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Abstract 

The performance of irregular phased array architectures is assessed in the context 
of multi-user multiple-input multiple-output (MU-MIMO) communications operat-
ing beyond 100 GHz. Realizing half-wavelength spaced planar phased arrays is chal-
lenging due to wavelength-integrated circuit (IC) size conflict at those frequencies 
where the antenna dimensions are comparable to IC size. Therefore, irregular array 
architectures such as thinned and clustered arrays are developed to mitigate the wave-
length-IC size conflict. In the thinned arrays, radiating elements are permanently deac-
tivated, while in clustered arrays, neighboring elements are grouped into subarrays. 
Furthermore, irregular arrays are integrated with hybrid beamforming architectures 
to manage the complexity introduced by full digital beamforming where a single radio 
frequency chain is connected per power amplifier. An optimization problem is formu-
lated to determine the optimal arrangement of antenna elements where the trade-off 
between spectral efficiency (SE) and sidelobe levels (SLL) can be tuned. Clustered array 
configurations are optimized by genetic algorithm and Algorithm-X-based methodolo-
gies where the former relies on a randomized search and the latter exploits brute-force 
search, respectively. Furthermore, a prototype array is designed on a printed circuit 
board (PCB) to verify the proposed methodologies through full-wave simulations. 
The developed irregular array assessment framework is validated through numerical 
simulations considering an 8 × 10 transmit array serving two receivers. To have a fair 
comparison, clustered arrays with a grouping of two and four elements are compared 
with thinned arrays with half and quarter thinning ratio, respectively. Thinned array 
configurations are achieving a peak SE of 3.4 b/s/Hz and 2.13 b/s/Hz while clustered 
array configurations are achieving a peak SE of 4.53 b/s/Hz and 3.67 b/s/Hz, respec-
tively. The combination of hybrid and irregular array architectures leads to minimal 
or no performance degradation in the case of hybrid fully connected architectures 
but severe SE and SLL degradation in the case of hybrid partially connected architec-
tures, respectively.
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1  Introduction
The exponential growth in mobile data traffic and the increasing demand for ultra-reli-
able, low-latency communication are driving the evolution of wireless networks toward 
the millimeter-wave (mm-wave) frequency spectrum, particularly beyond 100 GHz [1, 
2]. This frequency range is considered a promising frontier for the development of 
future wireless communication systems, such as the upcoming sixth-generation (6  G) 
networks. Leveraging these high frequencies offers the potential for massive bandwidth 
and data rates that far exceed current capabilities, enabling advanced applications such 
as immersive augmented reality (AR), virtual reality (VR), holographic communication, 
and massive machine-type communications (mMTC) for the Internet of Things (IoT). 
However, operating in the mm-wave spectrum introduces significant challenges, includ-
ing severe signal attenuation, limited scattering, and increased susceptibility to envi-
ronmental obstacles. To address these issues, innovative technologies like multi-user 
multiple-input multiple-output (MU-MIMO) systems are being explored as key enablers 
to enhance system capacity, improve spectral efficiency  (SE), and ensure robust commu-
nication in these challenging environments [3, 4].

At frequencies beyond 100 GHz, the implementation of conventional half-wavelength 
spaced phased arrays presents significant challenges due to packaging constraints [5], as 
integrated circuit (IC) footprint does not scale with frequency at same rate as antenna 
size. This results in a size conflict between the wavelength and IC dimensions in phased 
arrays operating at these frequencies. To address this, existing array architectures  [6, 
7] often incorporate subarrays, where a single power amplifier  (PA) and phase shifter 
drive multiple antennas, or they relax the half-wavelength spacing requirement [8]. Con-
sequently, irregular array architectures, such as thinned and clustered arrays  [9], have 
become attractive options to mitigate the wavelength-circuit size conflict.

On the other hand, hybrid and digital beamforming [10], where a radio frequency (RF) 
chain is connected to a plurality of PAs, are critical techniques to overcome the chal-
lenges posed by high path loss, limited scattering, and the need for precise beam steer-
ing. A combination of irregular array and hybrid architectures will pave the way to the 
realization of such large antenna arrays for future communication systems.

Thinned and clustered array configurations have been optimized to maximize the 
channel gain or to reduce the sidelobe levels (SLLs) in the context of single-user 
MIMO [11]. However, the array performance is analyzed separately for SE and SLL. On 
the other hand, irregular array configurations, which deviate from traditional uniform 
grid-based antenna arrangements, offer potential advantages  [12] in flexibility, spatial 
diversity, and array compactness. However, their performance in the context of high-
frequency MU-MIMO systems has not been extensively explored.

This article is based on and extends our previous works [13, 14], where irregular array 
architectures were compared considering a MU-MIMO setup in sub-THz band. The fol-
lowing are the novel contributions of this work,

•	 The development of a unified system model to assess the performance of irregular 
array architectures.

•	 The performance assessment of irregular arrays in combination with hybrid architec-
tures in the context of MU-MIMO.
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•	 A genetic algorithm (GA) search tailored to find optimal tetromino-tiled phased 
arrays.

•	 The performance validation of the optimized array configurations by full-wave simu-
lations.

Compared to our earlier works  [13, 14], this manuscript introduces a comprehensive 
system model that supports both digital and hybrid beamforming schemes, includ-
ing hybrid fully connected (HFC) and hybrid partially connected (HPC) architectures, 
which were not considered in the prior studies. In addition, a novel brute-force Algo-
rithm-X-based optimization approach for tetromino-tiling is proposed, extending the 
domino-tiling optimization of  [14]. The performance trade-off framework between 
spectral efficiency and SLL is also generalized to hybrid architectures. Furthermore, the 
current work expands the analysis by providing a detailed comparison of multiple array 
topologies under both digital and hybrid setups, and validates the findings through full-
wave electromagnetic simulations, offering a more extensive hardware-level validation 
than previously reported.

