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Abstract

This paper presents a suboptimal approach for resource allocation of massive MIMO-OFDMA systemntsigh-
speed train (HST) applications. An optimization problem is formulated to allevittte severe Doppler effect and
maximize the energy efficiency (EE) of the system. We propose to decouple the problem between theatdas of
antennas, subcarriers, and transmit powers and solve the problem by carrying the allocations separately and
iteratively in an alternating manner. Fast convergence can be achieved for the proposed approadhin only
several iterations. Simulation results show that the proposed algorithm is superior to ¢éxig techniques in terms
of system EE and throughput in different system configurations of HST applications.
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is paper presents a suboptimal approach for resource allocation of massive MIMO-OFDMA sydrhiggh-speed train (HST)
applications. An optimization problem is formulated to alleviate the severe Dopplet aretmaximize the energy e ciency (EE)

of the system. We propose to decouple the problem betweenltwatons of antennas, subcarriers, and transmit powedssarive

the problem by carrying out the allocations separately and iteratively &itarnating manner. Fast convergence can be achieved for
the proposed approach within only several iterations. Simulation resuti® $hat the proposed algorithm is superior to existing
techniques in terms of system EE and throughput in di erent system con gurations of HST applications.

1. Introduction also known as Multiple-Input Multiple-Output (MIMO), can
improve robustness against ICI. Particularly, MIMO with
Recent development and deployment of high-speed traing large number of antennas has been increasingly studied
(HSTs) have dramatically improved the e ciency and user for enhancing quality and reliability of wideband wireless
experience in interstate transportations. However, providingcommunications. Unfortunately, the bene ts do not come for
high data rates and good quality of service (QoS) to passerfree. Energy consumption would grow substantially, as the
gers in the presence of rapidly varying channel conditionsnumber of antennas increases. An energy-e cient resource
and scarce bandwidth availability is a challenging task [ ].allocation of MIMO-OFDMA is expected to balance spectral
Critical challenges have arisen from real-time communica-e ciency and energy e ciency (EE) [ ].
tions between HSTs and xed base stations (BS). Existing ere has been a lot of work on wireless resource
narrow-band railway communication systems, such as GSMallocation in static and low-speed mobile system. In [], it
R, are not suitable for HSTs due to typically low capacity.was revealed that network energy can be saved by assigning
G technology is currently adopting a so-called network nonoverlapping frequency bands to di erent cells. In [], a
densi cation approach, which involves the deployment of apower loading algorithm was proposed to maximize the EE
large number of base stations (BSs), to increase the netwoit MIMO. In [ ], the authors investigated the energy-e cient
coverage and provide higher throughput to the users []. bandwidth allocation in downlink at fading OFDMA chan-
Orthogonal-Frequency Division-Multiple-Access (OFDMA) nels and maximized the numbers of bits transmitted per
has been extensively adopted for wideband communicationgoule, by using the Lagrangian and time-sharing techniques.
but severe Doppler shi exists in the communication processin [ ], the authors proposed a hybrid structure of resource
because of high mobility, resulting in the diculties in allocation in OFDMA cellular systems, which maximized
channel estimation [] and subsequently destructive inter- both the EE and the downlink system capacity. e proposed
carrier interference (ICI) [ ]. On the other hand, increasing structure, combined with resource allocation, was shown to
the number of antennas at both transmitters and receiversimprove the EE and the system capacity of OFDMA. In [ ],
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the resource allocation for energy-e cient OFDMA systems
was formulated as a mixed nonconvex and combinatorial
optimization problem and solved by exploiting fractional
programming. In [ ], the energy-e cient con guration of
spatial and frequency resources was studied to maximize th
EE for downlink MIMO-OFDMA systems in the absence of
channel state information (CSI) at the BS. However, none of
the existing works have taken into account the destructive
ICI. For HSTs at a speed of over km/h, the fast time-
varying channel and the severe Doppler shi have yet to be
addressed, and high-mobility communication shall be one
of the most important and extreme use scenarios in future
th generation ( G) mobile communication networks [ ... —
]. e OFDMA resource allocation strategy was designed  F  : Networks architecture for multiuser MIMO system.
for fast-changing mobile environments in [ ], where a
suboptimal allocation policy was developed at a signi cant
cost of computational complexity.

