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Applications for wireless networks are growing despite the challenge of the energy 

costs. Further, the number of users is increasing within the basic wireless facilities which 
are depending on the energy efficient systems. Apparently, users need minimum energy 
cost influenced with the efficient design of wireless network such as multiple-input, mul-
tiple-output (MIMO). In this research, I have considered some energy-saving ways for 
massive MIMO wireless system, which will be able to integrate with the next generation 
technology. The process of energy saving should be utilized between the source and des-
tination of massive MIMO wireless network. Best and efficient processing will maximize 
the total energy efficiency (EE). To tackle the dilemma of supporting EE, MIMO with 
Pn-manifold or massive MIMO with feedback will be used as a new method. Manifolds 
are types of nonlinear multi-dimensional mathematics applied in MIMO system, which 
allow us to enhance the efficiency of the communication channel. Despite the less energy 
consumption used in the MIMO design, manifolds techniques are even better in terms of 
complexity and cost. In the proposed approach, feedback channel and computation of 
quantization influenced with Pn and Stiefel manifold, provide better resolution and spec-
trum during the communication than the existing systems. Therefore, this method will be 
useful to enhance the total EE.          
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1. INTRODUCTION 
 

In this special issue, massive MIMO, known as large-scale antenna system, is a key 
area of research. The massive MIMO expected in next-generation technology handles 
large numbers of services through high-speed channels. In order to increase the use of 
renewable energy systems and applications, low-power which holds the less complex 
hardware components may be employed. According to [1, 2], massive MIMO could be 
improved when the service providers increase the number of useable antennas in the base 
station. Massive MIMO enables a significant improvement in the use of renewable ener-
gy systems and applications. Large-scale antenna [3, 4] requires a lot of energy in real- 
time, but these complex configurations waste significant energy because unnecessary in- 
terference and alignments are affecting the total EE [5].  

Interference, noise, and alignments are key areas of this EE research because it takes 
more power and reduces the EE [6]. Considering key areas with optimum EE, dimen-
sions of matrices can be reduced during the transmission and reception which has a 
number of processing steps such as quantization feedback and optimization [7]. Using 
Pn-manifold in the quantization provides achievable rates between the infinite and finite 
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rate feedback of the MIMO model. Current MIMO technology uses Nt > 2 transmitters 
and Nr > 2 receivers but massive MIMO should have practical limits of which an opti-
mum energy saving depends on a number of antennas used in transmitter and receiver [8, 
9]. In this research, authors have focused on the theoretical challenge of massive MIMO 
systems involved with feedback [10], and Pn-manifold [11, 12].  

The Stiefel manifold is a set which has some random elements obtained from de-
fined objects. In other words, it is a compact sub-manifold of any fixed n  k matrix of 
rank k. The space of unit vectors is also considered as the Stiefel manifold. The sphere 
and the orthogonal group of orthogonal matrices are special cases of Stiefel manifold. 
The definition, mathematical notation, etc. of the Stiefel manifold are applied directly to 
the quantization effects on a massive MIMO system. Stiefel manifold can be used in 
MIMO precoding, beamforming, channel estimation, and some specific modulation schemes. 
To optimize the functions used in massive MIMO, Stiefel manifold can be used because 
it converges very fast. Hence, it might be useful for energy saving and renewable energy 
techniques [13].  

The motivation of this research is energy saving, which could be renewable energy 
and total EE of massive MIMO. Further, this research motivates us to reduce the energy 
cost in future medical, military, and business applications [14-16]. According to the pre-
diction cost of energy, massive MIMO system is going to dominate the next few decades. 
It will not only support medical communications but also provide better solutions for 
other applications, such as energy-efficient routing designs using wireless sensors and 
mesh networks [17, 18]. Despite these applications and supports, other technical specifi-
cations such as different elements dipoles or patches [19, 20] are considered. Here, au-
thors studied the mutual coupling and correlation effects for the downlink of a multi-user 
MIMO system. In this motivation, a massive MIMO process will take significant steps in 
tackling the problem, particularly on the application of renewable energy and total EE 
considered with antenna elements.  

In this paper, we have contributed a new design of theoretical model created from 
manifold techniques and feedback channel with quantization. In this proposed design, the 
EE gain (G) of basic and massive MIMO can be defined as G = MIMO/SISO. Further, 
Pn-manifold is a nonlinear multi-dimensional matrix which helps us to characterize the 
channel matrix obtained from massive MIMO. In order to maximize the use of EE and 
renewable energy, matrices of basic and massive MIMO channel is optimized using 
Pn-manifolds. Following quick definitions help us to understand the use of antennas.  
 
