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ABSTRACT 5G and next-generation physical layer advancements have being made at a breakneck speed.
At the heart of it is millimeter wave technology, which uses extremely high frequency transmissions at 28, 38,
and 72 GHz. These MMwave channels utilize approximately 20 GHz of spare spectrum to enable faster data
rates to a larger number of mobile subscribers. In multiple-input multiple-output (MIMO) systems, transmit
beamsteering through directional antenna arrays supported by maximal ratio combining (MRC) receivers is
used alongwith MM wave technology to investigate link performance as a function of unfavourable inter-
antenna correlations. In this paper, the system is modelled for short-range MM wave communications under
separately correlated, non-line-of-sight (NLOS) Rayleigh environments. Here, exact closed form expressions
are presented for the symbol error rate (SER) and asymptotic (high signal-to-noise ratio (SNR)) SER of
the beamsteered MM wave model. The dependency of SER on transmit-receive correlations is seen in
the derivations. The results are analyzed using double-correlated statistics for the maximum eigen value
of complex Wishart matrices. Specifically, in the MM wave regime, correlation matrix entries vary with
steering/response vectors. This does not hold true in the case of microwave links. It is therefore proposed to
effectively adjust these vectors to attain novel minimized equicorrelations at the transmit and receive sides
of the MM wave MIMO link. The minimally tuned MIMO-MRC model demonstrates significant average
SER and asymptotic (high SNR) SER reductions under both uplink and downlink scenarios with two (02)
antennas at the transmitter and receiver, respectively. The proposed model also showcases drastically lower
average SER levels compared to those of existing non-equicorrelated systems. Simulation results validate
the analytical study.

INDEX TERMS Minimal equicorrelations, millimeter wave, eigen value, MIMO modeling, symbol error
rate.

I. INTRODUCTION
Millimeter (MM) wave systems have emerged as an integral
part of future-generation wireless communications. The
thrust of achieving increased capacity levels with exceed-
ingly low error rates to support cutting-edge multimedia
applications can be fulfilled by communicating at MM wave
frequencies [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27]. Approximately 20 GHz of free
spectrum is available in the 28, 38, and 72 GHz bands [2],
[7], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37],
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[38], [39], [40], [41], [42], [43]. This huge operating spectrum
could be utilised to serve a higher number of cellular
users at enhanced data rates with various data modulation
formats. When compared to 4G microwave links, millimetre
wave transmissions are expected to produce a hundred-fold
increase in capacity measures with significantly lower error
levels [5], [38], [44], [45], [46], [47], [48], [49], [50], [51],
[52], [53], [54]. Phased array systems also provide increased
capacity through enhanced directivity gains. As MM wave
links operate at higher GHz frequencies, antenna dimensions
will be in millimeters, leading to phased arrays on chip. The
SNR at receiver output is a key to error analysis in such
MIMO links [9], [55], [56], [57], [58], [59], [60], [61], [62],
[63]. Of late, various challenges related to signal processing
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for MMwave performance gains have been emphasised [12],
[64], [65], [66], [67], [68], [69]. Some related works are
discussed below.

Sooyoung et al.’s outdoor inter-cell backhaul and intra-cell
mobile access proposal in [1], Janssen’s impulse response
based system bit error rate (BER) analysis in [2], Rappaport
et al.’s experimental analysis on path loss and angle of arrival
(AoA) considering beamsteered arrays in [4], Heath et al.’s
novel proposal of both 2-D and 3-D channel models for a
beamsteered Uniform Linear Array (ULA) with N antennas
in [5], Niu et al.’s comparison with microwave transmissions
taking into account bottlenecks such as blockage sensi-
tivity, increased losses, directional dependance in [6] and
Alkhateeb’s multi-resolution, recursive algorithm for optimal
beamforming in [7] and [8] are solely dependant onMMwave
channel statistics and do not utilize correlation based receiver
statistics.

To devise MM wave performance improvement tech-
niques, receiver statistics also play a dominant role, in addi-
tion to vital channel statistics [6], [7]. The performance
of MIMO systems is hugely degraded by inter-antenna
correlations in the MM wave regime [62], [69]. To over-
come the same, statistical characterization of MIMO
receiver parameters in terms of correlation measures is a
must [1].

In this direction, [10] presents generic NLOS MIMO
receiver parameters in terms of separate transmit-receive
(Kronecker) correlations whereas [11], [12] investigate
correlated channel limits besides introducingMIMO equicor-
relations for achieving correlation control (and thereby
improved channel bounds/receiver performance) in such
systems. Of late, marginal correlated LOS Massive MIMO
performance improvements have been achieved by Hemadeh
et al. under MM wave regime in [62] using the popular
Saleh Valenzuela (SV) physical channel model [68] and by
Bjornson et al. with sub-6 GHz as well as MM wave carriers
in [69].

MM wave propagations are predominantly LOS in nature
where it is typical to consider physical models for accurate
parameter evaluation [62]. Contrary to this, recent works [60],
[61], [63] stress on accurate stochastic correlation modeling
for NLOS MM wave performance analysis. Towards this,
Ganesan et al.’s learning based obstacle tracking model for
Device-to-Device (D2D) communications in [70], Barneto et
al.’s regularized least-squares (LS) approach for user location
sensing in [71], Karasawa’s multistate LOS/NLOS channel
model developed using Nakagami-m parameters in [72], Xia
et al.’s two-stage generative neural network based model
for high resolution channel/receiver parameter estimation
in [73], Ju et al.’s 3-D LOS/NLOS channel model built
around extensive radio propagation measurements in [74],
Zhao et al.’s novel semi-deterministic model based on optimal
neural network (ONN) for dynamic channel parameter
evaluation in [75] and Lecci et al.’s quasi-deterministic (QD)
mathematical framework which generates channel instances
precisely matching real 60 GHz measurements in [76]

effectively utilize statistical means to study NLOSMMwave
receiver performance metrics in terms of spatial correlations.

The research presented in [62], [69], [70], [71], [72], [73],
[74], [75], and [76] is however restricted to only analysing
MIMO receiver performance in terms of transmitter and
receiver correlations. The possibility of tuning MM wave
performance by controlling such correlation levels has not
been explored which motivated the proposed work. In this
direction, the current work reveals that MIMO taps and
correlation matrix entries only in the MM wave domain
are dependent on steering/response vectors or corresponding
departure/arrival angles [5]. This crucial dependency, which
does not exist for microwave links, is further utilized in
the proposed work by effectively tuning steering angles
to achieve novel minimized equicorrelations in MM wave
transceivers [10]. Following this, the paper presents a new
Minimally Equicorrelated MIMO-MRC model for SER per-
formance improvement under short-range NLOS MM wave
channels. Novel closed form expressions are subsequently
put forward for the average SER and asymptotic (high SNR)
SER of the beamsteered MM wave model. The proposed
MIMO-MRC model with minimal equicorrelations show-
cases significant average SER and asymptotic (high SNR)
SER reductions under both uplink and downlink scenarios
with two (02) antennas at the transmitter and receiver,
respectively. When compared to other non-equicorrelated
MM wave models presented in [62], [69], [70], [71], [72],
[73], [74], [75], and [76], the proposed system demonstrates
much lower average SER levels resulting from equally
minimized transmit-receive correlations. The author’s key
contributions are highlighted as below.

• Previously unexplored dependency of MMwaveMIMO
taps and correlation matrix entries on tunable steering
vectors is presented.

• Novel minimized equicorrelations are achieved in MM
wave MIMO-MRC system through effective depar-
ture/arrival angle tuning.

• A novel Minimally Equicorrelated MIMO-MRC model
with beamsteering for SER performance improvement
under short range NLOS MM wave channels is pro-
posed.

• New closed form expressions are put forward for
correlated MMwave average SER and asymptotic (high
SNR) SER.

• Significant reductions in average SER and asymptotic
(high SNR) SER for the minimal equicorrelation model
are observed under both uplink and downlink scenarios
with similar constraints of maximum two (02) antennas
at transmitter and receiver respectively as depicted
in [77] and [78].

• The proposed system with minimal transceiver correla-
tion demonstrates drastically lower average SER levels
than those of non-equicorrelated MM wave models
presented in [62], [69], [70], [71], [72], [73], [74], [75],
and [76].
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FIGURE 1. Proposed MM Wave System Arrangement.

The remaining portion of this paper is arranged as follows.
Section II describes a MM wave MIMO-MRC system for
Short range NLOS transmission in terms of the proposed
communication model and scenario considerations. Sec-
tion III discusses Correlated MIMO modeling of MM wave
channels. It initially describes chosen MM wave Beamspace
MIMO channels followed by stochastic correlation modeling
of such links. Section IV illustrates the proposed MM wave
MIMO-MRC receiver model for beamsteered short range
communications. Section V analyzes the performance of
MIMO-MRC under Double Correlated MM wave channels
in terms of Average SER and Asymptotic (high SNR) SER.
Section VI illustrates the analytical and practical modelling
of Minimally Equicorrelated MIMO-MRC links. Section VII
presents experimental observations related to performance of
the proposed model. Finally, Section VIII summarizes the
discussion.

II. SHORT RANGE MIMO-MRC MODEL FOR
BEAMSTEERED NLOS MM WAVE COMMUNICATIONS
On the transmit side, beamsteering is incorporated to ensure
signal availability for nearby users [5]. Also, MRC-aided
detection is utilized at the receiver end [10]. In the MM
wave regime, operating wavelengths are quite low and this
results in signal transmissions being prominently impacted
by inter-antenna correlations modeled here using Kronecker
decompositions [9], [10].

A. PROPOSED ARRANGEMENT
The system model is illustrated in Figure 1. We consider a
digital information source [27]. The binary bits generated
are further subjected to popular modulation methods, namely
BPSK, BFSK, 4-PAM, QPSK, etc. [10]. The symbols
obtained from baseband modulation are subsequently beam-
steered for near-user signal reception [5]. The resultant
signal is transmitted through the MM wave baseband MIMO
channel [9].
Firstly, Kronecker correlations are incorporated into the

MM wave MIMO channel proposed in [5] for analyzing the
effect of antenna correlations on receiver performance [11].

TABLE 1. Notations used and their meaning.

Further, minimal equicorrelations are introduced to enhance
MIMO output performance levels [10]. At receiver, the
combiner unit (reverse of beamsteering operation) aids
the short-range intended user to achieve sufficient power
levels. The method of Maximal Ratio Combining (MRC) is
used [10]. To achieve the decoded bit stream, demodulation
is applied to the recovered symbols present in r(t) [2].
Section VII of this paper presents a performance analysis of
the equicorrelated MM wave system based on MIMO-MRC
received SNR statistics.

B. MM WAVE SCENARIO CONSIDERATIONS
MM wave communications are typically ‘‘short range’’
because of extremely high transmission frequencies [5].
Such systems can be broadly classified as having both
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FIGURE 2. Short range LOS MM wave transmissions.

LOS and NLOS transmissions [12]. The MM wave channel
statistics vary according to the transmission/reception mode
chosen [9], [12]. The receiver may exist at two different user
locations as follows.

• LOS user nearby to base-station (BS) [5].
• NLOS user nearby to BS [12].

Figure 2 depicts the transmissions atMMwave frequencies
involving BS and close-LOS users [5]. In such situations,
the receiver is assumed to be located near to the transmitter.
The transmit-receive alignment primarily decides the strength
of the signal received at the mobile station (MS) [4], [5],
[13]. Steering the antenna in the desired user direction aids
in achieving effective MM wave MIMO communications.
If W is the weighing vector, a(θ ) is the steering vector,
and θd is the desired user angular location, beamsteering is
accomplished by settingW = a(θd ). MMwave transmissions
for NLOS users in the proximity of BS can be visualized
as similar to Figure 2 [9], [12]. However, the LOS paths
between transmitter and receiver are blocked in such cases.
Thus, received signal strength at MS depends on NLOS
contributions. The beamsteering method was previously
used under NLOS conditions with limited transmission
distance [15], [16], [17].

