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Abstract—We consider a pair of nodes who wish to communi- intermediate relays.
cate with each other via intermediate relays. In this bi-directional In this paper, we consider a pair of nodes with stochastic
network with stochastic flows, we develop the throughput optimal flows that communicate with each other in a bi-directional

control policy, i.e., a policy that stabilizes the network whenever . . . .
the arrival rates are within the region established. We investigate fashion, via two-hops. We find that the backpressure policy

the effect of implementing different practical transmission proto- tailored to the problem at hand offers a diverse variety of

cols and network coding. The network control policies we present transmission protocols and queueing options. In addition to

offer diverse possibilities in relaying and cooperation structure g hop-by-hop scheduling mechanism, we also investigate the

depending on the channel and the queue states. option of immediately forwarding the received information

at the relay nodes. In both cases, we utilize physical layer

enhancements such as interference cancelation and network
The increasing demand for wireless connectivity necessiading, and provide the resulting stability region.

tates communication via multiple hops where intermediate

nodes serve as relays that may cooperate with source(s) Il. SYSTEM MODEL

or other relay(s) forming wireless ad hoc networks [1]-[3]. \we consider a two-hop bi-directional netwoBkwith four

There is recent growing interest in cro_ss-layer solu_tions fAbgesn= {1,2,3,4 as shown in Figure 1. The end nodds4}
wireless ad hoc networks, where decisions on physical laygl, gqyrces which aim to communicate with each other. No
are made jointly with higher layers [4]. One such prominenfiecy jink exists between the end nodes, and, thus the relay
approach |s_to consider the stochastlc nature of the traﬁ'CﬁBdes{z,S} enable communicatién We assume that the in-

be communicated and to determlne the power levels and Eg?mediate nodes do not have exogenous arrivals; however the
rates allocated for nodes according to the queue states as Wellie| can be extended to include arrivals for the relay nodes.
as the channel states and allowable transmission modes [§}e|ay nodes assist communication by either direct forwarding

Throughput optimal control polici_es, ie., pc_)lic_ies that €M5r forming a cooperative set to exploit beamforming gains.
sure bounded queues whenever arrival rates lie in the stabil§¥de-and-forward is used by the relays [1].

region of the network are of special recent interest [5]—-[7]. The As in reference [6], within a time slot, we enforce a half-

backpressure policy, a!so known as the MaXimum Diﬁerenti?hplex constraint for the cooperative e {2,3}, i.e., these
Backlog (MDB) algorithm, has the desirable property o odes cannot transmit and receive information simultaneously.

not requiring any a priori information on the input trafficF imolici . hich ol h
statistics [4], [5]. MDB has recently been proven thrOUghplhtor simplicity, some operating modes which do not violate the

. . 0 : alf-duplex constraints for the individual nodes are also not
optimal for cooperative communication scenarios as well [6;

Multiple traffic st I d with duni llowed, such as node 1 transmitting to node 2 while node 3
uitiple traflic streams are aflowed with a common an ur“qu[?ansmitting to node 4. Rate allocation decisions are made in
destination node in the models analyzed in [6].

O&ach slot using the maximum differential backlog algorithm

I. INTRODUCTION

Me:jn;r/] ere|(tBSS lfpphcgltlons :Nlth growmtg deman(z) suc . tailored to the problem at hand.
as ad-hoc networks and peer-lo-peer systems are base oth utilizing only one of the relay nodes, and relaying

two-way traffic. As a result, there is growing interest o transmitting common information to both of the relays are

ynderste}nding and. exploiting the bi-directional nature of tha lowed. The bi-directional information flow is carried out in
information flow with intermediate relays [7}-[11]. To thattw phases. In the first phase, information is transmitted to

end, reference [7] considers stochastic flows between two g relay node(s). While transmitting from the end nodes 1

nodes with a single relaying node. In a general ad-hoc netwoa{ d 4 to the relay nodes, we allow three different modes: (i)

setting, it is I!kely to have multiple intermediate r_elays th otlh end nodes can transmit information to node 2, (ii) both
can cooperatively assist the end nodes. It remains essentia

to u_nderStand th_e impact of StOChaS“C_ amvals_ n th_IS gen_era{We note that the use of two relays is for clarity of exposition; our model
setting where pairs of nodes exchange information via multipten be generalized to N relay nodes.



