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Abstract—In this paper, cross-layer scheduling for orthogonal
frequency division multiple access (OFDMA) two-way half-duplex
amplify-and-forward (AF) relay assisted networks is studied.
Assuming slow fading channels, cross-layer scheduling design with
imperfect channel state information at the transmitter (CSIT) and
heterogeneous data rate requirements for the users is modeled as
an optimization problem, where the rate, power, and subcarrier
allocation policies are optimized to maximize the system good-
put (bit/s/Hz successfully received). The optimization problem is
solved by using dual decomposition and a distributed resource
allocation algorithm is derived. Simulation results illustrate that
our proposed distributed cross-layer scheduler achieves practically
the same performance as the optimal centralized scheduler after
a small number of iterations.

I. INTRODUCTION

Cooperative communication for wireless networks has re-
ceived considerable interest [1], [2], as it provides coverage
extension, diversity gains, and throughput gains. A particularly
interesting approach is two-way half-duplex relaying which
achieves higher power and spectral efficiencies compared to
one-way half-duplex relaying, by allowing simultaneous mes-
sage exchanges between a base station (BS) and users. In the
literature, different protocols, such as amplify-and-forward (AF)
and decode-and-forward (DF), have been proposed to facilitate
two-way relaying. AF is particularly appealing as the relays
are transparent to the adaptive modulation techniques that are
typically employed at the BS. On the other hand, orthogonal
frequency division multiple access (OFDMA) is a promising
candidate for high speed wireless communication systems,
such as WiMAX and Fourth Generation (4G) networks, not
only because of its flexibility in resource allocation, but also
because of its ability to exploit multiuser diversity. Recently,
research in combining OFDMA/OFDM with two-way relaying
has drawn much attention. In [3], [4], best effort resource
allocation for two-way relay OFDMA and OFDM systems for
homogeneous users is studied. In these works, perfect global
channel state information (CSI) of individual links is assumed
to be available at the BS such that optimal resource allocation
can be performed. However, in practice, users are heterogeneous
with different quality of service (QoS) requirements, such as
outage probability and minimum data rate, which best effort
resource allocation cannot guarantee. Besides, perfect CSI at
the transmitter (CSIT) cannot be achieved in practice for the
relay-to-user links due to the mobility of the users. Furthermore,
existing works such as [3]-[5] focus on centralized resource
allocation at the BS. As the numbers of users, relays, and
subcarriers in the system increase, the overhead of CSI feedback
becomes significant and the computational complexity increases
exponentially at the BS which limits the scalability of the
system in practice. Therefore, distributed resource allocation
algorithms, which take into account imperfect CSIT and het-
erogeneous QoS requirements and converge fast to the optimal

solution, are needed for practical implementation.

In this paper, we formulate the scheduling problem in AF
two-way half-duplex relay assisted OFDMA systems as an op-
timization problem. By using dual decomposition, the problem
is separated into one master problem and several subproblems.
Each relay solves its own subproblem by utilizing its local
CSI without any help from other relays while the BS solves
the master problem and updates the dual variables through the
concept of pricing. Therefore, the computational complexity at
the BS and the CSI feedback overhead are both significantly
reduced compared to optimal centralized scheduling.

The rest of the paper is organized as follows. In Section
II, we outline the model for the considered OFDMA AF two-
way relay assisted system. In Section III, we formulate the
cross-layer design as an optimization problem, and we solve
this problem by dual decomposition in Section IV. Section
V presents numerical performance results for the distributed
algorithm. In Section VI, we conclude with a brief summary of
our results.

II. TWO-WAY RELAY OFDMA NETWORK MODEL

We consider an OFDMA two-way relay assisted packet
transmission network which consists of one BS, M relays,
and K mobile users which belong to one of two categories,
namely, delay sensitive users and non-delay sensitive users.
All transceivers are equipped with single antennas. We assume
that a direct transmission between the BS and the users is
impossible due to heavy blockage. We adopt the frame structure
of IEEE 802.16m [6] where a superframe is divided into NV
frames. Scheduling and resource allocation are performed at the
beginning of each superframe. In each frame, the information
exchange between the BS and the users via the relays is
accomplished in two phases. In the first phase, the BS and users
transmit their signals to the relay stations through a multiple
access channel. Then, in the second phase, the relay stations
amplify the previously received signals and forward them to
the corresponding receivers.