A fully-digital MM wave MIMO communication model
(that implements digitally beamsteered/beamformed trans-
mission and MRC reception) with 2 phased arrays and a
maximum of 2 antennas per array at the MS is considered
under hardware constraints [77], [78]. On the other hand, the
BS is assumed to have better design flexibility such that it can
accommodate m ≥ 2 antennas (more antennas than the MS).
Withm antennas at transmit BS and 2 antennas at receiveMS,
the proposedMMwave link (m×2MIMO) is analyzed in the
downlink scenario. Moreover, with 2 antennas at transmit MS
and m antennas at receive BS, uplink analysis (2×mMIMO)
is carried out at MM wave frequencies [10], [12].

III. CORRELATED MM WAVE MIMO CHANNEL
MODELING
This section deals with the modelling of correlation effects
in a MM wave MIMO link [5] [10]. Initially, useful

dependencies are derived from a typical MIMO channel at
MM wave frequencies. Further, analytical MIMO models
are utilized for introducing correlations into the considered
MM wave channels. Thereafter, key statistical measures are
evaluated from the obtained correlated MM wave MIMO.
Different mathematical notations used in this paper along
with their descriptions are listed in Table 1.

A. MIMO MODELING OF BEAMSPACE MM WAVE
CHANNELS
An analytical model specifically applicable to MM wave
channels is proposed in [5]. The same is utilized for the
current work based upon beamspace virtual representation.
The characterization is called ‘‘virtual’’ as it considers an
arrangement with equally spaced valid arrival and departure
angles (AoAs/AoDs) typical of beamsteered MMwave links.
This is illustrated using Eq. (1) and is termed as the possible
AoA/AoD ‘‘dictionary.’’ [5], [16].

vi = i1v

=
i
N

, i = 0, 1, · · · ,N − 1 (1)

where, vi represent the possible spatial departure or arrival
angles and 1v depicts the uniform spacing between them.
Based upon Eq. (1) and considering a 2× 2 order MIMO i.e.
NT ×NR model with NT = 2 and NR = 2, the corresponding
MM wave Beamspace MIMO channel is illustrated in Eq.
(2). The detailed derivation of Eq. (2) can be referred to
in Appendix-A. The NT × NR MM wave channel has been
represented in Eq. (2) considering 2 × 2 MIMO for the ease
of deduction. However, the subsequent analysis carried out
holds for arbitrary values of NT and NR.

⇒ HMM =
1

√
NRNT

[
A B
C D

]
(2)

where,

A = a∗
T1 (θ0)aR1 (θ0)h11 + a∗

T1 (θ0)aR2 (θ0)h21
+ a∗

T2 (θ0)aR1 (θ0)h12 + a∗
T2 (θ0)aR2 (θ0)h22

B = a∗
T1 (θ1)aR1 (θ0)h11 + a∗

T1 (θ1)aR2 (θ0)h21
+ a∗

T2 (θ1)aR1 (θ0)h12 + a∗
T2 (θ1)aR2 (θ0)h22

C = a∗
T1 (θ0)aR1 (θ1)h11 + a∗

T1 (θ0)aR2 (θ1)h21
+ a∗

T2 (θ0)aR1 (θ1)h12 + a∗
T2 (θ0)aR2 (θ1)h22

D = a∗
T1 (θ1)aR1 (θ1)h11 + a∗

T1 (θ1)aR2 (θ1)h21
+ a∗

T2 (θ1)aR1 (θ1)h12 + a∗
T2 (θ1)aR2 (θ1)h22

It can be observed from eq. (2) that even with large
number of MM wave BS antennas (m) as described in
Section II-B (leading to increased transmitter antennas in
downlink and increased receiver antennas in uplink), the
channel complexity does not drastically increase with the
matrix entries being limited to the four terms A, B, C and D,
each of them being simple, linear combinations of transceiver
steering vectors (at chosen AoD/AoA) and tap gains. The
referred channelmatrix so formed is computationally not very
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intensive both in terms of generation and estimation. This
makes it suitable for fully digital beamsteered/beamformed
transmission and simplistic MRC based reception avoiding
the use of more complex hybrid (analog-digital) precoding.
Moreover, it is crucial to observe that MM wave channel
taps are directly dependent on transceiver steering vectors [5].
There is indeed a necessity to analyzeMIMO output statistics
and receiver performance in terms of such tunable vectors
to devise link performance improvements at MM wave
frequencies [31], [32], [33], [34], [35].

B. DOUBLE CORRELATED MM WAVE MIMO MODEL
Analytical models popularly used forMIMO characterization
are illustrated in [11]. From each of those, a separate
correlation MIMO model was chosen to effectively analyze
the NLOS MM wave channels for the following reasons:
Firstly, it is selected to facilitate evaluation of MM wave
statistics and reception parameters in terms of antenna
correlations [7], [10]. Also, separately correlated models are
utilized rather than combined correlation models because the
latter is more computationally complex [11]. Furthermore,
the double correlation model is easily applicable to MIMO
communications, which use fewer scatterers at the transmit
and receive terminals, reducing multipaths [5], [10]. Thus,
it is ideal for applying to MM wave transmissions where
higher frequency components result in reduced scattering and
a corresponding lower number of multipaths [36], [37], [38],
[39], [40]. Furthermore, the taps for the considered model are
selectively Gaussian or Rayleigh, depicting LOS or NLOS
MM wave characteristics [11], [12].

1) KRONECKER MODELING OF MM WAVE MIMO CHANNELS
The separately correlated model considers correlations indi-
vidually between elements at the transmitter and also at
the receiver due to space limitations [11]. However, due
to sufficient separation, correlations at the transmitter and
receiver are themselves independent [10].
Let HMM be an NT × NR narrowband channel at MM

wave frequencies, a special case of which is depicted in
Eq. (2). The correlation matrices at transmit and receive
sides are represented by RTXMM and RRXMM respectively.
Therefore, the Kronecker product [

⊗
] of independent terms

RTXMM and RRXMM signifies the total correlation matrix
mathematically [11]. It is shown in Eq. (3).

RHMM = E[hMMhHMM ] = RTTXMM
⊗

RRXMM (3)

where, hMM = vect(HMM ). The transmitter and receiver
correlations are evaluated using Eqs. (4) and (5).

RTXMM = E{[HH
MMHMM ]T } (4)

RRXMM = E[HMMHH
MM ] (5)

2) MIMO STATISTICS FOR DOUBLE CORRELATED MM WAVE
CHANNELS
The illustrations in [10] and [11] reveal that for independent
transmitter and receiver correlations, MM wave MIMO

decomposition is readily obtained using Eq. (6).

HMMKron = R
1
2
RXMMHRR

1
2
TXMM (6)

The entries of matrix HR depend on relevant channel
statistics. In the proposed work, the link is NLOS and there-
fore the MM wave taps will be Rayleigh. Further, HMMKron

denotes a double correlation MM wave decomposed MIMO
channel [11], [12]. Appendix-B describes the correlation
fading statistics prevalent in MIMO systems.

Using Eqs. (2), (4) and (5) we can clearly infer that
RTXMM and RRXMM depend on tunable steering vectors aT (θT )
and aR(θR). Thus, through efficient tuning, transmit and
receive correlation levels can be adapted [5], [11]. Moreover,
using Eq. (3), the overall correlation RHMM could therefore
be similarly adjusted to decrease the overall correlation
levels [8]. It holds true only for MM wave links but not
microwave [5], [11].

This dependency is further ascertained while observing
statistics of the generalized MM wave MIMO channel
(HMM ), a special case of which is illustrated in Eq.
(2). HMM or equivalently hMM consisting of NR × NT
components can be characterized as a zero mean random
vector with covariance signified by RHMM i.e. hMM ∼

NNR×NT
C (0,RHMM ). The PDF for HMM is further illustrated

using Eq. (7). These analytical expressions are however
applicable for links with LOS paths and such channel taps
are therefore complex Gaussian [11]. In the studied literature,
closed form analysis for PDF of MM wave correlated NLOS
channels is not available [1], [2], [3], [4], [5], [6], [7], [8],
[9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30],
[31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41],
[42], [43], [44], [45], [46], [47], [48], [49], [50], [51], [52],
[53], [54], [55], [56], [57], [58], [59], [60], [61], [62], [63],
[64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74],
[75], [76].

p(hMM ) =
1

(π )NTNRdet(RHMM )
e−(hMM )HR−1

HMM
hMM (7)

The PDF of HMM therefore directly varies with the overall
correlation, RHMM . This reveals that only in the MM wave
regime, the link statistics and thereby the receiver output can
be altered by tuning the steering/response vectors.

IV. BEAMSTEERED MM WAVE MIMO-MRC SYSTEM
ANALYSIS
While channel statistics are key to linking baud measure-
ments, analysis of MIMO receiver statistics is crucial in
evaluating MM wave output performance. The bemasteered
MMwave signal is received by themobile device utilizing the
MRC process [10] as described below [46], [47], [48], [49].

A. MRC RECEIVER MODEL FOR MM WAVE MIMO
Consider a model with NT antennas at transmitter and NR
antennas at receiver. Therefore, the system input will be of
size NT × 1, the channel matrix (HMM ) will be NR × NT in
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dimension and the received output r has dimension NR × 1
[61]. The receiver output vector, r is expressed as in Eq. (8)

r =
√

γHMMWx + ng (8)

where, x is the transmitted symbol with E[x2] = 1,
W denotes the weight vector for beamsteering such that
E[||W ||

2] = 1, γ represents input SNR, ng is the
complex noise of Gaussian nature modeled as noise ∼

CNNR,1(ONR×1, INR ). Moreover,HMM , the NLOS (Rayleigh)
MIMO matrix at MM wave frequencies is of dimension
NR × NT [38], [50], [51], [52], [53].
Further, the HMM matrix of Eq. (8) can be decomposed as

described by Eq. (6). Upon splitting, Eq. (8) can be expressed
using Eqs. (9) and (10).

r =
√

γHMMKronWx + ng (9)

r =
√

γ {R
1
2
RXMMHRR

1
2
TXMM }Wx + ng (10)

Eq. (10) clearly indicates that the signal received at
the input of MRC (and output thereby) of the MIMO
MM wave system depends on transceiver correlations [11].
Therefore, steering vector adjustment will lead to reduced
transmit-receive correlations and, thus, will result in
improved signal reception. HR indicates Rayleigh (NLOS)
channel taps [10]. Next, crucial performance metrics for MM
wave MRC receivers are evaluated as a function of antenna
correlations [10], [11], [54].

MRC receivers implement signal combining with maximal
ratio and evaluate the combined output Z using Eqs. (11),
(12), (13) as depicted in [9] and [11]. r is the MRC system
input described by Eq. (8).

Z = W †H†
MM r (11)

Z = W †H†
MM (

√
γHMMWx + ng) (12)

Z =
√

γW †H†
MMHMMWx +W †H†

MMng (13)

W † and W here represent the combining and beamsteering
vectors respectively. H†

MM denotes Hermitian estimate of the
MM wave channel [10]. When we compare Eq. (8) with Eq.
(13), the MRC output SNR can be expressed using Eq. (14)

γ = γW †H†
MMHMMW (14)

Utilizing Eq. (2), we can obtain Eq. (15) from Eq. (14) as
below.

γ =
1

NRNT
γW †

[
A B
C D

]† [
A B
C D

]
W (15)

where, A, B, C and D are matrix entries that are direct
functions of tunable steering and response vectors aT (θT )
and aR(θR) respectively. Thus, Eq. (15) shows that received
SNR for a 2 × 2 MIMO-MRC arrangement at MM
wave frequencies is dependent on steering/response vectors
or corresponding AoDs/AoAs [58], [59], [60]. The same
statement is readily extendible to an NT × NR model.
Therefore, accurate tuning of such vectors should result
in improved signal reception which needs to be examined

further [10]. Some significant advantages of using the
proposed Correlation based MM wave system over ZF/
DFE based systems are: (i) due to Kronecker based channel
representation which decomposes the taps in terms of path
gains and transceiver steering vectors, the tedious task of
channel estimation (involving inconsistent matrix inversion
operation) can be avoided, (ii) in a similar manner, the time
consuming task of training (for proper estimation) which
involves careful selection of pilot signals and associated
complexities can also be circumvented. The proposed system
tuned according to steering angle/vector rather emphasizes on
proper directional alignment (best AoD/AoA combination)
for equally minimized correlations resulting in significant
performance rise.

