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Abstract—Wireless networks with multiple nodes that relay and protocols needed to achieve the best possible rate from
information from a source to a destination are expected to be source to destination for different ranges of the channiglsya
deployed in many applications. Therefore, understanding heir There are two different aspects to multistage relaying when

design and performance under practical constraints is impdant. . . el
In this work, we propose and study three multihopping decode the relays are connected in an arbitrary fashion: (1) sdivegu

and forward (MDF) protocols for multistage half-duplex relay —transmissions by nodes, and (2) coding methods employed
networks with no direct link between the source and destingon by nodes during transmissions. One strategy for schediding

nodes. In all three protocols, we assume no cooperation a@® to avoid interference altogether. However, the maximuna dat

refay nodes for encoding and decoding. Numerical evaluatioin - ya4a ynder Interference Avoidance (1A) is limited, becatine
illustrative example networks and comparison with cheap réay . e . ' .
source is transmitting only for a fraction of the total time.

cut-set bounds for half-duplex networks show that the propsed . .
MDF protocols approach capacity in some ranges of channel TO improve upon IA, more states of the network with the
gains. The main idea in the design of the protocols is the use source node in transmit mode need to be considered. The
of coding in interference networks that are created in diffeent scheduling task is to determine those states that are trucia
states or modes of a half-duplex network. Our results sugges ¢ gptaining higher rates. When multiple nodes transmit,
that multistage half-duplex relaying with practical constraints on . -

cooperation is comparable to point-to-point links and fulkduplex interference ne_tvyork Sta_tes are crgated in the networkdbase
relay networks, if there are multiple non-overlapping paths from 0N the connectivity. Two important interference netwodes
source to destination and if suitable coding is employed in are shown in Figl]l for the network of Figl 1. In one state,
interference network states. S, Ry, andRs are transmitters and, in the other stage,Rs,

I. INTRODUCTION and R4 are transmitters. In both the states shown in Elg. 1,

One of the key technologies in next generation systems f source node is a transmitter and the destination node is a
achieving high throughput and providing better coverage figceiver. This property improves the flow of informationdan
relaying Relaying has attracted a high level of recent researtshuseful for improving the transmission rate from the seurc
interest with several papers focusing on various aspects ofn each interference network state, three different coding
communicating using relays with different constraints angrategies of increasing complexity are considered fanstra
assumptions. In this work, we are concerned with the capaciitters - Common broadcast (CB), Superposition coding (SC)
of multistage relaying from one source to one destinatignd Dirty paper coding (DPC) for the source node alone. The
through an arbitrary network of half duplex relays. receiving nodes in the interference network employ muétipl

An example network that we consider in detail for ease @ccess (MAC) receivers that work by successive interferenc

explanation and clarity is the two stage relay network show@@ncellation. For different combinations of coding stgats,
in Fig. [. In this 6-node network, the source nofle= 1 suitable rate regions are determined for each state (affente

intends to communicate with the sink nodle= 6 through 4 ence network). The overall rate achievable from the source
relay nodes{R; = 2, R, = 3,R3 = 4, R, = 5} connected tO the destination is computed using an optimization over
as shown. The channel gains, (3, 7) are shown next to the the time-sharing of the rate regions for each state, sulgect
additional flow constraints that ensure compatibility of thte
vectors used for individual states.

To place our work better, we review a sample of the
relevant prior literature. The relay channel is a classttirsg
introduced in[[1], and studied extensively [2]-[4]. Oneules
of particular interest is the cut-set bound for half-dupletay
networks operating by time-sharing over a finite nhumber of
states[[b]. This “cheap relay” bound has been used by several
authors as an outer bound for achievable rates.