A. OFDMA Relay Channel Model

The channel impulse response is assumed to be time-invariant
(slow fading) within a frame. We consider an OFDMA sys-
tem with npg subcarriers. In the first phase of frame t €
{1..., N}, the (frequency domain) received symbol in sub-
carrier ¢ € {1, ..., np} at relay m € {1, ..., M} for user
ke{l,..., K} is given by

(t,k)
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where Pg Ifm , and Xi(t’k) are the transmit power and symbol
for the link between the BS and relay m in subcarrier ¢ in the
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first phase of frame ¢, respectively. lg}%m represents the path

loss between the BS and relay m. Variables P,(Jt Rkw{l Wi(t’k),

and l (t. k) are defined in a similar manner as the corresponding
varlables for the BS-to-relay link except that the signalling
direction is from user k to relay m. Zp,, ; is the additive white

Gaussian noise (AWGN) in subcarrier ¢ at relay m. Hg;%m i

and H; (t k) ; are the small scale fading coefficients between the
BS and relay m and between relay m and user k in subcarrier ¢,
respectively. In practice, both the BS and the relays are placed in
relatively high positions and thus the number of blockages and
scatterers between them are limited and a strong line of sight
is expected. Hence, Hg}2 . is modeled as Rician fading with

Rician factor x, i.e. H}(BJ)R ~CNE/(1+K),1/(1+K))
where CA (p, 02) denotes a complex Gaussian random varlable
with mean g and variance 2. On the other hand, since the
users are generally surrounded by a large number of scatterers,
we model HUR ; as Rayleigh distributed, i.e., H}; tk) i
CN(0,1).

The received signals at relay m in subcarrier ¢ from the
BS and user k, respectively, are mapped to subcarrier p €
{1, ..., ng} in the second phase in order to optimize per-
formance [4]. Furthermore, the signal in subcarrier p is for-
warded to the destinations after being amplified by a gain

GYh plh (46

factor Pr ", where Pp’" is the transmit power of

relay m in subcarrler p for user k and the BS, and G(tn’f,w

normalizes the input power of the relay. Since the channel
is time invariant for the two transmission phases, channel
reciprocity is preserved. Therefore, the signal received at user
k in subcarrier p from relay m in frame ¢ is given by

t (t,k) (t,k) t k) (t k) (t, k)
7R~ Jalh VI8
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where 10— [P0 T8 ) it

self—mterference of user k£ and Z,(,k) is the AWGN at user k in
subcarrier i. For simplicity and without loss of generality, we
assume in the following a normalized noise variance of Ny = 1
at all transceivers. By estimating the training sequences in each
frame and using the channel reciprocity, the self-interference
is perfectly known at user k£ and can be subtracted from

VA [1] Therefore, the received signal after self-interference

U!7L7
cancellation can be written as

represents the
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Similarly, the received signal at the BS in subcarrier p from
user k is given by

tk t, t,k) 4(t t
vEn = \/G(,Mp TN
(VPG G m, W+ sz,l) 2,

where Z,, is the AWGN at the BS in subcarrier p. Following
[1], the gain is chosen as |G'L%). |-1 =

m D
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Fig. 1. Frame structure and CSI correlation model.

B. Channel State Information

In the considered system, both the BS and the users exchange
information with the help of relays. As mentioned before, we
assume the CSI of all links to be constant for the duration of one
frame. Thus, the BS, the relays, and all (scheduled) users can
accurately estimate the CSI of their links using training symbols
in each frame for relaying and signal detection purposes. For
scheduling we assume that the relays perfectly know the path
losses of their respective BS-to-relay and relay-to-user links due
to accurate long term measurements. Furthermore, to perform
scheduling for the next superframe, the relays estimate the small
scale fading coefficients of their respective BS-to-relay and
relay-to-user links based on training symbols sent by the BS
and all users at the beginning of the scheduling slot, cf. Figure
1. Since we assume that both the BS and the relays are static, the
associated channel is time-invariant and is assumed to remain
constant for the duration of the entire superframe. In contrast,
due to the mobility of the users, the CSI of the relay-to-user
links changes slowly and the CSIT of these links used for
scheduling becomes outdated over the duration of a superframe.
To capture this effect, we model the CSI of the relay-to-user
links by using Jake’s model. For simplicity, we assume that
each scheduling slot has the length of one frame. As illustrated
in Figure 1, the correlation between the scheduling slot (frame
0) and frame ¢ in subcarrier ¢ of the link between relay m and
user k is

