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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
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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

6 / 28



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

Error probability P
(n)
e = P[M̂ 6= M]
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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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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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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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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.: 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
, (1)

D ≥ E[d(S , ŝ?(X ,Z ))] (2)

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 (2):

R ≥ I (X ;Y )−
√

V

n
Q−1 (ε+ βl) +

log(n)

2n
− log δ

n
, (3)

where βl :=
6T√
nV3

+ δ√
n

.

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

Blocklength Regime”, ISIT 2024.
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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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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!
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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>

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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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>

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>

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>

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)

[5] 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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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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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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