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Engineering, Wasit University, The new concept of Beamspace Multiple Input Multiple Output system (BS-
Wasit, Iraq MIMO) was developed to address the issue of reduced Energy Efficiency (EE) of
Email: the traditional MIMO in millimeter-Wave (mm-Wave) wireless communication

systems by decreasong the large number of radio frequency chains (RF-chains)
while maintaining the same number of antennas in those systems. On the other
hand, fewer RF-Chains leads to a smaller number of users that the system can
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Received serve as a result of the number of use rs that can be served must be equal to/or less
zRge-\;]iz;r;éary-zozz than the RF-chains’ number. To overcome the above issue, the BS-MIMO is
29-March-2022 proposed to be integrated with Non-Orthogonal Multiple-Access (NOMA)
ﬁ?—cfppr}ESOZZ scheme to produce the novel approach of BS-MIMO-NOMA. As a result, the

Doi: 10.31185/ejuow.Vol10.1ss2.287 |~ novel scheme is capable of serving a group of users with correlated channels via a
single RF-chain. In this paper, we will address the issue of EE of the above-
mentioned communication systems. Specifically, we propose and develop an
iterative algorithm with a low complexity that achieves near-perfect performance.
The proposed scheme, named MSE-DPA (for Mean-Square-Error-Based
Dynamic Power Allocation Algorithm), is checked to ensure this validity of
Figure-of-Merit. The simulation results indicate that the EE is approximately 85%
greater than that of traditional (fully-digital) MIMO systems for a certain fair
system and environment scenario.

Keywords: MIMO, mm-Wave, Beamspace, RF-Chain, NOMA. Beamspace-MIMO-NOMA, Energy Efficiency,
Power Allocation, Performance optimization algorithms.
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1. INTRODUCTION

Modern wireless communications (5G and beyond) have a slew of requirements to achieve the expected and
promising performance. These requirements include high-speed connectivity, massive capacity, extra data, increased
reliability, increased bandwidth, and high data transfer rates [1]. Additionally, by employing mm-wave frequencies in
the range of (30-300 GHz), additional antenna elements can be placed at the same physical size, enabling Massive
MIMO (MA-MIMO) antennas [2]. The MA-MIMO provides both beamforming and spatial multiplexing gain as the
main key features of this scheme. However, utilizing mm-wave MIMO techniques appears pointless because of high
power consumption and hardware complexity [3]. The above drawbacks come from the fact that each antenna element
in the MA-MIMO wireless communication system must be connected to electronic components known as RF-Chain;
each of these chains consumes approximately 250mW [4]. Thus, the use of MA-MIMO results in a massive humber of
RF-Chains, resulting in the drawbacks mentioned earlier. According to previous research, RF-chains share up to 70%
of total power consumption at the transmitter and receiver ends [5], or approximately 64W for our proposed scheme
with 256 antennas. There are numerous strategies for reducing the RF-Chains' number in order to achieve the required
EE while also reducing the system's complexity, such as phase shifter networks [6], complex gain combiners [7], beam
selection [8], and antenna selection [9].

Recently, a new concept has been proposed to reduce the RF-chains known as Beamspace-MIMO (BS-MIMO),
which is equipped with discrete lens-antenna arrays (DLA) to decrease the RF-Chains' number significantly [3].
Where the traditional spatial channel of MIMO can be converted to a beamspace channel via the use of BS-MIMO to
take advantage of the sparsity of the mm-wave channel, there will be a significant reduction in the system's power
consumption and interference due to the beamspace channel's selection of dominant beams [10], as shown in Figure 1.
Additionally, BS-MIMO provides narrower beams than the traditional schemes of MIMO/ MA-MIMO using a lens
antenna array, which reduces the power consumed by individual beams and inter-beam interference. That is why BS-
MIMO achieves near-optimal performance with a significantly larger EE than regular MIMO and outperforms more
typical beam selection algorithms [8].

To reduce the interferences between users of multiple beams, in contrast to previous research by other authors
who employ zero-forcing Precoding (ZF). The proposed BS-MIMO-NOMA considers the Maximum Signal-to-
Leakage plus-Noise Ratio algorithm, i.e., SLNR-MAX-beamforming, which balances in-between the zero-forcing and
maximum ratio transmission where it maximizes the signal to leakage plus noise ratio. In this precoding scheme, the
influences of noise are not neglected, and there are no limitations on the number of transmitting antennas in
comparison with the zero-forcing Precoding, which amplifies the noise signal specifically for the channel that suffers a
high level of attenuation, i.e., SLNR-MAX-beamforming eliminates the noise-amplification that created in Zero-
Forcing. Also, we shed more light on the influence of different parameters on the performance of the proposed
scheme.