EHSY (HSH )= ot x 1), ©6)

where E[] and (-)* denote statistical expectation and complex
conjugation, respectively. Furthermore, p(7) = Jo(2nw fp7), T is
the time duration of one frame, Jy(-) is the zeroth order Bessel
function of the first kind, and fp is the maximum Doppler
frequency. Therefore, for scheduling purposes, the actual CSI
in frame ¢ € {1,..., N} for the link between user k and relay
m in subcarrier ¢ can be expressed as

N A (t,k
HI(JtR,)n,i =v1- Ug(t)HI(JtR

tk)

HAHGE L)

is the outdated CSI used for
(0 k)

where H( Hé?ék) ;
scheduling at the beginning of the superframe. Here, Hy; " ;

is the actual CSI in the last frame of the previous superframe
and AHg}f) ~ CN(0,02%(t)) represents the CSIT error

which is uncorrelated with Hy; (0 k)

" ; and has variance o (t) =
1—p?(tx 7).

III. CROSS-LAYER DESIGN PROBLEM

A. Instantaneous Mutual Information and System Goodput

Given perfect CSI at the receiver, the downlink (DL) instan-
taneous channel capacity between the BS and user & in using
subcarrier pair (i, p) through relay m in frame ¢ is

(t,k)

tk
DLy = 210g2(1+F§JL3n,i,p) ®)
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Similarly, the channel capacity for the end-to-end uplink (UL)
for user k in using subcarrier pair (¢, p) through the m-th relay
in frame ¢ is given by

CI(JthTZ ip 10g2(1 + F(t k) ,p) (10)
with equivalent UL SNR F(W -
(tF)  pltk) g(tk) ) pr(tk) (t k) () ) 2
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We first define the system goodput (bit/s/Hz successfully deliv-
ered) of DL and UL transmission in one superframe for user
k, who is assigned to relay m, as

N npnpstk) (tk)

k m,1, DLTY‘L i, t,k t,k
=SS e 51 < ol
t=1i=1p=1
() NS, 35) (t.5) (1)
m,i, m st t, t
pUL 7222 p = 1( ULm KN S C p) (12)
t=1i=1p=1
where S,,,, = N x np, 1(-) is an indicator functlon which is 1
when the event is true and 0 otherwise, s( » € 10,1} is the
(t k) (t,k)

subcarrier pair allocation indicator, and 7, Lo s
are the transmission data rates for DL and UL respectlvelf
The average weighted system goodput is defined as the total
average bit/s/Hz successfully decoded at the BS and the K
mobile stations through the M relays (averaged over multiple
scheduling phases) and given by

U(P,R,S) = {ZZ

o). -%pszm>}
m=1kel,
where P, R, and S are the power, rate, and subcarrier allocation
policies, respectively. U, is the set of users associated with
relay m and w®) is a positive constant that can be used
to prioritize different users and to enforce certain notions of

fairness.

B. Cross-Layer Design Problem Formulation

In practice, a channel outage occurs in slow fading chan-
nels whenever the data rate exceeds the channel capacity.
Furthermore, users are heterogeneous with different data rate
requirements. Therefore, a practical scheduler should be able to
fulfill the different data rate requirements of the users as well as
their channel outage probability requirements. This leads to the
following optimization problem. The optimal power allocation
policy, P*, rate allocation policy, R*, and subcarrier allocation
policy, §*, are given by

(P*,R*,S )=arg7g{17gf§9U(P77€,S)