The article is organized as follows. Section 2 describes the methods used to assess the 
performance of hybrid and digital irregular array configurations. Section 3 presents the 
system model, introduces two key performance metrics, associated signal model for 
hybrid architectures, and explains irregular array architectures along with the objec-
tive function for the performance assessment. Irregular array configuration generation 
schemes are presented in Sect.   4, and the implementation aspects of irregular arrays 
are discussed in Sect.  5. Section 6 validates the developed methodology with numerical 
examples followed by conclusion in Sect.  7.

Notations: Vectors and matrices are denoted by bold lowercase and uppercase letters 
such as a and A , respectively. Matrix hermitian and transpose are denoted by (.)H and 
(.)T , respectively. Sets are denoted by Calligraphic letters such as A . C is the set of com-
plex numbers and E[.] is the expectation operator. Frobenius norm is denoted by ||.||F.

2 � Methods/experimental
This article focuses on comparing the performance of irregular array architectures in the 
context of MU-MIMO systems. The design and analysis are conducted with a sub-THz 
channel model, alongside the relevant antenna array technologies.

The performance comparison is based on Monte Carlo simulations, generating ran-
dom channel realizations. Various array configurations, including thinned and clustered 
arrays, were generated through random sampling techniques. To optimize these config-
urations, a combination of brute-force search such as Algorithm-X-based methods and 
randomized search such as (GA)-based methods were employed, respectively. The opti-
mized array designs were then validated using full-wave electromagnetic (EM) simula-
tions to confirm their effectiveness.

3 � System model
Consider a transmitter serving K receivers, each equipped with NRX antennas oriented 
as N ′ × M′ , located at the far-field of the transmitter. The transmit module comprises 
N × M = NTX identical radiating elements, each excited by an independent feeding 
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point where amplitude and/or phase control per antenna is possible [see Fig. 1(a)]. In 
addition, each antenna has a dedicated RF chain, which allows full digital (FD) process-
ing per antenna. Moreover, it is designed such that all the elements exhibit the same 
polarization. The symbols used in this work are listed in Table 1.

The far-field beam pattern radiated [15] by the planar array is given by

where gm,n(u, v) is the embedded/active element pattern [15], am,n ∈ C is the complex 
excitation, u = sin θ cosφ , v = sin θ sin φ and xm,n and ym,n are the element loca-
tions in wavelengths, θ ∈ [0, π2 ] and φ ∈ [0, 2π ] are the spherical/angular coordinates, 
respectively.

Let b = [b1, b2, . . . , bK ] ∈ C
K×1 be the data to be transmitted to K users satisfy-

ing E[bbH ] = IK /K  . Prior to transmission, the array excitation coefficients am,n in 
(1) are computed utilizing a precoding matrix F = [f1, f2, . . . , fK ] ∈ C

S×K  where S is 

(1)B(u, v) =
M
∑

m=1

N
∑

n=1

gm,n(u, v)am,ne
j2π(uxm,n+vym,n),

Fig. 1  Sketch of a fully populated N × M = 4 × 6 reference array architecture (S = 24) , b domino-tiled 
phased array hybrid partially connected architecture (S = 12) , c thinned phased array digital 
architecture (S = 12) , d tetromino-tiled phased array hybrid fully connected architecture (S = 6)
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the number of feeding points (S ≤ NTX ) , i.e., x = Fb , satisfying ||F||2F ≤ K  . The fully 
populated reference array (FPRA) architecture has S = NTX where each radiating 

Table 1  List of notations and symbols

Symbol Definition

N Number of vertical transmit antenna elements

M Number of horizontal transmit antenna elements

NTX Number of transmit antennas

N′ Number of vertical receive antenna elements

M′ Number of horizontal receive antenna elements

NRX Number of receive antennas

K Number of receivers

B(u, v) Far-field beam pattern radiated by the planar array

D Set of angles for SLL calculation

gm,n(u, v) Embedded/active element pattern of antenna (m, n)

xm,n Element location in x−axis

ym,n Element location in y−axis

am,n Complex array excitation coefficient

S Number of feeding points

F Precoding matrix

P Connection matrix between antennas and power amplifiers

Hk Channel between transmitter and receiver k

P
(out)
PA

Power amplifier output power

PL Subarray feeding loss

no Additive noise

rk Received signal at the antenna array of receiver k

w Combining vector

η Signal-to-noise ratio

γk Signal-to-interference-noise ratio at receiver k

Rk SE of receiver k

R̄ Average sum spectral efficiency

� SLL function

R̄ref Sum SE of FPRA

�ref SLL of FPRA

β Tuning parameter

P Set of thinned or clustered arrays

ρ Fill factor of thinned array

PS Set of N × M thinned array configurations, with S feeds

A Set of TTPA subarrays

gtm,n(u, v) Embedded/active element pattern of thinned array

gh,vm,n(u, v) Embedded/active element pattern of DTPA

gAm,n(u, v) Embedded/active element pattern of TTPA

Q Dictionary matrix used in Algorithm-X

pc Single-point crossover probability

pm Single-point mutation probability

A Population size for GA search

Imax Maximum number of iteration for GA search

χ Predefined performance for early termination

ξ CSI accuracy
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patch can be controlled digitally. The precoded data x is amplified and mapped to 
antennas by a matrix P ∈ C

NTX×S . The mapping matrix is equal to identity for FPRA 
architecture, i.e., P = IS while it will be useful to represent hybrid and irregular array 
architectures [see Sect.  3.1 and Sect.  3.2]. The amplitude of each unit element can be 
further tapered to control the SLL. The equivalent isotropically radiated power (EIRP) 
for data stream k [16] can be calculated as

where P(out)
PA  is the output power of a single PA, PL is the feeding loss, and the beam pat-

tern B(u, v) is excited by the kth column of the precoder matrix F , a = fk . The received 
signal at the antenna array of receiver k can be written as

where no ∼ CN
(

0, σ 2INRX

)

 is the additive noise and Hk ∈ C
NRX×NTX is the chan-

nel between the TX and RX k. In particular sub-THz channel model  [17] has been 
considered

where Lk is the number of channel paths between  the transmitter and the receiver 
k, κℓ is the number of subpaths associated to path ℓ , αℓ,i ∈ C is the complex channel 
gain for subpath (ℓ, i) , 

