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Abstract—Distributed MIMO multi-hop relaying is one of [2], [3], [4], [5]. Since the majority of real-world wirelass
the most promising technologies that permits cost-effecte im-  applications happen over non-ergodic slow fading chapnels
provement of coverage, data rate and end-to-end (e2€) useryha grgodic capacity is not applicable in strict sense. @loee,

experience by utilizing distributed low-complexity spacetime . . . o
codes to overcome path losses and deep fades of wireless afels. we will consider the non-ergodic e2e outage probabilityes t

However, an efficient transmission scheme and resource man- measurement for the QoS in this paper.

agement are required to exploit these advantages. Speciflba As pointed out in [6], the drawback of fixed decode-and-
low-complexity adaptive schemes and power control stratégs forward transmission is that it requires full decoding 4t al
should be designed, thereby achieving robust and cost-efnt 1o5y5 The e2e connection is considered to be in outage if

e2e communications. In this paper an adaptive transmission
scheme is presented, where one relay stops forwarding the any relay can not decode the message correctly and the e2e

message if it is in outage and other nodes adapt to a new spaceferformance is then determined by the worst relay link in
time code. For this adaptive scheme, optimal as well as sub-the network. A similar assumption has also been made in
optimal closed-form power allocation solutions are derivel which 7], [8], [9] in terms of the e2e outage probability. This is
minimize the total transmission power while satisfying a gien clearly a pessimistic assumption; however, these invatitigs

e2e outage probability. The significant power savings due tthe t in t f t f In 1.0
proposed approaches in comparison to a non-adaptive schene serve as a worst case in terms of system performance. In [10]

demonstrated by numerical results. closed-form capacity expressions of distributed MIMO riault
hop systems were derived for ergodic flat-fading Rayleigh
l. INTRODUCTION and Nakagami channels and the outage probabilities were

Recently, there has been increasing interest in combinimyestigated by Monte-Carlo simulations.
traditional point-to-point MIMO techniques into multi-ho  The contribution of this paper is the derivation of a closed-
wireless relaying networks to support higher e2e data rafesm expression for the end-to-end outage probability of
and to provide a better user experience. By the conceptawfaptive distributed MIMO multi-hop networks. Moreover,
virtual antenna array (VAA) spatially separated relayingles optimal as well as near-optimal closed-form power allcuradi
are allowed to utilize the capacity-enhancement appreache that minimize the total power consumption while satisfyang
MIMO techniques offering significant improvements for thgiven end-to-end outage probability are developed. Thegpow
data rate in multi-hop networks [1], e.g., by distributedsp allocation problem is formulated as a convex optimization
time codes. Fig. 1 shows the concept of distributed MIM@roblem, which can be solved by common optimization tools.
multi-hop transmission, where one source communicatds wih order to reduce complexity, a near-optimal but efficient
one destination via a number of VAAs in multiple hops.  power allocation algorithm is derived as well.
The remainder of this paper is organized as follows. In Sec-
X tion 1l the system model of the adaptive transmission scheme
@ :\ is intro_d_uceql. The_ mat_hematif:al description of_ the outage
.*’ZXW% O‘w' . | m probability will be given in Section Ill and the optimal powe
S‘“““\lo‘ :C.)‘/ . J/DeS““a“O" allocation problem is formulated in Section IV. A closed-
VA Suaa TK-VAA form solution for an approximated optimization problem|wil
be derived in Section VI. Finally, performance results and

Fig. 1. Topology of adaptive distributed MIMO multi-hop aging systems conclusions will be given in Section VIl and VI, respedtly.
with active and inactive nodes.
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Il. SYSTEM MODEL

In multi-hop communications, radio resources should beIn the sequel, the adaptive transmission of the distributed

allocated to each hop efficiently in order to satisfying afhimo multi-hop network as depicted in Fig. 1 is described.

e2e Quality-of-Service (QoS) requirement in terms of biere 4 source node desires to communicate with a destinatio

error rate, delay, throughout, as well as outage probabilif;ye yia several relaying nodes ki hops. Several relaying
This work was supported in part by the Central Research Bgndiiniver- r?OdeS are composed to VAA_S pe_rformlng distributed space-
sity of Bremen under grant 01/129/07. time coding schemes. For simplicity, we assume that each



node has only one antenna element and can only operate in I1l. OUTAGE PROBABILITY AT HOPk

half-duplex mode. Furthermore, the r_elays do not exchangegefore formulating the outage probabilify,x of hop %,

data among each other when decoding the message dug,&%st consider the outage probabiliiyy . ; (£, ) of a MISO

the expense of additional complexity, power and time fQigiem witht!, active nodes at hop as described in (1). The

information exchange, which leads to high system overheads - taneous achievable rate of thex 1 link is given by
The adaptive transmission procedure in TDMA mode is

described as follows. The source broadcasts the informatio Oy (1) = W log (1 n P Iy ‘HQ) )

to the first VAA at the first time slot. Each node of the first Ik dsWNg"' ’

VAA decodes the received information separately. We denote ) v ) .

the relays successfully decoding the message (or beinginotth [ ;[I* = 375, |hs ;. The outage probability

outage) asctive nodes and the relays failing to decode thePoutk (1) can be expressed as the probability that the channel

message (or being in outage) imactive nodes, respectively. C&n NOt support an error-free transmission at fate

The |nagt|ve nodes WI|| stop transmlsspn at the next tinog sl Poutk.i(te) = PR > Ci;(t})) A3)

