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Abstract— This letter studies an multi-cluster over-the-air
computation (AirComp) system, where an intelligent reflecting
surface (IRS) assists the signal transmission from devices to
an access point (AP). The clusters are activated to compute
heterogeneous functions in a time-division manner. Specifically,
two types of IRS beamforming (BF) schemes are proposed to
reveal the performance-cost tradeoff. One is the cluster-adaptive
BF scheme, where each BF pattern is dedicated to one cluster,
and the other is the dynamic BF scheme, which is applied to
any number of IRS BF patterns. By deeply exploiting their
inherent properties, both generic and low-complexity algorithms
are proposed in which the IRS BF patterns, time and power
resource allocation are jointly optimized. Numerical results show
that IRS can significantly enhance the function computation
performance, and demonstrate that the dynamic IRS BF scheme
with half of the total IRS BF patterns can achieve near-optimal
performance which can be deemed as a cost-efficient approach
for IRS-aided multi-cluster AirComp systems.

Index Terms— Intelligent reflecting surface (IRS), over-the-air
computation (AirComp), dynamic beamforming (BF), computa-
tion rate maximization.

I. INTRODUCTION

HE sixth generation (6G) network aims to integrate

communication, sensing, computing, and intelligence
together [1], [2], [3]. A series of advanced services are progres-
sively conceived and experimented in such multi-functional
systems, such as extended reality (XR), edge artificial intelli-
gence (Al), and autonomous driving [4], [5], either of which
needs to collect and process enormous data from distributed
devices. Conventionally, the raw data collection and process
are regarded as separate procedures and designed in isolation.

Manuscript received 10 June 2023; accepted 28 June 2023. Date of publi-
cation 12 July 2023; date of current version 11 October 2023. The work of
Qingqing Wu was supported by Guangdong science and technology program
under grant 2022A0505050011. This work of Wen Chen was supported
by National key project 2020YFB 1807700, NSFC 62071296. This work of
Celimuge Wu was supported in part by the ROIS NII Open Collaborative
Research 23S50601. The work of Octavia A. Dobre was supported in part by
the Natural Sciences and Engineering Research Council of Canada (NSERC)
through its Discovery program. The associate editor coordinating the review
of this letter and approving it for publication was G. Thadeu Freitas de Abreu.
(Corresponding author: Qingqing Wu.)

Yapeng Zhao is with the State Key Laboratory of Internet of Things for
Smart City, University of Macau, Macau, China, and also with the Department
of Electronic Engineering, Shanghai Jiao Tong University, Shanghai 200240,
China (e-mail: yc17435@connect.um.edu.mo).

Qingqing Wu and Wen Chen are with the Department of Electronic
Engineering, Shanghai Jiao Tong University, Shanghai 200240, China (e-mail:
qingqingwu@sjtu.edu.cn; wenchen@sjtu.edu.cn).

Celimuge Wu is with the Graduate School of Informatics and Engineering,
The University of Electro-Communications, Tokyo 182-8585, Japan (e-mail:
Celimuge @uec.ac.jp).

Octavia A. Dobre is with the Faculty of Engineering and Applied Sci-
ence, Memorial University, St. John’s, NL Al1B 3X5, Canada (e-mail:
odobre @mun.ca).

Digital Object Identifier 10.1109/LCOMM.2023.3291721

In practice, these intelligent services demand the functional
computation results of the raw data, such as the maxi-
mum reading of several temperature monitors, the average
of local models, and the minimum distance between cars
and barricades. The recently aroused over-the-air computa-
tion (AirComp), deemed as a task-oriented multiple-access
(MA) strategy, has shown its high efficiency in integrating
communication and computation through leveraging the sig-
nal superposition characteristic of the wireless channel [6].
AirComp was conceived [7], [8] and validated [9] to be a
promising scalable function computation strategy in a series
of works. Specifically, the transceiver design that exhibits a
uniform-forcing structure to compensate individual channel
fading was proposed in [10], and the multiple-input multiple-
output (MIMO) AirComp [7] was exploited for simultaneously
multi-modal sensing. However, the harsh wireless propagation
environment still significantly weakens the signal strength and
thus deteriorates the computation performance.

