
Coding for Sensing

Mehrasa Ahmadipour, Michèle Wigger and Mari Kobayashi

Telecom Paris

ISIT

June, 2022

1 / 16



Traditional Radar and Communications Separation

Communication Sensing

Conventional approach: Resource splitting
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Integrated Communication and Sensing

Communication and Sensing

Feedback

Feedback

M1
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Synergistic Waveform for Sensing and Comm

Coding for Sensing
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Information Theoretic Model — The Channel

State-dependent memoryless channels with generalized feedback

Encoder

Rec. 1Estimator

Transmitter
Rec. 2

Zi�1
<latexit sha1_base64="5XTpXcAcQeyQPkY8ngna30/VqC0=">AAAB7nicdVBNS8NAEJ34WetX1aOXxSL0YkhaS5tbwYvHCvYD21A22227dLMJuxuhhP4ILx4U8erv8ea/cdNWUNEHA4/3ZpiZF8ScKe04H9ba+sbm1nZuJ7+7t39wWDg6bqsokYS2SMQj2Q2wopwJ2tJMc9qNJcVhwGknmF5lfueeSsUicatnMfVDPBZsxAjWRurcDVJ24c4HhaJje/VqtVJHju04XtmrGeJ5nltzkWuUDEVYoTkovPeHEUlCKjThWKme68TaT7HUjHA6z/cTRWNMpnhMe4YKHFLlp4tz5+jcKEM0iqQpodFC/T6R4lCpWRiYzhDrifrtZeJfXi/Ro7qfMhEnmgqyXDRKONIRyn5HQyYp0XxmCCaSmVsRmWCJiTYJ5U0IX5+i/0m7bLsVu3xzWWyUVnHk4BTOoAQu1KAB19CEFhCYwgM8wbMVW4/Wi/W6bF2zVjMn8APW2ydfZ4+H</latexit>

M1, M2
<latexit sha1_base64="otdlRI2M+LYAvfWhA+15EeZX22Q=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0XoQkKShrbuCm7cFCrYB7QhTKaTduhkEmYmQgn9CDcuFHHr97jzb5y0FVT0wIXDOfdy7z1BwqhUlvVhFDY2t7Z3irulvf2Dw6Py8UlPxqnApItjFotBgCRhlJOuooqRQSIIigJG+sHsOvf790RIGvM7NU+IF6EJpyHFSGmp3/bty7bv+OWKZV41645bh5ZpWQ3bsXPiNNyaC22t5KiANTp++X00jnEaEa4wQ1IObStRXoaEopiRRWmUSpIgPEMTMtSUo4hIL1ueu4AXWhnDMBa6uIJL9ftEhiIp51GgOyOkpvK3l4t/ecNUhU0vozxJFeF4tShMGVQxzH+HYyoIVmyuCcKC6lshniKBsNIJlXQIX5/C/0nPMe2a6dy6lVZ1HUcRnIFzUAU2aIAWuAEd0AUYzMADeALPRmI8Gi/G66q1YKxnTsEPGG+fT5yO0w==</latexit>

M̂1
<latexit sha1_base64="ljjXTo3zWkT1NDCRcajQP5xEf0c=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAhdhSQNbd0V3LgRKtiHtKFMppN26MwkzEyEEvoVblwo4tbPceffOGkrqOiBC4dz7uXee8KEUaUd58NaW9/Y3Nou7BR39/YPDktHxx0VpxKTNo5ZLHshUoRRQdqaakZ6iSSIh4x0w+ll7nfviVQ0Frd6lpCAo7GgEcVIG+luMEE6u54P3WGp7NgXjZrn16BjO07d9dyceHW/6kPXKDnKYIXWsPQ+GMU45URozJBSfddJdJAhqSlmZF4cpIokCE/RmPQNFYgTFWSLg+fw3CgjGMXSlNBwoX6fyBBXasZD08mRnqjfXi7+5fVTHTWCjIok1UTg5aIoZVDHMP8ejqgkWLOZIQhLam6FeIIkwtpkVDQhfH0K/ycdz3artnfjl5uVVRwFcArOQAW4oA6a4Aq0QBtgwMEDeALPlrQerRfrddm6Zq1mTsAPWG+f8ryQbg==</latexit>

