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Abstract—We analyze the achievable rate in interference- realized by using orthogonal access strategies such as, time
free wireless networks with physical layer fading channels and frequency-, or code-division multiple access. Furthe,chan-
orthogonal multiple access. As a starting point, the point-to-poit | hetween each node and one of its neighbors are modeled

channel is considered. We find the optimal physical and network | fadi h ls. For th h h | stat
layer rate trade-off which maximizes the achievable overall rate as slow fading channels. -or the case where channel state

for both a fixed rate transmission scheme and an improved information (CSI) is only known at the receiver, each node
scheme based on multiple virtual users and superposition coding. simply transmits at a constant rate regardless of the fading

These initial results are extended to the network setting, where, state. Therefore, each node’s transmitted informatios kst
based on a cut-set formulation, the achievable rate at each nOdeWhen the transmission rate is high so that the current ctanne

and its upper bound are derived. We propose a distributed t t it which Its i t For th iAt-t
optimization algorithm which allows to jointly determine the C@NNOL SUPPOrLIL, which reésults in outage. or the point-lo

maximum achievable rate, the optimal physical layer rates on Point case we present a throughput-efficient coding scheme
each network link, and an opportunistic back-pressure-type by partitioning the transmit power across multiple virtual

routing strategy on the network layer. This inherently justifies ysers with different rates. The corresponding informai®n
the layered architecture in existing ere_less rjetworks. Finally, then transmitted using superposition coding. This approac
we show that the proposed layered optimization approach can outperforms the constant rate scheme in terms of achievable
achieve almost all of the ergodic network capacity in high SNR. ratte. For an interference-free network with fading chasmed
. . I.NTBODUCTION . . consider the outage probability as the link erasure prdibabi

In W|reles§ commumcgtlon networks, Char_‘”_e' |mpa|rmen_ﬁ§ [1]. Different from [1] where the erasure probability is
such as fadmg, shado_wmg _and path loss I|m|t_ the Capac'&fven, the outage probability depends on the transmissiten r
Determining the capacity region and correspondmg acblevaat each node. We first obtain the achievable rate of this mktwo
strategy for general multiterminal networks is a '9“9'9“?9 and its outer bound based on a cut-set formulation. Furtiyer,
(Izpen ptrotr):em. A? O:’Fe: bou?dt_ for éhtetﬁapac:tlty tr(ig)li(;n E‘sing a flow formulation, we derive a distributed optimipati
nown 1o have cut-set interpretation, but this cut-se " algorithm based on a modified dual decomposition approach
not always achievable. For example, there is no known sche aximize the achievable rate. As a byproduct, the algarit
to aCh'e"? th'.s o_uter bound for _the simple relay channel. so returns the optimal physical layer rate at éach nod#, an
contrast, in wireline networks with orthogonal channeks t an optimal opportunistic back-pressure-type routingt
cut-set bound is achievable even in the multicast ScenariQ; ihe network layer. Finally, we bound the gap betwegeyn the
¥vhere muIt|IpIe destlnaltlo?ﬁ demandththe Sam.? m]formalt.'%%hievable rate and the outer bound. The result reveals that
rom several sources. In thiS case, the capacily of Wirelig, proposed layered structure can achieve almost all of the

networks can be ach_ieved via a separation_of physical layeerbodic network capacity in high SNR, which justifies the
channel coding and higher layer network coding. Furtheemor ervasive layered architecture in existing wireless ndtaio
in [1] it is shown that the cut-set bound is tight in wirelesg

erasure networks. Also, related work in [2] shows that the Il. PRELIMINARIES
capacity of networks with deterministic channels and broad Network Model

casting has a cut-set formulation. The optimal rate trdtle-o
between physical and network layer is found analyticallj8in
for a point-to-point channel under an overall delay coristra
and by simulation in [4] for minimum energy consumption
in cellular broadcast networks. However, similar achiditstb

results do not yet exist for more general wireless networIS a partition of V' into two setsV, and V,—Ve such that

with fading channels. o
In this paper, we study the achievable rate and optim%?vf andyeV,. Furthermore, we defin®; to be the set of

physical layer rate allocation for a special class of wssle nodes inV, that have at least one outgoing edgeMif) i.e.,

networks, where for each node there is no interference Vﬁz:{iﬁlj,-such that(i,j)€&}. We focus on acyclic graphs in
e following.

tween the received signals from its neighbors. This could : .
In this paper, each edgg,;j)e€ represents a memoryless
1we thank J. Christopher Ramming for bringing this paper to tiension. Gaussian channel from nodeto nodej. Also, we assume

