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Ŝn
<latexit sha1_base64="Z95l61t6q4jgtcTyERLUwnXfLUI=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BIvgQcqmim1vBS8eK9oPbGvJptk2NJtdklmhLP0XXjwo4tV/481/Y7atoKIPBh7vzTAzz4ukMOC6H05maXlldS27ntvY3Nreye/uNU0Ya8YbLJShbnvUcCkUb4AAyduR5jTwJG9544vUb91zbUSobmAS8V5Ah0r4glGw0i3ujigk19M71c8X3KLruoQQnBJSPnctqVYrJVLBJLUsCmiBej//3h2ELA64AiapMR3iRtBLqAbBJJ/murHhEWVjOuQdSxUNuOkls4un+MgqA+yH2pYCPFO/TyQ0MGYSeLYzoDAyv71U/MvrxOBXeolQUQxcsfkiP5YYQpy+jwdCcwZyYgllWthbMRtRTRnYkHI2hK9P8f+kWSqS02Lp6qxQO1nEkUUH6BAdI4LKqIYuUR01EEMKPaAn9OwY59F5cV7nrRlnMbOPfsB5+wSbk5DS</latexit>

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

Inputs with generalized feedback Xi = fi (M,Z i−1)

State estimation Ŝn = h(X n,Zn)

Arbitrary forward and backward channels PY |XS and PZ |YXS
Memoryless fading channels Y = SX + N

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

Definition

Capacity-distortion tradeoff C (D) is largest rate R such that there
exist encoder, decoder and estimator 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 ′)

Optimal estimator only depends on input sequence xn but not on
coding scheme → joint waveform design
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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.

Here (X ,S ,Y ,Z ) ∼ PXPSPYZ |SX .

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)
Improved TS scheme
Basic TS scheme
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Ex. 2: Rayleigh Fading Channel

Standard Gaussian state and noises Si ,Ni ,Nfb,i

Rayleigh fading channel Y ′i = SiXi + Ni

Rx observes Yi = (Y ′i , Si ) and Tx Zi = Y ′i + Nfb,i

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

Improved TS
ISAC

X ∼ N (0,P) achieves capacity

X ±
√
P optimal for sensing
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Take-Away Messages for P2P

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 X n

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

→ generalized feedback not used for data communication

Tradeoff between sensing and communication

Resource-sharing schemes highly suboptimal
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The One-to-Many Broadcast Channel
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Information Theoretic Model for BCs

State-dependent memoryless channels with generalized feedback

Encoder

Rec. 1Estimator

Transmitter
Rec. 2

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
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PS
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Xi
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Y1,i
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Y2,i
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Sn
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Zi�1
<latexit sha1_base64="s/NcDsKX/UEPv4BbMmrPMhyzmaE=">AAAB7nicbVBNS8NAEJ34WetX1aOXxSJ40JJUQY8FLx4r2A9sQ9lsJ+3SzSbsboQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj26nfekKleSwfzDhBP6IDyUPOqLFS67GX8Qtv0iuV3Yo7A1kmXk7KkKPeK311+zFLI5SGCap1x3MT42dUGc4ETordVGNC2YgOsGOppBFqP5udOyGnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhDd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJFW0I3uLLy6RZrXiXler9Vbl2nsdRgGM4gTPw4BpqcAd1aACDETzDK7w5ifPivDsf89YVJ585gj9wPn8AzkSPJg==</latexit>

Ŝn
<latexit sha1_base64="Z95l61t6q4jgtcTyERLUwnXfLUI=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BIvgQcqmim1vBS8eK9oPbGvJptk2NJtdklmhLP0XXjwo4tV/481/Y7atoKIPBh7vzTAzz4ukMOC6H05maXlldS27ntvY3Nreye/uNU0Ya8YbLJShbnvUcCkUb4AAyduR5jTwJG9544vUb91zbUSobmAS8V5Ah0r4glGw0i3ujigk19M71c8X3KLruoQQnBJSPnctqVYrJVLBJLUsCmiBej//3h2ELA64AiapMR3iRtBLqAbBJJ/murHhEWVjOuQdSxUNuOkls4un+MgqA+yH2pYCPFO/TyQ0MGYSeLYzoDAyv71U/MvrxOBXeolQUQxcsfkiP5YYQpy+jwdCcwZyYgllWthbMRtRTRnYkHI2hK9P8f+kWSqS02Lp6qxQO1nEkUUH6BAdI4LKqIYuUR01EEMKPaAn9OwY59F5cV7nrRlnMbOPfsB5+wSbk5DS</latexit>

