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Abstract— Resource allocation for a fading orthogonal re- generalized to include the optimization of the allocatidmhe

lay broadcast channel model is investigated, where the source pandwidth resources between the two type of transmissi®ns a
broadcasts to two users using a time-division (TD) scheme in ;, 5]

one channel, and the two users transmit relay signals to each I . o
other in another orthogonal channel. The channel bandwidth We make the restriction that the source uses a time-division

resource is assumed to be allocated equally for broadcast and (TD) scheme for the broadcast transmission to the two users.
relay transmissions. Separate power constraints are assumed atWe further assume that each transmission link is corrupyed b
the source and the two users. The fading_ state informe_ttion is a mu|tip|icati\/e Stationary and ergodic fadmg process ald w
assumed to be known at both the transmitter and receiver of 55 o aqditive white Gaussian noise process. Each nodegsour
each link, and hence the source and the two users can allocate - . . .
their power adaptively according to the instantaneous channel and two gsers) 1S assu_med.to know the fading st_ate informatio
state information in a distributed manner. For a fixed allocation Of the links over which it transmits or receives, so that
of time (for TD broadcast) and power, an achievable rate region it can allocate the transmission power adaptively accgrdin
based on the relays using the decode-forward scheme for thisto the instantaneous fading state information. We assume
model is derived. The resource (time and power) allocation is {hat the source and two users are subject to separate power
then optimized to maximize each boundary point of this rate constraints instead of a total power constraint. This agsiom
regien- is more practical because the source and two users areyusuall
|. INTRODUCTION geographically separated and hence are supported by separa
) ) power supplies. Furthermore, this assumption allow theesod
In centralized wireless networks such as cellular and Wik te system to allocate their powers in a distributed manne
data networks, mobile users have been demanding inCreggcy, is preferable for practical implementation. Our giel
ingly higher data rates on the downlink, particularly for We.is haper is to jointly optimize the allocation of the power
applications. This motivates the study of downlink systemg e nodes and the time division for broadcast transnmissio
that incorporate relay links to achieve higher throughpli® | ,qing the achievable rate region as the metric for optiritzat
basic relay broadcast systems have been recently intrdducepa resource allocation for the fading broadcast channel
and studied. In the 'first system, relay links are introducgfc peen previously studied in [6], [7]. In particular, th® T
between the users in the broadcast system [1]-[3]. In thg,5qcast channel has been investigated in [7]. We geperali
second system, an additional relay node is introduced infgs anaivsis to orthogonal relay broadcast channels, and
the broadcast channel that assists all the users [2]-[4]. T estigate the impact of user cooperation on the perfoo@an

ach?evgble regions for these channels are de_rived and the,(S:I""the broadcast channel. We first derive an achievable rate
pacity improvements offered by user cooperation and neyiregion for the orthogonal relay broadcast channel. We éurth

are investigated. _ show that the rate region is convex and derive an optimal
In this paper, we study a two-user fading relay broadggoyrce allocation that maximizes each point on the baynda

cast system, where the source has independent messagegfgiis rate region.

the two users in the system, and the users can transmif, he following sections, we first introduce the system

to each other through relay links. We impose the practicglogel, and then present our main results on resource dflacat
constraint that the relays (users) should transmit andveces,, e fading orthogonal relay broadcast channel.
in orthogonal channels. In this orthogonal model, the saurc

transmits to users 1 and 2 (broadcast transmission) in one Il. SYSTEM MODEL

channel, and the two users take turns to transmit to each otherpe system model for the orthogonal relay broadcast chan-

(relay transmission) in another orthogonal channel. Waraes | is jllustrated in Figure 1. In channel I, the source traits

that the channel bandwidth resources are allocated equilyy the message for user 1, and both users 1 and 2 can listen.

for broadcast and relay transmissions. The analysis can |R&hannel I1, the source transmits only the message for user
2, and both users can listen. The time allocation for these

