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Abstract—This paper investigates the design of receive beam-
forming for a networked control system that shares its uplink
with conventional communication users. A set of sensors observe
independent dynamical processes and transmit state estimates to
a multi-antenna receiver, which applies a common beamform-
ing vector before forwarding the processed information to the
corresponding controllers. Concurrently, multiple communication
users transmit over the same uplink and are decoded through
the same receive beamformer. The main objective is to design
control and beamforming policies that jointly minimize the overall
control cost while satisfying the quality-of-service requirements
of the coexisting users. We formulate this problem as a joint
optimization problem, and analytically characterize the structures
of the optimal control and the one-step look-ahead beamforming
policies. We further propose a practical two-stage beamforming
optimization algorithm for real-time implementation.

Index Terms—Multi-antennas receivers, beamforming, Kalman
filtering, networked control systems, optimal policies, semantic
communication.

I. INTRODUCTION

Next-generation wireless networks are evolving to support
diverse objectives that extend beyond conventional data trans-
mission. In particular, in networked control systems (NCSs),
wireless communication links are integral to closing feedback
loops between sensors, controllers, and actuators, where the
reliability and latency of transmissions directly affect overall
control performance. At the same time, conventional mo-
bile users can still share the same spectral and infrastruc-
tural resources, leading to interference and competition for
communication capacity. This coexistence of heterogeneous
objectives calls for designing physical-layer strategies that
reconcile the quality-of-service (QoS) demands of control
systems with those of communication users. Recent advances
in goal-oriented communication advocate strategies that trans-
mit only the most significant portions of data with respect
to downstream tasks [1, 2]. For NCSs, this hinges on the
prompt and accurate delivery of valuable sensory information
to controllers [3, 4]. This work contributes to this line of
research by investigating how goal-oriented service guarantees
for control systems can be achieved without compromising
data-centric guarantees for conventional users in coexisting
wireless control and communication networks.

In recent years, substantial progress has been made to un-
derstanding the interplay between control and communication.
Foundational studies established the stability limits of Kalman
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filtering and linear quadratic Gaussian (LQG) control over
channels subject to packet-drop, delay, and fading [5-7]. This
has motivated cross-layer designs that co-optimize control
and communication parameters such as power, scheduling,
and coding variables to minimize control-centric metrics like
estimation error and control cost [8, 9]. With the emergence of
dense wireless networks, several works have addressed coex-
istence scenarios, where control system links exist in parallel
with conventional user links. These include uplink schedulers
for URLLC/eMBB coexistence in 5G systems [10], NOMA-
based interference management [11], and LQG-aware resource
allocation under reliability guarantees [9]. Researchers have
also begun exploring beamforming designs explicitly tailored
to control performance. For instance, transmit beamforming
and reconfigurable intelligent surface (RIS) have been opti-
mized to favor critical control links over non-critical ones
[12-14]. However, these studies typically assume orthogonal
scheduling or neglect the interference.

A. Contributions and Outline

In this paper, we develop a theoretical framework for
beamforming for networks where control systems coexist with
conventional users. We consider an uplink scenario where
multiple sensors transmit state estimates of physical processes
alongside conventional users to a multi-antenna receiver that
uses a common beamformer. This shared receive strategy
intrinsically couples control performance with communication
performance, as the beamformer must manage interference
across both types of traffic. We formulate this problem as a
joint optimization problem that minimizes an aggregate linear-
quadratic-regulator (LQR) cost for the control systems while
satisfying signal-to-interference-and-noise ratio (SINR) con-
straints of the conventional users. To the best of our knowledge,
this is the first work that explicitly optimizes beamforming for
both control and communication objectives in a shared multi-
user uplink setting. The remainder of the paper is organized as
follows. Section II presents the system model and formulates
the problem of interest. In Section III, we derive the optimal
control and the beamforming policies. Section IV presents
numerical results to illustrate the performance of the proposed
methods. Finally, Section V concludes the paper.
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Fig. 1: A networked control system that shares its uplink with conventional communication users: (a) The control loop of the
kth dynamical process; (b) The links between K sensors, K controllers, N users, and the receiver.

B. Notation

For the rest of the paper, the sets of real numbers, non-
negative integer numbers, and complex numbers are denoted
by R, N, and C, respectively. For z,y € N and = < y, the
set N, 41 denotes {z € N|z < z < y}. For matrices X and
Y, the relations X = 0 and Y > O denote that X and Y are
positive definite and positive semi-definite, respectively. The
expected value and the covariance of a random variable x are
denoted by E[z] and cov[z], respectively. The superscripts T'
and H denote transpose a matrix and Hermitian transpose of
a complex matrix, respectively.