information that can be transmitted from node 4 to the
@ cooperative set. The first term in the right-hand-side of the

% g % last inequality is due to the multiple access capacity region of
@ R / node 2, and the second term is due to that of node 3. On the

other hand, the multiple access capacity region for relaying
via nodes only (i = 2, 3) is given by:

Fig. 1. Four:ﬁaa;network topology. Ry; < log(l + hliP)
can transmit information to node 3, and (iii) both can transmit Ry; <log(1+ hisP) (2
information to the cooperative s¢2, 3}. In the second phase, Rii + Rai < log(1+ (h1i + hia) P).

again three modes are allowed: (i) node 2 transmits to the eBd Phase I

nodes, (i) node 3 transmits to the end nodes, and (iii) the|, is phase, relays broadcast to the end receivers. Note
cooperative set transmits to the end nédéte that for each that, due to the bi-directional nature of communication, the

of these cases, the relay node(s) must transmit informatigny nodes 1 and 4 can subtract their own information from
destined to both 1 and 4. _the received broadcast message [7]. Thus, we can assume that
Traffic arriving at nodei is assumed to be an ergodiGhe gperation is interference-free since all packets originate
process. Packet lengtHd;} of traffic 621t nodei are assumed ¢om the end nodes. In the case of both relays cooperatively
to be iid. with B[L;] < oo and E[L7] < oo. We assume yansmitting to both end nodes, we aim to obtain coherent
mﬂmtg buffers. Due to the bi-directional natgre of the r_nodg eamforming gaihby splitting the total power of each relay to
we differentiate queues at relays according to their finglhp, girection and superposing the transmissions beamformed
destination. We thus define “forward” and “reverse” quUeU§S, the two relays towards each direction. That is, for data to
associated with transmission to node 4 (from 1) and 1 (frog}, t;ansmitted to node 1 with powerP, wherea €[0,1] is
4), respectively. Furthermore, as in [6], the queues at tg, ower splitting parameter for the two codewords destined
relay nodes are differentiated as "direct” and “cooperativg noges 1 and 4 respectively, relays coherently beamform
queues, corresponding to data that is to be relayed by qie,qiusting signal phases for node 1. Similarly, for the data
node directly or to be relayed by botB)(cooperatively. The astined for node 4 with the remaining power- o) P, relays

contents of the cooperative queues are identical for both relaé‘éherently beamform by adjusting signal phases for node 4.
since packets to be forwarded cooperatively are received fy, signalsy; received at nodé = 1,4 are given as:
both relay nodes as common information. To summarize, four ’ ’

queues are present at each relay node with two of these queues
with identical content for both nodes B All nodes know all Yt = ((Vhiz + v hiz)Va) X,

- V —3925 4 \/hize %)\ /1 — )Xy + Z
channel coefficients and queue states. +(( hi2e™7%0 + Ve 4 L
q Yi = (Vhzae % + hgge %) /)X,
[1l. RATE REGIONS +((vVhos + Vhsa)VI — a) X4 + Zy,
A. Phase | 3)

2] < [ i ¢
In the first phase, where data is transmitted to the rvv_hereE[XZ] < P are signals destined to nodes- 1,4 and

- , are additive noise at receivers- 1, 4. 6y, 0;. denote phase
lay nodes, all three cases of allowable transmission mo

s : .
) - ifts encountered at receivers 1 and 4 respectively for the
correspond to a multiple access communication model, wi . o . .
ndesired transmission from relay= 2, 3 adjusted coherently

different receivers in each case resulting in different capac Y, receivers 4 and 1. Nodes 1 and 4 know the phase shifts

regions. In the sequel, we assume that the power constrdnt is . . - .
: : : ._of the undesired signals and apply interference cancelation, so

for all nodes, the noise variance and bandwidth are normahz&d
e

to one. For instance, for the multiple access mode to tl 4(X1) is cgnceled al, (¥4). The resulting rate region for
o ' : ot e cooperative set are:
cooperative set, the capacity region is