We model the wireless network by a directed acyclic
graph G=(V,£), where V is the vertex set and is a
directed edge set. For each nodeV, Np(i) and Nz (i)
denote the set of in-neighbors and out-neighbors, dfe.,

Nz (1) ={i|(G:) €€}, No(i)={jl(i,j)e€}. A cut for z,yeV



that each node has a unit bandwidth. kebe the transmitted with respect toR and setting the result to zero, we obtain the
signal by node andy; ; be the received signal at nogdrom optimal physical layer rate as
. H 21
nodei, where the average power of is P;, e.g., E{|z;|*} = R L W(Po?), 5)
P,. We have the channel model _ 2In2 _ _ _
—Vh where W (-) is the Lambert W function, the inverse function
Yij=VhijT;+vi;, (1)

. . ) " of g(w)=we™. By substitutingR* into F(R) in (4), we obtain
where\/_ﬁi,j is the channel fading between nodand nodej 0 5 average overall throughput as
anduv; ; is the additive white Gaussian noise at ngder the o )
signal reception from nodé Without loss of generality, we F(R*):R*e—%ziw(pﬁ)e‘wuaa?)eﬁ. (6)

assume that; ; has zero mean and unit variance. The varianceWe now discuss a codir?lnzcheme which is able to imorove
o7 ; of h; ; is given and normalized such thato? ;<1. The 9 P

. . the throughput compared to the constant rate case. The idea
Char.‘”e' galn/ﬁw- IS agsumed to be cqnstant over each pack\%s first presented in [7] and is based on superposition godin
of sizen and to vary identically and independently betwee

different packets. We consider a Rayleigh fading chann introducing an infinite number of virtual users at the
where the probability density function (pdf) &f , is ansmitter. We then propose a modification of this approach

s by considering the practically more relevant case for adinit
Flhy)= i e “hi, 2 number of virtual users.

05 Suppose that each of the users transmits with a pawen
andh; ; and h, j; are independenitj,j’'€No(i),j#j'. HOw- the physical layer. At the decoder we can employ successive
ever, the results extend to arbitrary fading distributi@mel interference cancellation to decode the virtual users'sagss,
correlated fading channels in a straightforward way. where the virtual user with a higher interference level

In the following we address multicast problems where a sgk < P, is decoded first by treating all the virtual users below
of sinks D={dy,...,d;p| } CV demands all of the information as interference. Thus, different virtual users incur défe
from a set of sources. In this paper, we focus on the casgerference levels at the receiver. In particular, the virtual
of a single sourcec). The case of multiple sources can beser at interference leveltransmits at rate(z)dz, wherer(z)
generalized in the same way as in [1]. denotes the marginal rate. Note that at channel fading state

Our encoding scheme is given by layered scheme basedirtual user with powerlz and Gaussian interferende-hz
on a product code [5], where a horizontal channel code dan achieve the rate
used for hop-by-hop physical layer error correction and a 1 hdz Ydaz—0 1 A
vertical erasure correcting code is used for end-to-endr err 510g<1+1+h2) T 92 1 7

correction on the network layer. This provides an implicitherefore, the message sent by the virtual user at intedere

block interleaving as an outage for a physical layer bloeklte |evel » can be decoded %Th}wzmz), and all the virtual

to individual symbol erasures on the network layer. users with higher interference levels are decoded suadhssf
if L L >r(z'), V2’ >z, which is denoted as Condition A

IIl. ACHIEVABLE RATE IN POINT-TO-POINT CHANNELS . 2In2 14+hz" = 1 n ) .
in the following. If 5> ="—=7(z) has a unique solution for

We first study the point-to-point channel, where the systeMy, oy yeen) and P andr (=) is a strictly decreasing function,

m,Odely:\/E$+,” is as described in the previous section but,hqition A is satisfied. Then, the probability that the wat
with the subscripts,j removed for brevity. Our objective is | ,car at interference level can be decoded is given as
to maximize the average throughput by optimizing the rate

1 h
allocation for both network and physical layer. Pd(T(Z),Z):PT<m Toha ZT’(Z)) ®)
When CSI is only known at the receiver the transmitt

daot i o dind.tén thi %ote that in this case the network layer rate is obtained
cannot adapt its transmission rate according.tén this case by integrating (8) over alk, 0<z<P. Thus, the achievable
the capacity is [6]