Definition 1: SISO (Single-Input Single-Output) which means that the transmitter and 
receiver of the radio system have only one antenna. It is a simple single variable control 
system.    
 
Definition 2: In the MIMO (Multiple-Inputs Multiple-Outputs) system which employs 
multiple antennas in the transmitter and/or receiver.  

 
This article has the following organized contents: In section 2, I present the over-

view of the manifolds of massive MIMO and how they work within the MIMO architec-
ture, which provides renewable energy systems and applications. It also shows other 
types of manifolds that help to design an efficient energy-saving system. In section 3, the 
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proposed approach is described with the necessary details of energy-saving approaches 
based on Pn-manifold and its properties. Section 4 describes evaluation results that we 
have obtained from Matlab tools, and it also provides some analysis of the proposed 
method. Finally, section 5 concludes the article. 

2. THEORETICAL BACKGROUND 

In this section, we are going to give a brief introduction of software watermark, 
software watermark techniques, algorithms, different types of software watermark attacks 
and related work. In this section, manifolds’ utilization in massive MIMO is considered 
with an existing MIMO technology. As shown in Fig. 1, examples of manifolds [21, 22] 
could be imagined for massive MIMO. Further, manifolds can take many shapes such as 
circles, spheres, and tori, which are formed from a single closed shape to complicated 
shapes. The transformation of different shapes changes the dimensions of manifolds, 
which is one of the ways to reduce the data size in MIMO applications. Thus, properties of 
manifolds, which include an optimized channel matrix through the geometrical approaches, 
can be used to control power and energy indirectly. Pn-manifolds, Stiefel manifolds, and 
other particular manifolds allow us to make a less complex design in massive MIMO 
precoding, beamforming, channel estimation, and some specific modulation schemes. 
Hence, total EE can be calculated from these components used in massive MIMO. 

 

 
Fig. 1. Example of the manifold. 

 

2.1 Pn-manifold 

The manifold is a multi-dimensional field assumed as either complex or real matrix 
which takes the actual values of the complex numbers. In this research, I have studied that 
capacity and power changed through the manifold, which optimizes the overall problems 
in massive MIMO schemes.  
 
Definition: Sets of positive semi-definite matrices are considered to identify the Pn-mani- 
fold with various trace and ranks [23]. As in Eq. (1), general Pn-manifolds can be written 
as: 
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Pn(p, , Tr(Q)  2, Rk(Q) = s). (1) 

According to [23], classification of eight different manifolds could be introduced to 
analyze the dimensions based on the categories of Pn-manifold. As mentioned in Table 1, 
eight different manifolds take different dimensions that lead us to calculate the complexi-
ties and EE. According to the size of the matrices and trace used in massive MIMO, 
Pn-manifold can be identified with various ranks (s). Here, dimension (p = n) and com-
plexity in each category can be considered for energy saving.  

 

Table 1. Comparison of energy saving. 
Categories of Pn-manifold Dimension Notes for clarifications 

Pn(p, , = 2, = s) 1)12(
2

 sn
s  When both trace () and 

rank (s) are fixed  

Pn(n, , = 2,  s) 1)12(
2

 sn
s  Rank (Rk) can be set to less 

than or equal to s  

Pn(p, ,  2, = s) )12(
2

 sn
s  Power can be set to less 

than or equal to 2  

Pn(n, ,  2,  s) )12(
2

 sn
s  Both should be smaller but 

can be set to high 
Pn(n, , = 2, = s) s(2n  s)  1 Both 2 and s are fixed 

Pn(n, , = 2,  s) s(2n  s)  1 Rk  s 

Pn(n, ,  2, = s) s(2n  s) Power  2  

Pn(n, ,  2,  s) s(2n  s) Rk  s & Power  2 

 

Examples 1 and 2 show the original set and short form representation of Pn-manifold 
respectively. 
 
Example 1: Complex case 

 
Set{Q1616|x16xHQx  0, Tr(Q)  5, Rk(Q) = 4} 
 
Short form Pn(16, ,  5, = 4)  
 

Example 2: Real case 
 
Set{Q1616| Qt = Q, x16xtQx  0, Tr(Q)  4, Rk(Q) = 3} 
 
Short form Pn(16, ,  4, = 3)  
 
The channel state information on the transmitter (CSIT) defined in [24] is dependent 

on the energy that source provides variable power. The Pn-manifold influences with 
channel matrix that is a primary and main parameter obtained from massive MIMO system. 
Hence, CSIT should be controlled with optimum power and better EE. 

