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Abstract—Distributed MIMO multi-hop relaying can provide  network. A similar assumption has also been made in [2], [3],
cooperative diversity and overcome path losses, hence, 0 [4] in terms of e2e outage probability and in [6] in terms
the end-to-end (e2e) performance. By using a low-compleit ot argodic capacity. This strong assumption degrades tee e2
adaptive scheme, where one relay stops sending the mességeis performance drastically. Thus, a simple adaptive decode-a
in outage and other nodes adapt to a new space-time code, rafiu e ' . :
communication links can be further achieved. The contributon of ~ forward scheme for distributed MIMO multi-hop networks lwil
this paper is the derivation of near-optimal closed-form stution  be introduced here.
for joint power and time allocation for such adaptive scheme  The aim of this paper is to develop resource-allocation
that minimizes he transmission power while satisfying a gen  qq1egies for e2e outage probability constrained adaptiv
e2e non-ergodic oma?e Ipl\rlfl)'tl)?aobliltjy-CTION transmissions over slow-fading channels. This is achidwed

' _ ) ~optimally assigning resources in terms of fractional tinmel a

Recently, the remarkable capacity potential of multi-hopansmission power to each of the hops. The joint power and
systems with distributed virtual antenna arrays (VAA) was U time allocation problem is formulated as a convex optiniarat
veiled [1]. The concept of VAA allows spatially relaying resl 5rohlem, which can be solved by common optimization tools
to utilize the capacity-enhancement approaches of mediplyitn considerable complexity. To reduce complexity, a sub-
input multiple-output (MIMO) techniques, e.g., distribdt optimal but efficient solution will be derived.
space-time codes. They offer significant improvementsifer t ~ The yemainder of the paper is organized as follows. In
data rate in multi-hop networks. Fig. 1 depicts a distridutesection |1 the system model of the adaptive transmission
MIMO m”'“'hqp n.etworlk, where one source communicatégheme is introduced. The mathematical description of the
with one destination via a number of relaying VAAs iny,tage probability will be given in Section 11l and the opéim
multiple hops. Spatially adjacent nodes in a VAA recelveadagower allocation problem is formulated as a convex optimiza
from the previous VAA and relay data to the consecutive VAfion problem in Section IV. A closed-form solution for an
until the destination is reached. approximated optimization problem will be derived in Seuti

VI. Finally, performance results and conclusions will beegi

LHp _  2Hop oo =) K Hep in Section VIl and VIII, respectively.
/‘/ ‘4’:®:macuve /': " :\
o (@IMISO o o0 1, [ | II. SYSTEM MODEL
Source\‘ | | O :/v —PF ‘/Destination . L . .
Q——=0 —+0) A realization of a distributed MIMO multi-hop network with
LVAA 2VAA (&-1)vaa the utilization of VAAs is depicted in Fig. 1. Here, a source

node communicates with a destination node via a number of
relaying nodes ik hops. Several relaying nodes are grouped
to VAAs performing distributed space-time coding schemes,

The general concept of distributed MIMO multi-hop com; ¢ igintly transmission. For simplicity, each node has only

munication systems has been analyzed in [1], where expligiie antenna element and can only operate in half-duplex mode
resource allocation strategies were introduced to maxifie | o the node cannot transmit and receive signal at the same

e2e data throughput over ergodic fading channels. In cstrg)ang simultaneously; moreover, the nodes from a VAA do
we consider the non-ergodic outage probability which isiappot decode the message jointly due to involved information

cable for the_ majority. of real-world wireless app!icatiqﬂgg exchange, i.e.separately decoding, which degrades the e2e
[31], [4]. As discussed in [5], the drawback of the fixed decodeyerformance drastically. Thus, a simple adaptive scheme is
and-forward transmission is that it requires full decodin@ll proposed as a remedy. Here we assume orthogonal decode-
relays. Thus, the e2e connection is considered to be in eutag,y_torward multi-hop relaying scheme, i.e. availablenoek

if any relay can not decode the message correctly. The 62gqrces are allocated to each hop such that non intecteren
performance is then determined by the worst relay link in thgsween them occurs. The bandwidih (FDMA) or time T
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sity of Bremen under grant 01/129/07. fractions or time fractions so that they are used by only one

