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Abstract 

Multiple-input multiple-output (MIMO) transmission is a central 
mechanism for increasing spectral efficiency, link reliability, and energy 
efficiency without requiring a proportional increase in bandwidth. This 
methodology paper develops a reproducible simulation framework for 
evaluating representative MIMO techniques relevant to the evolution from 
conventional cellular links toward next-generation wireless networks. The 
study compares transmit diversity using the Alamouti space-time block 
code, spatial multiplexing using a 2×2 zero-forcing detector, and antenna-
array scaling through 1×1, 2×2, and 4×4 capacity analysis. A flat Rayleigh 
fading model is used with equal total transmit power, receiver-side channel 
state information, binary phase-shift keying for error-rate experiments, 
and Monte Carlo averaging over independent channel realizations. A 
correlated 4×4 channel is also included to quantify the loss caused by 
spatial correlation. Performance is assessed using bit-error rate (BER) and 
ergodic spectral efficiency. The simulated results show that diversity 
coding strongly reduces BER, while spatial multiplexing and larger antenna 
dimensions yield substantial capacity growth. At 10 dB, the simulated 
ergodic capacity rises from 2.90-bit/s/Hz for SISO to 10.93-bit/s/Hz for 
i.i.d. 4×4 MIMO; correlation coefficient 0.7 reduces the latter to 8.31-
bit/s/Hz. The framework therefore illustrates the reliability-throughput 
trade-off that guides MIMO selection in future wireless systems. 

 
Introduction 

Multiple antennas at the transmitter and receiver 
allow a wireless link to exploit the spatial 
dimension in addition to time and frequency. The 
information-theoretic foundation established for 
multi-antenna Gaussian channels showed that, 
when independently faded spatial paths are 
available, channel capacity can grow markedly 
with the number of antenna elements [3]. This 
observation transformed MIMO from a diversity-
only concept into a general framework for 
simultaneously improving reliability and 
throughput. The practical importance of the 
spatial dimension increased further as cellular 
systems faced rising traffic demand and limited 
new spectrum. 

Two broad classes of MIMO operation are 
especially important. Diversity-oriented 
techniques transmit related symbols across 
antennas so that independently faded replicas 
can be combined at the receiver. The two-
transmit-antenna Alamouti scheme provides full 
transmit diversity with simple linear processing 
[1], while general space-time code design 
established rank and determinant criteria for 
obtaining diversity and coding gains [2]. In 
contrast, spatial-multiplexing techniques send 
independent streams at the same time and 
frequency. Early V-BLAST experiments 
demonstrated the feasibility of high spectral 
efficiency using layered spatial transmission and 
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successive detection [4]. A practical system must 
therefore decide whether antenna resources 
should primarily support robustness, parallel 
streams, beamforming/array gain, or a 
combination of these objectives. 

Propagation conditions strongly affect the 
attainable benefit. Ideal analyses often assume 
independent Rayleigh fading, yet measured 
channels can contain correlation arising from 
antenna spacing, limited angular spread, or 
dominant propagation directions. Shiu et al. 
showed that spatial correlation changes the 
eigenvalue distribution of the MIMO channel and 
thereby reduces capacity [5]. Later system-level 
surveys emphasized that MIMO gains depend on 
channel structure, channel estimation, receiver 
architecture, coding, and implementation 
constraints [6]. These issues become more 
significant as the number of antennas increases. 

The move toward very large arrays introduced 
massive MIMO. Marzetta analyzed multi-cell 
systems with very large base-station arrays and 
highlighted both favorable asymptotic effects 
and pilot contamination [7]. Pilot reuse and 
imperfect training were subsequently studied 
explicitly in multi-cell TDD precoding [8]. 
Surveys of very large arrays identified channel 
acquisition, hardware complexity, propagation, 
and signal processing as major design challenges 
[9], while analytical studies quantified how many 
antennas may be required under realistic 
channel estimation and interference conditions 
[10]. Energy-efficiency analysis further showed 
that moderately large arrays can substantially 
reduce required radiated power while improving 
spectral efficiency [11]. By 2014, massive MIMO 
had become a prominent candidate for next-
generation cellular networks [12], alongside 
densification, higher carrier frequencies, and 
broader architectural changes associated with 
emerging 5G concepts [13]. 