 
CCSITFb  EHlog det(I + H

~
AS)QASH

~H
AS) (2) 
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In Eq. (2) EH represents the usual expectation over the ensemble of H matrices which 
allow us to calculate optimal submatrix as below. 

 

arg max log det( ( ) H
AS wH H

H I HQ H H


      (3) 
 
Here, Eq. (3), matrix Qw(H

~
) is the output of the waterfilling and QASPn(p, , = 2,  

k). Maximizing channel capacity of massive MIMO should be important, but power is 
crucial. Hence, manifold techniques (Grassmannian or Riemannian or Stiefel manifold) 
can be used because it provides the better matrix with better rank, and dimension. 

2.2 Grassmannian Manifold 

Quantization problems of the source (element of the channel matrix) that lives on 
complex Grassmann manifold are studied in [25]. The particular structure of the Grass-
mann manifold that affects the function of the overall MIMO system depends on the rank 
and dimension of the channel matrix. Traditional problem of quantization and Euclidean in 
MIMO communication system needs manifolds techniques that enhance the capacity of 
the channel.  

2 222 ( )
1 2

N fN
N N
s N




  


 
   

 
 (4) 

Where  is Grassmannian power efficiency factor Eq. (4), could be applied in the 
capacity analysis based on Grassmannian manifold. Dimension (N) and feedback bits (Nf) 
are determined from manifolds used in MIMO channel matrix. The ball volume coefficient 

1
2

( 1)1
( 1)( 1)

.
s

iN
n i
s i



  
   

   (5) 

In Eqs. (4) and (5), dimension N = 2s(n  s). This results in the Grassmannian finite- 
rate feedback capacity being approximated as 

2

1 2log(1 ).is

CSI Fb H i

d SNRC E 
 

    (6) 

Maximizing the minimum distance between points on Grassmannian manifold allow 
us to maximize the average mutual information upper bound of a MIMO system with feed- 
back [25]. Although the optimal distance metric depends on the receiver type, finite-rate 
feedback capacity Eq. (6) varies with SNR.  

2.3 Riemannian Manifold 

According to [26], it can be applied to many functions used in massive MIMO where 
quantization technique is one of the energy-consuming processes in massive MIMO. The 
precise power series expansion of the volume of small geodesic balls in a real manifold of 
arbitrary dimension is given in [27]. Capacity analysis, manifolds and the volumes of 
manifolds are used to find the solution of renewable energy in massive MIMO.  

Capacity analysis based on optimization of interference alignment in MIMO and Gn,p  
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on the Riemannian manifold is currently a very active research field in distortion meas-
urements that are part of the quantization, and it is used more broadly in the numerical 
optimization discipline. In a complete Riemannian view, the distance between the two 
selected points along the geodesic curve should be optimized. Geodesic curves and opti-
mized distances around the manifold are expected to minimize the dimension and increase 
the smoothness of the curve used around the manifold. Definition 1 and Theorem 2 can be 
applied to identify the basic properties of the Riemannian manifold. 

 
Definition 1: A matrix known as a Riemannian sub-manifold Ma of a Riemannian mani-
fold M, is called totally geodesic if all geodesics in this sub-manifold Ma are also geodesics 
in M. [27] 

 
Theorem 2: Ma is totally geodesic in M if and only if all second fundamental forms of Ma 
vanishing identically [27]. 

2.4 Stiefel Manifold 

The Stiefel manifold V
p,k is the set of p-tuples of orthonormal vectors or equivalently  

V
p,k = {Qkp|QTQ = Ip} where IP is the P  P identity matrix. If Stiefel manifold has 

matrix Q with full column rank, the unique solution will be expected. According to [28], 
Stiefel manifold plays an important role to enhance the receiver performance of the MIMO 
system. Further, the definitions of the tangent space and the retraction explained in [28] 
allow us to improve the minimum distance within the Stiefel manifold concepts.  

The collections of covariance matrices are the points on the Stiefel manifold Vp,k, 
which is Qkp. Here,  can be a real () or complex () field. The relationship between 
the complex Pn-manifold and Stiefel manifold volumes as in Eq. (7) is obtained through 
the Riemannian manifold.  

