2024 1EEE 100th Vehicular Technology Conference (VTC2024-Fall) | 979-8-3315-1778-6/24/$31.00 ©2024 1IEEE | DOI: 10.1109/VTC2024-Fall63153.2024.10757475

Capacity-Maximizing Dynamic User Association in
Double RIS-Aided Broadcast Networks

Alireza Vahid, Senior Member, IEEE

Abstract—We introduce an information-theoretic framework
to dynamically pair up different reconfigurable intelligent sur-
faces (RISs) with wireless users with goal of maximizing the
fundamental network capacity. We focus on a double RIS-aided
broadcast packet network with two users. We show using a
dynamic RIS-user association and an opportunistic protocol, the
network capacity could be significantly enhanced and superior
to other benchmarks with static associations. The results include
new outer-bounds on network capacity and their achievability.
We discuss the optimal RIS-user association.

Index Terms—Reconfigurable intelligent surface, broadcast
networks, capacity, resource allocation, channel morphing.

I. INTRODUCTION

In recent years, new wireless technologies such as recon-
figurable intelligent surfaces (RISs) have emerged as potential
enablers of 6G and future wireless generations [1]. In simple
terms, an RIS can be viewed as a set of programmable
reflecting elements that can alter the phase and potentially
the amplitude of the incoming signals. The key strengths of
an RIS are its ability to manipulate the wireless medium, full-
duplex, and low power consumption. The ability to manipulate
the wireless medium is particularly important in sustaining
connectivity in higher frequency bands, which are of interest
in vehicular communications, where electromagnetic waves
suffer from high path-loss and may be easily blocked [2], [3].
Collectively, these aspects make RIS an attractive solution in
vehicular networks [4]-[9], which are typically in dense urban
environments and are characterized by high mobility and high
quality of service requirements. However, RIS-aided networks
face various challenges such as the overhead of channel
learning and the computational costs and delays associated
with the optimization of the RISs. Moreover, in general, the
fundamental Shannon capacity of RIS-aided networks, like
most multi-user communication networks, remain unknown.
Further, and from a MAC-layer perspective, there needs to be
an RIS-user association in place based on which communica-
tion algorithms could be designed and implemented.

There are quite a few results on RIS-aided communications.
A large body of the literature assumes the channel knowledge
is available [10], [11], which is hard if not impossible to
achieve in large-scale and mobile networks. Other results
assume statistical [12] or noisy/local [13] knowledge of the
channels. Then, many results focus on eliminating dead zones
or maximizing signal-to-noise ratio (SINR) at the users [14],
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[15] instead of considering the Shannon capacity due to the
associated complexities. We note that SINR maximization
may be far from the optimal Shannon capacity [16]. RIS-user
association has also been studied, based on techniques such
as the nearest-neighbor, but not in the context of maximizing
Shannon capacity [11], [13], [17]. Finally, the prior RIS-
user associations are typically static meaning that they remain
unchanged for the course of communications.

To overcome some of these challenges and provide an
information-theoretically optimal answer to RIS-user associ-
ation, we consider a broadcast packet network where commu-
nication channels are modelled as erasure links [18], [19]. We
note that packet networks are well-suited to model “last-mile
communications” and erasure links capture the frequent inter-
ruptions in higher frequency bands. These observations, make
our study relevant to vehicular networks in dense environments
with high mobility. More specifically, we consider a double
RIS-aided broadcast packet network with one transmitter and
two receiver terminals. We allow the two RISs to steer their
beams toward different users multiple times throughout the
communication block, which we refer to as dynamic RIS-
user association. For the two-user double RIS-aided broadcast
packet network, our contributions are summarized as below:

e We provide an information-theoretic RIS-user associa-
tion, which allows for dynamic changes during com-
munications. We show the resulting network capacity is
superior to static RIS-user associations;

e We provide new bounds the define the boundaries of the
maximum attainable rates of reliable communication;

o We devise a linear protocol that leverages the statistical
changes induced by the RIS-user association to maximize
the spectrum efficiency and achieve the bounds, thus,
characterizing the network capacity;

« Instead of relying on exact channel knowledge, we rely on
short-length causal ACK/NACK signaling incorporated in
most packet networks;

e We provide detailed examples to clarify the ideas and
establish the superiority of the proposed scheme over
static RIS-user associations.