B. BEAMSTEERING FOR SHORT RANGE MM WAVE
COMMUNICATIONS
The weight vectorW of Eq. (15) is chosen so as to maximize
the SNR output and thereby minimize the error rate [6], [7].
The vector optimized thereby,Wopt signifies the eigen vector
corresponding to the maximum eigen mode for H†

MMHMM
[10], [11]. WhenW is set toWopt , we obtain peak eigen mode
forH†

MMHMM denoted by λm. In such scenarios, the combiner
output SNR is obtained using Eq. (16).

γ = γ λm (16)

The MRC output SNR γ in MM wave regime depends on
the statistics of λm which signifies double correlated complex
Wishart maximum eigen value for H†

MMHMM . It is critical
to note that for analyzing γ statistically, this eigen mode is
utilized [12], [26]. In Eq. (15), the weight vector W is set
as a(θd ) to achieve beamsteering which ensures satisfactory
received power levels for mobile users in BS proximity.
With signal presence ensured, the proposed work stresses
on realizing SER reductions through correlation control [5],
[61], [62].

V. MM WAVE MIMO-MRC PERFORMANCE ANALYSIS
UNDER SEPARATELY CORRELATED RAYLEIGH
ENVIRONMENTS
The performance of MIMO-MRC is analyzed in the MM
wave regime based on double correlated Rayleigh (NLOS)
statistics presented in Appendix-C. Previously, output evalua-
tion forMIMO-MRCwas carried out only under uncorrelated
and semi-correlated channels where antenna correlations
either exist at one end of the link or do not exist at
all [10], [12]. For the baseline work referred to in [10],
SER expressions under uncorrelated MIMO channels were
derived by considering 2 × m and m × 2 systems,
which correspond to uplink and downlink communications,
respectively. Similar limitation of two antennas on either the
transmit or receive side, more generalized SER closed form
expressions are deduced under double-correlated MIMO
Rayleigh environments in [10]. The error analysis in [10] and
also most of the other relevant works such as [12] are however
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only for microwave environments. On the contrary, very
few works report correlatedMIMO-MRC performance under
the MM wave regime. Transmit/receive correlation matrices
only at MM wave frequencies depend on steering/response
vectors (or departure/arrival angles), and it is therefore crucial
to inspect MIMO performance under MM wave channels.
Only with the same MS and BS antenna considerations
same as in [10], generalized SER and asymptotic (high
SNR) SER closed form expressions are evaluated here for
MIMO-MRC model under MM wave double correlated
Rayleigh (NLOS) environments [15] where the dependency
of MM wave channel parameters on steering vectors/angles
could be exploited to improve the system performance which
is not possible in case of the microwave MIMO model
presented in [10].

The analytical expressions presented here initially assume
NR ≥ NT resulting in full rank H†

MMHMM . Under such
conditions, the model parameters are tuned as � = RTxMM ,∑

= RRxMM , n = NT and m = NR. Subsequently,
consideringNR < NT , the maximum eigen value still remains
the same leading to identical closed form expressions [10].
However, in the later case withHMMH

†
MM being full rank, the

system parameters will be � = RRxMM ,
∑

= RTxMM , n = NR
and m = NT . The above two cases shall be detrimental while
evaluating MM wave SER under different communication
modes [10], [11].

A. MM WAVE AVERAGE SYMBOL ERROR RATE
Closed form expressions for average SER of MIMO-MRC
under separately correlated MM wave NLOS links are
presented here considering both 2 × m (uplink) and m × 2
(downlink) systems for different modulation schemes [10],
[12]. The generalized closed form expression for average
SER of MM wave MIMO-MRC system under separately
correlated NLOS (Rayleigh) MM wave channels is shown in
Eq. (17). Detailed Average SER derivation can be referred to
in Appendix-D.(
PS,MM

)
av

=
det(�)abγ

12(�)1m(
∑

)

m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)(σpσt )m−1

· 1m−2(σ [p,t]) ×

(
η̃

(
0, −

1
γ b

(
1

ω2σp
+

1
ω1σt

))

−

m−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω2σp

)
(2γ bω1σt )l

−

m−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω1σt

)
(2γ bω2σp)l

)
(17)

It is significant to observe in the analytical expressions
illustrated by Eq. (17) that the MM wave average SER
hugely relies upon the parameters � and 6 [43]. For MIMO
transmissions considered, the mentioned terms equate to cor-
relationmatrices at transmitter or receiver i.e.RRxMM orRTxMM
[10], [11]. Also, the elaborations in Section III-B reveal
that MM wave MIMO correlation entries (not microwave

correlations) depend on transmit-receive steering vectors i.e.
aT (θT ) and aR(θR) [5]. Therefore, the proposed work reduces
MM wave correlation levels and thereby average SER levels
through proper system vector tuning. Section VII-B presents
numerical changes in MM wave MIMO-MRC SER with
alterations in correlation metrics [42].

Further, it is significant to analyze the proposed average
MM wave SER closed form expressions for minimally
equicorrelated MIMO-MRC under different communication
modes i.e. uplink and downlink. Firstly, we consider the
uplink scenario with 2 number of transmit MS antennas and
m number of receive BS antennas. Under such arrangements,
we express the uplink average SER obtained from Eq. (17)
with parameter settings: � = RTxMM ,

∑
= RRxMM , n = NT

and m = NR as below.(
PS,MM

)
av,U

=
det(RTxMM )abγ

12(RTxMM )1NR (RRxMM )

NR∑
p=1

NR∑
t=1,t ̸=p

(−1)p+φ(t)

· (σpσt )NR−1
· 1NR−2(σ [p,t])

×

(
η̃

(
0, −

1
γ b

(
1

ω2σp
+

1
ω1σt

))

−

NR−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω2σp

)
(2γ bω1σt )l

−

NR−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω1σt

)
(2γ bω2σp)l

)
Next, we assume the downlink case with m number of

transmit BS antennas and 2 number of receive MS antennas.
Given these system arrangements, the downlink average SER
expression deduced using Eq. (17) and model settings: � =

RRxMM ,
∑

= RTxMM , n = NR and m = NT is shown as
follows.(
PS,MM

)
av,D

=
det(RRxMM )abγ

12(RRxMM )1NT (RTxMM )

NT∑
p=1

NT∑
t=1,t ̸=p

(−1)p+φ(t)

· (σpσt )NT−1
· 1NT−2(σ [p,t])

×

(
η̃

(
0, −

1
γ b

(
1

ω2σp
+

1
ω1σt

))

−

NT−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω2σp

)
(2γ bω1σt )l

−

NT−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω1σt

)
(2γ bω2σp)l

)

B. ASYMPTOTIC (HIGH SNR) SER UNDER CORRELATED
MM WAVE SCENARIOS
The generalized asymptotic (high SNR) SER closed form
expression for MM wave MIMO-MRC model under double
correlated Rayleigh (NLOS) conditions is represented using
Eq. (18) [5], [10], [11]. The step-wise Asymptotic SER
deduction is discussed in Appendix-E.(
PS,MM

)∞

hi =
a(4m− 1)!! · γ −2m

b2m22m+1m!(m+ 1)!det(�)mdet(
∑

)2
(18)
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From Eq. (18), it can be readily inferred that the
maximum diversity order for separately correlated MM
wave MIMO-MRC is 2m. Further, utilizing the well-known
Hadamard inequality (presented in Theorem 16.8.2 of
reference [23] cited in our baseline model [10]) and also
noting that diagonal elements of � and 6 are unity, the
following can be readily inferred.

0 ≤ det(�) ≤ 1 (19)

0 ≤ det(6) ≤ 1 (20)

In the case where � and 6 are identity matrices, the
conditions represented by Eqs. (19) and (20) will comprise
only of upper limit equalities [11]. However, in general,
Eqs. (19) and (20) indicate fractional contributions from
det(�) and det(6) to the denominator of Eq. (18) at γ →

∞. This effect will tend to degrade the MM wave SER
performance in the asymptotic (high SNR) regime [12].
Quite similar to the MM wave average SER presented in
Section V-A, the asymptotic (high SNR) SER expressions are
also a function of the transmit-receive correlation measures
i.e. RRxMM and RTxMM . Thus, fine tuning of correlation matrix
entries is expected to adjust the fractional values of det(�)
and det(6) in such a manner that asymptotic (high SNR)
SER levels are also acceptably low [5], [11]. MM wave
correlation measures (unlike microwave) vary directly with
transmit/receive steering vectors or departure/arrival angles,
resulting in minimised asymptotic (high SNR) SER levels
achieved using the proposed model through precise angular
adjustments [43]. This will in turn lead to higher degrees
of reliability for MM wave transmissions. Section VII-B
emphasizes on computational verification of diminished(
PS,MM

)∞

hi levels with lesser inter-element correlations for
the proposed model.

Further, it is significant to analyze the presented asymptotic
(high SNR) MM wave SER closed form expressions for
minimal equicorrelation MIMO-MRC under similar uplink
and downlink scenarios. Firstly, we consider the uplink
condition with 2 number of transmit MS antennas and m
number of receive BS antennas. Given such a system model,
we express the uplink asymptotic (high SNR) SER obtained
from Eq. (18) with attribute settings: � = RTxMM ,

∑
=

RRxMM , n = NT and m = NR as follows.

(
PS,MM

)∞

hi,U =
a(4NR − 1)!! · γ −2NRdet(RRxMM )

−2

b2NR22NR+1NR!(NR + 1)!det(RTxMM )NR

Next, the downlink case is assumed with m number of
transmit BS antennas and 2 number of receive MS antennas.
With these model settings, the downlink asymptotic (high
SNR) SER expression obtained using Eq. (18) and the
parameter considerations: � = RRxMM ,

∑
= RTxMM , n = NR

and m = NT is illustrated as below.

(
PS,MM

)∞

hi,D =
a(4NT − 1)!! · γ −2NT det(RTxMM )

−2

b2NT 22NT+1NT !(NT + 1)!det(RRxMM )NT

VI. MM WAVE COMMUNICATIONS WITH MIMO
EQUICORRELATIONS
In the proposed model, MIMO systems operating in the MM
wave spectrum [5] are viewed under double-correlated sce-
narios utilizing [10], [11]. Using Eqs. (17) and (18), adequate
control on key MM wave MIMO-MRC performance metrics
(i.e., average and asymptotic (high SNR) SER) is achieved.
The reception quality is proposed to be improved through
effective tuning of correlation matrix entries [5], [11]. System
level realization of the same is done by adjusting steering
vectors or transmit-receive angles, which enables us to
achieve the desired correlation measures. However, it is vital
to infer the ideal entries of Kronecker correlation matrices
for satisfactory MM wave MIMO performance. Transceiver
vectors can be tuned accordingly to achieve the same. To start
with, analytical correlation models for enhanced reception
at MM wave frequencies are described [11], [15]. Next,
to validate such performance gains, practical correlation
models are utilized in the current work [43].

A. EQUICORRELATED KRONECKER MODEL
Based on the illustrations in [11], the transceiver matrices for
antenna correlations inNLOSMMwave links are represented
using Eqs. (21) and (22) for a 2 × 2 MIMO. However the
obtained matrices are readily extendible to an NT ×NR case.

RTxMM =


1 ρT ρT ρT
ρT 1 ρT ρT
ρT ρT 1 ρT
ρT ρT ρT 1

 (21)

RRxMM =


1 ρR ρR ρR
ρR 1 ρR ρR
ρR ρR 1 ρR
ρR ρR ρR 1

 (22)

with ρT and ρR indicating the transmit-receive correlation
co-efficients respectively. They quantify the inter-antenna
correlation levels limiting transceiver operations [11]. Specif-
ically, for ρT = ρR = ρ and using Eqs. (21) and (22),
we express Eq. (23) as follows.

