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Abstract: Multiple-Input Multiple-Output (MIMO) diversity techniques are widely employed to improve communication
reliability in wireless systems; however, their energy-efficiency benefits under realistic propagation and hardware
constraints remain insufficiently understood. This paper investigates the energy—reliability trade-off in MIMO diversity
systems by jointly considering distance-dependent path loss, spatial correlation, retransmission effects and implementation-
related energy costs. Representative diversity configurations, including Single-Input Single-Output (SISO) (1 x 1),
Single-Input Multiple-Output (SIMO) (1 x 2) and Alamouti-based schemes (2 x 1 and 2 x 2), are evaluated across
varying transmission distances and operating Signal-to-Noise Ratio (SNR) conditions. The results reveal a strongly
operating-regime-dependent and non-monotonic relationship between diversity order and energy efficiency. Higher-
order diversity is beneficial mainly in intermediate regimes, where reducing retransmissions can outweigh the additional
implementation energy cost. Under favorable propagation conditions, however, implementation overhead dominates
and lower-complexity configurations are more energy efficient. Conversely, under severely degraded conditions, all
schemes enter a reliability-limited regime in which additional diversity provides diminishing energy returns. Furthermore,
comparison with conventional Independent and Identically Distributed (i.i.d.) Rayleigh fading shows that simplified
channel models systematically overestimate the achievable energy benefits of diversity techniques. The analysis identifies
distinct operating regimes governing diversity-related energy efficiency and highlights the combined influence of
propagation characteristics, reliability requirements, and hardware constraints. Overall, the results demonstrate that
diversity is advantageous only under specific operating conditions, emphasizing the importance of operating-point-aware
antenna configuration in practical wireless systems.

Keywords: Multiple-Input Multiple-Output (MIMO) systems, diversity techniques, energy efficiency, energy—reliability
trade-off, geometry-aware channel modeling

Abbreviation

AWGN  Additive White Gaussian Noise

BER Bit Error Rate

BPSK  Binary Phase-Shift Keying

CSI Channel State Information

iid. Independent and Identically Distributed
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IoT Internet of Things

LOS Line-of-Sight

LTE-A Long-Term Evolution Advanced
MIMO  Multiple-Input Multiple-Output
MRC Maximum Ratio Combining
NLOS  Non-Line-of-Sight

PER Packet Error Rate

RF Radio Frequency

SIMO  Single-Input Multiple-Output
SISO Single-Input Single-Output
SNR Signal-to-Noise Ratio

STBC  Space-Time Block Coding
UMi Urban Microcell

1. Introduction

Multiple-Input Multiple-Output (MIMO) techniques are widely used in modern wireless communication systems to
improve link reliability through spatial diversity [1]-[4]. By exploiting multiple antennas at the transmitter and/or receiver,
diversity schemes such as Maximum Ratio Combining (MRC) and Space—Time Block Coding (STBC) effectively mitigate
channel fading and improve communication robustness.

Despite these reliability benefits, the achievable energy-efficiency gains of MIMO diversity under realistic propaga-
tion and hardware constraints remain highly dependent on the operating conditions, particularly in energy-constrained
systems such as wireless sensor networks and Internet of Things (IoT) devices [5], [6]. In such scenarios, communication
typically dominates total energy consumption, while multiple antennas introduce additional hardware and signal-
processing costs associated with Radio-Frequency (RF) chains and baseband processing. Consequently, increasing the
diversity order does not necessarily improve energy efficiency, giving rise to a fundamental trade-off between reliability
and energy consumption.

Most existing studies analyze MIMO performance under simplified channel assumptions, primarily based on
Independent and Identically Distributed (i.i.d.) Rayleigh fading. However, such models neglect important characteristics
of practical wireless environments, including distance-dependent path loss and spatial correlation between antenna
elements. These effects can substantially influence both reliability and energy consumption, potentially leading to overly
optimistic predictions regarding the energy benefits of diversity techniques [7]-[9].

Motivated by these limitations, this paper investigates the energy—reliability trade-off in MIMO diversity systems
under realistic propagation and hardware constraints. A geometry-aware channel model is adopted to capture large-scale
propagation effects and spatial correlation, enabling a more realistic representation of practical deployment scenarios.
In addition, a unified evaluation framework is developed by combining packet-level performance analysis with a
parameterized energy consumption model that explicitly accounts for retransmissions, circuit energy, and processing
overhead. This framework enables the analysis of the operating regimes under which diversity improves or degrades
energy efficiency.

The novelty of the present work lies in the joint consideration of propagation-aware MIMO diversity performance,
packet-level reliability, retransmission-aware energy consumption and normalized hardware-overhead sensitivity. Unlike
previous MIMO energy-efficiency analyses that typically focus on transmit power, spectral efficiency, idealized fading
assumptions or hardware-specific energy models, the proposed framework links physical-channel realism with packet-
level energy per successful transmission. This enables the identification of operating regimes in which either higher-order
diversity or lower-complexity antenna configurations become preferable, depending on the propagation conditions, packet
error behavior and relative circuit and processing overhead.

The main contributions of this work are threefold:
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* A unified packet-level and propagation-aware framework for evaluating the energy—reliability trade-off of diversity-
based MIMO configurations. In contrast to conventional analyses based mainly on abstract Signal-to-Noise Ratio (SNR)
models or idealized fading assumptions, the proposed framework incorporates distance-dependent path loss, spatial
correlation and geometry-dependent propagation effects.

* A retransmission-aware energy-efficiency analysis that links packet error behavior with the expected energy
required for successful packet delivery. This allows the energy benefit of MIMO diversity to be evaluated beyond transmit-
power considerations, explicitly accounting for packet-level reliability and normalized circuit- and processing-related
overhead.

* Identification of operating regimes and transition conditions that determine when higher-order diversity becomes
energy-beneficial and when lower-complexity antenna configurations remain preferable. The analysis further shows
that simplified i.i.d. Rayleigh assumptions may overestimate diversity-related energy gains under realistic propagation
conditions.

The remainder of this paper is organized as follows. Section 2 reviews related work and positions the main
contributions of this study. Section 3 presents the system model and methodology. Section 4 discusses the simulation
results and analytical insights. Finally, Section 5 concludes the paper.

2. Related work

A substantial body of literature has addressed energy-efficient MIMO system design. Early studies demonstrated that
multi-antenna and cooperative transmission can reduce retransmissions and improve energy efficiency [5]. Subsequent
works developed link-level optimization frameworks, typically based on abstract SNR models and idealized channel
assumptions [6], [10], while the impact of Channel State Information (CSI) has also been investigated in terms of
estimation—energy trade-offs [11].