M̂2
<latexit sha1_base64="7lzZQJnZuwSY1WdlxtGdycsJBTU=">AAAB8HicdVDLSsNAFJ34rPVVdelmsAhdhSQNbd0V3LgRKtiHtKFMppN26MwkzEyEEvoVblwo4tbPceffOGkrqOiBC4dz7uXee8KEUaUd58NaW9/Y3Nou7BR39/YPDktHxx0VpxKTNo5ZLHshUoRRQdqaakZ6iSSIh4x0w+ll7nfviVQ0Frd6lpCAo7GgEcVIG+luMEE6u54PvWGp7NgXjZrn16BjO07d9dyceHW/6kPXKDnKYIXWsPQ+GMU45URozJBSfddJdJAhqSlmZF4cpIokCE/RmPQNFYgTFWSLg+fw3CgjGMXSlNBwoX6fyBBXasZD08mRnqjfXi7+5fVTHTWCjIok1UTg5aIoZVDHMP8ejqgkWLOZIQhLam6FeIIkwtpkVDQhfH0K/ycdz3artnfjl5uVVRwFcArOQAW4oA6a4Aq0QBtgwMEDeALPlrQerRfrddm6Zq1mTsAPWG+f9ECQbw==</latexit>

Ŝn
<latexit sha1_base64="oOFPrMB3Bjbn/7lqU39k9L6Z3VY=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BIvQU9lUse2t4MVjRfuB7VqyadqGZrNLMiuUpf/CiwdFvPpvvPlvzLYVVPTBwOO9GWbm+ZEUBlz3w8msrK6tb2Q3c1vbO7t7+f2DlgljzXiThTLUHZ8aLoXiTRAgeSfSnAa+5G1/cpH67XuujQjVDUwj7gV0pMRQMApWusW9MYXkenan+vmCW3JdlxCCU0Iq564ltVq1TKqYpJZFAS3R6Offe4OQxQFXwCQ1pkvcCLyEahBM8lmuFxseUTahI961VNGAGy+ZXzzDJ1YZ4GGobSnAc/X7REIDY6aBbzsDCmPz20vFv7xuDMOqlwgVxcAVWywaxhJDiNP38UBozkBOLaFMC3srZmOqKQMbUs6G8PUp/p+0yiVyWipfnRXqxWUcWXSEjlEREVRBdXSJGqiJGFLoAT2hZ8c4j86L87pozTjLmUP0A87bJ5pfkM4=</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>

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

Sn
<latexit sha1_base64="v0ZaRKwurjyr4uCp6MWKDQTcGIQ=">AAAB6nicdVBNSwMxEJ2tX7V+VT16CRahp7KpYttbwYvHSu0HtGvJpmkbms0uSVYoS3+CFw+KePUXefPfmG0rqOiDgcd7M8zM8yPBtXHdDyeztr6xuZXdzu3s7u0f5A+P2jqMFWUtGopQdX2imeCStQw3gnUjxUjgC9bxp1ep37lnSvNQ3ppZxLyAjCUfcUqMlZrNOznIF9yS67oYY5QSXLl0LanVqmVcRTi1LAqwQmOQf+8PQxoHTBoqiNY97EbGS4gynAo2z/VjzSJCp2TMepZKEjDtJYtT5+jMKkM0CpUtadBC/T6RkEDrWeDbzoCYif7tpeJfXi82o6qXcBnFhkm6XDSKBTIhSv9GQ64YNWJmCaGK21sRnRBFqLHp5GwIX5+i/0m7XMLnpfLNRaFeXMWRhRM4hSJgqEAdrqEBLaAwhgd4gmdHOI/Oi/O6bM04q5lj+AHn7RN0s43X</latexit>

PS
<latexit sha1_base64="cBGF8gYdZFI0XspJ9fl/6MwNldc=">AAAB6nicdVBNSwMxEJ31s9avqkcvwSL0VDZVbHsrePFYqf2AdinZNNuGZrNLkhXK0p/gxYMiXv1F3vw3ZtsKKvpg4PHeDDPz/FhwbVz3w1lb39jc2s7t5Hf39g8OC0fHHR0lirI2jUSkej7RTHDJ2oYbwXqxYiT0Bev60+vM794zpXkk78wsZl5IxpIHnBJjpVZz2BoWim7ZdV2MMcoIrl65ltTrtQquIZxZFkVYoTksvA9GEU1CJg0VROs+dmPjpUQZTgWb5weJZjGhUzJmfUslCZn20sWpc3RulREKImVLGrRQv0+kJNR6Fvq2MyRmon97mfiX109MUPNSLuPEMEmXi4JEIBOh7G804opRI2aWEKq4vRXRCVGEGptO3obw9Sn6n3QqZXxRrtxeFhulVRw5OIUzKAGGKjTgBprQBgpjeIAneHaE8+i8OK/L1jVnNXMCP+C8fQJIuo26</latexit>

