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Abstract
information-theoretic performance of the multi-band

— In this paper, we investigate the
relay (MBR) channel which is defined by a source
node, a relay node, and a destination node communi-
cating over multiple orthogonal bands. The model is
motivated by the vision of hybrid wireless networks
where links operating with different communication
standards cooperate to relay information. Depending
on how these different standards utilize bandwidth,
we consider two system models. First model consid-
ers the case where the available bandwidth is equally
allocated between channels. Second model considers
sharing bandwidth between the different systems in-
volved. We concentrate on the tractable case of two
orthogonal bands from the source and one from the re-
lay node. Next, we find the optimum power and band-
width allocation strategies that maximize the lower
bounds on the capacity. It is shown that sharing the
bandwidth between different systems leads to higher
achievable rates. It is also shown that the upper and
lower bounds for each model become tighter as the
link quality between source to relay improves com-
paring to that of source to destination.

I. INTRODUCTION

Future wireless networks are expected to enable nodes to
communicate over multiple technologies and multiple hops.
Recent advances in the development of software defined ra-
dios [1] support the vision where agile radios are employed
at each node that utilize multiple standards and communi-
cate seamlessly. Indeed, an intense research effort is being di-
rected towards having multiple communication standards co-
exist within one system, e.g. the cellular network and IEEE
802.11 WLAN as in [2,3]. We refer to a group of nodes capa-
ble of employing a number of communication technologies in
an effort to find the best multi-hop route between the source-
destination pairs, as a hybrid wireless network.

In this paper, we consider a simple hybrid wireless network
with a source destination pair, and aim at understanding the
bounds of its information theoretic capacity with optimum re-
source allocation. In particular, we consider a scenario where
the source node can communicate over multiple frequency
bands to its destination, and a node that overhears the source
transmission acts as a relay. We assume that the frequency
bands that the source utilizes as well the ones used by the
relay node are mutually orthogonal. The different bands are
assumed to represent links that operate with different wireless
communication standards.

There has been considerable research effort towards char-
acterizing the information theoretic capacity of relay channels
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in the past [4], [5], which has been rejuvenated with the re-
cent advances in multi-hop ad hoc network architectures [6-9].
Cover and El Gamal provide upper and lower bounds on the
Gaussian relay channel and find the capacity of the degraded
Gaussian relay channel [5]. The work of Schein and Gallager
investigates upper and lower bounds on the Gaussian parallel
relay channel, where two relay channels exist [7]. The study
of obtaining an achievable rate region in a relay network of
arbitrary size and topology has been investigated in [9].

Most of the earlier work on relay channel capacity assume
that the simultaneous transmission and reception over time
or frequency at the relay is possible. As this is difficult to
implement, recent work considers employing orthogonality at
the relay via time-division or frequency-division [10-12]. To
compensate for the loss of spectral efficiency caused by this
architecture and increase the capacity, optimum resource al-
location has been considered in [10,11,13]. In [10], optimum
bandwidth allocation for the Gaussian frequency-division re-
lay channel was studied to maximize the capacity lower bound.
The optimum power and time slot duration allocation for the
time-division relay channel has been considered in [11].

In this paper, we investigate the capacity bounds for a sim-
ple hybrid network. For the case where the source has two
bands and the relay has a single band available, we find the
optimum bandwidth allocation between these three bands in
an effort to determine the potential capacity benefit of nodes
borrowing frequency resources from each other. We find that
sharing the total available bandwidth, i.e., employing opti-
mum bandwidth allocation between the source bands and the
relay band, in addition to optimum power allocation at the
source, improves the capacity significantly.

The rest of the paper is organized as follows. Section II
presents system model for MBR. Section III derives upper
and lower bounds for two different models and investigates
the optimum resource allocation for each models. In Section
IV, we present the numerical results. We conclude the paper
in Section V.

