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Abstract—This letter proposes a hybrid beamforming design
for an intelligent transmissive surface (ITS)-assisted transmitter
wireless network. We aim to suppress the sidelobes and optimize
the mainlobes of the transmit beams by minimizing the proposed
cost function based on the least squares (LS) for the digital
beamforming vector of the base station (BS) and the phase shifts
of the ITS. To solve the minimization problem, we adopt an
efficient algorithm based on the alternating optimization (AO)
method to design the digital beamforming vector and the phase
shifts of the ITS in an alternating manner. In particular, the
alternating direction method of multipliers (ADMM) algorithm
is utilized to obtain the optimal phase shifts of the ITS. Finally,
we verify the improvement achieved by the proposed algorithm in
terms of the beam response compared to the benchmark schemes
by the simulation results.

Index Terms—ITS, hybrid beamforming design, AO, ADMM.

I. INTRODUCTION

MASSIVE multiple-input multiple-output (MIMO) sys-
tems are one of the essential technologies for the

beyond-fifth-generation (B5G) and six-generation (6G) wire-
less communications. However, a large number of radio
frequency (RF) chains connected to active antennas in the
conventional fully-digital transmitter will incur huge power
consumption and high complexity, which has motivated the
work on hybrid analog-digital beamforming structures [1–4]
to decrease the number of RF chains by moving some signal
processing operations into the analogue domain. However,
the undesired high sidelobes may be caused in these hybrid
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beamforming structures. Hence, to mitigate the adverse effect
of the sidelobes in the transmit beam, different techniques
were proposed in the hybrid beamforming architecture [5–7].
Nevertheless, the cost of the analog network in conventional
hybrid beamforming structures is still high for the massive
number of RF components, such as dividers, combiners, phase
shifters and the connections between them, which calls for
more effective and innovative solutions [8].

Fortunately, the technologies of the meta-surfaces and state-
of-the-art manufacturing have been developed rapidly, and
the ITS, which is equipped with massive low-cost passive
elements, could be an effective replacement for conventional
hybrid beamforming structures. The main advantage of the
ITS-aided transceiver architecture is that the high-cost power
amplifiers and RF chains can be replaced by passive elements
in the ITS [9]. This inspired studies on adopting an ITS in a
transceiver architecture [8, 10, 11]. Although the ITS-assisted
transmitter architecture can effectively reduce the costs of the
analog network compared to conventional hybrid beamforming
structures, the undesired high sidelobes in the transmit beam
still exist, which calls for effective solutions. However, there
does not exist any work in the literature addressing sidelobe
suppression in wireless systems with an ITS-aided transmitter.

Against this background, we propose a novel hybrid beam-
forming design for an ITS-assisted network and consider
the solution to suppress the effect of the sidelobes in the
transmit beam. To the best of the authors’ knowledge, this
work is the first of its kind to suppress the effect of the
sidelobes in the hybrid beamforming design with the aid of an
ITS. The main contributions of this paper include: 1) In this
letter, we consider a minimization problem of a cost function
based on LS for the transmit beam, which can suppress the
sidelobes and maximize the mainlobes. Also, the mainlobes
are optimized to point to the users at arbitrary directions;
2) To solve the non-convex minimization problem, which
is related to the optimal digital beamforming vector at the
BS and the phase shifts of the ITS, we propose an efficient
algorithm based on the AO and ADMM method; 3) Simulation
results verify the convergence of the proposed algorithm and
demonstrate the superiority of the proposed scheme over other
benchmark schemes.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider an ITS-assisted network where the transmitter
consists of a BS with N active antennas and an ITS with M
passive elements, and there are K users receiving transmit
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Fig. 1: System model with ITS-aided transmitter.

beams from an ITS-assisted transmitter as shown in Fig. 1.
In the transmitter, each active antenna at BS is connected to
a dedicated RF chain and transmits the signal to the ITS.
Consequently, the design of the beamforming vector in the
conventional fully-digital transmitter is transformed into the
joint design of the digital beamforming at the BS and the phase
shifts of ITS elements. Thus, there is no direct link between
the ITS and the users. The diagonal matrix ΘT related to the
phase shifts of the ITS with continuous values is expressed
as:
ΘT = diag

(
ejα

(t)
1 , ..., ejα

(t)
M

)
, α(t)

m ∈ [−π, π), ∀m ∈ [1,M ].