(t,k)

s.t. Cl:Pr [TDL > Cgf) i7p|Em] <e, Vk,t

(t,k)
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C3: Z (b5, + 002, ) 2 R®, WheD
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M ng
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m—lkeb{m i=1
Cé: Z > Zs,};’j)p— Vit

m=1keU,, p=1
C7:50) € {0,1}, Ym,i,p, k.t

m,i,p
c8:Py) P L PYM >0, Vi p kit (13)

where 2, = [Hpr,,, Hur,,, L] is the CSI matrix. Hppg, ,
Hy g, and L, represent the actual CSI of the link between the
BS and relay m from the previous transmission, the CSI of all
links from relay m to users k € U,,, and the path losses of all
links involving relay m, respectively. In C1 (C2), € represents
the target outage probability of the DL (UL) for user k in each
frame. R*%) in C3 is the minimum required data rate for the
delay sensitive users. In C4, D is a set of delay sensitive users
and P(t k) = P(t k) Pl(i’tRk,?L i P(t k)p is the total power
usage of the BS, the relays and the users for one subcarrier pair
(4, p). The total maximum power consumed across all subcarrier
pairs is limited by the maximum power Pr. C5, C6, and C7
are imposed to guarantee that each subcarrier pair is used by
only one user in each frame.

IV. SOLUTION OF THE OPTIMIZATION PROBLEM
A. Transformation of the Optimization Problem

The two-way relay cross-layer scheduling problem in (13) is
a mixed combinatorial and non-convex optimization problem
which requires brute force to obtain the globally optimal
solution. Unfortunately, such an approach does not provide
useful system design insight and is computationally infeasible.
In order to obtain an insightful closed-form solution and to
overcome the non-convexity of the problem, we assume that
the transmitted power of DL and UL can be expressed as

(t,k) o(tF) p(t-k) (t,k) _ (k)N p(t.k)
PBRm m i P(B+U)m i’ PURm,i - (1 — Ymi )P(B+U)m,i7
(t,k) (t,k) (t,k)

P(B+U) =P Ryt PURm i) (16)

where 0 < a( ) < 1 controls the transmit power ratio between

UL and DL, and P((t k) U i is the power consumption on
subcarrier ¢ by the BS and user k. Furthermore, it can be shown
that, at high SNR, the system goodput is dominated by the cut-
set bound [2], and thus the power allocation for BS, relay m,
and user & in using subcarrier pair (¢, p) in frame ¢ is given by

(t.k)
_ T myi,p

(t.k)
m,i,p

(t.,k) (t,k)
Phop= "5 PEivy,i=— »  UD
(k) (t,k) Bk pt:k)
P(tk) 7(1_04711,2' )szp P(tk) o miszp
URp,t 2 BR,,,i 2

i.e., the relay consumes the same amount of power as the BS
and the user combined. The proof of (17) is omitted due to
o (t,k) o .
page limitation. P, "/ is now the new optimization variable
for power allocation. The next step to solve problem (13) is to
incorporate the outage probability constraints in C1 and C2 into
the objective function. This is possible if the constraints in C1

and C2 are fulfilled with equality for the optimal solution, which
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is the case for the low outage probabilities typically required
in practical applications (e.g. € < 0.01). Thus, in the following
we replace the “<”-sign in C1 (C2) by a “="-sign. We are now
ready to introduce the following Lemma.

Lemma 1 (Equivalent Rate Constraint): For a given outage
(t.k)

probability e in C2 and Cl, the equivalent rates r;7’ ,  and
rg Lk ) » in high SNR are
tk 1 (t,k
2=, = Jlom (1+A5Y ) as)
1
Cl= il ::imgQQ.%A“k)IJ (19)
where AS’L 4p and ASL are defined in (20) and (21) at

the top of this page, respectlvely For, Lt k)( ) in (20) and (21)
is the inverse cumulative distribution function (c.d.f.) of a non-
central chi-square random variable with 2 degrees of freedom
A5

oz (t)
in (7). FUl(t k) (5) in (21) is the inverse c.d.f. of a random
variable Wthh 1s the ratio of two independent non-identical
Rice distributed random variables, cf. (30).

Proof: Please refer to the Appendix. O

By substituting (18) and (19) into the original objective function
in (13), a new objective function which incorporates outage can
be obtained.