II. PROBLEM STATEMENT
This section presents the system model and formulates the
problem of interest. We first describe the dynamics of the
networked control system and the wireless communication
links, followed by the mathematical formulation of the op-
timization problem that captures the trade-off between control
performance and user requirements.

A. System Model

We consider a multi-user networked system consisting of
K sensors, K controllers and N users. A multi-antenna
receiver equipped with M antennas collects the uplink signals
transmitted by both the sensors and the users and forwards
the processed information to the corresponding controllers.
The time t is discrete, and the time horizon 1" is finite. In
this networked system, the kth controller is responsible for
regulating the behavior of its corresponding dynamical process,
whose evolution is described as
(1)
for k € N k) and t € Ny ), where x,; € R" is the
state of the kth dynamical process at time ¢, ar; € R™ is
the control action of the kth controller at time ¢, and dy
is an i.i.d. Gaussian noise with zero mean and covariance
Dy =0, A € R™*™ and Bj € R™*™ are the state and input
matrices of the kth dynamical process. We assume that zy, ¢ is
a Gaussian vector with mean my, o and covariance My, o > 0.

Tip1 = Apxpr + Brags + di g,

At each time ¢, the kth sensor measures a noisy output of the
corresponding dynamical process, which is modeled as

Ykt = ChTp,t + €kt 2
for k € Ny ) and t € Nyg 7}, where y, ; € RP is the output of
the kth dynamical process at time ¢, ey is an i.i.d. Gaussian
noise with zero mean and covariance E}, = 0, and C), € RP*™
is the output matrix of the kth dynamical process.

At each time ¢, the kth sensor transmits its MMSE state
estimate 27 , to the receiver over a fading wireless link. In
parallel, the users transmit their data to the same receiver.
The receiver applies a single receive beamformer w; € CM
to decode the superposed uplink signals. At the kth controller,
the estimate 2} , is correctly decoded with probability 1 — ¢,
and discarded with probability €, where ¢, depends on the
instantaneous SINR induced by w;. Let hi, € CM denote
the link between the kth sensor to the receiver at time t,
and hy, € CM denote the link between the jth user and
the receiver at time ¢. The receiver employs a single common
combining vector wy for all simultaneously transmitted sensor
and user signals. The received signal is

K N
His Hiu H
Ty = E w2k + E whyysje+we ng,  (3)
k=1 J=1

for t € Ng, 1), where r; is the received signal at time t, zj
is the signal transmitted by the kth sensor, s;; is the signal
transmitted by the jth user, and n; is an i.i.d. Gaussian noise
with zero mean and variance Ny > 0. The noise power at
the receiver after beamforming, wing is given by Ny, as
lwfn.||? = 1. Let p; denote the transmit power of the sensor
signal 27 ,, and p¥ is the transmit power of the user signal s; ¢.
The SINR of the kth controller SINRj ; and that of the kth
user SINRj; , can be obtained accordingly at each time ¢.

B. Optimization Problem

In this system, the decision variables are the beamforming
w and the control actions uy ;. We represent a beamforming
policy by W = {w;}-;' and a control policy by A =
{a1t, .- ax¢}i—y" Our aim is to design beamforming and
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control policies that jointly optimize the following optimization
problem:

T-1 K

mm E{ZZxthk:ﬂk tJrZ Zaktﬁkak t], “)
=0 k=1 t=0 k=1

st Jlwg]? =1, t € N p_y 5)

SINR}, > vj4, 7 € Nuny, t €Nproag,  (6)

where QF = 0 and )f} = 0 are weighting matrices associated
with the kth dynamical process, and 7 ,, is an SINR threshold
that must be satisfied for each user.

Remark 1. The cost function in (4) is the standard LOR cost,
serving as a benchmark for control performance. This cost
function should be minimized jointly by the beamformer and
the controllers. The weighting matrices 2 and Qf encode pri-
orities across processes and trade-offs between state deviation
and control effort within each process.

III. MAIN RESULTS

This section presents the derivations, reductions, and result-
ing algorithms. We first derive the optimal control law and
thereby reduce the joint design to a beamforming problem.
We then characterize an optimal beamforming formulation and
introduce two tractable solution: a one-step look-ahead policy
and a two-stage instantaneous optimization scheme.