(1)

We adopt the uniform separate illumination (USI) strategy
as studied in [8] to describe the illumination channel between
the BS and the ITS. In the USI strategy, each part of the
intelligent surface only receives the signal from one active
antenna and the powers of the received signals are identical.
The uniform power distribution in the USI strategy results in a
higher antenna gain of the ITS compared to other illumination
strategies. The illumination channel between the BS and the
ITS, i.e., T, is described as follows:

T =

[
χe−j

2πrm,n
λ

]
m,n

, (2)

where

χ =

{
λM

4π(
∑

n

∑
m∈M̃

rm,n)

√
4πν

1−cos(θmax
0 )

m ∈ M̃

0 otherwise
, (3)

where n ∈ [1, N ], m ∈ [1,M ], λ denotes the wavelength, ν
is the efficiency factor of the ITS, M̃ represents a set of the
selected passive elements, which are connected to the active
antenna n, and θmax

0 is the elevation angle in the separate
illumination (SI) strategy.

In addition, the ITS is modeled as an M -element uniform
planar array (UPA), with Mx row elements and My column
elements. We consider that all elements are equally spaced at
the ITS and the distance between two elements is d = λ

2 .
Thus, the steering vector s(δ, ϕ) at the ITS can be described
as in (4), where δ ∈ δall and ϕ ∈ ϕall. δall = [−π

2 ,
π
2 ) and

ϕall = [−π
2 ,

π
2 ) are the ranges of the elevation angle and

azimuth angle, respectively.

s(δ, ϕ) =

[
1, ej2π

d
λ
sinδ, ..., e

j2π

(
(Mx−1)d

λ
sinϕcosδ+

(My−1)d

λ
sinδ

)]T

.

(4)

Next, the beam response transmitted from the ITS-assisted
transmitter can be shown as:

P(δ, ϕ) = s(δ, ϕ)HΘTTw, (5)

where w ∈ CN×1 is the digital beamforming vector at the
BS.

To suppress the effect of the sidelobes and improve the
performance of K mainlobes intended for K users in the
beam response with the help of the ITS-assisted transmitter,
we consider the following cost function based on LS in [12]
for the transmit beam:

JLS =

∫
δ∈δall

∫
ϕ∈ϕall

F (δ, ϕ)|H(δ, ϕ)−D(δ, ϕ)|2 dδdϕ, (6)

where F (δ, ϕ) is a positive real weighting function to represent
the importance of certain region in the cost function. In
addition, H(δ, ϕ) and D(δ, ϕ) are the designed and desired
beam response of the transmit beam, respectively. Specially,
D(δ, ϕ) = 0 in the sidelobe region. We consider that the angles
in δall and ϕall are discrete values. Let δm and ϕm denote the
sets of angles in mainlobes. Also, δs and ϕs denote the sets
in sidelobes. Substituting the designed beam response P(δ, ϕ)
into (6), the formulation of JLS can be rewritten as:

JLS =(1− β)
∑

δ∈δm,ϕ∈ϕm

|P(δ, ϕ)−D(δ, ϕ)|2

+
β

Ns

∑
δ∈δs,ϕ∈ϕs

|P(δ, ϕ)|2, (7)

where β ∈ (0, 1) is a trade-off parameter to represent the
importance of the mainlobe and sidelobe in JLS . Also, Ns is
the number of the sidelobes.

To minimize the cost function JLS , we can consider the
following optimization problem:

min
ΘT ,w

JLS (8a)

s.t. C1 : (1), (8b)

C2 : wHw ≤ Pmax. (8c)

In the above optimization problem, C1 denotes the con-
straints of the phase shifts of ITS. The Pmax in C2 denotes
the transmit power budget at the BS. We aim to minimize
the cost function by joint design of the digital beamforming
vector w and the phase shifts ΘT . However, problem (8) is
intractable due to its non-convexity caused by the coupling of
the two variables. Next, we propose an effective algorithm to
solve the optimization problem.

III. PROBLEM SOLUTION

To decouple w and ΘT in problem (8), we adopt the AO
method to optimize the variables in an alternating manner.