RTxMM = RRxMM =


1 ρ ρ ρ

ρ 1 ρ ρ

ρ ρ 1 ρ

ρ ρ ρ 1

 (23)

When the MIMO NLOS link is represented using the
same correlation matrix at transmit and receive side, the
resulting channel model is an equicorrelated MM wave
MIMO [11], [12]. Antenna correlations are solely described
by the correlation coefficient (ρ). Higher is the ρ value, more
is the correlation and thereby limit link performance [11].
Typically, ρ assumes values such as 0.1, 0.3, 0.5, 0.6, 0.7,
0.9 etc. The ideally desired uncorrelated case is reflected
when ρ = 0. In the MM wave regime, transmit and
receive antennas are steered using the minimal correlation
arrival/departure vector [12]. Also, the suitable vector or
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transmit-receive angle is selected from a possible depar-
ture/arrival angle dictionary [5]. A desired ρ value i.e. ρtar
which leads to minimal antenna correlations is utilized for
the proposed work [7]. ρtar value should be as minimum as
possible. Thus, for performance gains under correlated MM
wave channels, it is further suggested to model a minimal
equicorrelation MIMO system. Average SER and asymptotic
(high SNR) SER are analyzed for minimally equicorrelated
links by incorporating the principle of Eq. (23) into Eqs. (17)
and (18), respectively [5], [11]. Reduced equicorrelations
lead to lowered MM wave SER levels under short-range
NLOS scenarios [12].

B. ANGULAR VARIANCE BASED MINIMAL
EQUICORRELATIONS IN MM WAVE MIMO-MRC SYSTEMS
In the proposed work, although the analytical modelling to
achieve MIMO equicorrelations in MM wave systems is
devised from the elaborations put forward in Section VI-A,
the experimental inferences are drawn using a practical
transceiver spread based correlation model illustrated in [10].
The numerical expressions consider Uniform Linear Arrays
(ULAs) to exist both on the transmit and receive sides. More-
over, we assume subsequent element spacing (calculated in
number of wavelengths) to be dr and dt at reception and
transmission end respectively. Also, we consider θt and θr
as the mean transmit AoD and receive AoA respectively.
σ 2
t and σ 2

r are the transmit and receive angular spreads
about mean AoD and AoA. Thereby, the adjusted transmitter
AoD/receiver AoA is expressed using Eqs. (24) and (25).

θtmod = θt + θ̂t (24)

θrmod = θr + θ̂r (25)

with θ̂t ∼ N (0, σ 2
t ) and θ̂r ∼ N (0, σ 2

r ) representing
the change in AoD and AoA respectively due to MM wave
antenna tuning. Practical realization of the same shall be
achieved by utilizing tunable 5G hardware proposed for
future wireless communications [5], [10]. In this regard,
the (p, q)th element of MM wave correlation matrices
incorporating angular variances at transmit-receive sides is
deduced as elaborated in Appendix-B and is represented
using Eqs. (26) and (27).

(RTxMM )p,q = e−j2π(p−q)dt cos(θt )e−0.5(2π(p−q)dt sin(θt )σt )2

(26)

(RRxMM )p,q = e−j2π(q−p)dr cos(θr )e−0.5(2π(q−p)dr sin(θr )σr )2

(27)

While applying angular correlation spreads into theMIMO
link at MM wave frequencies, similar departure and arrival
anglemean values i.e. θt and θr are chosen from theMMwave
pre-fixed dictionary (elaborated in Section III-A) so that the
transmit and receive antennas are directed towards each other.
For the proposed short range transmissions, beamsteering is
incorporated [5], [10]. Further, in Eqs. (26) and (27), the
transceiver variances σ 2

t and σ 2
r are set equally to achieve

TABLE 2. Simulation Parameters.

MMwaveMIMO equicorrelations [11]. Also, it can be easily
inferred using Eqs. (24) and (25) that for higher spreads
i.e. σ 2

t / σ 2
r , the departure/arrival angle variations i.e. θ̂t /

θ̂r will also be higher. Thus, signals are transmitted by
different antennas at well separated angles, leading to fewer
correlations. Oppositely, with lower variances, the spreads
will be less, leading to similar transmit-receive angles and
thus increased correlations. Hence, for improved reception
(i.e., minimal SER levels), the transmitter and receiver
variance values are set to be maximally equal. It is in accor-
dance with the concepts put forward in Section VI-A where
MM wave performance improvement is suggested through
minimally equicorrelated MIMO modelling [11]. System
level realization of proposed minimal equicorrelations is
achieved by adjusting the departure and arrival angles (or
steering vectors) as per Eqs. (24) and (25) using tunable 5G
antennas [5].

VII. EXPERIMENTAL OBSERVATIONS
Depending on the proposed system, MM wave MRC recep-
tion of the minimal equicorrelation MIMO model [5], [11],
[43] is studied under Rayleigh fading scenarios. Initially,
the simulation settings considered are discussed. Next, the
performance analysis of the MM wave MIMO-MRC system
is showcased under equicorrelated NLOS environments.

A. PARAMETER SETTINGS
Table 2 illustrates the different simulation parameters used
for the proposed work alongwith their default values.
Simulation Methodology. Standard procedures similar to

those stated in [64] have been adopted for the simulation
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process carried out using MATLAB R2021a (9.10) in this
paper. Only a glimpse of the entire procedure carried out is
presented here. MM wave SER simulations for MIMO-MRC
are performed using adequate number of variables corre-
sponding to crucial system parameters discussed above.
‘‘SNRin’’ and ‘‘SNRimag’’ are vectors which define SNR in dB
and magnitude terms with the former considered in the range
of around -20 dB to 50 dB. To compute average SER over the
specified SNR range, the code fragment for se computation
is simulated over ‘‘length(SNRin)’’ iterations. Transceiver
correlation variables, S and R are individually computed
considering nested ‘‘for’’ loop structures with each loop run
till respective MIMO dimension. The SER simulations in
the paper are carried out considering a parametric model
consisting of two matrices ‘‘omg’’ and ‘‘sig’’ whose eigen
values are computed using built-in ‘‘eig’’ function and their
mth / 2nd order Vandermonde determinants are computed
using nested for-while loop structures with maximum of
m iterations. The normalized complex multivariate Gamma
variable ‘‘gam’’ is practically evaluated using an n iteration
for loop. The MM wave average SER in Eq. (17) consists
of six (06) number of contributing sub-terms. Only linear
operations are used to simulate the first sub-term. Nested m
iteration for loops with inner if-else statements simulate the
second sub-term. The third sub-term involves computing (m−

2)th Vandermonde determinant upon eigen values followed
by m − 2 iteration nested for-while structure. The fourth
sub-term in its first part involves nested if-else structures
whereas its second part involves a 2m − 1 iteration for loop
with embedded nested if-else. The difference between the two
parts yields the final value of the sub-term. Similarly, the fifth
sub-term in its first part involves an m − 1 iteration for loop
with embedded nested if-else structure whereas its second
part involves a 2m−1 iteration for loopwith embedded nested
if-else. The final value of the sub-term is computed as a 2m−

1 iterative difference between both parts. The computation
carried out for the sixth sub-term is exactly identical to
that of the fifth sub-term. A random stream of as high as
1075 bits is transmitted under different modulation schemes
defined using variables a and b. To ensureminimal processing
delays while simulating higher number of bits/symbols,
Batch Parallelization method is applied to an Intel Core
i5, Quad Core, 8 GB (RAM), 64-bit, 2.4 GHz system on
which the proposed MM wave model is tested. Out of four,
three active cores simultaneously process the large number of
received bits/symbols in smaller groups whereas the fourth
core is used for bit/symbol allocation to a particular core
prior to processing. The Parallel Processing Toolbox of
MATLAB is utilized to achieve the same. Also, the steep
decrease in final SER values computed through a linear,
non-iterative sequence of operations on all six sub-terms
is effectively visualised using the Multiple Precision Tool-
box of MATLAB. Similar strategies are used to simulate
MM wave asymptotic (high SNR) SER represented using
Eq. (18).

FIGURE 3. Uplink SER for Equicorrelated 2 × 10 MM wave MIMO-MRC
under BPSK (Medium Corr. σ2

t/r =
π
32 ).

B. RESULTS AND ANALYSIS
Different results pertinent to equicorrelated MM wave
MIMO-MRC output analysis under Rayleigh channels are
categorized as below.

• Uplink SER analysis.
• Downlink SER analysis.
• Uplink asymptotic (high SNR) SER analysis.
• Downlink asymptotic (high SNR) SER analysis.
• Comparison and Significance of Minimally Equicorre-
lated Model versus Existing Models.

Detailed analysis on each of the above categories is as
follows.

1) UPLINK SER ANALYSIS
Average SER for MM wave MIMO-MRC system is initially
analyzed for uplink 2 × m communications under separately
correlated Rayleigh (NLOS) environments. Considering Eq.
(17), MM wave SER is simulated and then observed with
variations only in input SNR levels, γ . Furthermore, the
error rates are then inspected by additionally changing the
correlation levels, MIMO order, and modulation schemes.

Firstly, average SER for the proposed equicorrelated
MIMO-MRC model is evaluated under NLOS MM wave
scenarios considering a fixed correlation level (σ 2

t/r ), partic-
ular modulation format and specific MIMO order. Figure 3
illustrates uplink SER for a 2 × 10 MM wave MIMO-MRC
systemwithmedium equicorrelations of σ 2

t/r =
π
32 and BPSK

modulation. With increasing levels of input SNR (in dB), the
symbol error is observed to reduce. The average SER curves
simulated for input SNR, with γ set between -20 dB and
50 dB, agree with established theory and also with the utilised
mathematical framework [5], [11], [43].
Next, the proposed equicorrelated MM wave model is

analyzed for varying correlation levels (σ 2
t/r ). Each represen-

tative case considers a particular MIMO configuration and a
specific modulation technique. However, the observations are
recorded for multiple MIMO orders and different modulation
modes [12].
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FIGURE 4. Variation of BPSK Uplink SER for Equicorrelated 2 × 3 MM
wave MIMO-MRC with correlation levels.

FIGURE 5. Variation of BPSK Uplink SER for Equicorrelated 2 × 6 MM
wave MIMO-MRC with correlation levels.

Figure 4 compares average SERs for the proposed NLOS
model withMIMOorder 2×3 under low (σ 2

t/r =
π
16 ), medium

(σ 2
t/r =

π
32 ) and high correlation (σ 2

t/r =
π
64 ) levels. The

communication mode is uplink and the modulation format
used is BPSK [10]. It can be clearly seen from Figure 4
that with lower antenna equicorrelations (or higher angular
variances), the average SER levels at MM wave MRC output
are lower.

Moreover, it is observed in Figure 5 that with increasing
number of BS antennas i.e. m = 6, the difference in
error levels for high and medium correlations are not that
prominent. This is due to the fact that with more BS
antennas, the overall received signal strength (or chance of
weak faded path) is more resulting in similar error rates for
high (σ 2

t/r =
π
64 ) and medium (σ 2

t/r =
π
20 ) correlations.

However, for significantly low correlations i.e. (σ 2
t/r =

π
8 ), even with more antennas, the average SER levels are
prominently lesser as compared to those for high correlations
(σ 2
t/r =

π
64 ). Therefore, the current work achieves minimal

equicorrelations through tuned AoAs and AoDs (or steering
vectors) and thereby SER reductions in the MMwaveMIMO
uplink.

FIGURE 6. Uplink BFSK-MC SER for Equicorrelated MM wave system with
different MIMO orders (Low Corr. σ2

t/r =
π
16 ).

FIGURE 7. Uplink SER for 2 × 12 Equicorrelated MM wave MIMO with
different modulation schemes (Low Corr. σ2

t/r =
π
8 ).