This research was supported by the NSF CAREER/PECASE awarl cchannels are represented asand , with T T = L In
00-49089 and by a Vodafone Foundation Graduate Fellowship. channel lll, the users take turns to transmit relay signaith
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normalized to 1, and; ; are independent zero mean Gaussian
random variables with variances also normalized to 1. Then t
parameterg, p» andps represent the link gain to noise ratios
of the corresponding transmission links. The input symbol
sequenceg X1, X2}, {X1,,} and {X,,} are subject to

separate average power constraiits®; and P», respectively.
Since the source and users (relays) know the fading states

Channel | of the links on which they transmit, they can allocate their

User 1 transmitted signal powers according to the channel state in

formation to achieve the best performance. As we pointed out

earlier, the time allocation parametersand , between the

two users also need to be optimized jointly with the power

allocation.
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In this section, we first derive an achievable rate region

User 1 for the orthogonal relay TD broadcast channel, and then
optimize the resource allocation to maximize each point on
the boundary of the achievable rate region.

For notational convenience, we first define a det= {h :
p1|h1]? > pa|h2|?}, which contains all the fading statéswith
the link from the source to user 1 being better than the link
from the source to user 2. The complement of the 466
Channel 1lI A€ :={h: p1|h1|* < p2|h2|?}. We derive an achievable rate
region based on the following scheme. If the link from the
source to user 1 is better than the link from the source to user
2,i.e.,h € A, user 1 assists user 2 by sending a relay signal in
channel Ill. If b € A¢, then user 2 assists user 1 by sending a
the user with the better channel from the source helplng tF@ay Signa' in channel Ill. Hence at each time instant, mig
other user. user transmits relay signals to the other. Both user 1 and use

We use X; and X, to denote the signals sent from they yse the decode-forward scheme [8, Sec. Il] when sending

source in channels | and I1, respectively, and dseand X t0  relay signals. Based on this transmission scheme, for a fixed
denote the signals sent from the users 1 and 2, respectiVely.;, we have the following achievable rate region.

useYi, Y12, Y, 3 to denote the signals received at the user |f 4, ¢ A,
1 in the three channels, respectively, and tisg, Y22, Y2 3
to denote the signals received at the user 2 in the thrgg(n) < 171( h)C(p1|h1|*P1(R))
channels, respectively. We ude and hy to denote the 2
fading coefficients corresponding to transmission linkafr
the source to user 1 and from the source to user 2, respgctweﬁ
We further assume that the transmission links between user 1
and user 2 are same, and usgeto denote the common fading
coefficient. For notational convenience, we collect thea¢hr
fading coefficients in a vectds := (hq, ha, h3).

The relationships between the input and output symbols
the three orthogonal channels at each symbol time instant
be written as

Channel Il

Source

Fig. 1. Fading Orthogonal Relay TD Broadcast Model
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where the functior€ (x) := log(1+z), andry (k) +72(h) = 1.
For a given fading statg, the functionsP; (k) and P»(h) are
e powers used by the source to transmit information forsuse
1 and 2, respectively, anB, (k) is the power used by user 1

Yip=+vpi X1+ 211, to transmit relay signals for user 2.

Yo1 = /P2 ha Xy + Za 1, If h e Ac,

Yio=+/p1 i Xo+ 71 2,

Yoo = /p2 hoXo + Zs 0,

Yi3=+p3haXo+ 73,

Y23 = \/p3 ha X1 + Zy 3,
where hy, ho, hs are independent zero mean complex proper 1 )
random variables (not necessarily Gaussian) with variancBz () < 57'2( )C(p2lha|”P(R))

<DR@mm%;uummam>kww%@x
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where 71 (h) + (k) = 1. For a given fading staté, the Our main goal in this paper is to find optimal power and time
function P2( ) is the power used by user 2 to transmit relagllocation ruIes that achieve each point on the boundary of
signals for user 1. R(P, Py, P2)

For fading channels witt being a stationary and ergodic -
vector process, an achievable rate region is given by taking'2x Lp1; p2) 2= p B + pa Ry for any giveny, pz > 0

averages over all fading states, and can be written in the; . ] —
following form. This optimization will serve as a complete characterizatio
of the boundary of the regio® (P, P;, P»). Throughout the
Ri(h) < lmin following analysis, we assume, < us. The case ofis < 1
2 is handled similarly by switching the roles of user 1 and user
2.