Xi
<latexit sha1_base64="N7fFGBhV+eartQsQRECcgMypEmI=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBg4SktbS5Fbx4rGg/oA1ls922SzebsLsRSuhP8OJBEa/+Im/+GzdtBRV9MPB4b4aZeUHMmdKO82Hl1tY3Nrfy24Wd3b39g+LhUVtFiSS0RSIeyW6AFeVM0JZmmtNuLCkOA047wfQq8zv3VCoWiTs9i6kf4rFgI0awNtJtd8AGxZJje/VqtVJHju04XtmrGeJ5nltzkWuUDCVYoTkovveHEUlCKjThWKme68TaT7HUjHA6L/QTRWNMpnhMe4YKHFLlp4tT5+jMKEM0iqQpodFC/T6R4lCpWRiYzhDrifrtZeJfXi/Ro7qfMhEnmgqyXDRKONIRyv5GQyYp0XxmCCaSmVsRmWCJiTbpFEwIX5+i/0m7bLsVu3xzWWpcrOLIwwmcwjm4UIMGXEMTWkBgDA/wBM8Wtx6tF+t12ZqzVjPH8APW2ye8yI4L</latexit>

Y1,i
<latexit sha1_base64="78HhjIaqtPdr7fTGKX0H8H//mBw=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBG6kJCkoa27ghuXFexD2lAm00k7dPJgZiKU0I9w40IRt36PO//GSVtBRQ9cOJxzL/fe4yecSWVZH8ba+sbm1nZhp7i7t39wWDo67sg4FYS2Scxj0fOxpJxFtK2Y4rSXCIpDn9OuP73K/e49FZLF0a2aJdQL8ThiASNYaal7N8zsCzYflsqWedmoOW4NWaZl1W3HzolTd6susrWSowwrtIal98EoJmlII0U4lrJvW4nyMiwUI5zOi4NU0gSTKR7TvqYRDqn0ssW5c3SulREKYqErUmihfp/IcCjlLPR1Z4jVRP72cvEvr5+qoOFlLEpSRSOyXBSkHKkY5b+jEROUKD7TBBPB9K2ITLDAROmEijqEr0/R/6TjmHbVdG7ccrOyiqMAp3AGFbChDk24hha0gcAUHuAJno3EeDRejNdl65qxmjmBHzDePgEpro9i</latexit>

Y2,i
<latexit sha1_base64="9IHlFpl82ViQakPD8kyLBGqgOGA=">AAAB7nicdVDLSsNAFL3xWeur6tLNYBG6kJCkoa27ghuXFexD2lAm00k7dPJgZiKU0I9w40IRt36PO//GSVtBRQ9cOJxzL/fe4yecSWVZH8ba+sbm1nZhp7i7t39wWDo67sg4FYS2Scxj0fOxpJxFtK2Y4rSXCIpDn9OuP73K/e49FZLF0a2aJdQL8ThiASNYaal7N8ycCzYflsqWedmoOW4NWaZl1W3HzolTd6susrWSowwrtIal98EoJmlII0U4lrJvW4nyMiwUI5zOi4NU0gSTKR7TvqYRDqn0ssW5c3SulREKYqErUmihfp/IcCjlLPR1Z4jVRP72cvEvr5+qoOFlLEpSRSOyXBSkHKkY5b+jEROUKD7TBBPB9K2ITLDAROmEijqEr0/R/6TjmHbVdG7ccrOyiqMAp3AGFbChDk24hha0gcAUHuAJno3EeDRejNdl65qxmjmBHzDePgErNY9j</latexit>

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

Model includes as special cases

Memoryless fading channels Yk = SX + Nk or Yk = S̃X + Nk

Receiver CSI: Yk can include S or imperfect versions of S

Generalized feedback can be Z = SX +Wk or Z = Yk +Wk or ..
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Information Theoretic Model — Sensing

Sensing Performance Measured by Average Block-Distortion:

lim
n→∞

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D.