Fog computing, also known as fogging, is an architecture

that uses edge devices to carry out a substantial amourf ¢€IVe ané_enna.t € users share_ rad'é) re_:tshog_r ces ftc%lci%v'\\//rll
of local computation, storage, and communication [ ... ]. SErVICeS. Dierent users are assigned with di eren

We use a fog server at the BS to concentrate data da%lbcarriers and di erent antennas, given the large number of
processing, and applications. e fog server can increase transmit antennas. Coherent beamforming is carried out at

overall computing capability, which helpsin e cient resource the BS to produce physical beams towards the USErs.
allocation and utilization. e speed of HST can lead to severe Doppler shi s. Let
Fog computing emphasizes proximity to end-users and - denoteth_e complex channel gain betwet_an th_e BSanduser
client objectives, dense geographical distribution and IocaL on subcarrier . e total pumber of subcarriersis . e
resource pooling, latency reduction, and backbone band; nowledge_on , can b.e inaccurate at the BS, beca}use ofthe
width savings. erefore, we use this technology to provide fast-changing HST environment and hence estimation errors.
practical value for real-time implementation of HST commu- Ve assume
nications.
is paper aims to design an e cient resource alloca-
tion strategy to improve the communication performance \yhere is the estimate of  at the BS and is an
of HSTs. Aer analyzing the multiuser MIMO-OFDMA jnqependent and identically distributed (i.i.d.) measurement
downlink system, the in uence of mobility on the system is goy. yields a complex Gaussian distribution due to the
quanti ed. A mathematical model is put forth to maximize ;5 of the Minimum Mean Square Error (MMSE) estimators.

=+ 0

the EE of the system. To tackle the problem, an iterative () %) and

algorithm with fast convergence is proposed. Speci cally, we

propose to decouple the problem between the allocations 2 1

of antennas, subcarriers, and transmit powers and solve 1+ ! ()

the problem by carrying out the allocations separately and
iteratively in an alternating manner. Fast convergence canvhere is the subcarrier interval and is the maximum
be achieved for the proposed approach within only severaPoppler shi which can be written as = /. isthe
iterations. Simulation results demonstrate the gain of thespeed of light. is the carrier frequency. is the transmit
proposed approach in terms of EE and throughput, aspower allocated to user on subcarrier . g is the noise
compared with existing schemes. power spectral density [ ].

e rest of the paper is organized as follows. We present ~ We assume that each subcarrier has an equal bandwidth
the system model in Section and formulate and solve theof . erefore, the total bandwidth of the systemis =

problem of interest in Section . In Section , the simulation . We also assume that each subcarrier is assigned an equal
results are provided, followed by conclusions in Section . transmit power;ie., = [/ = ,where and are

the number of subcarriers and the transmit power of the BS
2. System Model allocated to user, respectively.

e Doppler shi can compromise the orthogonality
e system of interest is a multiuser MIMO-OFDMA system, between OFDM subcarriers, resulting in ICI [ ]. At a speed
as illustrated in Figure , where there is a xed BS equippedof , the power of ICI on a subcarrier can be written as [ ]
with  transmit antennas ( 1 ) and user terminals
located ina HST. Afog server is employed at the BS to help the ()= 1 0
resource allocation computation. Each of the user equipment 2 g 2
has a single receive antenna. e users share radio resources '
for down services. Each of the user equipment has a singlehere denotes the duration of an OFDM symbol.
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In the case that , the receive signal-to-noise antenna allocations for the users; and= [ , 5,..., '
ratio (SNR) can be approximated to [ ] collects the power allocations of the users. e constraint C
_ speci es the total transmit power constraint. C speci es
o " #1S% 0 the minimum data rate per user. C and C restrict the total
: ﬁ numbers of subcarriers and antennas, respectively.

