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Abstract: Aiming at large-scale multiple-input multiple-output (MIMO) orthogonal frequency
division multiple access (OFDMA) downlink mobile communication systems, a resource
allocation algorithm based on the best energy efficiency is proposed. In the case of zero-forcing
(ZF) precoding, the proposed algorithm is based on maximizing the lower bound of system
energy efficiency, while considering the minimum rate requirements of each user, and optimizes
by adjusting bandwidth allocation, power allocation and base station antenna number allocation
Energy efficiency function. First, an iterative algorithm is proposed to determine the bandwidth
allocation of each user according to the optimization conditions, and then the nature of the
fractional planning is used and the convex optimization method is used to optimize the energy
efficiency function by jointly adjusting the number of transmitting antennas at the base station
and the transmitting power of the user. The simulation results show that the proposed algorithm
can achieve better system energy efficiency performance and throughput performance while
reducing the number of iterations.

Keywords: OFDMA, Massive MIMO, Wireless Communication, Downlink, Resource
Allocation, Energy Efficiency

l. Introduction

With the rapid increase in energy consumption of wireless communication equipment and the
high degree of concern about global warming, green communication has gradually become a
trend. Therefore, the research hotspot of resource allocation has gradually shifted from spectrum
efficiency resource allocation [1~3] to energy efficiency resource allocation. [4~15]. Literature
[5] studied the energy efficiency design of the multi-user OFDMA mobile communication
downlink system, and proposed a user scheduling and rate allocation strategy under
consideration of the QoS requirements of each user. Literature [6] studied the energy efficiency
design of the downlink OFDMA mobile communication system, and given a sub-carrier
allocation and power allocation algorithm taking into account the minimum data rate
requirements. Literature [7] studied the energy efficiency resource allocation problem of the
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downlink SISO-OFDM system. First, it proved that the OFDMA strategy can achieve the best
energy efficiency, and then transformed the non-convex problem into a convex optimization
problem to obtain an effective power allocation algorithm.

Multiple input multiple output (MIMO) technology can transmit and receive through
multiple antennas, making full use of space resources to improve channel capacity and system
reliability. Therefore, it is recognized as one of the key technologies in the next generation of
multi-user broadband wireless communication systems. Literature [12] studied the issue of
energy-efficient resource allocation for uplink multi-user MIMO systems, and proposed an
energy-efficient multi-user power allocation (EMMPA) algorithm based on water injection
algorithm, but this algorithm has a relatively large amount of calculation. Literature [13] derives
the lower bounds of the capacity when maximum ratio combining (MRC), zero forcing (ZF) and
minimum mean square error (MMSE) are used in the uplink of a massive multiuser MIMO
system, and studies energy efficiency and spectrum The relationship between efficiency, but the
power consumption of the circuit is not considered in the power consumption of the system.
Literature [14] studied the problem of energy efficiency resource allocation in massive MIMO
downlink OFDMA system, and gave an iterative algorithm, but this algorithm only considers the
system throughput requirements, and does not consider the minimum rate requirements of each
user.

Based on the above analysis, this paper studies the energy efficiency resource allocation
of multi-user massive MIMO OFDMA downlink systems. First, assume that the transmitter fully
knows the channel state information (CSI), and uses zero-forcing (ZF) precoding to obtain the
lower bound expression of the system capacity, and then obtain the lower bound expression of
energy efficiency. Under the minimum rate requirement of each user, pass appropriate the
bandwidth allocation, power allocation and number of base station antennas are allocated to
maximize the lower bound of the system's energy efficiency. Since the objective function is non-
convex and requires an exhaustive method to obtain the optimal solution, this paper proposes a
low-complexity sub-optimal solution. First, the bandwidth allocation of each user is determined
according to the user's minimum rate requirement and the objective function, and then Based on
the user bandwidth allocation, the user transmit power and the number of base station antennas
are jointly optimized. Finally, simulations verify the effectiveness and superiority of the
proposed algorithm.