Intelligent reflecting surface (IRS) has emerged as a promis-
ing technology for future wireless networks. Several works
have exhibited the effectiveness of IRSs in the single-cluster
AirComp system, e.g., the authors in [11] and [12] employed
an IRS to strengthen channels thus reduce the distortion.
If the single-cluster AirComp is intuitively extended to a
multi-cluster case like the conventional communication sys-
tems [6], [13], the considered configuration times of IRS
passive beamforming (BF) is the same as the number of
participated clusters, otherwise its BF remains static during
a transmission frame, i.e., each cluster is assigned with a
dedicated BF pattern or all clusters employ the same pattern.
It is observed that the two policies are rigid in that they provide
the upper and lower bounds on system performance with
no tradeoff. Although harnessing more BF patterns provides
more degrees of freedom (DoFs) which can configure a
suitable propagation environment for devices, thereby further
enhancing the system performance, it also adds extra signal-
ing overhead. Hence, a flexible dynamic IRS BF scheme is
desired to balance the system performance and cost. Recently,
a novel dynamic IRS beamforming (DIBF) technique has been
proposed to offer promising DoF thus enabling more flexi-
ble resource allocation in half-duplex and full-duplex wire-
less powered communication networks (WPCNs) [14], [15],
mobile edge computing (MEC) with binary offloading [16],
etc. DIBF proactively develops favorable time-selective chan-
nels by harnessing the unique character of IRSs that the BF
patterns can be tuned multiple times within a given channel
coherence time. Additionally, a good balance between perfor-
mance, associated tuning costs, and signaling overhead can be
achieved by flexibly managing the amount of reconfigurations.
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An IRS-assisted multi-cluster AirComp system.

Fig. 1.

In this work, we analyze an IRS-aided AirComp system
comprising of multiple clusters by taking the performance-cost
tradeoff into account. The previous studies concentrated on
the transceiver design in one dedicated time slot (TS) that
aim to minimize the function computation error measured by
the mean square error (MSE). We study in this letter how
to boost the computation capability within a given period
in which the IRS can be configured multiple times. Specif-
ically, clusters are activated in a time-division manner to
eliminate the inter-cluster interference thereby computing het-
erogeneous functions, and we present two types of BF schemes
to unleash the fundamental performance-cost tradeoff. The
cluster-adaptive BF method, where each BF is allocated to
one cluster, is first taken into consideration to provide the
upper bound for comparison. The performance-cost tradeoff
is then explored using the general dynamic IRS BF method,
which is be applied to any number of BF patterns. Simulation
results verify the theoretical findings and show how the IRS
improves multi-cluster AirComp performance. In particular,
it is observed that the proposed DIBF design is sufficient to
acquire near-optimal performance with a minimal computation
rate decrease (less than 6%) by halving the number of BF
patterns, which sheds light on balance the performance-cost
via limiting the number of BF patterns.

II. SYSTEM MODEL AND PROBLEM FORMULATION

As depicted in Fig. 1, the considered multi-cluster AirComp
system composes of a single antenna access point (AP), an IRS
equipped with N passive elements, and K devices. Due to
the different computational requirements, the K devices are
divided into L clusters. Each cluster consists of K, devices
and computes a desired type-¢ function named f,. We denote
Ke = {1,...,K,} as the set of devices within /-th cluster,
where IC; N K; = o,Vi # j, 4,5 € L, L = {1,...,L}.
The AP computes heterogeneous functions via AirComp from
each cluster in a time-division manner. Specifically, the AP
computes f, with the raw data from all the K, devices in
cluster £. Let sj ¢ denote one dedicated reading of the device
k in cluster ¢. The target type-f function computed at AP is
expressed as

foe= ¢ (Zkem Wk(sk,z)> ; )

where @y(+) is the pre-processing function at device k, and
¢¢(+) is the post-processing function at the AP. We adopt
the digital AirComp to perform function computation. Specif-
ically, the reading of each device is first processed by
¢k (+), then the result is quantized and mapped into a vector,
and finally, it is encoded into a nested lattice codeword
(see [13], [17] for more details). We assume that each symbol
x, of the transmitted signal has been normalized into a mutual
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independent symbol with zero mean and unit power. Hence,
the target recovered data at the AP of cluster £ when computing
a type-¢ function is given by y, = Zke)@ Tk