To handle the combinatorial subcarrier allocation problem,
we follow the approach in [7] and relax 5% in constraint

m,i,p
tk

C7 to a real value between zero and one. Then, sfn’i)p can be
1

interpreted as a time sharing factor for the K users to utilize
subcarrier pair (7, p). Furthermore, since the power constraint is
instantaneous, average weighted system goodput maximization
is identical to the maximization of the instantaneous weighted
goodput. Thus, we can rewrite problem (13) as

and non-centrality parameter , where o2(t) is given

N ng Ng

mz k
arggl%gz > ZZZ ol Cin
m=1kel,, t=1 i=1 p=1
NHFM‘<M LK)
t t
st C4: Z D20 Piuy,at Pay < Pr
m=1kelU,, t=1 i=1 p=1
P
C3, C5, Co6, C8
CT:0< sk <1, Vm,i,p,t,k (22)
(t,k) ng) ng)
where C, ;" = log, (1 + (;”)Z 2) + logy(1 + (t”,g)”)
.L,p 7P
(t,k) _ (t k) p(t, k) (t.k) _ (k) (t,k)
and P( B+U)m,i — m%pP(B—&-U) PR p - Omyipl Ryp
pltk) _ (0 k) pltk) Loq pik) _ pl k) P(t k) are

myip = Smyiptmip @ m,i,p (B+U)m
aux111ary power variables. The new problem 1s now ]omtly

concave with respect to the optimization variables, and thus,
solving the dual problem is equivalent to solving the original
primal problem [8].

B. Dual Problem Formulation

In this subsection, we formulate the dual for the considered
cross-layer scheduling optimization problem. For this purpose,
we first need the Lagrangian function of the primal problem.
Upon rearranging terms, the Lagrangian can be written as

L), B,8,v,P,R,S)

N ngp ng (t k)

SN e

m= 1keb{mt 1 i=1p=1

w )+5
Smip(W T pk) oy p

m,i,p

N ng NgE

N ngp
NS 5 DD 3 3 LTINS 3) I CLRR

m=1kel,, t=1 i=1 p=1 t=1 1=1
M N np np
DY B+ )s, ZR(’“ 5 (23)

m=1kel,, t=1i=1p=1

where A is the Lagrange multiplier corresponding to the joint
power constraint. § is the vector of Lagrange multipliers whose
elements are 0y, k € D, for the delay sensitive users and equal
to zero for the non-delay sensitive users. Lagrange multiplier
vectors B and v are associated with the subcarrier usage
constraints and have elements B;(f), pe{l,...,np} and v(t)

ie{l,...;np} t € {1,..., N}, respectlvely Thus, for
m € {1,---, M} the dual problem is given by
A An | max m(\B,0,v,P,R,S) (24)
where Em(/\a B,6,v,P, R, S) =
N np np (t k) ()—1—5
33 S8 Mo, an )
keUp,t=1 i=1 p=1
ng ngp N .
IR DT (25)

kE€Umi=1 p=1 t=1
C. Distributed Solution - Subproblem for Each Relay Station

By dual decomposition, the dual problem in (24) can be
decomposed into a master problem and serval subproblems. The
dual problem can be solved iteratively where in each iteration
each relay solves one local subproblem without any assistance
from the other relays and passes its local solution on to the BS
which solves the master problem. The subproblem to be solved
by relay m is given by

max  Ln(A,B,6,v,P,R,5)
where the Lagrange multipliers A, 3, §, and v are provided by
the BS at the end of each iteration. Using standard optimization
techniques and the Karush-Kuhn-Tucker (KKT) condition, the
optimal power allocation in high SNR for using subcarrier pair
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(i,p) can be shown to be

(t.k) (t.k) +
prtk) _ (k) (w® + 5;) _ AUL,,.ip T ADL,ip (26)
m,i,p m,i,p D) k)
A 27
ULy,,%,p" DLy, ,i,p
where (z)T = max{0,z}. The optimal values of PR(t ];),

Pg(éj)l, nd P *(t L)i can be calculated by applying (26) in
(17). In order to obtam the optimal subcarrier allocation, we

take the derivative of the subproblem with respect to 51(72 ’;)p,
ie., 8‘953’;) = 0, and the subcarrier pair selection determined
g7?‘!, 1,

by relay m is given by

(t,k) 2(6(t)+u(f))
P S ity 2 e +2 7)
’ 0  otherwise
in high SNR, where C’:;L(i’; = CN’,(,tL”’Z)pE,(t,@ _p The dual