The remainder of this article is organized as follows. Section 2 represents the theoretical background; section 3
lists the contributions of this paper; section 4 introduces the BS-MIMO and BS MIMO-NOMA system models;
Section 5 discusses the data-rate problem formulation, and Section 6 illustrates the numerical and simulation analysis.
Finally, section 7 introduces the paper's conclusion.

2. THRESHOLD BACKGROUND

BS-MIMO remained a viable and promising concept in 5G wireless communications and beyond until recently,
when user equipment devices grew exponentially. This weakness is because beamspace suffers from a key
disadvantage: the limited users' number who can be served at the identical time and frequency recourses, which should
not be greater than the decreased RF-chains' number; this is because of the Degree of Freedom (DOF) created by RF-
Chains should be greater than the DOF produced by users [11]. Additionally, another promising wireless
communication approach for the fifth generation and beyond is the Non-Orthogonal Multiple-Access (NOMA)
scheme, which is based on the principle of sharing the identical resources of time/frequency/code domain in the
wireless communication systems; this allows several users to be served by the identical beam and hence, the same RF-
Chain [12][13].
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NOMA technique offers several benefits, such as making enormous connectivity, lower latency, and better quality
of service (QoS) [14]. Thus, one of the most significant constraints in wireless communications is broken, which states
that the number of user equipment terminals should not exceed the RF-Chains' number. It should be noted that the
NOMA technique can be divided into several sub-techniques that use several aspects as multiple divisions, for
instance, sparse-code multiple-access NOMA (SCMA-NOMA) in addition to pattern-division multiple-access NOMA
(PDMA-NOMA) [15]. Also, power-division NOMA (PD-NOMA) uses the power domain multiplexing with the help
of successive-interference-cancellation (SIC), i.e. it serves several users by a similar beam with identical time-
frequency-space resources via the use of power allocation for each user [16].
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Figure 1. MIMO system architectures comparison:
(a) Conventional MIMO in the spatial domain; (b) The concept of BS-MIMO [10].

PD-NOMA has a significant increase of attention in recent years due to the possibility of its use in most areas of
wireless communications, especially as it meets most of the requirements for 5G and the Internet of Things (IoT)
wireless communication systems [17]. For this reason, several studies have been done to enhance the system's total
performance. For example, authors in [18] proposed a dynamic power-allocation that customize power for each user to
obtain both EE and Spectral Efficiency (SE) and reduce the interference of the inter-beam and intra-beam to achieve
near-optimal performance. Figure 2 illustrates the taxonomy of various NOMA techniques [19]. Authors in [20]
proposed a new approach that combines the benefits of the BS-MIMO concept with that of the NOMA technique to
produce the BS-MIMO-NOMA. Numerous studies proposed multiple algorithms for achieving near-perfect SE
performance while increasing EE and reducing computational and hardware complexity. The authors in [14] resort to
the second-order cone trick and the sequential convex approximation to tackle the difficulty of the non-convexity of
BS-MIMO-NOMA's power allocation problem. [21] Gray Wolf and Beetle Swarm optimization techniques are
combined to maximize multiple performance criteria (SE and EE) in BS-MIMO-NOMA.
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NOMA Schemes
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Figure 2. A straightforward categorization of NOMA techniques [19].

The authors of [22] used the Karush Kuhn Tucker conditions to derive a closed-form expression for the power
allocation for different channel information (perfect and imperfect). The power allocation problem in MIMO-NOMA
schemes is addressed in [23] using deep and non-deep learning techniques. To improve these systems' EE, multi-
dimensional PA tasks that are non-linear programming (mixed-integer) problems were developed. To this end, the
issue is first investigated using a non-deep learning technique, followed by a proposal for a shifting additional
resources approach in two cases: variable and fixed inter-cluster power. After that, a machine learning (ML) scheme
was suggested to eliminate the PA task.

3. CONTRIBUTIONS

In contrast to the work in [14], the mean square error technique in conjunction with the Woodbury inverse identity
is used to eliminate the power allocation formula in this paper. As a result, the following contributions are summarized
in this work:

e An energy-efficient dynamic power allocation algorithm for mm-wave BS-MIMO-NOMA is proposed. The
formulation of the problem (non-convex fractional programming) considers the most important constraints for all
users, namely a power budget and a minimum rate; an iterative algorithm is proposed to achieve the power
allocation results.

e The proposed BS-MIMO algorithm performs both inter-beam and intra-beam power allocation tasks to increase
data throughput while maintaining fairness and the total power of all users.

e The performance criteria for the system (EE) are validated using simulations for a variety of system parameters.