Fig. 1. Two stage relay network and interference states Recently, the half-duplex diamond network with two relays

has been studied ir1[6]3[9]. Theulti-hopping decode and

corresponding edges. For simplicity, some of the gains daward (MDF) protocol, proposed iri [6] and extended|in [7],
assumed to be identical. For a multistage half-duplex relaghieves rates close to the cheap relay cut-set bound. ¥tang
network such as the one in Fig. 1, we study coding methodk[8] consider a modified diamond network with an additional
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link between the relays and propose a coding strategy usitwnsider three suboptimal strategies for each state based o
Dirty Paper Coding (DPC), which is shown to approach thdifferent broadcast and interference processing teclesigin
cut-set bound. More protocols for general half-duplex less all these strategies, we impose the constraint that theverse
relay networks have been studied in][10],1[11]. Ji cannot cooperate in decoding. Similarly, the nodedn

In relation to the above, in our work, we propose and studyre assumed to encode their messages independently; hpweve
multi-hopping decode and forward (MDF) protocols for an one scheme, the source is assumed to know the messages
general relay network with half-duplex nodes in the follogyi transmitted by the relays.
setting: (1) No cooperationis assumed for encoding and [1l. CuUT-SETBOUND
decoding (except in one protocol for the source node alone) A cut-set upper bound for half-duplex relay networks oper-
(2) Achievable rates are compared against the cheap retay eiting by time-sharing over a finite number of states has been
set bound afinite SNRs(3) The protocols and methods applyderived in [5]. This bound is presented here, briefly.
for a general topologyof relays. The results are illustrated by Let X(? andY (") be the transmitted and received variables
evaluation on two different networks, where we show that the node; when it is in transmit and receive states, respectively.
cut-set bound is approached for some values of channel.gaifise maximum achievable information rafebetween source
S and destinatiorD in a half-duplex network is bounded as

Il. MODEL
M
We represent a wireless network withh nodes as an R < sup min ZNJ(XQ ,Yszc|st°) 1)
undirected graphG = (V, E), where the vertex set = Y (k) (k) 12 (k) 7
1,2,... ts the wirel des. A o[<] -
{1,2,...,m} represents the wireless nodes. An edgg) < for some joint distributiong p(z™, 23, ... z(™|k)}, 1 <

E indicates that Node and Nodej are connected by an < 7 wh h . al >0 h that
additive white Gaussian noise (AWGN) channel with constagt,, "’ where the supremum 1S over = U such ha

; _, A\ = 1, the minimization is over afl2 such thatS € ©,
gain denoted _aﬂij. _ _ Dke_lﬂck X2 ={XD:iecQn}, V¥ ={Y® . e
Each node is subject to an average power constraiahd . T (k) 0 '(i) ) o (k) :
has a noise varianee. In addition, a half-duplex constraint is ‘2“1 /k}, and Xy = { X i € QN I }. The above upper
imposed on the nodes so that they can either transmit, eeceROUNd can be computed by solving a linear program [7]. The

i i Q .yQ° Q°y
or be idle at any given time. Therefore, in this work, aa Mutual information/(X¢,; Y, [X(;)) is computed exactly
node half-duplex wireless network can befifi < .# = 3™ USIng known sum rate capacity results[13] when the choice

states. These states are denafed Ss, - -, Sy In such a of Q and k results in multiple access or broadcast channels.

network, we are interested in maximizing the communicatioffen the sum rate capacity is not known exactly (e.g. for

rate R from an arbitrary sourcé € V to an arbitrary sink interference channels), the MIMO sum capacity is used as an

D € V. The nodes inV \ {S,D} act as relays in this UPPer bound.

communication. Information flow from source to destination V. MULTIHOP HALF-DUPLEX RELAYING STRATEGIES

happens by a time-sharing of the statgs 1 < k < M, In this section, we present the three MDF strategies that we

and may reach the destination in multiple hops dependipgopose and study in the context of a general relay network

on the connectivity of the graph. Hence, the specific problewith half-duplex nodes. In all these strategies, the nétwor

considered in this work can be termetlltinop, half-duplex operates by time-sharing between the states, where eaeh sta

relaying in an arbitrary wireless network. is an interference network in general. The strategies riffe
The total transmission time is normalized to one timim the encoding scheme in each state. The decoder at each

unit, and stateSy is active for a); fraction of the time receiver employs successive interference cancellatit®)(S

