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MOTIVATION 2

▲ Illustration of JCAS use cases with dynamical states of interest (Image 
generated with the assistance of AI)
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BACKGROUND: INTEGRATED SENSING AND COMMUNICATION WITH I.I.D. STATES

▶ INTEGRATED SENSING AND COMMUNICATION MODEL

▶ Metrics: 


▶ Reduces again to a rate-distortion tradeoff problem

▶ No prediction capability (state is i.i.d.)

▶ Tradeoff governed by type of codewords
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BACKGROUND: INTEGRATED SENSING AND COMMUNICATION WITH FIXED STATE

▶ Integrated Sensing and Communication MODEL

▶ State-dependent Discrete Memoryless Channel (Compound Channel) with state

▶ Encoder:                                                      , decoder:                            , estimator: 


▶ Performance Metrics

▶ Communication and detection error probability: 


▶ Rate:                          and detection error exponent
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BACKGROUND: MMWAVE BEAM ALIGNMENT AND SPATIAL BEAMFORMING CODEBOOKS

▶ BEAMFORMING CODEBOOK IN MMWAVE INITIAL BEAM ALIGNMENT 

▶ Beamforming codewords at each level partition the angular search space with a given resolution  [1][2]

▶ Larger beamwidth ⇒ lower signal-to-noise ratio (SNR)

▶ Beamforming vectors are sequentially selected to detect the user’s direction


▶ DETECTION PERFORMANCE OF HIERARCHICAL INITIAL BEAM ALIGNMENT

▶ Hierarchical beam alignment with fallback achieves the optimal detection error exponent [3]                                 

δ

5

📚[1] Channel Estimation and Hybrid Precoding for Millimeter Wave Cellular Systems, A. Alkhateeb et al., IEEE Trans. Signal Process. 2014 
📚[2] Multi-Armed Bandit Dynamic Beam zooming for mmWave Alignment and Tracking, N. Blinn and M. Bloch, IEEE Trans. Wireless Commun., 2025 
📚[3] Active Learning and CSI Acquisition for mmWave Initial Alignment, S. Chiu et al., IEEE J. Sel. Areas Commun., 2019
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🔻  Illustration of beam forming codebook
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BACKGROUND: Joint Beam Alignment and Communication: Beam Pointing Model 

▶ BINARY BEAM POINTING MODEL 

▶ Noiseless toy model 

▶ State is represented by an one-hot vector that “contains” the direction of target 

▶ Capacity is determined by the fraction of time true direction is probed

▶ Peak of average cost constraint


▶ KEY INSIGHTS: 

▶ Communication comes for free 

▶ Capacity is maximized using bisection-type target search

▶ Optimal for direction detection  

Y = S ⋅ X

6

📚On the Capacity and State Estimation Error of “Beam-Pointing” Channel: The Binary Case, Li and Caire, IEEE Trans. on Info. Theory, 2023 
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sensing function. Furthermore, the radar sensing functionality
can also assist the communication process. For example, using
the backscatter signal as a sort of implicit feedback, the BA
phase can be improved.

While JCAS encompasses in general a much wider variety
of network scenarios and applications, in this work, we are
concerned with the specific case of beamformed communi-
cation where the BA function is achieved via the backscat-
ter signal from the target user receiver to the BS. In our
case, the conceptual difference between a JCAS problem and
a communication-only problem (albeit over a channel with
implicit feedback) is that in the former the transmitter must
also explicitly perform state estimation (the AoD in our case),
while in the latter such function is implicit, i.e., it is part of
the feedback code used for communication. Hence, as already
defined in [13] and [14], the JCAS problem studies the tradeoff
between reliable communication rate and state estimation error
(in our case, at the transmitter, where estimation is obtained
via the feedback), while in a communication-only problem, the
resulting state estimation error is a byproduct of the coding
strategy used for communication.

A. Related Literature

In this work, we investigate the JCAS problem in the
application scenario said above from an information-theoretic
viewpoint. From physical considerations, it is clear that the
AoD remains almost constant over a large number of con-
secutive channel uses. Hence, we are in the presence of
a state-dependent channel with memory. For channels with
memory and feedback, directed information is often used to
describe causality and direction of information flow, as intro-
duced in [15] and subsequently studied in [16]. The capacity
of Gaussian channels with memory and feedback were char-
acterized in [17] and [18] showing that memory can increase
capacity. The general capacity formula of [19] was generalized
in [20] to channels with memory and feedback, using dynamic
programming to characterize the capacity-achieving input dis-
tribution for certain types of channels (see also [21], [22]). The
posterior matching scheme [23], [24], [25] was generalized
by [26] to design coding strategies for channels with memory
and feedback. Channels with limited memory and feedback
were analyzed by [27], in which the channel output Yi and the
channel input-output {Xi, Yi} are assumed to be first-order
Markov models. In these works, the directed information is
maximized via dynamic programming, and a formula for
channel capacity is given under certain conditions. Also,
a capacity formula is given for channels with in-block memory

