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Abstract—TIn this paper, we investigate resource allocation algo-
rithms for Orthogonal Frequency Division Multiplexing (OFDM)
based dual hop systems including a source, multiple relays,
and multiple destinations and utilizing Decode-and-Forwarded
(DF) relaying. The main objective is to maximize the spectral
efficiency under the total power constraint. We first propose an
algorithm which simultaneously allocates transmission power and
transmission time used by each hop in every time frame. Then
we propose a more tractable algorithm which decomposes the
original problem in two subproblems. The first subproblem is to
solve the optimization problem for a given value of transmission
time used by each hop, and the second subproblem is to
compute the value of transmission time. The discussed algorithms
are also compared with each other and with other resource
allocation schemes. Simulation results are also provided which
verify the performance improvement by adopting of the proposed
algorithms.

I. INTRODUCTION

There are many advantages for multi hop wireless networks
over the conventional wireless networks such as coverage
extension, enhancing spectrum efficiency and diversity gain
[1]. Therefore, they are considered recently in design and
development of the broadband wireless networks. Orthogonal
Frequency Division Multiplexing (OFDM) is also considered
as physical layer technology in such networks [2]. It divides
the available bandwidth into the orthogonal subcarriers which
deals the frequency selectivity of the wireless channel. By
adding a Cyclic Prefix (CP) with a length longer than the
maximum delay spread of the wireless channel to each OFDM
symbol, the Inter Symbol Interference (ISI) caused by multi-
path can be significantly reduced. This advantages have drew
attention to OFDM relay systems in recent years and many
methods have been introduced for resource allocation in such
systems, see, e.g., [3].

Decode and Forward (DF) and Amplify and Forward (AF)
relaying techniques are two main forwarding schemes which
have been extensively used in multihop OFDM relay systems
[4]. Considering such systems, it is shown that when data is
transmitted through two or three hop paths, significant gain on
throughput is obtained [5].

Radio resource allocation is a very important topic in
multihop OFDM systems which has been considered in the

related literature, see,e.g., [6], [7], [8]. the difficulty of the
resource allocation is the non convexity of the problem caused
by the interrelationship of all resources. In such research
studies, optimal radio resource allocation is considered and
classic methods such as Lagrange multiplier and dual de-
composition is then adopted to find/approximate the optimal
solution. In [6], power and subcarrier allocation is conducted
with the objective of total rate maximization. In [6], separate
power constraints are considered for Base Station (BS) and
intermediate relays. In cases when the corresponding Relay
Station (RS) channel suffers bad condition, allocation more
transmit power to this relay in [6], doesn’t result in throughput
improvement. In [7], a suboptimal algorithm is proposed that
first performs relay selection based on corresponding channel
conditions and then allocate the power.

It is shown in [9], the computation complexity of such
algorithms is linearly increased by increasing number of
subcarriers. It is further shown in [10], that when the aver-
age fading gains are unbalanced, optimization of the power
allocation gives a better performance.

Without considering subcarrier reuse in multihop system
along with a source destination path, increasing number of
relays does not always result in total transmission power
reduction particularly in high transmission rates [11], [12].
Moreover, when the relay operates in time division mode,
power allocation provides a significant gain [13]. In [14],
one approach is proposed which finds the power and time
allocation and exploits the quasi-convexity of the power and
time allocation. Proposed modified orthogonal AF coopera-
tion provides a large achievable rate region. In [15] another
approach is proposed which finds the power and frame time
allocation for each user and obtained time diversity and
relatively good spectral efficiency.

In this paper, we consider a system which consists of one
source, multiple relays, and multiple destinations and propose
two algorithms that allocate power, and transmission time for
preassigned subcarriers.

We first consider joint allocation of power and transmission
time for a multiuser system. We then decompose the original
problem in two subproblems: determining power allocation for
a given transmission time allocation to maximize the spectral
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efficiency under total power constraint; determining optimal
transmission time used by each hop. It is assumed that the
relay strategy is DF.

The contribution of this paper is to formulate the
optimization of power and transmission time used by each
hop in the downlink of dual-hop OFDM relaying systems.
This allocation is implemented when the first time interval
that is assigned to the transmission of BS and second interval
that is assigned to the transmission of relay station have
different size.