Dynamic beam allocation in RIS-aided multiple-input
single-output Gaussian broadcast channels with perfect chan-
nel state information was considered in [20]. However, the gain
was found to be marginal, which stems from the perfect chan-
nel knowledge in contrast to our delayed feedback assumption.
In fact, the gap between the more practically-motivated no and
delayed feedback settings is significant [21].
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Fig. 1. The two-user double RIS-aided broadcast packet network: (a) impact of RIS association on channel quality measured in terms of erasure likelihood;
(b) RIS; assists the reception at Rx;, ¢ = 1, 2; (c) both RISs are associated with Rx; resulting in the lowest erasure probability (highest channel quality).

II. SYSTEM SETUP

To better understand how RIS-user association affects net-
work capacity and the corresponding transmission protocol,
we focus on one of the key building blocks in network
information theory and wireless communications, namely the
two-user broadcast packet network, where the communication
is enhanced by two reconfigurable intelligent surfaces. More
specifically, the network consists of five distinct nodes: a
transmitter node, Tx, two receiver terminals, Rx; and Rxs,
and two reconfigurable intelligent surfaces, RIS; and RISs.

We assume the transmitter, Tx, has two independent files,
W1 and Wy, and wishes to reliably deliver them to the two
receivers over n channel uses, where each channel use is
sufficient for the communication of one packet. Each message,
W;, contains |W;| = m; = nR,; data packets in F, where R;
is the rate for user ¢ in packets per channel use, i = 1,2.
In general, the transmitter and receivers may have multiple
antennas and the RISs will consists of several reflecting
elements. These aspects of the communication link from the
transmitter to receiver terminal Rx; at time ¢ are modelled in
this work by an erasure link S;[t] € {0,1}, whose erasure
probability is determined by the RIS-user association at time
t. In other words, at each time, the transmitted packet is either
delivered successfully to a given terminal or erased, and the
erasure likelihood is determined by the choice of RIS-user
association during the communication of that particular packet.
Below, we mathematically formulate our model.

RIS-user association: An RIS-user association over a com-
munication block of length n is denoted by:

A" = {A[1], A[2],..., A[n]}, (1)
where A[t] is itself a set that defines the RIS-user association
at time instant t = 1,2, ..., n. More specifically,

Alt] = {(Rx1 = Bi[t]), (Rxz = By[t])}, 2)

where By [t], Bo[t] € {RIS1, RIS, }, Bo[t] = BE[t] (L is the set
complement operation). In other words, (2) means that at time
instant ¢, the communication link from the transmitter to Rx;
is enhanced by the RIS(s) in B;[t], and the communication

link from the transmitter to Rxo is enhanced by RIS(s) in
B [t] = BL[t]. We note that B;[t] may be (). Moreover, while in
general an RIS may create multiple beams, from a theoretical
standpoint, that can be treated as having additional RISs. Thus,
here we only focus on the case where each RIS may be
associated with at most one user.
Channel statistics: As mentioned above, the channel from the
transmitter, Tx, to receiver terminal Rx; is described by the
erasure link S;[t] € {0,1},t=1,2,...,n, and i = 1,2. We
assume the erasures occur independently across users and time,
but the likelihood is determined by the RIS-user allocation at
time instant t. We further assume RIS; is positioned closer to
Rx1, and RIS, is positioned closer to Rxo. Then, if By[t] is
equal to:

1) 0, then Si[t] ~ B(1 —dn);

2) {RIS;}, then Si[t] ~ B(1 —ds);

3) {RIS1, RISQ}, then S; [ﬂ ~ B(l — 5[)),
where 0 < dp < dg < oy < 1. We note that due to
the position of the RISs, we ignored B;[t] = {RIS2} as its
inclusion would not improve or change the findings. A similar
set of statements holds for Rxy and Bs|t]. Figure 1(a) illustrates
an example of the potential improvements in channel quality
(i.e., decrease in erasure probability) as the user gets more aid
from the RISs. Intuitively, the gain from the nearby RIS should
be larger, which is one reason why we ignored associations
such as B[t] = {RISz}. Figures 1(b) and (c) showcase the
network with some possible RIS-user associations and the
resulting channel quality at each terminal.
Received signals: At time instant ¢, the files are mapped to
channel input X[t] € F,, and the corresponding received
signals are:

Yi[t] = Si[t]X[t]

and Yalt] = S[t] X[, (3

where S;[t] = 0 corresponds to the erasure of the transmitted
packet at Rx;, i = 1, 2.