(iBM) in [28]. In the iBM model, the state remains constant
for blocks of L time slots, and changes in an independent
and identically distributed (i.i.d.) fashion from block to block,
while coding takes place over a sufficiently long sequence
of blocks. The capacity formula for iBM channels in [28] is
generally hard to evaluate since it requires optimization over
length-L sequences of conditional input distributions. In light
of the above short survey of existing results, we conclude
that explicit expressions of capacity and state estimation error
for channels with memory and (generalized) feedback are
generally open problems in information theory.

Fig. 1. A sketchy representation of the binary beam-pointing channel, related
to beamformed communication when the target receiver is seen at an unknown
AoD among M possible directions.

B. Main Contributions

In order to simplify the problem and yet gain insight into
the fundamental capacity-achieving strategy, we propose a
“toy model” that we refer to as the binary beam-pointing

channel (BBP) with iBM. We assume that the BS makes
use of fixed and finite beamforming codebook consisting of
M non-overlapping ideal flat-top beam patterns forming a
partition of the total angular domain covered by the BS (e.g.,
see [11]). As a consequence, the target receiver is contained
in a single beam, and the channel state can be represented by
an M -dimensional binary “one-hot” vector where the single
“1” represents the beam index of the target user (see Fig. 1).
We also identify the beam index with the discrete AoD of
the target user, which the transmitter is interested in explicitly
estimating for sensing reasons (e.g., to perform some radio-
localization task). The target AoD is uniformly distributed,
remains constant for blocks of L symbols, and changes in an
i.i.d. fashion from block to block, consistently with the iBM
model.

The channel input is also an M -dimensional binary vector.
In order to capture the fact that transmitting at fixed power in
multiple directions incurs an output power cost proportional
to the number of directions, we consider a Hamming weight
constraint on the input. For example, with peak constraint 1,
the input is restricted to be either the all zero vector or a
“one-hot” vector with a single “1” in one of the possible M

positions. The channel output is binary, emphasizing the binary
behavior of the received SNR, given by the inner product of the
state and input vectors, and the (causal) feedback is noiseless,
i.e., it coincides with the output.1 Our main contributions can
be summarized as follows:

1) Based on [28], we characterize the JCAS problem in
terms of the optimal tradeoff between reliable com-
munication rate and state estimation error for the gen-
eral discrete state-dependent channel (DSDC) with iBM
and implicit strictly causal feedback under the peak

1Notice that the binary nature of the input, output, and feedback may be a
useful proxy to model more general “packets”. In this case, a “1” denotes a
transmitted/received packet, and in the feedback, this may represent a strong
level in the backscatter signal. However, we do not investigate this extension
here and leave it for possible future work.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on September 30,2025 at 00:42:01 UTC from IEEE Xplore.  Restrictions apply. 

▲ Illustration of beam pointing model [Li and Caire’23]

🔻  Illustration of beam forming codebook
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SYSTEM MODEL: SEQUENTIAL BEAM-ALIGNMENT AND COMMUNICATION 7

▶ NOISY BEAM-POINTING CHANNEL MODEL: MODELING ASSUMPTIONS

▶ Finite-state hypothesis testing: resolution 

▶ One-hot state vector [Li-Caire’23]:

▶ Different sensing and communication timescale: Assume Bernoulli noise model for                         


▶ One-bit sensing feedback [Chiu et al’19]:

📚On the Capacity and State Estimation Error of “Beam-Pointing” Channel: The Binary Case, Siyao Li and G. Caire, IEEE Trans. on Info. Theory, 2023 

📚Active Learning and CSI Acquisition for mmWave Initial Alignment, S. Chiu et al., IEEE J. Sel. Areas Commun., 2019

📚Sequential Joint Communication and Sensing of Fixed Channel States, M. Chang et al., Proc. IEEE Inf. Theory Workshop (ITW), 2023
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SYSTEM MODEL: SEQUENTIAL BEAM-ALIGNMENT AND COMMUNICATION 8

▶ NOISY BEAM-POINTING CHANNEL MODEL: MODELING ASSUMPTIONS

▶ Finite-state hypothesis testing: resolution 

▶ One-hot state vector [Li-Caire’23]:

▶ Different sensing and communication timescale: Assume Bernoulli noise model for                         


▶ One-bit sensing feedback [Chiu et al’19]: 
▶ Space-time codeword matrix 

▶ Noise model:  
▶ Different input symbols correspond to varying signal strength

📚On the Capacity and State Estimation Error of “Beam-Pointing” Channel: The Binary Case, Siyao Li and G. Caire, IEEE Trans. on Info. Theory, 2023 

📚Active Learning and CSI Acquisition for mmWave Initial Alignment, S. Chiu et al., IEEE J. Sel. Areas Commun., 2019

📚Sequential Joint Communication and Sensing of Fixed Channel States, M. Chang et al., Proc. IEEE Inf. Theory Workshop (ITW), 2023
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SYSTEM MODEL: SEQUENTIAL BEAM-ALIGNMENT AND COMMUNICATION 9

▶ NOISY BEAM-POINTING CHANNEL MODEL: SEQUENTIAL VIEW

▶                                                        determines the number of transmitted messages 


▶    non-decreasing and determines the number of messages transmitted by time 

▶                                                        determines the input to the channel

▶ Stopping time criterion                                               , where                                      

▶ State estimator 

▶ Message decoder                          , where 


▶ PERFORMANCE METRICS


▶ Detection error 


▶ Communication error 


▶ RATIONALE

▶ Closed loop exponent for hypothesis testing unknown in fixed budget setting but know in sequential setting

Mt

Pn
d ≜ max

w∈ℳ
ℙ( ̂S ≠ S |W = w)

Pn
c ≜ max

w∈ℳ
ℙ(g(Yτ) ≠ w[1; Mτ] |W = w)

📚Sequential Joint Communication and Sensing of Fixed Channel States, M. Chang et al., Proc. IEEE Inf. Theory Workshop (ITW), 2023
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g : FMT
2 ⇥ ZT ⇥ X T 7! ⇥

B = {continue, stop}

M =
1[

k=1

Fk
2
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MAIN RESULT: SEQUENTIAL BEAM-ALIGNMENT AND COMMUNICATION 10

DEFINITION: ACHIEVABILITY

   A policy is  achievable if for any , there exists  such that 


                                                                               


                                                                                                 


(R, E) ϵ1, ϵ2, ϵ3 > 0 n(ϵ1, ϵ2, ϵ3)

THEOREM: RATE AND EXPONENT REGION                                                                                                 

                                                                                                                       

▶ KEY INSIGHTS: 

▶ Joint beam alignment and communication incurs no loss in both detection and communication through adaptation

▶ Still a tradeoff because of influence of 
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w2M
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n log Pn
d � E � ✏3,
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NUMERICAL EXAMPLE
▶ SETUP


▶ Beam switching rate 200Hz, baud rate 10Gbps [Paidimarri-Sadhu’20] 

▶ 

▶ Base target resolution  , 


▶ based on . 


▶ Gaussian approximation


▶




▶ OBSERVATIONS

▶ Finer resolution ⇒ better performance

▶ outperforms time-sharing


τb = 50
δ0 p(δ0)

1 = 0.2, p(2δ0)
1 ≈ 0.337

p(δ)
1 ∼ Q(1/δ)

p(δ)
1 (α) = 2Q

ατb(1 − 2p(δ)
1 )

2 ατbp(δ)
1 (1 − p(δ)

1 )

11

📚Spatio-temporal filtering: Precise beam control using fast beam switching, Paidimarri and Sadhu, IEEE Radio Frequency Integrated Circuits Symp., Jun, 2020. 
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ACHIEVABILITY STRATEGIES: TWO-PHASE ACTIVE SEQUENTIAL POLICY BASED ON EXTRINSIC JENSEN-SHANNON 12

▶ SKETCH OF PROOF

▶ Policy: 


▶ Spatial codeword: select ISAC action based on two phase policy [1];  
▶ Temporal codeword: constant composition code


▶




▶ Analysis of Stopping Time: Formulate stopping rules based on achievable exponent to prove 

▶ Analysis of Detection Exponent: Follows the characterization in [1]

▶ Analysis of Communication Error Probability: union bound to express the error using three events


▶ Decoding error in the first phase. 

▶ Decoding error in the second phase. 

▶ Wrong hypothesis crosses the threshold.