1. System model and problem description

This paper considers a typical single-cell downlink multi-user MIMO-OFDMA wireless
communication system, in which the base station is equipped with M transmit antennas to
communicate with K geographically dispersed single-antenna mobile users. Assuming that the
channel is a block fading model, suppose that there are N subcarriers in the system divided into

V frequency blocks (including % subcarriers) as the basic unit of resource scheduling. According

to the reciprocity of the channel, the uplink channel matrix G, = H,D'/?(H,, represents the M x
K fast fading matrix from the user to the base station on the frequency block v, DY/? =

diag {\/ﬁl \/EK} indicate K x K diagonal matrix, the diagonal element /B, represents the
slow fading coefficient from user k to the base station), and the downlink channel matrix GI =
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D'/2HT is obtained. Therefore, the expression of the signal received by the k%" user on the vt
frequency block is

K
— AT
yv,k - gv,k Z \V pv,k fv,kxv,k + Zv,k
k=1

= gg,k\/@fﬂ,kxv,k + gg;,k Zg(zl,iik \/pT,ifv,ixv,i +
Zyk (1)
where, g, represents the k-th column of matrix G,, f,, , represents the precoding matrix of user
k on frequency blockv, and x,, represents the transmission signal of user k on sub-carrier
frequency blockv. Obviously, the first and second terms after the second equal sign in equation
(1) respectively represent the desired signal of user k and the interference from other users, and
the last term is additive white Gaussian noise.

In order to eliminate the mutual interference between different users, this paper uses zero-
forcing precoding. Let the precoding matrix F, = G;(G,; G;)~', namely GJ F, = I, . Among
themF, = [fy1, ., fo ) therefore, g7 £ = 8k

5. = {1, k=i
K70, k=#i
Therefore, the traversal achievable rate of user k on frequency block v is expressed as

— Dyk
Tyk = E {Wlb ll + WNo[(GgGé)_l]kkl}

(2)
From Jensen's inequality, the lower bound of the rate of user k on the frequency block v is
> WIib |1+ ok l
Tok [ wnoE{|(6]65) 1]kk}
3)
Where
1
E{[(G5G) e} = EE{[(HEH;)_l]kk}
— L T y*x\—1
= o5 Eler[(HTH) ™)
4)
Since E{tr(W—1)} = % where W~W,,(t,I,) is the central complex Wishart matrix with
degrees of freedomt(t > m), so E{tr[(HIH;)~]} = ﬁ

In summary, the lower bound of the rate of user k on frequency block v can be expressed as

o = Wib |1+ Pel]

(5)

Figure 1 shows the system throughput of equations (2) and (5) summing the number of users k
and the number of frequency blocks v. Here, assuming the number of users K 12, the theoretical
value is the sum of equation (2), the derived value is the sum of formula (5). It can be seen from
the figure that the lower bound of the deduced rate expression is very close to the theoretical
value, so this article uses this lower bound instead of the theoretical value.
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It can be seen from equation (5) that the rate allocated by the user on each frequency block is
only related to the large-scale fading of the user. Therefore, the rate allocated by user k can be
expressed as
— P (M—K)By
e = mWib |1 + 20|

0
(6)
where, my, represents the number of frequency blocks allocated to user k, and p; represents the
transmit power of user k. Therefore, the lower bound of the system energy efficiency function
can be expressed as

K pr(M-K)B
U= fo:ﬂ”k _ Zk=1mleb[1+_k Wy k]
K MEpr+Mpc K MEpR+MD,

(7)

where, p. represents the circuit power consumption of each antenna. The circuit power
consumption here includes the power consumption of all circuit modules on the signal
transmission path, such as A/D conversion, D/A conversion, frequency synthesizer, mixer, power
amplifier, etc. [16].

Based on the above analysis, the constraint maximization problem corresponding to the
energy efficiency resource allocation in the downlink multi-user massive MIMO OFDMA
system can be expressed as follows.

Optimization: max UP,m,M)

Constraints:
mWib |1+ 280 > g

{ Tk = Rmin WN,
K _
D=1y =V

K _
k=1 =V

Which{
(8)

where, P ={[py,..,Pp, -, 0]t represent  the  transmit  power  vector, m =
[my, ..., my, ..., my | Trepresent the vector of the number of frequency blocks allocated by the user,
and R,,;, is the user’s lowest rate constraint.

IIl.  Massive MIMO OFDMA downlink system energy efficiency resource allocation

The optimization problem described by equation (8) includes user frequency block number
allocation, that is, bandwidth allocation, power allocation, and base station optimal antenna
number allocation. The exhaustive method is very complicated to obtain the optimal solution,
and it is usually difficult to achieve. . Therefore, this section adopts the sub-optimal resource
allocation method. First, determine the bandwidth allocation for each user, and then allocate the
power and the number of base station antennas for the users.