Notation: For matrix and vector representation, capital and small letters are used in bold, respectively. The symbol
[-]7 is used to represent the transpose of matrix, [-]” for complex-conjugate (Hermitian), [-]™ for matrix inversion, [-]’
for complex-conjugate of the transpose (Dagger). |l - Il, represents the norm operation with a length of p. Other matrix
representations such as diagonal of matrix P denoted by using diag [p], expectation matrix denoted by E [-], identity
Matrix of dimensions NxN denoted by Iy. M(l, —),c, denotes the sub-matrix of M that contains I-th row of M where
all I € a. Finally, |a| represents the a set elements number.
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4, SYSTEM MODEL

The downlink of a single-access point (AP) mm-wave wireless communication system is discussed in this article.
The BS-MIMO system model will be reviewed first, and then the proposed BS-MIMO-NOMA scheme will be
presented. Assume that the AP consists of N antenna elements connected by Nge RF-Chains and serving K users, each
with one antenna element. The block diagram of the proposed scheme is shown in Figure 3.
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Figure 3. Block diagram for the proposed BS-MIMO-NOMA system.
By taking the conventional MIMO system as an example, consider the received signal vector [y;, 5, ..., yx 1T may
also be written as

y=G"F.x+n @)

Where G is the channel matrix, G = [g4, 92, ---, k], g« 1S the channel vector between the AP and k- th user, F is
the beamforming matrix, x = Ps is the vector of the transmitted signal, also, x = [x4, x,, ..., x;] for all K users, and n
is the Additive-White-Gaussian-Noise (AWGN). It is noteworthy that the channel model of Saleh-Valenzuela, which
is the most widely used, has been adopted [3][8][20]. The Saleh-Valenzuela channel model is presented in more detail
in the following sub-section

4.1. Saleh-Valenzuela Channel Model

Multipath propagation occurs when radio signals travel over two or more routes to reach the receiving antenna.
Multipath is caused by air ducting, ionospheric reflection, and reflection from water and land features like mountains
and buildings. Receiving the same signal over many paths can cause constructive or destructive interference and phase
shifting between the receiving signal. Multipath propagation is now considered one of the most important parameters
in 5G due to the low wavelengths of the communication signals [24].

The multipath propagation of the considered channel model was proposed for the first time in 1987 by A. Saleh
and R. Valenzuela [25]. The authors used a 1.5 GHz communication frequency between two omnidirectional antennas
within a mid-size building. They employed a unique measurement approach that relied on averaging the square-law-
detected received pulse response while sweeping the transmitted pulse's frequency. Several results were obtained, the
most important of which are: the channel formed inside the mentioned building is almost static, and its change is very
slow over time. The maximum recorded time delay (latency) was about 200 nanoseconds. Also, in the case of non-
Line of sight, the signal attenuation varied over a 60 dB range.

The Saleh Valenzuela model is the most often utilized method for simulating indoor multipath (indoor
environment). This model incorporates the delayed receipt of signals caused by clusters. As a result, the numerous
delayed received signals come in packets. The Poisson law determines the packet spacing and the signal spacing inside
each packet. The amplitude of the delayed clusters decreases exponentially, as does the amplitude of the peaks inside
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each cluster [25]. The Eq. (2) below illustrate the channel vector formula of each connection between the AP and k- th
user,

L
ge= " a(6”),+ Y 0 a6 @
=1

where the Line-of-Sight (LoS) of the k- th user is represented by ﬁ,§°> a (9,50)), in which ,B’,EO) implies the complex
gain, and a(9,§°)) refers to the spatial direction. The L indicates the total number of Non-Line-of-Sight (NLoS)
components is represented by Y5_, B a (637) for 1 < I < L is the I-th NLoS components of the k-th user.

4.2.System Model of BS-MIMO

The RF-Chains number is similar to the antenna elements number in the BS. Yields, Nz = N, which is a vast RF-
Chains number (about 256 antenna elements) when mm-wave large-scale MIMO systems are used [10]. That is why
the use of mm-wave large-scale MIMO in practical systems is pointless due to its high cost and power consumption
and the undesirable complexity introduced by a large number of RF-Chain [8]. As mentioned previously, each RF-
Chain consumes approximately 250mW; therefore, for a system with 256 antenna elements, the Rf-Chain consumes
approximately 64W, which is not a negligible power to loss [4]. The BS-MIMO concept is introduced to address this
issue by utilizing a lens-antenna array to reduce the number of RF chains without sacrificing system performance. As a
result, the MIMO spatial domain is transferred to the beamspace channel [26].