(

uRXℓ,i , v
RX
ℓ,i

)

 is the angle of arrival associated to subpath i in path 
ℓ , 
(

uTXℓ,i , v
TX
ℓ,i

)

 is the angle of departure associated to subpath i in path ℓ , respectively. To 
simplify the notation, the angle of departure corresponding to the subpath of the first 
path for user k (uTX1,1 , v

TX
1,1 ) is denoted by (uk , vk).

The transmitter and receiver steering vectors are defined as follows,

where (x′m′,n′ , y
′
m′,n′) is the antenna element location for the receiver. Finally, the chan-

nel is normalized to have E[||Hk ||2F ] = ḡ(u, v) , where ḡ(u, v) is the average embedded/
active element pattern for transmitter and receiver antennas.

Each receiver further processes the received signal by passing through the low-
noise amplifier and combining with vector w ∈ C

NRX×1 , i.e., yk = wH rk . Note that, 
combining vectors obey the unit norm, i.e., 

∣

∣

∣

∣wHw
∣

∣

∣

∣

2 = 1 . The instantaneous signal-
to-interference-noise ratio (SINR) at receiver k is denoted by γk , can be calculated as

(2)EIRP(u, v)k =
SP

(out)
PA

KPL
|B(u, v)|2,

(3)rk = HkPfkbk +
K
∑

j=1|j �=k

HkPf jbj + no,

(4)Hk =
Lk
∑

ℓ=1

κℓ
∑

i=1

αℓ,iaRX

(

uRXℓ,i , v
RX
ℓ,i

)

aTTX

(

uTXℓ,i , v
TX
ℓ,i

)

,

(5)
aTX (u, v) = [g1,1(u, v)ej2π(ux1,1+vy1,1), g1,2(u, v)e

j2π(ux1,2+vy1,2),

. . . , gM,N (u, v)e
j2π(uxM,N+vyM,N )],

(6)
aRX (u, v) = [g1,1(u, v)ej2π(ux

′
1,1+vy′1,1), g1,2(u, v)e

j2π(ux′1,2+vy′1,2),

. . . , gM′,N ′(u, v)e
j2π(ux′

M′ ,N ′+vy′
M′ ,N ′ )],
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where η is the signal-to-noise ratio (SNR). The SE for the link between the transmitter 
and the receiver k can be calculated by

The sum SE is R =
∑K

k=1 Rk and the average SE can be calculated over many 
channel realizations, i.e., R̄ = E[R] . The SLL of a beam pattern is denoted by 
� = SLL

[

|B(u, v)|2
]

 which is a function of the amplitude excitation a that is computed 
by a collection of channel realization for all receivers, i.e., H1,H2, . . . ,HK  . In particu-
lar, the SLL can be expressed as the maximum radiation level that is outside the main 
beam(s)

where the set D contains all (u,  v) directions that is outside the main beam(s), i.e., 
D =

⋂K
k=1 {|u− uk | ≥ ū} ∪ {|v − vk | ≥ v̄} , (uk , vk) stands for the direction of the main 

beam toward receiver k, ū and v̄ stand for the angular spread of the main beam in u− and 
v− planes, respectively.

3.1 � Hybrid architectures

Hybrid architectures are realized by factorizing the precoder matrix F into an analog 
part, FRF = [fRF ,1, fRF ,2, . . . , fRF ,K ] ∈ C

S×K  and a baseband part, FBB ∈ C
K×K  , resulting 

in F = FRFFBB . Specifically, the non-zero entries in the RF analog precoder, are repre-
sented as phase shifts, and a unit modulus constraint is imposed on them.

Two types of hybrid architectures are investigated: HFC [see Fig. 1(d)] and HPC [see 
Fig. 1(b)]. In the HFC architecture, all RF chains are connected to each feeding point, 
while in the HPC architecture, each RF chain is connected to a disjoint subset of feeding 
points. Therefore, the RF precoding matrix for the HFC architecture is fully populated, 
i.e., fRF (s, k) = 1√

S
ejϕs,k , whereas a block-diagonal structure is realized for the HPC 

architecture, with fRF (s, k) =
√

K
S e

jϕs,k.

A two-step hybrid precoding approach [18] is adopted in this work. The RF precoding 
matrix FRF is first determined, followed by the computation of the baseband precoder 
FBB based on the effective channel seen by the RF chains [18]. The RF precoding matrix 
is computed as follows:

where wRF ,k ∈ W and fRF ,k ∈ F  , W and F  are the receiver and transmitter RF code-
books which search takes place, respectively. The effective channel seen by the digi-
tal baseband can be expressed as H̄k = wRF ,kHkPfRF ,k . In the second step, a zero 
forcing (ZF) precoder  [19] is employed on the aggregated effective channel matrix 
H̄ =

[

H̄T
1 , H̄

T
2 , . . . , H̄

T
K

]T . Hence, the baseband precoder can be computed as

(7)γk =
η
∣

∣wHHkPfk
∣

∣

2

η
∑K

j=1|j �=k

∣

∣wHHkPfk
∣

∣

2 + 1
,

(8)Rk = log2 (1+ γk) [b/s/Hz].