A. Optimal Control Policy

At each time ¢, the kth sensor sends its current MMSE
estimate xk , to the kth controller. Define the decode—success
indicator 5“ € {0,1}, where 0, = 1 if the message is
correctly decoded at the kth controller and 6 ; = O otherwise.
This event depends on the receive beamformer w; applied
at the multi-antenna receiver; equivalently, the packet error
probability is ex(w;) = Pr[ér; = 0 | w;]. We define the
information sets available to sensors and controllers as follows:

i, = {yk,t’a agp |t € Npgy,t" € N[o,t—1]}, (7)

e, = {5k7tlfcz7t,, appr |t € Nt € N[w,l]}. @)
Accordingly, we can define the following state estimates and

error covariances at the kth sensor and the kth controller at
time ¢ as

e =3 = E| el s
B =T = E [one | Tl
Qpi = Qk,(tlt) = cov [z | I3 ,]
Qi,f, = Qi,(ﬂt) = cov [xkf |I§,J )

and the following prior variables as
&3 -1y = E [The | TR 421
jZ,(t—1|t—1) =E [mk,t | Zli,t—l} )
QZ,MH) = cov [Ik,t | IE,H] )

Qi t1ji—1y = €OV [Th s | TE 1] -

By the separation principle, estimation and control can
be designed independently. Hence, the optimal control input
depends only on the estimated state, i.e.,

aZ,t = Ak,ﬂ?z,t) 9
with exception a;T = 0, where
Lf’iz’t = é‘k,tizz,t + (1 — (Sk,t)Aki'z,tfp (10)
ay—1

Ay =—(BFSki+1Be + Q)" Bl Ski114r, (1D

and Sy ; is a solution of the Riccati equation

Skt = AL Sk 1A+ QF — AL Sk 1By

-1

X (B Ski+1Be + Q) Bl Spar1Ar,  (12)

with initial condition St = Qf.
B. Reduced Beamforming Problem

Following the derivation in [5], replacing aj, , into the cost
function in 4, the cost function can be expressed as

K .. -1 &
Zk:l tr (Sk,tho) + Zt:[) ]; tr (Sk,t—HDk)

-1 K A
+ tho ; tr (Lk,t E[Qz,t])’

13)

where the first term is independent for the decision variables.,
and can be discarded. Note that Q5 .+ can be written, depending
on whether the controller has correctly decoded the transmitted
message at time k or not, as

o {Aszvt_lAf + Dy if 6,1 =0
kEt =\ A .

Qz,t lf 6k,t = ].7
where Q5. , = E[Qf,] and

Lyt = A Ry i1 A + Q%% — Ry,

s s —1
Qk,t:((Ak,tqQk,thg,tq‘FDk) +Clzjt E; ' Cy t) (15)
Using this equation, we find

Q;ct = f(@i,tAka(wt))
= Qro (1= 2k(wn)) + (AkQf o1 AT + Di)zi(wn),

We can then define Gy, that captures the impact of the
decoding error probability on the Qf , as:

Giy = (Asz,t—lAg + Dy, — QZt)
with (15) being the error covariance equation of the Kalman

filter. As a result, one can show that the beamforming vector
must satisfy the following optimization problem:

(14)

T—1 K _
i 3 S (L), 19
st wl? =1, (17)
SINR}(t) > vjtn, j € Npnp,t € Ngpoqy. (18)
C. Optimal Beamforming Policy
With the information available at the receiver being
II = {6l,t’7 U)t/, hit”ﬂ h;‘it//,zf,t |t, € N[(Lt_l],