RSl S log(l -+ (\/ h12 -+ V hlg)zaP)

4
Ris < min(log(1 + hy2P),log(1 + hi3P)) Rsy <log(1 4 (vVhas + Vhsa)*(1 — ) P), “)
Rys < m}n(log(l + haaP), log(1 + h3a P)) 1) In contrast to the case where both relays cooperatively
Ris + Ras < min(log(1 + (fuo + h2a) P), transmit in the second phase, the capacity region for the case
log(1 + (huz + hsa) P)), of either node ai = 2,3 transmitting is given as:
where /h;; denotes the channel gain from nod® node;j. Ry < log(1 + hi,aP)
The first inequality denotes the maximum common informa- Rt < log(1 + hii(l ~a)P) (5)

tion that can be transmitted from node 1 to the cooperative set.
Likewise, the second inequality follows from the maximum In the bi-directional network, we can exploit network coding
following a similar approach to reference [9], by having
2These three modes do not exhaust all possible ways that the network could
be operated. However, we limit ourselves to these choices to keep the problefPerfect synchronization is assumed between the cooperating relay nodes
tractable. for ease of exposition.



o Ri1 < min{A; min(log(1 + h12P),log(1 + hi3P)),
v Aslog(1 + (Vhas + Vhss)*aP)}

Ry < min{Al min(log(l + hg4p)7 log(l + h34p)),
Aglog(1 + (Vhia + Vhi3)?(1 — a)P)}

< Ej e z:meorrksglgtcll?r?g i R1+R4 < Ay min(log(1 + (h12 + hog)P),
0 \ log(1 + (his + h3a)P))
s A1+Aqs=1.
y \ (7)
. \ whereAq,A, are the relative proportions of the relay receive
S R and transmit phases respectively.

pal . . . . .
Fig. 2. Rate regions for power splitting and network coding for relay 2 with Having discussed the achievable rate regions for different

ho1P =2 andhoyP =1. transmission modes and stages, we next present the throughput

) ) optimal rate allocation policy.
the relay nodes transmit the exclusive-OR (XOR) of the

information destined to nodes 1 and 4. In this case, the overall  |V. THROUGHPUTOPTIMAL POLICY FOR THE
rate must be selected as the minimum of rates achievable B1-DIRECTIONAL COOPERATIVENETWORK

between the relay and both end nodes. Both end nodes woul . C o
be able to decode the overall codeword, obtaining the desire ur aim 1S to ensure the bi-directional network to operatg
information by an XOR operation. If the queue for data to b%ccordlng to a policy, where the queue backlogs remain

combined for one of the end nodes empties before the endbé)]u_nded for any rate arrival vecto_r_that I|e_s within the stablll_ty
ion of the network. The stability region of a network is

the allocated transmission duration, zero padding is appliedﬁ?.ned as the closure of the set of all arrival rate vectors
such a scenario, the remaining part of the codeword essenti ' s L v v
S ch that there exists some feasible joint rate allocation and

consists of data for one end. Hence, for the direct relayir uting policy in the network that guarantees that all queues
case, the effective rate region for Phase Il using relay2, 3 in the network are stable. For the bi-directional network, at

's given by each time slot, active link selection and the corresponding
Ri; < min(log(1 + h1;P),log(1 + hisP)). 6 'ate allocation is done in accordance with the cooperative
Ry < min(log(1 + h1;P),log(1 + hisP)). maximum differential backlog (CMDB) policy [6]. The most