(\x could be zero) withy3;Z, \x = 1. As in [, 7. o common Broadcast (CB) Scheme

we assume that the state sequence and the time-sharin o

parameters are known to all nodes before transmission. Lef”! St2t€ Sk = (U, Jr), €ach transmittey € I §end§ a

I, = {i € V : Nodei is a transmitter in State),} be the common message at raf®’ to the set of all its receiverg: .

set of active transmitters in Stat®,, and letJ, = {i € Eachj receiverj € Ji ml_JSt decode the messages from the

V : Node i is a receiver in State5,} be the set of active setly 9f all the transmitters conn_ecteo_l o The deco_dmg

receivers in States,. When stateS,, is active, simultaneous constraints a.t each receiver for achievability are the traims

transmissions from nodes iy can interfere at one or more offor the multiple access channel corresponding to the SIC

the receivers inJ;, depending on the connectivity of the node&SCeVer- .Therefore, the aghlevable rate region for eaate st

in 7, and.J,.. Thus, each stats, — (Ix, Ji) is aninterference Sy, is defined by the following set of constraints:

network|[12] or hyperedgewith Ik and J; as the two disjoint i 11 Yica %P )
vertex sets. We use the terms interference network, hypered ZRi = 9 08 1+ 2 ’ ©)

and state interchangeably. The choice of a specific codidg an ie_A

decoding strategy for each statg = (Ix,J;) determines for all A C Fi and for allj € J,. When each transmitter is
possible operating rate vectors in an achievable rate megimnnected to all receivers, i.&t = J, for eachi € I, then

for that state. Since the capacity region and optimal coditige above region is the same as the compound multiple access
scheme are not known for general interference networks, wate region in[[14].



B. Superposition Coding (SC) Scheme Paper Coding (DPC) is used by the source to cancel inter-
ference to its receiver caused by simultaneous transmgssio
from relay nodes. Other transmitters Ip transmit common
messages similar to the CB scheme. The receivier which
the source is sending its DPC-coded message atRétés
not affected by interference from other relays and will dixo
nly this message. The other receivers must decode all the
essages from all the transmitters (except the sourcepntbat
connected to it. For example, in the stafe shown in Fig.
[@, S transmits a DPC-coded messageRe using its prior
Yi= Z g Z Xil + Wj- knowledge of the messages transmi?ted}by anglj R3 (r;;md
the corresponding channel gains). Receiv&ar decodes the

For simplicity of notation, we assume that the receivers COMMon messages transmitted By and R;, and receiver

in T are arranged in descending order of channel magnituledecodes the common message transmittedzpyFor the
from transmitteri, andT" [p : ¢| denotes the set of elementPove DPC-CB scheme, the achievable rate region for state

of T starting from thep'” element to the;"» element. Each Sk IS given by the following constraints:

In this scheme, in staté},, each transmittef € I, sends
independent messages to each of its receiverBlinusing
superposition coding. Let the codeword transmitted toivece
j from transmitter; be x;;. Let the power used for this
codeword beP; = a;; P and Rf; be the rate. Therefore, the
transmitteri transmits a superposition of codewords given b
X; = Zjeri x;;. The received word at receivgris

i€l lert

receiver;j decodes the codewords intended for itself and all RF < llo 14 h2.P ©6)
otherweakerreceivers from each transmitter. Let receiydre s = 9% o2 )’
the " receiver in"* . The codewords of the weaker receivers 2 j

C _ - - : 1 icahi P YA CTY
I [l; + 1 :d"] are canceled in the SIC receiver. Therefore, ZRf < 5log <1 + ZG#) 7 (V' et] \+ )(7)
only the codewords to the stronger receivers[l : [; — 1] i€A 7 J kAT
will interfere. The received word can be written as D. Optimization Model

o Z Z hox Now, we present the optimization problem to be solved
Yio = gl to compute the achievable rate from soutdo destination

iery 1€t [Lili—1] D in the multistage relay network. The optimization model

interference codewords from [15] is adapted to incorporate the appropriate ratéoreg
+ By + Xy W constraints for the MDF schemes proposed earlier.