22 2(2 ) ( )2
, ! (2 )! 1

( ( , , , )) ( ) (2 )!. !
k pk k k

n p k k k p k i
Vol P p k Vol V p k i i 

 

 
        (7) 

According to Eq. (7) and Pn-manifold concept, the capacity of the MIMO channel 
and the system can be obtained. The real case is introduced in [28]. According to [28], soft 
dimension reduction is used to develop an efficient feedback link between the receiver and 
transmitter of MIMO. Here, non-square pseudo-orthogonal matrix known as a matrix of 
Stiefel manifold is used to minimize the joint diagonalization cost function.   

Although the mostly employed manifolds are Stiefel, Grassmann and Riemannian 
manifolds in the wireless communication systems, Pn-Manifold is better. According to the 
theoretical comparisons and investigations, it is not only flexible to employ in massive 
MIMO wireless channel, but also it allows us to reduce the rank and dimension of the 
channel matrix quickly and efficiently. Thus, Pn-manifold helps us to reduce the overall 
complexity of the design of massive MIMO system.    

3. DESIGN OF THE PROPOSED SCHEME 

The primary aim of this research is to enhance the EE in massive MIMO, which is the 
future problem in next-generation networks. In the massive MIMO, designing, optimizing, 
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In this research, 16  16 MIMO scheme is considered to verify the basic parameters 
depending on the H matrix. The system model in Fig. 2 depends on Eq. (8), which solves 
the problems between the channel and receiver output (Yi). In order to have a complete 
system equation, input bits considered as original information (s) of the MIMO transmitter 
should be encoded and sent to the channel (Xi = Vqs). In this model, Vq is a quantized 
version of the channel matrix H. 

3.2 Channel Matrix 

Basic and current MIMO schemes use complex data for channel development, which 
is a Nr  Nt dimension matrix. The optimum design of the channel matrix depends not only 
on the size of the antennas but also on the calculation which takes unnecessary power. In 
order to increase the EE, optimum design and calculations are considered in the massive 
MIMO scheme. The MIMO Channel matrix influenced with transmitting and receiving 
antennas helps to calculate the quantized matrix through the singular value decomposition 
(SVD) procedures. Basically, the channel matrix and its decompositions characterize the 
overall system through the manifolds. Full CSI based on finite and limited feedback is 
calculated from the SVD and channel matrix of MIMO. The channel matrix of basic and 
current MIMO scheme can be written as 

 

(9)

 

Where the individual elements used in Eq. (9) is a complex number could be written as Eq. 
(10), which is given below.  
 

hnm(t) = Re{(hnm(t)} + jIm{(hnm(t)}  (10) 
 

3.3 Covariance Matrix 
 
It is another approach to reducing power in some matrix calculations, which help us to 

design a Pn-manifold from the channel matrix of massive MIMO. In the existing tech-
nology of the MIMO channel, the covariance matrix Eq. (11) plays a major role. To 
analyze the essential features such as power and distortion, the idea of manifolds had not 
been used at all since researchers developed the MIMO technique. In recent years, the idea 
of using a manifold in MIMO systems has increased because the mathematics of manifold 
takes an important step to change the features of MIMO. So far, four different manifolds 
are employed in MIMO applications and MIMO channel improvement.  

To calculate the energy when massive MIMO system is active, the covariance matrix 
is considered as an input to the feedback of MIMO system, and the capacity/rate of the 
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feedback is measured as an output. Designing a fixed covariance codebook to maximize 
the average rate is a challenging problem because EE influences the capacity. 

 

(11)

 

The covariance matrix Cm can be decomposed into the following form Cm = UUH 
where U and  are Nt  Nt unitary and diagonal matrices respectively. The performance of 
the quantization codebook depends on the rank-Nt codebook but fewer elements than the 
lower-rank codebooks might be better. Regarding the future EE performance, it is not 
guaranteed that we can find a rank-Nt code word satisfying the requirement of VHU  I. 
Further, considering a rank-Nt codebook of B bits, the computational complexity involved 
in exhaustively searching the optimal V is on the order of O(2BNt

(Nt-1)), which can be pro- 
hibitively expensive for a large Nt. Rank of the Cm is equal to the number of eigenvalues. 
Eq. (11) can be rewritten with the eigenvectors and eigenvalues (). 

