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Interference Analysis and Management for Spatially
Reused Cooperative Multihop Wireless Networks

Behrouz Maham, Member, IEEE, Walid Saad, Member, IEEE, Mérouane Debbah, Senior Member, IEEE, and Zhu
Han, Fellow, IEEE

Abstract—In this paper, we consider a decode-and-forward
based wireless multihop network with a single source node, a
single destination node, and N intermediate nodes. To increase
the spectral efficiency and energy efficiency of the system, we
propose a cooperative multihop communication protocol with
spatial reuse, in which interference is treated as noise or can be
canceled. The performance of spatial-reused space-time coded
cooperative multihop network is analyzed over Rayleigh fading
channels. In particular, the exact closed-form expression for the
outage probability at the nth receiving node is derived when there
are multiple interference sources over non-i.i.d. Rayleigh fading
channels. Furthermore, the outage probability expressions are
derived when nodes are equipped with more than one antenna.
In addition, to reduce the effect of interference on multihop trans-
mission, we propose a simple power control scheme which is only
dependent on the statistical knowledge of channels. In the second
approach for managing the interference, linear interference
cancelation schemes are employed for both non-cooperative and
cooperative spatial-reused multihop transmissions. Finally, the
analytic results were confirmed by simulations. Simulation results
show that the spatial-reused multihop transmission outperforms
the interference-free multihop transmission in terms of energy
efficiency in low and medium SNR scenarios.

I. INTRODUCTION

Cooperative multihop wireless systems have been consid-
ered as the promising technique to extend coverage area and
reduce power consumption [1], [2]. This technique relies on
the concept of multihop diversity introduced in [3] where the
benefits of spatial diversity are achieved from the concurrent
reception of signals that have been transmitted by multiple
previous terminals along the single primary route. This scheme
exploits the broadcast nature of wireless networks where the
communications channel is shared among multiple terminals.
In [2], three cooperative multihop transmission protocols were
proposed that compromise between spectral and energy effi-
ciencies. Other variations of multihop diversity are studied in
[4] and [5]. In [4], it is shown that a CDF-aware multihop
diversity results a significant diversity gain over Nakagami-
m fading channels. A buffer-aided multihop diversity scheme
in [5] can be also exploited for enhancing the reliability of
wireless multihop communications.
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To further increase of multiplexing gain and energy ef-
ficiency, in this paper, we consider a cooperative multihop
transmission with interference due to the simultaneous trans-
mission of multiple packets. The idea of multihop transmission
with spatial reuse is proposed in [6]. To facilitate concurrent
transmission of several packets in the network, the available
bandwidth is reused among transmitters, with a minimum
division of K nodes between simultaneously transmitting
nodes. Therefore, we have to deal with a type of co-channel
interference (CCI).

The performance analysis of multihop transmission in
Rayleigh fading channels under CCI were recently studied
in the number of literature such as [7]-[11]. In particular,
the performance of a dual-hop relay network over CCI was
studied in [12]-[14], while the multihop case was studied in
[15], [16]. The impacts of imperfect channel estimation in such
networks have also been studied in [17], [18]. For an arbitrary
but fixed number of Nakagami-distributed interferers per hop,
authors in [15] derive closed-form expressions for the outage
probability of AF and DF relaying. In [16], the authors have
investigated the asymptotic error probability for the channel
state information (CSI)-assisted amplify-and-forward multihop
over Nakagami-m fading channels in the presence of the CCIL.
Other related works include upper-layer game-theoretic studies
such as in [19], [20]. However, to the best of our knowledge,
this is the first work that investigate the performance analysis
of multihop networks with multiple interferences over non-
ii.d. Rayleigh fading. This is of primarily importance for
the study of interference due to spatial reused cooperative
multihop transmission.

In this paper, we study the performance analysis of the
decode-and-forward based cooperative multihop transmission
with interference due to the concurrent transmission of mul-
tiple data. The capacity of the cooperative multihop transmis-
sion can be improved by using the spatial reuse scheme. The
achievable rate of the multihop transmission can be increased
up to [MFL] times, where K is the minimum separation of
concurrently transmitting nodes in a network with N relays,
in expense of performance degradation. Moreover, we derive a
closed-form expression for the outage probability of the coop-
erative multihop system in presence of interferences due to the
spatial reuse over Rayleigh fading channels. The simplicity of
the calculated expression can give insights on performance of
the system and ways to optimize the system. In addition, the
asymptotic formulas for different signal-to-noise ratio (SNR)
and interference-to-noise ratio (INR) conditions are derived.
Furthermore, we generalize the spatial-reused cooperative mul-
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Fig. 1. Multihop-then-Cooperate Protocol: (a) Initial phases; (b)
Subsequent phases using a distributed space-time code with M = 4.

tihop transmission to the case of nodes with more than one
antenna. The outage probability expressions for the spatially-
reused cooperative multihop transmission are derived when
nodes are equipped with multiple antennas. Next, we formulate
the problem of minimizing the transmit power for an outage-
restricted equal power multihop network under the assumption
of no instantaneous CSI knowledge at the transmitters. As
another approach for managing the interferences induced by
spatial-reused transmission, interference cancelation schemes
are utilized in multihop networks with multiple-antenna nodes.

The remainder of this paper is organized as follows. In
Section II, the system model and protocol description are
given. The performance analysis of cooperative multihop
transmission with spatial reuse is presented in Section III.
In Section IV, two power control schemes are proposed. The
interference cancelation techniques to remove the interferences
induced by spatial-reuse transmissions are given in Section
V. In Section VI, the overall performance of the system is
presented for classical line networks. Finally, the conclusion
is presented in Section VIIL.

II. SYSTEM MODEL AND PROTOCOL DESCRIPTION

Consider a wireless communication network in which the
source s intends to transmit its data to the destination d
with the help of N cascaded intermediate nodes. Due to the
broadcast nature of the wireless channel, some intermediate
relays can overhear and retransmit the received packets. The
channel between any two nodes in the network is assumed
to be a Rayleigh fading. Analogues to [1], each transmission
could either be a broadcast transmission where one node
transmits the signal that is heard by multiple receivers, or be
a cooperative transmission where multiple nodes concurrently
transmit the signal to a single receiving node. Here, we adopt
the cooperation protocol proposed in [21] which consists of

N+ 1 transmission phases. We assume there is no CSI knowl-
edge at transmitters and only statistical CSI is available at the
transmitters. Thus, distributed space-time coded transmissions
like codes proposed in [22] are the feasible choice to be
employed for the cooperative transmission.

