lHrYcE7sDRMhc5g9zY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4rtbXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZKreagNShX3Jq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66RTr3mXtfr9VaVRzeMowhmcQxU8uIYG3EET2sBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wf7tY2E</latexit>

Zi
<latexit sha1_base64="ZgofUQec/d5dfGtldItFzJL7rRY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZsQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMsWI2k</latexit>

Xi
<latexit sha1_base64="ThcrZSYvmRpcl8OXwfR4qn6a9BU=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTvgg3LFrbkLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeONnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68Ttr1mndZq99fVRrVPI4inME5VMGDa2jAHTShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwApTI2i</latexit>

Ŝn
<latexit sha1_base64="gmHhD6QNyS/m4WZI20cCvOM3IwU=">AAAB8HicdVDLSgMxFM3UV62vqks3wSJ0VZIqtt0V3LisaB/SjiWTpm1okhmSjFCGfoUbF4q49XPc+Tdm2goqeuDC4Zx7ufeeIBLcWIQ+vMzK6tr6RnYzt7W9s7uX3z9omTDWlDVpKELdCYhhgivWtNwK1ok0IzIQrB1MLlK/fc+04aG6sdOI+ZKMFB9ySqyTbntjYpPr2Z3q5wuohBDCGMOU4Mo5cqRWq5ZxFeLUciiAJRr9/HtvENJYMmWpIMZ0MYqsnxBtORVsluvFhkWETsiIdR1VRDLjJ/ODZ/DEKQM4DLUrZeFc/T6REGnMVAauUxI7Nr+9VPzL68Z2WPUTrqLYMkUXi4axgDaE6fdwwDWjVkwdIVRzdyukY6IJtS6jnAvh61P4P2mVS/i0VL46K9SLyziy4AgcgyLAoALq4BI0QBNQIMEDeALPnvYevRfvddGa8ZYzh+AHvLdPQ8uQpA==</latexit>

Si
<latexit sha1_base64="6XMjV952ocXSMxpr8XQpYIKzrWk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBByCjNRTHILePEYiXlAsoTZyWwyZPbBzKwQlnyCFw+KePWLvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB13dJQoxtsskpHqeVRzKULeNsJI3osVp4EnedebXmd+954rLaLwzsxi7gZ0HApfMGqs1GoNxbBQxGWMMSEEZYRUr7Al9XqtQmqIZJZFEVZoDgvvg1HEkoCHhkmqdZ/g2LgpVUYwyef5QaJ5TNmUjnnf0pAGXLvp4tQ5OrfKCPmRshUatFC/T6Q00HoWeLYzoGaif3uZ+JfXT4xfc1MRxonhIVsu8hOJTISyv9FIKM6MnFlCmRL2VsQmVFFmbDp5G8LXp+h/0qmUyUW5cntZbJRWceTgFM6gBASq0IAbaEIbGIzhAZ7g2ZHOo/PivC5b15zVzAn8gPP2CW6kjdM=</latexit>

Enc.{fi}
<latexit sha1_base64="FTZqnRErp1mFJFDJ9j4aqXGts1s=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSxCTyGpgh4LInisYFuhCWGz3bRLN5uwOxFLiH/FiwdFvPpDvPlv3H4ctPXBwOO9GWbmhangGhzn2yqtrW9sbpW3Kzu7e/sH1cOjrk4yRVmHJiJR9yHRTHDJOsBBsPtUMRKHgvXC8dXU7z0wpXki72CSMj8mQ8kjTgkYKajWPGCPkF9LahfYy6OAe0VQrTu2MwNeJe6C1NEC7aD65Q0SmsVMAhVE677rpODnRAGnghUVL9MsJXRMhqxvqCQx034+O77Ap0YZ4ChRpiTgmfp7Iiex1pM4NJ0xgZFe9qbif14/g+jSz7lMM2CSzhdFmcCQ4GkSeMAVoyAmhhCquLkV0xFRhILJq2JCcJdfXiXdpu2e2c3b83qrsYijjI7RCWogF12gFrpBbdRBFE3QM3pFb9aT9WK9Wx/z1pK1mKmhP7A+fwCkxZSu</latexit>

Arbitrary forward and backward channels PY1Y2|XS and PZ |Y1Y2XS

Model includes as special cases Rx-CSI and two states S = (S1,S2)

For most channels, feedback does increase capacity!!!
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Fundamental Capacity-Distortion Region for BC

Definition

Capacity-distortion region is the set of triples (R1,R2,D) so that there
exist encoder, decoders, and estimator with

lim
n→∞

Pr(M̂k 6= Mk) = 0, k ∈ {1, 2}, lim
n→∞

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D

Same per-symbol optimal estimator as for single-receiver!

Optimal estimator: sn = (ŝ∗(x1, z1), ŝ∗(x2, z2), . . . , ŝ∗(xn, zn)),

with
ŝ∗(x , z) := arg min

s′∈Ŝ

∑
s∈S

PS|XZ (s|x , z)d(s, s ′).

Sensing performance depends only on statistics of xn

Find optimal feedback BC code under constrained xn-statistics.
75 / 95



State-Dependent BCs with Generalized Feedback

Encoder

Rec. 1

Xi

Transmitter
Rec. 2

Y2i

Y1i

PS

Zi�1
<latexit sha1_base64="ycl9lxf1dd7Cnc/0BTElwKTSSKA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahF0tSBT0WvHisYFuxDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFR28SpZrzFYhnrh4AaLoXiLRQo+UOiOY0CyTvB+Gbmd564NiJW9zhJuB/RoRKhYBSt1HnsZ+Lcm/bLFbfmzkFWiZeTCuRo9stfvUHM0ogrZJIa0/XcBP2MahRM8mmplxqeUDamQ961VNGIGz+bnzslZ1YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDaz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGRD8JZfXiXtes27qNXvLiuNah5HEU7gFKrgwRU04Baa0AIGY3iGV3hzEufFeXc+Fq0FJ585hj9wPn8AzRCPIg==</latexit>

M1, M2
<latexit sha1_base64="Zdu3gNXpHJ2wK/XYipJtJD1ALGE=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvQg5TdKuix4MVLoYL9gHZZsmm2Dc1mlyQrlKU/wosHRbz6e7z5b0zbPWjrg4HHezPMzAsSwbVxnG9U2Njc2t4p7pb29g8Oj8rHJx0dp4qyNo1FrHoB0UxwydqGG8F6iWIkCgTrBpO7ud99YkrzWD6aacK8iIwkDzklxkrdpu9eNv26X644NWcBvE7cnFQgR8svfw2GMU0jJg0VROu+6yTGy4gynAo2Kw1SzRJCJ2TE+pZKEjHtZYtzZ/jCKkMcxsqWNHih/p7ISKT1NApsZ0TMWK96c/E/r5+a8NbLuExSwyRdLgpTgU2M57/jIVeMGjG1hFDF7a2Yjoki1NiESjYEd/XlddKp19yrWv3hutKo5nEU4QzOoQou3EAD7qEFbaAwgWd4hTeUoBf0jj6WrQWUz5zCH6DPH+9+jpE=</latexit>

M̂1
<latexit sha1_base64="6yKqce+Y9pjygI1/k5pxyanPQYc=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FL16ECrZV2lA22027dDcJuxOhhP4KLx4U8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJaxfgio4VJEvIUCJX9INKcqkLwTjK9nfueJayPi6B4nCfcVHUYiFIyilR57I4rZ7bTv9csVt+bOQVaJl5MK5Gj2y1+9QcxSxSNkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rU0ooobP5sfPCVnVhmQMNa2IiRz9fdERpUxExXYTkVxZJa9mfif100xvPIzESUp8ogtFoWpJBiT2fdkIDRnKCeWUKaFvZWwEdWUoc2oZEPwll9eJe16zTuv1e8uKo1qHkcRTuAUquDBJTTgBprQAgYKnuEV3hztvDjvzseiteDkM8fwB87nD5KtkCw=</latexit>