1

i
H

m i
i

C uu


   (12) 

The total number of feedback bits decided from the best rank of Cm and eigenvalues is 
useful to increase the EE. If the ratio between the eigenvalues is quantized with  bits, the 
total number of feedback bits can be calculated as 2B+.  

 
3.4 Manifold from SVD 

 
Using SVD and matrix calculations, the mathematician proved that SVD saved much 

energy during the real-time processing. The decomposition of the channel matrix is given 
in Eq. (12), where the 3rd matrix (Ui) can be assumed as a representation of the manifold, 
which has some important properties to increase the quality of the massive MIMO channel. 
In addition to this quality, different dimensions and the types of manifolds not only provide 
cost reduction but also improve the capacity and CSI of the overall MIMO through the 
feedback.  

The rank of Hi is Hm, which is less than or equal to either the number of transmitting 
antennas or number of receiving antennas (Hm  Nt or Hm  Nr). To elaborate this concept, 
SVD of Hi can be written as 

 
Hi = AiiUi. (13) 
 
In Eq. (13), dimensions of matrices are such as AiNrNm, iNmNm and UiNtNm. 

Complex case of Stiefel manifold can be written as 
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1 1

T R ij C

b

N N k P
c ij Ri j

E d
 

    (15) 

In Eq. (15), Ec is the average consumption per bit, Pc is the total circuit power used in 
the transmitter and receiver; Nt and Nr are the number of transmitter and receiver antennas, 
respectively; dij is the distance between node i and j; and kij is the path loss factor from i to 
j. The value  and equation are considered in [31]. EE can be measured in bits per Joule 
(capacity is bits per channel we use and power is Joule per channel).  

Capacity
PowerEE   (16) 

In Eq. (16), capacity is limited by the hardware used in massive MIMO and the power 
includes all electronic circuits in all components during the processing. 

The validity of proposed approach can be demonstrated through the following theo-
retical analysis. Overall EE depends on the optimized design (low complex design) of the 
massive MIMO system which influences the dimension of the channels including feed-
back. The theoretical EE can be achieved through the best or optimized dimension and 
rank of the channel matrices obtained from the massive MIMO channels. Using manifold 
theory, we can optimize the dimension and rank of the channel matrices and reduce the 
complexity of the massive MIMO system. For instance, full rank and optimized rank can 
produce the same performance. Thus, we can prove the proposed approach.  

4. RESULTS AND DISCUSSIONS  

In this analysis, a fixed number of 16 transmitting antennas were employed in the 
MIMO system, which has a variable number of receiving antennas. Fig. 4 shows the ca-
pacity/rate of the massive MIMO system with Pn-manifold, which provides variable re-
sults when feedback bits are up to 200 bits. 

In Eq. (11), SVD decompositions of matrix H were used. This SVD was controlled 
by manifold’s properties, which provide the MIMO scheme with better performance in 
all necessary essential elements such as capacity, and quantization simplifies the calcula-
tions. 

22 1
( )

5 1.5 2
N f

N N Nt m m
CSIT FbC  





 
    

 
 (17) 

Fig. 4 is drawn from Eq. (15), where Nm = min(Nr, Nt). Details of Eqs. (17) and (18) 
can be found in [32]. 

2 2( )
5 log 1 2 m

N f
N N Nt m

CSIT Fb mC N n  



 
     

 
 (18) 

Here, n is the constant considered between the small value of infinity, and it de-
pends on the channel, and quality of antennas.  

In Fig. 5, long and short-term power constraints are shown with increasing feedback 
bits. In order to analyze the power with rates, basic MIMO can be used, but it can be ex-
tended to massive MIMO with different feedback bits.  
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Fig. 4. Capacity variation for first 200 feedback 

bits. 
Fig. 5. Comparison of power using Pn-manifold. 

 

In Fig. 6, we employed three different sets of transmitting antennas they are 10, 20 
and 40. From these 3 sets and relevant parameters considered in [32], we calculated the 
power efficiency factors Eq. (4), which are very useful to analyze the EE in massive 
MIMO. Using the equation Eq. (16), we can calculate and renew EE for future services 
used in massive MIMO. As shown in Fig. 7, renewable energy depends on the number of 
antennas, capacity and signal power.  

To analyze the energy efficiency (EE), energy-based experiments and simulations 
are preferred for the evaluation of performance in results and discussion. Although many 
key performance indicators (KPI) are available, we currently use selected KPIs investi-
gated for analyzing EE in massive MIMO are given below.   