Further, performance of the proposed MM wave equicor-
relation based model is examined by varying the number
of BS antennas, m. The number of antennas is varied as
2,3,4,6,8 and 10. The performance is evaluated in terms of a
specific correlation level σ 2

t/r as well as a specific modulation
scheme. The same study is however conducted by altering the
correlation levels and also the modulation formats [12].
Figure 6 depicts MM wave MIMO SER variations with

different BS antennas (m) under low equicorrelations of
σ 2
t/r =

π
16 and assuming BFSK-MC modulation [12]. It is

observed that with increase in number of antennas (m), the
average SER for the equicorrelated MM wave MIMO is
reduced in the uplink. This is because with more number
of receive antennas, the signal strength at the receiver (BS)
is expected to increase (more probability of weak fade
path and so lesser error). The current state of 5G and
future generation wireless technologies enables powerful
BS designs with flexibility to accommodate more antennas.
Following this, the MM wave performance achieved at a
particular correlation level and with fewer antennas can be
improved by deploying more antennas at the BS [5].
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FIGURE 8. Uplink SER for 2 × 12 Equicorrelated MM wave MIMO with
different modulation schemes (High Corr. σ2

t/r =
π
64 ).

In addition, the proposed model is also comparatively
analyzed in the uplink MM wave scenario for various
modulation schemes [10], [11]. The study assumes a fixed
correlation level σ 2

t/r and specific MIMO order. Different
representative cases of prevailing correlations and MIMO
sizes are however considered for the analysis.

Figure 7 describes 2 × 12 MM wave system performance
under different modulation schemes considering lower cor-
relations σ 2

t/r =
π
8 . It can clearly be observed that the

MM wave system provides least BER with BPSK. The SER
with 4-PAM technique is observed to be on the higher side.
For BFSK scheme, the performance is better than 4-PAM
in general. Specifically, BFSK-MC system exhibits better
SER performance as compared to BFSK-OS system due to
inherently reduced impact of correlation. Further, with higher
order PSK systems, i.e. QPSK, the performance is better than
amplitude modulated systems (4-PAM). However, it shows
higher SERs as compared to the BPSK system. Also, it is
worthwhile noting that the BFSK-OS system has identical
performance with respect to the QPSK model while the
BFSK-MC link performs better than the higher-order QPSK
system [5], [10].

Figure 8 represents average SER levels for the same
2 × 12 equicorrelated MIMO but under higher correlation
effects i.e. σ 2

t/r =
π
64 . With increased correlations, otherwise

satisfactorily performing BPSK versions of the proposed
system show degraded SER. In such situations, BPSK and
QPSK schemes are observed to have similar SER levels.
More input SNR is therefore needed to yield lower SER
with BPSK than that with QPSK under high correlation
scenarios [11]. In such conditions, MM wave links assisted
by lower SER techniques (such as BPSK) underperform as
compared to systems built around higher SER schemes (i.e.
BFSK-MC, BFSK-OS, QPSK).

In Figure 9, it can be observed that with lower correlations
(σ 2
t/r =

π
8 ) and higher number of BS antennas i.e. m = 6, the

MM wave MIMO link with BFSK-MC modulation achieves
SER levels similar to those obtained usingBPSKmethod. The
stated trends are prominent at a high SNR of around 18 dB.

FIGURE 9. Uplink SER for 2 × 6 Equicorrelated MM wave MIMO with
different modulation schemes (Low Corr. σ2

t/r =
π
8 ).

FIGURE 10. Uplink SER for 2 × 6 Equicorrelated MM wave MIMO with
different modulation schemes (Med Corr. σ2

t/r =
π
32 ).

However, Figure 10 shows that with comparatively higher
correlations (σ 2

t/r =
π
32 ) and same m value, the BPSK system

performance dominates that of BFSK-MC.

2) DOWNLINK SER ANALYSIS
Average SER for MM wave MIMO-MRC system is also
analyzed in downlinkm×2 communications under separately
correlated Rayleigh (NLOS) environments. Considering Eq.
(17), MM wave SER is simulated and then observed with
variations only in input SNR levels, γ . Furthermore, the
error rates are then inspected by additionally changing the
correlation levels, MIMO order, and modulation schemes.
Table 3 accordingly summarizes the downlink average SER
performance of the proposed model through comparisons
with various scenarios during uplink.

Additionally, in Figure 11, it can be observed that with
lower correlations (σ 2

t/r =
π
8 ) and higher number of

BS antennas i.e. m = 6, the MM wave MIMO link
with BFSK-MC modulation achieves SER levels similar
to those obtained using BPSK method. The stated trends
are prominent at a high SNR of around 18 dB. However,
Figure 12 shows that with comparatively higher correlations
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TABLE 3. Downlink average and asymptotic (High SNR) SER.

FIGURE 11. Downlink SER for 6 × 2 Equicorrelated MM wave MIMO with
different modulation schemes (Low Corr. σ2

t/r =
π
8 ).

(σ 2
t/r =

π
16 ) and samem value, the BPSK system performance

dominates that of BFSK-MC for the same range of input
SNR.

Furthermore, the downlink and uplink MM wave perfor-
mances are comparatively analyzed for various modulation
formats. The study is conducted considering a particular

FIGURE 12. Downlink SER for 6 × 2 Equicorrelated MM wave MIMO with
different modulation schemes (More Corr. σ2

t/r =
π
16 ).

FIGURE 13. Uplink SER for 2 × 4 Equicorrelated MM wave MIMO with
different modulation schemes (Low Corr. σ2

t/r =
π
16 ).

FIGURE 14. Downlink SER for 4 × 2 Equicorrelated MM wave MIMO with
different modulation schemes (Low Corr. σ2

t/r =
π
16 ).

MIMO order and specific correlation level (σ 2
t/r ). However,

the observations are validated for different representative
correlation variances and MIMO configurations [11].

In comparison with the uplink average SERs depicted for
proposed equicorrelated MIMO in Figure 13, the downlink
SER levels for different modulation techniques are found to
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FIGURE 15. Average and Asymptotic (High SNR) SER comparison for
Uplink 2 × 5 QPSK Equicorrelated MM wave MIMO (Med Corr. σ2

t/r =
π
32 ).

be quite similar as showcased in Figure 14. Here, we consider
uplink and downlink cases both with 4 BS antennas and low
correlations (i.e. m = 4 and σ 2

t/r =
π
16 ). For downlink

scenarios, with m copies being transmitted from BS and
2 copies received at MS, the signal strength per receive
antenna is more leading to better performance for all mod-
ulation schemes. Thus, the gap between SERs corresponding
to different modulation schemes is lesser. On the contrary,
for uplink cases, only 2 copies are sent from MS with m
copies received at BS. So, per receive antenna, the effective
signal strength is lesser leading to inferior SER performance
for all schemes. In such situations, the inherent efficiency
of different modulation schemes determines the respective
SER levels achieved (i.e., BPSK performs drastically better
than 4-PAM or QPSK). The inferences made can be clearly
observed through the separation between SER levels for
various modulation schemes in uplink and downlink cases
illustrated by Figures 13 and 14 respectively.

3) UPLINK ASYMPTOTIC (HIGH SNR) SER ANALYSIS
Next, asymptotic (high SNR) SER for MM wave
MIMO-MRC link is evaluated for uplink 2 × m systems
under separately correlated Rayleigh environments. Using
Eq. (18), MM wave SER (in asymptotic (high SNR) regime)
is simulated and then observed with variations only in
input SNR levels, γ for a fixed correlation level, specific
modulation scheme and particular MIMO order. For practical
demonstration of the asymptotic (high SNR) system behavior,
finitely large input SNR values ranging upto as high as 20-
30 dB are taken into account. Under such considerations,
the asymptotic (high SNR) SERs obtained are compared
with the average SERs evaluated from Eq. (17). Different
representative cases by altering correlation levels, MIMO
configurations, and modulation formats are observed to
validate the study [15].

Figure 15 illustrates average and asymptotic (high SNR)
SER comparisons in uplink scenarios for 2×5 equicorrelated
MM wave MIMO under medium correlations σ 2

t/r =
π
32 and

considering QPSK modulated symbols. With lower number

FIGURE 16. Average and Asymptotic (High SNR) SER comparison for
Uplink 2 × 20 QPSK Equicorrelated MM wave MIMO (Med Corr. σ2

t/r =
π
32 ).

of BS antennas i.e. m = 5, it is observed that the asymptotic
(high SNR) SER and average SER levels highly differ.
This is because for the asymptotic (high SNR) case, SER
is primarily a function of the input SNR and varies as
γ −2m. As such, it shows significant decrease in error levels.
However, in such cases, the crucial independent impact of
eigen values for� and6 i.e.ω1, ω2, · · · ωn and σ1, σ2, · · · σm
are not taken into account. Only the direct effects of � and 6

are considered [11]. But, for average SER simulated using
Eq. (17), the effect of these additional parameters are also
considered and thus it models MM wave correlated channel
behavior in a better manner. Therefore, with lower m values,
the MIMO gains achieved in practice are not so high. This
leads to increased average SER levels for higher input SNRs
using Eq. (17). This indicates that the high signal power
supplied at the input is not reflected effectively at the receiver
output. So, with less BS antennas (m), the asymptotic (high
SNR) SERmodel in Eq. (18) is over-estimating the exactMM
wave error performance represented by Eq. (17).
Conversely, Figure 16 depicts average and asymptotic

(high SNR) SER comparisons in uplink scenarios for
2 × 20 equicorrelated MM wave MIMO under medium
correlations σ 2

t/r =
π
32 and assuming QPSK signals. With

a higher number of BS antennas, i.e., m = 20, the MM
wave system attains higher diversity levels. Therefore, greater
MIMO gains will lead to higher probabilities of obtaining a
weak faded path. Thus, in the asymptotic (high SNR) regime,
received output power levels are more and thereby lower
error levels are obtained using Eq. (17). Figure 16 shows
lesser separations between exact and asymptotic (high SNR)
SER. Therefore, with higher number of BS antennas (m),
the asymptotic (high SNR) SER model in Eq. (18) properly
estimates the actual error performance of equicorrelated MM
wave system described by Eq. (17) in uplink scenarios.

4) DOWNLINK ASYMPTOTIC (HIGH SNR) SER ANALYSIS
In addition, asymptotic (high SNR) SER analysis is also
carried out for MM wave MIMO-MRC link in case of
downlink m × 2 systems under similar conditions. Using
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Eq. (18), MM wave SER (in asymptotic (high SNR) regime)
is simulated and then observed with variations only in
input SNR levels, γ for a fixed correlation level, specific
modulation scheme and particular MIMO order. For practical
demonstration of the asymptotic (high SNR) system behavior,
finitely large input SNR values ranging upto as high as 20-
30 dB are taken into account. Under such considerations,
the asymptotic (high SNR) SERs obtained are compared
with the average SERs evaluated from Eq. (17). Different
representative cases by altering correlation levels, MIMO
configurations, and modulation formats are observed to
validate the study [15]. Table 3 accordingly showcases the
downlink average and asymptotic SER levels for the proposed
system through comparisons with uplink scenarios.

It is highly significant to note that beamsteering and
equicorrelated MIMO modeling are incorporated in the
proposed MM wave system by equally setting: (i) mean
departure/arrival angles (in Section VI-B) from a pre-defined
AoD/AoA dictionary (discussed in Section III-A) and (ii)
transmit/receive variances (in Section VI-B). In addition
to this, by maximally setting the transceiver variances
(in Section VI-B), novel minimized equicorrelations are
achieved from theMMwave setup.With significant reduction
in transmit-receive correlation levels using this new method,
a drastic performance improvement as compared to the
existing MMwave systems is intuitively expected. Given this
backdrop, it is vital to observe that the simulated SER curves
nearly approximate straight lines or linear falls due to highly
synchronized nature of transmission/reception using specific
AoDs/AoAs. Such characteristics are observed with proper
vector/angle tuning because the practical system precisely
follows the theoretical model to achieve minimal transceiver
equicorrelations. Further it is crucial to observe that some
of the simulation results presented in this section do reflect
SER levels as low as 10−40 (in order). Also, it is necessary
to state here that even the previously proposed MM wave
models which are non-minimally equicorrelated in nature
showcase only fractionally higher SERs (in comparison to
the current model) as can be observed in [65] and [66].
Therefore, the observation that the newly proposed MM
wave system facilitating strong minimal correlation tuning
exhibits steeply reduced SERs in practice with incredibly
large orders of magnitude is quite as expected and also
in line with the analytical study presented in Sections V
andVI. Further, it is noteworthy that achieving drastically low
SER levels down to 10−40 does involve the tedious task of
simulating more than 1042 bits/symbols for 100 bit/symbol
errors. However, such intensive computations are necessary
for proper visualisation of significant error reduction capa-
bilities exhibited by the proposed MM wave model. With
lesser number of bits/symbols, such system abilities are not
prominent. To ensure that processing delays are minimum,
the large number of received bits/symbols are evaluated over
parallel batches (under identical channel conditions) using
three active cores of the Quad Core machine as discussed in
Section VII-A. While demonstrating a drastic fall in SER,

FIGURE 17. Average SER comparison for 2 × 10 QPSK MM wave MIMO
with No correlation, Analytical Equicorrelation (ρmin = 0.2), Practical
Equicorrelation (σ2

t/rmin
=

π
16 ), SV Correlation (σAoD

AS =

√
π
32 ,

σAoA
AS =

√
π
16 ), Spatial Statistical MM wave, Semi-deterministic ONN MM

wave and QD MM wave.

the MM wave system also showcases an acceptably low
MATLAB (tic-toc) simulation time requirement of around
0.001285 seconds.