M1, M2
<latexit sha1_base64="IY6ohQ733VvBplT7zttsM7EXuKM=">AAAB7nicdVDLSsNAFJ3UV62vqks3g0VwUUKShrbuCm7cFCrYB7QhTKaTduhkEmYmQgn9CDcuFHHr97jzb5y0FVT0wIXDOfdy7z1BwqhUlvVhFDY2t7Z3irulvf2Dw6Py8UlPxqnApItjFotBgCRhlJOuooqRQSIIigJG+sHsOvf790RIGvM7NU+IF6EJpyHFSGmp3/btatt3/HLFMq+adcetQ8u0rIbt2DlxGm7NhbZWclTAGh2//D4axziNCFeYISmHtpUoL0NCUczIojRKJUkQnqEJGWrKUUSkly3PXcALrYxhGAtdXMGl+n0iQ5GU8yjQnRFSU/nby8W/vGGqwqaXUZ6kinC8WhSmDKoY5r/DMRUEKzbXBGFB9a0QT5FAWOmESjqEr0/h/6TnmHbNdG7dSqu6jqMIzsA5uAQ2aIAWuAEd0AUYzMADeALPRmI8Gi/G66q1YKxnTsEPGG+fUNCO1w==</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 is helpful
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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 P2P!

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 generalized-fb BC code and adapt X n statistics.
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Capacity-Distortion Region of Degraded 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 .
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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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State-Dependent BCs with Generalized Feedback

Encoder

Rec. 1

Xi

Transmitter
Rec. 2

Y2i

Y1i

PS

Zi�1
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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)

17 / 31



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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Bounds on Capacity-Distortion Region of General BCs

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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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 X n

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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The Many-to-One Multiaccess Channel
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ISAC over Multiaccess Channels

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

Receiver
Yi

Ŝn
1

Estimator

Z1,i�1
Transmitter 1

EstimatorŜn
2

Encoder

Encoder

Transmitter 2
Z2,i�1

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>

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>

PY Z1Z2|X1X2S1S2
<latexit sha1_base64="8mLV67l2HGYJ0PtFwJsScWPz3w4=">AAACAXicbVDLSsNAFJ3UV62vqBvBTbAIXZVMFHRZcOOyUtvGtmGYTCft0MmDmYlQYt34K25cKOLWv3Dn3zhts9DWAxcO59zLvff4CWdS2fa3UVhZXVvfKG6WtrZ3dvfM/YOWjFNBaJPEPBaujyXlLKJNxRSnbiIoDn1O2/7oauq376mQLI5u1TihXogHEQsYwUpLyDyqo+yug2AHOQ8ugi5yGgg2kDNBZtmu2jNYywTmpAxy1JH51evHJA1ppAjHUnahnSgvw0Ixwumk1EslTTAZ4QHtahrhkEovm30wsU610reCWOiKlDVTf09kOJRyHPq6M8RqKBe9qfif101VcOllLEpSRSMyXxSk3FKxNY3D6jNBieJjTTARTN9qkSEWmCgdWkmHABdfXiYtpwrPqs7NeblWyeMogmNwAioAggtQA9egDpqAgEfwDF7Bm/FkvBjvxse8tWDkM4fgD4zPH1BtlW4=</latexit>

M̂1

M̂2
<latexit sha1_base64="5tJTsLOjPqdGJ8/6UBZ69zk8BeM=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAidGNJqqLLghs3QgV7gSaEyXTSDJ1JwsxEKCF7N76KGxeKuPUF3Pk2TtsI2vrDwMd/zuHM+f2EUaks68sorayurW+UNytb2zu7e+b+QVfGqcCkg2MWi76PJGE0Ih1FFSP9RBDEfUZ6/vhqWu/dEyFpHN2pSUJcjkYRDShGSlueWXVCmSBMspNzznMnRCq7yT3bceAPNz2zZjWsmeAy2AXUQKG2Z346wxinnEQKMyTlwLYS5WZIKIoZyStOKoneOUYjMtAYIU6km81uyeGxdoYwiIV+kYIz9/dEhriUE+7rTo5UKBdrU/O/2iBVwaWb0ShJFYnwfFGQMqhiOA0GDqkgWLGJBoQF1X+FOEQCYaXjq+gQ7MWTl6HbbNinjebtWa1VL+IogyNQBXVggwvQAtegDToAgwfwBF7Aq/FoPBtvxvu8tWQUM4fgj4yPb4mMmqI=</latexit>

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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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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Idea of Collaborative Coding and Sensing Scheme

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

Block-Markov coding and backwards decoding

Txs exchange message parts over Tx-Tx paths

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

Extension of [Willems’83] to ISAC with collaborative sensing

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

Sends this sensing info in the next block in the codeword decoded
at other Tx

Each Tx estimates state based on inputs/outputs, decoded
codewords, and sensing info from other Tx.
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Willems’ Scheme for MAC With Generalized Feedback
In

te
rm

ed
ia

te
de

co
di

ng
st

ep
E

nc
od

in
g

st
ep uN

1,(1)(w1,c,(1) | 1, 1)

xN
1,(1)