The BS-MIMO received signal vector y is expressed as follows,
y=G"'"D"F.x+n =G"'Fx+n (3)

where, G is the channel matrix of bemaspace, and it is expressed as,

E = DG = [gpgz; ---ng]; (4)

where the vector gy = Dgy is the BS-MIMO channel between the AP and k-th user, and D provides the steering
vectors of the lens-antennas (the array of B- beams (orthogonal directions) that overlay the whole angle space [27].
Hence, g, in Eq. (2) is the vector of the spatial channel that fourier-transformed to g,. Now, each row of the
beamspace channel matrix G denotes a single beam transmitted between transmitter and receiver. Similarly, all rows
of G are spatially directed B beams 6,,0, ..., 85. As a result, as is well known, the number of prevalent scatters in
mm-wave communication channels is quite small. Consequently, the number of NLoS paths L is less than beams B.
As a result, the channel matrix of beamspace G can be asserted to exhibits a sparse behaviour, as the number of
prevalent elements in each vector of beamspace channel g, is significantly less than the number of beams B.
Therefore, due to the above reason, we can assert that the channel matrix of beamspace G exhibits a sparse behaviour
[26]. Hence, a BS-MIMO scheme with significantly reduced dimensions can be designed with near-optimal
performance because of this sparsity behaviour. As previously stated, the beamspace fundamental limit is Ny = K,
which means that the number of RF-Chains must be equal to or greater than the number of users served in the same
time-frequency resources since the DoF provided by RF-Chains should be greater than -or at least equal to - the DoF
required by users [3][8] [10][26], to overcome this limit, a novel approach has been proposed that emerged the NOMA
technique with the concept of BS-MIMO [28], as detailed in the following subsection.

4.3. System Model of BS-MIMO-NOMA

To overcome the limitations mentioned above of BS-MIMO, the BS-MIMO-NOMA has been proposed, which
can concurrently serve multiple users by exploiting the same resources (time, frequency, and spatial domain). It is
worth noting that multiple users can be selected within the same beam; these users share correlated channels.
Consequently, multiple beam section methodologies have been devised to determine the optimal user for each beam
and hence for each RF-Chain. For example, in [8], Optimizing the signal-to-interference-plus-noise (SNIR) approach
is advised. Additionally, [27] introduces the Maximum-Magnitude approach. According to the authors in [10], the
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probability of users having a correlated channel (choosing the same beam) is approximately 87% in a conventional
architecture of mm-wave communication with 256 antenna elements and 32 user equipment.
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Figure 4. BS-MIMO-NOMA system model.

In contrast to BS-MIMO, which requires the system to select a single user for each RF-Chain, the BS-MIMO-
NOMA can simultaneously serve all correlated users utilizing a single beam and a single RF-Chain. This feature
results in the number of served users being higher than the number of RF-Chains, i.e., Nz < K , which is a key
feature of BS-MIMO-NOMA [28]. As mentioned before, the above scheme uses the same time, frequency, and spatial
domains for all users serviced concurrently by the same beam\RF-Chain. Thus, the multiplexing is dependent on each
user's power allotment within the group of conflicting users [18]. Figure above illustrates the concept of operation of
the BS-MIMO-NOMA approach. The received signal of the BS-MIMO-NOMA system approach, which will be
shown in Figure below, can be expressed as,

Yio = Giew Fro  Piv Xiw + Giep i E VP X, + 3t E E FrovPes Xii + T
JoN » - kb,
Useful Signal keK @ig k€ IK| AWGN 5)
L
inter—beam inter ferences

intra—beam interferences

Where y,, is the received signal of the k-th user from the b-th beam, gy, is the beamspace channel vector, Fyis the
beamforming matrix. The first part of (5) refers to the useful signal arrived to the k-th user. The second part represents
interference between users who share a beam. The third part is concerned with interference between users on different

and neighboring beams. The last part corresponds to AWGN. m is the power received to the desired user, X, is the
information signal received to the user, lastly, f, refers to the beamforming vectors, which should have a precise-
designed to suppress the inter-beam interference. The authors in [12] considered the possibility of removing intra-beam
interference by the use of SIC. Due to the superposition in NOMA, which causes this type of interference. Despite this,
users are also affected by interference from the other beams. As a result, the suggested BS-MIMO-NOMA approach is
anticipated to be ineffective and unstable in practice without precise beamforming and power allocation to increase the
total data rate, SINR and reduce interference. Hence, back to (5), the SINR of the above scheme can be represented as
follows [18],

— 2
Pepll Gy fkb”z ©)

Ty = I I 2
intra—beam + inter—beam + Nkp

where, T}, refers to SINR of the k-th user in the b-th beam, [lg}y frp ||§ corresponds to the direct beamspace
channel gain. The terms of the denominator of this equation can be represented as follows,

— 2
Lintra-veam = ”ggb fip "2 Z Py (7)

k €K
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[inter—beam = Z Z I gllzb fkb ”2 Pki (8)
i#b k€|K]|
where Py; stands for the power of the k-th user in the i-th beam. Consequently, the data rate of the k-th user in the
b-th beam can be calculated using this formula,

Ry =In(1+Thp) 9)

where, Ry, the data rate of the k-th user in the b-th beam. Now, the overall data sum rate for the proposed
approach of the non-orthogonal-multiple-access BS-MIMO is represented as follows,