In general, cooperative transmission protocols have two ma-
jor phases: non-cooperative and cooperative stages. Depending
on the requirements, the non-cooperative phase may contain
one or multiple steps. The next phases employ space-time
cooperated transmission. As an example, Fig. 1 depicts a
protocol employing distributed quasi-orthogonal space time
code (D-QOST) with M = 4, where M is the number of
cooperating nodes. The detailed description of cooperative
multihop protocols, i.e., Broadcast-then-Cooperate, Multihop-
then-Cooperate, and Full-Cooperation, is studied in [23].
For consistency, hereinafter, we consider the Multihop-then-
Cooperate protocol illustrated in Fig. 1. However, the proposed
procedure can be easily modified using two other protocols.
Assuming the usage of full-rate distributed space-time codes,
the number of cooperating nodes is equal to the transmitting
packets. Hence, the source node intends to transmit M packets
to the destination. The signals transmitted by the source
terminal during the mth time slot of Phase 1 is denoted as
sm(t), m=1,...,M where ¢ is the time index and is indicated
as a group of M packets transmitted at a given time, and
E{su(t)} =0 and E{|s,,(¢)]*} =1 for m=1,...,M. In Phase
1, the source transmits the information, and the signal received
at the ith node in the first M time slots is given by

Yim(t)=+/Po1hoism(t) +vim(t), form=1,.... M, (1)

where By is the average transmit power of the source sym-
bol in the first phase, and v;,, denotes complex zero-mean
white Gaussian noise with variance .4(. The link coefficients
from the jth node to the ith node A;;, j=0,1,...,N, i=
1,2...,N+ 1, are complex Gaussian random variables with
zero-mean and variances Gﬁi, where the (N + 1)th node is the
destination d. We assume coherence times of the channels are
such that channel coefficients h;; are not varying during M
consecutive time slots. Note that G]%i = (do/d;;)? is the path-
loss coefficient, where d;; is the distance between nodes j and
i, 0 is the path-loss exponent, which typically lies in the range
of 2 < <6, and dy depends on the operating frequency.

For the first M — 1 phases, we repeat the non-cooperative
transmission described above for the nth relay, 1 <n <M —1
to retransmit the source data. After initial stages, the coop-
erative transmission is utilized for routing the source packets
to the destination. In contrast to [1] where transmitters are
able to modify their phases, here, the instantaneous CSI is not
known at the transmitter nodes. This assumption is realistic for
most wireless systems. Hence, space-time coded cooperation
is the appropriate choice to achieve the spatial diversity gain.
In Phase n, M < n, the previous M nodes transmit their
signals concurrently toward the next node using an appropriate
distributed space-time code.

To facilitate the simultaneous transmission of several pack-
ets in the network, the available bandwidth is reused among
transmitters, with a minimum separation of K nodes between
concurrently transmitting nodes. Fig. 2 shows a spatial-reused
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Fig. 2. Spatial-reused cooperative multihop network with M = 2.

cooperative multihop network with M = 2. Since in Phase
n > M, M nodes transmit the intended data to the nth node,
and by assuming half-duplex transmission, the minimum value
of the spatially-reused factor K is M + 1, and thus, M+ 1 <
K < N+1. For the message detection, the nth node consider
all received signals not coming from the M previous nodes as
Gaussian interference. In this work, we treat the interference as
the additive Gaussian noise. In the presence of inter-network
interference from the spatial-reused nodes, for n > M the
received signal at the n-th receiving node can be represented
as
M

= Z \/ B, mnhn mnxnm

)’nm

+ Z Z \/ Pufm,uhufm,nxu,m (t - T)"‘Vn,m(t): ()

uc€U,m=1

where x,,,(t) is the zero-mean space-time coded signal,
normalized as E{|x,,(t)|*} = 1 during the whole packet
transmission, and P,_, ,, m=1,...,M, is the average transmit
power of node n —m during the mth time slot of Phase n. In
(2), %, denotes the set of nodes transmitting simultaneously
with Nodes n —m, m = 1,...,M, due to spatial reuse, i.e.,

={ue{l,2,...,N+1}u#n and K divides n—u}, (3)

and T = "2 If there is the knowledge of forwarding channels
at the nth node, the interference from the forwarding messages
can be easily removed. The reason is that those messages have
already detected in the nth node. Therefore, in this case, the
set of interfering nodes in (3) can be modified as

U ={ue{l1,2,....n—1}u#n and K divides n—u}. (4)

However, estimating the forwarding channels might not be
practical due to increasing the signaling overhead. Thus, it
is assumed that all hops use the total bandwidth of W, and we
are interested in the reliable delivery of messages at a rate of
R bits/second/Hertz by consuming the minimum total transmit
power.

III. PERFORMANCE ANALYSIS OF MULTIHOP
TRANSMISSION WITH SPATIAL REUSED SPACE-TIME
CODED COOPERATION

In the following, the outage probability pS'* £ Pr{r, < R} of
the nth receiving node at the nth hop in spatial-reused system
is derived, which describes the probability that the transmit
rate R is larger than the supported rate r,. This probability

depends on the fixed transmission parameters and the channel
condition within the hops.

In the cooperative multihop transmission with spatial reuse
factor of K, from (1) and (2), the instantaneous achieved rate
at the nth hop becomes

2) )

1
=—log| 1
K g( *
where P,_;, =0forn=1,...,

Here, we derive an exact closed-form expression for the
outage probability at the nth receiving node in presence
of interference from the multiple-antenna secondary BS. By
defining ¥, 2 28K — 1, the outage probability of the coopera-
tive transmission can be given by

pout — Z%:] Pnfm7n|h —
" f/%)W‘FZue%n %:lPufm,u|hu7m,n|2

Thus, the receiver can reliably decode the source data when-
ever r, > R. For decoding the message correctly, the outage
probability must be less than a desired end-to-end outage
probability Pmax.