Arbitrary distortion functions d(·, ·), even functions of the state

Can handle vector states S = (S1,S2), e.g., 2 objects/environments

Extends to multiple distortions:
limn→∞ 1

n

∑n
i=1 E[dk(Si , Ŝi )] ≤ Dk , k = 1, 2, ...
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Fundamental Capacity-Distortion Tradeoff for BC

Definition

A rate-distortion tuple (R1,R2,D) is achievable if there exist encoder,
decoders and estimator s.t.

Pr
(
M̂1 6= M1 or M̂2 6= M2

)
→ 0 as n→∞

and

lim
n→∞

1

n

n∑
i=1

E[d(Si , Ŝi )] ≤ D
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Optimal Estimator for BC

Lemma

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

h∗(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 ′).

Given (X n,Zn), min. distortion Dmin = 1
n

∑n
i=1 E[d(Si , ŝ∗(Xi ,Zi ))]

Finding an optimal integrated sensing & comm. scheme reduces to
finding optimal comm. scheme with desired X n statistics

Tradeoff between comm and sensing stems from X n statistics
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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 CD: set of triples (R1,R2,D) satisfying

R1 ≤ I (X ;Y1 | U)

R2 ≤ I (U;Y2),

E[d(S , ŝ∗(X ,Z ))] ≤ D

for some pmf PUXPSPY1Y2Z |XS .

General Broadcast Channels

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

11 / 16



Multiple-Access Channels

Two Txs sense (correlated) states and also send data messages

Feedback allows for communication/coordination between Txs

Receiver

Yi

Ŝn
1

Estimator

Z1,i�1Transmitter 1

EstimatorŜn
2

Encoder

Encoder

Transmitter 2 Z2,i�1

PY Z1Z2|XS1S2
<latexit sha1_base64="58y83pOK/vwt+oilVJMTd7mh4Jg=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBG6KkkVdFlw47JS+7BtGCbTSTt0MgkzEyHE+ituXCji1g9x5984bbPQ1gMXDufcy733+DFnSjvOt7W2vrG5tV3YKe7u7R8c2kfHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe34k+uZ33mgUrFI3Ok0pl6IR4IFjGBtJGSXGii77yG3h2qP3SZym6g2RXbZqTpzwFXi5qQMcjSQ/TUYRiQJqdCEY6X6rhNrL8NSM8LptDhIFI0xmeAR7RsqcEiVl82Pn8IzowxhEElTQsO5+nsiw6FSaeibzhDrsVr2ZuJ/Xj/RwZWXMREnmgqyWBQkHOoIzpKAQyYp0Tw1BBPJzK2QjLHERJu8iiYEd/nlVdKuVd3zau32olyv5HEUwAk4BRXggktQBzegAVqAgBQ8g1fwZj1ZL9a79bFoXbPymRL4A+vzBzi8k8M=</latexit>

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>

M̂1, M̂2
<latexit sha1_base64="XbTZ0BBl4nvIoBXYs1GvoxALGlw=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARupCSVEGXBTduhAr2Am0Ik+mkHTqZhJkToYbiq7hxoYhb38Odb+O0jaCtPwx8/Occzpk/SATX4Dhf1tLyyuraemGjuLm1vbNr7+03dZwqyho0FrFqB0QzwSVrAAfB2oliJAoEawXDq0m9dc+U5rG8g1HCvIj0JQ85JWAs3z7sDghkN2PfPcU/WPXtklNxpsKL4OZQQrnqvv3Z7cU0jZgEKojWHddJwMuIAk4FGxe7qWYJoUPSZx2DkkRMe9n0+jE+MU4Ph7EyTwKeur8nMhJpPYoC0xkRGOj52sT8r9ZJIbz0Mi6TFJiks0VhKjDEeBIF7nHFKIiRAUIVN7diOiCKUDCBFU0I7vyXF6FZrbhnlertealWzuMooCN0jMrIRReohq5RHTUQRQ/oCb2gV+vRerberPdZ65KVzxygP7I+vgGAy5SG</latexit>