As mentioned in Eq. (16), capacity/rate is the one of the KPIs, which increases the 
EE. Further, Eq. (17) influences with the capacity/rate, dimensions, ranks and the types 
of Pn-manifold. Figs. 4 and 5 show the capacity/rate increment when we increase the 
number of feedback bits.   

Power efficiency factor is another KPI, which is also involved with the dimensions 
of the channel matrix. Further, reducing the dimension using manifold concept allows us 
to increase the power efficiency factor and EE. Fig. 6 shows the details to improve the 
EE via power efficiency factor calculations. Although the dimensions of the channel ma-
trix involve directly in the EE calculations, the manifold concept allows us to reduce not 
only the rank and dimension but also provide the rank optimizations.   

Path-loss is also one of the KPIs which affects the energy during the transmission. 
Further, it depends on the gains of the massive MIMO. Although gain calculation is not 
directly involved with the manifold, percentage or Improvement of capacity/rate changes 
can be used to calculate the gains.  

Further, energy consumptions can be reduced using efficient design. In our analysis,   
EE depends on all these KPIs that we have employed in these simulations. 

Using Eq. (15), different gains of the transmitting and receiving antennas (Fig. 8) 
allow us to calculate the energy consumption.  
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The strategic energy management of massive MIMO shown in Fig. 9 provides prin-
cipal areas of EE used in basic MIMO. Points considered below maintain the power or 
renew the energy from a renewable energy source.   
 
Multiplications: The complex product of manifolds including Pn-manifolds in the de-
nominator affects the total energy in the MIMO channel. 
 
Accumulation: The summation of complex manifolds in the denominator change the 
total energy in the MIMO channel. 
 
Division: Normalized diversity is combining total energy in the MIMO channel. 

5. CONCLUSIONS 

In this study, the future direction of renewable-energy systems based on a MIMO 
wireless network is analyzed in various ways. Future energy systems and applications in 
the wireless environment depend on the optimized design of massive MIMO because 
the cost of energy is growing with a number of services.  

The manifolds that we have studied in this research are multidimensional matrices 
influenced by quantization and feedback, as in Fig. 10. In each case, Pn-manifold pro-
vides better energy consumption. Rank optimization of the manifold increases EE.  

From the results, we can see that different manifolds that increase energy efficiency 
allow us to investigate the renewable energy in massive MIMO. The capacity and rate of 
the feedback are very important points to enhance the energy efficiency factor in this 
investigation. 

In our future work, Minimum-energy LTE-A downlink Resource Scheduling (MARS) 
approach [33] will be employed to improve EE of MIMO-Generalised Frequency Divi-
sion Multiplexing (MIMO-GFDM) in a Long Term Evolution-Advanced (LTE-A) Plat-
form. 

ACKNOWLEDGMENT 

We would like to thank the editor, the reviewers, all members of research group and 
faculty researchers for their helpful comments and suggestions. 

REFERENCES 

1. J. Hoydis, S. T. Brink, and M. Debbah, “Massive MIMO in the UL/DL of cellular 
networks. How many antennas do we need?,” IEEE Journal on Selected Areas in 
Communications, Vol. 31, 2013, pp. 160-171. 

2. A. Ozgur, O. Leveque, and D. Tse, “Spatial degrees of freedom of large distributed 
MIMO systems and wireless ad hoc networks,” IEEE Journal on Selected Areas in 
Communications, Vol. 31, 2013, pp. 202-214. 

3. H. Q. Ngo, E. G. Larsson, and T. L. Marzetta, “Energy and spectral efficiency of 
very large multiuser MIMO systems,” IEEE Transactions on Communications, Vol. 
61, 2013, pp. 1436-1449. 



ANALYSIS OF EE FOR MIMO WIRELESS NETWORK USING MANIFOLD TECHNIQUES 407

4. O. O. Mengi and I. H. Altas, “Fuzzy logic control for a wind/battery renewable en-
ergy production system,” Turkish Journal of Electrical Engineering and Computer 
Sciences, Vol. 20, 2012, pp. 187-206. 

5. F. Héliot, M. A. Imran, and R. Tafazolli, “On the energy efficiency-spectral effi-
ciency trade-off over the MIMO Rayleigh fading channel,” IEEE Transactions on 
Communications, Vol. 60, 2012, pp. 1345-1356. 

6. G. Poitau and A. B. Kouki, “Hybrid amplification: An efficient scheme for energy 
saving in MIMO systems,” Wireless Engineering and Technology, Vol. 3, 2012, pp. 
36-45. 