Now let R;1(P) and R;2(P) respectively denote the two
terms over which the minimization in (2) is taken, and let
R21(P) and Ra2(P) respectively denote the two terms over
which the minimization in (3) is taken. Then

{EA [71(R)C(p1]h1[*Pi(h))] + Eae [C(P3|h3l2152(h))}
+Eac [11(R)C(p1|ha [P P1(R))]

Ea [11(R)C(p1|ha[* Pi(h)] + Eac [11(R)C(p2|ho|*P1 (R ))]} I )
M1, 2

@ = i min{Ru1 (P), Riz(P)} + 1o min{ Ra: (P), Roz(P)}
Ra(h) < lmin The optimal solutionP* that maximizesL (i, u2) must
T2

fall into one of the following nine cases depending the power
constraints at the source and users 1 and 2.

Ey4 [T ho|?Py(h))] + E4 |C(ps|hs|? Py (h
{ 4 [ 2(B)C (2] 2' 2( )] A{ (el 1(_))} Case 1:P* maximizesui Ri1 + poRaq;

+Eac [12(R)C(p2|h2|* P2 ()] , with R11(P") < Ri2(P7), B (P7) < Raa(P7)
Case 2:P* maximizesui Rio + paRo1;
Ex [r2(R)C(p1|h1[*P2(R))] + Eac [r2(R)C(p2|ha|* Pa(h))] with Ry1(P*) > Ri2(P*), Ro1(P*) < Raa(P*)

3) Case 3:P* maximizesu Ri1 + poRaq;
where the power and time allocation functions satisfy with R11(P*) = R12(P"), R21(P”) < Ro2(P")
Case 4:P* maximizesui R11 + p2Roso;

1
FEN WP (B) + ma(R)Pa(k)] < P With Ryy(P*) < Ris(P*), Ror(P*) > Ras(P¥)

%EA [P (h)] < Py @) Case 537)_* maXimiiesﬂlRm +*M2R22; ) *
1 _ _ with R11(P*) > R12(P*), Ro1(P*) > Raa(P¥)
QEAC [P2(R)] < P Case 6:P* maximizesui R11 + p2Roo;
11(h) +m2(h) =1, for any h. with R11(P*) = R12(P*), R21(P*) > Raa(P™)
We now define Case 7:P* maximizesy; Ri1 + p2 Ray;
P = {Pi(h), Pa(h), Py(h), Po(h), 71 (h), 72(R)}, with Ryy (P*) < R12(P"), Ra1(P*) = Ro2(P")

v * H H .
G := {all P that satisfy resource constraints given in}(4) ~ Case 8P" maximizesyi iz + pz oy

Then we have the following theorem for the achievable rate with Rll_(? ) > Baa(P7), B (P7) = B (P)
region. Case 9:P* maximizesu; R11 + p2Ro1;

Theorem 1: An achievable rate region for the orthogonal with R11(P*) = R12(P*), Ro1(P*) = Raa(P*)

relay broadcast channel model based on the TD broadcasty, each of the above cases, we can derive the optithal

scheme is given by However, only those cases with the corresponding condition
R(P, Py, Py) = U {(R1, Ry) that satisfies (2) and (B) at P* being satlsﬂgd can possibly happen..V\/_e ngxt give two
Peg lemmas that we will apply later for the optimization in each

case.