The illustrations in Sections VII-B1 to VII-B4 clearly
signify that the receiver performance of MM wave MIMO
links have direct dependency on antenna correlation levels.
The MIMO-MRC reception quality metrics are observed
to significantly improve with lower antenna correlations.
Furthermore, at MM wave frequencies, with dependency of
MIMO channel gains on antenna steering vectors and in turn
system AoDs/AoAs [Eq. (2)], correlation measures could
be effectively adjusted to lower prevailing inter-element
correlations [Eqs. (4), (5)]. Following this, adequate SER
performance improvements for MM wave models are
achieved with accurately tuned AoDs/AoAs using Eqs. (17)
and (18). Such control over output performance cannot be
achieved in the non-MM wave regime with inter-antenna
correlations being independent of tunable AoDs/AoAs. Thus,
using this crucial dependance, a new minimal equicorrelation
MIMO-MRC model is presented here to obtain reduced
average SER levels during near-user beamsteered MM wave
communications.

5) COMPARISON AND SIGNIFICANCE OF MINIMALLY
EQUICORRELATED MODEL VERSUS EXISTING MODELS
Average SER levels for the proposed equicorrelation model
described in Sections VI-A and VI-B are compared with
those of existing SV correlation model for MM wave links
discussed in [62] and [68]. Inter-element correlations are
characterized for the later model in terms of mean departure
angle (φAoD), mean arrival angle (φAoA), transmit angular
deviation (σAoDAS ) and receive angular deviation (σAoAAS ) [62].
Higher deviations from the mean angle would result in
spatially well-separated transmissions and thereby lower
correlation levels. However, it is detrimental to note that,
unlike the proposed minimal equicorrelation model, the SV
model in [68] is non-equicorrelated in nature, indicating
dissimilar correlations at the transmitter and receiver sides.
Moreover, the analytical study in [62] for the later does not
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TABLE 4. Average SER Comparison with Existing Methods.

focus on any method to equally minimize correlations at both
ends as highlighted for the proposed model in Section VI-B.
Therefore, effective tuning of system vectors (or transmission
angles) to achieve reduced correlations and thereby reduced
SER measures is not possible using the SV model [69].

Figure 17 compares average SER levels for a 2×10 QPSK
MM wave MIMO system without considering correlations,
with SV correlations reflected by σAoDAS =

√
π
32 and

σAoAAS =

√
π
16 , with minimal analytic (ρ = 0.2) and

practical (σ 2
t/r =

π
16 ) equicorrelations. It also depicts

SER comparisons between the Minimal Correlation system
and recently proposed Spatial Statistical, Semi-deterministic
ONN and QD MM wave models [74], [75], [76]. Whereas
the inferences drawn from these comparisons have been
elaborated in the next paragraph, the discussion here throws
light at SER performance levels for the proposed system,
SV correlated model and Non-Correlated model. For SV
model, the mean transmit AoD i.e. φAoD and receive AoA
i.e. φAoA are both assumed to be π

2 . However, due to non-
equicorrelated nature, the transmit deviation (σAoDAS ) is lesser
signifying higher correlations and receive deviation is greater
representing lower correlations. In the proposed equicorrela-
tion model, mean AoD/AoA i.e. θt/r are both assumed to be
π
2 . Due to lower correlations prevalent at receive side, theMM
wave SV correlated system exhibits marginally reduced SER
levels as compared to the non-correlated MM wave system.
This is in agreement with the discussion in [62]. However,
no further performance tuning is possible [68]. On the other
hand, it is crucial to observe that the proposed equicorrelated
systemwith minimal correlations at both transmit and receive
ends achieves a significant decrease in MM wave SER
levels as compared to the non-correlated and SV-correlated
systems [5] [62]. The depicted performance gains using
proposed model are obtained as a result of transmission and
reception at properly tuned departure and arrival angles, (θtmod
and θrmod ) computed using Eqs. (24) and (25) in Section VI-B.
Additionally, it may be noted from Figure 17 that under low
equicorrelations, the simulated curves for MM wave average
SER levels are in agreement with the analytical curves.

FIGURE 18. SER variation with correlation for 2 × 3 Equicorrelated MM
wave BPSK MIMO in low SNR region.

This validates performance gains proposed using Minimal
Equicorrelation model for short range NLOS MM wave
users. Also, the practical SER levels exhibited are fractionally
higher than the analytical measures as expected.

Quite similar to Figure 17, average SER levels for the
Minimal Equicorrelation system are compared with those
of other recently proposed MM wave channel models [70],
[71], [72], [73], [74], [75], [76] in Table 4. The analysis is
carried out considering uplink scenario with m = 10. The
input SNR, γ is set to 2 dB and BPSK modulated signals
are considered. From both Table 4 and Figure 17, it can
be clearly observed that the non-equicorrelated MM wave
models presented in [62], [70], [71], [72], [73], [74], [75], and
[76] exhibit higher average SER levels without any method
presented to tune the performance of such systems. On the
other hand, significantly reduced average SER levels are
achieved using the proposed Minimal Equicorrelation model
through transmission and reception at tuned departure/arrival
angles.

It is highly significant to note in Figure 18 that the
proposed system depicts reduced average SER even under
scarce SNR in the range of −20 dB to −10 dB with minimal
correlation tuning. At significantly low SNR of −10 dB
also, the presented MM wave model can be effectively
utilized to achieve SER improvements (through reduced
correlations via angular tuning) which would also be highly
beneficial for remote wireless applications such as satellite
and underwater communications [45]. Such performance
improvements achieved at scarce SNR levels through newly
introduced minimized equicorrelations strongly establishes
the proposed system’s novel contribution over existing
methods cited in [70], [71], [72], [73], [74], [75], and [76].

VIII. CONCLUSION
The work put forward emphasizes devising means to enhance
SER performance in millimeter wave receivers. In line with
this, channel modelling is performed, taking into account
short-range NLOS users. Vital stochastic models presented
for MM wave links are analyzed and reveal the vital

VOLUME 12, 2024 81983



S. Bhattacharyya, G. Aruna: SER Reduction in NLOS MM Wave Links Using Minimally Equicorrelated MIMO-MRC System

dependance of such taps on transmit-receive steering vectors
or AoDs/AoAs. Furthermore, this throws light on controlled
MM wave correlation measures obtained using effectively
steered AoDs and AoAs. This is applicable only to MM
wave communications and does not hold in the case of
microwave transmissions. Depending on the same, novel
minimal equicorrelations in MMwaveMIMO-MRC systems
are proposed in this paper, showcasing SER reductions for
near users in beamsteering based NLOS links. Reduced
equicorrelations are suggested to be practically realized
through effective tuning of AoDs and AoAs, utilizing
adjustable antenna systems for 5G and beyond. The perfor-
mance of the proposed model could be further analyzed for
distant users by applying appropriate beamforming methods.

APPENDIX
Variousmathematical derivations and computations related to
this paper have been presented here.

A. DEDUCTION OF BEAMSPACE MM WAVE MIMO
CHANNEL MATRIX
Utilizing Eq. (1), the solid angles are obtained as depicted in
Eq. (28)

θi = arcsin(
λvi
d

) (28)

with, λ =
c

fMM
as the operating wavelength, d being the

spacing between two elements in a Uniform Linear Array
(ULA) comprising of N elements, c signifying the speed of
light and fMM representing the MM wave carrier frequency.
For such geometries, the vector used to steer the phased array
towards θi direction is calculated by using Eq. (29).

a(θi) = [1, e−j2πvi , e−j4πvi , · · · e−j2πvi(N−1)]T (29)

The angular spacings are virtually uniform and result in
steering vectors that correspond to θi forming an orthonormal
basis function U . This N × N matrix, U can be mathemati-
cally expressed as shown in Eq. (30).

U =
1

√
N

[
{a(θ0)}{a(θ1)} · · · {a(θN−1)}

]T
(30)

where, {a(θ0)} is the N × 1 steering vector corresponding to
first antenna element, {a(θ1)} represents the same for second
element and so on upto the N th element with each being
a column in the matrix U . [·]T denotes matrix transpose
operation. At both transmit and receive sides, the orthonormal
matrixU is characterized byUT andUR respectively.U has a
DFT (unitary) nature with diagonal elements set to unity [5],
[8], [15]. Thus, it fulfils the condition mentioned in Eq. (31).

U∗U = UU∗
= I (31)

Considering the narrowband representation of MIMO, the
MMwave channel in beamspace mode is expressed using Eq.
(32) where Hb signifies different MIMO tap gains [5], [6].

HMM = URHbU∗
T (32)

Moreover, the channel model in MM wave regime can
be modeled as a function of transceiver steering vectors as
illustrated in Eq. (33)

HMM =

Nr∑
i=1

Nt∑
k=1

[Hb]i,kaR(θR,i)aT (θT ,k ) (33)

where, θR,i and θT ,k are the arrival and departure angles
respectively. aR(θR,i) and aT (θT ,k ) are the vectors used to
steer the wave at receive and transmit side. In the presented
work, aR(θR,i) and aT (θT ,k ) are utilized to steer the signals
purposely in the direction of desired user i.e. θd [12].

MM wave transmissions being characterized by limited
multipaths [5], the narrowband channel at such frequencies
can be expressed in terms of Np paths using Eq. (34).

HMM =

Np∑
k=1

αkaR
(
θR,k

)
a∗
T

(
θT ,k

)
(34)

with αk being the tap gain, θR,k denoting the receiver arrival
angle and θT ,k signifying the transmit departure angle for
k th multipath. aT (θT ,k ) is the transmit steering vector of
dimension NT ×1 and aR(θR,k ) is the NR×1 receive response
vector respectively [18], [19], [20], [21], [22].

With the assumption of 2 × 2 MIMO and using Eq. (32),
the MIMO channel gains can be represented by Eq. (35)

Hb =

[
h11 h12
h21 h22

]
(35)

The illustrations in [5] reveal that the orthonormal basis
function [23], [24], [25], [26], U can be further expressed
using Eq. (36)

U =
1

√
N
[{a(θ0)} {a(θ1)}]T (36)

where a(θ0) and a(θ1) denote steering vectors for first and
second elements of the array. U can be replicated at transmit
and receive sides utilizing Eqs. (37) and (38).

UT =
1

√
NT

[{aT (θ0)} {aT (θ1)}]T (37)

UR =
1

√
NR

[{aR(θ0)} {aR(θ1)}]T (38)

In case of UT and also UR, {aT (θi)} and {aR(θi)} are NT ×

1 and NR × 1 vectors each owing to NT and NR transmit-
receive elements respectively [2], [7], [27], [28], [29], [30].
Therefore, elaborating Eq. (37) further, Eqs. (39) and (40) are
deduced.

UT =
1

√
NT

[
aT1 (θ0) aT1 (θ1)
aT2 (θ0) aT2 (θ1)

]T
(39)

⇒ UT =
1

√
NT

[
aT1 (θ0) aT2 (θ0)
aT1 (θ1) aT2 (θ1)

]
(40)

Similar expansion of Eq. (38) yields Eq. (41).