The baseband channels from the IRS to AP, from the
device k to IRS, and from the device k£ to AP are denoted by
g e C*N Ry, € CN* and h{, € C, respectively. In this
letter, we assume that all the involved channels are perfectly
known [18]. All devices in each cluster transmit concurrently
with the symbol-level synchronization assumed. In a channel
coherence interval 7}, the duration required to compute a
function is further divided into J TSs. In addition, ¢;, where
®; is employed in, denotes the time interval for the j-th TS.
Then, ¢; is divided to L sub-TSs for the function computation
in different clusters. In sub-TS ¢, ;, the recovered signal from
cluster ¢ to compute fy is given by

~ e
Yo = al-,j( Z h j ikbejkTegk + Zz)
ke,

= wintY (aehg;pbeje—1)Te 0tz (2)
ke, ke,

where by ji,ae; € C are the transmitter and the receiver
scalars, respectively. Besides, hj ;, = hy .+ gi'®;hy, =
h?,k + v?diag(g?)hz’k denotes the composite device-AP
channel coefficient of device k in cluster ¢, where ®; =
diag(e?%1, ..., e?%~) denotes the phase shift matrix of IRS,
in which 6;,, € [0,2),Vn € N denotes the phase shift on the
incident signal of n-th element [19], v; = [v;1,...,v;N]"
with v, = e, and 2, € C ~ CN(0,02) denotes the
additional white Gaussian noise.

The landmark work in [17] established the fundamentals
of compute-and-forward strategy from the information theory
perspective. Accordingly, the subsequent work [13] proposed
the computation rate of AirComp, defined as the achieved
number of computed function values per channel use (in
num/Hz), which can be expressed as

1 1
,r,C = — 10g+ ( s ) 9 (3)
C 7 my+logy Koo o2 \MSE(4.4,ve.5)

with my being the number of the optimal quantization bits
for the type-¢ function computation, K, being the number
of involved devices, and logj (-) £ max{log,(-),0}. It can
be observed from (3) that the computation rate maximization
problem can be equivalently transformed into the MSE mini-
mization problem. By adopting the uniform-forcing transceiver
proposed in [10], the solution to the MSE minimization

problem is

b o (hz,j,k)H o . e 2
K,j,k*\/@ipme,j—fjo Ink1n|hl,j,k| , (4)

Ay j————
! hi ik

N

where Py denotes the maximum allowed transmit power. Sim-
ilarly, for the case when devices are energy-limited, we have
nej = ming(pejklhg;l?), where pgjj is the allocated
power of device k for current transmission. The corresponding
computation rate of cluster £ under BF pattern ®; is given by

: e 2
c 1 + (mlnk(m,j,k|he,j,k| )) 5)

= 1
ré,] my + 10g2 K[ Og2 O_g
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(a) Cluster-adaptive beamforming (b) Dynamic beamforming
Fig. 2. Transmission protocol of the multi-cluster AirComp with DIBF.

As shown in Fig. 2, the two proposed IRS BF schemes
depend on how the IRS sets its BF during the time interval,
and are specified as follows.

A. Cluster-Adaptive IRS BF

Each cluster is mapped with a unique IRS BF pattern as well
as the TSs in the cluster-adaptive BF scheme, which provide
the performance upper bound, i.e., arbitrary BF schemes
with J > K cannot further improve the performance [14].
Accordingly, the computation rate maximization problem is

given by
Ny + mink(pé,k|h2k‘2)
P1 o) :
(P1): {tg} {vg} ng+log2 Ky g2< Uf
{pe.x
(6a)
s.t. tp > 07 Do,k > Oa v£7k7 (6b)
L
>, te<T, (6¢)
tepé,k S Emaxa V£7 kv (6d)
|ven| =1, V, n, (6e)

where w, denotes the weight of cluster /. Since the weight
wy, quantization bit my, and the number of devices K, of
each cluster do not affec~t the scheme design, we set that
wy = 1,my = m, Ky, = K,V{. Note that (P1) is generally a
non-convex optimization problem with non-convex norm-one
constraint (6e) and the coupled variables in (6a) and (6d).