Fig. 1. Topology of adaptive distributed MIMO multi-hop aging systems.



hop. with || hy ;[|? = Zf’;l |hk,;.i|?. Note that here, is the number
The adaptive transmission procedure in TDMA mode isf active nodes at hop, i.e., 0 < ¢} <.

briefly summarized as follows. The source broadcasts the dat The outage probabilityout x, ; (t;c) can be expressed as the

to the nodes from the first VAA at the first time fractionprobability that the channel can not support an error-free

a1. Each node decodes the received data separately. If thghsmission at rat®,

relay decodes the data successfully (or being not in outage)

we denote it as aractive node, otherwise as arinactive  Poutk,;j(ty) = PI(R > Cy ;(t},)) (3
qode. The_ inactive node.(s) stop(s) transmission at thg next (2%%71) W Nods ty
time fractionas. The active node(s) adapt(s) to transmit the = Pr| ||hy;||? <

decoded data cooperatively according to a given space-time ’ Pk

code with respect to the number of active nodes. If all relays

within one VAA fail to decode the data, the e2e connectioBlearly, any analytical optimization on (3) in terms of the

is considered to be in outage. This adaptive transmissifractional time o, and powerP; is intractable due to the

continues at each VAA until the destination is reached. Nofgirly evolved expression. To overcome that problem, the

that a given fixed network topology is assumed and the tagfsproximationlog(1 + =) ~ /z to the achievable rate in

of grouping the VAAs is beyond the scope of this paper. (2) has been suggested and assessed in [1]. Thus, (2) can be
As mentioned, the nodes from the same VAA decodgmplified by

the data separately. Therefore, the transmission withia on

hop can be modeled as several multiple-input single-output ap WPy

(MISO) systems. Letk index the hop,t, 7, denote the Crj(t,) = 2o Nog Il - 4)

number of transmit nodes and receive nodes within ktre K0T

hop, respectively._Eaph _re_lay trqnsmits si_gnals with th_eesa Therefore, the outage probability (3) becomes

data rateR but with individual time fractionay, of which

Zszl a3, = 1 holds. All the hops use the total bandwidth R2Nydty

that is available to the network. Defirg, € C!*Lx as the poutk,j(t;c)zpr<|hk-,j|2 < W) =Pr(|hy;|* <zx) .

space-time encoded signal with length from thet), active g g (5)

nodes at thecth hop, i.e.,0 < ¢, < t;. The received signal

yr,j € C*F* at thejth node at theith VAA is given by To simplify the notationz), = Qi /axPy is used with vari-
_ ble Qr = R?*Nodtx/W. In (5), |hy ;||> obeys a Gamma
5 = VO0cPu/tehy, ;S + 1y 1) 2V Lk 0ttk/ - L g _
Yk £Pi/tebesSe + e @ distribution [7], therefore its CDF can be described by an
whereny, ; ~ Nc(0, Ng) € C'*%* denotes the Gaussianincomplete Gamma functiony (), z1) = I e~ uyti=1 du
noise vector with power spectral densi¥. Each node from normalized by Gamma functiofi(¢},). Clearly, the outage

one VAA shares the total transmission povw&r at the hopk, probability poux ; (£,) = Yt ,Tk) depends on the number of

) : . T(t;)
thus, the active nodes transmit data always with power ley tive ¢, at hop k. In additién, the probability of!, active

Py /1y, even if some nodes begome |nact|ve_. This allows SIMPRdes depends on the outage probability of the nodes at the
power control and hardware implementation at each relay'Egevious hopk — 1
node which is especially important for relaying nodes wit '
minimal processing functionality. The channel from tHe
active nodes to thgth receive node within thé&th hop is
expressed aky ; € C'*%x. The elements ohy ; obey the . . o _ _
same uncorrelated Rayleigh fading statistics with vaganc O1C VAR 1S equal, .8 Four. = -+ = Fourr. = Foury
. . where j' indexes an arbitraryy € [1,---,r;]. Hence, the
The relaying nodes belonging to the same VAA are assume . :
: . L number of active relaying nodes, at hop k follows the
be spatially sufficiently close as to justify a common patslo binomial distribution’ with parameters, and P 17
6, between two VAAs, i.e., the network is symmetric. It can P k outk—1,j* LtL
be simply described a8, = d, “, whered, is the distance