D higxii+ 3 > A Let z¥, denote the information flow rate from nodeto
nodej in stateS; towards the sink. Lervj-C denote the total
decoded codewords information flow out of node in stateS;. The optimization
problem can be stated as:

ieTd, ierd e [li+1:d" ]

Therefore, the achievable rate region for each stgteis

defined by the following set of constraints: max R, subject to: (8)
{0}
o Flow constraints: For all € V, we have
R < Slog |1+ . 5 , (3 R ifi=S
S I Y S Y- ¥ Y=y R Mi-D
leT? [1:0;—1] {k:iel,} jert {kii€ gy} jeTi. 0 else
Z a; <1, Yiel, (4) « Scheduling constraints, A\, <1 and X, > 0 V.
jert « Rate region constraints: The achievable rate region con-
) straints for each state depend on the encoding and de-
Z hipopg P coding scheme used. The rate constraints for each of the
1 .
Z RF < 5 log | 1+ } (p,9)€A - ) three proposed s.chemes for each stitare as follows:
(oA o2 + Z Z h2 o P 1) CB scheme:
iers ter ) Yoaly < af viel, ©)
jert

VACQ;={(p,q) :peT?,qeT?[l;:d"]} andVj € Jj.
Using superposition coding allows each transmitter to send Z 2k
messages to a subset of its receivers. Tateiver selection !

IN

VA CTY
> AL(RHS of [2), ( e )10)

ability allows better spatial reuse. where RHS of ) is the right hand side & (2).
C. Dirty Paper Coding (DPC) - CB Scheme 2) SC scheme: Equatiohl(4), and:

k .

In the DPC-CB scheme, the source is assumed to know zi; < A(RHS of [3),Vi € I, (11)

the messages transmitted by all the relays since all message Z x’;q < X:(RHS of (3)), (12)
originate from the source. Therefore, whéhe I, Dirty (p,a)EA



for all A C @, and for allj € Jj. B, the states used ar®; = ({5, Ra, R3}, {R1,R4,D}) and
3) DPC-CB scheme: Ss = ({S, R1, R4}, {R2, R3, D}). The receivers in both these
i _ states see strong interference, which can be canceled at the
Z Lij Vi € I, (13) receiver. For instance, in staf3, the receiver?; can decode
jers the source’s message in the presence of strong interference
z¥ < \p(RHS of [8), (14) from R, and R3. Because of this, all three MDF schemes
Zxk < M(RHS of () (15) achieve capacity of 1 by equal time-sharing of statesand
v ’ Sy. For small 3, common broadcast at the relays is limited
_ by a weak receiver with close-to-zero capacity. Superjgosit
forall A C T, and for allj € Jy \ r. coding, which enables different rates to receivers, provés
For the CB and DPC-CB schemes, the above optimizatibetter at low values of. For SC, state$; and S, (shown in
problem is a linear program. However, for the SC scheme fig. D) are chosen, and the rate is limited by the interfererice
is not a linear program since the power sharing variahle's relaysR; and R,. DPC is marginally weaker, since the relays
are also optimized. Therefore, the numerical solutiongtier continue to do common broadcast when the source does DPC.
SC scheme are computed using the constrained optimizatidowever, whens = 1 (0 dB), DPC is better as SC becomes
function fminconin MATLAB. identical to CB for identical channel gains.

V. NUMERICAL RESULTS

We evaluate and compare the rate achieved by the MDF 16 ——eee
schemes: (1) CB, (2) SC, and (3) DPC-CB for two different O Cu-set Bound

xk

7

IN

€A

network topologies and channel realizations. The cheay rel = s
cut-set upper bound for half-duplex relay networks and the 12r A

rate achieved by the IA scheme are also evaluated. The rat
achieved by each scheme is obtained by solving the optimiza-
tion problem in [(8) with appropriate rate region constraint
Since the diamond network has been studied in detdillin [7],
[8], we skip details and simply mention that the proposed MDF

- . 1
protocols recover similar results for the diamond network. 04p R 3

A. Two stage relay network 02}

%« 6—-6—-6—-6-6-6—-6
A A A A A 4

Achievable Rate
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©

o
%

16

‘ —é— Cut‘—Set E;ound -10 -8 -6 -4 -2 0 2 4 6 8 10
14} —»—CB | y (dB)

Fig. 3. a=1,8=1,vary~.