Other assumptions: We assume the receivers will decode
their desired files at the end of the communication block.
At every time instant ¢, each receiver estimates the chan-
nel strength, and will inform other nodes via short-length
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ACK/NACK signaling whether the packet was erased or not.
We further assume A" is determined a priori and known to
all nodes.

Channel input: The constraint imposed at time index ¢ on the
encoding function f;(.) at the transmitter is:

X[t] = fi (Wi, Wa, S71, A™), 4

where S'1 (Si71,S71), which captures the causal
ACK/NACK signaling from both receiver terminals up to time
instant (¢t — 1).

Decoding: Receiver Rx;, i = 1,2, will decode its desired file
at the end of the communication block using the decoding
function ¢; ,, (Y;*, 5™, A™). An error occurs whenever W, #
W;. The average probability of error is given by

Aim = E[P(W; £ W], (5)

where the expectation is taken with respect to the random
choice of the transmitted files.

Network capacity: For a given RIS-user association, A", we
say that a rate-pair (R, R2) is achievable, if there exist a
block encoder at the transmitter and a block decoder at each
receiver, such that ), ,, goes to zero as the block length n goes
to infinity. The capacity region, C 4, is then the closure of the
set of the achievable rate-pairs.

III. INFORMATION-THEORETIC BOUNDS

Fix 0 < m1,m2 < 1/2 such that n1n,nen € Z*. Based on
this, we define the following RIS-user association:

. Bl[t] = {RISl, RISQ} for t = 1, e,

o Bift]=0fort=mn+1,...,(m +n2)n;

o Bift] ={RIS1} fort = (m +m2)n+1,...,n.
We refer to this RIS-user association as the “dynamic as-
sociation,” and if 171 = 79, we refer to it as the symmetric
dynamic association. The following theorem establishes a set
of outer-bounds on the maximum attainable rate of reliable
communications for this dynamic association.

Theorem 1. For the two-user double RIS-aided broadcast
packet network described in Section Il and for the dynamic
RIS-user association defined above, we have:

0 < Ri+BRy <B(1-16)
C out = 1 v2) 6
Cact {0§6R1+R2§B(1—61), ©
where s Sn (1)
g | R fos < gl Q
1+0s, i 65 > 2i=00)
and

61 =mdp + nadn + (1 — 1 — n2)ds,
d2 =mén +1m20p + (1 — 1 — 12)ds. ®)

To better understand the implications of the bounds pre-
sented in Theorem 1, to see whether these bounds can be
achieved in a practical setting, and to compare the results with
static association benchmarks, the following section includes
a set of detailed examples. The proof for this theorem is
presented in Section V.

— — — Sym. dynamic
.......... Rx, « {RIS,, RIS,}|
Rx; « {RIS}

Fig. 2. Comparing the achievable rates for different RIS-user associations.

IV. MOTIVATION, ANALYSIS, AND COMPARISONS

In this section, we present a sample network, which we

will use to illustrate how a dynamic RIS-user association may
significantly improve network capacity compared to a static
association. In particular and as our benchmarks, we consider
a network with no RIS, and two static RIS-user associations
in the double RIS-aided network. For this section and for
illustration purposes, we fix 5y = 0.8 (no RIS aid: weak
channel/high erasure), g = 0.5 (single RIS aid: moderate
channel/moderate erasure), and dp = 0.3 (double RIS aid:
strong channel/low erasure).
No RIS: If there is no RIS in the network, the channel from
the transmitter to each receiver terminal would be governed
by a B(1 — dn) process. In other words, for the entire
communication block, the erasure probabilities would be the
same. Such a homogeneous problem with ACK/NACK has
been studied before [22] and its capacity region is known:

e { OS Rt (1+0x5)Ry < (1-5%),
RIS =) 0< (14 0n8)R1 + Ry < (1—6%).