Note that we have the choice of splitting powers anﬂignificant differencg of thg policy from pr'e\'/iouTs throughput
using superposition coding, or allocating all relay power gptimal maximum differential backlog policies is the queue

communicate to both ends using network coding. Clear,g,?upllng effect. While previous policies accounted for direct

the impact of the relative channel gains is significant for tH&!aYing. the CMDB policy models cooperative communica-
network coding scenario: A significant difference betwéen tions and the effect of identical queues in multiple relay nodes

and h,, for relay i = 2,3 would cause network coding notOf the same cooperative set are considered jointly, i.e., the

to be able to achieve points in the rate region achievable fiyeues at the coope_rating no_des are coupled. The_optimal rate
power splitting (see Figure 2). allocation at each time slot is given by the solution of the

We also note that, when the XORed information is to bfé)HOW'ng optimization problem:

transmitted, applying coherent beamforming simultaneously to

both directions becomes challenging. Accordingly, we choose, .« Z w; Rij+ Z wip Rip+ Z wi;Rsi, (8)
to adopt the network coding option only for direct relaying. 7€¢ el ! G TYeT (S.)es

C. Immediate Forwarding whereL denotes the set of direct link, denotes the set of
i%we—to—many linksS denotes the set of many-to-one links, and

Assuming there is no exogenous traffi iated w . . ) ? T
ssuming there is no exogenous traffic associated B/i*: are the weights associated with each link given by

the relay nodes, an alternative transmission scheme for
directional communication is to divide the time slot into

*

w;, = max qf —q;-“

two phases of equal duration and immediately forward the f ReR T i
traffic received in the first phase by the relay nodes to the Wip = 108% 4 — Tlar 9)
end nodes in the second phase. An improvement to equal w,; = max |S|qk — qF,

time duration is to optimize the durations for the successive
phases similar to references [8], [9] which consider three-nodéth ¢* denoting the queue length associated with destination
networks with immediate forwarding and a single relay. In o at nodei in bits. The queue coupling effect has intuitively
model, transmission options of the previous subsections galeasing interpretations: for beamforming, packets will be
be applied for each of the phases. For instance, when multipideased from multiple queues which will reduce the overall
cooperating relays exist, the end-to-end rate region for thaeue backlog in the network. Similarly, while transmitting
cooperative model is given as: to a cooperative set multiple queues will grow, justifying



the negative impact of queue coupling on the corresponding
weight. In our problem, due to the half-duplex constraints, one 5
of the two activation sets defines the allowable rates for the —+—CwmbB-2R

1500

. . . L. =¥-CMDB-1R
capacity regions depending on whether the relays are receiving GER
or transmitting: -©-1Way-CMDB-2R
—»-1Way-CMDB-1R

1000

Cy — {Ris, Ri2, R13,0,0,0, Rys, Raa, R43,0,0,0}
CB — {0, 07 07 Rs4, R247 R347 0, 0, 07 RSL Rgl, R31}.(10)

The overall capacity region is defined @s Cy; |JCp. As
defined in Section Il, out of the 6 rates that can be nonzero
in a time slot, pairs of two can be simultaneously active
and time sharing can be applied between these three pairs.
The weight vector is given by*=(q; — 2qcr, 1 — q2f,q1 —
q3f, 2qcf7 q2f, (.IBfa q4 — 2QCra 44 — Q927,94 — 43r, QQCM q2r, QSr)y %
Wher‘?,,SUbscnpt“sf denOt.e :‘orvvard , 7" denote revers.e ' Fig. 3. Mean queue backlog vs load for two-way CMDB, Immediate
and ‘“c” denote “cooperative” for relay queues. Accordinglyronwarding and one-way CMDB with one or two relays.
the resulting rate allocation is given by the configuration

500

Mean queue backlog(bits)

maximizing either direction which has more traffic to be delivered from the relay
node(s). Note that in the case of immediate forwarding, the
Av(Rus(qr — 24op) + Ras (a1 — 24er)) CMDB policy reduces to the classical backpressure approach

due to the absence of cooperative and relay queues, and the
U +A2(Ri2(q1 — q2f) + Raz(qs — q2r)) (11)
Reon A3 (Ria(@ — asg) + Ras(aa — a3r)) backlogs reduce to the queue lengths for the two end nodes