Furthermore, the outage probability of receiving nofle
at hop k is denoted byPyx ;. Under the assumption of
symmetric networks the outage probability at each nodeimvith

between the transmit nodes and the receive nodes dttthe t, ~ B(tk,1 — Poutk—1,5) - (6)
hop ande is the path loss exponent within range2fo 5 for
most wireless channels. The probability ofi nodes being active at hdpis expressed

I1l. OUTAGE PROBABILITY AT HOP & by the probability mass function as

k, we first consider the outage probabilityy.x ;(t}) of an Pr(t}, = 1) = (1 = Poutk—1,5) Pou 1,5 » Vi (7)
active tj, x 1 MISO system at hop: described in (1). The
instantaneous achievable rate of the link is given by

P
OsztkdiNo

Before formulating the outage probabilitiy,,, of hop ) <tk) o
N i
q (0]

where (") = #lz), Hence, the outage probability of a
2) @ i x 1 MISO system is described by @} = ¢) - poutx,; (¢). The

B 51 outage probabilityPo, ., is given by the sum of the outage

Ok,j(t;c) = a; W log (1 +



probabilities over all possible namely, For low outage probabilities, the end-to-end outage pritibab
(10) can be further approximated by [2]

123

Poutkj’ = Z Pr(t;c = 'L) 'pout,kj(i) (8) K K K
5K > X ~ . VANES
i=1 Peoe <) Pouk = ) Paliy <> Folikj = Peze. (14)
< 2% i ptp—i (i, k) =t =t =t
= . — Loutk—1,5") Foutk—1,5 "/ - or small Pyt .—1.; the objective function of the optimization
> )@= Pk’ 0 F llPyuts_1.;+ the objective function of the optimizat
=1

problem (17) can be rewritten tBiota ~ Zle o Pr. Thus,
Clearly, an outage occurs in one hop if all the receive nodgfe approximated optimization problem is obtained
within this hop can not decode the message, i.e., the outage

K
probability of hopk is given by minimize Pioga ~ Z ay P (15a)
Tk k=1
Pout,k = H Pout,k,j = P&ﬁ_,k_,j/ . (9) ~ K ~ K
j=1 subject toPs2e = ZPg&k,j, <e, Zo‘k =1.. (15b)
Consequently the e2e connection is in outage if any hop is k=1 k=1
broken and the e2e outage probability corresponds to If we first neglect the time fraction constra@f:1 ap =1
K K in (11), the optimization problem depends only on the produc

_1_ _ _1_ _pre o Py. It is therefore approximately symmetric with respect to
Feze=1 H(l Foue) =1 H (1 POUI’k’J/) - (10) ax and Py. In other word, the optimal power allocatioy;
is proportional to the optimal time fractiam;, i.e., P} ~ of.
%ith consideration of the constraiﬁt:kK:1 ay = 1, we achieve
the relation between the optimal power and time fraction

IV. JOINT POWER AND TIME ALLOCATION (JPTA) . P
o = —— .
The joint power and time allocation task for the adaptive YR
scheme IS formulated_ in order t.o minimize the total powef{eep this relation in mind, by defining an auxiliary variable
consumption meanwhile supporting a given e2e outage pr%ti—: Py the optimization problem is relaxed to
ability requirement as follows

k=1 k=1

In the following investigation we use the end-to-end outa
probability Peye as the measurement for the required QoS.