Lemma / (/24]): Considering a set of independent expo-
nential random variables 2~ = {X,...,Xy} with mean of
Gﬁm, m=1,...,M, the cumulative distribution function (CDF)
of the summation of independent-not-identical exponentially
distributed random variables, i.e., X = ): | Xm 1s given by

M —x
Pr{X <x}=) oy (1—e0%n>, @)

m=1

Z%:] Pnfm,n|hn7m,n|2
'/%)W_FZMG‘%Z%:]PM*m,u |hu7m,n|
M—1,i=2,...,M.

A. Outage Probability

2

<Yth}~ (6)

where
M 2
GX
o =1l "5 ®)
1 2
J j
Jj#m

Using inductive reasoning, the following lemma can be
obtained:

Lemma 2: For o, defined in (8), the following properties
hold:

M
Y o =1, ©)
m=1
M
Y =0 fork=1,.... M—1, (10)
m=1 me
M 1 M+1
Y o - ‘M) an
lcxm H

Proposition /: Given finite sets of 1ndependent random
variables 2" ={Xj,..., Xy} and ¥ ={Y,...,Yp} with non-
identical exponential distribution and mean of oy, m=
1,...,M, and 0' 4= 1,...,0, respectively, the CDF of
X,

SINR = ):T’” can be calculated as
q=1"4
M r 0 2 -1
Pr{SINR <y} =1-) aue o H y+1 . (12)
m=1 qg=1



Proof: The proof is given in Appendix I. ]

2

From Proposition 1 and by defining X, = W,
PM*)TI,M hu*)ﬂ,ﬂ 2

m=1,....M, Yq:%,q: 1,...,0, and Q = | %M

where |%,| denotes the cardinality of the set %, the outage
probability in (6) can be written as

_ MW
P =Pr{SINR < yu} =1— Z O Tr-mn%i-ma
m=1
M P (72 -1
u—i,uOy—in
<TTI| 7 " m+1] | (13)
uEUy, i=1 P”*mJlGn m,n
where
M P 0.2
n—mnOp_
am,n:H B (14)
j:lpnfmncn m,n Pn ’16n i
Jj#m

The outage probability p, at the nth receiver is affected
by all previous n nodes. An upper-bound expression for the
outage probability at the destination, i.e., at the (N + 1)th hop
can be found as [23, Eq. (29)]

N
Pout < 1— I_I ( pl(\)’mV+I)QM(V)’

v=0

15)

where Quy(v) =1, 0 < v < M, which represent the first
M — 1 non-cooperative phases, and Q(v) = Y™, Qy(v —1i),
M < v < N, describe next M-cooperative phases. Note that
for the case of M =2, {Q,(v)} is a Fibonacci sequence,

e, Q(v) =%V -—1)+2(v—2). In addition, for the
extreme case of M = N+ 1, we have Qu1(V) = 2=l Tn
addition, when M =1, i.e., in the non-cooperative multihop
transmission scenario, we have Q;(v) =1, for v=0,...,N.

It is important to note that assuming the equality in (15)
implies that the outage at the destination happens even if one
intermediate node experience an error. This guarantees that by
using the power control strategies proposed in the next section,
the outage probability QoS at the destination is satisfied. By
assuming, p"' = pg, n=1,...,N+1, to get an insight into
the relationship between the end-to-end outage probability of
Pdes = Pv+1 and po, we have

N

Pdes = 1- H(l _Po)

v=0

M =1— (1 po)=-o™M). (16)

Thus, the target outage probability at each hop py can be
represented in terms of the desired probability of error at the
destination Pges-

Furthermore, assuming poy < 1, the outage probability at
the destination in (15) can be approximated as follows:

Pout & Z Qu(V) ™ s1- (17)

Proposition 2: In high SNR conditions, i.e., when

Pymn G2 _
SNR,,» £ —— " > 1, and medium or low interference

scenario due o spatial-reuse where interference terms is

Pu—muC2_
defined as INR,,, , & ——g-emn

oW the outage probability at

the nth receiving node can be stated as

pout YM Z Z f n u,m (18)
n m,u,n )
=1 SNR;, M ue Uy m=1 =
where @, , , is defined as
M PymuG?
/ u—m,u~"y—m,n
Q = (19)
e ignjl;[l By m”GMz m,n Pl*/vl i—j.n
(L) #(um) ) .
Proof: The proof is given in Appendix II. [ ]

From Proposition 2 and by using the definition of diversity
order Gy = limsng e i) 25, Eq. (1.19)], we have the
following corollary:

Corollary /: In a spatial-reused multihop network with
cooperation order of M, even in existence of inter-network
interference due to spatial reuse, we can achieve the full
diversity order of M.

Corollary 2: In the interference-free conditions and the
high SNR regime, the outage probability in (18) can be

modified as
out ,){k‘ll
o — (20)
M Hm 1 SNR,,
From Proposition 1 and by using the facts that e ™ ~ 1 —x

and + ~ 1—ux, for x < 1, we have
Corollary 3: In the high SNR regime, for a non-
cooperative spatial-reused multihop transmission, i.e., when

M =1, the outage probability can be approximated as

Y
pout Z INRn,u,l
" SNR, | e,

If the interference due to spatial reuse is strong, the follow-
ing corollary can be obtained from Proposition 2:

Corollary 4: In the high SNR and high interference sce-
nario, i.e., when SNR, ,, > 1 and INR, , ,, > 1, the system
becomes interference-limited due to an error floor, and the
outage probability can be approximated as

OIN
ki Z HSNR,,,,,—SNR,”

m=1 j=1
-1
1)

J#m
I (e
uc€Uy, i=1 nm
B. Extension to Multiple Antenna (MA) Case

In this subsection, we derive the close-form expressions for
the outage probability of the cooperative multihop transmis-
sion when nodes are equipped with M; antennas.