S A=1 since the opposite edge of the link is assumed to be the
or other end node. The optimization problem reduces into the
maximization of the inner product of two end-to-end rate terms
A4(Rsa(2qcf) + Rs1(2ger)) and two queue terms at 1 and 4. The end-to-end rates depend
+A5(R2a(g2f) + Ra1(g2r)) , (12) on whether direct relaying or cooperative communication is
JgeACB ) +A6(R34(q3f) + R31(g3r)) selected before the data transmission.
whereA; are the time sharing coefficients. V. RESULTS AND CONCLUSION

We first observe that the solution of the optimization prob- As we discussed in Sections Il and IV, the two possible
lems given in (11) and (12) is thak;-=1 for the rate pair options for operation are immediately forwarding data from
which maximizes the multiplier of the time sharing coefficienthe relay nodes or storing the data received from the end nodes
and A;=0 for all other rate pairs. That is, the policy selects the relay buffers, and scheduling the next transmission.
only one of the multiple access or broadcast configuratiofeying the backpressure policy guarantees that the system
which maximizes (8) for the bi-directional network. will be stable for any arrival vector within the stability regions

Similar to [6], for either the multi-access or the broadca$or both configurations.
case, the rate allocation is determined in order to maximizeln order to evaluate the performance of various transmission
the weighted sum of the two rate terms. The solution ®rategies, we next present numerical simulation results. Input
the point along the capacity region boundary whose norntgffic to the two nodes are independent Poisson processes.
vector of supporting hyperplane is equal to the direction éfigures 3 and 4 demonstrate queue evolution for a sym-
the corresponding queue weight vector. For the network codingetric network with normalized channel gains and power
scenario, the optimal rate allocation is just the maximum ralkevels. Figure 3 shows the mean queue backlog for the case
that can be transmitted to both users simultaneously. Tiwbere the mean arrival rate for both input traffic streams
optimal operating points are found for the three multi-acceasse identical. Figure 4 demonstrates the empirical stability
and three broadcast cases, and the policy selects the optiregions for various strategies. The advantage of using multiple
rate allocation as the operating point yielding the maximunelays is seen for both hop-by-hop scheduling and immediate
weighted rate. The rate allocation for the MAC phase definéswarding, with the system being able to support a higher
the decoding order to be followed by the relays. In particuldgad as compared to one relay. For comparison purposes, we
data of the end node with the higher weight is decoded after thiso present results of transmission schemes where only one-
data of the other node. That is, the overall network controlleray traffic is allowed at each time slot.
gives priority and the highest rate possible to the traffic orig- We observe that hop-by-hop forwarding and immediate for-
inating from the end with higher backlog size, provided thatarding result in similar performance. To achieve this perfor-
the relay queues are equally congested. In a similar fashiomance, immediate forwarding involves time-slot optimization
for the broadcast case, the policy gives a higher priority to tlsad a more complex scheduling of two hops jointly, whereas
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«» coding proves to be more beneficial for scenarios where

02 .. . . .
the channels conditions are symmetric and traffic is evenly

02

0 0

e 0 A bglanced, enlarging the stability region for such situations for
(e)lmmediate Forwacling-1 Relay (Hlmmedliate Forwarding-2 Relays Slngle I’e|ay netWOI'kS.

In this paper, we considered the stability region for two-hop

Fig. 4. Mean queue backlogs with symmetric channel conditions. ~ bi-directional communication between a pair of nodes with
stochastic flows. We assumed decode and forward relaying and

hop-by-hop forwarding necessitates employing buffers at tperfect global channel state information (CSI). Understanding

relays. the impact of imperfect CSl| as well as other relaying strategies
Figure 5 demonstrates results with P = 1 andh,, P =2 ©Nn the stability region is of future interest.
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