Roum—rate = Z Z In(1+T};) nats/sec/Hz (10)
i €|b| ke|K]|

5. DATA RATE PROBLEM FORMULATION

Unlike in typical beamspace-MIMO, where each RF-Chain serves only one user, any linear beamforming
approach such as zero-forcing (channel pseudo-inverse) can be used as a beamformer to eliminate inter-beam
interference because of Ny = K. On the other hand, the classical ZF approach cannot be used in the proposed BS-
MIMO-NOMA scheme due to K > Ngg, This means that pseudo-matrix inversion of the beamspace channel cannot be
used here due to the number of users being bigger than the number of antennas. As per our previous discussion, In our
study, we employed a significant type of linear Precoding, i.e., the SLNR-MAX-beamforming [29], which is shown to
be very useful for 5G technologies such as massive MIMO communication systems to null the multiuser interference
and leads to a notable gain in quality with almost the same computation time of the common used ZF beamforming
while has an easy analytical formula,

F= (GG" + n*D™* (11)

Where it is clear from this formula that the SLNR-MAX-beamforming accounts for both the interference and
noise levels. Additionally, power allocation must be optimized for different users in different beams to achieve the
highest possible data sum rate of a given system. As discussed previously, the MIMO-NOMA technique is based on
sharing the same time, frequency, and spatial domains to serve multiple users simultaneously utilizing the same beam.
Hence, power allocation for the same beam and multiple users plays a critical role in reducing inter-beam interference
and also enhances the overall data rate of the system. Therefore, many studies have been discussed to investigate the
power allocation of MIMO-NOMA [13][18]. However, such a MIMO-NOMA approach uses near-perfect User-
channel information, which is especially important in dense user scenarios when several users' equipment (UE) may be
in the same beam. As a result, several users share the same geographical characteristics of the link line of sight
(channel direction), which can weaken the users' clustering process, which is necessary for our approach to operate in
a practical manner. The formula of optimizing the power-allocation can be written as,

max Z In(1+Tp) (12)
Pkp
b € |b| ke[K|
Subject to: C1: In(1 + Iyp) = Ry
C2: Z Z P < P
beBkEIK|

where, T}, refers to SINR, R,;, stands for the minimum amount of data rate that each user should have, or in other
words, it represents the QoS to confirm the user's fairness performance, P, corresponds to the total power transmitted by
the whole system. Since the inequalities of the constraints are non-linear, in addition, the optimization problem
objective is a non-convex function, so this task is an NP-hard problem due to the coupled parameters in the main
objective and constraints expressions, see, for example, [30] and [31] for more details and proof of NP-hardness. It is
worth noting that the objective of optimizing the sum performance is nondeterministic polynomial even in single-
antenna wireless systems. Therefore, practical or feasible approaches have to be developed with affordable calculation
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complexity algorithms and suboptimal solutions that achieve an adequate result. To this end, the first constraint (C1) is
simplified, i.e., put it as a linear-inequality with the aid of the inverse of the natural logarithm; this equation can be re-
written using (6) and (9) as follows,

2
2

— 2 —
g% fkbiiz Yiex Pen + Zizp Zieix I Gy Fr; 12 P +niyp

_ Pepl|Gieo f il
Cl:

+ 1 = 2Ra

The joint interference term yields the problem in Eq. (12) to be linked via all users of each beam. Additionally,
the individual power constraint results in the problem being connected via all beams. Constraints and objective tasks
are polynomial in nature, i.e., they have a rational fraction with a non-convex structure. A minimum-mean-square-
error (MMSE) algorithm is assumed to be used for receiving and detection. The MSE distance between the vector of
transmitted data and the vector of received data decreases. To this end, the equalization coefficients are chosen to
correspond to the channel characteristics (in our scenario, beamspace channel characteristics), such that,

Wy, = arg rvrvllic? E{|xy — Wi, Yin*} (13)

where E{|xx, — Wi, Yip|? is the MSE, 1W,,," is the equalizer's optimal coefficients, and y,,, refers to the received
signal. According to the above, the optimum coefficients of equalization in (13) can be re-written as follows, refer to
Eq. (7), (8)and (13),
Wip = arg%@gl (1—2Rel {ka v Pkb Giev [ }

(14)
+ Wipl? [y NGkp - Frnll 3 + Ty + n21) = argg}}i{?{MSEkb }

where,
_ 2 _
Iy, = 1G5 Froll, Z Py + z z I ko fri 17 Prs

k €K i+b kE€|K|

Rel { .} stands for the complex number's real part. Thereby, for the last (14), a closed-form expression for the
optimal equalization's coefficients can be signified with the aid of partial derivatives as described in PROOF below
and be presented as follows,

N _ 2 -1 _ H
Wip = { P ”ggb fkb||2 + Ly + m,° } VP gllgb fin} (15)
Now, by substituting Wy, in (14) with respect to (15), that leads to the following expression,