II. SysTEM MODEL

We consider a three node relay network where multiple fre-
quency bands available from the source and the relay are mu-
tually orthogonal. We term this the multi-band relay (MBR)
channel. In particular, when there are m channels available
for the source node and k —m for the relay node, we call this a
(k, m)-MBR. The source node transmits desired information
over m orthogonal channels to the relay node and destination
node. The relay node decodes and re-encodes the received
data to relay to the destination node. The (k, m)-MBR input-
output signal model is given by

Ysr =Xs+Zsr
Yrp = Xr +ZrpD (1)
Ysp = Xs+Zsp



where Xs = [Xi,X5,---,Xm]T and Xgr
[Xmt1, Xmt2,+++ ,Xg]" are the transmitted signal vec-
tors from the source node and the relay node, respectively.
YSD = [Yl,Y2,--- ,Ym]T and ?SR = [?1,?2,--- ,?m]T are
the received signal vectors at the destination node and the
relay node when the signal is transmitted from the source
node. Yrp = [Ym+1,Ym+t2, -, Ys|" is the received signal
vector at the destination from the relay node. Z
[Z1,Z2,-++ ,Zm]T is the zero-mean independent additive
white Gaussian noise (AWGN) vector with E[ZsrZgagr] =
diag{N1 /2, N2/2,- - ,N;n/2} at the relay node. Zsp
[Z1,Z2, -+ ,Zm|T is the zero-mean independent AWGN
vector with E[ZspZip] = diag{N1/2, N2/2,--- ,Nm/2} at
the destination node. Zrp = [Zm+1, Zm+1,-+ , Zx]" is the
zero-mean independent AWGN vector with E[ZrpZip] =
diag{Nim+1/2, Nm+2/2,--- , N /2} at the destination. []T is
the transpose operation of a vector.

In the following, we present the upper and lower bounds for
the capacity of (k, m)-MBR. Since the multiple channels are
independent, the channel transition probability mass function
is given by

Zsr =

P(y17y27"' 7yk7g17g27"' 7gm|$17x27"' 7$m7‘%m+17"' 7ik)
m k
=[P ilzs) [ P@l&)
i=1 j=m+1
(2)

For the channel transition probability mass function given in
(2), we obtain the capacity bounds for (k,m)-MBR as follows.

Theorem 1. The upper and lower bounds for the capacity of
(k,m)-MBR are given by

m k m
Clow = sup min{) I(XiYi)+ Y I(Xi;Y5), Y I(Xi;Yi)}
P(- i=1 i=m+1 i=1
(3)
m k m
Cup = sup min{)_I(X;;Y0)+ > I(X5Yi), > I(X3;Y;,Yi)}
PO i=1 i=m+1 i=1
(4)

where I(X;Y") denotes the mutual information between X and
Y and the input joint distribution P(-) is given by
P(zy,--- s &) = P(x1)P(x2)--- P(Zx)  (5)

;xmyi'm+1; e

I1I. CAPACITY BOUNDS AND OPTIMUM RESOURCE
ALLOCATION

In this paper, we investigate the performance of a tractable
scenario when three different communication standards coex-
ist: the source node has access to two distinct bands and a
second node that overhears the source information relays to
the destination using a separate band. This case which corre-
sponds to a (3,2)-MBR shown in Fig.1. We have the input-
output signal model is given by (1) with k = 3 and m = 2
under power constraints

EXi)’ <aP, EX]’<(1-a)P; (6)
where P; is the total available transmitted power at the source
node and « € [0, 1] is the power allocation factor. We assume
that the relay node uses its available full power P,. We do not

Figure 1: (3,2) Multi-Band Relay Channel

have a total power constraint between source and relay and
assume each has its own power supply.

Under these assumptions, we employ resource allocation to
optimize the capacity bounds for two cases: (i) the case termed
No-Bandwidth-Allocation (NBA): each band has a fixed and
equal width, which leaves the total source power as the only
resource parameter to be optimized, and (ii) the case termed
With-Bandwidth-Allocation (WBA): the bands can “borrow”
bandwidth from each other, which leads to optimally allocat-
ing both the source power among the two source bands, and
the total bandwidth among the three bands. The upper and
lower bounds for the capacity of (3,2)-MBR WBA are now
given as follows.