(9)� = max
(u,v)∈D

|B(u, v)|2,

(10)
{

w⋆
RF ,k , f

⋆
RF ,k

}

= arg max
∣

∣wH
RF ,kHkPfRF ,k

∣

∣

2
,
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3.2 � Irregular arrays

To assess the performance of the thinned and clustered arrays, the signal model 
presented in the previous section is modified. The connection matrix P indicates 
the irregular array configuration. Thus, we are interested in the following objective 
function,

where R̄ref  and �ref  stand for the sum SE and SLL corresponding to a FPRA. The opti-
mization takes place among all possible irregular array configurations P with the desired 
property. In addition, β ∈ [0, 1] is a parameter that gives priority to communications 
performance or SLLs. In particular, β = 1 corresponds to pure communications perfor-
mance while β = 0 corresponds to pure SLL optimization, respectively.

3.2.1 � Thinned array

Removal of the radiating elements from a FPRA architecture results in a thinned array 
[see Fig. 1(c)] which can be modeled by modifying the connection matrix P . Zero rows 
are inserted in the locations where there is no connection, The remaining rows contain 
ones only in one location each where the antenna j is connected to PA i indicated as 
P(i, j) = 1 . The embedded/active element pattern gn(u, v) is modified to compute the 
far-field response of the thinned array as

where g tn(u, v) is the embedded/active element pattern for the thinned array. The ratio of 
the non-zero rows to the total number of antennas is indicated by the fill factor

We denote the solution space for an N × M thinned array with S elements by PS and 
counted as follows,

where the last three terms exclude the thinned arrays with smaller apertures than 
N × M . We generate random samples based on the method in [20] to search the solu-
tion space PS . Later, samples that maximize the objective (12) are selected with respect 
to β . In addition, the power consumption of the transceiver is reduced by the fill factor 
ρ compared to the FPRA architecture, thanks to the reduced number of RF chains and 
PAs.

(11)FBB = H̄H
(

H̄H̄H
)−1

.

(12)P⋆ = arg max
P∈P

β
R̄(P)

R̄ref

+ (1− β)
�(P)

�ref
,

(13)gn(u, v) = g tn(u, v),

(14)ρ = S

NTX
.

(15)

|PS | =
(

NTX

S

)

− 2

(

NTX −M
S

)

− 2

(

NTX − N
S

)

+ 4

(

NTX − N −M + 1
S

)

,
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3.2.2 � Clustered array

Clustered arrays are constructed by grouping the neighboring radiating elements, which 
are denoted as tiles, having domino [see Fig.  1(b)] and tetromino [see Fig.  1(d)] shapes 
and grouping of two and four neighboring antenna elements, respectively. Domino tile 
shapes can be realized in vertical and horizontal orientation that combines two adjacent 
unit elements sharing a horizontal or a vertical edge, respectively. In the case of tetromino, 
there are 19 possible tile shapes including rotations and reflections. The element pattern 
gm,n(u, v) and element feed locations xm,n and ym,n are modified to compute the far-field 
radiation pattern of the domino-tiled phased arrays (DTPAs) and tetromino-tiled phased 
arrays (TTPAs), respectively.

for the DTPAs and

for the TTPAs where A stands for the set of 19 possible tetromino unit elements includ-
ing rotations and reflections. The antenna locations are updated by replacing the coordi-
nates of the antenna feeding points 

(

xm,n, ym,n

)

 by 
(

x̄m,n, ȳm,n

)

 which can be computed as

and

for DTPAs where 
(

xm,n, ym,n

)

 and 
(

x′m,n, y
′
m,n

)

 are the coordinates of the neighboring 
antenna elements sharing the same tile. Similarly, the antenna locations are updated by

and

for TTPAs where 
(

xm,n, ym,n

)

 , 
(

x′m,n, y
′
m,n

)

 , 
(

x′′m,n, y
′′
m,n

)

 , and 
(

x′′′m,n, y
′′′
m,n

)

 are neighboring 
antenna element coordinates sharing the same tile. Furthermore, the connection matrix 
P can be modified to reflect the behavior of the clustered arrays. In particular, for DTPAs 
the connection matrix P has a column sum of 2 indicating a PA connecting to 2 radiating 
elements [see Fig. 1(b)]. Similarly, for TTPAs the connection matrix P has a column sum 
of 4 indicating a PA connecting to 4 radiating elements [see Fig. 1(d)]. The size of the 
solution space |P| of DTPA for an N × M aperture can be calculated as [21]

(16)gm,n(u, v) =
{

gvm,n(u, v) vertical domino

ghm,n(u, v) horizontal domino,

(17)gm,n(u, v) = gAm,n(u, v),

(18)x̄m,n =
xm,n + x′m,n

2

(19)ȳm,n =
ym,n + y′m,n

2

(20)x̄m,n =
xm,n + x′m,n + x′′m,n + x′′′m,n

4

(21)ȳm,n =
ym,n + y′m,n + y′′m,n + y′′′m,n

4
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The enumerative tiling method (ETM) described in [22] used to generate many DTPA 
samples and GA-based search tailored to find optimal DTPAs  [22] considering the 
objective (12). We use algorithm-X [23] to generate TTPA configurations that cover the 
N × M planar array. Among many generated samples, we utilize GA search [24] to find 
the optimal array configuration. The binary representation of the sample index is used as 
a chromosome in GA search where ⌈log2 (|P|)⌉ is the length of the chromosomes.

In addition, the power consumption of the DTPA and TTPA architectures are sig-
nificantly lower than the FPRA architecture by a factor of S/NTX = 2 and S/NTX = 4 , 
respectively.

4 � Irregular array configuration generation methods
Configuration generation methods mentioned in Sect.   3.2 are explained in this part. 
GA-like random search methods are flexible in terms of objective functions, i.e., they 
can work with non-convex objectives and constraints but do not guarantee convergence 
to global optimum. Hence, brute-force search methodologies such as Algorithm-X are 
explored to assess the performance of GA-based search methods and to identify further 
statistics about the solution space.