This paper therefore proposes a compact 
simulation methodology that links the classical 
MIMO techniques to these next-generation 
objectives. Rather than claiming one universally 
superior technique, the evaluation separates 
reliability, multiplexing, array scaling, and 
correlation sensitivity. The main objective is to 
provide a transparent and repeatable method for 
comparing representative MIMO configurations 
under a common SNR and transmit-power basis. 

Literature Review 

Alamouti’s orthogonal design is a reference point 
for low-complexity transmit diversity because its 
two transmitted symbols can be recovered by 
linear combining while achieving a diversity 
order of two for one receive antenna [1]. Tarokh, 
Seshadri, and Calderbank generalized space-time 
coding and established performance criteria 
based on the rank and determinant of codeword-
difference matrices [2]. These contributions 
demonstrate that multiple antennas can convert 
independently faded paths into a reliability 
advantage without requiring extra bandwidth. 

Capacity-oriented work reached a 
complementary conclusion. Telatar derived 
capacity expressions for multi-antenna Gaussian 
channels and demonstrated the strong potential 
of parallel spatial eigenmodes [3]. V-BLAST 
provided an implementation-oriented spatial-
multiplexing architecture in which independent 
layers are detected with interference 
suppression and cancellation [4]. However, the 
achievable multiplexing gain is sensitive to 
channel conditioning; correlated or rank-
deficient channels reduce the number and quality 
of usable eigenmodes. The correlation study in 
[5] quantified this loss, and the broad review in 
[6] connected theoretical MIMO gains with 
channel models, measurements, coding, and 
receiver design. 

For next-generation systems, the literature 
shifted from point-to-point MIMO toward 
multiuser arrays. Very large antenna 
deployments can provide coherent array gain 
and spatially separate many terminals [7]. Yet 
CSI acquisition is a limiting resource: pilot 
contamination can couple channel estimates 
across cells and degrade precoding [8]. Rusek et 
al. summarized the opportunities and practical 
challenges of scaling arrays to tens or hundreds 
of elements [9]. Hoydis et al. showed that the 
antenna count needed in practice depends on 
propagation, channel estimation, and inter-cell 
effects [10], while Ngo et al. quantified large gains 
in both energy and spectral efficiency using 
linear receivers [11]. Larsson et al. placed 
massive MIMO explicitly in the context of next-
generation wireless systems [12], and Andrews 
et al. identified large antenna counts as one of 
several interacting technologies expected to 
shape 5G [13]. 

Table 1. MIMO techniques considered in the evaluation 

Technique Primary objective Processing used here Main trade-off 
Alamouti 2×1 
STBC [1] 

Reliability / diversity Linear orthogonal combining No spatial-rate 
multiplication 
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2×2 spatial 
multiplexing [4] 

Parallel data streams Linear zero forcing (baseline) Noise 
enhancement in 
weak channels 

4×4 MIMO [3] Spectral-efficiency 
scaling 

Capacity from channel 
eigenmodes 

Sensitive to 
correlation / CSI 

Large-array 
direction 
[7],[12] 

Array + multiuser 
gain 

Interpreted through antenna 
scaling 

Training, pilots, 
hardware 

 
Methodology 

The proposed methodology is simulation-based 
and is designed to compare MIMO techniques 
under a common set of assumptions. Figure 1 
summarizes the workflow. Binary data are 
mapped to BPSK symbols for BER tests, 
processed by either a diversity or multiplexing 
scheme, transmitted through a Rayleigh MIMO 
channel, and recovered by the corresponding 
linear receiver. A separate Monte Carlo 
experiment evaluates ergodic capacity for 
different antenna dimensions. The same SNR 
range and equal total transmit-power 
normalization are used so that gains are 
attributable to spatial processing rather than 
additional radiated power. 

System model: for Nₜ transmit antennas and Nᵣ 
receive antennas, the narrowband baseband 
channel is represented as y = √(γ/Nₜ)Hx + n, 
where H is the Nᵣ×Nₜ channel matrix, x is the 
transmitted vector, γ is average receive SNR, and 
n is circular complex Gaussian noise with unit 
variance. For the baseline channel, each entry of 
H is independent and distributed as CN(0,1). 
Perfect channel state information is assumed at 
the receiver. This simplifying assumption 
isolates the intrinsic behavior of the MIMO 
schemes; practical CSI estimation penalties are 
discussed later in relation to [8]–[10]. 