(16)

K
K . . .
L minimize Piotal = Bk (17a)
minimize Potal = Z arPr(1 — Poutk—1,j) (11a) o ;
k:i{ subject toPse < € . (17b)
subject t0Pe2e < e, Zo‘k =1. (11b) It is similar to the problem in [10], where only power is
k=1 optimized for the adaptive scheme and the available bartbwid
Here, the calculation 0P considers the inactive noded'S allocated to each hop equally, i.e, = % k.
stopping the transmission to save power and the time frac- VI. CLOSED-FORM SOLUTION (JPTA-CF)

tion «ax. (11) can be proven to be convex for low outage Lo
probability requirements by proving the Hessian matrix of Clearly, the optimization problem (15) only leads to a near-

Pasd Py, i, ¥ k) o be positive semi-definite. To this end, thé)pnmal solution. However, from the complexity point of wie

optimal solutionP?, o for (11) can be obtained by standar t is attractive to use (15) to derive efficient solutions.stdve

optimization tools leading to considerable complexity. [8] the:\[inpis;)tl;r:,p\:\geblgi:wzist)hz;agrang|an of the approximated

V. PROBLEM SIMPLIFICATION K
To simplify the problem, some approximations to the L(BrA) =Y B+ MPeze—€) , (18)
outage probability are invoked in order to derive a near- k=1

optimal closed-form power allocation solution. Followitlge To obtain the sub-optimal solution that yields minimum tota
approximation method given in [2], [9], the outage probiggil power while meeting the e2e outage constrainthe deriva-

Poutk,; (t},) In (3) is upper bounded for high SNR as tives of L(Bx, ) w.r.t. §; has to be zero for all < k < K,
ie.
—1 t t !
y_ tean) <t ! Ty OL(Br, A) _
Poutk,j (t5) F(t;c) F(t;c) F(t;c +1) (12) 0Bk (19)
: . ~ ‘ Furthermore, for the optimum solution of (15) the equality o
Hence (8) is approximated bfou . the constraint function in (15) must be fulfilled, i.e.,
tr i
< _A_ T A5 ~ = -
Fougg = Z Pt =gy~ P (13) Peze=y_ Powr = (20)

k=1



From (19) and (20), a closed-form solution f6f can be multi-hop network with3 hops and3 nodes per VAA. The

achieved by several further approximations as outlinedhé tdistance between the VAAs ig, = [3,1,1]km. Note that
Appendix. the optimal solutionJPTA for adaptive scheme is solved by
With consideration of the relation (16), we achieve means of standard optimization tools [8]. The closed-form
P2 solution JPTA-CF is given by Theorem 1. It is shown that
Bk = arPp = % (21) the proposed closed-form solution yields near-optimuraltot
k=1 Pr power consumption and alma2® dBm gain with comparison
Rewriting this form yields to the non-adaptive scheme, where the e2e connection is in

outage if any node in the network is in outage and no adaptive

1% K 2 . .
e _ \/57> | 22) scheme is applied [2], [4].

20

Inserting it to (21) and (16), we achieve the following themot
Theorem 1. [Joint Power and Time Allocation in Closed
Form (JPTA-CF)] The joint power and time (or bandwidth)
allocation for outage restricted adaptive distributed NOIM

multi-hop networks in closed form is given by

—B— ay, = 1/K,Vk
—— JPTA-CF

Total Power (dBm)—

K VA 0¥ | oA
Pr=vVi > VB and af = = (23) 2 4 6 8 10
,; St VB

Rate (Mbps)—

with outage probability per hoPour = P75, ., ~ =Sk

ge p yp Poutk outk.j" = N 8k’ Fig. 3. Proal in dBm for only power optimizedd;, = 1/K, k) and joint
where the parametefg and g, are given by B power and time allocation for adaptive scheme.