Theorem 2. The upper and lower bounds for the capacity of
(3,2)-MBR WBA are given by

1 2
WBA __ - Vsd Vsd
o = MAT min{$1 log (1 + a1 1 ) + ¢2log (1 +as = )

43 . 2
+¢3log (1 + “’l) ,$1log (1 + o ”) + ¢2log (1 + as sr)}
@3 ¢1 b2
)
WBA ’Yld 72d
Cht = 0572,%51 min{¢1 log (1 + a1 ™ ) + ¢2log (1 + o 52 )

3 1 1
Yrd Ysd T Vsr
p1log [ 1+ o Led T T
¢a> o1 g( T )

2 2
+¢2log (1 + azw)}
2

(8)

where all logarithms are base 2. Let a1 = o, a2 = 1 — q,
and Z?:l ¢i; = 1 denote the power and bandwidth allocation
parameters, respectively. Note that NBA is a special case of
WBA with ¢1 = ¢2 = ¢p3 = 1/3. We assume that the system
has total bandwidth W and the input and output signals are
sampled every 1/2W seconds. We define the received SNR at
the relay and destination over channel 1 and 2 as,

+¢3log <1 +

i a Fs i a Fs )
sr — — s s — s — 1’ 2 9
Now Vsd NoW ? (9)
and the received SNR at the destination over channel 3 as,
P
3 A [
r = 10
Trd = Naw (10)

Note that the actual received SNR values are the scaled ver-
sions of (9) and (10) depending on the power and bandwidth
allocation parameters. For example, the actual received SNR
at the relay from channel 1, which is allocated «i fraction of
the source power and ¢ fraction of the bandwidth, is simply

1
X1

1



Given the received SNRs, which are assumed to be available
at the source and relay, we can maximize the capacity lower
bound by optimally choosing the power and the bandwidth.
The optimum power and bandwidth choices are a function of
the received SNRs at the relay and destination. We identify
the optimum values for different ranges of SNRs. The follow-
ing notation is used throughout the rest of the paper.

o We use ChB® and CRE2 to indicate the multi-access cut
and the broadcast cut of the lower bound for NBA.

e We use CVEA and CWEA to indicate the multi-access

cut and the broadcast cut of the lower bound for WBA.

e We denote ag,,; and af,,.. as the a that maximizes

CWoM and CUes*, respectively.

o We denote ¢*¢,,,, and ¢*¢,,,, as the ® = (¢1, ¢z, ¢3)
that maximizes C\ve* and CYes*, respectively.

low1l
(or C¥B2) and

lowl

e Let ain, denote the o value where Ches

ey (or CWEM) intersect.
e Let ¢,, denote the ® where Claw;~ and Claws intersect.

e AN B represents intersection of A and B.

We now discuss how to maximize the capacity lower bound
and find the associated optimum resource allocation param-
eters given the received SNRs. The observations follow from
the investigation of the graphical behavior of Clae; (or Chuet)

and Che? (or Clies') as a function of a.

Lemma 1.

(11)

L 114392 1
a:5< V2, _73> (12)

(a* ) E) = (az’lmu?! Eczawz)

For Vsd Z'Ysr: 1= 152

we have
NBA NBA
Crow :Ognaagl Chowz »

WBA __

low

WBA

mar low2 3

T 0<a,$<1 (13)

Proof. We note that for v¢; > ~¢. i = 1,2, the multi-access
cut Ch* (or Chiet) is always larger than the broadcast cut

WEA (or CNE2) regardless of ~2;, «, and ¢i,i = 1,2,3.
Therefore, the max-min of (7) is Clws (or Chuns ). The corre-
sponding optimum power allocation factor o™ is readily found.
The optimum resource allocation parameters (& ows; P* crows)

are (see Appendix for the derivation)