4.1 � Algorithm‑X

The initial version of the Algorithm-X [23] is designed to find a configuration that cov-
ers the area of interest with the given unit pieces, also known as exact cover problem. 
This algorithm can be modified to generate all possible irregular array configurations 
either in a brute-force or a randomized fashion  [25, 26]. In this work, we adopt the 
brute-force sample generation in order to search the solution space for clustered arrays 
[see Sect.  3.2.2]. Hence, one needs to create a dictionary matrix Q that contains all pos-
sible elements and their configurations in N × M aperture. For example, a dictionary 
matrix for DTPA contains all possible arrangements of horizontal and vertical elements 
in N × M aperture. Figure 2 depicts the flowchart for the brute-force irregular array 
configuration generation scheme which uses Algorithm-X and manipulates the diction-
ary matrix Q . The algorithm updates the current dictionary Q′ which is nothing but a 
subset of the dictionary matrix Q and updates the last configuration Pi that covers 
N × M aperture by by removing the recent elements that has been placed in Pi′ . The 
subscript i in Pi stands for the configuration index used for enumerating the generated 
configurations.

4.2 � Genetic algorithm

GA has been used to search the solution space P effectively. First, plain version of the 
GA is described and necessary modifications are discussed for each irregular array 
architecture. One needs to come up with a unique representation of each sample that 
serve as a chromosome description. The algorithm runs for a maximum of Imax itera-
tions or stops when a predefined performance metric χ is satisfied.

(22)|P| = 2
NM
2

M
∏

m=1

N
∏

n=1

[

cos2
(

πm

M + 1

)

+ cos2
(

πn

N + 1

)]1/4

.
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(1) Step 1 (Initialization): An initial population of size A is generated where each member 
of the population is a distinct configuration in the solution space P . The fitness value of 
each sample is evaluated and enumerated according in the ascending order.

(2) Step 2 (Reproduction Cycle): Two new samples are generated, first by selecting par-
ent samples with roulette-wheel  [24] selection, and combining them with the single-point 
crossover [24] which can occur with probability pc . Furthermore, single-point mutation [24] 
modifies the newly generated samples individually which can occur with probability pm.

(3) Step 3 (Fitness Evaluation): Fitness values for the newly generated samples are com-
puted. Finally, the elitism operator [24] is applied to assure that the best solution found so 
far stays in the population.

(4) Step 4 (Convergence Check): The algorithm is terminated if Imax is reached or a solu-
tion is found that satisfies a user-defined threshold χ . Otherwise, the iteration number is 
incremented and Step 2 is executed.

A flowchart explaining the GA-based irregular array performance optimization is 
depicted in Fig. 3.

The chromosome definition for DTPA follows the description in [22] that is inspired by 
the height function in [27]. In the case of TTPA configurations, we use the sample index that 
is determined during the configuration generation scheme described in Sect.  4.1 in binary 
format as chromosome description similar to [28].

5 � D‑band antenna array design
A highly integrated, linearly polarized 8 × 10 phased arrays with interelement spacings 
of dx and dy along the x- and y-axes, respectively, are designed on a printed circuit 
board (PCB) using the frequency-domain solver of CST Microwave Studio [Fig. 4(a)]. 

Fig. 2  Algorithm-X-based irregular array configuration generation scheme
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These arrays are developed to validate the performance of the synthesized arrays. 
Operating at 140 GHz, each antenna element is designed to fit within a compact foot-
print of less than 1.1mm×1.1mm (0.5 �0 ×0.5 �0).

The design process incorporates standard any-layer high-density intercon-
nect  (HDI) PCB constraints, ensuring seamless CMOS beamformer-to-antenna 
integration and facilitating mass production. To meet stringent performance require-
ments, a stripline-fed, cavity-backed slot antenna topology is adopted, as shown in 
Fig.  5(a). The backing cavity ensures robust isolation between the antenna and the 
integration platform, while also minimizing mutual coupling in the phased array [29]. 
Additionally, the rectangular slot configuration provides high co-to-cross polariza-
tion discrimination.

As illustrated in Fig. 4(b), the CMOS beamformer [7] is directly integrated into the 
tiled and tinned array configurations. The antenna is initially realized on a high-fre-
quency PCB laminate, further optimizing its performance. To ensure high system effi-
ciency, a dedicated stripline-to-coax transition is utilized to feed the antenna arrays. 
In order to control impedance during the transition, a semi-coaxial type structure is 
employed. In this configuration, one side of the vias functions as the outer conductor 
of the coaxial probe, while the other side serves as the inner conductor, connecting 
the antenna feed points and the stripline transmission line to the beamformer.

Fig. 3  GA-based irregular array optimization scheme
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The simulated embedded radiation pattern of the antenna at 140 GHz is depicted 
in Fig. 5(b). A simulated embedded boresight gain of 4.5 dBi is achieved at 140 GHz.

6 � Results & discussion
The system model developed in Sect.  3 has been validated through numerical simu-
lations in this section. The performance of irregular arrays is evaluated in an indoor 
environment, where two receivers (K = 2) , each equipped with a 4 × 4 square 
array (NRX = 16) , are positioned in the far-field of an 80-element rectangular array 
N × M = 8 × 10 (see Sect.  5), as described in  [13, 14]. For comparison, thinned 
and clustered array designs have been optimized for both the SLL and SE at 140 GHz, 
based on the objective function in (12).

Fig. 4  a Layout diagram of the proposed 8 × 10 array ( dx = dy = 0.5 �0 ). b 8-layer PCB stackup
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The angular spread of the main beam is set at ū = 0.21 and v̄ = 0.28 in D for SLL 
evaluation. In a (MU-MIMO) configuration under the 140  GHz propagation environ-
ment [17], it is expected that K beams will form, targeting the receivers due to the sparse 
nature of the channel. The SLL and SE values are averaged over 25 channel realizations, 
with receivers randomly distributed on an angular grid.