7. A. A. Lu, G. Xiqi, Y. R. Zheng, and X. Chengshan, “Linear precoder design for 
SWIPT in MIMO broadcasting systems with discrete input signals: Manifold optimi- 
zation approach,” IEEE Transactions on Communications, Vol. 65, 2017, pp. 2877- 
2888. 

8. J. Xu, L. Qiu, and C. Yu, “Improving energy efficiency through multimode trans-
mission in the downlink MIMO systems,” EURASIP Journal on Wireless Commu-
nications and Networking, 2011, pp. 1-12. 

9. E. Bjornson, J. Hoydis, M. Kountouris, and M. Debbah, “Hardware impairments in 
large-scale MISO systems: Energy efficiency, estimation, and capacity limits,” in 
Proceedings of the 18th International Conference on Digital Signal Process, 2013, 
pp. 1-6. 

10. R. T. Krishnamachari and M. K. Varanasi, “MIMO performance under covariance 
Matrix feedback,” in Proceedings of IEEE International Symposium on Information 
Theory, 2011, pp. 543-547. 

11. V. Thayananthan, A. Alzahrani, and I. Katib, “System engineering: Optimization on 
Stiefel Manifold for MIMO system,” Journal of Soft Computing and Software Engi-
neering, Vol. 3, 2013, pp. 564-569. 

12. R. T. Krishnamachari and M. K. Varanasi, “Interference alignment under limited 
feedback for MIMO Interference Channels,” IEEE Transactions on Signal Process- 
ing, Vol. 61, 2013, pp. 3908-3917.  

13. O. Henkel, “Sphere is packing bounds in the Grassmann and Stiefel manifolds,” 
IEEE Transactions on Information Theory, Vol. 51, 2005, pp. 3445-3456. 

14. M. Nasim, S. Qaisar, and S. Lee, “Energy-efficient cooperative hierarchical MIMO 
clustering scheme for wireless sensor networks,” Sensors, Vol. 12, 2012, pp. 92-114. 

15. H. Yang and T. L. Marzetta, “Performance of conjugate and zero-forcing beamform- 
ing in large-scale antenna systems,” IEEE Journal on Selected Areas in Communica-
tions, Vol. 31, 2013, pp. 172-179. 

16. V. K. Sachan, S. A. Imam, and M. T. Beg, “Energy-efficiency of virtual cooperative 
MIMO techniques in wireless sensor networks,” in Proceedings of International 
Conference on Computer Communication and Informatics, 2012, pp. 1-5. 

17. Z. L. Lin and M. van der Schaar, “Autonomic and distributed joint routing and pow-
er control for delay-sensitive applications in multi-hop wireless network,” IEEE 
Transactions on Wireless Communications, Vol. 10, 2011, pp. 102-113. 

18. M. Behzad, M. Javaid, M. Parahca, and S. Khan, “Distributed PCA and consensus- 
based energy efficient routing protocol for WSNs,” Journal of Information Science 
and Engineering, Vol. 33, 2017, pp. 1267-1283. 

19. H. Huh, G. Caire, H. C. Papadopoulos, and S. A. Rampshad, “Achieving large spec-
tral efficiency with TDD and not-so-many base station antennas,” in Proceedings of 
IEEE Antennas and Propagation in Wireless Communications, 2011, pp. 1346-1349. 



AHMED ALZAHRANI AND VIJEY THAYANANTHAN 

 

408

 

20. T. L. Marzetta, “Noncooperative cellular wireless with unlimited numbers of base 
station antennas,” IEEE Transactions on Wireless Communications, Vol. 9, 2010, pp. 
3590-3600. 

21. F. M. Bahazaq and V. Thayananthan, “Energy efficiency with computational topol-
ogy and routing in wireless sensors networks,” International Journal of Computer 
Applications, Vol. 89, 2014, pp. 37-42.  

22. V. Thayananthan and F. M. Bahazaq, “Analytical model of energy saving approach 
in a wireless sensor network,” in Proceedings of IEEE 16th International Conference 
on Computer Modelling and Simulation, 2014, pp. 504-509.  

23. R. T. Krishnamachari and M. K. Varanasi, “On the geometry and quantization of 
manifolds of positive semi-definite matrices,” IEEE Transactions on Signal Process- 
ing, Vol. 61, 2013, pp. 4587-4599. 