This paper is organized as follows. Section II presents
system model and assumptions. The end to end spectral
efficiency over dual hop relaying system under two algorithms
is derived in Section III. In Section 1V, the simulation results
for the proposed relaying schemes are demonstrated. The last
section summarizes the findings and provides the conclusions.

II. SYSTEM MODEL

We consider a system consisting of one source, multiple
users, and a set Z = {1,...,I} of relays. Let N =
{1,2,..., N} denotes the set of orthogonal subcarriers and
in each hop transmission is through N orthogonal subcarriers.
It is assumed that the perfect Channel Side Information
(CSI) is available, which enables relay systems to allocate
power dynamically on each subchannels. The source performs
channel resource (transmission time) and power allocation for
such a system. In this paper, we assume that the channel is
block fading and channel gain is invariant during the entire
time frame but is variant from one frame to another one. it is
also assumed that channel between the BS and RS is Line Of
Sight (LOS) [5].

In the proposed system the transmission time is divided in
to frames consisting of multiple time slots. Fig. 1 shows the
overall downlink frame structure. The BS transmits data to
RS; on subchannel set Q4 ; (1 < ¢ < I) in time frame m;.
Similarly, RS; transmits data to the users associated with RS;
on subchannel set {25 ; in time frame ms.

As we know, the instantaneous transmission rate of the relay
i over hop k on subcarrier n in my time frame is [12],

. 2,
|hzk,n| pzk,n)’ (1)

Tk = Milogy (1 + NS

TABLE I
SYSTEM MODEL PARAMETERS

Notation | Definition

Rik,n Channel gain of ith relay over kth hop on nth subcarrier
Dik,n Allocated power of ith relay over kth hop on nth subcarrier
mg Fraction of time frame that is allocate to kth hop

Qp.i subcarrier set that is assigned to ith relay over kth hop
Protal Total transmission power

where the parameters are defined in TABLE 1.
In this work, vixn = }hj\ﬁ)%‘ is defined as the normalized
channel gain, where Nj is the power spectral density of the
Additive White Gaussian Noise (AWGN), w is total band-
width, and I' is Signal to Noise Ratio(SNR) gap which is a

function of Bit-Error-Rate (BER) [16]:
r—_ In(5BER )
1.5

Note that, ;i , is known since perfect channel state informa-
tion is assumed to be available.

(@)

III. PROBLEM FORMULATION

In this paper, we assume that the current state of the
channels over each hop is available. The end-to-end spectral
efficiency is used to capture the system performance. We
first propose an algorithm which simultaneously allocates
transmission power and transmission time used by each hop in
every time frame by using Lagrangian multipliers and Karush-
Kuhn-Tucker (KKT) conditions. Next we propose an algorithm
which decomposes the original resource allocation problem in
two subproblems then we solve this two simpler subproblems.

To perform power and time frame allocation, we first
preassign subchannels to RSs and users. In this paper we
focus on power and time frame allocation and for subcarrier
allocation, we use the modified version of the algorithm which
has been proposed in [7], [9].

The optimal resource allocation algorithm for spectral ef-
ficiency maximization problem assigns each subchannel to
the user with the highest subchannel SNR. Since the number
of subchannels in the first hop is the same as the number
of subchannels in the second hop, there are N2 possible
subcarrier pairs (n1, n2). For subcarrier allocation we compute
the equivalent channel gain for all possible subcarrier pairs for
each relay 4, i.e.,

1 1 1
+

eq = X . *
7i7n1_’n2 77/1,71/1 ’722,77,2

The relay which has the highest equivalent channel gain
occupies this pair, and we have vy, . = max; {75, ., }-
Then we form an N x N matrix M = 'Y:Ll,nz]ijv' As we
know in each hop a subcarrier can be assigned to one relay,
but this matrix has N? elements so we must use one method
which can select one element from each row and each column.
Hungarian method that always selects the maximum element
at each time is used for achieving this goal.
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A. algl: Simultaneous power and transmission time alloca-
tion, regarding transmission time as an optimization variable