A. Optimization of w

We first consider the optimization of w with a given ΘT .
Let b(δ, ϕ) = s(δ, ϕ)HΘTT and introduce the Lagrangian
multiplier µ related to the constraint C2, the Lagrangian
function L(w) can be described as (9) at the top of the next
page, which is a convex function over w. Thus, the optimal
value of w can be obtained by setting �L(w)/�w to zero as
shown in (10) at the top of the next page. Especially, if the
constraint C2 is not met with equality at w̃, the optimal value
of µ is µ̃ = 0. Thus, the optimal solution is w̃(0). Otherwise,
the optimal value of µ is given by (11), which can be obtained
by the bisection search method, and then the optimal value of
w can be obtained in (10) with the optimal value of µ.

µ̃ =
{
µ ≥ 0 : w(µ)Hw(µ) = Pmax

}
. (11)
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L(w) =(1− β)
∑

δ∈δm,ϕ∈ϕm

(b(δ, ϕ)w)(b(δ, ϕ)w)H +
β

Ns

∑
δ∈δs,ϕ∈ϕs

(b(δ, ϕ)w)(b(δ, ϕ)w)H

− 2(1− β)R

 ∑
δ∈δm,ϕ∈ϕm

D(δ, ϕ)b(δ, ϕ)w

+ (1− β)
∑

δ∈δm,ϕ∈ϕm

D(δ, ϕ) + µ(wHw − Pmax). (9)

w̃(µ) = (1− β)

 ∑
δ∈δm,ϕ∈ϕm

(1− β)(bHb) +
β

Ns

∑
δ∈δs,ϕ∈ϕs

(bHb) + µI

−1 ∑
δ∈δm,ϕ∈ϕm

D(δ, ϕ)bH . (10)

B. Optimization of ΘT

After obtaining the optimal value of w the formulation of
P(δ, ϕ) can be transformed as follows:

P(δ, ϕ) = s(δ, ϕ)HΘTTw

= θTdiag(s(δ, ϕ)
H)Tw

= θTa(δ, ϕ,w), (12)

where θT =
[
θ
(t)
1 , θ

(t)
2 , ..., θ

(t)
M

]
=

[
ejα

(t)
1 , ejα

(t)
2 , ..., ejα

(t)
M

]
is

the diagonal vector of ΘT with |θT (m)| = 1, ∀m ∈ [1,M ].
Thus, the cost function is equivalent to:

JLS = θTΦθH
T − 2R{θTΨ}+ q, (13)

where

Φ = (1− β)
∑

δ∈δm,ϕ∈ϕm

a(δ, ϕ,w)a(δ, ϕ,w)H

+
β

Ns

∑
δ∈δs,ϕ∈ϕs

a(δ, ϕ,w)a(δ, ϕ,w)H

Ψ = (1− β)
∑

δ∈δm,ϕ∈ϕm

D(δ, ϕ)a(δ, ϕ,w)

q = (1− β)
∑

δ∈δm,ϕ∈ϕm

D(δ, ϕ), (14)

and the last term q is independent of θT . Thus, to obtain the
optimal value of θT , we only need to tackle the following
optimization problem:

min
θT

θTΦθH
T − 2R{θTΨ} (15a)

s.t. C3 : |θT (m)| = 1, ∀m ∈ [1,M ]. (15b)

The problem (15a) remains intractable due to the unit
modulus constraint C3, but can be solved by successive convex
approximation (SCA), element-by-element iterative strategy
and ADMM algorithms [13]. The ADMM has a lower com-
plexity compared to the SCA method and a faster convergence
compared to the element-by-element iterative strategy. Thus,
we can adopt the ADMM algorithm studied in [14] to solve the
problem (15a). We first introduce a slack variable r ∈ CM×1

to transform the problem (15a) into the ADMM framework as
follows:

min
r,θT

rΦrH − 2R{rΨ} (16a)

s.t. C3. (16b)
r = θT . (16c)

The ADMM algorithm is based on the augmented La-
grangian as follows:

L(r,θT ,p) = rΦrH − 2R{rΨ}

−R
{
pH(r − θT )

}
+

ρ

2
||r − θT ||2, (17)

where ρ ≥ 0 is the penalty parameter and p ∈ CM is the
Lagrange multiplier.