More recent research has extended the analysis toward adaptive MIMO operation, energy-aware transmission
strategies and realistic power-consumption modeling. Representative examples include adaptive massive MIMO operation
under practical resource constraints [12], risk-aware antenna selection under incomplete CSI [13], and realistic non-linear
power-consumption models for energy-efficient MIMO operation [14]. Complementary studies have also investigated
finite-blocklength energy-efficiency optimization for MIMO systems [15]. Although these studies significantly advance
individual aspects of practical MIMO system design, they generally examine adaptation, reliability or energy consumption
separately and do not provide a unified packet-level framework that jointly captures realistic propagation, retransmission
behavior and normalized hardware-related energy overhead.

A major limitation of existing work lies in the adopted channel models. Most studies assume simplified statistical
fading models, primarily based on Independent and Identically Distributed (i.i.d.) Rayleigh fading, which neglect
geometry-dependent propagation effects. In practical wireless environments, spatial correlation, multipath structure, and
array geometry significantly influence MIMO performance [7]-[9], [16], [17]. As aresult, simplified channel assumptions
may substantially overestimate the achievable diversity and energy-efficiency gains.

In addition, prior work often evaluates reliability under asymptotic assumptions, overlooking finite-blocklength
effects that are critical for packet-level communication performance [18]. This limitation is particularly important in
practical low-power systems, where retransmissions dominate energy consumption and directly couple reliability with
energy efficiency.

The positioning of the proposed work with respect to the existing literature is summarized in Figure 1 and Table
1. Figure 1 groups representative studies according to the main research directions that they address, including energy-
efficient MIMO design, adaptive and system-level energy-efficiency optimization, realistic and spatially correlated MIMO
channel modeling, and finite-blocklength reliability. Table 1 complements this overview by highlighting the extent to
which these research directions cover the principal components of the proposed framework.
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Figure 1. Literature positioning, identified research gap, and scope of the proposed framework

Table 1. Coverage of the main aspects addressed by the proposed framework

Ref(s). Research group Prop. Pkt. HW Reg.

Cui et al. [5], Chen et al. [6], Isheden et . .
al. [10], Rosas and Oberli [11] Energy-efficient MIMO foundations o o v o
Kim et al. [1;]50}5; Zi,a[ljz%o]’ Lee [21], Recent adaptive and system-level energy-efficiency methods ) o o X

Forenza et al. [7], Tataria et al. [8], . . .

Ozdogan et al. [9], Chiani ct al. [17] Spatially correlated and realistic MIMO channel studies v X X X
Polyanskiy et al. [18] Finite-blocklength reliability theory X v X X
This work Unified MIMO diversity energy-efficiency framework v v v v

Legend: Prop. = Realistic Propagation; Pkt. = Packet/Retransmission Reliability; HW = Hardware-Aware Energy; Reg. = Diversity-Regime
Analysis; v/ = Main focus; o = Partially addressed; x = Not a primary focus

Overall, the proposed framework combines research directions that have largely been investigated separately in the
existing literature. Previous MIMO energy-efficiency analyses have primarily focused on transmit-energy optimization,
abstract link-level models or energy—reliability trade-offs under simplified channel assumptions [5], [6], [10]. Rather than
introducing a new hardware power-consumption model, the framework jointly analyzes geometry-aware propagation,
packet-level reliability, retransmission-aware energy consumption and normalized hardware-overhead sensitivity within
aunified evaluation methodology. This enables the identification of operating regimes in which different MIMO diversity
configurations become energy-optimal under realistic propagation conditions. This positioning distinguishes the proposed
framework from previous MIMO energy-efficiency analyses and clarifies its practical design relevance.
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3. System model and methodology

This section presents the system model and methodology used to analyze the energy-reliability trade-off in the
considered MIMO diversity configurations. The communication link is represented using a flat-fading baseband model
describing the interaction between transmitted signals, propagation effects, and receiver processing. To enable realistic
performance evaluation, the proposed framework incorporates geometry-aware propagation modeling including distance-
dependent path loss together with spatial correlation effects between antenna elements [7], [8], [ 17], while also considering
packet-level performance metrics relevant to short-packet communication scenarios [18]. The overall methodology,
illustrated in Figure 2, integrates channel modeling, packet-level reliability evaluation, and hardware-aware energy
analysis within a unified simulation framework.

Stage 1 Stage 2 Stage 3
Baseline link analysis MIMO diversity analysis Energy-reliability trade-off
e «SIMO 1 x 2
* SISO baseline o Aot 2 % 1l

* Path loss + Alamouti 2 x 1
* Receive SNR » Performance

Evaluation

* Mode selection

Figure 2. Proposed geometry-aware evaluation framework

The following subsections describe the signal model, performance metrics, and simulation methodology.

3.1 Signal model

A point-to-point uplink MIMO communication system is considered, where a transmitter equipped with N; antennas
communicates with a receiver employing N, antennas. The analysis focuses on diversity-oriented configurations,
including 1 x 1, 1 x 2, 2 x 1, and 2 x 2, allowing consistent comparison between single-antenna and diversity-based
transmission schemes.

The discrete-time baseband received signal is expressed as

y=Hx+n, (M

where y € CVr*1 denotes the received signal vector, H € CV*M is the channel matrix, x € CV %! represents the transmitted
signal vector and n is Additive White Gaussian Noise (AWGN).

The channel matrix H follows a geometry-aware formulation incorporating both large-scale propagation effects and
small-scale fading [21]. Distance-dependent path loss is included to account for attenuation as a function of transmitter—
receiver separation, while small-scale fading models the effects of multipath propagation. Unlike conventional i.i.d.
channel assumptions, spatial correlation between antenna elements is explicitly incorporated, enabling more realistic
characterization of effective diversity gains and propagation behavior.

When a single transmit antenna is employed (1 x 1 and 1 x 2 configurations), the system operates in Single-Input
Single-Output (SISO) or Single-Input Multiple-Output (SIMO) mode, respectively, where receive diversity is exploited.
For configurations with two transmit antennas (2 x 1 and 2 x 2), transmit diversity is enabled through the Alamouti space—
time block coding scheme, which achieves full diversity gain with relatively low implementation complexity. To ensure
a fair comparison across antenna configurations, the total transmit power is kept constant, such that the power allocated
per transmit antenna is inversely proportional to N,. This normalization avoids artificial performance gains caused by
increased transmit power in multi-antenna schemes.

The average received Signal-to-Noise Ratio (SNR) is defined as
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where P; denotes the total transmit power and Ny represents the noise power spectral density.