M̂2
<latexit sha1_base64="CtXYOc5LdYT9H9HoiMZ1KIxS0cI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FL16ECrZV2lA22027dDcJuxOhhP4KLx4U8erP8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJaxfgio4VJEvIUCJX9INKcqkLwTjK9nfueJayPi6B4nCfcVHUYiFIyilR57I4rZ7bRf75crbs2dg6wSLycVyNHsl796g5ilikfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGtpRBU3fjY/eErOrDIgYaxtRUjm6u+JjCpjJiqwnYriyCx7M/E/r5tieOVnIkpS5BFbLApTSTAms+/JQGjOUE4soUwLeythI6opQ5tRyYbgLb+8Str1mndeq99dVBrVPI4inMApVMGDS2jADTShBQwUPMMrvDnaeXHenY9Fa8HJZ47hD5zPH5QxkC0=</latexit>

PY1Y2Z|XS
<latexit sha1_base64="y/RNGFx+NxXdFot82L83sLtn5EE=">AAAB9XicbVBNT8JAEJ3iF+IX6tHLRmLCibRookcSLx4xypdQm+2yhQ3bbbO71ZDK//DiQWO8+l+8+W9coAcFXzLJy3szmZnnx5wpbdvfVm5ldW19I79Z2Nre2d0r7h80VZRIQhsk4pFs+1hRzgRtaKY5bceS4tDntOWPLqd+64FKxSJxq8cxdUM8ECxgBGsj3de9tOM5Ha9699S+mXjFkl2xZ0DLxMlICTLUveJXrx+RJKRCE46V6jp2rN0US80Ip5NCL1E0xmSEB7RrqMAhVW46u3qCTozSR0EkTQmNZurviRSHSo1D33SGWA/VojcV//O6iQ4u3JSJONFUkPmiIOFIR2gaAeozSYnmY0MwkczcisgQS0y0CapgQnAWX14mzWrFOa1Ur89KtXIWRx6O4BjK4MA51OAK6tAAAhKe4RXerEfrxXq3PuatOSubOYQ/sD5/ALagkes=</latexit>

Feedback does not increase capacity of degraded BCs (El Gamal,’79)

Achievable scheme for general BCs
(Shayevitz et al’12, Venkataramanan et al’13)

Capacity of several BCs with full Receiver-CSI (Kim et al’16)
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Intuition about the Shayevitz-Wigger BC Scheme

New Data

Comp. Info

· · · · · ·
-

Comp. Info.

New Data

Comp. Info.

New Data

-

b Bb + 1Block: 1

1 Block-Markov strategy:

Compression info sent in block b + 1: info about channel in block b
learned via feedback

Block-b outputs improved with compression info sent in block b + 1

2 New data and compression info sent with Marton’s BC scheme
(without feedback)
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Results on Capacity-Distortion Region of BCs

Degraded Broadcast Channels X → Y1 → Y2

Capacity-distortion region: all (R1,R2,D) that for some PUX satisfy

R1 ≤ I (X ;Y1 | U)

R2 ≤ I (U;Y2),

E[d(S , ŝ∗(X ,Z ))] ≤ D.

Tradeoff between communication and sensing from PX .
No-feedback codes with appropriate PX .

General Broadcast Channels

Inner and outer bounds (feasible and infeasible regions) based on
Shayevitz-W. scheme and genie-aided bound

Bounds in general case tight only in special cases.
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Binary Fading Example: Capacity-Distortion Region

Double-State S = (S1, S2) with corr. components, known at Rxs!

Fading outputs Yk = SkX , for k = 1, 2 (without noise)

Perfect Rx CSI and both outputs fed back Z = (Y1,Y2)

When X = 1 Tx learns S1, S2; when X = 0 it learns nothing
14
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Fig. 5. Boundary of the capacity-distortion region CD for Example 3 in Subsection III-B1.

for some choice of the parameters r, p 2 [0, 1].

Proof: We start by noticing that for this example I(X; Y1 | U, S1) = qH(X|U) and I(U ; Y2 | S2) =

q�(H(X) � H(X | U)). Setting p := PX(0) and r := H(X|U)
H(X) , directly leads to the desired rate constraints.

The distortion constraints are obtained from the optimal estimators in (58). Following the same steps as in the
single-receiver case, i.e. (30) and (31), we obtain

Dk � p min{PSk
(0), PSk

(1)}, (61)

which concludes the proof.

Notice that above Corollary 3 reduces to Corollary 2 in the special case of R0 = R2 = 0 and D2 = 1, i.e., when
we ignore Receiver 2.

Fig. 5 shows in red colour the boundary of the projection of the tradeoff region CD of this example onto the 3-
dimensional plane (R1, R2, D1), for parameters � = 0.5 and q = 0.6. The tradeoff with D2 is omitted for simplicity
and because D2 is a scaled version of D1. The figure also shows the boundaries of the basic and improved TS
baseline schemes. We again notice a significant gain for an optimal co-design scheme compared to the TS baseline
schemes.

So far, there was no tradeoff between the two distortion constraints D1 and D2. This is different in the next
example, which otherwise is very similar.

2) Example 4: Binary BC with Multiplicative Bernoulli States and Flipping Inputs: Reconsider the same state
pmf PS1S2

as in the previous example, but now an SDMBC with a transition law that flips the input for receiver 2:

Y1 = S1X, Y2 = S2(1 � X). (62)

As in the previous example we consider output feedback Z = (Y1, Y2).

Corollary 4. The capacity-distortion region CD of the binary SDMBC with flipping inputs in (62) and output
feedback is the set of all tuples (R0, R1, R2, D1, D2) satisfying

R1  qHb(p)r, (63a)

R0 + R2  �qHb(p)(1 � r), (63b)

D1 � p min{q(1 � �), (1 � q)}, (63c)

D2 � (1 � p)q min{�, 1 � �}, (63d)

for some choice of the parameters r, p 2 [0, 1].

Resource/time-
sharing approaches
sub-optimal

Tradeoff betwen
optimal sensing
and comm.
performances
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Take-Away Messages for BC

Information-theoretic model based on generalized feedback,
memoryless state sequence, average distortion

Symbol-by-symbol estimator optimal; sensing performance
depends only on empirical statistics of xn

Use optimal data communication scheme under restriction on
empirical statistics of xn

→ generalized feedback used for data communication

3-dimensional tradeoff between 2 rates and distortion

Resource-sharing schemes highly suboptimal
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Multi-Access ISAC

Dec. gn
<latexit sha1_base64="GJZV1S6LLg0jUpOU+pU7rg8S7co=">AAAB+XicbVDLSgNBEJz1GeMr6tHLYBByWnajoMeAHjxGMA9I1jA76U2GzD6Y6Q2GJX/ixYMiXv0Tb/6Nk2QPmljQUFR1093lJ1JodJxva219Y3Nru7BT3N3bPzgsHR03dZwqDg0ey1i1faZBiggaKFBCO1HAQl9Cyx/dzPzWGJQWcfSAkwS8kA0iEQjO0Ei9UqmL8ITZLXCbTung0Uhlx3bmoKvEzUmZ5Kj3Sl/dfszTECLkkmndcZ0EvYwpFFzCtNhNNSSMj9gAOoZGLATtZfPLp/TcKH0axMpUhHSu/p7IWKj1JPRNZ8hwqJe9mfif10kxuPYyESUpQsQXi4JUUozpLAbaFwo4yokhjCthbqV8yBTjaMIqmhDc5ZdXSbNquxd29f6yXKvkcRTIKTkjFeKSK1Ijd6ROGoSTMXkmr+TNyqwX6936WLSuWfnMCfkD6/MHulCS+w==</latexit>