Further more, the regioR(P, P, P,) is a convex set, Lemma 1: (Extended Version of [7, Theorem 3])
Since the achievable regioR (P, P;, P,) is convex, the  Consider

boundary of R(P, Pl,Pg) can be characterized as follows.
For any point( Ry, Rs) on the boundary 6R (P, P1, ), there J(P) =E|71(h) [a1C(b1P1 (h)) + axC(baPy(h))
existuy, ue > 0, such that Ry, R») is @ maximization solution ©)
to
max 1 R1+ peRs. (5) + m2(h)asC(bs P2 (h))
(R1,R2)ER(P,P1,P>)




whereP = (Py(h), P2(h), 7 (h), 2(h)) needs to satisfy the  (iii) If A =r;

constraints given in (4). The parametersandb; are positive N *Y 1 X
real numbers. The optim&* that maximizes7 (P) is given (k) =77, _ _T2 (h) =1 bT ’ bT €0.1]
as follows. positive root of {3170 + 9220 = A,
Let Pf(h) = if it exists
f1(p) = a1C(b1p) + a2C(bap) 0, otherwise
f2(p) = azC(bsp) . az  1\"
Py (h) = SN
Then f1(p) = f2(p) has at most two roots. According to the 3

number of the roots thaf; (p) = f2(p) has, the optimization The parameteA and* are chosen to satisfy the constraints
of J(P) has six possibilities. given in (4).
(a) No roots andf; (p) < f2(p), then (d) One root, andfi(p) > fa(p) for 0 < p < py wherepg
. . is a certain positive number.
i (k) =0, r(h) =15 The optimalP* is similarly given as in (c) with user 1 and
Pi(h) = (a_g 3 i)Jr user 2 switching their roles.
2= A by) (e) Two roots, andf; (p) < f2(p) for 0 < p < py wherepy

where \ is chosen to satisfy the constraints given in (4) 's a certain positive number.
' There are two common tangent lines ffr(p) and .
(b) No roots andf; (p) > f2(p), then 9 iBr(p) and f>(p)

Let the slopes of these two common tangent lines;bandr,

Pl*(h) =0,

' (h) =1, 5 (h) = 0; with r; > r,. These two slopes can be determined by solving
it a101 a0y __ (7)
positive root of {17 + 9252 = A Then the optimalP* are given as follows.
Pr(h) = if it exists (i) If A>ry, P* is same as (c) (i);
0, otherwise (i) If 7o < X < ry, P*is same as (c) (ii);
P;(h) =0 (iii) If A < ry, P* is same as (c) (i);
(iv) If X =y, P* is same as (c) (iii);
where\ is chosen to satisfy the constraints given in (4). (V) If X\ =ry, P* is same as (c) (iii);
(c) One root, andfi(p) < fa(p) for 0 < p < po Wherepg (f) Two roots, andf;(p) > fa(p) for 0 < p < py wherep
is a certain positive number. is a certain positive number.

Let r; be the slope of the common tangent line fifp)  The optimalP* is similarly given as in (e) with user 1 and
and f2(p), and letp, andp, be the tangent points that satisfyyser 2 switching roles.

Fl(pa) = fo(po) =1 For later reference, we write the water-filling solution for
1\Pa) = J2Pb) = T1- the simple optimization problem in the following lemma.

The values ofp,, p, andr; can be determined by Lemma 2: (Water-filling Solution)
Consider
(pa) = 0L @b -
S = e T Tbaps Ti(P) = EaClpslhal* P (h)) ©
filp) = %, @) Ta(P) = EacClps|hs* Pa(h))
2\ 1+ bspy ! (

where Py (k) and P»(h) need to satisfy the constraints given

_ Jap) = f1(pa) in (4). The optimalP; (h) and P; (h) that maximize7; (P)