S (tk) .
variables ﬂz()t) + UE) act as the price in using the subcarrier
pair (i,p) in frame ¢. Only the user who has good enough
channel conditions in subcarrier pair (i,p) is able to pay the
price and is selected by the scheduler. Furthermore, variable dj,
forces the scheduler to assign more subcarrier pairs to delay
sensitive users bg lowering the price. Finally, the optimal rate
allocations 77 D L. ipand rU(L k). , are obtained by substltutmg
(17) and (26) 1nt0 the equ1valent packet outage constraint in
(18) and (19) for the subcarrier pairs with s( Ko =1.

m,i,p

D. Solution of the Master Dual Problem at the BS

For solving the master problem at the BS, each relay cal-
culates the local resource usages and passes this information,
ie., r}‘)(zk)l I TZJ(i k)Z 2 :,Efll;), nd P*(* k) , to the BS. Since the
dual function is differentiable, the gradlent method can be used
to solve the minimization in (24) at the BS. Thus, in iteration

n the BS updates the dual variables as

+
#0000 -y zzs;:':z,] o
m=1keU,,i=1
+
vgt)(n—i-l) (t)( Z Z sfllfp] Vi, t
L m=1keU,p=1
r +
Sr(n+1)= [dx(n) — &(n)(ARMI(ARP <0)) |, Yk € D
A(n+1)= | A(n) — &(n)

N ngp ng +
<PT—Z > Psifi))] 28)

m=1kel,, t=1 i=1 p=1

where AR is the difference between scheduled data rate
and target data rate for delay sensitive user k, ie., AR®) =

S (P(k)Lm + pé’“%(') —R™. & (n), &2(n), £3(n), and &4(n)
are positive step sizes. Combining (28) with (27), each selected
subcarrier pair will be occupied by one user only. We observe
from (26)—(28) that relay m, m € {1,..., M}, only requires
the CSI of its own BS-to-relay link, the imperfect CSI of
the relay-to-user links of the associated users, and the dual

variables \, ﬁz(,t), p € {l,...,nr}, vgt), ie{l,...,nr}

- Distributed scheduler
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- -0
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Fig. 2.  Average weighted system goodput versus total transmit power for

different scheduling algorithms with user mobilities of 5 km/h.

te{l,..., N}, and 0y, k € D, supplied by the BS in each
iteration.

V. RESULTS AND DISCUSSIONS

In this section, we evaluate the system performance using
simulations. A single cell with two ring-shaped boundary
regions is considered. The outer boundary has a radius of 1
km and the inner boundary a radius of 500 m. There are 3
relay stations equally distributed at the inner cell boundary
for assisting the transmission and K active users uniformly
distributed in the outer ring. In a superframe, there are N =5
frames, each of which has a length of 2 ms. The number
of subcarriers is nrp = 64 with carrier center frequency 2.5
GHz, and wy = 1,Vk. The 3GPP path loss model is used
[9]. The small scale fading coefficients of the BS-to-relay links
are generated as independent and identically distributed (i.i.d.)
Rician random variables with x = 6 dB, while the small scale
fading coefficients of the relay-to-user links are i.i.d. Rayleigh
fading. a(f k) = 2/3 such that the transmit power of the BS
is twice that of the mobile users. The target outage probability
€ is set to 1%. The average system goodput is obtained by
counting the number of packets which are successfully decoded
by the BS and the users averaged over both macroscopic and
microscopic fading.

A. System Goodput versus Transmit Power

Figure 2 illustrates the average weighted system goodput
versus the total transmit power Pr for K = 15 users with
mobilities of 5 km/h. In the cell, there are 3 delay sensitive users
with data rate requirement R*) =2 bit/s/Hz, k € D, while the
remaining users are non-delay sensitive. The performance of the
proposed distributed scheduling algorithm with 5, 10, and 20
iterations is compared with the optimal centralized scheduling
algorithm and a baseline one-way half-duplex relay scheduler
for the same target outage probability for all users. For the
centralized scheduler, the BS uses the global CSI of each link
to perform an exhaustive search to find the optimal subcarrier
allocation and uses a standard multi-level water-filling proce-
dure to obtain the optimal power allocation and rate adaption.
It can be seen that the performance difference between the two
schedulers is negligible after a small number of iterations which
confirms the practicality of our proposed distributed scheduling
algorithm. On the other hand, the proposed scheduler achieves
a substantial gain in system goodput when compared with
the baseline scheme, especially in the high transmit power
regime. This is because the proposed scheduler has a better
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Fig. 3. Average weighted system goodput versus number of users with different
data rate requirements and transmit powers at user mobilities of 5 km/h.

spectral efficiency by utilizing simultaneous message exchanges
between BS and users.