t“EN[O’ﬂ,ZEN[LK],jEN[LN]}. (19)
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Given this information, the receiver can compute Qi,t—1 at
time ¢ by using (15). The value function associated with
the reduced optimization problem from the perspective of the
receiver is expressed as

~~~~~~

7=t k=1
The following theorem provides a general procedure for ob-
taining the optimal receive beamforming.

Theorem 1. The optimal beamforming policy W* is given by

1)

Remark 2. The derived beamforming policy demonstrates
that the receiver optimally balances the trade-off between
minimizing control cost and maintaining user QoS. The beam-
former implicitly prioritizes those with greater influence on
the closed-loop control performance, while simultaneously
managing interference toward communication users to sat-
isfy their SINR constraints. This results in a beamforming
strategy that dynamically adapts to both control-critical and
communication-driven demands. Furthermore, the policy relies
on solving the value function defined in (20) through backward
time recursion, which adds complexity of the beamforming

PPURYRERAR-Suboptimal Beamforming Solutions

We propose a simple suboptimal method based on one-step
lookahead policy, and a two-step instantaneous optimization
framework that can be solved respectively using convex tools.
Note that the SINR at the kth controller and th user are written
respectively as:

K
> tr (LieQf o nlwn) ) + Vi (1Q..)

x .
w; = argmln{
k=1

Wy

s pillwTh 7
Vet = K Hps ||2 N U Hpu |2 (22)
S n ullwe RS 12+ 30,0 o [wf R | "+ No
pYllw TRy |7
Vi = g L . (23)

Zl;ﬁj pillwe TR (12 + PORRP ’wf]hz t| +No.

In the remaining of this section, we assume for convenience
that the transmit power of the sensors and users is normalized
to 1, that is p7 = pif = 1. We also consider that the sensors
have limited processing power/capacity and do not have access
to the instantaneous channel state information (CSI) and hence
they transmit at a fixed power (power control is not possible
in this case). Let Ry be the bit rate at which the signal is
transmitted by the kth sensor and user. The relation between
the bit rate, error probability and SINR can be expressed using
the finite blocklength capacity framework in [15]. The error
probability can be approximated at each time by

- VT logy(1+ k) — Ry
ulw) = Q | PRI Lo
(I+1)?

where the interference is treated as gaussian noise, r is the
number of channel uses used to transmit the finite length
codewords #7(t) and Q'(.) is the inverse of Q(x)

1 oo

Nor e~ 2dy. according to one-step lookahead policy, By
adoptmg (24) in the above optimization problem, it can be
formulated as a constrained optimization problem

K
. r logo(1+75,) —
min. E tr (LkﬁtGk’t)Q ] \[( ] 2 k’tl
¢ 0gs (€ 1— ——
k=1 (H"le,t)Q

Ry,

s.t. ||wt||2 =1,
[|w:

K . N 2
Dok lwefThE 2+ 3250 |wﬁh§ft| + No
Hhu HQ

7,t

Thil?

2 ’YZ,NVk?

[[we
Sty e R |+ 20 [eoft b |+ No
This problem is equivalent to
\/;
log,(e)

Z’Y;L,uv.]

logy (1 + 74+ — Rr)

1
L T

K
II}EI Z tr (Lx,1Grt)Q
k=1

st [lwell® = 1,

o >vm(ZHthhull2+Z fuf bt [*+ o).

l;élc
e R |12 > v;ft(z oo™ Bt 12 + Z [wf b o+ Vo )
i#]

Note that the last two constraints are nonconvex. A local
optimum can be reached by using the Lagrangian technique.
Let A; the Lagrange multiplier corresponding to the first
constraint for each k sensor and p; the Lagrangian multiplier
corresponding to the second constraint for each user. The
Lagrangian problem becomes

K s
v logo(T+75,) — Ry
12}1111 Ztr LitGry) - Q logy(e) - T
=1 A/ (143 )2
N

+ mz,t(z w2 4+ 37 hwn B 2 4+ No

=1 1
I#k N N
[|we by |1
- 3 (Y Nl h
Vit = Ty
Hpu (|12
w;i® hY
+Z lwihi ,|* + No — ” tu”H )

st lw]? =1,

We refer to the alternating optimization approach to solve the
aforementioned problem, which consists of fixing v, Vk and
optimizing over w and then fixing w and optimizing v for
all k£ and so on. We denote by (P;) the resulting optimization
over v, , for all k for given w and (P) the optimization over
w given v .. With (Pr):

v logy(1+ v, — Ri)
r{/un Z thGk t)Q logf(e) : k’tl
k.t 2 1— (1+7}§‘t)2
lw:e "R, 412
k(S hi tuuzy |+ No - — )
1=1,l#k k.t
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The subproblem (P;) over ~; , is nonconvex but since the
objective is differentiable and unconstrained, we can solve it
using a gradient-based method solvers. Also the subproblem
over w (792)'

mln Z AV t(

K

ST fwehe* + Z lwihnt,|?

1=1,l# k

w hk
Ht “W+Zm%
N Vit . ,
“ 2 w74
> tn2+§:| Fh = )
i=11%] it
st |Jwg)® =1,
This can be solved optimally by minimizing a standard