For the system proposed here, in the time frame m;, data
is transmitted to relay i through ;; subcarriers, while in
the time frame mo, data received in relay i is transmitted to
the destination through €25 ; subcarriers. Data transmission in
two time frame is on the N Subcarriers. Therefore, the rate
associated with relay i is as follows,

min{ Z Tnils Z Tn,i2}- (3)

neQ ; nefs ;

The problem is to maximize the spectral efficiency under
a total power constraint. Therefore, the optimization problem
can be written as:

max me{ Z Tnil, Z Tniz2} 4@
Pik,n Mk

i=1 neQ; ne2 ;

2
.t ZZ > mapikn < Protar, (5)

i=1 k=1n€eQ ;

2

> mp=1. (6)
k=1

This problem is not convex. By defining pj; ,, which turns
the power constraint in (5) into a linear and also by introducing
variables r; for ¢ € Z, the above optimization problem turned
in to a convex one:

max Z s )

Lk n Mk

"
Yi1,nPi1,n

tor < .
storp<my Y logy(1+ - ) Vi, (8)
neRy ;
r; < Mo Z ]0g2(1 + M) Vi, (9)
ma
nEQ;
I
ZZ Z Pik.n < Protal, (10)
i=1 k=1n€eQy ;
2
mg = 1. (11)

k=1

We then use Lagrange method to solve the above optimiza-
tion problem. The corresponding Lagrangian over domain D
is:

J(r,p*,m, p, B, \)

I 2

:ZrlJrZu,“ Z mklog2
k

i=1 =1 neQy i

’Y’Lk) nplk n
my

—) =)

Z pzkn +>‘

1neQy;

I 2
B(Protal — ZZ me, (12)
i=1 =1

where (0 € I,k = {1,2}),\, 8 > 0, are the Lagrange
multipliers and the domain D is the set of all non-negative
Pirn (Vi€ Z,m € N,k ={1,2}).

Since the primal problem is convex, the optimal solution
should satisfy the KKT conditions [17]. The KKT conditions
are:

aJ(... 2
a(.)_ _Zﬂk,iZO,WEI, (13)
i k=1
97 (... i |
(9*(‘ ): “k’;fjk’z;* —-B=0,VieZ,Vne N, k=12,
1 tk,nPik,n
pik,n 1+ —
(14)
2J(...)
8mk
= Uk Z In (1 + 'Yik:,np;kk,n) _ ’yik,np,?k’n
’ neQ,; Mk M + YiknPig

“A=0,YieI k=12
(15)

By using (14) the optimal power allocation is:

K i 1 + .
Pikn = — mg, Vi,
ko ( B ’szk,n,)
substituting (16) in to KKT condition (15), we express A as a

function of py ;, and S for all Vi € Z,

(16)

A= fre(pr,i, B,7)

+
— @ ikt \ |y B
B Z { [ln ( B ﬂ <1 %‘k,nﬂk,i)}'(”)

ney

The derivative of the function f (i, 8,y) with respect to
the 15 ; in the region [mmn(%) +0o0] is positive, therefore
it is a monotonically 1ncreasmg function of puy ;. Hence,
the inverse function uj,; = fk (A, B,7) exists and is an
increasing function of A. The exact value of py, ; for a given A
can be obtained numerically using binary search. Substituting
Mk = fk_l()\,ﬁ,fy) in to (13) we have:

ka

thus the optimal X can also be obtained via binary search from
(18). Finally for finding (5, we use the total power constraint,
in fact there exist a unique 3 such that a total power constraint
satisfied.

As we know for achieving the optimal solution to (4), the
instantaneous rates over all hops, 7s, at each time frame must
be equal [11]. The above result will enable us to find the
optimal value of my, (k € {1,2}) for all i € Z:

ABiy) =1, (18)
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a3 toga (14 120 )
k
nes ;
(19)

2
substituting (16)in to(19)and by using > mj, = 1, the optimal
k=1
value of my, (k € {1,2}) will be obtained.

myy _ log (1 | P, ")

neQy ;

B. alg2: Decomposing power and transmission time alloca-
tion problem in two subproblems

In this section, first the optimal power allocation for a
given value of my, (k € {1,2}) is obtained, then the optimal
my, (k € {1,2}) is calculated. Therefore for a distinct my, the
convex optimization problem (7) can be written as:

I
max Zri (20)
Pik.n i—1
Yi1,nPi1n .
stt. 7 <My Z log, (1 + - ) Vi,  (21)
neQy ;
ri<my Y log,(1 42 nPia, ORI i (22)
ne ; 2
I 2
> Z > Pin < Protal- (23)
i=1 k=1n€eQy ;
The Lagrangian of (20) over domain D is:
J(r,p*,m M,B,)\)
Yik, npz n
_zmzmﬂ S mplogy(1 -+ 22k
nEQ i Mk
2
+5(PTotal - Z Z Z p;‘k,n)a (24)

1=1 k=1 ’rLEQk,i

where u i, (i € T,k = {1,2}),8 > 0, are the Lagrange
multipliers and the domain D is the set of all non-negative
Pipn (Vi €Z,n € N,k ={1,2}).

The optimal solution of (24) also satisfies the KKT condi-
tions. So from the gradient of the Lagrangian, we have:

+
¥ Mk, 1 .
en = | —— — mg, Vi, (25)
Pk, ( B ’szn> g
2
Z pri=1,¥i e T. (26)
k=1

For solving the power allocation problem, Algorithm 1
is presented. In this algorithm, &+ = ¢4, “;3‘ = to(i)tq,
and % = (1 — to(4))t1 for all ¢ € Z, are water levels.
The expression in Algorithm 1 provides the optimal power
allocation for a given value of time frame my, (k € {1,2}).

The process for adjusting ¢; is performed until the power
distribution satisfies (23), and the process for adjusting ¢ ()

is performed until the sum rate in the first hop becomes equal
the sum rate in the second hop.

Algorithm 1: Power allocation algorithm

Given 11,15 and H;, = T3, L;, = 0 the following
relations are used to obtain g 4, po 4, (i € Z), 5.
1) ¢, = (Hy, + Lt,)/2, do steps 2-5 for each relay i.
2) Hi (i) =t1,L (i) =0, do a.

a.l to(i) = (Hy,(7) + Lty (7)) /2

a2 pf, = (tito(i) = 1/5i10)tma

a3 rii=m1),cq, 1021+ it npir /M)
ad ph,=(t1(1 —1t0(i) = 1/vi2.n)

a5 rig=m2) ,cq,, 1081+ Yionpl ,/m2)

3) errorg =711 —Ti2
4) if errorg > 0, Hy, (i) = to else Ly, (i) =t
5) if Hy, (i) — Ly, (¢) > €, return to a.

I
6) error1 =3 | > pPh.t X PZ‘M) — 2Protal

i=1 \n€Q1; neQs ;
7) if errory >0, Hy, =ty else Ly, =13
8) if Hy, — Ly, > €, return to 1.

However, same time frame allocation for two hops isn’t
optimal and our goal is to jointly optimize the power and time
frame allocation. It is worth mentioning that since the primal
problem is convex regarding to my, it quickly converges to
it’s optimal value. Therefore, we use binary bisection method
which has a lower complexity for. This method is successfully
implemented in [16]. Algorithm 2 calculates transmission time
used by each hop, by this method.

Algorithm 2: An algorithm for finding my

2
We assume m; = r, and by using Y my = 1 we will
k=1

have my = 1 — 7. Given &(r) is the optimal value of(20).

Set £(0) =&(1) =0 and also tg =0, t4 = 1 and ¢, = 1/2.

Using the optimal power allocation which is proposed in

Algorithm 1 and (20), compute £(t2). Given a tolerance e.

1) Sett; = (to +12)/2 and t3 = (ta + t4)/2.

2) Using Algorithm 1 and (20), compute £(¢1) and &(t3).

3) Find k* = argmaxyeqo,1,...,4}5 (tr)-

4) Replace to by tmaxfr=—1,0) > replace t4 by tiin{r= 41,4}
and compute £(to) and &(t4). If k* ¢ {0,4} set to = tj~
and compute &(t2), else set to = (to + t4)/2 and use
Algorithm 1 and (20) to calculate &(¢3).

5) If t4 —ty > € return to 1 else set r* = ty«.