Clearly, problem () is a combinatorial mixed integer pro-
where is the number of antennas of the BS assigned tagramming problem. e objective of () also has a fractional
user . form with variables in the denominator of the objective.

e asymptotic rate of the MIMO can be achieved based All this makes () a NP-hard nonconvex problem with
on the random matrix theory [ ]. Specically, the rate poor tractability. In order to solve the problem e ciently,
asymptotically converges to the average rate in mean squarge develop a suboptimal solution, where the subcarriers
e asymptotic rate can be replaced with the average data gliocation, antennas, and transmit powers are optimized

rate. e total data rate of user converges to separately and sequentially in an alternating manner.
) #1S % Subcarrier Allocation.Given and ,we rstpropose to
%= log,&1 + " 0) " : T ’ >+ propose
ot () allocate subcarriers to maximize the EE while satisfying the

minimum data rates of the users. According to the objective
We also consider nonideal circuit power at the BS. We carof (), the subcarrier allocation can be expressed as
adopt a linear model [ ] at the BS to characterize the circuit

power consumption, as given by —argmaxd ( , , ). 0
*= max- 0+ + 9 () We propose to allocate subcarriers based on the criterion of
=1 EE. First, we calculate the number of subcarriers allocated to

where is the power consumption per active antenna each user according to the minimum data rate of the user.
consisting of the power consumption of Itering, mixing, en, we .choose the user with the highest EE and a]locate a
power ampli cation, and digital-to-analog conversion, is subcarrier to the user, one user a er another, and this repeats
the constant part of the power consumption at the BS and ig!ntil all users are allocated or all subcarriers are assigned.
independent of the number of active antennas. e proposed allocation of subcarriers can be summarized
in Algorithm .
3. Optimization Problem Formulation _ o
.. Transmit Power and Antenna AllocationGiven the
e goal of this paper is to maximize the EE of the BS, which subcarrier allocation developed in Section ., problem ()

can be formulated as can be reformulated to a fractional programing problem with
5( ) respectto and ,asgivenby]| ]
max 34 ( y ) = ﬁG 3
Y ?@=max -5( , )Ss@( , )0
()
st.  1: 7 st. C1,C2,C..
=1
2:% 85, () is is mixed integer programming. We proceed to relax the
integer constraint C ,i.e., t©A B[ ] - miniS
_ the minimum number of antennas to meet the requirements
9: 7 of uninterrupted transmission for all users [ ]. As a result,
(') can be further reformulated as
;e 7

_ _ max C5( , )S@( , )E
where, given () and (), the EE of the BS can be written as

4=> st. 1: 7,
’ -1 ()
(<o log#l+ t #1878/ o+ ()$>() 2:% 85,
max - 0+<_; + 9
;0 A BF n G
the vector = [, ..., ]' collects the subcarrier

allocationofall users; =[ ;, ..., ] collectsthe where@s the optimal solution for problem ( ).
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Initialization Initialize transmit power allocation vector

o=1.% .5 °]" and antenna allocation
vector °=[ % % , 9" en,we
calculate each userss initial data rate

0 - [O/PO’ %O' ’%O]T'
for user =Hto do

Calculate =15 ,,/98J
end
while < K do

DL argmax,, ; {3} LH
end
while < K do 3 5

g = *D log@+ " (@AS Mo+ ) g log+ " (1S Ao + Q)]

max{ }+( +1) + , max{ }+ +,

ML max{4 }, = +1
end
Output: Subcarrier allocation policy .