In Fig.[3, the cut-set bound, determined by the source cut,
is at 1 for ally. For~ > 1, the DPC-CB scheme achieves
the cut-set bound for lowey than SC and CB schemes. DPC
achieves capacity by time-sharing the sta$gsand S,. The
interference at relayf?; and R, are canceled using DPC,
while the interference ak; and R, is overcome because the
gains of theR; — R3 and Ry — Ry links increase withy.

The same states are used for the SC scheme as well. However,
interference af?; and R, are overcome only for largey. For
very large~, CB scheme also approaches the cut-set bound
Fig.2. a=1,v=1, vary 8. by time-sharing between the statesS, R4}, {R1, D}) and
({R1},{R4}). For smally, we see that DPC-CB achieves a

We first consider the two-stage relay network shown in Figate of 0.7, while the SC and CB achieve rates)a@f7 and
[. For evaluating the cut-set bound, all ttte 3* = 324 states 0.55 respectively. For both DPC-CB and CB schemes, states
were considered. The states that avoid interference (cile S3 and Sy are chosen. While the interference ia§ and Ry
states) are the states with a single transmitting node. teor timits the DPC-CB scheme, the CB scheme is limited by the
proposed MDF protocols, interference network states with t interference at relay®; and Rs.
transmitters (g) = 10 states) and some states with three )
transmitters (5 out oi(g) = 10 states) are used along withB- Rectangular grid network
the IA states. Two of the states with three transmitters areConsider thel x 3 rectangular grid network shown in F[g. 4.
shown in Fig[d for illustration. In Fig2, the cut-set boundSince the number of possible states is prohibitively lavge,
determined by the source cut, is at 1 for @ll For large first select three non-overlapping paths from the sourceenod

Achievable Rate




S = 2 to the destination nod® = 11. We know from the cut-set bound. For the network in Figl 1, the cut-set bound
two-stage relay network example that multiple flow pathsiusevaluates t@”,, = log(1+a?P/c?), which can be interpreted
appropriately with interference processing can be effecti as the capacity of a point-to-point link with power consttai
The paths chosen a¢ -4 — 7 — D, S -5 — 8 — D P and channel gaim. Using the protocols in this work, we
andS — 6 — 9 — D. Using the nodes on these paths, theave shown that rates up @,, are achievable by multistage
three states chosen for scheduling &{é,6,8},{4,9, D}), half-duplex relaying in the network of Fig 1 for certain gas
({5,4,9},{5,7,D}), and({S,5,7},{6,8, D}). Note that the of the channel gaing, 5 and~y. A necessary condition for
source node is a transmitter and the destination node isaghieving the point-to-point capacity under the half-awpl
receiver in all three chosen states. Also, the other twostrarconstraint is that the source needs to be in transmit mode at a
mitters are chosen to be at different distances from theceourtimes. From our work, it appears that continuous transissi
With this choice of states, we have a two-stage relay netwdnk the source and information transfer through the halflebup
with six relay nodes{4,5,6,7,8,9} aiding communications relays is possible as long as there are two or more non-
from the source to the destination. overlapping paths from the source to the destination (wlsch
true in Figs[L anfl4). Further, coding in interference nekso
created by multiple transmitters and receivers of the relay
network is crucial for enabling the information flow.

The second comparison is with full-duplex relays. The
achievable rate even with full duplex relays is bounded ley th
sum rate across the source-broadcast cut, which is equal to
Cpp, for the network in Fig[1l. Once again, we observe from
our work that two non-overlapping paths through the relays
and interference-network coding enable a half-duplexyrela
network to achieve the full-duplex cut-set bound for certai
ranges of channel gains.

Source

Fig. 4. 4 x 3 Grid Network.

In Fig.[8, the gains3 and~ are set to 1, and the gaim
is varied. We notice that the DPC-CB scheme approaches the
capacity for a large range of values @f> 1. The CB and [
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