Lemma 3 ( [24]): Consider M sets of independent random
variables Z = {Xm.1,..-, Xmm, }» for m=1,.... M, with ex-
ponential distribution, where RVs in each set have identical
mean of zem, m=1,...,M, while every two sets have distinct
mean, i.e., zel_ # zej for i # j. The CDF of the summation
of independent-partly-not-identical exponentlally distributed
random variables, i.e., X = Z 121 *, Xm,i is given by

2n

(22)

=X
M Mg (—g )Mot

Pr{X<x}=1- lﬁ szS] Y o

m=1i=1 (M —i)!(=1)! 7
(23)



where

ai—l M ) Iy
qff,,”(t):Tﬂ.f1 H(c;j +1) M (24)
j=0
j#m

Proposition 3: Consider a finite set of independent ex-

ponentially distributed random variables 2" = {Xi,..., Xy}
and ¥ = {Yy,....Ygo}, where X,, = [Xpn1,...,Xnp,], m =
I,...,M, and Y, = [Y,1,.... Y m], g =1,. ,Q are M, di-
menswnal vectors of i.i.d RVs with mean of 0' s and Gyzq,
respectively. The CDF of
My
s X
SINRyp = —Z’" éZ, L
+32 Ty,
can be calculated as
Pr{SINRys < 7} =1— Z Dyt Z Vi
m=1 k=
Y
M—1 . Tz
o (Mg—1\ (i+OM;+k—1)le m
<y ("7 e 29)
i=0 ( 1 + 1)
Xm ﬁl
where
M s lII .(_0-_2)
Dy = [lon ™| ¥ s (26)
a ],;( s—D!([i—1)!
e gt & O
Vi = 1 ) 27)
q[Il o, " 5 P oM+ k= 1)

Proof: The proof is given in Appendix III. [ ]
From Proposition 3, and by assuming equal transmit power

across antennas at each of nodes, the outage probability at the

2
2 P"*mq'lcnfm.n

n-th hop, i.e., pMA is given in (25) where O = MW

2
PM*mJlo-ufm,n

and qu = W Furthermore, the outage probability at
the destination can be obtained via (15).

So far, the impact of spatial-reuse interference on the
performance of cooperative multihop system is studied. In the
subsequent sections, we introduce two approaches to improve
the system performance, i.e., power control and interference
cancelation.

IV. POWER ALLOCATION FOR MULTIHOP TRANSMISSION
WITH INTERFERENCE

In this section, we derive the required power for the mul-
tihop transmission scheme discussed in Section II in order to
achieve a certain rate R with a given outage probability QoS.
In the following, two power allocation strategies are proposed.

A. Equal-Power Per-Hop Outage Constrained Power Alloca-
tion

Finding the optimal value of the transmit powers can
be challenging due to the complexity of outage probability
Pr{r, < R} derived in (13) and (18). By assuming an equal
power at every node, in what follows, a suboptimal power
allocation strategy is proposed. In the case of interference-
free transmission, as stated in [23, Theorem 1], the cooperative

transmit power coefficients should be equal in each transmis-
sion phase, i.e., B_;, =P, n=1,...,N+1. To get a more
accurate result, we further assume equal transmission power
in all phases to achieve a target outage probability QoS. Thus,
assuming the equal transmit power, i.e., Py—mn = Py—mu = P,
form=1,...M,n=1,...,N+1, and u € %,, we have

YW G2 -1
2
pr(l)ut _ e PO H H < u—in Yth+1> ’ (28)

uEUpic My, n 1,n

forn=1,...,M—1, where .#, = {1} if u <M, and %, =
{1,2,..., M}, if u> M. For n =M,...,N + 1, the outage
probability can be rewritten as
YW
out Z Ampne A% , (29)
where
M Gr%—m n 6142 i N -
A,M:Hﬁ]‘[ 11 Ym+1] . (30)
j=1 Yn—mn n—j.n u€Upic M, rz m,n
j#m

Since p™ is a decreasing function of the power coefficient
Py for Py > 0, to find the minimum value of the problem in
Py, the constraint p°Ut < P, is turned into the equality. Thus,
the positive root of p2" — p, = 0 should be calculated. Hence,

from (28), forn=1,...,M — 1, we have
— Y SW
P, = 1 On- l" 31)
In(1 Pn)"’Zue%ln( o 1n%h+1>
For n=M,....,N+1, and for a given initial value, P, can be

calculated from (29) using the following recursive equation:

—%h ’/%)W 61;21 n

1+1 -1
Pt = f—" (32)
lfp,l Amn Pnt O',%fm n
ln [ Al,n 72!‘6///”7{1} Al,n ¢ ' ‘| ’
where P(t) is the updated version of the power coefficient in

the ¢-th iteration. Since po™ is a decreasing function of P, to
guarantee that p™ < p,, where p,, is a target outage probability
per hop, we have

Py=max{P,}, (33)

where P; is the solution of (31) and the recursive equation
in (32). Assuming a fixed per-hop outage target of p, = po
and using (16), we can represent Py in terms of ene-to-
end outage problability of pges by replacing p, with py =
1= [1 = paes] V-0 in (32).

Proposition 4: In the spatial-reused multihop transmission,

the minimum allowed target outage requirement at the desti-
nation is given by

M=1 o2 -
pdeszl_ H H H( . ln%h+1>

n=1 uewic #, n 1,n

M Qy(N—n+1)

(34)



Proof: The minimum amount of permissable target
outage per hop can be obtained by putting P, — o in (28)
and (29) to get

2 -1
G,'

pn>1- 1T I1 (GZ ;’"%hﬂ) :
n—1,n

(35)
ucUic My
forn=M,....,N+1, and
M
P >1—Y Ay, forn=M,... N+1. (36)

m=1
Combining (15), (35), and (36), the minimum feasible outage
probability QoS at the destination is obtained as (34). [ |

In addition, for a given desired outage probability pqes at the
destination, one can find the minimum spatial-reused factor,
i.e., nodes distance K, using Proposition 3. Moreover, it can
be observed from (9), (34), and (36) that when there is no
interference, we have pges > 0, and thus, there is no limitation
in choosing Pges-

For the case of non-cooperative multihop transmission, i.e.,
when M = 1, the closed-form solution for Py is given by the
following proposition:

Proposition 5: Assuming the equal power transmission
from all nodes, the minimum transmit power F; per node to
achieve a per-hop outage probability of p,, in a non-cooperative
spatial-reused multihop system over Rayleigh fading channels
can be expressed as

Yin MW

1
On 2”1 : (37)

— %n Zue?/,, 02 L

Proof: From the approximation given in Corollary 3,
which is actually an upper-bound, and by the fact that P, = Py,

Py = max
n

forn=1,...,N+1, we have
MW S
pot < TR L Y el (38)
Pn n—m,n ucUy, 0_,,,]7,,
Then, combining (33) and (38), the result in (37) can be
yielded. u

Therefore, for the case of Multihop-then-Cooperate proto-
col, the total transmit power for transmitting a packet is given
by

N+1
Pr=Y €(Txy,n)
n=1

N+1 M

ZPn 1”+Z ZPn m,n

n=Mm=1

= (3M+MN—M2 — 1)P0. (39)

Moreover, Fj in Proposition 5 can be written in terms of the
desired outage probability at the destination, i.e., Pges. For
instance, an upper-bound for Fy can be obtained from (37), by
replacing p, with 1—(1— pdes)l/(ZC':oQM(")).

B. Power Allocation with End-to-End Outage Constraint

The power allocation proposed in Subsection IV-A is not
optimal in terms of minimizing the total transmit power given
an end-to-end outage probability constraint pges. Moreover, in
the previous subsections, we introduced the per-hop outage

probability pg and p,. If the intermediate relays do not intend
to use the source’s data, and act only as passive nodes to relay
source’s messages, the outage probability constraint for each
hop is not required. Therefore, in this subsection, we propose
a centralized power allocation schemes to achieve the rate R
with an end-to- end outage probability constraint pqes at the
destination. The proposed power control in this subsection is
optimal in the sense of minimizing the transmit power given
a constraint Pges.

1) Non-Cooperative Multihop Link Cost: First, we inves-
tigate non-cooperative transmit powers P,_j, to satisfy the
target rate R with a target outage probability of pges at the
destination. We consider that the receiver can correctly decode
the source data whenever P,_;,|hy—in|> > . Hence, in 1 —
Pdes Of the total transmissions, we have a reliable detection
of symbols. From (15) and (20), the outage probability at the
destination becomes

I (E)
Pout = 1 — 1— 1+ INR;; .1
n=1 SNR” 1 UE Uy
N+1 Y Z
< won | 1+ INRn u,l
n= SNR"J u€Un
N+1
A N
=Y " Ef(Por,- - Punt1), (40)
n=1

where poUt = % |:/%)W+Zu6%n Pu—lfu%z—l,n]
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Now, we formulate the problem of power allocation in
the non-cooperative multihop networks with the acceptable
outage probability of pges at the destination. The link cost
or total transmitted power for all (N 4 1) phases becomes
E = ):N +l P,—_1,n. Therefore, the power allocation problem,
which has a required outage probability constraint on the
destination node, can be formulated as

N+l
min Z Pi_1n,
n=1
st. f(Po,1s-- - PNN+1) < Pdes,

Pi1p>0,forn=1,....N+1. 41)

Therefore, the required transmit power can be calculated in
the following theorem:

Proposition 6: The optimal power allocation values P | .
in the optimization problem (41) can be obtained recursively
from the following equations:

)“ pout
Pe1x= N % I (42)
LR Ml - ]ngz O
keUn
for k=1,...,N+1, where

N+l p

= L N+;171 - Yin 2 43)
Paes — Lot P 1i X sy PrinoZ . Ol
16”}/,1 Ed

Proof: The proof is given in Appendix IV. [ ]

Hence, the non-cooperative multihop link cost is given by

N+1

Z n—1l,n*

Pr(non-coop) 44)



2) Cooperative Multihop Link Cost: Here, our objective
is to find the minimum power allocation required for the
cooperative transmission in order to achieve certain rate R with
the successful reception of source’s data at the destination. For
decoding the message reliably, the outage probability at the
destination must be less than the desired end-to-end outage
probability pges.

As stated in Section II, the source node transmits M
symbols with the power Fy; during the first phase. In Phase
n,n=M,...,N+1, a set of M nodes Tx, = {tX, 1,...,tXpn}
cooperate to transmit information of the source to a single
receiver node rx,, as stated in (2). Therefore, the total trans-
mission power in all phases becomes Pr =}, *IP,, 1+
):N tl pl an in, such that the outage probability at the des-
tination becomes less than the target value Pges.

From (17), the outage probability at the destination can be
approximated as Pou =~ Yo Qu(v)pyt, 1 2 pou. With a
derivation similar to [26], it is straightforward to show that
the approximated form (17) serves as an upper bound for
the exact outage probability, i.e., Pout < Pout- Thus, if Pout
is considered for distributing the power within the multihop
system, the applied end-to-end probability constraint is more
stringent. Note that the approximation in (17) is an upper-
bound on the outage probability, and thus, is reliable to be
used for all SNR conditions (low, medium, and high SNRs).
Since the required outage probabilities at the destination Pges
usually have small values, the corresponding required SNRs
are high. Therefore, the power allocation problem, which has
a required outage probability constraint on the receiving node,
can be formulated as

N+1 M

min an ]n+ZZPn in

n=M i=
s.t. ZQM )P it < Pdess Pa—in >0, fori=1,.

(45)

Finding the optimal solution of the transmit powers in (45)
is complicated due to the complexity of outage probability
p"t derived in (13). As a special case, we consider the
interference-free scenario. The centralized power allocation for
two-nodes cooperation is studied in [2]. Here, we extend it for
a network with arbitrary number of cooperating nodes. Note
that the following analysis is also valid for a network under
interferences if we treat interference as noise.