PS
<latexit sha1_base64="iYw26aTP4lHrYcE7sDRMhc5g9zY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4rtbXQhrLZTtqlm03Y3Qgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJR8epYthmsYhVN6AaBZfYNtwI7CYKaRQIfAwmt3P/8QmV5rF8MNME/YiOJA85o8ZKreagNShX3Jq7AFknXk4qkKM5KH/1hzFLI5SGCap1z3MT42dUGc4Ezkr9VGNC2YSOsGeppBFqP1ucOiMXVhmSMFa2pCEL9fdERiOtp1FgOyNqxnrVm4v/eb3UhDd+xmWSGpRsuShMBTExmf9NhlwhM2JqCWWK21sJG1NFmbHplGwI3urL66RTr3mXtfr9VaVRzeMowhmcQxU8uIYG3EET2sBgBM/wCm+OcF6cd+dj2Vpw8plT+APn8wf7tY2E</latexit>

Yi
<latexit sha1_base64="5AOFwv3wIuHcxLlgYBelrupjKb0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2lZpQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMTqIaAaBZfYMtwIfEgU0igQ2AnG1zO/84RK81jem0mCfkSHkoecUWOlu8c+75crbs2dg6wSLycVyNHsl796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwis/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKu17zzWv32otKo5nEU4QROoQoeXEIDbqAJLWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QMq0o2j</latexit>

Si
<latexit sha1_base64="6XMjV952ocXSMxpr8XQpYIKzrWk=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBByCjNRTHILePEYiXlAsoTZyWwyZPbBzKwQlnyCFw+KePWLvPk3ziYRVLSgoajqprvLi6XQBuMPZ219Y3NrO7eT393bPzgsHB13dJQoxtsskpHqeVRzKULeNsJI3osVp4EnedebXmd+954rLaLwzsxi7gZ0HApfMGqs1GoNxbBQxGWMMSEEZYRUr7Al9XqtQmqIZJZFEVZoDgvvg1HEkoCHhkmqdZ/g2LgpVUYwyef5QaJ5TNmUjnnf0pAGXLvp4tQ5OrfKCPmRshUatFC/T6Q00HoWeLYzoGaif3uZ+JfXT4xfc1MRxonhIVsu8hOJTISyv9FIKM6MnFlCmRL2VsQmVFFmbDp5G8LXp+h/0qmUyUW5cntZbJRWceTgFM6gBASq0IAbaEIbGIzhAZ7g2ZHOo/PivC5b15zVzAn8gPP2CW6kjdM=</latexit>

Both Txs sense the state and send data

Communication path between Txs!!

Symbol-wise estimator at Tx k based on (Xk,i ,Zk,i ) is suboptimal!

Collaborative coding and sensing through Tx-Tx- paths!
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Idea of Willems’ Collaborative Comm Scheme

[Willems’83] scheme for the MAC with generalized feedback

Block-Markov coding and backwards decoding

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

block 1<latexit sha1_base64="W5IDFabJknLWtvqIuxkLaiVH61w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtuw2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MBXcWM/7RqWNza3tnfJuZW//4PCoenzSMSrTlLWpEkr3QmKY4JK1LbeC9VLNSBIK1g3ju7nffWLacCUf7TRlQULGkkecEuukbigUjbE/rNa8urcAXid+QWpQoDWsfg1GimYJk5YKYkzf91Ib5ERbTgWbVQaZYSmhMRmzvqOSJMwE+eLcGb5wyghHSruSFi/U3xM5SYyZJqHrTIidmFVvLv7n9TMb3QQ5l2lmmaTLRVEmsFV4/jsecc2oFVNHCNXc3YrphGhCrUuo4kLwV19eJ51G3b+qNx4ateZtEUcZzuAcLsGHa2jCPbSgDRRieIZXeEMpekHv6GPZWkLFzCn8Afr8Aapsjx4=</latexit> block 2<latexit sha1_base64="s3lqm3LjGVZwUknsX7D5R0YW+a0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY9FLx4r2A9oQ9lsN+2SzW7Y3Qgl9Ed48aCIV3+PN/+N2zQHbX0w8Hhvhpl5YcqZNq777VQ2Nre2d6q7tb39g8Oj+vFJV8tMEdohkkvVD7GmnAnaMcxw2k8VxUnIaS+M7xZ+74kqzaR4NLOUBgmeCBYxgo2VeiGXJEb+qN5wm24BtE68kjSgRHtU/xqOJckSKgzhWOuB56YmyLEyjHA6rw0zTVNMYjyhA0sFTqgO8uLcObqwyhhFUtkSBhXq74kcJ1rPktB2JthM9aq3EP/zBpmJboKciTQzVJDloijjyEi0+B2NmaLE8JklmChmb0VkihUmxiZUsyF4qy+vk67f9K6a/oPfaN2WcVThDM7hEjy4hhbcQxs6QCCGZ3iFNyd1Xpx352PZWnHKmVP4A+fzB6vwjx8=</latexit>

block B + 1
<latexit sha1_base64="nfyFlcvJmOas/T0Iryaut2C/4MA=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFtBEMpuPeix1IvHCvYDtkvJptk2NJssyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0wEN+C6305hY3Nre6e4W9rbPzg8Kh+fdIxKNWVtqoTSvZAYJrhkbeAgWC/RjMShYN1wcjf3u09MG67kI0wTFsRkJHnEKQEr+aFQdIKrzSuvOihX3Jq7AF4nXk4qKEdrUP7qDxVNYyaBCmKM77kJBBnRwKlgs1I/NSwhdEJGzLdUkpiZIFucPMMXVhniSGlbEvBC/T2RkdiYaRzazpjA2Kx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuWYUxNQSQjW3t2I6JppQsCmVbAje6svrpFOvede1+kO90mjmcRTRGTpHl8hDN6iB7lELtRFFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8AWzOP+w==</latexit>

block B<latexit sha1_base64="VxYy2gPRj44xujQHkvOlTkfBhHg=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irt40CPBi0dM5GFgQ2aHASbMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruimDNjff/by21sbm3v5HcLe/sHh0fF45OWUYkmtEkUV7oTYUM5k7RpmeW0E2uKRcRpO5rczv32E9WGKflgpzENBR5JNmQEWyc9RlyRCSrXy/1iya/4C6B1EmSkBBka/eJXb6BIIqi0hGNjuoEf2zDF2jLC6azQSwyNMZngEe06KrGgJkwXB8/QhVMGaKi0K2nRQv09kWJhzFRErlNgOzar3lz8z+smdngTpkzGiaWSLBcNE46sQvPv0YBpSiyfOoKJZu5WRMZYY2JdRgUXQrD68jppVSvBVaV6Xy3V6lkceTiDc7iEAK6hBnfQgCYQEPAMr/Dmae/Fe/c+lq05L5s5hT/wPn8AgCGPiw==</latexit>