In this algorithm, at each step we use the expression in
Algorithm 1 to determine the optimal power allocation for
each the »r = my, and 1 — r = my. Therefore, after using this
algorithm the jointly optimal value for transmission time used
by each frame and powers can be obtained.
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TABLE 11
SIMULATION PARAMETERS

Parameter Value
Cell radius 1000 m
BS height 25m
User terminal height 1.5m
No. of subcarriers(N) 16
Noise power(Ng) -159.0 dBm/Hz
Modulation schemes QPSK
BER 10—5
Doppler shift 0.4 Hz
Bandwidth(w) 1 MHz
Central frequency 1900 MHz

IV. SIMULATION RESULTS

In this section, results are given for a dual-hop OFDM
relaying system with fixed relay station. Simulation parameters
are presented in TABLE II.

We assume that the Relay Stations (RS) are located at
radius 500m from the BS. Users are uniformly distributed
between RSs and cell radius. Each user’s channel is modelled
as a frequency selective multi path Rayleigh fading with
Stanford University Interim channel model [16]. Pathloss is
intermediate pathloss condition [18]category B, the pathloss
is as follows:

Pr, = 20log(4mdy/N) + alog(d/dy) [dB],

where « is the pathloss exponent that is set to 4.375.

In these simulations, Adaptive Power Uniform Time
(APUT), Adaptive Power Adaptive Time (APAT), Adaptive
Power Uniform Time (APUT), and Uniform Power Uniform
Time (UPUT) are proposed. In the presented results, adaptive
refers to the case in which resources are allocated based on
presented algorithms while uniform refers to the case in which
power is distributed uniformly among subcarriers or time is
distributed uniformly among hops, i.e. m; = my = 0.5.

Fig. 2 shows the spectral efficiency versus total transmission
power. In this simulation, the number of users is 4, and subcar-
riers are preassigned to RSs and users. It can be seen the dual
hop relay system with the proposed APAT scheme achieves
much higher performance compared to the existing resource
allocation methods with APUT scheme and no consideration
for transmission time allocation. We simulate APAT scheme
for two proposed algorithms, as can be seen two proposed
algorithms have the same performance. Therefore in rest of
simulations we use algorithm 1, which has lower complexity
and is more tractable.

Fig. 3 illustrates spectral efficiency for multiuser system. It
shows that the resource allocation method with APAT scheme
has better performance compared to the APUT scheme in
multiuser system with large number of the users. As it can be
seen by increasing the number of users the spectral efficiency
also increases but the improvement in spectral efficiency is
diminishing when the number of users is large enough.

Fig. 4 shows time frame ratio for multiuser system where
the number of users is 4 and power and transmission time
are distributed with APAT scheme. This figure depicts the

N ost 1
b
[0}
2
=
L ot |
>
(&)
c
k)
)
£ 155 1
®
5 —-— APAT-alg1
g 4l : —— APAT-alg2| |
€N —o— APUT-alg2
—&— UPUT-alg2
0.5 i : :
0 5 10 15 20

Total power Consumption(Watt)

Fig. 2. Spectral efficiency versus total transmission power, the number of
users in algorithms is 4.

45

Total transmit power=30 watt

Total transmit power=10 watt

Spectral efficiency(bit/sec/Hz)

—— APAT,sub-alg2
—6— APUT,sub-alg2

1 L L L L L L L L L L
0 2 4 6 8 10 12 14 16 18 20 22

Total number of users

Fig. 3.  Spectral efficiency achieved by different algorithms with different
number of users.

improvement in spectral efficiency in systems with adaptive
transmission time allocation compared to the systems with
uniform transmission time allocation. We also can see the
improvement in spectral efficiency is diminishing when the
total transmission power is so high.

V. CONCLUSION

In this paper, the resource allocation in a dual hop Or-
thogonal Frequency Division Multiplexing (OFDM )relaying
downlink system has been considered. Two algorithms for
power and time frame allocation under total power constraint
have been proposed. We first proposed an algorithm which
simultaneously allocates transmission power and transmission
time used by each hop in every time frame. Then we proposed
a more tractable algorithm which decomposes the original
problem in two subproblems. We utilized Lagrange method to
solve the problems. To verify the performance of the proposed
algorithms, The obtained results have been compared with the
existing resource allocation schemes.
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Fig. 4. Spectral efficiency achieved with different time allocation ratio, the
number of users is 4.
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