58



e-ISSN 2320 -7876 www.ijfans.org
Vol.11, Iss.7, 2022

Research Paper © 2012 IJFANS. All Rights Reserved|(Slc{ef¢/:\:{ 3 RIS 1= N{cT I R ) RIS E]

7
15 <10 . ; ; .
—%—— Theoritical /i
—O— Practical
14 r
1.3 1
ﬁ%
S 12+ 1
=
%
<
D11 F 1
e
<
'_
1F 4
09 r 1
08 Il 1 Il 1 1 Il 1
0 100 200 300 400 500 600 700 800

Number of Base Station Antennas

Fig 1. Throughput comparison

3.1.Bandwidth allocation algorithm for maximizing energy efficiency based on
minimum rate requirements (BAA)

This paper proposes a bandwidth allocation algorithm (BAA) that maximizes energy efficiency
based on the lowest rate requirement. From the optimization objective function, the objective
function of bandwidth allocation can be expressed as

K P (M—K)B,
Zkzlmleb[1+—WNo
m, = max =
m Yg=1 MkDr+Mpc

(9)

The BAA algorithm is described as follows.

Initialize the user transmits power vector P, and allocates R, at the rate at which P, is initialized
Rmin
Ry (k)

K

while Z m, >V
k=1

do {k* < arg max m;my+ < 0}
1<k<K

end While

my <

K
While Z m, <V
k=1
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pr(M—K) By pr(M—K) By
(m, + DWIb [1 + T] m, Wlib [1 + —]

d — 0 . WNg
0 C (my + Dpy + Mpc myp + Mp¢

l « arg max m
g 1<k<K Qk ¢

=m;+1; endWhile

3.2.Resource allocation algorithm for maximizing energy efficiency based on minimum
rate requirements (RAA)

Since the energy efficiency function is a fractional form and is non-convex, this paper considers
using the nature of fractional planning to transform the fractional form into a subtractive form,
and proves that the objective function of the subtractive form is jointly concave with respect to
(P, M), and then transformed into the problem of convex optimization.

According to the literature [17], according to the nature of fractional planning, the
objective function (7) in fractional form can be converted into a subtractive form

R(P,M) — q*[Pr(P) + Pc(M)]
Where
. R(P*,M*) R(P,M)
q = = max
~ Pr(P)+P.(M*)  mMP Pr(P)+ P.(M)

Therefore, the objective function formula can be transformed into an optimization problem:

F(q) = T&XR(P,M) —q[Pr(P) + Pc(M)]

K K
2 : pi(M — K) Z
f;})x m,Wlb [1 + W—NO —q k_lmkpk + Mp.

k=1
(M-K)
Zk s Wib [u] q (=1 mipr + Mpc)

z3

(10)
Constraints:

mleb

= Rmin

[Pk (M — K),Bkl

WN,
Hypothesis
f=RP,M) —q[Pr(P) + Pc(M)]

P (M — K) By c
kaWlbl i l <;mkpk+Mpc>

The Hessian matrix of functlon fis

60



e-ISSN 2320 -7876 www.ijfans.org
Vol.11, Iss.7, 2022

Research Paper © 2012 IJFANS. All Rights Reserved|(Slc{ef¢/:\:{ 3 RIS 1= N{cT I R ) RIS E]

Obviously, H(f) is a negative definite matrix. At this time, the function f is jointly concave with
respect to (P, M), which can be solved by convex optimization. Therefore, the Lagrangian
function of the objective function can be expressed as

L(A‘I Pl M) = legzlmleb [%} - q[zlk{zlmkpk + MpC] +

V=12 {mleb [%] - Rmin}
(11)
where, 4, = 0 is the Lagrangian multiplier corresponding to the constraint formula (10b).
Therefore, the dual problem of equation (10) can be expressed as
minmax L(A, P,M)
A=0 PM
(12)
Given 4, using KKT conditions, the optimal transmit power P* and the number of base station
antennas M™* can be expressed as

oL _ mW AW _ . _ QW

( ) apk - In2.pg qm + In2.py - 0 = pk - In2.q
13

oL W Y- my N W XK_ ey

oM~ m2M—k) P oM — k)

— 0 = M* — (V+ZII§=1mkAk)W + K]
In2.qpc

(14)

where, [¢] Means rounding up.
The Lagrange multiplier A is obtained by recursive method
+
MG+ 1) = [Ak(j) — & |mywip (08 Rmin]]

WNy
(15)
where, j represents the number of iterations, and & represents the iteration step length. Using the
Dinkelbach method in the literature [17], an iterative method is proposed. The specific algorithm
is described as follows.
1) Initialization P* = Py, M* = M,, q* =0, A =0,6 = §,, ¢ = 0.01
2) While R(P*, M*) — q*[Pr(P*) + P.(M*)] > ¢

3) dog* __ RIM)
) d0q" — ]

4) Use equation (15) to update the Lagrangian multiplier
5) Use equation (13) to get the power distribution
6) Use equation (14) to get the number of base station antennas
Return q*, P*, M*
The proof of the convergence of the algorithm can be found in literature [11].