. . .
<latexit sha1_base64="VpsYSDhZo2w3U9rAj6Vjq/EKV0k=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4sFDBfsBbSibzaZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0UqcvwwQNGVSqbs2dg6wSryBVKNAcVL76YcKymCtkkhrT89wU/ZxqFEzyabmfGZ5SNqZD3rNU0ZgbP5+fOyXnVglJlGhbCslc/T2R09iYSRzYzpjiyCx7M/E/r5dhdOPnQqUZcsUWi6JMEkzI7HcSCs0ZyokllGlhbyVsRDVlaBMq2xC85ZdXSbte8y5r9YerauO+iKMEp3AGF+DBNTTgDprQAgZjeIZXeHNS58V5dz4WrWtOMXMCf+B8/gAYbo9w</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Decoded at Rx
<latexit sha1_base64="MssCK3XvdQfLZEAAcaS0Ku1b3gs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExVUkZYKyAgbEg+iG1UeU4l9aqYwfbqaii/g4WBhBi5cew8W9w2wzQ8qSTnt670929IOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tUUWhQyaVqB0QDZwIahhkO7UQBiQMOrWB4PfVbI1CaSfFgxgn4MekLFjFKjJX8G6AyhBATg++feqWyW3FnwMvEy0kZ5aj3Sl/dUNI0BmEoJ1p3PDcxfkaUYZTDpNhNNSSEDkkfOpYKEoP2s9nRE3xqlRBHUtkSBs/U3xMZibUex4HtjIkZ6EVvKv7ndVITXfoZE0lqQND5oijl2Eg8TQCHTAE1fGwJoYrZWzEdEEWosTkVbQje4svLpFmteOeV6l21XLvK4yigY3SCzpCHLlAN3aI6aiCKHtEzekVvzsh5cd6dj3nripPPHKE/cD5/AOTokYU=</latexit>

Decoded at Rx
<latexit sha1_base64="MssCK3XvdQfLZEAAcaS0Ku1b3gs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExVUkZYKyAgbEg+iG1UeU4l9aqYwfbqaii/g4WBhBi5cew8W9w2wzQ8qSTnt670929IOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tUUWhQyaVqB0QDZwIahhkO7UQBiQMOrWB4PfVbI1CaSfFgxgn4MekLFjFKjJX8G6AyhBATg++feqWyW3FnwMvEy0kZ5aj3Sl/dUNI0BmEoJ1p3PDcxfkaUYZTDpNhNNSSEDkkfOpYKEoP2s9nRE3xqlRBHUtkSBs/U3xMZibUex4HtjIkZ6EVvKv7ndVITXfoZE0lqQND5oijl2Eg8TQCHTAE1fGwJoYrZWzEdEEWosTkVbQje4svLpFmteOeV6l21XLvK4yigY3SCzpCHLlAN3aI6aiCKHtEzekVvzsh5cd6dj3nripPPHKE/cD5/AOTokYU=</latexit>

Decoded at
other Tx

<latexit sha1_base64="3Bc9hCoI4UNQaSgLO1vjsnhJli8=">AAACC3icbVA9SwNBEN3z2/gVtbRZEgQbw11EtBS1sIyQGCEXwt7exCzu3h67c2I40tv4V2wsFLH1D9j5b9zEFJr4YODx3gwz86JUCou+/+XNzM7NLywuLRdWVtfWN4qbW1dWZ4ZDg2upzXXELEiRQAMFSrhODTAVSWhGt2dDv3kHxgqd1LGfQluxm0R0BWfopE6xFPZsyjjk+4dKDc6B6xhiyjAMCxp7YGj9vlMs+xV/BDpNgjEpkzFqneJnGGueKUiQS2ZtK/BTbOfMoOASBoUws+B23rIbaDmaMAW2nY9+GdBdp8S0q42rBOlI/T2RM2VtX0WuUzHs2UlvKP7ntTLsHrdzkaQZQsJ/FnUzSVHTYTA0FgY4yr4jjBvhbqW8xwzj6OIruBCCyZenyVW1EhxUqpfV8snpOI4lskNKZI8E5IickAtSIw3CyQN5Ii/k1Xv0nr037/2ndcYbz2yTP/A+vgEfSJpy</latexit>

Txs exchange message parts over Tx-Tx paths

Exchanged message parts are collaboratively re-transmitted in the
next block

Collaboratively transmitted message parts are easier to decode
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Our Joint Collaborative Comm/Sensing Scheme

Reuse Willem’s multilayer block-Markov coding scheme

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

block 1<latexit sha1_base64="W5IDFabJknLWtvqIuxkLaiVH61w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtuw2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MBXcWM/7RqWNza3tnfJuZW//4PCoenzSMSrTlLWpEkr3QmKY4JK1LbeC9VLNSBIK1g3ju7nffWLacCUf7TRlQULGkkecEuukbigUjbE/rNa8urcAXid+QWpQoDWsfg1GimYJk5YKYkzf91Ib5ERbTgWbVQaZYSmhMRmzvqOSJMwE+eLcGb5wyghHSruSFi/U3xM5SYyZJqHrTIidmFVvLv7n9TMb3QQ5l2lmmaTLRVEmsFV4/jsecc2oFVNHCNXc3YrphGhCrUuo4kLwV19eJ51G3b+qNx4ateZtEUcZzuAcLsGHa2jCPbSgDRRieIZXeEMpekHv6GPZWkLFzCn8Afr8Aapsjx4=</latexit> block 2<latexit sha1_base64="s3lqm3LjGVZwUknsX7D5R0YW+a0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY9FLx4r2A9oQ9lsN+2SzW7Y3Qgl9Ed48aCIV3+PN/+N2zQHbX0w8Hhvhpl5YcqZNq777VQ2Nre2d6q7tb39g8Oj+vFJV8tMEdohkkvVD7GmnAnaMcxw2k8VxUnIaS+M7xZ+74kqzaR4NLOUBgmeCBYxgo2VeiGXJEb+qN5wm24BtE68kjSgRHtU/xqOJckSKgzhWOuB56YmyLEyjHA6rw0zTVNMYjyhA0sFTqgO8uLcObqwyhhFUtkSBhXq74kcJ1rPktB2JthM9aq3EP/zBpmJboKciTQzVJDloijjyEi0+B2NmaLE8JklmChmb0VkihUmxiZUsyF4qy+vk67f9K6a/oPfaN2WcVThDM7hEjy4hhbcQxs6QCCGZ3iFNyd1Xpx352PZWnHKmVP4A+fzB6vwjx8=</latexit>

block B + 1
<latexit sha1_base64="nfyFlcvJmOas/T0Iryaut2C/4MA=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFtBEMpuPeix1IvHCvYDtkvJptk2NJssyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0wEN+C6305hY3Nre6e4W9rbPzg8Kh+fdIxKNWVtqoTSvZAYJrhkbeAgWC/RjMShYN1wcjf3u09MG67kI0wTFsRkJHnEKQEr+aFQdIKrzSuvOihX3Jq7AF4nXk4qKEdrUP7qDxVNYyaBCmKM77kJBBnRwKlgs1I/NSwhdEJGzLdUkpiZIFucPMMXVhniSGlbEvBC/T2RkdiYaRzazpjA2Kx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuWYUxNQSQjW3t2I6JppQsCmVbAje6svrpFOvede1+kO90mjmcRTRGTpHl8hDN6iB7lELtRFFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8AWzOP+w==</latexit>

block B<latexit sha1_base64="VxYy2gPRj44xujQHkvOlTkfBhHg=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irt40CPBi0dM5GFgQ2aHASbMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruimDNjff/by21sbm3v5HcLe/sHh0fF45OWUYkmtEkUV7oTYUM5k7RpmeW0E2uKRcRpO5rczv32E9WGKflgpzENBR5JNmQEWyc9RlyRCSrXy/1iya/4C6B1EmSkBBka/eJXb6BIIqi0hGNjuoEf2zDF2jLC6azQSwyNMZngEe06KrGgJkwXB8/QhVMGaKi0K2nRQv09kWJhzFRErlNgOzar3lz8z+smdngTpkzGiaWSLBcNE46sQvPv0YBpSiyfOoKJZu5WRMZYY2JdRgUXQrD68jppVSvBVaV6Xy3V6lkceTiDc7iEAK6hBnfQgCYQEPAMr/Dmae/Fe/c+lq05L5s5hT/wPn8AgCGPiw==</latexit>