A
We can prove that ( ) is a concave function by evaluating
the Hessian matrix ob?(@)as given by
2 2
g 5 Q%
gln20+ +Q 2 n2 ,+ +Q °? g 0)
2 2 ,
% on Q%0 #2 4+Q o +2 +2Q $
pIn2 ,+ +Q 2 In2 o+ +Q R
whereQ = "(1$ ?), = ,and = () .Boththe associated with constraint C. e dual problem of ( ) is

determinant of the Hessian matrix and itth order principal
matrix are nonnegative. us the Hessian matrix is positive
semide nite. HenceS?(@)s strictly convex. As a result, the
objective function of problem () is jointly concave over
( , ) while all the constraints are linear. In addition, ( )
yields the Slater conditions [ ] and therefore holds strong
duality. e dual problem of ( ) and the primary problem
() have zero duality gap.
Given@the Lagrangian function can be written as

=& S '
=1
" #1182 ()
+  1+V log, &1 + '
=1 0 ( )
S V5,,S@Wmax- 0+ + X,

where collects the Lagrange multipliers associated with
constraint C andvV 8 H 8 H is the Lagrange multiplier

given by

0Z. O)

mion Ymax-U ,

Given( , ), according to the KKT conditions, the opti-
mal power allocation, denoted by , and antenna allocation,

denoted by , can be obtained as

VN @ MHQP Q% "SQS2

- 2Q +2Q g

B 1+v . 1

—ene o O v
whereQ =" (1532, = , , = () ,"=@+
) In2/(1+V),and> ()= "@ASH( o+ ()

e subgradient method can be employed to obtain, )
in an interactive manner, as given by

b+)=c ®S4HU (e >

®
V(b+)=cV (BHSLHU V Be,
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T :Simulation parameters.
Initialization Set =0, =H.
repeat Parameter Notation Value
Initialize = ° = ° Speed of electromagnetic wave 9 x 1Him/s
r epeat ) Noise power spectral density 2 x 1¥" W/Hz
quate , according to ( ) ar)d (.) by . Minimum data rate 9.H x 1Hbit/s
_using antennas and power distribution strategies Center carrier frequency GHz
until U( , , ,) converges )
Update and accordingto (). Subcarriers number
until () converges Total Bandwidth B MHz
Output:  and . Power consumption per antenna dBm[ ]
Static power consumption, dBm| ]
A Minimum antenna []

Maximum antenna max

Initialization Initialize @ = ldnd the maximum 2 x10P .
tolerance = H.H1 T - M N - - -
Solve () according to CA algorithm and obtain 18L e
resource allocation policies, 16l |
if 5( , )S@* , )gf then B Sy A
reteurn( , )=( , )thecurrent o LAr B T
combination is the optimal combination 2 10l i
else S
se@=5( , W , ) g1 1
end wogl. ... ) i
Output: Resource allocation policies, and w S SR ke 3
energy e ciency@. 0.6 - : R R,
0.4¢ : : : : : : : E
A 0.2F - /A
o

60 1 2 3 _'4 5 6 7 8 9
where[h] " = max{H, h} b 8 Hs the index for the iterations. Iteration Numbers
d;(b) K Hand d,(b) K Hare the step sizes to adjugb)

and V (b), respectively; andl ( (b)) and U(V (b)) are the - g::giggm - mz EE Ezgiggm
subgraQients of the Lagrangian function &) andV (b) s Pt=12dBm - Max EE: Pt=12dBm
respectively. o _ _

e resource allocation policy can be developed based F  :System EE versus iteration numbers for di erent transmit
on ()...(). Since(V, ) and(,) can be decoupled in Powerwith =2H, =y, =kHHkm/h.

(), (),and (), we can use animproved coordinate ascent

(CA) method, where, during each iteration, we rst optimize

(,) ,given(V,) and @and then optimizeV, ), given  antennas are allocated in the same way as in the proposed

(,) ,inan alternating fashion until convergence. Giv@n algorithm.

the proposed allocation of transmit antennas and subcarriers () EMMPA algorithm [ ]: this algorithm rst allocates

is summarized in Algorithm . subcarriers evenly and then allocates the rest of subcarriers
Finally, we can use the Dinkelbach method [ ]to update to the users with the best channel condition. e scheme

@ e solution for problem () can be summarized in  developedin|[ ]is used for the transmit power and antenna