▶ Each term shown to vanish

η(a) =
argmax
λ∈ℙ(𝒜B)

min
̂ρ∈ℙ(ΩB)

∑a∈𝒜B
λ(a)

i 𝔻(qa
i | |∑j≠i

̂ρj

1 − ̂ρi
qa

j ) if ∃i ρi ≥ ρ*,

argmax
λ∈ℙ(𝒜B)

min
i∈ΩB

min
̂ρ∈ℙ(ΩB)

∑a∈𝒜B
λ(a)

i 𝔻(qa
i | |∑j≠i

̂ρj

1 − ̂ρi
qa

j ) if max
i∈ΩB

ρi < ρ* .

𝔼[τ] ≤ n

📚[1] Active Sequential Hypothesis Testing, Naghshvar and Javidi., Annals of Statistics (2013)

📚[2] Extrinsic Jensen-ShannonDivergence: Applications to Variable-Length Coding, Naghshvar et al.’ IEEE Transactions on Information Theory (2015)
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13ACHIEVABILITY STRATEGIES: SKETCH OF PROOF

▶ SKETCH OF PROOF  
▶ Analysis of Rate:  

▶ Expected number of message bits transmitted by time : 

▶ (Expected bits per block) × (Probability of that block in Exploration/Confirmation phase)


▶



▶ The time spent on first probing phase is small (bottom of the page). 

▶ The stopping time concentrates around : 

▶ Probabilistic bound on rate: 

t

Mτ ≥
τ/τb−1

∑
t′￼=0

1(ρĩ(t′￼) ≥ ρ*)⌊τb(𝕀(P
τb
X , WY|X(p(δ)

1 )) − ϵ)⌋ + 1(ρĩ(t′￼) < ρ* ∩ ĩ ∈ at′￼
)⌊τb(𝕀(P

τb
X , WY|X(p(δ)

|a| )) − ϵ)⌋

n ℙ(τ ≥ (1 − ζ1)n) ≥ 1 − e−nζ2

ℙ(R(n) ≥ (1 − ζ1)2(𝕀(Pτb
X , WY|X(p(δ)

1 )) − ϵ)) ≥ 1 − e−nζ2 .

Lemma: Martingale Concentration

Consider the sequence , there exists constants satisfying  such that

                                                     , 

                                                         , 

where . 

Consider uniform prior and Markov stopping time, then  for . 


                                                                               


Uĩ(t′￼), t′￼∈ [0,τ/τb] 0 < K1 < K2 < ∞
𝔼[Uĩ(t′￼+ 1) |ℱt′￼

] ≥ Uĩ(t′￼) + K1
|Uĩ(t′￼+ 1) − Uĩ(t′￼) | ≤ K2

ℱt′￼
= σ{ρ(t′￼), A(t′￼), Z(t′￼), t′￼∈ [0,τ/τb]}

ℙ(Uĩ(n1/4) < θ) ≤ e−n1/4ι ι, θ ≥ 0
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CONVERSE: SKETCH OF PROOF 14

▶ SKETCH OF PROOF

▶ Standard converse for the detection exponent [1]


▶ Applying a change of variable  

▶ Accounting for the relative timing of sensing and communication events


▶ Standard converse for rate 
▶ Expected number of message bits transmitted by the stopping time upper-bounded by best channel

▶ occurs when :   

▶ best beamforming resolution (see also [2]). 


▶ Use Markov’s inequality  to convert expected number of transmitted message 

bits to a probabilistic constraint on rate 

▶ Taking union of all action type . 

t′￼ = t/τb

|a | = 1 𝔼[Mτ] ≤ n(𝕀(PX, WY|X(p(δ)
|a|=1)) − ϵ))

ℙ(
Mτ

n
≥ R) ≥ 1 − ϵ1

R ≤ 𝕀(PX, WY|X(p(δ)
1 )) + o(ϵ1) − ϵ

PX

📚[1] Active Sequential Hypothesis Testing, Naghshvar and Javidi., Annuls of Statistics (2013)

📚[2] Active Learning and CSI Acquisition for mmWave Initial Alignment, S. Chiu et al., IEEE J. Sel. Areas Commun., 2019
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▶ CONCLUSION

▶ Timing of wireless events important for modeling

▶ Adaptation on long sensing coherence incurs no loss of sensing performance (in terms of exponent)

▶ Transmitter can zoom in to achieve best exponent and rate as if direction were known in hindsight 

▶ LIMITATIONS & CONSIDERATIONS 

▶ Error propagation & latency 

▶ Misalignment can lead to decoding errors, and retransmissions may increase latency

▶ Security vulnerability 

▶ Joint beam alignment and communication may expose the system to new attack vectors

CONCLUSION AND PERSPECTIVES 15

THANK YOU!