2 _CptDrg . ) .
, . tei \TaGRTD N eI Fig. 3 shows the total transmission power of only power-
— t T T T 7 . . . .
2™ [ T2 1(?)(1—6 ’“(1 ))e M@k optimized adaptive scheme [10] and above-mentiodfetA
1= I'(i+1

scheme versus data rate. Under this network configuration,

0= joint power and time optimization improves the communica-
k (tp+Dry ’ . . . P
(ri(tx + 1)) 7D tion over5 dBm with comparison to only power optimized
R communication.
1 t—i o)
tk% ty (tk-)(l_ﬁrlﬂ )ipT:—l Qi ettt
B = 178 i outk—1) LToutk—1&k 2 b)
P | iy L@i+1) 1 1
outk . V——vV— VvV
V—V——vV
VIl. PERFORMANCEEVALUATION ‘ —vV— a
1 05 : : : : : 0.5 —— a2
; ; ; ; < : O—
! S
1 —F— Non-Adaptive ] g—O—Oo—©—0
IS —— Adaptive (JPTA-CF) 0
_Dg —&6— Adaptive (JPTA) . 1 0 5 10 0 5 10
= - B - g Rate (Mbps)— Rate (Mbps)—
2 = | —
g Fig. 4. The time or bandwidth fraction;, per hop for a) closed-form and
= b) optimal resource allocation solutions.
'9 00 7 77
2 4 6 8 10 Fig. 4 depicts they, versus data rate for closed-form and
Rate (Mbps)— optimal solution. It is shown that the first hop uses o6&
Fig. 2. Piotal in dBm for non-adaptive transmission, closed-form androati of t?e time (Or bfsllndWIdth) dus t? a |E(ijrge dista - More
resource allocation solution. performance evaluation can be found in [11].

The performance of the proposed solution for adaptive VIIl. ConcLusion

distributed MIMO multi-hop scheme is assessed here forln this paper, we derived joint power and time allocation for
various network configurations. It is assumed that the eadaptive distributed MIMO multi-hop scheme with optimal
communication ovei’ = 5 MHz should meet an e2e outageas well as closed-form solutions. With comparison the non-
probability constraint ot = 1% where the path loss exponentdaptive scheme, the adaptive scheme utilizes the nod®s fro
e = 3 and Ny = —174 dBm/Hz. Fig. 2 depicts the total a VAA more efficiently, hence, reduces the power consumption
power versus the data rate for non-adaptive and adaptsignificantly. As shown in simulation results, joint powerda
transmissions both with optimized resource allocationrsafo time allocation can further improve the e2e performance.



APPENDIX

Inserting (27) in (30b) Pout is expressed as

Proof of Theorem 1: Referring to (19), the first derivative . Ayt
of L(Bk, ) w.rt. 8 relates not only toFo; but also to Poutk= POULk Vi =APTTO Oy (31)
Poutk+1, given as follows wheredy, is introduced to simply the notation

D D (tp+1)r
aL(ﬂkv)\) =14\ 8P0UU€ aPOULk+1 =0 , (24) , T m +(kf'k+1)lzk
0Bk 0Bk oJor8 Qttkﬁ th (tf )(1_e Tkl )ie TR Q1
_ ~ k Hi:l T(i+1)

which is due to the dependence betwdéyy, and Poutk+1
indicted in (8). This makes the further analysis intricadteus, °¢— (bt Dy,
to remove the dependence in (@urr_1.; is replaced by (ri(t + 1)) ZF R0 (32)

erk%l which is motivated by the fact thabx < e, VEk.
This relaxes (13) to

~ b tr 1Nt tp—i
Poutk,jo = E . (176%1) e"k-1
s i
i=1

i
L

(tp+1)r

Since)\” >*G+Dm can be approximated by~! for largety,
inserting (31) in (20)yields

e

Furthermore, this sum function can be approximated by itéence the sub-optimal outage probability is given by

geometric mean

~ tk ﬁk 1 it —i xqic i
Pour ~tx ([ (1— —T,H) n 2k ) (26
outLk, g7 = ,_l(i) € U Ta+ (26)

ANl —— (33)
Zszl Ok
- . Ox
Pouw= Pyl ® =g — "€ (34)
! Zk:l Ok

which, when inserted into (27), replacirngby Pouug,l we

finally achieve, given in Theorem 1. This concludes the

With the relationz; = Qx / Bk, (26) the parameted;, can be

proof. ]
represented by o x,;» as follows
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