B. Dynamic IRS BF

For the proposed general framework that the BF at IRS can
be reconfigured J times during 7T}, the clusters can flexibly
choose one or multiple BF patterns for computation. The
corresponding problem is formulated as

(P2) : o Zé X Z | wete T (7a)
{pe,j1}
s.t. t[,j > 07 DPe.j.k > 07 vévj.)kv (7b)
L J
o ijl te; < Ty, (7c)
J
D teaPeik < B, YOk, (0d)
lvinl =1, Vj,n (7e)
Similar to (P1), we assume that wy, = 1,my = m, K, =

K ,Vl. Note that (P2) is still non-convex since there exist
highly-coupled variables in both (7a) and (7d), and con-
straint (7e) is generally non-convex.

III. PROPOSED ALGORITHMS
A. Proposed Algorithm for (P1)

(P1) is shown as a maximin problem, which can be con-
verted to a traditional maximization problem by intuitively
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introducing the auxiliary variables to substitute the inner
minimization part. Then, multiple techniques can be adopted,
such as alternating optimization. However it is still inefficient
and may suffer from performance loss. In this section, by ana-
lyzing the inherent properties of (P1), we propose an efficient
algorithm correspondingly.

Proposition 1: The optimal solution of (P1) satisfies,

mink(pzk\hsz) = Emax/te ming |hzk\2, V. (8)

Proof: Suppose that S* = {{t;},{v}}, {p;}} achieves
the optimal solution to (P1), we have p} , < Enax/t;, V¢, k.
The maximum allowed transmit power for the devices in
cluster £ becomes Py = Emax/t;, V¢. By combing it with (4),
Proposition 1 is obtained. ]
Inspired by Proposition 1, we introduce the auxiliary
variables {I';;} that satisfy miny |h$,|> > Ty ;, V¢ and
reformulate (P1) as )

L t Emaxl’
Z - ~7E~ log; ( tZUQ Z) (93)

{tf??fi}, =1 m 4+ logy K 7
{Te}
st |k, [2 =Ty, VL, E, (9b)
(6b), (6¢), (6¢). (9¢)

Note that the objective function is jointly concave with ¢,
and Ty. Let ;' = [v}' 1] and g, = [diag(g})hy, A{,]".
Exploiting the matrix lifting technique, i.e., define V, =
vy, Qur = q&kqgk, we have |hg,[> = Tr(V,Qur).
Besides, we convert the rank-one constraint of {V,} to a
difference-of-convex form and add it to objective function as

L tglog; (%) 1 L
T Tr(V,)— ||V
ron i 2p TV IVell)

max

{t"%ii{X‘}’ = =1
(10a)
s.t. Tr(VeQer) > Ty, VO E, (10b)
V, =0, VY, (10c)
(6b), (6¢), (10d)

where p > 0 is the penalty factor, and ||Vy||2 denotes the
spectral norm of V,. The factor p is harnessed to penalize
the violation of the rank-one constraint. For any given p
and any given point Vél) in the ¢-th iteration, by linearizing
Tr(Ve) — [ Vellz to Tr((T — AVIATVINVY) via the
successive convex approximation (SCA) technique,! problem
(10) is converted to a convex optimization problem. Hence,
by decreasing the value of p and updating ng) in each
iteration, the convergence of proposed algorithm for (P1) can
be finally reached [15].

B. Proposed Algorithms for (P2)

For (P2), we first reveal the following proposition to
simplify the original problem and then propose an efficient
algorithm.

Proposition 2: The optimal solution of (P2) satisfies

Y

min(p7 ;5 54l2) = €03/t min g 5 2, V.

')\H(-) is the eigenvector corresponding to the biggest eigenvalue.
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where e ; denotes the maximum energy of the devices in
cluster ¢ allocated for IRS BF pattern j, which satisfies
71 eei < Emax, VL.