(]‘7 1) 0’ 0)
(07 0) 1) 0)

if v > e

14
if var < e (14)

(0210“,2 ) Eclowz) = {

|

Lemma 1 is easily found because Cp.* (or Cher) is al-

ways larger than CWE* (or CNE2) regardless of 73;, a, and
¢i,i = 1,2,3. We note that Lemma 1 is the case where the
relay is not useful. We allocate all resources to the channel
with better relay channel because the max-min of (7) is al-
ways Coves*. When (11) is not satisfied, the max-min of (7) is
more involved and requires us to investigate the relationship
between all dependent variables.

Lemma 2. For given Ysd, Ysr, Yrd, ond ¢i,i = 1,2, 3 satisfy-
ing the following conditions:

,Yl
sd) + ¢3log (1 +
1

72
Sd> + ¢3log (1 +
1

43
Td) < ¢1log (1 +
¢3

3
Td) > ¢2log (1 +
¢3

) 0
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Figure 2: Cases of Lemma 2

The mazimum lower bound and its corresponding optimum
resource allocation parameters are given by

. * *
Case 1: QG < Qint < Qoune

ww = Ciaur N Clus, a’ = o (17)
I‘ZDBA = maz (CIZEJA n ClmBZA) ) (a*’E) = (aim’aim) (18)

* *
Case 2: Qin < A ciowsy X Clowz

(19)
(20)

NBA NBA *
Cipw = maz Cippry & =
0<a<1

1 (M _ L)
6 ’7524 ’Ysld

ot (Ot* ) E) = (az‘lowh ?Clom])

WBA
= maz C
low 0<a,d<1 lowl »

* *
Case 8: Qint > QUiow1s ACiows

(21)

(22)

* 1 1 2 1
C{Lf“ = max CIIXE;, of == (% - )
osast 6 Ysr Vsr

o (a* ) E) = (aZ'lowzz Eclowg)

low

= maz CJ%,
0<a,p<1

Proof. We first provide the proof for the NBA case. We note

that (15) indicates that Ches is larger than Clue; for o = 1.

Also note that (16) means that Clins is smaller than Clhns

for « = 0. We note that (15) and (16) satisfy the following

condition of the received SNRs for NBA.

(23)
(24)

Vor = Voa + Vs + 3VsaVea

Yor < Voa + Yad + 3VeaVeds

Since it is readily shown that Chef and Ches are strictly
concave functions in « € [0, 1], we know that Che; and Chies
must intersect at a;,.. There are three different possible cases
for how they intersect as shown in Fig.2. For case 1, the max-
min of (7) can not be one of the maximum of Clye; or Clyws
and must be the intersection value at a* = ;... For case 2,
the max-min of (7) is Clyey. Case 3 is the opposite of case 2
and the max-min of (7) is Clins -

The proof for the WBA is similar to that of NBA. It is
also readily shown that for a fixed &, Che and Chy are

strictly concave functions in « € [0,1]. Therefore, we have



the same three possible cases as NBA, depending on the in-
tersections. The difference is that there is a set of feasible
® values satisfying (15) and (16). Therefore, for case 1, the
maximum lower bound is the maximum value of possible inter-
sections which leads to the corresponding optimum resource
allocation parameters. The optimum resource allocation pa-
rameters (Qfiowss @ clow;) A€

(aélowla Ecmm) =

3
(11— 2240,0, 52 ) i kg > 2

TR 2 s +7 (26)
(0 0,1— 2, Trd ) il < 2
3 Yy rd+7sd 7rd+7 Ysd Ysd
Od

The steps for solving for (25) are similar to those in the Ap-
pendix.