Pb = Pa and 7,(P) are given by
Then the optimalP* are given as follows. . Lot _
(i) If A>r ﬁf(@;{(x_ﬁm) , it he A,
1 (k) =0, (k) =1; 0, if he A ©
. . as  1\7T i (&~ ) if he A
Pl (@):0, P2 (ﬁ): T_b_ P;(h) = A2 p3|hs]? ’ - ’
8 0, if he A,

fFo<iA<r . .
(i) ! where \; and A\, are chosen to satisfy the power constraints

71 (h) =1, 73 (k) =0; given in (4).
positive root of -2bi 4 b2 — \ Applying Lemmas 1 and 2, we can solve the optimization
* Lrbwp = Lkbop for the nine cases. It can be shown that only cases 2, 5, 9
Py(h) = if it exists

can possibly happen. For the sake of brevity, we have omitted
the details of the analysis. We summarize the solufidrthat
Py(h) =0 optimizesL(u1, u2) in the following theorem.

0, otherwise



Theorem 2: For p; < ue, the optimalP* that maximizes
L(p1, p12) is given by the following three cases.
Case A.(Case 2) IfP, < Py, thenP* is determined as
follows.
Forh € A, 7 (h),5(h), P} (h), P; (h) are given by
Lemma 1 (a) and (c) witlu; = pq,a2 = 0,
az = pi2, by = p1|h1|?, by = 0,b3 = palhol|?
Forh € A, i (h), 5 (h), P{(h), P;(h) are given by
|2

Lemma 1 (a) withag = pa, bs = p2|hal”;
For anyh, P;(h) is given by Lemma 2

The thresholdﬁl,l is determined by the conditioRs; (P*) <
Raz(P). . .
Case B.(Case 5) IfP, > P, ,, thenP* is determined as
follows.
Forh € A, 7{(h), 75 (h), P;(h), Py (h) are given by
Lemma 1 (a) witha; = p1,as = 0,
az = p2,b1 = p1|ha[*, b2 = 0,b3 = p1|h1|?
Forh € A°, 77(h), 75 (h), Py (h), Py (h) are given by
Lemma 1 (a) witha; = p1,as =0,

3

az = fi2, b1 = pa|ha|? by = 0,b3 = pa|hal?;
For anyh, P;(h) is given by Lemma 2
The thresholdﬁl’u is determined by the conditioRs; (P*) >
Roz(P). . . .
Case C.(Case 9) IfP,;, < P < Py, thenP* is
determined as follows.
Forh € A, 7{(h), 75 (h), Pi(h), Py (h) are given by
Lemma 1 (a) witha; = u,
az = p2(1 — B),az = p23,b1 = p1lh
by = palhal®,bs = p1|ha |’
Forh € A°, 77(h), 75 (h), Pi(h), Py (h) are given by

Lemma 1 (a) witha; = p1(1 — ),
|2

‘ 2

7

b

as = pio,az = 2, by = p1lhy
bo = pa|ha|®, by = pa|hal?;

For anyh, P;(h), P;(h) are given by Lemma.2

)

wherea and 3 are chosen such that the conditions
R11(P*) = R12(P*), R21(P*) = Ry2(P")
are satisfied.

IV. CONCLUSIONS

optimized with time allocation. We showed that in general th
resource allocation at the source is more complicated tian t
resource allocation for the fading broadcast channel witho
relaying. However in some extreme cases, where the power
constraints at the two users are very large or small compared
to the source power constraints, the resource allocatidheat
source reduces to a form that is similar to that for the braatic
channel without relaying.

Numerical results that compare the performance of broad-
cast channels with and without relaying will be provided at
the conference. Extensions to more general relay broadcast
channels will also be discussed.
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We investigated the problem of the optimal resource (power
and time) allocation for a fading orthogonal relay broaticas

channel model. We showed that the optimal power allocation a
the source and the users can be done in a distributed manner
due to the assumption of separate power constraints at the
different nodes in the system. We showed that the optimal
power allocation for sending relay signals at the users tewa
filling. For the source, the power allocation needs to betlpin