Then, we can consider the iteration optimization between
the variables in (17) by the ADMM algorithm, which can be
performed based on the following subproblems and the update
for p as follows:

θi+1
T = arg min

θT , s.t.C2
L(ri,θi

T ,p
i), (18a)

ri+1 = argmin
r

L(ri,θi+1
T ,pi), (18b)

pi+1 = pi − ρ(ri+1 − θi+1
T ), (18c)

where i represents the number of iterations and (r0,θ0
T ,p

0)
are the feasible initial variables as follows:

θ0 = diag
(
ej2π(1/M), ..., ej2π(M/M)

)
,

r0 = 0

p0 = 0. (19)

Substituting the obtained ri and pi into (18a) and only
consider the term dependent on θT , the sub-problem over θT
can be formulated as:

min
θT , s.t.C2

||θT − (ri − ρ−1pi)||2. (20)

Considering the unit-modulus constraint C3 and according
to [15], the optimal value of θT to minimize sub-problem (20)
can be expressed as follows:

[θi+1
T ]m =

{
[ri−ρ−1pi]m
|[ri−ρ−1pi]m| , if [ri − ρ−1pi]m ̸= 0

[θi
T ]m, otherwise,

(21)

where [θT ]m denotes the mth element of θT .
Then, substituting θi+1

T and pi into (18b) and considering
the first-order derivation condition, we can obtain the follow-
ing solution:

2Φri+1 − 2Ψ− pi − ρ(θi+1
T − ri+1) = 0, (22)

which can be rearranged as:

ri+1 = (ρI+ 2Φ)−1(2Ψ+ ρθi
T + pi). (23)

where I ∈ CM×M denotes the identity matrix.
Lastly, we can obtain the value of p from (18c). Thus,

by iteratively optimizing the values of r, θT , and p, we can
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optimize the variables of problem (16a). The convergence of
the ADMM algorithm can be guaranteed as shown in [16] if
the value of the penalty parameter ρ satisfies:

ρI

2
−Φ ≥ 0. (24)

The proposed AO algorithm in our work can converge to a
stationary point because the optimizations of ΘT and w will
at least not increase the value of the cost function at each
iteration. Thus, the cost function will not increase during the
alternating optimization process. Thus, the proposed scheme
can converge to a stationary point.

C. Complexity analysis

According to [15], the complexity of ADMM algorithm is
O(TADMMM2 + M3), where TADMM defines the iteration
numbers for the ADMM algorithm and M defines the number
of elements of ITS. As such, the complexity of the proposed
algorithm is TAOO(TADMMM2 + M3), where TAO is the
number of iterations of the AO algorithm.

IV. SIMULATION RESULTS

This section presents the simulation results to demonstrate
the effectiveness of the proposed algorithm. In the simulations,
the BS is equipped with four antennas and the ITS consists
of 64 elements with Mx = My = 8. There are two
mainlobes pointed to two users and the desired directions
are (δm1 , ϕm1) = (−40°, 0°) and (δm2 , ϕm2) = (50°, 0°),
respectively. Also, the width of the slack region for the
mainlobe is set to 10° as in [6]. Then, the left regions outside
the two slack regions are the sidelobes. The discrete angle
values in the sidelobe regions are sampled at 1°. In addition,
the trade-off parameter is set to β = 0.8, and the desired beam
response in the mainlobe region is set to D(δ, ϕ) = 1.

We compare the system performance of the proposed
scheme with the following benchmark schemes:

1) Scheme with random w and ΘT : In this scheme, the
cost function for the beam response is not optimized,
and the beamforming vector at the BS and the phase
shifts of the ITS are generated with random values.

2) Scheme with discrete phase shifts of the ITS: The
phase shifts of the ITS are generated and optimized
as some discrete values as studied in [17]. The set of
the discrete values is given as SΘ = exp(jαm), αm ∈
{0, 2π

L , ..., 2π(L−1)
L }, ∀m ∈ [1,M ], where L = 2b0 , b0 is

the number of bits used for phase resolutions . Specially,
we set b0 = 1 here.