M1
<latexit sha1_base64="z/jkCImlmAEMQQc6ZusbKseOgiI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FL16EirYW2lA22027dLMJuxOhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Mxtcz//GJayNi9YCThPsRHSoRCkbRSve3fa9frrg1dw6ySrycVCBHs1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NQpObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYZXfiZUkiJXbLEoTCXBmMz+JgOhOUM5sYQyLeythI2opgxtOiUbgrf88ipp12veea1+d1FpVPM4inACp1AFDy6hATfQhBYwGMIzvMKbI50X5935WLQWnHzmGP7A+fwBw5uNXw==</latexit>

M2
<latexit sha1_base64="xwGzduD7J+gI/6F4WfnQrADfzO4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBahp5JUQY8FL16EirYW2lA220m7dLMJuxuhhP4ELx4U8eov8ua/cdvmoK0PBh7vzTAzL0gE18Z1v53C2vrG5lZxu7Szu7d/UD48aus4VQxbLBax6gRUo+ASW4YbgZ1EIY0CgY/B+HrmPz6h0jyWD2aSoB/RoeQhZ9RY6f62X++XK27NnYOsEi8nFcjR7Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NT52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIrP+MySQ1KtlgUpoKYmMz+JgOukBkxsYQyxe2thI2ooszYdEo2BG/55VXSrte881r97qLSqOZxFOEETqEKHlxCA26gCS1gMIRneIU3RzgvzrvzsWgtOPnMMfyB8/kDxR+NYA==</latexit>

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

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

Sensing at Tx k based only on (X n
k ,Z

n
k ) is suboptimal!

Use coding not only for communication but also for sensing!
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Coding for Sensing – A Toy Example

Via feedback, Tx 1 can get info about S2 that Tx 2 does not get

→ use coding and send it to Tx 2 through the feedback link

Example: Y = S2X2 Z1 = S2 Z2 = X1

Can achieve distortion 0 at Tx 2 if Tx 1 repeats its feedback

X1,i = Z1,i−1 = S2,i−1 =⇒ Z2,i = S2,i−1

Without Tx 1 repeating the feedback this is not possible!

Coding for sensing can help if Tx 1 has info. on S2 that is not
available at Tx 2 (or vice versa)
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Coding Scheme

Extends [Willems’83] scheme (MAC with generalized feedback)

Block-Markov coding and backwards decoding

Feedback allows to create cooperative U0-codeword

Txs exchange message parts and compression info for sensing

Transmitter 2
<latexit sha1_base64="80Humd5IBW3jpwZ5RE3+exQLc00=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswl0stAzaWEbIFyRH2NvsJUv29s7duUA48jtsLBSx9cfY+W/cJFdo4oOBx3szzMwLEikMuu63s7G5tb2zW9gr7h8cHh2XTk5bJk41400Wy1h3Amq4FIo3UaDknURzGgWSt4Px/dxvT7g2IlYNnCbcj+hQiVAwilbyG5oqEwlErkm1Xyq7FXcBsk68nJQhR71f+uoNYpZGXCGT1Jiu5yboZ1SjYJLPir3U8ISyMR3yrqWKRtz42eLoGbm0yoCEsbalkCzU3xMZjYyZRoHtjCiOzKo3F//zuimGt34mVJIiV2y5KEwlwZjMEyADoTlDObWEMi3srYSNqKbMhmCKNgRv9eV10qpWvOtK9bFart3lcRTgHC7gCjy4gRo8QB2awOAJnuEV3pyJ8+K8Ox/L1g0nnzmDP3A+fwCGzJHt</latexit>

Un
1,(b)(M1,c,(b), J1,(b�1))

<latexit sha1_base64="vUPEhlZmetBrtnoxANizCmI5XhQ=">AAACG3icbVBNS8MwGE7n15xfVY9egkPYYI52CnocehFBmGC3wTZHmqZbWJqWJBVG6f/w4l/x4kERT4IH/41Zt4NuvhB48jzP+77J40aMSmVZ30ZuaXlldS2/XtjY3NreMXf3mjKMBSYODlko2i6ShFFOHEUVI+1IEBS4jLTc0eVEbz0QIWnI79Q4Ir0ADTj1KUZKU32z5vQTu1Jyy+k9L91MMM5uFZh0s+mJIF56PTUd2+U0LffNolW1soKLwJ6BIphVo29+dr0QxwHhCjMkZce2ItVLkFAUM5IWurEkEcIjNCAdDTkKiOwl2fYUHmnGg34o9OEKZuzvjgQFUo4DVzsDpIZyXpuQ/2mdWPnnvYTyKFaE4+kiP2ZQhXASFPSoIFixsQYIC6rfCvEQCYSVjrOgQ7Dnv7wImrWqfVKt3Z4W6xezOPLgAByCErDBGaiDK9AADsDgETyDV/BmPBkvxrvxMbXmjFnPPvhTxtcPusiewA==</latexit>