. . .
<latexit sha1_base64="VpsYSDhZo2w3U9rAj6Vjq/EKV0k=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4sFDBfsBbSibzaZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0UqcvwwQNGVSqbs2dg6wSryBVKNAcVL76YcKymCtkkhrT89wU/ZxqFEzyabmfGZ5SNqZD3rNU0ZgbP5+fOyXnVglJlGhbCslc/T2R09iYSRzYzpjiyCx7M/E/r5dhdOPnQqUZcsUWi6JMEkzI7HcSCs0ZyokllGlhbyVsRDVlaBMq2xC85ZdXSbte8y5r9YerauO+iKMEp3AGF+DBNTTgDprQAgZjeIZXeHNS58V5dz4WrWtOMXMCf+B8/gAYbo9w</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Decoded at Rx
<latexit sha1_base64="MssCK3XvdQfLZEAAcaS0Ku1b3gs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExVUkZYKyAgbEg+iG1UeU4l9aqYwfbqaii/g4WBhBi5cew8W9w2wzQ8qSTnt670929IOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tUUWhQyaVqB0QDZwIahhkO7UQBiQMOrWB4PfVbI1CaSfFgxgn4MekLFjFKjJX8G6AyhBATg++feqWyW3FnwMvEy0kZ5aj3Sl/dUNI0BmEoJ1p3PDcxfkaUYZTDpNhNNSSEDkkfOpYKEoP2s9nRE3xqlRBHUtkSBs/U3xMZibUex4HtjIkZ6EVvKv7ndVITXfoZE0lqQND5oijl2Eg8TQCHTAE1fGwJoYrZWzEdEEWosTkVbQje4svLpFmteOeV6l21XLvK4yigY3SCzpCHLlAN3aI6aiCKHtEzekVvzsh5cd6dj3nripPPHKE/cD5/AOTokYU=</latexit>

Decoded at Rx
<latexit sha1_base64="MssCK3XvdQfLZEAAcaS0Ku1b3gs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExVUkZYKyAgbEg+iG1UeU4l9aqYwfbqaii/g4WBhBi5cew8W9w2wzQ8qSTnt670929IOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tUUWhQyaVqB0QDZwIahhkO7UQBiQMOrWB4PfVbI1CaSfFgxgn4MekLFjFKjJX8G6AyhBATg++feqWyW3FnwMvEy0kZ5aj3Sl/dUNI0BmEoJ1p3PDcxfkaUYZTDpNhNNSSEDkkfOpYKEoP2s9nRE3xqlRBHUtkSBs/U3xMZibUex4HtjIkZ6EVvKv7ndVITXfoZE0lqQND5oijl2Eg8TQCHTAE1fGwJoYrZWzEdEEWosTkVbQje4svLpFmteOeV6l21XLvK4yigY3SCzpCHLlAN3aI6aiCKHtEzekVvzsh5cd6dj3nripPPHKE/cD5/AOTokYU=</latexit>

Decoded at
other Tx

<latexit sha1_base64="3Bc9hCoI4UNQaSgLO1vjsnhJli8=">AAACC3icbVA9SwNBEN3z2/gVtbRZEgQbw11EtBS1sIyQGCEXwt7exCzu3h67c2I40tv4V2wsFLH1D9j5b9zEFJr4YODx3gwz86JUCou+/+XNzM7NLywuLRdWVtfWN4qbW1dWZ4ZDg2upzXXELEiRQAMFSrhODTAVSWhGt2dDv3kHxgqd1LGfQluxm0R0BWfopE6xFPZsyjjk+4dKDc6B6xhiyjAMCxp7YGj9vlMs+xV/BDpNgjEpkzFqneJnGGueKUiQS2ZtK/BTbOfMoOASBoUws+B23rIbaDmaMAW2nY9+GdBdp8S0q42rBOlI/T2RM2VtX0WuUzHs2UlvKP7ntTLsHrdzkaQZQsJ/FnUzSVHTYTA0FgY4yr4jjBvhbqW8xwzj6OIruBCCyZenyVW1EhxUqpfV8snpOI4lskNKZI8E5IickAtSIw3CyQN5Ii/k1Xv0nr037/2ndcYbz2yTP/A+vgEfSJpy</latexit>

After each block, each Tx extracts sensing info of interest to the
other Rx

This sensing info is transmitted to the other Tx during the next
block

Each Tx i estimates the state Sn
i based on its inputs/outputs,

decoded codewords, and sensing info from the other Tx.
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Binary MAC Example

S1, S2 i.i.d. Bernouilli-0.9, noises B0,B1,B2 ind. Bernoulli, and

Y ′ = S1X1 + S2X2 + B0, Y = (Y ′,S1,S2),

Zk = S1X1 + S2X2 + Bk , ∀k ∈ {1, 2}.

Hamming distortion d(s, ŝ) = s ⊕ ŝ

Choose auxiliaries U0,U1,U2 binary and

Vk =

{
1{Zk = 1}+ 2 · 1{Zk = 2} if Ek = 0

“?” if Ek = 1
∀k = {1, 2}

3 4 5 6 7 8

·10−2

0

0.5

1

D2

R
1
+

R
2

With collaborative sensing
Without collaborative sensing
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Further Improved ISAC MAC Scheme

Reuse the Ahmadipour & W. multilayer block Markov scheme

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

block 1<latexit sha1_base64="W5IDFabJknLWtvqIuxkLaiVH61w=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqezWgx6LXjxWsB/QLiWbZtuw2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MBXcWM/7RqWNza3tnfJuZW//4PCoenzSMSrTlLWpEkr3QmKY4JK1LbeC9VLNSBIK1g3ju7nffWLacCUf7TRlQULGkkecEuukbigUjbE/rNa8urcAXid+QWpQoDWsfg1GimYJk5YKYkzf91Ib5ERbTgWbVQaZYSmhMRmzvqOSJMwE+eLcGb5wyghHSruSFi/U3xM5SYyZJqHrTIidmFVvLv7n9TMb3QQ5l2lmmaTLRVEmsFV4/jsecc2oFVNHCNXc3YrphGhCrUuo4kLwV19eJ51G3b+qNx4ateZtEUcZzuAcLsGHa2jCPbSgDRRieIZXeEMpekHv6GPZWkLFzCn8Afr8Aapsjx4=</latexit> block 2<latexit sha1_base64="s3lqm3LjGVZwUknsX7D5R0YW+a0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0niQY9FLx4r2A9oQ9lsN+2SzW7Y3Qgl9Ed48aCIV3+PN/+N2zQHbX0w8Hhvhpl5YcqZNq777VQ2Nre2d6q7tb39g8Oj+vFJV8tMEdohkkvVD7GmnAnaMcxw2k8VxUnIaS+M7xZ+74kqzaR4NLOUBgmeCBYxgo2VeiGXJEb+qN5wm24BtE68kjSgRHtU/xqOJckSKgzhWOuB56YmyLEyjHA6rw0zTVNMYjyhA0sFTqgO8uLcObqwyhhFUtkSBhXq74kcJ1rPktB2JthM9aq3EP/zBpmJboKciTQzVJDloijjyEi0+B2NmaLE8JklmChmb0VkihUmxiZUsyF4qy+vk67f9K6a/oPfaN2WcVThDM7hEjy4hhbcQxs6QCCGZ3iFNyd1Xpx352PZWnHKmVP4A+fzB6vwjx8=</latexit>