 

Figure 1. Simulation framework for 
comparative MIMO performance evaluation. 

 
Diversity experiment: the 2×1 Alamouti STBC is 
evaluated using BPSK. Two symbols are 
transmitted over two time slots according to the 
orthogonal Alamouti mapping and recovered 
using linear combining [1]. The resulting BER is 
compared with a 1×1 Rayleigh SISO link. Because 
total transmit energy is held constant, any BER 
reduction represents diversity gain rather than 
an increase in total transmit power. 

Spatial-multiplexing experiment: a 2×2 uncoded 
spatial-multiplexing baseline is evaluated with 
linear zero-forcing detection. The receiver 
computes the pseudo-inverse of the channel 
matrix and estimates the two simultaneously 
transmitted BPSK streams. This is intentionally 
simpler than ordered successive interference 
cancellation used in practical V-BLAST [4]; it 
provides a clear baseline for showing the 
reliability cost that may accompany multiplexing 
when the channel is poorly conditioned. 

Capacity experiment: ergodic spectral efficiency 
is estimated for 1×1, 2×2, and 4×4 channels using 
the equal-power capacity expression in (1). For 
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each SNR, the expression is averaged over 5,000 
independent channel realizations. This follows 
the multi-antenna capacity framework 
developed in [3]. 

C = E{ log₂ det[ I_Nr + (γ/Nₜ) H Hᴴ ] }  bit/s/Hz                                              
(1) 

Correlation experiment: to represent non-ideal 
spatial separation, a 4×4 Kronecker-correlated 
channel is generated as Hc = Rᵣ^(1/2) Hw 
Rₜ^(1/2), where Hw is i.i.d. Rayleigh and R has 
entries R(i,j)=ρ^|i−j|. The transmit and receive 
correlation coefficients are both set to ρ=0.7. 
Comparing this case with i.i.d. 4×4 MIMO 
quantifies the capacity penalty expected from 

spatial correlation, consistent with the 
mechanism described in [5]. 

Monte Carlo procedure: the SNR is swept from 0 
to 20 dB in 5 dB increments. BER estimates use 
300,000 transmitted bits per SNR point (150,000 
symbol pairs for Alamouti). The pseudo-random 
seed is fixed at 42 for reproducibility. Capacity 
uses 5,000 independent channel matrices per 
point. Primary outputs are BER and ergodic 
capacity; secondary interpretation considers 
reliability-throughput trade-offs and relevance 
to large-array systems. 

Table 2. Simulation parameters 

Parameter Value Purpose 
Modulation BPSK BER comparison 
Fading Flat Rayleigh Baseline rich-scattering model 
Receiver CSI Perfect Isolate intrinsic MIMO behavior 
SNR range 0, 5, 10, 15, 20 dB Common comparison points 
BER trials 300,000 bits/SNR Stable Monte Carlo estimate 
Capacity trials 5,000 channels/SNR Ergodic averaging 
Correlation case 4×4, ρ=0.7 Non-ideal spatial channel 
Power normalization Equal total Tx power Fair antenna comparison 

 
Results 

The capacity results in Figure 2 show the 
expected increase in spectral efficiency as the 
spatial dimension grows. At 10 dB, mean capacity 
is 2.90-bit/s/Hz for 1×1 SISO, 5.54-bit/s/Hz for 
2×2 MIMO, and 10.93-bit/s/Hz for i.i.d. 4×4 
MIMO. Thus, under the stated assumptions, the 
4×4 configuration provides approximately 3.77 
times the SISO capacity at the same total transmit 
power. At 20 dB, the corresponding values are 
5.88-, 11.29-, and 22.15-bit/s/Hz. This trend is 
consistent with the spatial-eigenmode 
interpretation of MIMO capacity [3]. 

Correlation substantially reduces this gain. With 
ρ=0.7 at both link ends, 4×4 capacity at 10 dB falls 
from 10.93 to 8.31-bit/s/Hz, a reduction of about 

24%. At 20 dB the loss is about 21%, from 22.15 
to 17.58-bit/s/Hz. The result demonstrates why 
antenna spacing, angular spread, and channel 
rank remain important even when the nominal 
antenna count is high [5]. 