Lemma 3. For given Ysd, Ysry Yrd; ond ¢s5,% = 1,2,3 satisfy-
ing the following conditions:

"(’;d> + ¢3log (1 +

’Z:d> +¢slog< +

Agd> > ¢ log (1+
fgd) <¢2log( +

The mazimum lower bound and its corresponding optimum
resource allocation parameters are given by

)

£)

¢1log (1 +

¢210g( +

* *
Case 1: Acrows < Qing < Qo

NBA NBA NBA *

tow — Viows n Clow2 ) Q& = Qing (29)

wB WBA WBA *x Ty -

Clnm = mar (Clmul N Ciows ) , (@7, 8%) = (Qim, b,,)  (30)
Case 2: Qint < Qpowis Xtows

NBA NBA P 1/1+ 3'7527« 1

ow — Mar Clow27 a == 2 T 1 (31)
0<a<1 6 Vér Vsr

WBA WBA * T * =

wow = mat_ Cpus, (a 1¢*) = (aClany o Clan) (32)
0<a,¢<1

* *
Case 8: Qint > Qtions; Actoms

1 /14342 1

Chat = maz Civats a =~ (w - —1> (33)
0<a< 6 Yd Yed

z‘;ZJ,BA :0572,%9%1 Clmu] , (a*a ¢*) = (a*cmwu o Clowl) (34)

Proof. We note that (27) indicates that Cles is smaller than
Chet for o = 1. Also note that (28) means that Chies is
larger than Cia; for a = 0. This indicates that Lemma 3 is
the opposite of Lemma 2 by switching the role of Clye; and

NBa for every cases of Fig.2. Therefore, the proof of Lemma
3 is analogous with the proof of Lemma 2. In addition, (27)
and (28) satisfy the following condition of the received SNRs

for NBA.

Yor < Vea + Ysa + 3VsaVea (35)
Var > Voa + Yo + 3VadVea, (36)
Od
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Figure 3: Cases of Lemma 4

Lemma 4. For given Ysd, Ysr, Yrd, and ¢i,t = 1,2, 3 satisfy-
ing the following conditions:

¢>1log( +’Z;d>+¢>3log( +’Zd>>¢1log( +’Z;T> (37)
’y‘sd ’Y’I'd ’Ysr
¢210g<1+ ™ >+¢310g(1+ . >>¢210g<1+ s ) (38)

The mazimum lower bound and its corresponding optimum
resource allocation parameters are given by

* *
Case 1: Qe < Qintt < Qipon:

NBA NBA NBA *
Ciow = Ciows NCious y Q@ = Qints (39)
WBA WBA WBA P -
low = max (Clowl ﬂ Clow? ) bl (a b ¢*) = (aint17 ¢int) (40)
Case 2: O < Qiniz < Qs
NBA NBA NBA *
Cow = Ciouz N Clouz s A = Qint (41)
WBA WBA WBA * T -
low — MaT (Clowl N Cious ) ) (a a¢*) = (ame, d)m) (42)
* * * *
Case 3: Qintg > Qcrowsy Xclows and Qingr < A ciowsy Xclowz
2
NBA __ oA «_ 1 ([ 143y 1 43
ow — AT lowl a = = - 2 T 1 ( )
0<ax1 6 Vs Ysd
WBA * T * T
low — AT Clmul ) (a ’¢*) = (aClmun d)* cz.m1) (44)
0<a,p<1
Case 4: i = NULL
1 /14342 1
NBA NBA * sr
ow = mat Cioug, A T e (45)
OSQSI 6 787‘ ’YST
WBA WBA * * T
ow . = Max  Clous s (a ,¢*) = (aClr)wQ) ®* Clow?) (46)

0<a,¢p<1

Proof. We note that (37) and (38) indicate that CL2s is
smaller than Ches for o = 0 and 1. Thus, there must exist
two intersections at Qint1 and Qinez (Qing1 > Qine2). Otherwise,
there is no intersection at all. When there is no intersection