The solution space sizes |P| for DTPA, as well as 25% and 50% thinned arrays, are pre-
sented in Table  2, calculated using  (15), and (22). For an 8 × 10 array the size of the 
solution space for DTPA is around 109 samples, thinned array with ρ = 0.5 is around 
1023 , and thinned array with ρ = 0.25 is around 1018 , respectively.

Consequently, for the 8 × 10 transmit array, the size of the solution space is too large 
to be explored through brute-force search, making it necessary to apply the search meth-
odologies outlined in Sects.  3.2 and 4. Hence, GA-based search methodology described 
in Sect.   4.2 is utilized to effectively find the array configurations that maximize the 
objective (12). We consider maximum number of iterations Imax = 300 for DTPA 
optimization due to fast convergence thanks to the chromosome description  [22] and 
Imax = 1000 is selected for TTPA optimization while no predefined performance χ is 
used for early termination. In all GA runs, a population size of A = 20 along with cross-
over probability pc = 0.9 , mutation probability pm = 0.1 , and different discrete tuning 
parameter β values are considered, respectively. For TTPA optimization, 2.5× 107 irreg-
ular array configurations were generated, encoded as 25-bit binary vectors, that is used 

Fig. 5  a Strip line feed cavity-backed slot antenna element. b 3D plot of the embedded gain pattern of the 
strip line feed cavity-backed slot arrays resonating at 140 GHz

Table 2  The size of the solution space |P| for different irregular array architectures

N = M DTPA 25% Thinned 50% Thinned

6 6728 4.5× 107 8.7× 109

8 1.29× 107 3.3× 1014 1.8× 1018

10 2.58× 1011 1.9× 1023 1029

16 2.44× 1030 1.8× 1061 5.7× 1075
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as chromosomes in the GA search. Thinned array configurations are optimized consid-
ering the technique in [20].

The 8 × 10 antenna array designed in Sect.   5 is employed for performance com-
parison. Without loss of generality, the unit element responses for the reference and 
thinned arrays at the broadside angle are assumed to be gm,n(0, 0) ≃ 4.07  dBi and 
g tm,n(0, 0) ≃ 5.68 dBi, respectively, with no feeding losses, i.e., PL = 0 dB. Additionally, 
the unit element responses for DTPAs and TTPAs at the broadside angle are assumed 
to be gh,vm,n(0, 0) ≃ 6.5 dBi and gAm,n(0, 0) ≃ 7.9 dBi, respectively, with feeding losses of 
PL = 0.3 dB and PL = 0.6 dB, respectively.

Figure 6 illustrates the SLL versus the sum SE Pareto space for the following FD con-
figurations: (a) DTPA with 2× 106 points, (b) TTPA with 8× 105 points, (c) 50% thinned 
array with 105 points and (d) 25% thinned array with 8× 105 points. The color coding 
represents the distribution of samples along the sum SE and SLL axes. It is important 
to note that in Fig. 6(a), the DTPA solution space exhibits discrete behavior along the 
SE axis due to having only vertical and horizontal unit elements, while in Fig. 6(b), the 
TTPA solution space follows a Gaussian distribution over both axes since the phase 
center of the unit elements can be better randomized. The optimal configurations for 
different β values are indicated with a square marker, showing how the trade-off between 
sum SE and SLL performance forms a Pareto front. The optimized DTPA configurations 
found by GA and Algorithm-X techniques are indicated with cross and square markers 

Fig. 6  SLL versus sum SE Pareto space of a DTPA with 2× 10
6 points, b TTPA with 8× 10

5 points, c ρ = 0.5 
thinned array ( S = 40 ) with 105 points, d ρ = 0.25 thinned array ( S = 20 ) with 8× 10

5 points, respectively
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in Fig.  5(a), respectively. Similarly, the optimized TTPA configurations found by GA 
and Algorithm-X techniques are indicated with cross and square markers in Fig. 6(b), 
respectively. We observe that Algorithm-X can find better solutions compared to GA-
based search at the expense of increased complexity.

Next, the focus is placed on comparing hybrid and digital architectures in combination 
with irregular arrays. The same optimization process has been performed for each archi-
tectural option, and the resulting normalized power patterns have been compared. For 
illustration, a single channel realization has been selected from the 25 realizations used 
during optimization. Specifically, the selected channel realization involves two receiv-
ers located at angular coordinates (u1, v1) = (0.25, 0.25) and (u2, v2) = (−0.25,−0.75) , 
respectively. The optimal array configuration for each architecture is plotted, with 
β = 0 is considered in the objective function  (12). Algorithm-X-based optimiza-
tion results are reported for clustered arrays while the method in [20] is considered for 
thinned array optimization.

Figure 7 depicts the detailed array excitation and resulting normalized power pat-
tern of the optimized (N × M) = 8 × 10 FPRA architectures. Figure  7(a), (d), 
and (g) depicts the excitation amplitude, phase, and normalized power pattern for 
the FPRA with FD architecture, respectively. Figure  7(b), (e), and (h) depicts the 

Fig. 7  Optimized (N × M) = 8 × 10 FPRA a Excitation amplitude, d excitation phase, and g normalized 
power pattern of FD architecture, b excitation amplitude, e excitation phase, h normalized power pattern 
of HFC architecture, c excitation amplitude, f excitation phase, and i normalized power pattern of HPC 
architecture, respectively
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excitation amplitude, phase, and normalized power pattern for the FPRA with HFC 
architecture, respectively. Figure  7(c), (f ), and (i) depicts the excitation amplitude, 
phase, and normalized power pattern for the FPRA with HPC architecture, respec-
tively. FD and HFC architectures exhibit two clear beams toward two receivers while 
maintaining low SLLs while the HPC architecture has wider beams and increased 
SLLs due to limited array excitation control. However, realizing these array architec-
tures is challenging considering the beyond 100-GHz implementation constraints.