. average overall throughput for Rayleigh fading is
C:Eh{§log(1+hp)}, 3

) P P
F(r(-)= / Pa(r(2),2)r(z)dz= / ¢TI ()dz (©)

if maximum likelihood decoding is used [6]. Simple encod-

ing and decoding techniques for AWGN channels cannot ¥ need to maximize (9) over all possible marginal rate
applied directly. Without transmitter CSI, one method is tginctionsr(-) that satisfy Condition A. Clearly, the marginal
let the transmitter transmit at a constant raeTherefore, if rate functionr(z)= y satisfies Condition A, in

22 ( s +2

R<C(h)=3log(1+hP), the receiver can successfully decodghich case (9) becomes the single fixed rate problem (4). This

the transmitted signal. To maximize the average throughphieans that the superposition approach contains the fixed rat
we need to solve scheme as a special case.

“+o0 2R _

maxR f(h)dh:maxRe_QPT:maxF(R), 4) By maximi;ing (9) for ee_lchz individually, we obtain the
R 2281 R R optimal marginal rate function as
where we have used the Rayleigh fading pdf in (2). In (4), () — 1 1420%2—+/1+4022 ) . 10
F(R) denotes the overall rat& the rate on the physical layer, s (2In2)0?22 ( 7 7 Z) 4o

: 1 h * H H
and the termexp(—2,1) corresponds to the network layerVe can see thag;; 7= =r"(z) has a unique solution=

rate as a function ofR. By taking the derivative off'(R) % and that-*(z) satisfies Condition A. Therefore;(z) is




the optimal solution. By integrating®(z) over allz, 0<z<P, In Theorem 1, the function f;(R;) plays the

we get the optimal physical layer rate. role of time sharing between different rates. Since
\_Ng now propose a modification of the above scheme for, 1—H{j|jewrw@(i)}61}:‘(32‘)) is generally not a convex

a finite number of virtual users. For example, for two virtua{,netion in R;, time sharing may achieve some rate that

users we choose the ma}rgmal rate function as is not achievable without using time sharing. Note that a

B — if 0<z<aP, similar result as in Theorem 1 can also be obtained for the

2zt (11) virtual-user based scheme from Section IIl.
21n2<22R7§71+z> Since Theorem 1 only addresses the fixed rate transmission

To satisfy Condition A, we must havB,<R,. Substituting Scheme for the receiver-only CSI case, it is instructive to
(11) into (9), from (10) we obtain the ph?/sical layer rate also consider the upper bound on the achievable rate for any

r(z)=

, if aP<z<P.

1 . 2Ry transmission scheme. Defing,={Y; ;|[icNz(j)}. By using
F(RuRz,a):ilOg(Ha(? ! —1)) e Fe the cut-set bound from [8, Theorem 14.10.1] we obtain
1 (1—a) ) _2ree, (12 RSSI(XVS ;va',HW“Vg]\XV§>,VVSCV,56VS and DNVEA),
— —_— Po
+2 og| 1+ 22371271—&—@ e . (15)

. , _ where XV:={X;licV,}, YV:={Y, |jeVve}, HV=Vil=
Fixing a, we can find the optlmalRl(a) and Ry(«) b_y {H:,lieVs.jeve,(i,j)e€), and H,; denotes the
maximizing the two summands in (12) separately. SubsWuti o responding random variable fdr;, ;. As CSI is known

R () and Ry(a) back into (12), we can find the optimal  5¢ each receiver, we can interpret the CSI as an additional
by a line search. We show experimentally in Section V that thgceived quantity at the receiver. Since we assume that
performance for two virtual users is not far frorT_1 the 'nf'n_'t?iifferent nodes have orthogonal channels and that the metwo
user bpund. Th.e approach extends to the case with morelthgaacycn(:’ an upper bound on the network capacity of receive
users in a straightforward way. CSI only can be obtained from (15) as

IV. ACHIEVABLE RATE IN WIRELESSNETWORKS
In this section, we consider general wireless networksC< min Z E, 1log 1+P; Z hi (16)

without interference. As above, we assume that CSI is only  awsivess) ieve | 2 JeVEnNo (i)

available at the receiver. Note that the upper bound is difficult to achieve in a general

A. Achievable Rate Region and Upper Bound network because the receivers in the cut-set are assumed to
For the sake of brevity we only consider an extension dfave full cooperation to obtain the cut-set rate. In paldicu

the fixed rate case in Section Ill; results similar to thod&is holds for an achievable scheme. However, in Sectio@ V-

presented below can also be obtained for the virtual usezebawe will show that the achievable rate is not far away from this

scheme. Each nodesimply broadcasts to its neighbors at alpper bound in high SNR.