NBA

that corresponds to case 4 of Fig.3, it is shown that C\ .1

is always larger than Chns over a € [0,1]. Therefore, the



max-min of (7) is Clyws. When they intersect, there are three
different possible cases as shown in Fig.3.
For case 1, we observe that the intersection value at Qa1
is smaller than the maximum of Ches or Ches (see case 1
of Fig.3). Thus, the max-min of (7) must be the intersection
value at a* = aine1. For case 2, we observe that the intersec-
tion value at i is smaller than the maximum of Ches and
Nes. Thus, max-min of (7) must be the intersection value
at @* = Qun2. For case 3, the maximum value of CYE% and
CRi22 are larger than two intersection values. Therefore, the
max-min of (7) is Cliey. We note that (37) and (38) satisfy
the following condition of the received SNRs for NBA.

Yor < Voa + Vsa + 3VsaVea (47)
Var < Via + Ve + 3VaaVeas (48)

The proof for the WBA is similar to that of NBA because
of the strict concavity of Crny~ and Cles® in « € [0, 1] for a
fixed ®. Therefore, we also have the same three possible cases
as NBA depending the intersections. The difference is that
there is a set of feasible ¢;,7 = 1,2, 3 satisfying (37) and (38).
Therefore, for case 1 and case 2, the maximum lower bound is
the maximum value of possible intersections which leads to the

corresponding optimum resource allocation parameters. O

Lemma 5. For given Ysda, Ysr, Yrd, ond ¢i,5 = 1,2, 3 satisfy-
ing the following conditions:

-
sd) + ¢slog (1 +
h1
2 3 2

7”’) + ¢slog (1 + %d) < ¢slog (1 + 7”) (50)
b1 é3 o2

The mazimum lower bound and its corresponding optimum
resource allocation parameters are given by

3
%d> < ¢1log (1 +

é1log (1 + be 1) (49)

¢2 log (1 +

* *
Case 1: QGpns < Qint1 < Qeows

NBA NBA NBA *
Ciow = Clows NChyz, @ = Qints (51)
WBA WBA WBA * T -
low — AT (Clowl N Cious ) ) (a ;¢*) = (aint13¢int) (52)
Case 2: Qfppe < Qinte < Qgow
NBA NBA NBA *
low — Clowl n Clow? 3 Q= Qinte (53)
WBA WBA WBA *x Ty -
low — MaT (szm N Chous ) (@7, 0%) = (Qintey @y,)  (54)
* * * *
Case 8: Qintr > CGiomts Xctowz ONE Qinte < Olyouss Uiz
1 (1+3y2 1
NBA NBA
Crn’ = maz Crus, a’ = 72%’" - (55)
0<a<1 6 Vir Vsr
WBA WBA * T * -
low :0<72%55<1 Clows » (a a¢*) = (aClmuQ: o Clow?) (56)
Case 4: & = NULL
NBA NBA * 1 1+ 37§d 1
Crw = maz Cp,;, a == ) - 1 (57)
0<a<1 6\ 7 Vsa
WBA WBA « T * -
low = _mazx Clowl k] (a a¢*) = (aClowh ¢* Clmu]) (58)

0<a,p<1

Proof. We note that the inequalities (49) and (50) indicate
that Clies is larger than Ches for o = 0 and 1. This indicates
that Lemma 5 is the opposite of Lemma 4 by switching the
role of Cliet and Ches for every cases in Fig.3. Therefore,
the proof of Lemma 5 is identical to the proof of Lemma 4.
In addition, we note that (49) and (50) satisfy the following

condition of the received SNRs for NBA. O

55 T T
- LBy =10,y = 5dB
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Figure 4: Upper and Lower bounds of NBA with !, =
10dB and ~2; = 5dB
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Figure 5: Upper and Lower bounds of WBA with v}, =
10dB and 72, = 5dB

(59)
(60)

Yor = Vea + Yoa + 3VaaVea
Var > Vea + Yoa + 3VaaVeas

IV. NUMERICAL RESULTS

In this section, we present numerical results to support our
analysis. Specifically, we plot the capacity lower bounds ob-
tained by optimum resource allocation parameters found for
each case, as well as the capacity upper bounds with the same
resource allocation parameters.