IV.  Simulation results and algorithm complexity analysis

4.1.Simulation results and analysis
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In the simulation, a hexagon with a cell radius of 1000 m is set, and users are randomly assigned
to a range 100 m away from the base station. The large-scale fading from the k-th user to the

base station is B, = —£+, where z, is the standard deviation The log-normal random variable of

Uy
()
Th
Oshadow 1S the distance from the user to the base station, and u is the path loss index. The
specific system parameters are shown in Table 1.

Parameters Values

Total Bandwidth 2.56MHz
Number of Frequency Blocks 128

Noise Density N, -131 dBW/MHz
Oshadow 8dB

u 3.8

Circuit power consumption of each antennaat | 1200mwW
the base stationP,

User initialized transmit power P, [0.1,...,0.1]"mW

Initial value of the number of base station K + 1 (K Represents number of users)
antennas M,

Step size § 107

Rate requirements for each user R,,,;,, 3.0x107

P bits/s (K Represents number of users)

9
7><10 T T T T T T T

—%— BABS Algorithm
—O— EMMPA Algorithm
Proposed Algorithm

Efficiency/(bit.J™")

O 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

User Number
Fig 2. Performance Comparison of Energy efficiency over variable user number

In order to better compare the performance of the algorithm, the bandwidth allocation in the
BABS algorithm uses the signal-to-noise ratio-based bandwidth allocation algorithm (BABS)
proposed in the literature [18], and the power allocation and the number of base station antenna
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allocations use the RAA algorithm proposed in this paper; EMMPA The bandwidth allocation in
the algorithm first adopts the method of equal allocation. The remaining frequency blocks are
allocated to users with better channel conditions, that is, users with the largest large-scale fading
factor. Power allocation and base station antenna number allocation use the EMMPA algorithm
proposed in [12]. This algorithm maximizes the energy efficiency of the system by adjusting the
user transmit power without any constraints. In the simulation, it is assumed that the number of

base station antennas of the algorithm is (K + 1), and the power allocation isp, = [y—
WN, ]+
(M—K) Bk

%107

—O— BABS Algorithm
—%— EMMPA Algorithm
Proposed Algorithm

Throughput/(bit.s™")

0 10 20 30 40 50 60 70 80 90 100
User Number

Fig 3. Performance comparison of proposed algorithm with literature with variable user
numbers

Figure 2 shows the energy efficiency performance of each algorithm under different
number of users. It can be seen from the figure that the performance of the algorithm in this
paper is between the EMMPA algorithm and the BABS algorithm. This is because the EMMPA
algorithm maximizes the energy efficiency of the system without any constraints, so the
algorithm has the best energy efficiency performance, while the BABS algorithm is Bandwidth
allocation algorithm based on signal-to-noise ratio, so the energy efficiency performance of this
algorithm is worse than that of the algorithm in this paper. It can also be seen from the figure that
as the number of users increases, the energy efficiency performance of the system gradually
decreases. This is because as the number of users increases, the bandwidth that each user can
allocate gradually decreases and the transmission power needs to be increased to meet the
requirements. The user's minimum rate requirement for the EMMPA algorithm, although there is
no rate requirement, the average bandwidth allocation will cause the bandwidth allocated to users
with better channel conditions to gradually decrease, thereby reducing system energy efficiency.
At the same time, as the number of user’s increases, the bandwidth allocated by the minimum

user rate requirement my, « [::L(Z;] will occupy the dominant position of the two bandwidth
0
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allocation algorithms of this paper and the BABS algorithm. , Leading to their energy efficiency
performance gap is getting smaller and smaller.