 

Figure 2. Simulated ergodic capacity versus SNR 
for SISO, i.i.d. MIMO, and correlated 4×4 MIMO. 

Table 3. Representative simulated performance values 

SNR SISO capacity 2×2 capacity 4×4 i.i.d. capacity 4×4 ρ=0.7 capacity 
0 dB 0.86 1.69 3.36 2.69 
5 dB 1.72 3.29 6.57 5.00 
10 dB 2.90 5.54 10.93 8.30 
15 dB 4.35 8.27 16.24 12.52 
20 dB 5.88 11.29 22.15 17.58 

The BER experiment reveals the complementary 
behavior of diversity and multiplexing. At 10 dB, 
the simulated SISO BER is 2.29×10⁻², whereas 
the 2×1 Alamouti scheme achieves 5.20×10⁻³, 
about a 77% reduction. At 20 dB, Alamouti 

reaches approximately 8.0×10⁻⁵ compared with 
2.54×10⁻³ for SISO. The result reflects the 
diversity gain predicted by orthogonal transmit 
diversity [1]. 
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The 2×2 linear-ZF multiplexing baseline has BER 
4.37×10⁻² at 10 dB and 4.89×10⁻³ at 20 dB. Its 
BER is worse than the diversity link because the 
receiver suppresses inter-stream interference by 
channel inversion, which amplifies noise when H 
is ill-conditioned. This does not mean spatial 
multiplexing is inferior overall: it carries two 
independent streams per channel use, and 
practical V-BLAST uses ordering and successive 
interference cancellation to improve detection 
[4]. The result instead illustrates the 
fundamental throughput-versus-reliability 
trade-off. 

For next-generation networks, the antenna-
scaling results provide the bridge toward 
massive MIMO. Large arrays can exploit coherent 
combining and multiuser spatial separation 
[7],[11],[12], but the simulation’s perfect-CSI 
assumption is optimistic. In operational multi-
cell systems, pilot contamination, estimation 
error, correlation, and hardware constraints can 
limit the ideal gains [8]–[10]. Therefore, antenna 
count alone is not an adequate performance 
indicator; channel quality and receiver/precoder 
design must be evaluated jointly. 
 
Conclusion and Discussion 

This paper presented a reproducible 
methodology for evaluating representative 
MIMO techniques using a common Rayleigh-
fading and equal-power framework. The results 
separate three distinct benefits of multiple 
antennas. First, Alamouti STBC improves 
reliability through transmit diversity and 
produced a large BER reduction relative to SISO. 
Second, spatial multiplexing increases the 
number of simultaneously transmitted streams, 
but a simple ZF detector can suffer noise 
enhancement and therefore requires stronger 
detection, coding, or channel conditions to 
achieve comparable BER. Third, increasing the 
MIMO dimension strongly increases ergodic 
spectral efficiency when the channel provides 
sufficiently independent spatial modes. The 
correlated-channel experiment is particularly 
important for interpreting next-generation 
performance. A nominal 4×4 system did not 
retain its ideal i.i.d. capacity when ρ=0.7, 
confirming that propagation rank and antenna 
correlation can constrain the expected spatial 
gain. This observation aligns with the broader 
literature on practical MIMO channels [5],[6]. 
Similarly, the extension to massive arrays should 
not be interpreted as unlimited performance 
growth. Large arrays can improve energy and 
spectral efficiency [11],[12], but CSI acquisition 
and inter-cell pilot effects remain central 
constraints [8]–[10]. The study is limited by flat 

fading, uncoded BPSK, ideal synchronization, 
perfect receiver CSI, and a simplified linear-ZF 
multiplexing receiver. A stronger future 
evaluation should include OFDM frequency 
selectivity, MMSE and ordered-SIC receivers, 
channel coding, imperfect CSI, user mobility, 
multiuser precoding, pilot reuse, and measured 
or standardized spatial channel models. Within 
its defined scope, however, the methodology 
provides a clear benchmark for selecting 
between diversity, multiplexing, and larger 
antenna arrays according to whether the system 
objective is linking robustness, peak throughput, 
or scalable next-generation capacity. 
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