Due to fading and spatial correlation, the instantaneous SNR depends on the channel realization H as well as the
applied diversity scheme. Receiver-side combining techniques, such as Maximum Ratio Combining (MRC) and transmit
diversity schemes, such as Alamouti space—time block coding, exploit multiple faded signal components to improve the
effective received signal power.

Under standard fading assumptions, the asymptotic Bit Error Rate (BER) behavior can be expressed as

BER o< y ¢, (3)

where d denotes the diversity order of the system. This relationship highlights that increasing diversity improves
robustness against fading, leading to lower error probability and reduced retransmissions at the packet level.

The adopted system model provides a unified framework for evaluating the impact of antenna configuration and
channel conditions on both reliability and energy efficiency, which are further analyzed in the following sections.

3.2 Performance metrics and energy consumption model

The system performance is evaluated using two metrics: Packet Error Rate (PER) and energy per successful packet
transmission. Assuming independent bit errors, the packet error rate for a packet of length L can be approximated as

PER ~ 1 — (1 — BER)E, 4)

indicating the strong sensitivity of packet-level reliability to the underlying bit error rate, particularly for short packets [4].

A normalized packet-level energy accounting model is adopted to evaluate the energy—reliability trade-off among
the considered MIMO diversity configurations. The adopted model is now clearly presented as a normalized packet-
level energy accounting framework, rather than a model intended to provide absolute hardware power-consumption
measurements for a specific radio platform. Instead, it provides a relative energy comparison framework, in which all
energy terms are expressed with respect to a reference packet transmit energy.

The reference energy E..r is defined as the radiated transmit energy required to transmit one baseline SISO packet. In
order to ensure a fair comparison among antenna configurations, the total packet transmit energy is kept constant across
all modes and normalized as

ki
E&tm = Loref- (5)

In the simulations, the packet length is Ly = 100, and therefore the reference packet energy is set to Er = 100
normalized energy units. Accordingly, all considered configurations use the same normalized radiated packet transmit
energy in the baseline comparison. The additional energy costs associated with multiple RF chains, receiver-side
combining and space—time processing are captured separately through the dimensionless coefficients @, and 3.

The normalized packet-energy cost of mode m, including transmit-energy, circuit-related and processing-related
overheads, is modeled as
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k
Er%kt = Etr),(,tm + amEref+ ﬁmEreﬂ (6)

where o, and f3,, are dimensionless scaling coefficients representing the circuit-related and processing-related overheads
of mode m, respectively. Since both overhead terms are scaled by E.y, all terms in E,lf,’,kt have the same normalized energy
dimension. The low, moderate and high overhead cases are therefore interpreted as parametric sensitivity regimes rather
than empirical measurements from a specific hardware platform.

For the baseline retransmission-aware comparison, the hardware-overhead terms are not used to assign an empirical
platform-specific cost. The nonzero overhead coefficients are introduced in the sensitivity analysis in order to examine
how the preferred diversity mode changes as the relative circuit and processing cost increases.

Under independent retransmissions, the expected energy per successfully received packet for mode m is approximated
as

kt
ESuee — E;Ir)zkt _ Eg(, m + amEref+ ﬁmEref. (7)
" 1—-PER,, 1—-PER,,

This expression accounts for the expected number of packet transmissions required to achieve one successful
packet delivery, assuming independent retransmission attempts. As PER,, increases, the expected retransmission burden
increases and therefore the energy per successful packet also increases [5], [6], [10].

The parameters oy, and f3,, capture the hardware-dependent energy consumption associated with each antenna
configuration. Specifically, o, accounts for circuit-related energy, including RF chains and analog front-end components,
while 3, represents the computational cost of baseband processing, which increases with receiver complexity and diversity
scheme.

Three overhead regimes are considered: low, moderate and high. The low-overhead regime corresponds to energy-
efficient hardware implementations, the moderate-overhead regime reflects practical operating conditions, while the high-
overhead regime represents hardware-constrained scenarios dominated by circuit and processing energy consumption.

The adopted model is expressed in a normalized and parameterized form, enabling systematic sensitivity analysis
without relying on hardware-specific implementations. This formulation separates retransmission-related energy from
hardware-related energy, which is later used to interpret the regime-dependent behavior observed in Section 4.3.

3.3 Simulation framework and evaluation methodology

The analytical model described in the previous subsection defines the signal representation, antenna configurations
and performance metrics. To evaluate the energy—reliability trade-off under realistic conditions, a simulation-based
approach is adopted, following the processing chain illustrated in Figure 3.

The simulation framework includes channel realization generation, signal transmission, receiver processing, and
packet-level error evaluation. Performance is assessed through Monte Carlo simulations, where multiple packet
transmissions are generated for each operating point and the corresponding packet error rate is estimated. Independent
channel realizations are generated during the Monte Carlo packet-level evaluation. A packet error is declared when at
least one decoded symbol within the packet is erroneous.

Simulations were implemented using the Vienna Long-Term Evolution Advanced (LTE-A) Downlink System
Level Simulator, release v2.0 (Q3-2018), as the baseline simulation framework [23]. The channel-generation routines
were configured and adapted to explicitly control the propagation environment, Line-of-Sight (LOS)/Non-Line-of-Sight
(NLOS) condition, distance-dependent path loss, small-scale fading, spatial correlation, antenna spacing, modulation and
receiver processing. The main simulation parameters are summarized in Table 2, while the detailed channel-generation
equations are provided in Section 4.3.
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» Packet generation * Path loss * Perfect CSI: « SIMO (MRC)
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* Noise

Energy analysis
Receiver Packet Error Evaluation
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t=] J

Figure 3. Simulation workflow for the considered MIMO diversity analysis

Table 2. Main simulation and channel-generation parameters

Parameter Value/Assumption
Simulator framework Vienna LTE-A Downlink System Level Simulator, release v2.0 (Q3-2018)
Carrier frequency 2.5 GHz
Propagation environments Indoor LOS, Indoor NLOS, Urban Microcell (UMi) LOS and UMi NLOS
Path-loss model Scenario-dependent log-distance formulation; see Appendix A
Small-scale fading Rician fading for LOS links; Rayleigh fading for NLOS links
Rician factors Ky = 6 dB for Indoor LOS and K4z = 9 dB for UMi LOS
Spatial correlation Exponential transmit/receive correlation model; see Appendix A
Antenna configurations SISO 1 x 1, SIMO 1 x 2, Alamouti 2 x 1, and Alamouti 2 x 2
Antenna spacing 0.5A unless otherwise stated; varied from 0.1A to 1.04 in the antenna-spacing analysis
Distance range 5-50 m
Packet length Lpke = 100 Binary Phase-Shift Keying (BPSK) symbols, corresponding to 100 bits

Equal total packet transmit energy across all antenna configurations; E\.f = 100 normalized

Transmit-energy normalization energy units for Ly, = 100

Modulation BPSK
Channel coding Not applied in the baseline Packet Error Rate (PER) evaluation
CSI assumption Perfect CSI at the receiver unless otherwise stated
. . Coherent SISO detection, receive-side combining for SIMO, and standard Alamouti decoding for
Receiver processing :
2 x 1 and 2 x 2 configurations
Monte Carlo evaluation 2,000-5,000 baseline; up to 20,000 for convergence validation

For each operating point, 2,000-5,000 packet transmissions are evaluated. This number was selected to provide
consistent comparative trends across the considered operating regimes, rather than to provide asymptotically exact PER
estimates. The packet length is fixed to 100 BPSK symbols, corresponding to 100 bits, representing a short-packet
communication scenario relevant to IoT and low-latency wireless applications [22].