Rayleigh quotient problem. Let Hj, = ithsft, HYY, =
hu hujt , Wt = wtth, and
Ao =7 Z H“+ZH - Hi,), @)
=1 l;ék
Fi,t:'ylg,t( Z ZHlt zt) (26)
j=1,l#1

Define Ay = >, A\pAg, and I'y = ZZ wil'; ¢ Then, (Ps) is
equivalent to

mln wl (A 4+ T wy, 27
st wlw, =1, (28)
which has an optimal solution A;,(A: + T'), i.e., the mini-

mum eigenvalue. Accordingly, the overall receive beamforming
solution can be summarized in Algorithm 1.

Algorithm 1: Beamforming Alternating Optimization

1 repeat
2 fort=0toT —1do
3 Step 1: Alternating Optimization;
4 repeat
5 (a) Solve P for a given w to obtain {7} ;}
using gradient-based solvers;
6 (b) Solve for w given {v; ,} minimizing the
Rayleigh quotient in (27);
7 until inner convergence or max inner iterations,
8 end
9 Step 2: Update the Lagrange Multipliers;
10 Update:
AT = (N (o, (S o + 3w ns )
T he )7 "
pIT = (w4 (3 L TIPS e )
¥ — It k) -
where €’ is the step size at iteration j;
12 Increment j = j + 1;

13 until convergence or max iterations met,

T T T T
7
45000F  _ L. proposed beamforming policy ,.,/ 71
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40000 | o’
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(b) Proposed policy under varying number of users.

Fig. 2: Total cost-to-come for (a) different beamforming poli-
cies and (b) proposed policy’s scalability with user interference

IV. NUMERICAL RESULTS

We consider a networked control system composed of
K = 12 sensor-controller pairs, coexisting with N = 5 uplink
communication users. The receiver is equipped with a uniform
linear array (ULA) of M = 16 antennas. The sensors are
placed in the first quadrant at distances uniformly drawn from
5 to 20 meters, while the users are placed between 25 and
60 meters. We assume a Rician fading model for all wireless
links. Each dynamic process is scalar, i.e., z; € R, with
state coefficients Ay € {0.5,3}. All other control parameters
By, Cx, My, Dy, Ey, Ly, Nj in addition to the weighting
coefficients 2, Qf are set to 1. The time horizon 7" = 30
time slots. We compare the performance of the proposed joint
NCS-communication optimization policy against a random
beamforming strategy and weighted minimum mean square
error (WMMSE)-based beamformer designed to maximize the

sum-rate [16] obtained by solving the following problem:
K+N
min i - MSE; — lo i),
PR e O Z 4a; Y] 22(¢;)

llwll?=1,

where MSE; is the mean squared error for the 4t symbol,
the weight ¢; = 1/MSE; and u; € C is the equalizer
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for each transmitted symbol j which is solved with a three
block alternating optimization. To evaluate the effect of user-
side interference on control performance, we also simulate a
reduced setup with K = 2 to highlight the system’s sensitivity
in the shared uplink. The total cost to come is defined in 13
and plotted in Fig. 2 for different settings. In Fig.2.(a), under
a fixed number of uplink users, The proposed joint control-
communication beamforming achieves the best overall perfor-
mance, outperforming both the sum-rate-maximizing WMMSE
beamformer and the random beamformer. While the WMMSE
design focuses on maximizing the throughput, it overlooks the
control system’s requirements, leading to higher control cost.
In contrast, our approach explicitly balances communication
reliability and control performance, resulting in significantly
lower total cost. The random beamformer, performs the worst.
In Fig.2.(b), As the number of users increases , the control
system experiences a gradual degradation in performance due
to elevated interference on the shared beamforming vector
as the total cost rises notably with user count which shows
the fundamental trade-off between scalability in user support
and control system performance. These results highlight the
advantage of goal-oriented beamforming in networked control
systems operating under shared spectrum conditions

V. CONCLUSION

In this paper, we proposed a receive beamforming strat-
egy for joint wireless control and communication networks.
The beamformer is optimized to minimize control cost while
satisfying SINR constraints for the users. Using a one-step
lookahead policy and alternating optimization, our method sig-
nificantly outperforms baseline policies, ensuring both control
stability and user QoS. These results highlight the potential
of spatial filtering at the receiver to support reliable control-
communication coexistence in shared wireless networks.
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