MMSE, =1 — D NGk - Frnll3 (Pko - NGkp - Frnll5 + Tep + 1y )71 (16)

5.1 Proof of the Mean Square Error Formula in eq. (16):

The mean of the square for the Euclidean distance of the error signal can be written as follows,
E{lxis — Wi Yo 12} = Gtk — Wip Vi)™ (i — Wiew Vi)
H
= X" Xy + Wi’ Yio Yo — 2Wi Rel{xip” yip} . (16.1)
Next, since we have a fixed unity power for both transmit and receive samples, i.e.,
X" Xk = Yiw" Vi = 1,
this fact returns the following,

E{lxxp — Wip Yiu?} = 1+ kaz — 2Wyy Rel{xka Yiv} .. (16.2)
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Now, according to equations 5,7 and 8, we have,

_ —H . ;
Yko = ~/Pkb Gkb fro Xrp + interferencegigna + noisegigna

useful information

— I5H 2
Iintra—beam - "gkb fkb"2 Zk €K Ppkb , and,
— —=H 2
Iinte‘r—beam - Z Z Il kb fki Il Pki -
i#b ke€E|K|

Therefore, MSE becomes as follows,
E{lxip — Wiy J’kb|2}

=1 — 2Rel{Wy, (V/oro Gito frv )} + Wi |? (pkb gt fkb”j)"' (Wipl? Iy + (Wi | ngp® ... (16.3)

Finally, this equation can be partially derived with respect to the value of the equalization coefficients to attain
closed-form expression for the optimal value for this parameter, i.e., for optimal value W,,". We have the following
identity,

OE{|xkp — Wi ka|2}

o1 — ZREl{ka (\/pkb gﬁb frb )} + |ka|2 (pkb ”gllgb fkb”i)"' |ka|2 Ly + |ka|2 nkbz}

B 6{|1 ~ Wi (VPio G fkb)|2 + [Wip|? (Pkb g% fkb”z)"‘ Wi |? Iip + [Wip|? nkbz}

Wy
=0,
which yields in the following,
0— /oo Gpp Fr + Wiy (pkb gk, fkb”; ) + Wip ) Iy + Wiy g, = 0 ..(16.4)
Which in turns yields,
W™ = { Pro ||Gro fkb”; + Ly + Ny’ }_1 {JPw» i Frn}” ..(16.5)

Consequently, substitute for the optimal coefficients from eq. (16.5) back in the MSE formula of eq. (16.3), the
minimum mean square error will be as follows,

MMSEy, = TVTV111£ E{x — Wi Yien D)

= |1 — 2 Rel{Wy, (\/pkb o Fv)} + Wi l? (pkb ||§bekb||z)+ [Wip|? Iy + |ka|2nkb2|w .

kb

= ||1 ~ Wi (Do i fkb)|2 + [Wip|? (Pkb g% fkb”z)‘F Wi Iy + [Wip|? nkb2|W .

kb

Hence, the minimum mean square error of the k-th user in the b-th beam (MMSE,,;) can be represented as,

MMSEy, =1— gy NGRs - Froll3 (piw -Gk - Frenll3 + Ty + nip )7t ...(16.6)

The Woodbury inverse identity is employed [18], [32] to get,

A +Tw)™ =1— prp NGk - Frvll3 (Do N1 GRy - Frnll3 + L + nip )" (17)
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5.2 Derivation Of The Sherman Morrison_ Woodbury's Formula:

The Sherman Morrison linear algebra formula, termed after J. Sherman and W. Morrison, can be used to do the inverse
operation for a sum of the outer product of two vectors (u and v) and an invertible matrix X. The statement of this
formula is as follows [33], [34]; If we have two column vectors (u and v) belong to R™, and an invertible matrix X
belong to R(™™ in this case, the matrix (X + uv") can be averted in one case only, i.e., when 1+ v" X~*u =# 0.
If this condition is satisfied, the results of the inverse will be determined as follows,

K rur)t = xS .. (17.0)
Formula proof, let
Z=X+w', and Y = X'+ % .(17.2)
Then for the formula to be correct, we have the following identity,
¥ = YZ =1 . (17.3)
First, we are going to verify ZY = I,
ZY = (X +uvh) ( X1+ m)
1+vT X 1u
x4 w Xt — XX TuvTA + wo™X T uvTx 1
1+vT X 1u
=1+ w'x- ”“*'ﬁf{;ﬂ”:rl =1+ w'x - w'x =] . (17.4)
Next, to verify that YZ = I, one can leverage the same procedure to show that,
X turTx?!
YZ = ( X1+ To 575y ) (X+wT) =1 ..(17.5)

Otherwise, if the non-zero condition is not valid, i.e., 1+ vT A=Y u = 0, in this case, from the lemma of matrix
determinant, we have,
adj.(X)

TN — Ty—-1 —_ -1 _
dete. (X +uv’) = (1+ v'X ' u)dete.(X) =0, andtherefore, X! = dete.(X)

A general statement for this expression is Sherman Morrison_ Woodbury's formula, where for a matrix U of dim.
(n x k), and a matrix V of dim. (k x n), with I + V X~1 U is invertible yields,

does not exist.