(
w1,p,(1) | ·, ·, ·

)

uN
1,(1)(w1,c,(2) | w1,c,(1), ŵ2,c,(1))

xN
1,(2)

(
w1,p,(2) | ·, ·, ·

)

uN
1,(3)

(
w1,c,(3) | w1,c,(2), w2,c,(2)

)

xN
1,(3)

(
w1,p,(3) | ·, ·, ·

)
M1

b = 1 b = 2 b = 3

- un
0,(2)

(
w1,c,(1), ŵ2,c,(1)

)
un
0,(3)

(
w1,c,(2), ŵ2,c,(2)

)

ûN
2,(1)

(
ŵ2,c,(1) | 1, 1

)
ûN
2,(2)

(
ŵ2,c,(2) | ·, ·

)
ûN
2,(3)

(
ŵ2,c,(3) | ·, ·

)

Backward decoding at the Rx: In block b decode
M1,c,(b−1),M2,c,(b−1),M1,p,b,M2,p,b
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Scheme for ISAC MAC with Collaborative Encoding
D
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Ŝn
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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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Take-Aways for the MAC and Related Scenarios

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

Capacity-distortion region for the MAC remains an open problem
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Interesting Related Models (Joudeh et al., Wu et al., Chang et al.)

Encoder Decoder

Estimator

Transmitter

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

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

Xi<latexit sha1_base64="m2PRPq0CSyD+geAQ9Iwr0/r6r34=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFY0X5AG8pmO2mXbjZhdyOU0J/gxYMiXv1F3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8NJME/YgOJQ85o8ZKD50+75crbtWdg6wSLycVyNHol796g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZIzqwxIGCtb0pC5+nsio5HWkyiwnRE1I73szcT/vG5qwhs/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlVdKqVb3Lau3+qlK/yOMowgmcwjl4cA11uIMGNIHBEJ7hFd4c4bw4787HorXg5DPH8AfO5w8qgI2m</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>

S
<latexit sha1_base64="ilZcDuAD+Dn3x4zgZ63BSZB+g2c=">AAAB6HicdVBNS0JBFJ1nX2ZfVss2QxK0CJmxSN0JbVoq5QfoQ+aN9+nkvA9m5gUi/oI2LYpo209q179pnhpU1IELh3Pu5d57vFgKbQj5cDIrq2vrG9nN3Nb2zu5efv+gpaNEcWjySEaq4zENUoTQNMJI6MQKWOBJaHvjq9Rv34PSIgpvzSQGN2DDUPiCM2Olxk0/XyBFQgilFKeEli+JJdVqpUQrmKaWRQEtUe/n33uDiCcBhIZLpnWXkti4U6aM4BJmuV6iIWZ8zIbQtTRkAWh3Oj90hk+sMsB+pGyFBs/V7xNTFmg9CTzbGTAz0r+9VPzL6ybGr7hTEcaJgZAvFvmJxCbC6dd4IBRwIyeWMK6EvRXzEVOMG5tNzobw9Sn+n7RKRXpeLDUuCrWzZRxZdISO0SmiqIxq6BrVURNxBOgBPaFn5855dF6c10VrxlnOHKIfcN4+AfXLjPs=</latexit>

Yi<latexit sha1_base64="uR33o+yH1X02gUypgeZZclFh3yQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBg5SkCnosePFYwX5IG8pmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++wmV5rF8MJME/YgOJQ85o8ZKzcd+xqf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+bFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ52TAFTIjJpZQpri9lbARVZQZm0/JhuAtv7xKWrWqd1mt3V9V6hd5HEU4gVM4Bw+uoQ530IAmMODwDK/w5kjnxXl3PhatBSefOYY/cD5/APCWjrM=</latexit>
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Ŝn
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Single sensing parameter S ∈ {0, 1} constant for all times

Sensing performance measured in detection-error exponent

E := − 1
n log

(
maxs∈{0,1}

1
|W|
∑

w∈W P[Ŝ 6= s |W = w ,S = s]
)

.

Theorem (Chang et al.)

Without feedback coding, (R,D) pairs are achievable iff for some PX :

R ≤ min
s∈S

I (X ;Y ),

D ≤ min
s∈{0,1}

max
l∈[0,1]

−
∑

x

PX (x) log
(∑

z

PZ |XS(z |x , 0)lPZ |XS(z |x , 1)1−l
)
.

With feedback for coding the set is larger.
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Summary and Outlook

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 integrate coding for collaborative sensing and
comm.

Interesting future research directions:

Channels with memory
Other sensing performance criteria
Secrecy constraints
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