Figure 3 shows the throughput performance of each algorithm under different number of
users. It can be seen from the figure that the throughput performance of the algorithm in this
paper is better. This is because the EMMPA algorithm has no rate requirements for users, but
only maximizes the energy efficiency of the system, so the throughput of the system is low;
while the broadband allocation method used by the BABS algorithm is Minimize the
transmission power, so the throughput performance of the system is lower than the algorithm in
this paper. It can also be seen from the figure that as the number of users increases, the system
throughput performance gradually increases. This is because as the number of users increases,
the system's multi-user diversity characteristics become more obvious. Therefore, the algorithm
in this paper has both better system energy efficiency performance and better system throughput
performance.
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Fig 4. Performance comparison of optimal base station antenna with variable user
numbers

Figure 4 shows the optimal base station antenna number performance of each algorithm
under different user numbers. It can be seen from the figure that as the number of users increases,
the number of optimal base station antennas required by the system gradually increases. The
EMMPA algorithm does not optimize the number of antennas. It only optimizes energy
efficiency by changing the transmit power. Therefore, the number of base station antennas is
always equal to K + 1, and the BABS algorithm is very close to the optimal number of base
station antennas in this algorithm.

Figure 5 shows the transmit power performance of each algorithm under different number
of users. It can be seen from the figure that as the number of users increases, the transmission
power required by the BABS algorithm and the algorithm in this paper increases rapidly with the
number of users. This is because the BABS algorithm and the algorithm in this paper consider
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the user's minimum rate requirements, while the EMMPA algorithm does not have any
constraints.

Figure 6 shows the energy efficiency performance of each algorithm under different
number of frequency blocks. It can be seen from the figure that the energy efficiency
performance of the algorithm in this paper increases rapidly with the increase of the number of
frequency blocks, while the energy efficiency performance of the BABS algorithm and the
EMMPA algorithm increases slowly with the increase of the number of frequency blocks. This is
because the BAA bandwidth allocation algorithm is used in the algorithm in this paper. This
algorithm enables the energy efficiency performance to increase greatly with the increase of the
number of frequency blocks, while the performance of the bandwidth allocation algorithm in the
BABS algorithm and the EMMPA algorithm does not change significantly with the increase of
the number of frequency blocks. It can also be seen from the figure that as the number of
frequency blocks increases, the performance of the algorithm in this paper is closer to that of the
EMMPA algorithm. This is because the BAA bandwidth allocation algorithm used in the
algorithm in this paper can better realize the multi-user diversity gain of the system.
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Fig 5. Performance comparison of Transmit power under variable User Number
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Fig 6. Performance comparison of Energy efficiency performance under variable number
of frequency blocks

4.2.Complexity Analysis

The BABS algorithm is a bandwidth allocation algorithm based on the signal-to-noise ratio.
During bandwidth allocation, K users iterate V times, so the bandwidth allocation calculation
complexity is O(KV). The calculation complexity of bandwidth allocation in the algorithm in

Ro (k)
station antennas and power allocation is O(I;), so the complexity of the RAA algorithm is
O(KI,pI;). The computational complexity of bandwidth allocation in the EMMPA algorithm is

this paper is O (1 +K (V — Yk [Rmi”])>, the computational complexity of the number of base

0 (1 + K (mod (E))) where the factor is divided by the power factor a, and the remainder is

the power distribution formula. To get the global optimal u*, at least [lb (@ — 1)] iterations,
where |u—pu*| <e , the computational complexity of this power allocation is
0 (K [lb (@ — 1)]) In summary, the computational complexity of the BABS algorithm is

O(KV + Kl,p1;), and the computational complexity of the algorithm in this paper is O (1 +

K(V — Yh=1 LI:WEZI) )+ KIAPIA), the computational complexity of the EMMPA algorithm is
0

0 (1+ K(mod(v /i) + K [1b (=22 —1)]).
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V. Conclusion

In this paper the energy efficiency resource allocation problem in the multi-user massive MIMO
OFDMA downlink system is studied. In meeting the minimum rate requirement of each user, a
corresponding optimization mathematical model was established with the goal of maximizing the
lower bound of system energy efficiency. Since the global optimal solution needs to be obtained
through exhaustive exhaustion and the complexity is high, the whole optimization process is
divided into 2 steps to complete. First, determine the bandwidth allocation of each user according
to the minimum rate requirement of each user and the objective function of maximizing system
energy efficiency, and then jointly optimize the user's transmit power and the number of base
station antennas based on the user's bandwidth allocation. The proposed algorithm achieves
better energy efficiency performance and throughput performance on the premise of meeting
user QoS requirements.
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