To further address the statistical reliability of the PER estimates, an additional convergence validation was performed
for a representative simulation scenario. In particular, the same representative scenario was re-evaluated using 2,000,
10,000, and 20,000 packet transmissions. The results showed that increasing the number of transmitted packets reduces
minor statistical fluctuations, especially in low-PER regions, while the overall PER trends and the relative performance
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ranking of the considered MIMO configurations remain unchanged. The results obtained with 10,000 and 20,000 packet
transmissions were very close, confirming that the reported PER estimates are statistically stable and that the main
conclusions of the study are not affected by the selected number of packet transmissions.

To complement the Monte Carlo PER analysis under short-packet transmission, an additional finite-blocklength
reliability validation was incorporated. While the main simulation framework evaluates the packet error rate directly
through Monte Carlo packet transmissions, finite-blocklength information theory provides a complementary analytical
framework to relate the packet size, coding rate, channel quality and decoding error probability. Therefore, for a
representative validation scenario, the decoding error probability was also estimated using the normal approximation
for finite-blocklength transmission.

For a given effective post-processing SNR 7, blocklength n and coding rate R, the decoding error probability is
approximated as

C(y)—R
erBL(Y, n, R) = Q i) R (®)
vy
n
In this expression, the channel capacity is given by
C(y) =logy (1+7), ©)
while the corresponding channel dispersion is defined as
v = (1= o ) Gomo) (10)

Here, v denotes the effective post-processing SNR after the corresponding receive combining or space-time decoding
operation.

In this validation, the number of information bits is set equal to the simulated packet size, i.e., k = Ly, = 100. For
a given coding rate R, the corresponding blocklength is n = k/R. Representative coding rates R = 0.5 and R = 0.75
are considered in order to examine the sensitivity of the decoding error probability to finite-blocklength effects. This
validation is intended to complement the Monte Carlo PER analysis by providing an information-theoretic reliability
assessment under finite blocklength. It is not intended to replace the original Monte Carlo simulations or to represent the
implementation of a specific practical channel code.

4. Simulation results

This section evaluates the considered antenna diversity configurations under geometry-aware propagation conditions.
All configurations, namely SISO 1 x 1, SIMO 1 x 2, Alamouti 2 x 1, and Alamouti 2 x 2, are analyzed under equal transmit
power constraints. The discussion focuses on distance-dependent behavior, operating conditions and hardware-aware
energy effects. Unless otherwise stated, the reference receive SNR is set to 20 dB at 5 m.
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4.1 Energy-reliability trade-off versus distance

The impact of transmission distance on packet-level reliability and energy efficiency is first examined under
geometry-aware propagation conditions. Figure 4 shows that reliability generally improves with increasing diversity
capability, although the exact ordering depends on the effective diversity gain achieved under the adopted geometry-
aware propagation model and power normalization assumptions. In the considered Indoor LOS scenario, Alamouti
2 x 2 provides the strongest reliability performance, followed by SIMO 1 x 2, Alamouti 2 x 1, and SISO 1 x 1. This
confirms the benefit of diversity-based transmission, while also showing that the relative performance of different MIMO
configurations depends on the practical channel and combining conditions [1], [4].

0.1+

0.01 /

Packet Error Rate (PER)

IE-3 ’ —a—SISO 1 % 1

E J —e—SIMO1x2
—a&— Alamouti 2 x 1
—v— Alamouti 2 x 2

IE-4 : : : : . .
10 20 30 40 50

Distance (m)

Figure 4. PER versus distance for the Indoor LOS scenario

The finite-blocklength validation further supports the reliability trends observed in the Monte Carlo PER simulations.
For the higher representative coding rate R = 0.75, the decoding error probability increases as the transmission distance
increases and the nominal large-scale SNR decreases. At 50 m, for example, the finite-blocklength decoding error
probability increases to approximately 1.15 x 10~! for SISO 1 x 1, while it remains significantly lower for the diversity-
based configurations, reaching approximately 3.30 x 10~ for SIMO 1 x 2, 1.60 x 102 for Alamouti 2 x 1 and 1.09 x 103
for Alamouti 2 x 2. These results confirm that the main reliability conclusions remain valid when coding rate, finite
blocklength, channel dispersion and decoding error probability are explicitly taken into account.

Table 3. Energy per successful packet transmission for different antenna configurations

Distance (m) SISO1x1 SIMO1x2 Alamouti2x1 Alamouti2x2 Best mode

5 102.82 100.00 100.00 100.00 Ix2
10 110.68 100.05 100.15 100.00 2x2
15 128.36 100.45 101.11 100.00 2x2
20 171.23 100.70 104.11 100.00 2x2
30 441.50 104.54 124.14 100.10 2x2
40 2,197.80 113.63 218.81 100.40 2x2
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However, improved reliability does not necessarily translate into improved energy efficiency. As shown in Table
3 and Figure 5, energy consumption remains nearly constant at short distances because packet error rates are negligible
and retransmissions occur infrequently. Consequently, the total energy expenditure remains close to the nominal packet
energy [5].

As transmission distance increases, retransmissions become the dominant contributor to total energy consumption.
Consequently, low-diversity configurations such as SISO and Alamouti 2 x 1 exhibit rapidly increasing energy consumpt-
ion due to sharply increasing PER. In contrast, higher-order diversity schemes substantially reduce retransmission-
related energy, with Alamouti 2 X 2 maintaining the lowest or near-lowest energy consumption across most operating
distances. Nevertheless, SIMO 1 x 2 remains highly competitive because of its lower hardware complexity. At large
distances, the impact of severe path loss becomes increasingly dominant. Although all configurations experience
reliability degradation, higher-order diversity schemes, particularly Alamouti 2 x 2, maintain substantially lower energy
consumption by effectively limiting retransmissions.