From 1 —e¢ ™ < x, Corollary 2, and (17), an upper-bound
for poy: can be obtained as

Z’}/thQM(N n+1 +Ni17g.QMN n+1)
—1 o? P 1a M'H

(46)

pout ~

n—1,n
ln}’lln

Thus, for the case of interference-free centralized end-to-end
outage constrained link cost formulation, we modify the outage

restricted minimum power allocation problem of (45) as

N+1 M
min an ln+ZZPn ins
n=M i=
ZmeM(N n+1) +1Vi1;{yQMN nt1) _ <p
> Mdes;
n=1 Gn lnP” L,n n=M ©
M'H n—in n in
Biin>0fori=1,....M A7
Due to the symmetry between P,_;,, for n=M,...,N +1,

i=1,...,M, in the objective and constraint function in (47),
it follows that P,_;, = P,_1p, n=M,.... N+1,i=1,....M
Therefore, the optimization problem in (47) is equivalent to

M-1 N+1
min Z Pnfl,n+ Z MPnfl,n
n=1 n=M

Qu(N—n+1) M0y (N—n+1
Z Tin M( +Zyg;[ M M )7pde57

O Pt n=M
o ey, ITor
P, >0. (48)

The outage constraint in (48) is a posynomial function [27],
which is a convex function. Hence, since the objective function
and the constraints are convex, the optimal power allocation
values P,_1, in the optimization problem (48) are unique.

From the Lagrangian (61) and the Kuhn-Tucker condition,
the following set of equations can be found as

Qu(N—n+1
Prin= Aw,fornzl,_.,zu—l,
0_”,]7,,
Q N 1
Pi1p="Y /ly‘nhl (N —n+ ),forn:M,...7N+1.

2
M! Gn

in

(49)

Since the strong duality condition [27, Eq. (5.48)] holds
for convex optimization problems, the constraint in (48) is
satisfied with equality:

(50)

Z Yth-QM(N n+1 +Ni1 }{}?QM(N—I’Z—FU

Pdes-
o2, P, M
=1 n—1n" n—Ln n=M M
M!P, lnll

i=1

l’lln

Combining (49) and (50), we can find the optimal value
of power coefficients P,_1,, n=1,...,N+1. By defining

:ZN+1 v Y Qu(N— l’l+1 b }'{K’QM N— l‘l+l)
n=2

On—1,n M|P 1nH

, and x=

I]nl)‘l

|
A2M+0) - we can find the optimal value of A by solving
axM 1 4 bx?M = pyes.

V. INTERFERENCE MANAGEMENT IN MULTIHOP
TRANSMISSION WITH SPATIAL-REUSE INTERFERENCE

In this section, interference cancelation is employed to
improve the performance of spatial-reused multihop systems.



Fig. 3. Wireless space-timed coded multihop network with one interference
stream due to spatial reused from previous nodes.

A. Interference Cancelation
Transmission with Interference

in Noncooperative Multihop

Let us start with the noncooprative transmission with con-
current signal transmission of nodes which are separated by
K nodes. If we restrict the interference cancelation to two
adjacent nodes, each node need to have rwo antennas. Assume
that interfering packets s3 and s are transmitted from n— K — 1
and n+ K — 1 nodes, and the desired packet s, is transmitted
from the (n— 1)th node. Assuming the knowledge of local
channels are available at the nth node, the interference from
(n+ K — 1)th node is simply removed (since in the previous
hops nth node already detected the symbol s;). Therefore,
nodes equipped with two antennas can completely remove the
interference caused by the (n— K — 1)th node. We have two
independent equations received by two antennas, and thus, the
desired packet s, and the interfering packet s3 are detected.
This problem is actually equivalent to multiple access channel.
The channel linearly combines the two packets. Hence, the
two-antenna receiver can detect packets reliably.

Extending the procedure given above to interference can-
celation for m interfering nodes is straightforward. Suppose
there are m; and my backward and forward interfering nodes,
respectively, i.e., m = m; +my. We need to have m; + 1
antennas at each intermediate node. In this case, given the
independence of channels, there would be m; + 1 independent
equations and m + 1 variables including the desired packet.
In other words, the channel linearly combines m; 4+ 1 packets
(i.e., it linearly combines every m; + 1 digital samples of the
packets). Hence, an (m; + 1)-antenna receiver can cancel the
interference to recover the desired packet.

B. Interference Cancelation in Cooperative Multihop Trans-
mission with Interference: Linear Processing

Consider the cooperative routing scenario with the simul-
taneous transmission of packets from nodes with the spatial
separation of K nodes. In Section 1V, the interference caused
by spatial reused scheme is treated as noise. Here, we propose
an interference cancelation technique for increasing the perfor-
mance of cooperative routing in multihop networks with inter-
ference. For simplicity, we restrict the interference cancelation
to two adjacent nodes. We assume that each node has channel
state information (CSI) of local nodes and is able to remove
the interferences from forward nodes. Thus, the interference
cancelation problem only deals with the interference caused by
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Fig. 4. The outage probability curves versus the transmit SNR in a wireless
multihop network with N =5 for non-cooperative (M = 1) and cooperative
(M = 2) cases, different spatial reuse factors, and R = % bits/sec/Hz.

backward nodes. Assume that s; and s, are transmitted from
the (n — K —2)th and (n — K — 1)th nodes using the Alamouti
code, and the desired packets s3 and s4 are transmitted from
the (n —2)th and (n — 1)th nodes, respectively (see Fig. 3). The
received signal at the nth receiving node in Phase n can be
expressed as

Vo = HyAps + v, (51)

where y, and Vv, are 4 x 1 extended vector of the received
signal and noise at the nth node equipped with two receiving
antennas. The first and second two components of the received
vector are corresponding to the received signals at the first and
second antennas, respectively. The transmit vector and power
allocation matrix in (51) are represented by s = [s1,52,53,54]7
and A, = dlag [Pn—K—Z,n—K; Pn—K—l,n—K7 Pn—2,na Pn—Ln]’ respec-
tively. The equivalent channel matrix is given by

Wesn W W 0,
P R A LU
hn—K—z,n hn—K—l,n hn—z,n hn—l,n
e e, L,

where superscripts (V) and (@) refer to the first and second
receiving antennas, respectively. Assuming I-VIZH(”, where (-)"
is conjugate transpose operation, is a full-rank matrix, we can
successfully detect the desired packets s3 and s4. Therefore,
the traditional MIMO interference cancelation techniques —
or multiple access channels interference cancelation — can
be employed. For example, one can use zero-force (ZF),
minimum mean square error (MMSE), maximum likelihood
(ML), or successive interference cancelation (SIC) techniques.
For the case of nonlinear detection techniques like SIC, single-
antenna nodes can be employed.