Here, we present a brief outline of the transmission protocol
from [22] that achieves Cporis, Which is shown in Figure 2 for
the parameters given above. From the figure, it is evident that
we only need to describe the achievability of the symmetric
sum-rate point and the rest of the region can be achieved
by time-sharing. The protocol has three phases. In phase 1
(phase 2), packets intended for Rx; (Rx2) are transmitted until
at least one receiver terminal obtains each packet. Then, the
transmitter creates new packets by creating pairwise summa-
tions of the packets that are intended for Rx; but available at
Rxo with those intended for Rx, but available at Rx;. Note
that the resulting new packets would have the exact same
size as the original packets but each bit is the results a finite
field summation of the corresponding bits in the two original
packets. These new packets are beneficial to both receivers
as one part is always known and the other is desired. The
transmitter will deliver these new packets to both receiver
terminals in phase 3.

Single RIS per user: If for the entire communication block,
RIS; assists the reception at Rx;, ¢ = 1,2, as in Figure 1(b),

(©))
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then the channels from the transmitter to the receiver terminals
would be governed by B(1 — dg) processes. Similar to the

previous case:
c _ [ 0<Ri+(140s)Ry < (1 —03),
reutral =0 < (14 65)Ry + Re < (1 62).

Double RIS aide for one user: If instead, both RISs are
associated with Rx; for the entire block, ie., Aft] =

(10)

{(Rxy < {RISy1,RIS2}), (Rxg + M)} fort =1,2,...,n, then
we have the following capacity region:
0< Ry + 1528 Ry < (1—dpéw),
Cuser 1 = 1—6pon . (11
0< ﬁRl + Ry < (1 - 5D5N)~

Symmetric dynamic association: The transmitter may in-
stead decide to a dynamic association. Fix 1y = 72 = n. Then,
Si[t] ~ B(1—4dp) and Saft] ~ B(1—dn) fort =1,2,...,mn;
during the following nn channel uses, Rx, will have a better
channel quality; and during the remaining (1 — 27)n channel
uses, both channels are governed by B(1 — dg) processes.
Transmission protocol: Our opportunistic protocol is a mod-
ification of the one presented in [22], which we outlined
above. Fix n = 1/2.12. The goal is to successfully deliver
m = 0.76/2.12n packets to each receiver terminal, which
would result in a sum-rate of 2m/n = 0.76/1.06 ~ 0.717.
The communication block is divided into three phases.
Transmission in phase 1: At each time instant, the transmitter
will send out a packet intended for Rx; until at least one
terminal obtains it. If the packet arrives at Rx;, no further
action is required; but if it is delivered to Rxy and not Rxj,
the transmitter will keep this packet in a virtual queue. This
phase will last an average' of mm = nn. There will be
an average of %};gx)m packets in the virtual queue.
Phase 2: Similar to phase 1 but with interchanging IDs.
Transmission in phase 3: The transmitter will first create the
pairwise summations of the packets in the two virtual queues.
Then, the resulting sequence will be sent to the terminals at an
erasure code of rate (1 — dg). The transmission in this mode
will on average take:

op(l—46n)

1= 09)(1 = 5D5N)m =(1-2n)n. (12)
Achievable region: This transmission achieves:
Ry = { 0< Ry + 1520 Ry < 503 (1 - 9),
0 < B Ry + Ry < -2 (1 —0), 03

where § = 1(dp +dn) + (1 — 21)ds.

Comparing different scenarios: Figure 2 depicts the achiev-
able region for the four scenarios above. The dynamic RIS-
user association enables the highest overall sum-rate. The
discussion above brings upon two questions: (i) Is the region
in (13) the best achievable region for the given RIS-user
association? and (ii) Is a better RIS-user association possible?

A careful analysis using concentration theorems [23] ensures the asymp-
totic rate matches the one obtained by using the average values.