block B + 1
<latexit sha1_base64="nfyFlcvJmOas/T0Iryaut2C/4MA=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFtBEMpuPeix1IvHCvYDtkvJptk2NJssyaxQlv4MLx4U8eqv8ea/MW33oK0PBh7vzTAzL0wEN+C6305hY3Nre6e4W9rbPzg8Kh+fdIxKNWVtqoTSvZAYJrhkbeAgWC/RjMShYN1wcjf3u09MG67kI0wTFsRkJHnEKQEr+aFQdIKrzSuvOihX3Jq7AF4nXk4qKEdrUP7qDxVNYyaBCmKM77kJBBnRwKlgs1I/NSwhdEJGzLdUkpiZIFucPMMXVhniSGlbEvBC/T2RkdiYaRzazpjA2Kx6c/E/z08hug0yLpMUmKTLRVEqMCg8/x8PuWYUxNQSQjW3t2I6JppQsCmVbAje6svrpFOvede1+kO90mjmcRTRGTpHl8hDN6iB7lELtRFFCj2jV/TmgPPivDsfy9aCk8+coj9wPn8AWzOP+w==</latexit>

block B<latexit sha1_base64="VxYy2gPRj44xujQHkvOlTkfBhHg=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIph4Irt40CPBi0dM5GFgQ2aHASbMYzMza0I2fIUXDxrj1c/x5t84wB4UrKSTSlV3uruimDNjff/by21sbm3v5HcLe/sHh0fF45OWUYkmtEkUV7oTYUM5k7RpmeW0E2uKRcRpO5rczv32E9WGKflgpzENBR5JNmQEWyc9RlyRCSrXy/1iya/4C6B1EmSkBBka/eJXb6BIIqi0hGNjuoEf2zDF2jLC6azQSwyNMZngEe06KrGgJkwXB8/QhVMGaKi0K2nRQv09kWJhzFRErlNgOzar3lz8z+smdngTpkzGiaWSLBcNE46sQvPv0YBpSiyfOoKJZu5WRMZYY2JdRgUXQrD68jppVSvBVaV6Xy3V6lkceTiDc7iEAK6hBnfQgCYQEPAMr/Dmae/Fe/c+lq05L5s5hT/wPn8AgCGPiw==</latexit>

. . .
<latexit sha1_base64="VpsYSDhZo2w3U9rAj6Vjq/EKV0k=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fjw4sFDBfsBbSibzaZdutmE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZF6RSGHTdb2dtfWNza7u0U97d2z84rBwdt02SacZbLJGJ7gbUcCkUb6FAybup5jQOJO8E49uZ33ni2ohEPeIk5X5Mh0pEglG0UqcvwwQNGVSqbs2dg6wSryBVKNAcVL76YcKymCtkkhrT89wU/ZxqFEzyabmfGZ5SNqZD3rNU0ZgbP5+fOyXnVglJlGhbCslc/T2R09iYSRzYzpjiyCx7M/E/r5dhdOPnQqUZcsUWi6JMEkzI7HcSCs0ZyokllGlhbyVsRDVlaBMq2xC85ZdXSbte8y5r9YerauO+iKMEp3AGF+DBNTTgDprQAgZjeIZXeHNS58V5dz4WrWtOMXMCf+B8/gAYbo9w</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Standard
Comm.

<latexit sha1_base64="0rA1A/HX+aWPkvM9556y6ytvh+w=">AAACDnicbVC7TsNAEDzzDOFloKQ5ESHRxLKTAkpEGsogSIIUW9H5vElO3J2tuzMisvIFNPwKDQUI0VLT8TdcHgWvkVYazexqdyfOONPG9z+dhcWl5ZXV0lp5fWNza9vd2W3rNFcUWjTlqbqOiQbOJLQMMxyuMwVExBw68U1j4nduQWmWyiszyiASZCBZn1FirNRzD3E41BmhUFRPhBhfGiITopIw7Fa9OtxF5UYqhNdzK77nT4H/kmBOKmiOZs/9CJOU5gKkoZxo3Q38zEQFUYZRDuNymGuwW2/IALqWSiJAR8X0nTE+tEqC+6myJQ2eqt8nCiK0HonYdgpihvq3NxH/87q56Z9EBZNZbkDS2aJ+zrFJ8SQbnDAF1PCRJYQqZm/FdEgUocYmWLYhBL9f/kvaNS+oe7WLWuX0bB5HCe2jA3SEAnSMTtE5aqIWougePaJn9OI8OE/Oq/M2a11w5jN76Aec9y95h5sW</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Comm.

<latexit sha1_base64="NErVtOichW+ZXho4jLyjwcuH/7M=">AAACEHicbVC7TsMwFHV4U14BRhaLCsHSKGkHOlawMIJEaaUmqhz3trVqx5HtIKqon8DCr7AwgBArIxt/g/sYoOVIlo7OuUfX98QpZ9r4/reztLyyura+sVnY2t7Z3XP3D+60zBSFOpVcqmZMNHCWQN0ww6GZKiAi5tCIB5djv3EPSjOZ3JphCpEgvYR1GSXGSm33FId9nRIKeakqxAjbBCexVF4YtkpeBR6iwqUUwmu7Rd/zJ8CLJJiRIprhuu1+hR1JMwGJoZxo3Qr81EQ5UYZRDqNCmGmwewekBy1LEyJAR/nkoBE+sUoHd6WyLzF4ov5O5ERoPRSxnRTE9PW8Nxb/81qZ6VajnCVpZiCh00XdjGMj8bgd3GEKqOFDSwhVzP4V0z5RhBrbYcGWEMyfvEjuyl5Q8co35WLtYlbHBjpCx+gMBegc1dAVukZ1RNEjekav6M15cl6cd+djOrrkzDKH6A+czx9Icpt1</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Collabor.
Sensing

<latexit sha1_base64="457eYpv075VxPAcJpgnoDh26aN4=">AAACEnicbVA9T8MwFHT4LOUrwMhiUSHB0ChpBzpWsDAWQaFSE1WO+9patZ3IdhBV1N/Awl9hYQAhViY2/g1u6QCUkyyd7t7p+V2ccqaN7386C4tLyyurhbXi+sbm1ra7s3utk0xRaNKEJ6oVEw2cSWgaZji0UgVExBxu4uHZxL+5BaVZIq/MKIVIkL5kPUaJsVLHPcbhQKeEQl6uCTHGNsFJnCgvDNtlrwp3UfESpGay33FLvudPgedJMCMlNEOj436E3YRmAqShnGjdDvzURDlRhlEO42KYabCbh6QPbUslEaCjfHrSGB9apYt7ibJPGjxVfyZyIrQeidhOCmIG+q83Ef/z2pnp1aKcyTQzIOn3ol7GsUnwpB/cZQqo4SNLCFXM/hXTAVGEGtti0ZYQ/D15nlxXvKDqVS4qpfrprI4C2kcH6AgF6ATV0TlqoCai6B49omf04jw4T86r8/Y9uuDMMnvoF5z3L17QnKY=</latexit>

Sensing
Info to Rx

<latexit sha1_base64="wgVo5d+FJU6jt4D4xkhcv49gqSU="></latexit>

Sensing
Info to Rx

<latexit sha1_base64="wgVo5d+FJU6jt4D4xkhcv49gqSU="></latexit>

Sensing
Info to Rx

<latexit sha1_base64="wgVo5d+FJU6jt4D4xkhcv49gqSU="></latexit>

Decoded at Rx
<latexit sha1_base64="MssCK3XvdQfLZEAAcaS0Ku1b3gs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExVUkZYKyAgbEg+iG1UeU4l9aqYwfbqaii/g4WBhBi5cew8W9w2wzQ8qSTnt670929IOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tUUWhQyaVqB0QDZwIahhkO7UQBiQMOrWB4PfVbI1CaSfFgxgn4MekLFjFKjJX8G6AyhBATg++feqWyW3FnwMvEy0kZ5aj3Sl/dUNI0BmEoJ1p3PDcxfkaUYZTDpNhNNSSEDkkfOpYKEoP2s9nRE3xqlRBHUtkSBs/U3xMZibUex4HtjIkZ6EVvKv7ndVITXfoZE0lqQND5oijl2Eg8TQCHTAE1fGwJoYrZWzEdEEWosTkVbQje4svLpFmteOeV6l21XLvK4yigY3SCzpCHLlAN3aI6aiCKHtEzekVvzsh5cd6dj3nripPPHKE/cD5/AOTokYU=</latexit>