300 - —a—SISO 1 x 1
—e—SIMO 1 x 2
E —aA—Alamouti 2 x 1
é_ —v—Alamouti 2 x 2
= 250 4
Z
Q
2
2 200+
';{13
S
=1
o
=
[
N 150
g
=}
Z
100 —
5 10

Distance (m)

Figure 5. Energy per successful packet versus distance for the Indoor LOS scenario

0.1

Packet Error Rate (PER)

—a—Rayleigh SISO 1 x 1
IE-3 —e—Rayleigh SIMO 1 x 2

] / —a—Rayleigh Alamouti 2 x 1
—w—Rayleigh Alamouti 2 x 2

1IE-4 T T T T T T T T 1
10 20 30 40 50

Distance (m)

Figure 6. PER versus distance under the i.i.d. Rayleigh fading model
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The importance of geometry-aware propagation modeling is further illustrated through comparison with an i.i.d.
Rayleigh fading model in Figure 6. Simplified i.i.d. Rayleigh models neglect spatial correlation and geometry-dependent
propagation effects, effectively assuming statistically independent diversity branches. As a result, such models tend
to overestimate the achievable diversity and energy-efficiency gains [7], [8]. In contrast, the adopted geometry-aware
framework captures propagation constraints that reduce the effective diversity gain under practical operating conditions,
particularly at larger transmission distances where path loss and spatial correlation become increasingly significant.

Overall, the results show that the energy efficiency of diversity-based MIMO systems strongly depends on the
operating regime. Diversity provides clear energy benefits primarily when retransmissions dominate system behavior,
whereas under favorable channel conditions lower-complexity configurations remain more energy-efficient because of
reduced hardware overhead.

4.2 Impact of operating conditions

To further examine the behavior of the considered diversity configurations, the analysis is extended to different
operating conditions, including SNR, antenna spacing and propagation environment. These parameters directly affect
channel reliability, spatial correlation and retransmission behavior, thereby influencing the resulting energy efficiency.

4.2.1 Impact of SNR

Figure 7 illustrates the general SNR-dependent energy trends of the two most energy-efficient diversity configurations
across different operating regimes.

SNR =10 dB SNR =20 dB SNR =30 dB
500 o 150 4 100.20 —

400 4 i 100.15

Energy per successful packet
Energy per successful packet
Energy per successful packet

300 < 125 - 100.10 —
200 — | 100.05
100 — SIMO 1 % 2 100 100.00
—e— Alamouti 2 x 2
T T T e e e e e i L e e e e e e
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50

Distance (m) Distance (m) Distance (m)

Figure 7. Impact of SNR on energy per successful packet versus distance

At low SNR, the system rapidly enters a reliability-limited regime in which retransmissions dominate energy
consumption, leading to a sharp energy increase for lower-diversity configurations [4], [22]. In contrast, the Alamouti
2 x 2 scheme maintains substantially lower energy consumption because of its improved reliability. As SNR increases,
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the energy-reliability trade-off becomes more pronounced, with higher-order diversity providing the largest practical
energy benefit at moderate SNR values. Under these conditions, the Alamouti 2 x 2 configuration maintains nearly
constant energy consumption across a wide distance range, while the energy consumption of SIMO 1 x 2 gradually
increases as retransmissions become more frequent. At high SNR, all configurations achieve very low PER across the
considered distance range. Consequently, retransmissions become negligible and energy consumption approaches the
nominal transmit energy, reducing the relative energy advantage provided by higher-order diversity.

Overall, the results qualitatively confirm the distance-dependent behavior and show that SNR strongly influences
the balance between retransmission-related energy and diversity gain. This behavior is also relevant to short-packet
communication scenarios, where packet-level reliability is highly sensitive to symbol-error events. However, the present
baseline evaluation does not apply an explicit finite-blocklength channel-coding model [18].

4.2.2 Impact of antenna spacing

The impact of antenna spacing is evaluated under Indoor LOS conditions at a fixed distance of 20 m and a reference
SNR of 20 dB. Figure 8 shows that antenna spacing has a different impact depending on the diversity configuration. The
Alamouti 2 x 2 scheme maintains very low PER across the considered spacing range, indicating reduced sensitivity to
spatial correlation because of its higher diversity order. In contrast, the Alamouti 2 x 1 configuration exhibits slightly
higher sensitivity to antenna spacing compared to Alamouti 2 x 2, with moderate performance variations across the

considered spacing range. The SIMO 1 x 2 configuration remains comparatively stable across the considered operating
conditions [7], [24].

13
0.1 E PS 'o: & —{
2 ,___./‘w—
= i
E 0.01 I/.\.//I\.,/'\.———"——I\.
& ]
§ ]
S IE-3 A A
e T~
1E-4 A A A —a—SISO 1 x 1
3 —e—Alamouti 2 x 1
i —aA—Alamouti 2 x 2
IE-5 T . ;

T T T T T 1
0.2 0.4 0.6 0.8 1.0

Antenna spacing (1)

Figure 8. PER versus antenna spacing

The corresponding energy behavior shown in Figure 9 follows similar trends. The Alamouti 2 x 2 configuration
maintains nearly constant energy consumption because of its consistently low PER, while SIMO 1 x 2 exhibits only
minor energy variations. In contrast, the Alamouti 2 x 1 scheme exhibits slightly larger energy variations with antenna
spacing because of its comparatively higher retransmission sensitivity.

Overall, antenna spacing has a secondary but non-negligible impact on system performance, primarily affecting
configurations that are more sensitive to spatial correlation effects.

Computer Networks and Communications 344 | Nikolaos Mouziouras, et al.



112

110 A~

108

—a—SIMO 1 x2

106 —eo—Alamouti2 x 1 [
: / —aA— Alamouti 2 x 2
104

Energy per successful packet

—
102
100 A A A A A A A—-b— 4
T T T T T
0.2 04 0.6 0.8 1.0

Antenna spacing (1)

Figure 9. Energy per successful packet versus antenna spacing

4.2.3 Impact of propagation environment

The impact of the propagation environment on packet-level reliability is evaluated in Table 4.

Table 4. PER across propagation environments

Scenario SISO1x1 SIMO1x2 Alamouti2x1  Alamouti 2 x 2

Indoor LOS 0.0988 0.0002 0.0022 0.0000
Indoor NLOS 0.9998 0.9652 0.9999 0.9092
UMi LOS 0.0246 0.0000 0.0000 0.0000
UMi NLOS 1.0000 1.0000 1.0000 1.0000

Under LOS propagation, both Indoor and UMi scenarios achieve low PER values, with diversity schemes providing
substantial reliability improvements. In particular, SIMO 1 x 2 and Alamouti 2 x 2 achieve extremely low packet error
rates, while the UMi LOS scenario exhibits slightly better overall behavior because of more favorable propagation
characteristics.