Algorithm . allocation.
Figure shows the convergence of the proposed algo-
4. Simulation Results rithm with di erent transmit powers, where=2H, =j; ,

and = kHHkm/h. It is seen that the EE of the proposed
In this section, we simulate the proposed algorithm to verify algorithm increases and quickly stabilizes with the growth
its e ectiveness, where block Rayleigh fading channels aref iterations. e maximum of the EE can be attained a er
considered. Other simulation parameters are listed in Table around only six iterations.
We note that the proposed algorithm can be applied under  Figure plots the system EE versus the maximum trans-

any channel conditions, such as Rician fading channels.  mit power, where = 2H and = kHHkm/h. We can
For comparison purpose, the following two resource see that the system EE increases with maximum transmit
allocation schemes are also stimulated. power. When the transmit power is large enough, the system

() Band allocation based on SNR (BABS) algorithm [ ]: EE stabilizes. is is because the BS does not need to
it is used for subcarrier allocation. e transmit powers and activate extra antennas or consume extra power when the
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—+— Proposed Algorithm
—o— EMMPA _A_ BABS
—+— Proposed Algorithm o EMMPA
—4— BABS _ )
) ) ) F . System throughput versus the moving speed with =
F  :System EE versus maximum transmit power with = 2H, :HdBm, =2H.
= kHHkm/h.

25710

system maximum EE is reached. e gure also shows that
our proposed algorithm performs between the BABS and
EMMPA algorithms. e system EE of EMMPA is higher
than our proposed algorithm since EMMPA does not have
the constraint of and, thus, has a xed EE value. Addi-
tionally, EMMPA is an unconstrained problem to maximize
the system EE. e system EE of our proposed algorithm is
higher than that of the BABS algorithm because our approach
is based on the maximization of EE, while the BABS is based
on the minimization of SNR.

Figure presents the system throughput versus the mov-
ing speed ,where =;HdBmand = 2H.We can see that,
as increases, the system throughput signi cantly decreases. , , , , , , , ,
is is because ICI power and channel estimation error are 10 20 30 40 50 60 70 80 90 100
increasingly severe and thus increasingly detrimental to com- Number of Users
munication quality. e system throughput is about . %
higher under our proposed algorithm than under BABS —o- EMMPA .

. . —+— Proposed Algorithm

algorithm. EMMPA provides the lowest throughput because A BABS
of its nature of an unconstrained optimization of maximizing
EE without constraints. BABS is to minimize the transmit F : System EE versus number of users with = ;HdBm,
power while allocating subcarriers. e conclusion drawn = kHHkm/h.
is that our proposed algorithm can signi cantly improve
throughput.

Figure shows the system EE versus the number of users

, where = ;HdBm and = kHHkm/h. It can be seen 5§ Conclusion

that the system EE decreases with the number of users. is
is because when the number of subcarriers is xed, each useis paper models the resource allocation strategy for mul-
can be allocated with aless number of subcarriers, resulting itiuser MIMO-OFDMA downlink system for HSTs, where
anincrease of the transmit powers to satisfy the users data ragubcarriers, transmit power, and antennas are jointly opti-
requirement. EMMPA has no demand for the data rate, butmized. Speci cally, we propose an iterative suboptimal algo-
the subcarriers assigned to the users who have better channéihm to optimize the system EE with fast convergence. In
conditions decrease, and thus system EE also decreases. terms of the system performance, simulation results show

e
-2

EE (bit/Joule)

1L

0.5+
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that both EE and throughput are improved. Furthermore, the[ ] D. W. K. Ng, E. S. Lo, and R. Schober, *Energy-e cient resource
proposed approach is able to fast stabilize within only several  allocation in OFDMA systems with large numbers of base sta-
iterations and therefore provides practical value for real-time  tion antennas JEEE Transactions on Wireless Communications

implementation of HST communications. vol. ,no.,pp. .. ,
[ 1 G.Y.Li, Z. Xu, C. Xiong et al., *Energy-e cient wireless com-
Data Availability munications: tutorial, survey, and open issu¢EBFE Wireless

Communications Magazineol. , no. ,pp. ... ,
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