Decoded at Rx
<latexit sha1_base64="MssCK3XvdQfLZEAAcaS0Ku1b3gs=">AAAB9HicbVA9T8MwEHX4LOWrwMhiUSExVUkZYKyAgbEg+iG1UeU4l9aqYwfbqaii/g4WBhBi5cew8W9w2wzQ8qSTnt670929IOFMG9f9dlZW19Y3Ngtbxe2d3b390sFhU8tUUWhQyaVqB0QDZwIahhkO7UQBiQMOrWB4PfVbI1CaSfFgxgn4MekLFjFKjJX8G6AyhBATg++feqWyW3FnwMvEy0kZ5aj3Sl/dUNI0BmEoJ1p3PDcxfkaUYZTDpNhNNSSEDkkfOpYKEoP2s9nRE3xqlRBHUtkSBs/U3xMZibUex4HtjIkZ6EVvKv7ndVITXfoZE0lqQND5oijl2Eg8TQCHTAE1fGwJoYrZWzEdEEWosTkVbQje4svLpFmteOeV6l21XLvK4yigY3SCzpCHLlAN3aI6aiCKHtEzekVvzsh5cd6dj3nripPPHKE/cD5/AOTokYU=</latexit>

Decoded at
other Tx

<latexit sha1_base64="3Bc9hCoI4UNQaSgLO1vjsnhJli8=">AAACC3icbVA9SwNBEN3z2/gVtbRZEgQbw11EtBS1sIyQGCEXwt7exCzu3h67c2I40tv4V2wsFLH1D9j5b9zEFJr4YODx3gwz86JUCou+/+XNzM7NLywuLRdWVtfWN4qbW1dWZ4ZDg2upzXXELEiRQAMFSrhODTAVSWhGt2dDv3kHxgqd1LGfQluxm0R0BWfopE6xFPZsyjjk+4dKDc6B6xhiyjAMCxp7YGj9vlMs+xV/BDpNgjEpkzFqneJnGGueKUiQS2ZtK/BTbOfMoOASBoUws+B23rIbaDmaMAW2nY9+GdBdp8S0q42rBOlI/T2RM2VtX0WuUzHs2UlvKP7ntTLsHrdzkaQZQsJ/FnUzSVHTYTA0FgY4yr4jjBvhbqW8xwzj6OIruBCCyZenyVW1EhxUqpfV8snpOI4lskNKZI8E5IickAtSIw3CyQN5Ii/k1Xv0nr037/2ndcYbz2yTP/A+vgEfSJpy</latexit>

In each block send sensing information from both Txs to the Rx

Receiver can also decode the sensing information exchanged
between the Txs

This further improves the previous schemes

Further improvements possible by improving Tx-to-Tx comm....

[9] Y. Liu, M. Li, A. Liu, L. Ong, and A. Yener, “Fundamental limits
of multiple-access integrated sensing and communication systems,”
Arxiv, 2023.
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Device-to-Device ISAC

PS1S2
<latexit sha1_base64="s5j7saEdjsL2/YpwRrCXt+kpD8o=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT0WvHis1H5guyzZNNuGZpMlyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2JNORO0bZjhtJcoiuOQ0244uZ373SeqNJPiwUwT6sd4JFjECDZWemwGWSvwWkF9FpQrbs1dAK0TLycVyNEMyl+DoSRpTIUhHGvd99zE+BlWhhFOZ6VBqmmCyQSPaN9SgWOq/Wxx8QxdWGWIIqlsCYMW6u+JDMdaT+PQdsbYjPWqNxf/8/qpiW78jIkkNVSQ5aIo5chINH8fDZmixPCpJZgoZm9FZIwVJsaGVLIheKsvr5NOveZd1ur3V5VGNY+jCGdwDlXw4BoacAdNaAMBAc/wCm+Odl6cd+dj2Vpw8plT+APn8we40pA2</latexit>

Ŝn
1

W1
<latexit sha1_base64="a7UIRNSXvsy9Oj16yoU+yTl6fzE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJaPZpqgH9GR5CFn1FjpoTPwBuWKW3MXIOvEy0kFcjQH5a/+MGZphNIwQbXueW5i/Iwqw5nAWamfakwom9AR9iyVNELtZ4tTZ+TCKkMSxsqWNGSh/p7IaKT1NApsZ0TNWK96c/E/r5ea8MbPuExSg5ItF4WpICYm87/JkCtkRkwtoUxxeythY6ooMzadkg3BW315nbTrNe+yVr+/qjSqeRxFOINzqIIH19CAO2hCCxiM4Ble4c0Rzovz7nwsWwtOPnMKf+B8/gDS141p</latexit>

X1,i
<latexit sha1_base64="ecrRus/8E9HhZIsB09qPz35sqes=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahBylJFfRY8OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M39zhMqzWP5aKYJ+hEdSR5yRo2VOt1B5l3y2aBccWvuAmSdeDmpQI7moPzVH8YsjVAaJqjWPc9NjJ9RZTgTOCv1U40JZRM6wp6lkkao/Wxx7oxcWGVIwljZkoYs1N8TGY20nkaB7YyoGetVby7+5/VSE976GZdJalCy5aIwFcTEZP47GXKFzIipJZQpbm8lbEwVZcYmVLIheKsvr5N2veZd1eoP15VGNY+jCGdwDlXw4AYacA9NaAGDCTzDK7w5ifPivDsfy9aCk8+cwh84nz/IBo8f</latexit>

Ŝn
2

W2
<latexit sha1_base64="HchjoKjimI8rwdy1b0FXZf83IRI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKD51BfVCuuDV3AbJOvJxUIEdzUP7qD2OWRlwhk9SYnucm6GdUo2CSz0r91PCEsgkd8Z6likbc+Nni1Bm5sMqQhLG2pZAs1N8TGY2MmUaB7Ywojs2qNxf/83ophjd+JlSSIldsuShMJcGYzP8mQ6E5Qzm1hDIt7K2EjammDG06JRuCt/ryOmnXa95lrX5/VWlU8ziKcAbnUAUPrqEBd9CEFjAYwTO8wpsjnRfn3flYthacfOYU/sD5/AHUW41q</latexit>

X2,i
<latexit sha1_base64="2UYP+yUu1pFgFpCut+6LDG6kXOM=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahBylJFfRY8OKxgv2ANpTNdtIu3WzC7kYooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsbm1vVPcLe3tHxwelY9P2jpOFcMWi0WsugHVKLjEluFGYDdRSKNAYCeY3M39zhMqzWP5aKYJ+hEdSR5yRo2VOt1BVr/ks0G54tbcBcg68XJSgRzNQfmrP4xZGqE0TFCte56bGD+jynAmcFbqpxoTyiZ0hD1LJY1Q+9ni3Bm5sMqQhLGyJQ1ZqL8nMhppPY0C2xlRM9ar3lz8z+ulJrz1My6T1KBky0VhKoiJyfx3MuQKmRFTSyhT3N5K2JgqyoxNqGRD8FZfXiftes27qtUfriuNah5HEc7gHKrgwQ004B6a0AIGE3iGV3hzEufFeXc+lq0FJ585hT9wPn8AyY2PIA==</latexit>