Xn
1,(b)(M1,p,(b))

<latexit sha1_base64="q/q+7kcRxnin3UW6joQ93kwT5Zs=">AAACAXicbZBNS8MwGMfT+TbnW9WL4CU4hA1ktFPQ49CLF2GCe4GtljRLt7A0LUkqjDIvfhUvHhTx6rfw5rcx7XrQzT8Efvk/z0Py/L2IUaks69soLC2vrK4V10sbm1vbO+buXluGscCkhUMWiq6HJGGUk5aiipFuJAgKPEY63vgqrXceiJA05HdqEhEnQENOfYqR0pZrHnTdxD6peNXpPa/cpBxlt6prlq2alQkugp1DGeRquuZXfxDiOCBcYYak7NlWpJwECUUxI9NSP5YkQniMhqSnkaOASCfJNpjCY+0MoB8KfbiCmft7IkGBlJPA050BUiM5X0vN/2q9WPkXTkJ5FCvC8ewhP2ZQhTCNAw6oIFixiQaEBdV/hXiEBMJKh1bSIdjzKy9Cu16zT2v127Ny4zKPowgOwRGoABucgwa4Bk3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39kfP4AMa+Uyw==</latexit>

Un
0,(b)(M1,c,(b�1), M2,c,(b�1))

<latexit sha1_base64="eJk2OERH4rH0tOZbLXyoROhbP2o=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgpxJJUQZdFN26ECvYBbQyT6bQdOpmEmYlQQn/Cjb/ixoUibgV3/o2TNgttvTBwHvdy554gZlQqx/k2lpZXVtfWCxvFza3tnV1zb78po0Rg0sARi0Q7QJIwyklDUcVIOxYEhQEjrWB0lfmtByIkjfidGsfEC9GA0z7FSGnJN+2Gnzq2FZQn99yCN37q2tiGVnDilid2xquaz2gZ+mbJqTjTgovAzUEJ5FX3za9uL8JJSLjCDEnZcZ1YeSkSimJGJsVuIkmM8AgNSEdDjkIivXR61QQea6UH+5HQjys4VX9PpCiUchwGujNEaijnvUz8z+skqn/hpZTHiSIczxb1EwZVBLOIYI8KghUba4CwoPqvEA+RQFjpIIs6BHf+5EXQrFbc00r19qxUu8zjKIBDcAQs4IJzUAPXoA4aAINH8AxewZvxZLwY78bHrHXJyGcOwJ8yPn8Ay7eaLg==</latexit>

Transmitter 1
<latexit sha1_base64="8jXMxkhTdq3Vz9cwkZw9lY+OQIA=">AAAB9HicbVA9SwNBEJ3zM8avqKXNYhCswl0stAzaWEbIFyRH2NvMJUv29s7dvUA48jtsLBSx9cfY+W/cJFdo4oOBx3szzMwLEsG1cd1vZ2Nza3tnt7BX3D84PDounZy2dJwqhk0Wi1h1AqpRcIlNw43ATqKQRoHAdjC+n/vtCSrNY9kw0wT9iA4lDzmjxkp+Q1GpI24MKuL1S2W34i5A1omXkzLkqPdLX71BzNIIpWGCat313MT4GVWGM4GzYi/VmFA2pkPsWipphNrPFkfPyKVVBiSMlS1pyEL9PZHRSOtpFNjOiJqRXvXm4n9eNzXhrZ9xmaQGJVsuClNBTEzmCZABV8iMmFpCmeL2VsJGVFFmQ9BFG4K3+vI6aVUr3nWl+lgt1+7yOApwDhdwBR7cQA0eoA5NYPAEz/AKb87EeXHenY9l64aTz5zBHzifP4VIkew=</latexit>

Un
2,(b)(M2,c,(b), J2,(b�1))