Proof: Suppose that S* = {{tzj},{v;},{pzj’k}}
achieves the optimal solution to (P2), we have pzj)ktzj <
eej, V4,3, k. The maximum allowed transmit power for the
devices in cluster ¢ under BF pattern vj becomes P =
eej/t; ;» V. By combing it with (4), Proposition 2 is
obtained. |

According to Proposition 2, (P2) can be reformulated as

. e 2
t 1o +(ezyj mlnk\h[,j’k\ )
L J le,j 1082 oz
max > S ~ teige (12a)
{tl,{j}v{"}’j}a =1 —~j=1 m + logy K
€e,j
J
s.t. ijl etj < Bumax (12b)
(7b), (Tc), (Te). (12¢)

By introducing the auxiliary variables {v,;} that satisfy
miny, |G ; .[* > e, VI, we have

£ Noat ((crire
637982 %507

L J
max = 13a
{te;}{ves}s 22:1 Zj:l m + log, K (3
{ee.;}{vi}

st B l® > e, Ve Gk (13b)
(7b), (7¢), (7e), (12b). (130

Introducing variables S; ; = eg jve,;, VY, j, yields

to;logh (-2

L g lejlogs o
max Y S () (14a)

{te b {ves}s t=1—~j=1  m+logy, K

{Se5}{ees 3 {vs}

s.t. Sgﬁj S ee’j’}/[’j, V&_ﬂ (14b)
(7b), (7c), (Te), (12b), (13b). (14¢c)

Since the objective value can always be increased by raising
Se.; until the constraint (14b) becomes active, it can be seen
that the constraint (14b) is satisfied with equality for the
optimal solution to problem (14).

Observing that the objective function of problem (14) is
show as a concave function with respect to the variables Sy ;
and ¢, ;, but the constraints (7e), (13b), and (14b) are still
non-convex. First, we convert (14b) into

Seg < ((eeg +7e5)* = (€2 +17)) /2, V.3,
and then apply SCA technique to transform it to

() + 79502 + 2(ef) + 75D ees + 705 — el =715

—(e7;+172,))/2: (16)

where {egj).,'yéij).} is the given local point. Second, we convert

(13b) to |ﬁ?qk|2 > 7,5, V¢, 3, k, and linearize it as

2R{(@) QT — (B Qe T > e,
in which ﬁg.’) is the given point in iteration i. Further-
more, problem (14) is approximated as a convex optimization
problem by loosening (7e) to |7;,| < 1, Vj,n which
can be addressed by the standard solvers, the corresponding
unit-modulus BF patterns are then obtained by subtracting the
phases.

15)

a7)
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The proposed algorithm for tackling the dynamic IRS BF
scheme is shown as solving a series of convex problems.
Specifically, problem (14) has five kinds of variables, the last
of which has dimension JN, and the others are L.J. Hence,
the corresponding computational complexity is given by
@ (IiterJ 35(4L+ N )3'5) via the interior-point method [20],
in which Ije, stands for the quantity of iterations required to
attain convergence. Note that the amount of constraints and
optimization variables scale linearly with the number of par-
ticipated clusters L and BF patterns .J, it can be observed that
the related computational complexity is extraordinarily large.

Remark 1: By analyzing (P2), we can observe that the opti-
mal association between IRS BF patterns {®;} and clusters
is binary [14], i.e., each cluster only needs to select one BF
pattern to compute the function.

Low-complexity algorithm for (P2): Inspired by Remark 1
and the cluster-adaptive BF scheme, we can propose an effi-
cient low-complexity algorithm. We assume that each cluster
is assigned with a specific BF as the cluster-adaptive scheme
presented in Section III-A.The clusters are then arranged in
descending order by their respective computation rates. Each
of the first J— 1 clusters is given with a dedicated BF pattern
and the remaining L—J +1 clusters are assumed to employ the
same BF pattern ® ;. Finally, we jointly optimize the time allo-
cation and ® ;. By relaxing the norm-one constraints of IRS
BF, the computational complexity of the first phase is given
by O(LN3-%) [20]. The maximum computation complexity
of the sorting algorithm is given by O(L?). With given IRS
BE, we have 7y = Emax/te|h§ yinl? 1 < € < J —1 where
|h¢ in|? = ming |G . |2. Reformulate the problem as (13), the
remaining variables to be optimized is v, {t;}, {7/}, where
the dimensions are given by N, L,L — J + 1, respectively.
By linearizing the non-convex constraint respect to {7y,} via
SCA technique and relaxing the norm-one constraint, the
problem can be converted to a convex one. Hence, the overall
computational complexity of this low-complexity algorithm is
given by O(LN3® + L2 + Li;(2L — J + N + 1)) [20].