In contrast, reliability degrades significantly under NLOS conditions. For Indoor NLOS, the PER approaches unity
for most configurations, although the Alamouti 2 x 2 scheme retains a limited diversity advantage. In the UMi NLOS
scenario, all configurations exhibit PER ~ 1, indicating outage-like operating conditions.

Overall, the results show that the achievable diversity gain is strongly environment-dependent. While LOS
propagation enables substantial reliability improvements, severe NLOS conditions significantly limit the effectiveness
of higher-order diversity schemes because of strong attenuation and increased channel variability [9], [21].

Overall, the results show that the energy—reliability behavior of diversity-based MIMO systems strongly depends on
the operating conditions. Among the considered factors, SNR and propagation environment have the largest impact
on reliability and retransmission-related energy consumption, while antenna spacing introduces secondary variations
associated with spatial correlation effects. These observations further motivate the need for adaptive antenna configuration
under realistic propagation conditions.
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4.3 Sensitivity analysis of the energy consumption model

This subsection investigates the impact of hardware-related energy overhead on the energy—reliability trade-off and
the resulting energy-optimal antenna configuration. Circuit and processing energy, which scale with the number of active
antennas and receiver complexity, are modeled using the normalized parameters o, and 3, introduced in Subsection 3.2.

The parameter values summarized in Table 5 reflect the relative increase in circuit and processing energy associated
with increasing antenna configuration complexity. Configurations employing additional RF chains incur higher circuit-
related energy consumption, while more sophisticated diversity schemes require increased baseband processing.

Table 5. o, and f3,, parameters

Configuration oy, (Low) B, (Low) @, (Moderate) f,, (Moderate) o, (High) B, (High)

SISO 1x1 0.10 0.00 0.50 0.00 1.00 0.00
SIMO 1 x 2 0.18 0.02 0.75 0.05 1.50 0.08
Alamouti 2 x 1 0.20 0.03 0.80 0.08 1.60 0.12
Alamouti 2 x 2 0.30 0.05 1.10 0.12 2.20 0.18
Low overhead Moderate overhead High overhead
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Figure 10. Energy per successful packet versus distance under different hardware-overhead regimes

The adopted parameter values are not tied to a specific hardware implementation but are selected to capture
representative scaling trends, enabling systematic sensitivity analysis across a broad range of hardware conditions. Three
overhead regimes are considered: low, moderate and high, corresponding to progressively increasing dominance of
hardware-related energy consumption.

Figure 10 illustrates the energy per successful packet as a function of distance under these overhead regimes.
Unlike the previous normalized-energy analysis, the present model explicitly incorporates hardware-dependent circuit and
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processing overhead through the parameters @, and f3,,, enabling evaluation of the regime-dependent transition between
retransmission-limited and hardware-limited operation.
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Figure 11. Energy per successful packet under different overhead conditions: (a) short-distance regime and (b) long-distance regime
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Increasing hardware overhead raises the total energy consumption and significantly alters the relative ranking of
antenna configurations. Under low-overhead conditions, higher-order diversity schemes remain competitive because
reduced retransmissions compensate for the additional hardware cost. As hardware overhead increases, however, the
energy cost associated with additional RF chains and processing complexity becomes progressively dominant, limiting
the achievable benefit of higher-order diversity.

In moderate- and high-overhead regimes, SIMO 1 x 2 emerges as a competitive and in some cases energy-optimal,
configuration across a broad range of operating distances by effectively balancing reliability improvements against
hardware complexity.

Figure 11 further illustrates this behavior for two representative distance regimes. At short distances (6-12 m), packet
error rates remain negligible and energy consumption is primarily determined by hardware-related overhead, favoring low-
complexity configurations. At larger distances (40-50 m), retransmissions dominate total energy consumption. However,
the additional diversity gain provided by the Alamouti 2 x 2 configuration becomes less effective in compensating for its
increased hardware overhead, resulting in a reduced energy-efficiency advantage relative to SIMO 1 x 2.

Overall, the results reveal three distinct operating regimes. At short distances, energy consumption is dominated by
circuit and processing overhead, making the system primarily hardware-limited. Atintermediate distances, retransmissions
become the dominant energy component, increasing the relative benefit of diversity. At large distances, severe PER
degradation limits the achievable energy-efficiency gains for all configurations.

The transition between these regimes, as well as the energy-optimal antenna configuration, is strongly influenced
by hardware-related energy overhead. As overhead increases, the optimal operating point progressively shifts toward
lower-complexity diversity schemes.

These observations demonstrate that the relationship between diversity order and energy efficiency is inherently
non-monotonic and jointly determined by propagation conditions and hardware constraints [5], [11].

4.4 Design guidelines and analytical insights

Based on the results presented in the previous sections, practical guidelines for energy-aware antenna configuration
can be derived under geometry-aware propagation conditions.

The analysis reveals three distinct operating regimes. In the short-range regime (approximately 5-10 m), all
configurations achieve very low PER and retransmissions remain negligible. Consequently, energy consumption is
dominated primarily by hardware-related overhead, favoring lower-complexity configurations such as SIMO 1 x 2.

In the intermediate regime (approximately 10-40 m), retransmissions become increasingly important and the system
behavior becomes reliability-driven. Under these conditions, higher-order diversity schemes provide significant energy-
efficiency benefits because improved reliability compensates for the additional hardware overhead. However, the energy-
optimal configuration remains dependent on the assumed hardware-overhead conditions.

In the edge-of-coverage regime (approximately 40-50 m), severe SNR degradation limits the achievable diversity
gain and reduces the relative performance differences between antenna configurations. As a result, lower-complexity
schemes become increasingly competitive under high-overhead conditions.

These observations indicate that antenna configuration should be selected adaptively according to the operating
regime and hardware constraints.

The observed operating regimes can be interpreted analytically through the relationship between diversity, reliability,
and energy consumption. For diversity-based systems, the asymptotic BER behavior can be expressed as

BER « SNR™¢, (11)

where d denotes the diversity order [4].
At the packet level,
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PER = 1 — (1 — BER) | (12)

indicating that improvements in BER directly reduce packet retransmissions.
Using the normalized energy model introduced in Subsection 3.2, the energy per successfully delivered packet for
mode m is given by

pkt
Esucc _ E m

=" 13
m = T_PER,’ (13)

which highlights the strong dependence of energy consumption on packet reliability.