common rateR; due to the lack of CSI at the transmitter. Th(ﬁB

probability that nodejeNo (i) can receive the packets sent Opportunistic Routing and Distributed Algorithm

by nodei is given as To solve (14) directly, we need to consider all the cuts which
too _92Ri may be exponential in the number of nodes in the network. As
Pi,j(Ri):/ZmH fhij)dhij=e "7 (13) an alternative, we consider a flow-based formulation wheee t
B constraints are only polynomial if€| and|V|. At each node

where we have used the Rayleigh pdf from (2). Due to then the network let the rate on each outgoing link be denoted
ergodicity of the channel, we can associate each netwoi§:;¢ . for each destination nodésD. Then, in order to find
layer packet transmitted by nodevith an erasure probability the maximum multicast rate, we need to solve
€.,;(R;)=1-P; ;(R;) at nodej. Therefore, at the network

layer, we see an erasure network, which is similar to that ¢, C, i i=s,
[1]. It can be readily verified that the results in [1] can be st. Y~ af;— a:]d:{ —C, if i=d,
extended to our case with only a slight modification in the  {jljeno)} {lieNz(D)} 0, otherwise

proof, which leads to the following Theorem.

d Hoe .
Theorem 1. The capacity of the wireless network with fixed JEZ;JS/O fiB)R:| 1= [T s (Re) | dRVZECNo (i),

rate transmission and Rayleigh fading on each link is given b oo es
the minimum value of the cuts between the source node and fi(R))dR;=1, a7

any of the destinations, i.e., o o N
Y wherex?j is the flow rate on link(z,;) for destinationde D

—+oo

= max i Z/O fi(Ri)Ri and the vectox contains the flow rates for all and for all
and DNVEA0} 1E€VE edges in the network. The right hand side of the last comdtrai
in (17) represents the total amount of information that can b

X (1— H Ei,j(Ri)) dR; decoded by at least one node #h It can be readily verified

. tilievenNo (i)} that (14) and (17) have the same optimal value.

subject to Fi(R)dRi=1, (14) Note that (17} is similar to the proble.m. |n_[9],. where a

0 dual decomposition based cross layer optimization is pego



Our problem differs from that in [9] in the realization of theAs (21) is not convex, we can solve it using a line search.
physical layer rate, which also results in a different nogti Note that at different iterations the chosen raté?; in (21)
scheme compared to [9] as shown in the following. Bgan be different due to oscillations qf Time sharing is then
adopting a similar dual decomposition approach as in [9], wealized by averagind; over all iterations.

can write the Lagrange dual of (17) as After solving (18), we obtain the dual functidn(q), which
_ 4 4 d\ 4 needs to be minimized. Instead of minimizidy q) directly,
D(a)=max 17;% C+(_;€M€ZD(% 7qj)xi7j we use the dual subgradient method to updatéet ¢ be
. " the dual variable at theth iteration. We updatg!"’ via
S.t. injg/ FilRa) Ry (1_ H QJ(R”) dRi,VZCNo(i), [qutnt (Z{jueNom}xﬁj*Z{j\jeNz(i)}xifctﬂ '
jEZ 0 jeZ if i=s,
400 q;i’H_l: 0, if i=d,
i Rz‘ dRizl, 18 d, N
, i) (18) [ = (S Gseno o~ S ez @) | _
wherex{ is defined as the right hand side of the first constraint OthefW'S(eZZ)

in (17), andg¢ denotes the Lagrangian multiplier at nodfer
destinationd. The collection of allg? is given by the vector . . ’ 1
q. Due to the convexity of (17) there is no duality gap. Pbta'”ed from (19) and .(20)’ respecuyely. 'I_'he updmjaﬂ*

To find D(q) in (18), we find that the maximization problem'S then us_eq in .(18) again for the next |ter§t|on. By the sabgr
separates in two individual maximizations oveand f, resp., di€nt optimization theory and the convexity of the problem,
and C for given q. In order to update” we use a primal the proposed primal-dual subgradient algorithm in (19)(2

subgradient method. Lef" be the value ofC' at the t-th CONverges to the optimal solution in (18) when stepsiZesnd
iteration. We update’ using n' go to zero ag— oo and converges to a small neighborhood