X+Uu)t= X1+ XxWWU+vxtu)ytvxt ... (17.6)

And for the current case, let X = 1, and I3, = UV, such that;

— 2 1 .
U= Pepllgiy froll, and V= 7 : where according to
2 lgfhy ol SkexPrb+Sizb Zice xilaph fuil? Pritni,

equations (6, 7 and 8), we have;

— 2
B Pep |Gl fro I
o= 2 —
1G5 Froll, ZiexPeo +Zizn Zieix) | Gip Fri 17 Pri + 1y

l—‘k b

Then substitute for U and V according to the above assumption, eq. (17.6) will be as follows,

(1+T)~t
_ _ _ _ 2 _ _
= 17"~ Py - N GHy - Frn 3 [P - 1GRs - Frenll5 + (NG fkb"zzpkb +Z Z I Gido Fri 17 Pii) + nip 171
k €k i#b k € K|
=1 = Py - NGk - Frn 3 [ v - NGR - Frnllz + T + nigp 17 - (17.7)

Which is the same expression for MMSE,,, in Eq. (16.6); hence, the proof of this formula is complete.

Now, by comparing Eq. (17) with (16), the following expression will be as follows,
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MMSEy, = min MSEg, = (1+ SNIR 15,)™! (18)
kb

To this end, the data rate's logarithmic function can be expressed as follows,
log,(1+ SINRy,) = r]}/lax{— log, MSE;;,} (19)

As a result, the primary goal has been reduced from an NP-hard optimization problem involving SINRy, to a
more straightforward problem involving only MSE,;,. Additionally, by following the same procedure as described in
the preceding reference, one can reduce the complexity of the objective problem and eliminate the log-term
(log, MSEy,;,). After the real-positive-number (i.e., auxiliary factor that cannot be negative), A, is presented, the
problem p; of the data rate can be stated as,

max Z z [ max max {In A; . Ay; MSE,;}

In2 Fi ki
i€ b kel
S (20)
Subject to: Cl1: log,(1+ SINRy,) = R, Vbk
C2: Z z Pkb < Pt'
i€ [b| ke

An iterative approach is used to determine the values of F,,, and P, Individually is introduced to reduce
computational complexity. The proposed algorithm updates the optimum coefficients of the equalizer, ka*(e), the

optimum value of MSE, and MMSE,;,® in each iteration (6), using (14) and (15), respectively. Then, the prior
maximization problem, which is expressed in Eq. (19), can be resolved using any of the optimization tools and the
convex minimization formula described below,

mln Z Z Ay MSEy),

lElbl ke|K|
Subject to: Ch @ = (ZRkah - 1) Ny, ¥ k,b (21)
CZI z z Pkb < Pt'
i€[b| kEIK|
where,
- p —H 2 1 — 2Rk™ p
Vo = Pep - Gy - Frollz + gk - frenll3 kb
K (22)
€IK|
Th —
+ (1 — 2Rmn ) Z Gkp - Frill3 Z Pki »
i€|B], i#b kelK|
and the SNIR threshold is expressed as,
(23)

Th

SINR™ = 2Rkv"" — 1

The proposed power allocation approach's pseudo-code is presented in (Algorithm 1) on the next page. The
numerical analysis validates the efficient performance of this algorithm, where it can assign power to each user in
different beams in a few iterations.
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Algorithm | Proposed MSE-DPA Framework.

Input: User's min rate: Ryy.

Total power transmits: P;,
Beamspace channel matrix: G%, .
Iteration Index: 6 = 0.

Output: power allocation vectors pyp,

1. Initialize the random variable of: pyp, Itp;
2. Update iteration index 8 = 6 + 1;
3. Update the optimal equalization coefficients

(0 6- _ 2 0- -1 — H
w? = [Pk(b Y lgh, S, + I+ nkbz] (VP (8 = DGiiy - Fin)
4. Compute the optimal of the mean-square-error

0-1) = 2[,00-1) = 2 6-1 -1
MMSE,, @ = 1= BS™ -lighy fiolly [BS - 1G8s - fuolly + 1 2 + k|