Fig.4 plots upper bound (UB) and lower bound (LB) of
NBA with optimum power allocation for different values of .,
and 752,. ‘When fy;, and ’yfT are smaller than or equal to ’ysld
and 2, respectively, the lower bound does not increase and
saturates immediately even if 42, increases. This is expected,
since using the relay is not beneficial when the source to relay
channel is worse than the source to destination channel. In
this case, using the direct link between the source and the
destination yields a higher rate.



In contrast, when ~, and 2, are larger than v, and ~2,
respectively, the lower bound increases as 72, increases and
saturates after a certain threshold of v3;. This threshold 73,
becomes larger as the quality of the source to relay links im-
prove as compared to source to destination links, i.e., as 'yslr
and ~Z. gets larger compared to v.; and 72;. Indeed, the
fact that we can achieve higher rates when the source to re-
lay channel is better than the source to destination channel
is intuitively pleasing as the power allocation becomes more
effective when we have a better source to relay channel. It
is noticeable that the upper and lower bounds approach each
other as the source to relay link quality improves as compared
to that of source to destination.

Fig.5 shows the upper and lower bounds for WBA with
jointly optimum power and bandwidth allocation. We ob-
serve that the lower bound does not saturate when the source
to relay links are better than the source to destination links.
This additional improvement is achieved by the bandwidth
allocation. By comparing Fig.4 and Fig.5, we observe that
the achievable rate of WBA is always larger than NBA, some-
times by a significant margin. This indicates that the com-
bined power and bandwidth optimization yields to better per-
formance than power optimization only, hence promoting the
idea of different wireless technologies lending each other fre-
quency resources to improve the capacity.

V. CONCLUSIONS

In this paper, we investigated the information-theoretic
performance of a simple hybrid wireless network where the
source, with the help of a relay node, communicates to the
destination via multiple orthogonal channels (MBR). We con-
sidered two scenarios: one in which the source power is shared
between multiple channels available from the source (NBA),
and one in which the total bandwidth is dynamically allocated
between the multiple channels from the source and the relay in
addition to the source power (WBA). In particular, we derived
the optimum power and bandwidth allocation parameters in
order to maximize the capacity lower bound. For both scenar-
ios, we observed that the upper and lower bounds approach
each other as the source to relay channel condition improves as
compared to the source to destination channel condition. We
observed that joint power and bandwidth optimization always
yields better performance than power optimization only.

The simple MBR investigated in this paper can be con-
sidered as a building block for more complex hybrid wireless
networks. From the system design point of view, we conclude
that, for this simple network, higher achievable rates can be
obtained by optimally allocating resources between multiple
standards. It is of interest to determine a more general set of
conditions under which using multiple communication links
and optimum sharing of resources would be beneficial for the
capacity of the hybrid wireless network.

VI. APPENDIX
We provide the derivation of (14). We start with the fol-
lowing objective function

1 2
J(a,$) = ¢log (1 +a%> +(1—¢)log (1 +(1- a)%*(p)

(61)
Differentiating (61) with respect to ¢ and equating it to 0
yields the following equation for ¢:

1
XYsr

L S G

(62)

Using (62), we obtain the new cost function from (61) as fol-
lows

1
J(a,$) = log (1 + oﬂ;;) (63)
Substituting (62) into (63), we obtain
J(a) =log (14 ays, + (1 —a)7i,) (64)

We note that (64) is maximized by the following optimum
power allocation

.1 iy >,
aClow2 - . 1 2
0 if ysr < Yep-

The optimum bandwidth allocation is obtained from (62) and
(65).

(65)

L1 ity >,
¢ = e 1 2 (66)
0 if Ysr < Var-
With the variable change (¢7 = ¢* and ¢35 = 1 — ¢*), we

obtain (14).
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