VI. NUMERICAL ANALYSIS

In this section, numerical results are provided to analyze
the performance of the the proposed spatial-reused cooperative
multihop scheme. A regular line topology is considered where
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Fig. 5. The outage probability curves versus the transmit SNR in a wireless
multihop network with multiple-antenna nodes of My =2, K =3, N=5,R= %
bits/sec/Hz, and for non-cooperative (M = 1) and cooperative (M = 2, 3) cases.

nodes are located at unit distance from each other on a straight
line. The optimal non-cooperative transmission in this network
is to send the signal to the next closest node in the direction
of the destination. Assume that rate R is %, bandwidth W is
normalized to 1, the path-loss exponent is assumed to be 3,
and the number of intermediate relay nodes are N =5.

In Fig. 4, we compare the outage probability curves of
the spatial-reused multihop transmission with respect to the
interference-free multihop scenario. The depicted curves are
outage probabilities at the last transmission phase, i.e., Py+1,
and the non-cooperative (M = 1) and cooperative (M = 2)
cases with different spatial reuse factors (K = 3,4) were com-
pared with interference-free case. As it can be seen, in low and
medium SNR regimes, spatial-reused multihop transmission
outperforms the interference-free case. For instance, for the
cooperative transmission case, when the outage probability
of 107! is required at each step, using the spatial-reused
scheme with K = 3, around 5 dB saving in transmit power is
achievable compared to the interference-free case. However, in
high SNR conditions, one can observe that the interference-
free transmission performs better than spatial-reused schemes.
Since higher K means lower concurrent transmissions, and
thus, lower interferences, as K increases, curves get closer to
the interference-free case. Furthermore, Fig. 4 confirms the
correctness of our analytical results derived in (13), since the
curves are exactly match the simulations results.

Fig. 5 and Fig. 6 consider a network with multiple-antenna
nodes as discussed in Subsection III-B. The depicted curves
in Fig. 5 are outage probabilities corresponding to a wireless
spatial-reused multihop network with multiple-antenna nodes
of My =2, K =3, and for non-cooperative (M = 1) and
cooperative (M = 2,3) cases. It can be seen that the analytical
results obtained in Proposition 3 are confirmed by simulations.
Moreover, it shown that a network with M =2 outperforms a
non-cooperative network and a network with M = 3. Hence,
increasing the number of cooperating nodes is not always
beneficial for the system performance. Similar to MIMO sys-
tems, the spatial diversity is beneficial for high SNR scenarios.
However, in low SNR scenarios, the antenna selection or
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Fig. 6. The outage probability curves versus the transmit SNR in a wireless
multihop network with different antenna numbers, different spatial reuse
factors, M =2, N=5, and R = % bits/sec/Hz.
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Fig. 7. The comparison of power allocation schemes studied in Subsection
IV-B in terms of total transmit power versus the end-to-end outage probability
Pdest in a wireless multihop network with different spatial reuse factors and
R= % bits/sec/Hz.

transmission from a single antenna outperforms the space-time
coding (see, e.g., [25, p. 105]. In [28], it is also shown that the
Alamaouti scheme works poorly compared to optimal coding
in low SNR scenarios. Similar phenomenon can be happened
in cooperative systems (see, e.g., [29]). In Fig. 6, we compare
the outage probability curves versus transmit SNR by changing
the number of antennas and spatial-reuse factors when M = 2.
It can be observed that by adding more antennas, the system
performs better in all SNR regimes.

In Fig. 7 and Fig. 8, we compare different power allocation
schemes studied in Section IV in terms of total transmit power
versus the end-to-end outage probability pgesr in a wireless
multihop network with N = 2,3 relays and R = 1 bits/sec/Hz.
It can be seen from Fig. 7 that as we increase the end-to-end
outage probability constraint at the destination, spatial-reused
case outperforms the non-spatial-reused case, i.e., K =N+ 1
in term of energy consumption, when the power allocation
introduced in Subsection IV-B is employed. For the effect of
cooperation factor, M, it can be seen from Fig. 8 that the
cooperative case (M = 2) leads to a better performance in term
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Fig. 8. The comparison of power allocation schemes studied in Subsection
IV-A in terms of total transmit power versus the end-to-end outage probability
Pdest in a wireless multihop network for non-cooperative (M = 1) and
cooperative (M = 2) cases with different spatial reuse factors, and R = %
bits/sec/Hz.

of the consumed power compared to the non-cooperative case
M =1).

Finally, we summarize some key results to show the impact
of parameters like K, M, and M; in different settings studied
above. For the impact of K, from Fig. 4 and 7, it is shown that
the spatially-reused cooperative multihop transmission outper-
forms the non-spatial reused case in low and and medium
SNRs, or equivalently, in high outage probability conditions.
From Fig. 4, 5, and 7, it is observed that cooperative multihop
transmission with M = 2 outperforms the non-cooperative case
in all SNR scenarios. In addition, the spatial reused cooperative
multihop transmission with multiple antennas outperforms the
single-antenna case in all SNR scenarios.

VII. CONCLUSION

In this paper, we have shown that by using the spatial-reused
concurrent packet transmission, a higher spectral efficiency in
wireless multihop networks in low or medium SNR conditions
is achievable for a fixed transmission power. Alternatively, it
is shown that by using the spatial-reused concurrent packet
transmission, a higher energy efficiency in wireless multihop
networks in low or medium SNR conditions is achievable
for the fixed data rate and outage probability. We analyzed
the performance of the spatially-reused cooperative multihop
transmission. Then, the analysis is extended to calculate
the outage probability of the system with multiple antenna
nodes. Moreover, we have formulated the problem of finding
the minimum energy cooperative transmission for a wireless
network under Rayleigh fading. We have proposed a spatial-
reused cooperative multihop routing for the purpose of energy
savings, constrained on a required outage probability at the
destination. The calculated power allocations are independent
of instantaneous channel variation, and thus, can be used in
practical wireless systems. Finally, interference cancelation
schemes have been used to improve the performance of spatial-
reused multihop systems for both cases of non-cooperative and
cooperative transmissions.