B. System Goodput versus Number of Users

Figure 3 depicts the average weighted system goodput versus
the number of users with different transmit power and user
data rate requirements. All users in the system have a mobility
of 5 km/h and there are 3 delay sensitive users. The number
of iterations for the distributed scheduler is 20. It can be
observed that the system goodput grows with the number of
users due to multi-user diversity (MUD). However, the MUD
gain diminishes as the data rate requirements become more
stringent since most of the resources are taken by the delay
sensitive users regardless of the actual channel quality. On the
contrary, the non-delay sensitive users can not be served even if
they have very good channel conditions, because the scheduler
needs to fulfill the data rate requirements of the delay sensitive
users.

VI. CONCLUSION

In this paper, we formulate the cross-layer scheduling design
for two-way half-duplex AF relay assisted OFDMA systems
as a mixed combinatorial and non-convex optimization prob-
lem, in which imperfect CSIT and heterogeneous user QoS
requirements are taken into consideration. By assuming high
SNR and relaxing the subcarrier allocation constraints, the
considered problem can be transformed into a convex problem.
A distributed scheduling algorithm is derived based on dual
decomposition, which requires only local CSIT at each relay.
Simulation results show that the performance of the distributed
algorithm approaches the optimal centralized scheduler in a
small number of iterations which confirms the practicality and
scalability of the proposed scheduler.

APPENDIX-PROOF OF LEMMA 1

For the UL data rate rgfgl .i,p» we only provide a sketch of the
proof due to page limitation. We start by calculating the outage
probability in C2 in (13). Since the CSI of the BS-to-relay link
is available at the scheduler, the only randomness is due to
the imperfect CSIT of the relay-to-user links. Thus, the outage
probability can be written as a function of the c.d.f. of a non-
central chi-square random varial(ale)with 2 degrees of freedom

t 2
and non-centrality parameter | o d . Then, by equating the
c.d.f. with the required outage probablhty ¢ and solving for

rg Lk ) i (18) follows immediately.

For the DL data rate rgj ) i We need to first derive the
probability density function of the outage event. For the case
of ¢ = p, since there is only one random variable in the view of
the scheduler, we can follow the same approach as for the UL
data rate. For the case of ¢ # p, we define random variables
X(t k) = \H(tk |2 and Y(t k) = \H(tk i\Q which are non-
central chi-square dlstrlbuted w1th 2 degrees of freedom, non-
centrality parameters s2 = |H,(Jt}§l’p|2 and 57 = |HUtI§,21 AR
and variances o2 and ay, respectively. Conditional on the CSI
matrix =,,, upon rearranging terms, the outage probability of
the DL transmission is given by

(Aii,’f?p () < SRR (gl —nﬁi:i-“?p)) (29)
here  A(tH) \/gu B yth) - geR
whnere m,i,p mai mip =
\/gu R | gtk)y (R k) <tk:l L |HY, P
K Tz““) N : , k k
7(;1',);) = (22 DLm,ip — 1)%’ and 9( ,z =(1- ’Ertlz))lgR}n'
Note that in (29) Etk) > n(t ) g TSL) will not

exceed the channel capamty of the BS-relay llnks since the

corresponding perfect CSI is available at the schedulers. Let

SR A, () (k)
URp,i,p (t.k) » where m,i,p and Bm,i,p

random variables with 2 degrees of freedom non- centrality

parameters s2 = &(fl]f 1R g2 and sz E(tk + 95,2]: 52,

S{L’
(D 12, A = e
t

respectively. Thus, the cdf of 2R, ip» Which is a ratio
of two independent non-identical R1ce distributed random
variables, is [10]

are Rician

and variances o' and O'b

0202 2+ d?
Fii) o o(2) = Qle.d) — 25— exp <)Io(cd) (30)
" Spz 2
$222 2
for 2 € RT, where ¢ = (ggzb27+gg>l/2’ d = (W‘l(;g)l/z’

Q(c,d) is the first order Marcum Q-function, and Iy(+) is the

zeroth order modified Bessel function of the first kind. Thus,

we can equate (30) with € and solve for rgfm,i,p'
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