UR =
1

√
NR

[
aR1 (θ0) aR2 (θ0)
aR1 (θ1) aR2 (θ1)

]
(41)
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UT and UR are therefore NT × NT and NR × NR matrices
respectively [5]. Furthermore, using Eqs. (40) and (41) in Eq.
(32), we can evaluate the MM wave MIMO matrix HMM as
follows.

HMM =
1

√
NRNT

[
aR1 (θ0) aR2 (θ0)
aR1 (θ1) aR2 (θ1)

] [
h11 h12
h21 h22

]
·

[
aT1 (θ0) aT2 (θ0)
aT1 (θ1) aT2 (θ1)

]∗

⇒ HMM =
1

√
NRNT

[
aR1 (θ0) aR2 (θ0)
aR1 (θ1) aR2 (θ1)

] [
h11 h12
h21 h22

]
·

[
a∗
T1
(θ0) a∗

T1
(θ1)

a∗
T2
(θ0) a∗

T2
(θ1)

]
⇒ HMM =

1
√
NRNT

[
A B
C D

]
(42)

where,

A = a∗
T1 (θ0)aR1 (θ0)h11 + a∗

T1 (θ0)aR2 (θ0)h21
+ a∗

T2 (θ0)aR1 (θ0)h12 + a∗
T2 (θ0)aR2 (θ0)h22

B = a∗
T1 (θ1)aR1 (θ0)h11 + a∗

T1 (θ1)aR2 (θ0)h21
+ a∗

T2 (θ1)aR1 (θ0)h12 + a∗
T2 (θ1)aR2 (θ0)h22

C = a∗
T1 (θ0)aR1 (θ1)h11 + a∗

T1 (θ0)aR2 (θ1)h21
+ a∗

T2 (θ0)aR1 (θ1)h12 + a∗
T2 (θ0)aR2 (θ1)h22

D = a∗
T1 (θ1)aR1 (θ1)h11 + a∗

T1 (θ1)aR2 (θ1)h21
+ a∗

T2 (θ1)aR1 (θ1)h12 + a∗
T2 (θ1)aR2 (θ1)h22

Eq. (42) represents the finalized Beamspace MMwave 2×

2 MIMO channel matrix which can be easily extended for an
arbitrary NT × NR system.

B. FADING CORRELATION STATISTICS
It is of prime importance to characterize the proposed MM
wave link as an L tap multipath channel for analyzing the
background fading-correlation statistics [5], [10]. In general,
the l th tap for a MM wave channel, HMM is expressed as
the sum of a fixed (possibly LOS) component ¯HMMl =

E[HMMl ] (E[·] is the expectation operator) and a variable
(scattered, NLOS) component ˜HMMl depicted below with
l = 0, 1, · · · ,L − 1.

HMMl = ¯HMMl + ˜HMMl (43)

For the proposed NLOS MM wave, we have Rayleigh
faded MIMO taps (HR) with ¯HMMl = ONR×NT and therefore
HMMl = ˜HMMl . Here, ONR×NT is the Zero matrix of size
NR × NT . Further, elements of the matrix, ˜HMMl (which are
possibly correlated) are considered to be circularly symmetric
Gaussian random variables. However, each path l is assumed
uncorrelated from the path k so that the following holds for
all l ̸= k .

E{vec( ˜HMMl )(vec( ˜HMMk ))
H

} = ONRNT×NRNT (44)

where, vec(·) represents column wise vector-stacking of a
matrix and (·)H denotes thematrix Hermitian operation. Also,

each path l is represented by: (i) mean departure angle, ¯θT ,l ,
(ii) mean arrival angle, ¯θR,l , (iii) transmit angular variance,
σ 2

θT ,l
, (iv) receive angular variance, σ 2

θR,l
and (v) path gain,

σ 2
l (evaluated based on channel power delay profile). Now,

considering double correlated environments, the Rayleigh
component of l th tap is decomposed as below for l =

0, 1, · · · ,L − 1.

˜HMMl = R
1
2
l

˜HMMw,l (S
1
2
l )

T (45)

Here, Rl = R
1
2
l R

1
2
l and Sl = S

1
2
l S

1
2
l are the receive

and transmit correlation matrices corresponding to ˜HMMl ,
˜HMMw,l is an NR × NT matrix with i.i.d. CN (0, σ 2

l ) entries,

(·)
1
2 denotes the Hermitian square root of a matrix, (·)T

signifies matrix transpose and CN (·, ·) represents Complex
Normally distributed random variables of specified mean
and variance. It is a key to note here that the power
delay profile, σ 2

l has been incorporated in the entries
of ˜HMMw,l . From the above discussion, it is also known
that E{vec( ˜HMMl )(vec( ˜HMMk ))

H
} = ONRNT×NRNT for all

l ̸= k . As per the elaborations laid down in [67], the
fading correlation between two antenna elements spaced s1
wavelengths apart is defined as ρ(s1, θ̄, σθ ). Respectively,
for the transmit and receive antenna elements, we have, for
0 ≤ l ≤ L − 1, ρ(s1T , ¯θT ,l, σθT ,l ) = E{[H̃l]k1,r [H̃l]

∗
k1,r+s

}

(0 ≤ k1 ≤ NR − 1, 0 ≤ r ≤ NT − s − 1) and
ρ(s1R, ¯θR,l, σθR,l ) = E{[H̃l]r,k1 [H̃l]

∗
r+s,k1

} (0 ≤ k1 ≤ NT−1,
0 ≤ r ≤ NR−s−1). (·)∗ denotes matrix conjugate operation.
Following the deductions in [67], the correlation matrices Rl
and Sl are subsequently expressed as below.

[Rl]m1,n1 = ρ((n1 − m1)1R, ¯θR,l, σθR,l ) (46)

[Sl]m1,n1 = ρ((n1 − m1)1T , ¯θT ,l, σθT ,l ) (47)

Further, we consider that the effective angles of departure
and arrival corresponding to the l th path are given by θT ,l =

¯θT ,l + ˆθT ,l and θR,l = ¯θR,l + ˆθR,l with ˆθT ,l ∼ N (0, σ 2
θT ,l

) and
ˆθR,l ∼ N (0, σ 2

θR,l
). Given this background, it has already been

demonstrated in [67] that ρ(s1, θ̄, σθ ) may be expressed as
below.

ρ(s1, θ̄, σθ ) ≈ e−j2πs1 cos(θ̄)e−
1
2 (2πs1 sin(θ̄ )σθ )2 (48)

The results stated above shall be used for straightforward
deduction of practical transceiver correlation matrices appli-
cable to the proposed minimally equicorrelated MM wave
model [5], [11].

C. CUMMULATIVE MAXIMUM EIGEN DISTRIBUTIONS FOR
KRONECKER CORRELATED COMPLEX WISHART MATRICES
Generalized results for maximum eigen mode statistical
distributions of complex Wishart matrices under separate
correlation environments are presented here. The closed form
expressions analyzed here are used to examine correlated
MIMO-MRC performance under NLOSMMwave transmis-
sion scenarios.
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We consider X ∼ CNm,n(Om×n, 6
⊗

�) for n ≤ m with
� ∈ Cn×n and 6 ∈ Cm×m being positive Hermitian definite
matrices defined by respective eigen values ω1 < · · · < ωn
and σ1 < · · · < σm. Thus, the highest eigen value λm
evaluated from Wishart matrix X†X has a CDF analytically
represented by Eq. (49). The same is vital in examining MM
wave system performance [10], [43].

Fλm (x) =
(−1)n0n(n)det(�)n−1det(6)m−1det(9(x))

1n(�)1m(6)(−x)
n(n−1)

2

(49)

Here, 0n(·) is a complex Gamma multivariate function
mathematically expressed by Eq. (50).

0n(n) =

n∏
i=1

0(n− i+ 1) (50)

Moreover, 1m(·) is termed as Vandermonde determinant
calculated on eigenvalues of m-dimensional argument for 6

matrix. Numerically, it is evaluated using Eq. (51).

1m(6) =

m∏
i<j

(σj − σi) (51)

Also, the 9(x) matrix of dimension m×m is expressed in
terms of its (i, j)th element by Eq. (52).

(9(x))i,j =


(
1
σj
)m−i, i ≤ τ

e
−x

ωi−τ σj ℘(m;
−x

ωi−τσj
), i > τ

(52)

where, τ = m − n. Further, ℘(·; ·) in Eq. (53) denotes the
incomplete gamma function with lower regularization.

℘(l; y) = 1 − e−y
l−1∑
k=0

yk

k!
(53)

Considering a case where n = 2 and m ≥ 2, Eq. (49) can
be simplified and re-written as Eq. (54).

Fλm (x) =
det(�)

12(�)1m(6)

m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)(σpσt )m−1

× 1m−2(σ [p,t]) · Qp,t (x) (54)

where, φ(t) is calculated using Eq. (55)

φ(t) =

{
t, t < p
t − 1, t > p

(55)

Also, σ [p,t]
= {σi; i ∈ {1, · · · ,m}\{p, t}} and Qp,t (x) is

represented by Eq. (56)

Qp,t (x) =
1
x
e
−

x
ω2σp ℘(m; −

x
ω2σp

)e−
x

ω1σt ℘(m; −
x

ω1σt
)

(56)

Furthermore, with n = m = 2, Eq. (49) will get reduced
to a simpler form as shown in Eq. (57). Both the simplified

closed forms presented for Fλm (x) in Eqs. (54) and (57) are
used to derive crucial MM wave receiver metrics [10], [12].

Fλm (x) =
ω1ω2σ1σ2

x(σ2 − σ1)(ω2 − ω1)

2∑
i=1

(−1)i
2∏
j=1

(e
−

x
ω|i−j|+1σj

+
x

ω|i−j|+1σj
− 1) (57)

D. AVERAGE SER DEDUCTION OF PROPOSED MM WAVE
SYSTEM
Let us consider all general modulation formats that have an
SER expression as shown in Eq. (58).

PS = Eγ

[
aQ(

√
2bγ )

]
(58)

where, Q(·) denotes the Gaussian Q-function and a, b are
constants that indicate the modulation method used [15].
Exact SER expressions are presented for BPSK (a=1, b=1),
orthogonal signaling (OS) BFSK (a=1, b=0.5), minimum
correlation (MC) BFSK (a=1, b=0.715) and M-ary PAM
(a =

2(M−1)
M , b =

3
M2−1

) schemes [10], [15]. Moreover,
in case of modulation formats for which Eq. (58) is an
approximation i.e. M-ary PSK (a = 2, b = sin2( π

M )),
the proposed closed forms will yield approximate SER
levels [43]. To deduce the average SER for MIMO-MRC
under MM wave regime, results of baseline work referred
in [10] for semi-correlated channels are generalized under
double correlated environments [15], [43].

Firstly, the Gaussian Q-function in Eq. (58) can be
generally expressed in terms of any arbitrary parameter x by
utilizing a dummy variable v for mathematical consistency as
shown below in Eq. (59).

Q(x) =
1

√
π

∫
∞

x
√
2

e
−v2
2 dv (59)

Specific to the problem at hand, Q(·) in Eq. (59) can be
re-expressed in terms of γ by putting x =

√
2bγ . Further,

by replacing the value of Q(x) from Eq. (59), we can re-
write Eq. (58) as Eq. (60). To facilitate evaluation of the outer
integral in Eq. (60), another dummy variable u is used in place
of γ . Also, fγ (γ ) in Eq. (60) denotes the PDF of output SNR,
γ .

PS =
a

√
π

∫
∞

0

[∫
∞

√
bu
e−v

2
dv

]
fγ (u)du (60)

To solve the RHS of Eq. (60) using integration by parts,
we initially differentiate the term within square brackets as
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below.
d
du

[∫
∞

√
bu
e−v

2
dv

]
= −

d
du

[∫ √
bu

0
e−v

2
dv

]

= −
d
du

√
bu

(
d
dx

[∫ x

0
e−v

2
dv

])
x=

√
bu

= −
1
2

√
b
u
e−bu (61)

In Eq. (61), the first step is obtained from the result
presented in Eq. (62) whereas the second and third steps are
derived using Chain rule and Second Fundamental Theorem
of calculus respectively [3], [12].∫

∞

0
e−v

2
dv =

√
π

2
(62)

Using Eqs. (60) and (61), we obtain Eq. (63) as below.