IV. SIMULATION RESULTS

The AP and the IRS are located at (0,0, 10) meter (m) and
(10,0,10) m, respectively. The placement of each device is
random within a radius of 10 m that centered at (10, 10,0) m.
The path-loss exponents of the AP-devices channels are set
to 3.3, whereas the path-loss exponents for the AP-IRS and
IRS-devices channels are set to 2.3. Additionally, the signal
attenuation at a reference distance of 1 m is set as 30 dB.
Unless otherwise stated, other parameters are set as: K, =
K =5,V L=5, Epaxy =0.01J, 02 = —80 dBm, and T} =
0.1 s. For comparison, we consider the following schemes: 1)
Upper bound: relaxing the rank-one constraint in problem
(10), which serves as a performance upper bound; 2) Cluster-
adaptive BF: the approach in Section III-A to solve (P1); 3)
Dynamic BF: the approach in Section III-B to solve (P2);
4) Low-complexity algorithm: the proposed low-complexity
algorithm for (P2).

In Fig. 3, we analyze the system performance versus the
number of IRS elements N. It can be seen that the dynamic
IRS BF designs in the case of L = J can perform almost as
well as the special case with cluster-adaptive BF and nearly
as the upper bound. Additionally, it can be seen that the
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Fig. 4. Computation rate versus the number of IRS BF patterns J.

low-complexity algorithm is capable of achieving the same
performance as the joint optimization strategy. This shows
both the applicability of the proposed DIBF design. In compar-
ison to the cases that BFs are randomly given and without IRS,
it is observed that the proposed algorithms can greatly enhance
computation rate, with the performance gap widening as the
number of IRS elements N rises. Besides, the computation rate
of IRS-assisted AirComp with optimized IRS phase monoton-
ically increases with respect to the number of IRS elements N
since more elements can reflect more captured signal energy.

As shown in Fig. 4, we depict the computation rate versus
the number of available BF patterns J. It can be seen that
the low-complexity algorithm for DIBF can achieve similar
performance as the previous proposed joint optimization
algorithm, making it more desirable in practical. In addition,
one can see that the dynamic IRS BF scheme’s performance
improvement progressively reaches saturation as .J rises.
Employing a total of J = 7 (J = 4) BF patterns is virtually
able to attain the maximum performance for L = 10 (L = 5),
and adding J further only results in a marginal performance
enhancement. It is further noted that the proposed DIBF
design can achieve nearly optimal computation rate with a
negligible performance loss (less than 6%) with only half
the number of the maximum BF patterns, demonstrating its
potential to meet the performance-cost tradeoff by managing
the number of BF patterns.

V. CONCLUSION

In this letter, we study the IRS-aided multi-cluster AirComp
system and proposed two types of IRS BF schemes, which
struck a balance between the system performance and cost.
By jointly optimizing the time allocation for various clusters,
the phase shifts at IRS, and the power allocation at devices,
the sum computation rate maximization problems for the two
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scenarios were addressed. We proposed both general and low-
complexity algorithms to tackle the optimization problem with
any number of IRS BF patterns, and thus provided consid-
erable flexibility in balancing between the performance gain
of DIBF and its consequent system cost. Numerical results
demonstrated that IRS can significantly improve the function
computation performance, and presented the performance-cost
tradeoff for IRS-aided AirComp. In particular, the dynamic
IRS BF scheme was validated to be a cost-efficient strat-
egy to achieve close-to-optimal performance with only half
number of IRS BF patterns, and the proposed low-complexity
algorithm can achieve satisfactory performance compared to
the generic design.
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