24. J. Pang, J. Li, and S. Jin, “Capacity lower bound and energy efficiency of training- 
based MIMO systems over correlated channels,” International Journal of Commu-
nication Systems, Vol. 22, 2009, pp. 1355-1376. 

25. W. Dai, Y. Liu, and B. Rider, “Quantization bounds on Grassmann manifolds and 
applications to MIMO communications,” IEEE Transactions on Information Theory, 
Vol. 54, 2008, pp. 1108-1123. 

26. L. Zhang and S. H. Leung, “A precoding method for multiple antenna systems on the 
Riemannian manifold,” Journal of Communications, Vol. 9, 2014, pp. 157-162. 

27. W. H. Yang, L. H. Zhang, and R. Song, “Optimality conditions for the nonlinear 
programming problems on Riemannian manifolds,” Pacific Journal of Optimization, 
Vol. 10, 2012, pp. 415-434. 

28. R. T. Krishnamachari and M. K. Varanasi, “Volume of small balls in the real Stiefel 
manifold,” in Proceedings of the 42nd Annual Conference on Information Science 
and Systems, 2008, pp. 402-406.  

29. W. Dai, Y. Liu, V. K. N. Lau, and B. Rider, “On the information rate of MIMO sys-
tems with finite rate channel state feedback using beamforming and power on/off 
strategy,” IEEE Transactions on Information Theory, Vol. 55, 2009, pp. 5032-5047. 

30. V. Raghavan, R. W. Heath, and A. M. Sayeed, “Systematic codebook designs for 
quantized beamforming in correlated MIMO channels,” IEEE Journal on Selected 
Areas Communications, Vol. 25, 2007, pp. 1298-1310. 

31. V. K. Sachan, S. A. Imam, and M. T. Beg, “Energy efficiency of virtual cooperative 
MIMO techniques in wireless sensor networks,” in Proceedings of International 
Conference on Computer Communication and Informatics, 2012, pp. 1-5. 

32. R. T. Krishnamachari and M. K. Varanasi, “MIMO systems with quantized covari-
ance feedback,” IEEE Transactions on Signal Processing, Vol. 62, 2014, pp. 485- 
495. 

33. Y. C. Wang and H. Y. Ko, “Energy-efficient downlink resource scheduling for LTE- 
A networks with carrier aggregation,” Journal of Information Science and Engineer- 
ing, Vol. 33, 2017, pp. 123-141. 

 
 
 
 
 
 



mun
puter
tutio

 

ANALYSIS O

 
 

nication analys
r security and

on of Engineer
 
 

OF EE FOR MIM

Ahm
ment) at 
Universit
ship of G
rent rese
municatio
algorithm
papers in 

 
 

Vije
Science D
KSA. He
tion engi
Universit
working 
engineer 
UK and 
clude wir

sis, security m
d wireless sens
ring Technolo

MO WIRELESS NE

med Alzahran
the Departme
ty. He works 

Graduate Studi
arch interests
on, Internet co

ms and Inform
international 

ey Thayanant
Department i

e obtained his
ineering) from
ty of Lancast
as a Research
in Advantech
Amfax Ltd., 
reless commu

management of
sor network. H

ogy (IET), UK

ETWORK USING M

ni worked as a
ent of Comput
as Vice-Dean
ies at King A
s include que
ongestion con

mation security
symposiums.

than is an As
in the King 
s Ph.D. in En
m Departmen
ter, UK, in 1
h engineer and
h Ltd., Southam

UK respectiv
unication algo
f communicat
He has been a

K since 2005.

MANIFOLD TECH

a Chairman (H
ter Science at 
n for academi

Abdul Aziz Un
euing network
ntrol, quality 
y. He has a num
 

ssociate Profe
Abdulaziz Un

ngineering (Di
nt of Commun
998. Since 20
d senior algori
mpton Univer
vely. His rese
orithm design 
tion network a
a full-time me

HNIQUES 

Head of the Dep
King Abdul A
c affairs at D
niversity. His 
ks, wireless c
of service rou
mber of publi

essor at Comp
niversity, Jed
igital commun
nication Syst
000, he had b
ithm developm
rsity Science P
earch interests
and mobile c

and big data, c
ember of the I

409

epart- 
Aziz 

Dean- 
cur- 

com- 
uting 
ished 

puter 
ddah, 
nica-
tems, 
been 
ment 
Park, 
s in-
com-
com- 
Insti-



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