Essentially, we have already answered the first question.
Comparing the region described in (6) and the one in (13),
we observe that Ryynamic = C°"*, meaning that for the specific
parameters given in this section and the symmetric dynamic
association, C4 = C°“, and the achievable region is indeed
optimal. On the other hand, we cannot yet answer the second
question. There are multiple challenges that would be the
subject of future work. First, the capacity region in general
remains unknown and while the region described in (13) is
in fact the capacity region, we do not have the answer for
all possible values of the parameters. Second, the dynamic
RIS-user association has a specific format (e.g., each RIS-user
association last a linear function of the blocklength). These
observations suggest stronger outer-bounds may be needed.

V. PROOF OF THEOREM 1

Here, we provide the proof of Theorem 1, which has some
similarities to the one presented in recent results on broadcast
channels such as [23], but with one main difference. The RIS-
user association, 4" is decided prior to the beginning of com-
munications and as such, the statistical changes in the channel
are known non-causally. Thus, we focus more on the new
aspects of the proof. Moreover, we assume dg < %&im,
thus based on (7), 8 = %. The other scenario can be
obtained similarly. Finally, we will derive the first inequality
in (6) and the proof of the second one would be similar.

For the problem defined in Section II, fix A™ and suppose
rate-tuple (Ry, Ry) is achievable. We have:

n(Ry + BRy) = HWy) + BH(W5)

@ (Wi |Wa, S7, A™) + BH(W|S™, A™)

(Fano)

< I(Wi Y [Wa, 8™, A") 4 BI(Wa; Y5S™, A”) + né,
= H(Y"[W2, 8", A") — H(Y\"|Wy, Wy, S", A")

=0
+ BH(Y|S™, A") — BH (Y5 |Wa, S™, A™) + né,,

©]

< BH(Yy'|S™, A") + né,,

(c)

<nf(l—mony —n20p — (L —m1 —n2)ds) + &n

() _
< np(1—8) + &n, (14)

where from Fano’s inequality, &,, — 0 as n — oo; (a) follows
from the independence of messages; (b) comes from applying
Lemma 1 below; (c) is true since the entropy of a binary
random variable is at most 1 (or log,(q) for packets in F,)
and the channel statistics is governed by the dynamic RIS-
user association. Dividing both sides by n and let n — oo, we
obtain the first inequality in (6).

Lemma 1. For the two-user double RIS-aided broadcast
packet network as described in Section Il and for any encoding
function satisfying (4), we have:

H (Y["|W3, 8", A") — BH (Yy'|W2, 8™, A") <0, (15)
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Proof. We have:

H (Y2n|W27 SnvAn)
mn

(@ ST (- on)H (XY Wa, 8™, A")
t=1

(m+m2)n
+ Y (1—=0p)H (X[[Yy~", Wy, 57, A™)

t=mn+1
n

+ D
t=(n+n2)n+1
(?71+772)n1

> GH (Ml el e, 5 AT

t=1
" H(W[t], Ya[t] Y71, Yy =t Wa, 5™, A™)
Z (1+(5s)

t=(n1+n2)n+1
O H (Y7 Y5 W, S A" © H (Y [Ws, 5, A™)
- B - B
where (a) holds since X|t] is independent of S[t]; (b) holds
since the omitted term is the product of a discrete entropy term

. 1 1-§ : . :
with: ( Tios — ﬁ), which are both non-negative given
dn(1—=6p).

that we assumed g < 7= PV, and (c) follows from the
non-negativity of the discrete entropy function. O

(1—6s)H (X[H][Ys ™", Wa,S™, A"

Y

+

, (16)

VI. CONCLUSION

We provided an information-theoretic approach to RIS-
user association in the context of a two-user double RIS-
aided broadcast packet network with goal of capacity max-
imization. We showed how a dynamic RIS-user association
could enhance channel capacity. We presented a new set of
outer-bounds and an opportunistic linear protocol that achieves
these bounds under non-trivial conditions. For the dynamic
association defined in this work, the capacity region still
remains unknown and needs additional research. Once that
is answered, the best possible association may still take a
different form. Another potential direction is the extension of
the results to interfering erasure channels [24], [25], which is
relevant to vehicular networks with multiple roadside units.
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