5. Compute the value of constraint 1
0 9 — 2 ThY ,_ 2 9
(Png) = Pk(b) g -fkb”z + (1 — 2Rkb ) g% 'fkb"z Zje|sgmup| P7(nj)
Th — 2
#(1=2%™) > gl fuly Y. AP

i€|B|,i#b ke|K|
6. Solve the convex minimization problem via the CVX tool, a package for specifying and solving convex programs
[35], [36]:
Problem: min Z z /lkb(e)MSEkb(e)
Prp(6)
telb| ke|K|

cl. <Pkb(9) > (ZRH; — 1) nkbz,Vk,b

c: Z Z Poy® < P,
i€|b| ke|K|
7. Check for convergence; if not, go back to step 2 in the next iteration.
Else,
return Power allocation vectors: py;.
8. End Algorithm I

6. NUMERICAL AND SIMULATION RESULTS

This section discusses the EE performance of the BS-MIMO-NOMA at mm-Wave with the power allocation
technique. The system information illustrated in Table 1 with values for the corresponding parameters is considered.
The AP is assumed to have complete beamspace channel information for all users. In addition to our proposed
approach, we compare it to three different baselines, which are as follows,

1. Traditional MIMO scheme with fully-digital beamforming.

2. Traditional MIMO-OMA scheme.
3. Traditional Beamspace-OMA scheme.
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Table 1: Simulation system setting.

Parameter setting
Total transmitted power P, = 16 dBm
Power losses in RF-Chains PRF = 25dBm
Power losses in baseband network PBB =23 dBm
Power losses in the switch network | P = 1.6 dBm

channel model

The geometric Saleh-Valenzuela [3].

channel-path number

3 -1 for LoS and 2 for NLoS

Carrier frequency

32 GHz

BS antenna humber N

256 elements

Users number K

[5 - 55] users

Transceivers' chain number

Ngs = {N,K} for the benchmarks
Ngs < K for the proposed algorithm

The metric that is considered in this section is the energy efficiency, i.e., EE for the proposed scheme in

terms of Bits/Hz/Joule, which can be determined as follows [18],

Rsum—rate

fEnergy =

consumed eneregy

Where, Rsum-rate = Zie |b| ZkelKl 10g2 (1 + l—‘ki) bits/sec/Hz and,

consumed eneregy = P, + PRF + pBE 4 pSN

Figure 4 shows that our proposed algorithm may attain an acceptable EE value after only 3-5 iterations.

Additionally, after ten iterations, the maximum increase in EE can be achieved.

18 T T :

Energey efficiency ( Bits/Hz/Jouls )

11 | | |
0 5 10 156

20 25 30 35 40

[teration

Figure 4. Energy Efficiency vs Number of Iterations.
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Following that, Figure 5 shows a clear superiority of the proposed BS-MIMO-NOMA over the other
MIMO systems in terms of EE performance as a function of the served users' number. For 30 users, the
proposed approach outperforms the traditional MIMO-OMA scheme by approximately 11%, the traditional
beamspace-OMA scheme by approximately 32.5%, and the classic MIMO scheme by approximately five
times. This superiority is so clear that it increases with the increase of users. On the other hand, when the EE
is plotted concerning transmit power, as shown in figure 6, the proposed approach outperforms the other
schemes.

For a transmit power of 15 dBm, the proposed BS-MIMO-NOMA has a superiority percentage of
approximately 11.5% greater than MIMO-OMA, approximately 27% better than beamspace-MIMO OMA,
and approximately 85% greater than fully-digital MIMO.

18

164 e aiee
o —C— Traditional Beamspace-OMA scheme
_E 14 - Traditional MIMO-OMA scheme
‘“_...,,-: —O—Proposed scheme
E 12t Traditional MIMO (baseband precoder)
=
= 10
=
5 8
=]
=
S 67
= o4r
o
=
=

2 F
5 10 15 20 25 30 35 40 45 50 55
Users' number
Figure 5. Energy efficiency vs users' number under nine dBm.

30
=) 25 ¢ —O—Traditional Beamspace-OMA scheme
_5 Traditional MIMO-OMA scheme
= 20 & —O—Proposed scheme |
% Traditional MIMO (baseband precoder)
=
é
e ]
=
=
d
= ]
7]
2
T
- g
=1 1]
]
z
=
= ]

-5 . . . . .

-5 0 5 10 15 20 25

Transmit power (dBm)
Figure 6. Energy efficiency vs Transmit Power for 30 users.
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7. CONCLUSION

This work aims to investigate the topic of data-throughput enhancement for the BS-MIMO-NOMA approach in
mm-wave wireless communications systems under two constraints, the budget of total power and the QoS of each
user. A simple iterative scheme for the dynamic power allocation algorithm is considered in the proposed model,
where the MSE approach is employed to decrease the complexity of the non-convex problem in the proposed
beamforming algorithm. A near-optimum solution was obtained with a few iterations. The proposed model achieves a
higher EE performance than the traditional schemes that do not apply the beamspace concept for the MIMO-NOMA
technology.
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