Figure 8 depicts the detailed array excitation and resulting normalized power pat-
tern of optimized (N × M) = 8 × 10 , ρ = 0.5 thinned array (S = 40) architec-
tures. Figure 8(a), (d), and (g) depicts the excitation amplitude, phase, and normalized 
power pattern for the thinned array with FD architecture, respectively. Figure  8(b), 
(e), and (h) depicts the excitation amplitude, phase, and normalized power pattern for 
the thinned array with HFC architecture, respectively. Figure 8(c), (f ), and (i) depicts 
the excitation amplitude, phase, and normalized power pattern for the thinned array 
with HPC architecture, respectively. In all cases, one can identify two beams toward 
tow receivers where the optimal array configuration changes with the architectural 
choice. In particular, HPC architecture exhibits higher SLLs due to reduced control 

Fig. 8  Optimized (N × M) = 8 × 10 thinned array with S = 40 , a Excitation amplitude, d excitation 
phase, and g normalized power pattern of FD architecture, b excitation amplitude, e excitation phase, 
h normalized power pattern of HFC architecture, c excitation amplitude, f excitation phase, and i normalized 
power pattern of HPC architecture, respectively
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on the array excitation but the size of the main beams does not enlarge in contrast to 
FPRA array with HPC architecture.

Figure 9 depicts the detailed array excitation and resulting normalized power pattern 
of optimized (N × M) = 8 × 10 , ρ = 0.25 thinned array (S = 20) architectures. 
Figure 9(a), (d), and (g) depicts the excitation amplitude, phase, and normalized power 
pattern for the thinned array with FD architecture, respectively. Figure 9(b), (e), and (h) 
depicts the excitation amplitude, phase, and normalized power pattern for the thinned 
array with HFC architecture, respectively. Figure 9(c), (f ), and (i) depicts the excitation 
amplitude, phase, and normalized power pattern for the thinned array with HPC archi-
tecture, respectively. Thinned arrays with FD and HFC architecture exhibits two beams 
toward two receivers at the expense of high SLLs. Furthermore, thinned array with HPC 
cannot accommodate two clear beams due to low thinning ratio combined with HPC 
architecture.

Figure  10 depicts the detailed array excitation and normalized power pattern of 
optimized (N × M) = 8 × 10 DTPA architectures. Figure 10(a), (d), and (g) depicts 
the excitation amplitude, phase, and normalized power pattern for the DTPA with 
FD architecture, respectively. Figure 10(b), (e), and (h) depicts the excitation ampli-
tude, phase, and normalized power pattern for the DTPA with HFC architecture, 

Fig. 9  Optimized (N × M) = 8 × 10 thinned array with S = 20 : a Excitation amplitude, d excitation 
phase, and g normalized power pattern of FD architecture, b excitation amplitude, e excitation phase, 
h normalized power pattern of HFC architecture, c excitation amplitude, f excitation phase, and i normalized 
power pattern of HPC architecture, respectively
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respectively. Figure 10(c), (f ), and (i) depicts the excitation amplitude, phase, and nor-
malized power pattern for the DTPA with HPC architecture, respectively. All DTPA 
architectures maintain low SLLs compared to thinned array with ρ = 0.5 . DTPA 
with FD and HFC architecture maintains two clear beams toward two receivers while 
the control on the second beam in HPC architecture is significantly reduced.

Figure  11 depicts the detailed array excitation and normalized power pattern of 
optimized (N × M) = 8 × 10 TTPA architectures. Figure 11(a),(b), and (c) depicts 
the excitation amplitude, phase, and normalized power pattern for the TTPA with FD 
architecture, respectively. Figure  11(d),(e), and (f ) depicts the excitation amplitude, 
phase, and normalized power pattern for the TTPA with HFC architecture, respec-
tively. Figure  11(g),(h), and (i) depicts the excitation amplitude, phase, and normal-
ized power pattern for the TTPA with HPC architecture, respectively.

We observe that thinned arrays maintains the two beams toward two receivers 
thanks to accurate phase control per radiating element. However, control on the SLLs 
highly reduced due to more than half-wavelength spacing. On the contrary, TTPAs 
maintain low SLLs but reduced control on the two beams toward two receivers due to 
amplitude and phase control on the subarray level.

Fig. 10  Optimized (N × M) = 8 × 10 DTPA, a Excitation amplitude, d excitation phase, and g normalized 
power pattern of FD architecture, b excitation amplitude, e excitation phase, h normalized power pattern 
of HFC architecture, c excitation amplitude, f excitation phase, and i normalized power pattern of HPC 
architecture, respectively
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SLL and sum SE performance comparison of different irregular array architecture 
options in Figs.  7,8,  9,   10, and   11 is listed in Table  3. In general, clustered arrays 
DTPA and TTPA achieves higher SE compared to their thinned array counterparts 
owing to more radiating elements, respectively. FPRA with FD and HFC architectures 
exhibit high SE and low SLLs but the hardware complexity is too high. FPRA with 
HPC architecture has poor SLLs due to reduced control per radiating patch result-
ing in wider beams and higher SLLs. 50% thinned arrays with FD and HFC architec-
ture achieve similar SE with better SLLs compared to FPRA with HPC architecture. 
On the other hand, 25% thinned arrays have poor SE due to fewer radiating elements 
and poor SLLs due to increased sparsity. DTPA with FD and HFC architectures main-
tain low SLLs and high SE thanks to the same number of radiating elements as FPRA 
becoming an excellent alternative to conventional FPRA architectures. TTPA with FD 
and HFC architectures maintains acceptable SLLs while significant reduction on the 
sum SE due to a combination of increased feeding losses PL and reduced array gain 
compared to DTPAs.