<latexit sha1_base64="IB0rFsg+2eIDbjVjOYUnKgE8aLg=">AAACG3icbVBNS8MwGE7n15xfU49egkPYYI52CnocehFBmGC3wVZHmmVbWJqWJBVG6f/w4l/x4kERT4IH/41p14NuvhB48jzP+77J4waMSmWa30ZuaXlldS2/XtjY3NreKe7utaQfCkxs7DNfdFwkCaOc2IoqRjqBIMhzGWm7k8tEbz8QIanP79Q0II6HRpwOKUZKU/1i3e5H9WrZrcT3vHyTYJzeqjDqpdMjQQbx9cx0bFXiuNIvlsyamRZcBFYGSiCrZr/42Rv4OPQIV5ghKbuWGSgnQkJRzEhc6IWSBAhP0Ih0NeTII9KJ0u0xPNLMAA59oQ9XMGV/d0TIk3LqudrpITWW81pC/qd1QzU8dyLKg1ARjmeLhiGDyodJUHBABcGKTTVAWFD9VojHSCCsdJwFHYI1/+VF0KrXrJNa/fa01LjI4siDA3AIysACZ6ABrkAT2ACDR/AMXsGb8WS8GO/Gx8yaM7KeffCnjK8fv62eww==</latexit>

Xn
2,(b)(M2,p,(b))

<latexit sha1_base64="Kq8Dth4tirCLlPTcS+CvN86LYBQ=">AAACAXicbZBNS8MwGMfT+TbnW9WL4CU4hA1ktFPQ49CLF2GCe4GtljRLt7A0LUkqjDIvfhUvHhTx6rfw5rcx7XrQzT8Efvk/z0Py/L2IUaks69soLC2vrK4V10sbm1vbO+buXluGscCkhUMWiq6HJGGUk5aiipFuJAgKPEY63vgqrXceiJA05HdqEhEnQENOfYqR0pZrHnTdpH5S8arTe165STnKblXXLFs1KxNcBDuHMsjVdM2v/iDEcUC4wgxJ2bOtSDkJEopiRqalfixJhPAYDUlPI0cBkU6SbTCFx9oZQD8U+nAFM/f3RIICKSeBpzsDpEZyvpaa/9V6sfIvnITyKFaE49lDfsygCmEaBxxQQbBiEw0IC6r/CvEICYSVDq2kQ7DnV16Edr1mn9bqt2flxmUeRxEcgiNQATY4Bw1wDZqgBTB4BM/gFbwZT8aL8W58zFoLRj6zD/7I+PwBNNOUzQ==</latexit>

Un
0,(b)(M1,c,(b�1), M2,c,(b�1))

<latexit sha1_base64="eJk2OERH4rH0tOZbLXyoROhbP2o=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgpxJJUQZdFN26ECvYBbQyT6bQdOpmEmYlQQn/Cjb/ixoUibgV3/o2TNgttvTBwHvdy554gZlQqx/k2lpZXVtfWCxvFza3tnV1zb78po0Rg0sARi0Q7QJIwyklDUcVIOxYEhQEjrWB0lfmtByIkjfidGsfEC9GA0z7FSGnJN+2Gnzq2FZQn99yCN37q2tiGVnDilid2xquaz2gZ+mbJqTjTgovAzUEJ5FX3za9uL8JJSLjCDEnZcZ1YeSkSimJGJsVuIkmM8AgNSEdDjkIivXR61QQea6UH+5HQjys4VX9PpCiUchwGujNEaijnvUz8z+skqn/hpZTHiSIczxb1EwZVBLOIYI8KghUba4CwoPqvEA+RQFjpIIs6BHf+5EXQrFbc00r19qxUu8zjKIBDcAQs4IJzUAPXoA4aAINH8AxewZvxZLwY78bHrHXJyGcOwJ8yPn8Ay7eaLg==</latexit>

Jk,(b): compression info about (Zn
k,(b),X

n
k,(b),U

n
k̄,(b)

)
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Results on MAC with Integrated Sensing and
Communications

New idea of coding-for-sensing

Improved achievable region (better sensing performance) over
state of the art

Capacity-distortion region for the MAC remains an open problem
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Summary

Presented information-theoretic framework for integrated sensing
and communication (Kobayashi,Caire,Kramer’18)

Single Tx: sensing performance depends only on X n statistics, i.e.,
on the chosen waveform

Tradeoff between rates and distortion(s)

Multiple Txs: fully integrated coding for sensing and comm. → we
included coding for sensing in Willems’83 scheme

Interesting future research direction: channels with memory
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