The observed trade-off arises from the balance between retransmission-related energy and hardware-related energy.
Increasing diversity reduces PER and retransmissions, but also increases circuit and processing energy because of
additional RF chains and signal-processing complexity.

A useful approximation for identifying regime transitions can be obtained by comparing these two energy components.
The expected retransmission-related energy may be approximated as

PER
Erety = By ——— 14
retx tx 1— PER, ( )
while the hardware-related energy is given by
Enw = Ecircuit + Epr0c~ (15)

The transition between hardware-limited and reliability-driven operation can therefore be approximated by the
condition

Eretx & Enw . (16)

This condition provides a practical criterion for identifying when increasing diversity becomes beneficial from an
energy-efficiency perspective. When retransmission-related energy dominates, higher-order diversity can reduce total
energy consumption despite the additional hardware cost. Conversely, when hardware-related energy dominates, lower-
complexity configurations become more energy-efficient.

Hardware overhead further shifts this balance. As circuit and processing energy increase, the relative benefit of
higher-order diversity decreases, and configurations such as SIMO 1 x 2 become increasingly competitive despite their
lower diversity order.

Overall, antenna mode selection should be treated as an adaptive process depending jointly on transmission distance,
SNR, propagation conditions, and hardware constraints. The geometry-aware analysis reveals explicit operating regions
and transition conditions, providing practical design guidelines for energy-efficient MIMO systems.
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4.5 Limitations of i.i.d. Rayleigh modeling in energy-efficient MIMO systems

This subsection compares geometry-aware propagation with a conventional i.i.d. Rayleigh fading model, focusing
on their impact on the energy—reliability trade-off. The analysis highlights how channel modeling assumptions directly
influence the predicted energy efficiency of diversity-based transmission schemes.

To explicitly capture the energy cost associated with retransmissions, the same normalized energy-per-successful-
packet metric defined in Eq. (13) is used.

Epkt

—_— 1
1—PER’ a7

Eguec =

which highlights the strong sensitivity of energy consumption to packet-level reliability.

As shown in Figure 12, the two channel models exhibit fundamentally different energy scaling behavior. Under
geometry-aware propagation conditions, energy consumption increases rapidly with transmission distance for low-
diversity configurations, with the SISO case exhibiting a sharp escalation beyond approximately 20-30 m because of
increased retransmissions.

Geometry aware model Rayleigh fading model
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Figure 12. Comparison between geometry-aware and i.i.d. Rayleigh channel behavior in terms of energy per successful packet transmission

In contrast, higher-order diversity schemes, particularly the Alamouti 2 x 2 configuration, maintain comparatively
lower energy consumption by effectively reducing packet errors and retransmission-related energy expenditure.

Under i.i.d. Rayleigh fading, however, all configurations appear substantially more energy-efficient and the increase
in energy consumption with distance is considerably attenuated. Consequently, the diversity-induced energy gains appear
significantly amplified and the achievable diversity benefit is systematically overestimated.

To quantify this effect, the normalized energy gain of the Alamouti 2 x 2 configuration relative to SISO is defined as
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SISO
G(d) = Exuce () (18)
ESLICC (d)

As shown in Figure 13, both channel models predict increasing diversity gain with transmission distance. However,
the Rayleigh model exhibits significantly steeper gain growth, overestimating the achievable energy benefit at moderate
and large distances.

In contrast, the geometry-aware model exhibits a more gradual increase together with a tendency toward saturation
as the system approaches a reliability-limited operating regime.
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Figure 13. Comparison between geometry-aware and i.i.d. Rayleigh channel behavior in terms of normalized energy gain

This divergence originates from the underlying propagation assumptions. The i.i.d. Rayleigh model neglects
spatial correlation and geometry-dependent channel structure, effectively assuming independent diversity branches. Such
assumptions are known to overestimate diversity gains under realistic propagation conditions [7], [9].

By contrast, the geometry-aware model captures propagation constraints that limit the effective diversity gain,
particularly at larger transmission distances where spatial correlation and path-loss effects become increasingly dominant.

Overall, the results demonstrate that although diversity improves reliability, its impact on energy efficiency is
substantially constrained under realistic propagation conditions. Simplified channel models therefore lead to systematically
optimistic predictions of diversity-related energy gains, particularly in operating regimes where retransmissions dominate
system performance.

Most importantly, the results show that channel modeling assumptions directly influence system-level design
decisions. Antenna configurations selected under i.i.d. Rayleigh assumptions may lead to overly optimistic expectations
regarding achievable energy savings.

Under realistic geometry-aware propagation conditions, the effective diversity gain is constrained by path loss, spatial
correlation and geometry-dependent channel structure. As a result, the energy-optimal antenna configuration is not
determined solely by the nominal diversity order, but by the balance between reliability improvement, retransmission
reduction and normalized hardware-related overhead. This can shift the preferred configuration toward lower-complexity
schemes when the additional reliability benefit of higher-order diversity no longer compensates for the increased circuit
and processing cost, especially in regimes where the energy—reliability trade-off is most pronounced.
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4.6 Key observations

The presented results demonstrate that the energy efficiency of diversity-based MIMO systems strongly depends on
the operating regime. At short transmission distances, energy consumption is dominated primarily by hardware-related
overhead, favoring lower-complexity configurations. As transmission distance increases and retransmissions become
the dominant energy component, higher-order diversity schemes provide increasing energy benefits through improved
reliability.

The analysis further shows that geometry-aware propagation effects significantly influence the achievable diversity
gain. Compared to idealized i.i.d. Rayleigh assumptions, realistic propagation conditions reduce the effectiveness of
diversity because of spatial correlation and distance-dependent attenuation, leading to more constrained energy-efficiency
gains.

An important observation is that the energy-optimal antenna configuration varies with propagation conditions, SNR,
and hardware overhead. In many practical operating regions, moderate-diversity schemes such as SIMO 1 x 2 provide
a favorable balance between reliability improvement and hardware complexity, while higher-order diversity becomes
increasingly beneficial mainly in reliability-driven regimes.

Overall, these observations highlight the importance of geometry-aware and hardware-aware evaluation for the
design of practical energy-efficient wireless communication systems.

5. Conclusion

This paper investigated the energy—reliability trade-off in MIMO diversity systems under geometry-aware propagat-
ion conditions. By combining packet-level reliability analysis with a parameterized energy model, a unified framework
was developed to assess the behavior of different antenna configurations under realistic operating conditions.