Next, the sum SE versus SNR performance of different irregular array architec-
tures depicted in Figs. 7, 8,9, 10, and 11 have been compared considering 500 chan-
nel realizations. Figure  12 depicts the SNR versus sum SE comparison of irregular 

Fig. 11  Optimized (N × M) = 8 × 10 TTPA, a Excitation amplitude, d excitation phase, and g normalized 
power pattern of FD architecture, b excitation amplitude, e excitation phase, h normalized power pattern 
of HFC architecture, (c) excitation amplitude, f excitation phase, and i normalized power pattern of HPC 
architecture, respectively
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arrays combined with different hybrid and digital architectures. Similar to [14], clus-
tered arrays outperform their thinned array counterparts, i.e., DTPA versus thinned 
array with ρ = 0.5 , and TTPA versus thinned array with ρ = 0.25 , respectively. We 
observe that the sum SE of FD and HFC architectures are almost the same for DTPA 
and thinned array configurations. DTPA with FD and HFC architecture outperforms 
the FPRA with HPC. On the other hand, TTPA with FD almost meets the FPRA HPC 
performance and outperforms DTPA with HPC. DTPA with FD architecture perfor-
mance can be achieved with TTPA with FD architecture by increasing the PA output 

Table 3  SLL and sum SE performance comparison of different irregular array architectures in 
Figs. 7, 8, 9, 10 and  11 at η = 5 dB serving two receivers ( K = 2)

Architecture SLL [dB] Sum SE [b/s/Hz]

FPRA FD −16.18 5.22

FPRA HFC −16.52 5.22

FPRA HPC −4.15 3.67

50% thinned array FD −9.57 3.37

50% thinned array HFC −9.66 3.40

50% thinned array HPC −4.53 2.14

25% thinned array FD −4.98 2.09

25% thinned array HFC −5.28 2.13

25% thinned array HPC −3.06 1.24

DTPA FD −12.89 4.53

DTPA HFC −12.65 4.52

DTPA HPC −5.64 3.04

TTPA FD −8.98 3.67

TTPA HFC −8.03 3.15

TTPA HPC −4.01 2.03

Fig. 12  SNR versus sum SE comparison of irregular arrays combined with different hybrid and digital 
architectures a FPRA, DTPA, and TTPA performances, b thinned array S = 40 , and S = 20 performances, 
respectively
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power P(out)
PA  by 2 dB. An increase of 3 dB on P(out)

PA  is required to meet the FPRA with 
FD performance for FPRA with HPC architecture. Similarly, DTPA with FD architec-
ture performance can be met by DTPA with HPC architecture having 3 dB increment 
on the P(out)

PA .
In order to assess the performance of irregular array architectures in a realistic setup, 

imperfect channel state information (CSI) conditions are evaluated. The estimated chan-
nel H̃ (imperfect CSI) is modeled according to [30],

 where H is the actual channel matrix, ξ is the CSI accuracy (0 ≤ ξ ≤ 1) , and E is an 
error matrix with i.i.d. entries having CN (0, 1) distribution. Therefore, simulations have 
been carried out with different CSI accuracies ξ . Figure 13 depicts the SNR versus spec-
tral efficiency comparison of FPRA, DTPA, TTPA, thinned array S = 40 , and S = 20 
architectures under imperfect CSI with accuracies of ξ = 0.9 , and ξ = 0.5 , respectively.

One can observe that even a small CSI imperfection such as ξ = 0.9 has a significant 
impact on the spectral efficiency for all architecture types. On the other hand, worst 
CSI conditions such as ξ = 0.5 has limited impact. Furthermore, the sum SE of irregular 
array architectures are reduced significantly especially for TTPA and thinned array with 
S = 20 which necessitates enhanced channel estimation techniques.

7 � Conclusion
Beyond 100-GHz MIMO phased array systems require the utilization of irregular 
array architectures due to implementation challenges such as wavelength-IC size con-
flict. Hence, thinned and clustered array performances have been compared in the 
context of MU-MIMO targeting beyond 100-GHz communication systems. A new 
framework has been developed to compare the performance of irregular arrays in 
combination with hybrid/digital architectures. SLLs and sum SE were selected as the 

(23)H̃ = ξH+
√

1− ξ2E,

Fig. 13  SNR versus sum SE comparison of FPRA, DTPA, TTPA, thinned array S = 40 , and S = 20 architectures 
under imperfect CSI with accuracies of ξ = 0.9 , and ξ = 0.5 , respectively
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performance metrics to assess the communications performance and radiation char-
acteristics simultaneously while the antenna arrays have been excited with commu-
nication signals. An optimization problem was written to find the optimal irregular 
array architecture that exploits low SLLs and high sum SE simultaneously and allows 
arbitrary weighting of the two criteria. The number of configurations, i.e., arrange-
ments and orientation of the antenna elements grows significantly with the array 
aperture which rules out brute-force search methodologies. Hence, random sample 
generation schemes and  GA-based search methods have been utilized to generate 
many samples and the optimal configuration has been selected among the gener-
ated samples. The optimal antenna array configurations have been realized in CST to 
validate the performance with full-wave simulations. The proposed methodology has 
been validated through numerical simulations where the performance of each array 
architecture is analyzed in detail considering a MU-MIMO scenario with beyond 
100-GHz channel models.

Simulation results showed that the clustered arrays DTPA and TTPA are outper-
forming their thinned array counterparts in terms of SLL and sum SE. In all cases, we 
observe significant performance reduction in HPC architecture compared to FD and 
HFC architectures due to limited amplitude and phase control per antenna. DTPA 
with FD or HFC architecture offers an excellent substitute for the conventional FPRA 
architectures. Increasing the clustering level from two to four by utilizing TTPA 
architectures resulted in acceptable SLLs but lower sum SE due to a combination 
of increased feeding losses and reduced array gain. Simulations with imperfect CSI 
revealed that TTPA and thinned array with S = 20 architectures require high CSI 
accuracy to maintain the sum SE performance.
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