PS =
a
√
b

2
√

π

∫
∞

0

e−bu
√
u
Fγ (u)du (63)

Eq. (63) generalizes semi-correlated average SER expres-
sions of the baseline model referred in [10] under MM
wave separately correlated Rayleigh environments [5], [11].
Further, we utilize the CDF of λm in Eq. (54) to re-write Eq.
(63) as Eq. (64)

PS =
a
√
b

2
√

π

∫
∞

0

e−bu
√
u
Fλm (

u
γ
)du (64)

Next, a modified expression is deduced for Qp,t (x)
illustrated in Eq. (56). By expansion of the exponentials into
power series and utilizing Eq. (53), Eq. (56) is expressed as
Eq. (65)

Qp,t (x) =
1
x

 ∞∑
k=m

(
−x

ω2σp

)k
k!


 ∞∑
k=m

(
−x

ω1σt

)k
k!


=

1
x

∞∑
k1=m

∞∑
k2=m

(−x)k1+k2
(

1
ω2σp

)k1 (
1

ω1σt

)k2
k1!k2!

= −

∞∑
k=2m

(−x)k−1Sk (65)

where,

Sk =

k−m∑
l=m

(
1

ω2σp

)l (
1

ω1σt

)k−l
l!(k − l)!

(66)

Further, replacing Eq. (65) in Eqs. (54) and (63), the
average SER can be expressed as shown in Eq. (67)

PS =
a
√
b

2
√

π

det(�)
12(�)1m(6)

m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)(σpσt )m−1

· 1m−2(σ [p,t])T (67)

Here, T is represented using Eq. (68) as below.

T =

∫
∞

0

e−bu
√
u
Qp,t (

u
γ
)du

= −

∞∑
k=2m

Sk

(
−
1
γ

)k−1 ∫
∞

0
uk−

3
2 e−budu

= γ
√
b

∞∑
k=2m

Sk

(
−

1
bγ

)k

0

(
k −

1
2

)
(68)

The last line of Eq. (68) is derived based on the well-known
integration identity presented in Eq. (3.381.4) of the cited
work [21] in our baseline paper [10]. We express Sk of
Eq. (66) using Binomial expansion to eliminate the infinite
summation as below in Eq. (69)

Sk =
1
k!

((
1

ω2σp
+

1
ω1σt

)k

−

m−1∑
l=0

(
k
l

) (
1

ω2σp

)l ( 1
ω1σt

)k−l

−

k∑
l=k−m+1

(
k
l

) (
1

ω2σp

)l ( 1
ω1σt

)k−l)
(69)

On replacing the variable l by k − l in the second
summation of Eq. (69), and following the property

(k
l

)
=( k

k−l

)
, we can re-write Sk as in Eq. (70)

Sk =
1
k!

((
1

ω2σp
+

1
ω1σt

)k

−

m−1∑
l=0

(
k
l

)((
1

ω2σp

)l

·

(
1

ω1σt

)k−l

+

(
1

ω1σt

)l ( 1
ω2σp

)k−l))
(70)

The representation of Sk in Eq. (70) is more convenient
than the one in Eq. (66) because the limits of summation are
independent of the term k . Further, Eq. (70) is substituted into
Eq. (68) and thus we obtain Eq. (71)

T = γ
√
b
(

η

(
0, −

1
γ b

(
1

ω2σp
+

1
ω1σt

))

−

m−1∑
l=0

1
l!

η
(
l, − 1

γ bω2σp

)
(γ bω1σt)

l −

m−1∑
l=0

1
l!

η
(
l, − 1

γ bω1σt

)
(
γ bω2σp

)l )
(71)

where,

η (l, y) =

∞∑
k=2m

yk−l0
(
k −

1
2

)
(k − l)!

=

∞∑
k=2m−l

yk0
(
k + l − 1

2

)
k!

= 0(l −
1
2
)1F0(l −

1
2
; y)

−

2m−l−1∑
k=0

yk0(k + l − 1
2 )

k!
(72)
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Here, 1F0(·) denotes the hypergeometric binomial func-
tion. Also, keeping in mind that 1F0(a; y) = 2F1(a; b; b; y)
and utilizing Eq. (15.1.8) of cited work [22] in our baseline
model [10], we further derive Eq. (73)

η(l, y) = 0

(
l −

1
2

)
(1 − y)

1
2−l

−

2m−l−1∑
k=0

yk0(k + l − 1
2 )

k!
(73)

Next, we utilize the identity as depicted in Eq. (74)

0(k +
1
2
) =

(2k − 1)!!
√

π

2k
(74)

with,

(2k − 1)!! ∼= 1 × 3 × · · · × (2k − 1) (75)

Considering k > 0 and setting (−1)!! = 1 and (−3)!! =

−1 yields Eq. (76)

η(l, y) =

√
π

2l−1 η̃(l, y) (76)

where, η̃(l, y) is represented by Eq. (77)

η̃(l, y) = (2l − 3)!!(1 − y)
1
2−l

−

2m−l−1∑
k=0

( y
2

)k
·
(2(k + l) − 3)!!

k!
(77)

Eventually, putting the value of Eq. (77) into Eq. (71)
and further solving Eq. (67), we obtain the finalized closed
form expression for average SER of MM wave MIMO-MRC
system under separately correlated NLOS (Rayleigh) MM
wave channels as expressed in Eq. (78)(
PS,MM

)
av

=
det(�)abγ

12(�)1m(
∑

)

m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)(σpσt )m

· (σpσt )−11m−2(σ [p,t])

×

(
η̃

(
0, −

1
γ b

(
1

ω2σp
+

1
ω1σt

))

−

m−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω2σp

)
(2γ bω1σt )l

−

m−1∑
l=0

1
l!

η̃
(
l, − 1

γ bω1σt

)
(2γ bω2σp)l

)
(78)

E. ASYMPTOTIC (HIGH SNR) SER DERIVATION OF
CORRELATED MM WAVE MODEL
On proper inspection of the MM wave average SER
expression depicted using Eqs. (67) and (68), it can be
observed that irrespective of the input SNR value γ , the net
contribution (to PS ) of first term in the summation of Eq. (68)
yielding T (at k = 2m) is equal to zero. The same can be
shown as below.

We consider k = 2m in Eq. (68) and obtain Eq. (79) as
below

T2m = γ
√
bS2m

(
−

1
bγ

)2m

0

(
2m−

1
2

)
(79)

where, S2m can further be deduced from Eq. (69) and
expressed as shown in Eq. (80).

S2m =
1
2m!

((
1

ω2σp
+

1
ω1σt

)2m

−

m−1∑
l=0

(
2m
l

) (
1

ω2σp

)l

·

(
1

ω1σt

)2m−l

−

2m∑
l=m+1

(
2m
l

) (
1

ω2σp

)l ( 1
ω1σt

)2m−l)

=
1
2m!

((
1

ω2σp
+

1
ω1σt

)2m

−

(
1

ω2σp
+

1
ω1σt

)2m)
= 0 (80)

Thus, using Eq. (80) in Eq. (79), we obtain Eq. (81) which
showcases zero contribution of T (at k = 2m) to PS in Eq.
(67).

T2m = 0 (81)

By starting the summation in Eq. (68) from k = 2m +

1 instead of k = 2m, we therefore obtain Eq. (82).

T = γ
√
b

∞∑
k=2m+1

Sk

(
−

1
bγ

)k

0

(
k −

1
2

)
(82)

Moreover, with γ → ∞, the contribution to T (consisting
of an infinite series) is primarily due to lower order terms.
It is sufficient to only consider T at k = 2m + 1 in the
asymptotic (high SNR) regime [12]. By applying this in Eq.
(82), we deduce Eq. (83) as below.

T∞
= γ

√
bS2m+1

(
−

1
bγ

)2m+1

0

(
2m+

1
2

)
(83)

Further, we utilize Eq. (66) to calculate S2m+1 by setting
k = 2m+ 1 and obtain Eq. (84).

S2m+1 =

m+1∑
l=m

(
1

ω2σp

)l (
1

ω1σt

)2m+1−l

l!(2m+ 1 − l)!
(84)

On solving Eq. (84), we further express S2m+1 as shown in
Eqs. (85) and (86).

⇒ S2m+1 =

(
1

ω2σp

)m (
1

ω1σt

)m+1

m!(m+ 1)!
+

(
1

ω2σp

)m+1 (
1

ω1σt

)m
(m+ 1)!m!

(85)

⇒ S2m+1 =

(
1

ω2σp

)m (
1

ω1σt

)m+1
+

(
1

ω2σp

)m+1 (
1

ω1σt

)m
m!(m+ 1)!

(86)
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Using Eq. (86) in Eq. (83), we obtain Eq. (87) as below.

T∞
= γ

√
b

(
1

ω2σp

)m (
1

ω1σt

)m+1
+

(
1

ω2σp

)m+1 (
1

ω1σt

)m
m!(m+ 1)!

·

(
−

1
bγ

)2m+1

0

(
2m+

1
2

)
(87)

Further, Eq. (87) can be re-written as Eq. (88).

T∞
= γ

√
b

(
−

1
bγ

)2m (
−

1
bγ

)
0

(
2m+

1
2

)

·

(
1

ω2σp

)m (
1

ω1σt

)m+1
+

(
1

ω2σp

)m+1 (
1

ω1σt

)m
m!(m+ 1)!

(88)

Subsequently, we obtain Eqs. (89) and (90) from Eq. (88)
upon mathematical simplification.

T∞
= −

(γ b)−2m0(2m+
1
2 )

√
bm!(m+ 1)!

((
1

ω2σp

)m (
1

ω1σ t

)m+1

+

(
1

ω2σp

)m+1 (
1

ω1σ t

)m)
(89)

⇒ T∞
=

(γ b)−2m0(2m+
1
2 )

√
bm!(m+ 1)!

1
det(�)m(σpσt )m

·

(
1

ω1σt
+

1
ω2σp

)
(90)

Replacing Eq. (90) into Eq. (67), we obtain the asymptotic
(high SNR) SER shown in Eq. (91).

P∞
S =

a0(2m+
1
2 )(γ b)

−2mS̃

2
√

πm!(m+ 1)!12(�)1m(6)det(�)m−1 (91)

Here, S̃ is represented using Eq. (92).

S̃ =

m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)1m−2
(
σ [p,t]

)
σpσt

×

(
1

ω1σt
+

1
ω2σp

)
(92)

Further, it is noteworthy to state Eqs. (93) and (94).

m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)1m−2
(
σ [p,t]

)
σpσ

2
t

= Le
[
(−1)m−21m(

∑
)
]

(93)
m∑
p=1

m∑
t=1,t ̸=p

(−1)p+φ(t)1m−2
(
σ [p,t]

)
σ 2
p σt

= Le
[
(−1)m−11m(

∑
)
]

(94)

where, Le [·] denotes well-known Laplace Expansion [11].
The derivations leading to Eqs. (93) and (94) are straightfor-
ward and have been omitted thereby. Using Eqs. (93) and (94)

in Eq. (92), we deduce for S̃ as follows.

S̃ = −

(
1
ω1

1
ω2

)
1m(

∑
)

det(
∑

)2

⇒ S̃ = −
12(�)1m(6)
det(�)det(

∑
)2

(95)

where, the well-established identity presented in Eq. (52)
of our baseline work [10] is utilized to obtain the final-
ized S̃ expression shown in Eq. (95) [12], [15]. Finally,
applying Eq. (95) into Eq. (91), we obtain the desired
asymptotic (high SNR) SER closed form expression for MM
wave MIMO-MRC model under double correlated Rayleigh
(NLOS) channels in Eq. (96) [5], [10], [11].(
PS,MM

)∞

hi =
a(4m− 1)!! · γ −2m

b2m22m+1m!(m+ 1)!det(�)mdet(
∑

)2
(96)
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