A. The convergence of the proposed algorithm

In this subsection, we examine the convergence property
of JLS in the proposed and benchmark schemes. From Fig.
2, we can see that the value of the cost function decreases
as the number of iterations increases and becomes stabilized
when the number of iterations reaches approximately 8 in the
proposed scheme and the scheme with discrete phase shifts. In
addition, the minimum values of JLS in these two schemes are
all close to 0, which are significantly lower than the scheme
with random ΘT and w.

Fig. 2: The convergence
behavior of JLS in the
proposed and benchmark
schemes.

Fig. 3: The beam response
of the scheme with random
w and ΘT .

B. The beam response of the ITS-assisted transmitter

In this subsection, we compare the beam response of the
transmit beam in the proposed scheme with the benchmark
schemes. We first consider the beam response of the scheme
with random w and ΘT as shown in Fig. 3. It can be
seen that there are many sidelobes in the beam response,
and the mainlobes can not be distinguished clearly. Next,
we consider the beam response of the scheme with discrete
phase shifts in Fig. 4. In this scheme, the sidelobes are
suppressed and the responses of the two mainlobes are close
to 1. In addition, the directions of the two mainlobes point
to (−41°, 0°) and (45°, 0°), which are close to the desired
directions. However, the sidelobes close to the mainlobes are
still high. To compare with the benchmark schemes, the beam
response of the proposed scheme is shown in Fig. 5. It can
seen that the sidelobes are further suppressed effectively and
the beam response of two mainlobes are close to 1. Also, the
directions of two mainlobes point to (−40°, 0°) and (49°, 0°),
which are closer to the desired directions than the scheme with
discrete phase shifts. Thus, the optimization of phase shifts is
essential to suppress the sidelobes.

Fig. 4: The beam response
of the scheme with discrete
phase shifts.

Fig. 5: The beam response
of the proposed scheme.

C. The beam response of the fully-digital transmitter

In this subsection, we study the beam response of the
scheme with the fully-digital transmitter as shown in Fig. 6 and
Fig. 7. When the number of the active antennas in the fully-
digital transmitter is 4, it can be seen that the beam response
is inferior compared to the proposed scheme. The sidelobes
can not be suppressed, and the mainlobes can not point to
the desired directions. When the number of active antennas
is 64, the same as the passive elements in the proposed
scheme, the sidelobes can be suppressed more effectively, and
the mainlobes can point to the desired directions. However,
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the fully-digital transmitter will incur high cost and power
consumption because the massive RF chains are needed [8].

Fig. 6: The beam response
of the scheme without ITS
(N = 4).

Fig. 7: The beam response
of the scheme without ITS
(N = 64).

D. The spectral efficiency of the transmit beam
Next, we investigate the spectral efficiency of the transmit

beam, which can be calculated as:

Rtb(δ, ϕ) = log

(
1 +

P(δ, ϕ)Xt

σ2

)
, (23)

where Xt = 30 dBm is the transmit power at the BS and
σ2 = −90 dBm is the noise power at the ITS-assisted
transmitter. In particular, the desired azimuth angles of two
users are set to ϕ = 0. Thus, we consider the simulation results
with different elevation angles δ as shown in Fig. 6. It can be
seen that the spectral efficiency of the proposed scheme can be
maximized at the desired directions. However, the high values
of the sidelobes in the scheme with discrete phase shifts will
interfere with the mainlobes, which may affect the information
transmission. Especially, the performance of the scheme with
the random values is worse.

V. CONCLUSION

This letter considered the minimization of the cost function
JLS based on LS to suppress the high sidelobes for a wireless
network with the proposed ITS-assisted transmitter structure.
To solve the minimization problem, we applied the AO and
ADMM algorithms to optimize the digital beamforming vector
at the BS and the phase shifts of the ITS in an alternative man-
ner. Then, we obtained the optimized beam response where the
sidelobes are suppressed effectively and the mainlobes pointed
to the desired directions towards the intended users accurately
as shown by the simulation results. Compared with other
benchmark schemes, we demonstrated the improvement of the
proposed scheme in terms of beam response and the spectral
efficiency of the transmit beam. For our future work, we will
analyze the performance benefits of sidelobe suppression in
the multi-cell environments.
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