APPENDIX I
PROOF OF PROPOSITION 1

The PDF of Y, is given as py(y,) =

the CDF of X = ): 1 Xim is calculated in Lemma 1. By
marginalizing over the mdependent random variables Y, the
CDF of SINR can be calculated as

“——. Moreover,
Gy g

P{SINR < 7}
w 0 0
:/ ProX <v+vY v p [1Pa0ve)dy,
0;0—fold g=1 g=1
M o ,%Q:l—"‘” 0
— o 1—e OxXm d
m; m/O;foold I;I Oa)dyq
L *)’q(ﬁ*ﬁ) dy
“1- Y ape [ [ e\ W) S0 sy
m=1 q=1 0 O'y

where in the third equality, we used the first property of
Lemma 2 in (9). Thus, the closed-form solution for integral
in (53) is obtained as (12).

APPENDIX II
PROOF OF PROPOSITION 2

We express the CDF of X =Y
of its Taylor series as

_1Xm in Lemma 1 in terms

(7))

In addition, Y = ):3:1 Y,, where Y, is defined in Lemma 1, has
a distribution similar to X with different parameters, and its
PDF can be represented as

Pr{X <x} = Z O Z 5 (54)

m=1

Q0 o )
=) e o (55)
qg=1 G)’q
2
o, o
where a = H J | ﬁ By marginalizing over the random
Yq— OVj

variable Y and using (54), the integral in (53) can be rewritten
as

Pr{SINR < y} = /wPr{X <y(1+y)} py(y)dy

/ Z Z 5 (c?) py(y)dy

o0 M
=YwuY ka, (56)
k=1 m=1 O
where ¥, is defined as
(] k+1,yk 1+y k
w= [T a6



Now, by replacing p,(y) from (55) in (57), we have

(58)

1)kt Z oc’
g=1 i=

where in the third equality, the binomial series expansion of
(1 —|—y)k is used. Combining (56) in (58) and the closed-form
solution for the integral is obtained.

Then, by using the second property of Lemma 2, i.e., (10),
the first M — 1 terms in (56) becomes zero, and the outage
probability is simplified as

) M o
Pr{SINR <7} =} % ) 5

k=M m=1 "Xm

(59)

Finally, by the fact that zem > 1 is equivalent to SNR, ,,, >
1, we can ignore higher order terms, and thus, we have
Pr{SINR < y} ~ ¥, ¥Y¥ | % Using (11), the outage prob-
ability can be further simpliﬁréd as

( 1)M+1

Pr{SINR < 7} ® ¥y ————.
Hm 1 xm

Hence, the result in (18) is obtained.

APPENDIX III
PROOF OF PROPOSITION 3

We define ¥ = Z 121 *| ¥y,; which has a gamma distribu-
tion M; degrees of freedom with PDF [30]

Ms oo 8 yOMs k=1

0
Py(y) = ! -
Hoﬁ%g MK (OM, +k—1)!

X
e B

where

ket 1 i
O = k+1 Z Vet 1—iMs Z<1>

>q

B = min{cyzq } and & = 1. Moreover, the distribution of X =

Zm 12?1‘1 Xy, is found in Lemma 3. By marginalizing over
the random variable Y, the CDF of the SINRgT = lf—y can be

calculated as

P{SINRya < 7} = / Pr{X <y+7vy} py(y)dy

—I—ZDmVMf / 1+y)™ e % py(y)dy
m=1
—I—ZD P 12Vk/ (1+y)"!
_v(1+y)

e yQM;Hc o™ B1 dy

I M i1
—1—21)9/” ZVkZ ;
m=1 i=0

Y

(1—|—QM +k—1)le %n

1 1 l+QM_§ +k
(o +3)

Using Taylor series for expansion of (14 y)", the closed-form
solution for integral in (60) is obtained as (25).

(60)

‘Cm

APPENDIX IV
PROOF OF PROPOSITION 6

The Lagrangian of the problem stated in (41) is
N+1

L(Po,---Pyns1) = Z Poin+Af(Poj,-..,Puns1), (61)
n=1

where the function f in (40) can be rewritten as

f(Pot,--- PNN+1)
N+1 MW
h40 h
-yt B ¥ Prucl,
= Pi14G; —1n B 14041 k uew,
N+1
Yih
+ %Pk_l’kokz,l’n. (62)
=Ttk P10
ken
To satisfy KKT conditions, we have
L(Py1,....P Af(Por,... P
(Po.1 NN+1) 14 f(Po N.N+1) —0, (63)
P 1k OP_1x
for k=1,...,N+1, where
df(Poi,.--,Pun+t)
P,
— YW —%hn
:Pz% 7] P2 : ) A LG, Ln
—1k%—1k  Ti_ lka Lk ue
N+1
Y 2
+ 72%—1.1;
n=1,n#k B 1,0y —1,n
ke
_p](c)ut N+1 Yin )
= P kal.,n' (64)
k—1.k n=1,n#k " 1’16 —1n
ke
Combining (63) and (64), we have
out N+1
1ol oy M 20, (65)

2
Pk 1,k n:],n;rékP”*I”Gn—l,n

fork=1,...,. N+ 1.



To find the optimal power coefficients, we need one more
equation. Assuming that the equality in the first constraint in
(41) is satisfied, we have

N+1

Y. " = Paes- (66)
n=1

Using (63) and (64), we have N +2 equations and N + 2
unknown, and thus, the optimal solution of the problem stated
in (41) can be obtained. To get a more specific solution, from
(63) and (64), the Lagrange multiplier can be computed as

N+1
Zn:l P”*I-,ﬂ

= — VNAlp  vN+I Yin 2
Paes = Xiy Fi1i L1 i Prinol . Oicln
i€Un

n—1.n
Next, we substitute A from (67) into (65), and we get (42).

A (67)
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