PZ1Z2|X1X2S1S2
<latexit sha1_base64="E2MfWMrUgn/Zg3/DwOhpgm0M4zE=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaL0FVJoqDLghuXldo2tA3DZDpph04ezEyEErPxV9y4UMStn+HOv3HaZqGtBy4czrmXe+/xE86ksqxvo7S2vrG5Vd6u7Ozu7R+Yh0cdGaeC0DaJeSxcH0vKWUTbiilO3URQHPqcdv3JzczvPlAhWRzdq2lCvRCPIhYwgpWWkHnSRFkP2T3kPLrIdpHTQnYLOTkyq1bdmgOuErsgVVCgicyvwTAmaUgjRTiWsm9bifIyLBQjnOaVQSppgskEj2hf0wiHVHrZ/IEcnmtlCINY6IoUnKu/JzIcSjkNfd0ZYjWWy95M/M/rpyq49jIWJamiEVksClIOVQxnacAhE5QoPtUEE8H0rZCMscBE6cwqOgR7+eVV0nHq9kXdubusNmpFHGVwCs5ADdjgCjTALWiCNiAgB8/gFbwZT8aL8W58LFpLRjFzDP7A+PwBnC2VCw==</latexit>

Ŵ2
<latexit sha1_base64="i4w7QwmuOmdT3ZRWv0rQva70WEA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FLx4r2A9pQ9lsN+3S3STsToQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpYh4CwVK3k00pyqQvBNMbud+54lrI+LoAacJ9xUdRSIUjKKVHvtjillnNqgPyhW35i5A1omXkwrkaA7KX/1hzFLFI2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPeszSiihs/Wxw8IxdWGZIw1rYiJAv190RGlTFTFdhORXFsVr25+J/XSzG88TMRJSnyiC0XhakkGJP592QoNGcop5ZQpoW9lbAx1ZShzahkQ/BWX14n7XrNu6zV768qjWoeRxHO4Byq4ME1NOAOmtACBgqe4RXeHO28OO/Ox7K14OQzp/AHzucPo3eQNw==</latexit>

Z1,i
<latexit sha1_base64="ZjF/XzoyBiVY4I3ZAn8spnbzAOo=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahBylJFfRY8OKxgm3FNpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsHwJquBSKt1Cg5A+J5jQKJO8E45uZ33ni2ohY3eMk4X5Eh0qEglG0Uuexn3nnYtovV9yaOwdZJV5OKpCj2S9/9QYxSyOukElqTNdzE/QzqlEwyaelXmp4QtmYDnnXUkUjbvxsfu6UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGa/k4HQnKGcWEKZFvZWwkZUU4Y2oZINwVt+eZW06zXvola/u6w0qnkcRTiBU6iCB1fQgFtoQgsYjOEZXuHNSZwX5935WLQWnHzmGP7A+fwByxqPIQ==</latexit>

Z2,i
<latexit sha1_base64="WWcysQ6Ov+P3fKTLENMy7TxX9VU=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBahBylJFfRY8OKxgm3FNpTNdtMu3WzC7kQooT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHbROnmvEWi2WsHwJquBSKt1Cg5A+J5jQKJO8E45uZ33ni2ohY3eMk4X5Eh0qEglG0Uuexn9XPxbRfrrg1dw6ySrycVCBHs1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NwpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMx+JwOhOUM5sYQyLeythI2opgxtQiUbgrf88ipp12veRa1+d1lpVPM4inACp1AFD66gAbfQhBYwGMMzvMKbkzgvzrvzsWgtOPnMMfyB8/kDzKGPIg==</latexit>

Tx 1<latexit sha1_base64="eNnWZbZFFXmCgLfI5ro9AbuxAgI=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkHvRY8OKxQtMW2lA22027dHcTdjdiCf0NXjwo4tUf5M1/46bNQVsfDDzem2FmXphwpo3rfjuljc2t7Z3ybmVv/+DwqHp80tFxqgj1Scxj1QuxppxJ6htmOO0limIRctoNp3e5332kSrNYts0soYHAY8kiRrCxkt9+Ql5lWK25dXcBtE68gtSgQGtY/RqMYpIKKg3hWOu+5yYmyLAyjHA6rwxSTRNMpnhM+5ZKLKgOssWxc3RhlRGKYmVLGrRQf09kWGg9E6HtFNhM9KqXi/95/dREt0HGZJIaKslyUZRyZGKUf45GTFFi+MwSTBSztyIywQoTY/PJQ/BWX14nnUbdu643Hhq15lURRxnO4BwuwYMbaMI9tMAHAgye4RXeHOm8OO/Ox7K15BQzp/AHzucPgGiNvw==</latexit> Tx 2<latexit sha1_base64="NUcDjpAmo/jRVoyvoObcs+oeW+Q=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBg5QkHvRY8OKxQr+gDWWz3bRLdzdhdyOW0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1Pa2Nza3invVvb2Dw6PqscnHR2nitA2iXmseiHWlDNJ24YZTnuJoliEnHbD6V3udx+p0iyWLTNLaCDwWLKIEWxyqfWE/GG15tbdBdA68QpSgwLNYfVrMIpJKqg0hGOt+56bmCDDyjDC6bwySDVNMJniMe1bKrGgOsgWt87RhVVGKIqVLWnQQv09kWGh9UyEtlNgM9GrXi7+5/VTE90GGZNJaqgky0VRypGJUf44GjFFieEzSzBRzN6KyAQrTIyNp2JD8FZfXicdv+5d1/0Hv9a4KuIowxmcwyV4cAMNuIcmtIHABJ7hFd4c4bw4787HsrXkFDOn8AfO5w9MvY2s</latexit>

Ŵ1
<latexit sha1_base64="4SMNQQ7OpfPwOM9WW/NIUO+9jZI=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69BIvQU0mqoMeCF48V7Ie0oWy2m3bp7ibsToQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8MBHcoOd9O4WNza3tneJuaW//4PCofHzSNnGqKWvRWMS6GxLDBFeshRwF6yaaERkK1gknt3O/88S04bF6wGnCAklGikecErTSY39MMOvMBv6gXPFq3gLuOvFzUoEczUH5qz+MaSqZQiqIMT3fSzDIiEZOBZuV+qlhCaETMmI9SxWRzATZ4uCZe2GVoRvF2pZCd6H+nsiINGYqQ9spCY7NqjcX//N6KUY3QcZVkiJTdLkoSoWLsTv/3h1yzSiKqSWEam5vdemYaELRZlSyIfirL6+Tdr3mX9bq91eVRjWPowhncA5V8OEaGnAHTWgBBQnP8ApvjnZenHfnY9lacPKZU/gD5/MHofOQNg==</latexit>

Both Txs sense the state and send data

Interactive communication between Txs!!

We propose a coding scheme based on Block-Markov encoding:

→ Improved Han’s interactive communication scheme with
collaborative sensing!
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Take-Aways for the MAC and D2D

Symbol-by-symbol estimator based on inputs/outputs suboptimal

Base estimator also on decoded codewords

Sensing performance improved through collaborative sensing →
Use the Tx-to-Tx path already used for feedback communication!

Improved schemes are possible using interactive two-way schemes
(Han) and joint source channel coding

Tradeoff between sensing and communication
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Summary

Presented information-theoretic framework for integrated sensing
and communication [Kobayashi,Caire,Kramer’18] and [Joudeh&Willems’22]

Information-theoretic limits have been derived for various sensing
criteria and discrete-memoryless channels/state sequences

Single Tx: optimal sensing performance depends only on xn

statistics.

Tradeoff between rates and distortion(s)/exponents .

Multiple Txs: Fully integrate coding for collaborative sensing and
comm.
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Interesting future research directions

Simplified capacity-expressions/coding schemes for Channels with
memory

Continuous-time channels

Other sensing criteria

Further investigations on secrecy constraints
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