™ . , + of the optimal solution with fixed stepsizes [9].
T =C+y 1—2% , (19) An important benefit of the presented algorithm is that (19),
deD

h + denotes th ina t i b 20), and (21) can all be solved locally at each node&ven the
Wt ere.[~] enotes the mapping o non-neégativé numbers anfy o |angth information of its neighbors, which only irves
~t>0 is a stepsize. For the second maximization axgtet

) - local information exchange. This algorithm can not only be
¢ be a permutation of eNo (i) such thatw’;=[q;—q¢] +, used to determine the maximal multicast rate and the corre-
SatISflegui,frf’Zwi,ﬂgzmzwimd/\/_@(i)" Due to the polymatroid gqnding physical layer rate on each link but also suggests
structure of the constraint in (18), (18) is maximized when the optimal routing protocol to achieve this rate. We can see

oo +Oofi(R)R¢(lfei ﬁd(Ri))dRi’ .that a _Iayered structu.re can be used, wherc_e qhanne_l coding
1 ’ is applied at the physical layer and opportunistic routing a
(20) erasure correction coding are applied at the networkingrlay

where n*>0 is a constant stepsize, and’ and x‘iij are

400 k—1
z] g = fi(Ri)Rz'HEi,ﬂg(Ri)(1*€¢,ﬁg(Rz’))an
0 iZ1

C. Asymptotic Behavior

k=2,....|No(i)]. In [12] we prove the following theorem which quantifies
We can see that the solution (20) corresponds to priorgizithe capacity gap between the achievable scheme proposed in
the neighbors of node for destinationd according towg . Section IV-B and the upper bound on the achievable rate from
Thus, if a higher priority neighbor has received the messagection IV-A.
from nodei for destinationd, all the lower priority neighbors Theorem 2. Let CT(P)=C"([Py,P,,...,Py,]) be the capacity
will drop the same message even though they also haegion of the fixed size wireless network without interfeeen
received it. We can interpref! as the queue length of theand C(P) be the achievable rate with fixed rate transmission
flow for destinationd at nodei and w{; as the aggregate at each node. Further, lef=max;max;; 07 ; /07 ;.. Then,

queue length difference betwee‘nandj for destinationd, lim CT(P)—C(P)<1|D||V|log(\V|<)+0.7588|D\|V\
respectively. Different from opportunistic routing [10]here P—oo 2 (23)
neighbors are prioritized heuristically, we optimize the- p +0<|D|Zlnln(P¢)>,
oritization by taking into account the queue information at Pyt

each node. Note that each node’s queue length is affec
by both the incoming traffic rate and the depletion rat
The depletion rate implicitly counts the optimization otke
network beyond nodé Thus, this prioritization approach can Theorem 2 indicates that the fixed rate transmission scheme
be seen as special variant of a back-pressure-based routiag achieve almost all of the ergodic network capacity asymp
scheme [11]. totically in high SNR. Hence, in high SNR the proposed
Substituting (20) into (18), we obtain an optimization problayered structure is close to optimal which justifies thestayl
lem which depends only orf;(-). The solution isf;(R;)= structure in existing wireless network protocols. However
d(R;,—R}), whered(-) is the Dirac delta function, leading to different from existing protocols, in the proposed schefe t
Wo (@] J gueue length information determines not only the oppostimi
Ri=argmaxR; » > (wiw<!wzwd+1)<1 & ng(Ri)> -(21)  routing but also the physical layer data transmission rate a
R j=1 deD ! ! k=1 each node.

([ﬁlqere the limit is taken for each entry & individually.
§oreover,limp_...C(P)/C(P)=1.
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Fig. 1. Comparison of achievable rates for different schemesint-to-point  Fig. 2. Comparison of ratesfor a diamondnetworkby maximiziry ¢irectly
Rayleigh fading channels. and by using the proposed distributed algorithm and the mppend (16).
V. SIMULATION RESULTS based on multiple virtual users to improve the throughput of

We assume in the following that all the nodes have the sarfied rate transmission when only receiver CSl is availabde.
transmit powerP and that the channel gains have the sammetworks, a distributed cross-layer optimization aldoritwas
unit variance. proposed to obtain the maximum achievable rate using a fixed
Fig. 1 compares the achievable rate of different schemes fate transmission scheme on the physical layer. It was shown
a point-to-point Rayleigh fading channel. The fixed (sifglghat the proposed layered approach asymptotically achieve
rate transmission without transmitter CSI (5) is denoted a#most all of the ergodic network capacity in high SNR.
“CSIR, One Rate”, the scheme with two virtual users and ACKNOWLEDGMENT
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indicating that transmitter CSl is not necessary in thigecsée
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