The results demonstrate that increasing diversity does not necessarily improve energy efficiency. Instead, the
relationship between diversity order and energy consumption is non-monotonic and strongly dependent on the operating
regime. Higher-order diversity becomes beneficial primarily in conditions where retransmissions dominate total energy
consumption, since improved reliability directly reduces the energy cost per successful packet. In contrast, when channel
conditions are favorable and packet errors remain infrequent, energy consumption is mainly determined by hardware-
related overhead, favoring lower-complexity configurations. At larger transmission distances and under harsh propagation
conditions, all configurations gradually approach a reliability-limited regime in which the additional complexity of higher-
order diversity provides only limited energy-efficiency gains.

An important outcome of this work is the demonstrated impact of geometry-aware propagation modeling. Compared
to conventional i.i.d. Rayleigh assumptions, realistic propagation conditions introduce spatial correlation and distance-
dependent constraints that limit the achievable diversity gains. As a result, simplified channel models systematically
overestimate the energy efficiency of higher-order diversity configurations, particularly outside ideal operating conditions.

The analysis further shows that the energy-optimal antenna configuration is determined by the balance between
retransmission-related energy and hardware overhead. This balance naturally defines different operating regimes and
provides a practical basis for antenna selection. In this context, moderate-diversity schemes such as SIMO 1 x 2
often provide a favorable trade-off across a broad range of operating conditions, while higher-order diversity becomes
advantageous mainly when reliability degradation becomes the dominant factor.

Overall, the results suggest that energy-efficient MIMO operation requires adaptive configuration strategies jointly
accounting for propagation conditions, transmission distance, SNR, and hardware constraints. The proposed framework
provides a systematic approach for identifying the relevant operating regimes and supports the design of energy-aware
antenna selection mechanisms in practical wireless systems.

Future work will focus on adaptive energy-aware transmission strategies based on operating-regime identification,
including dynamic antenna selection, adaptive diversity switching, and modulation and coding adaptation under geometry-
aware propagation conditions. In addition, the proposed framework can be extended toward implementation-aware
hardware modeling incorporating RF-chain power scaling, baseband processing complexity, and practical hardware
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impairments. Another important direction involves extending the analysis to larger-scale MIMO configurations and
cooperative transmission scenarios under realistic propagation environments.

Appendix A. Channel-generation details

This appendix provides the detailed channel-generation formulation used in the simulation framework. The simula-
tions were implemented within a MATLAB-based framework using the Vienna LTE-A Downlink System Level Simulator,
release v2.0 (Q3-2018), as the baseline simulation environment. Dedicated geometry-aware channel-generation functions
were developed and incorporated to explicitly control the considered Indoor LOS, Indoor NLOS, UMi LOS, and UMi
NLOS propagation conditions, including distance-dependent attenuation, small-scale fading, antenna spacing and spatial
correlation.

The geometry-aware MIMO channel matrix is generated as

H = VGRY*H iR}/, (A1)

where G is the large-scale linear channel gain, Rix and Ry are the transmit- and receive-side spatial correlation matrices,
respectively, and H g, is the small-scale fading matrix.
The large-scale gain is computed as

G = 10~ (PLd. fe)+X5)/10, (A2)

where PL(d, f.) is the distance- and frequency-dependent path loss and X is the log-normal shadowing term in dB. In
the reported simulations, shadowing is disabled, i.e., X5 = 0, in order to isolate the effects of distance-dependent path loss,
small-scale fading and spatial correlation. When shadowing is enabled, X is modeled as a zero-mean Gaussian random
variable in dB, with scenario-dependent standard deviation, as summarized in Table A1l.

Table Al. Scenario-dependent shadowing standard deviations

Scenario Ogh (dB)
Indoor LOS 3
Indoor NLOS 4
UMi LOS 4
UMi NLOS 6

A scenario-dependent log-distance surrogate path-loss model is adopted

PL(d, f.) = As+ Bslog;o(d) +20log,o(fe), (A3)

where d is the transmitter—receiver distance in meters, f, is the carrier frequency in GHz, and A, B, are scenario-dependent
coefficients. The distance is lower-bounded by 1 m to avoid singular behavior at very short distances. The coefficients
used in the simulations are summarized in Table A2.

Volume 4 Issue 2|2026| 353 Computer Networks and Communications



Table A2. Scenario-dependent path-loss coefficients

Scenario Ay By
Indoor LOS 32 17
Indoor NLOS 38 22
UMi LOS 30 21
UMi NLOS 36 31

For LOS links, the small-scale fading matrix follows a Rician formulation,

K 1
Hman = 1/ K7—|—1HLOS 1/ Ki—HHNLO& (A4)

where K = 10Xa/10 i5 the Rician factor in linear scale. The values Kgg = 6 dB and K = 9 dB are used for Indoor LOS
and UMi LOS conditions, respectively. The NLOS component Hnyos has independent circularly symmetric complex
Gaussian entries. For NLOS propagation scenarios, the small-scale fading matrix is directly modeled as a Rayleigh
fading matrix with independent complex Gaussian entries.

The deterministic LOS component is constructed from transmit and receive array response vectors as

Hyos = a;(6,)al (6,), (A5)

where 6; and 6, denote the transmit and receive angles, respectively. Unless fixed angles are specified, these angles are
randomly drawn in the interval [—7/2, 7/2]. Uniform linear arrays are assumed at both the transmitter and receiver. The
angles 6; and 6, are measured with respect to the array broadside direction, and the antenna elements are placed along a
linear axis with inter-element spacing AxA and A A, respectively.

The transmit and receive array response vectors are given by

a(6) = [1, 2mbusin(8) ej27rA1x(Nt—1)sin(9,)}T7 (A6)
and
ar(er) — [17 ejZJIArxsin(G,)’ o ej277:Arx(N,71)sin(9r)} , (A7)

where A and A;x denote the transmit and receive antenna spacing normalized by the wavelength. Unless otherwise stated,
Ax = Ax =0.5.

The transmit- and receive-side spatial correlation matrices are modeled using an exponential correlation structure.
For each propagation scenario, the base correlation coefficient is computed as

Ps = €Xp (_BSA)L) > (A8)
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where A, is the antenna spacing normalized by the wavelength and f; is a scenario-dependent decay parameter. The
corresponding spatial correlation matrix is constructed as

R j=pd, (A9)

where i and j denote antenna indices. This formulation is applied separately at the transmitter and receiver sides, resulting
in Rix and Ry, respectively. The decay parameters used in the simulations are summarized in Table A3.

Table A3. Scenario-dependent spatial-correlation decay parameters

Scenario Bs
Indoor LOS 1.8
Indoor NLOS 1.2
UMi LOS 1.5
UMi NLOS 1.0

Finally, the channel matrix may optionally be normalized according to its Frobenius norm. However, in the reported
simulations, channel normalization is disabled so that the combined effects of distance-dependent path loss, fading and
spatial correlation are preserved in the received signal strength.
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