The active nodes will adapt to transmit the decoded message

cooperatively according to a space-time code with respect t (2% _1) W Nods, (t20)
the number of active nodes. If all relays within one VAA fall = Pr| ||hs;|* < _7 ko k
to decode the message, the e2e connection is considered to be P ()
in outage. This adaptive transmission continues at each VAA T

until the message reaches the destination. The focus of thSyrder to simplify the notation the variables, = Qu/ P

paper is on the power allocation strategy for the networksth 54 Qr = (2% — 1)W Nod:, were introduced, where, is

for the further investigation a given fixed network topoldgy proportional to the inverse signal-to-noise-ratio (SNRY,,

assu_med. The task of grouping the VAAs is beyond the SCOPE ' 1/SNR,. Herein, |h ,||> obeys a Gamma distribu-

of this paper. tion [11], therefore its CDF can be described by the lower
As described above, the nodes within the same VAA decoigomplete Gamma function (t,, z) = [ e~ tyuth—1 du

the information separately but re-encode the decodedm&er normalized by the Gamma functidi(t, ). Clearly, the outage

tion by using a spatial fraction of the space-time code worrobability poy. . ; (},) depends on the number of actitje at

Therefore, the transmission within one hop can be modelggp 1, which depends itself on the outage probabilities of the

as several multiple-input single-output (MISO) systentss| nodes at the previous hdp— 1.

assumed that each relay transmits signals with the same datayrthermore, the outage probability of receiving ngdat

rate R and equal duration. Furthermore, all hops use the to{@p 1 is denoted byPoutk.;. Under the assumption of sym-

hop, ¢, r;, denote the number of transrpit and receive nodgge VAA are equal, i.8.Poutk1 = - = Poutk.ry = Poutk.j
within hopk, respectively. Defin®, € C'-*"* as the space- where ;' indexes an arbitrary € [1,- - - ,]. The number of
time encoded signal with length, from thet), active nodes active nodes/, at hopk is a random number that depends on
at hopk, i.e.,0 < ¢}, < t;. The received signaty,; € C'*"*  the outage probabilities in the previous hbp- 1. As these

at the jth node at thekth VAA is given by probabilitiesPoy 1.5 are equal, the number of active nodes
t;. follows the binomial distributior3 with parameters;, and
Yij = V Ok Prhy Sk +np 5, (1) Poutk—1,5 and we write [11]
whereng; ~ Nc(0, No) € C*Tr denotes the Gaussian t, ~ B(tk,1 — Poutk—1,5) - 4)

noise vector with power spectral density,. The transmit
power of each active node at hdpis P, and does not
dependent on the number of inactive nodes. This allows eimﬂ
power control and hardware implementation at each relaying ;. tL i pte—i ,

node which is especially important for relays with minimal (t, = 1) = ( )(1 = Poutk-1.5) Poligg—1, » Vi (5)
processing functionality. Thus, the total power of V&As at . o -

mostt;,P;. The channel from the;, active nodes to thgth ~ With (") = =1 As the outage probability of a MISO sys-
receive node within théth hop is expressed &g, ; € C'*%. tem withi active nodes is described by (B = 4) - pout,; (1),
The elements oh; ; obey the same uncorrelated Rayleigkhe outage probabilityou k- is given by the sum of the
fading statistics with variance The relaying nodes belongingoutage probabilities over all possible

The probability ofi nodes being active at hdpis expressed
y the probability mass function as

7

to the same VAA are assumed be spatially sufficiently close as th

to justify a common path los&; between two VAAs, i.e., the P, . = Z Pr(t), = i) - poutk; (i) (6)
network is symmetric. It can be simply describedlas= d, ¢, i=1

whered), is the distance between the transmit nodes and the bt o AT
receive nodes at theth hop ande is the path loss exponent = Z <i)(1 - Pout.,kq,j/)ZPoStX_Lj/W :
within range of2 to 5 for most wireless channels. i=1



Clearly, an outage occurs in one hop if all the receive nodEmally, the objective function of the optimization probi€9)
within this hop can not decode the message, i.e., the outagm be rewritten aPiora ~ Zszl Pty for small Pougr—1,5-

probability of hopk corresponds to Thus, the approximated optimization problem is obtained
Tk K
Poutk = | [ Poutk. = Potssr - (7) minimize Prota & » _ Pt (13a)
J=1 k=1
The e2e outage probability for adaptive relaying transimiss _ . Ko
is finally expressed as subject toPere=» Py, . <e. (13b)
K K k=1
Peze=1-[](1 = Pours) =1-[] (1 - P(;'Lft_k_j,) . (8) VI. CLOSED-FORMPOWERALLOCATION SOLUTION (CF)
k=1 k=1 Clearly, the optimization problem (13) only leads to a

In the following investigation we use the end-to-end outaggear-optimal power allocation solution. However, from the
probability Peze as the measurement for the required QoS. complexity point of view, it is attractive to use (13) to dei
efficient solutions. To solve the problem, the Lagrangian of

IV. OPTIMIZATION PROBLEM . L . '
o o the approximated optimization problem (13) is defined as
The optimization problem to minimize the total transmit

power for the adaptive multi-hop scheme while supporting a K -
given end-to-end outage probability requiremeris formu- L(Pr,A) = Zpkt’“ + A(Feze—e) - (14)
lated as k=1

K To obtain the sub-optimal power allocation that yields mini
minimize Piota) = ZPktk(l — Poutk—1,) (9a) mum total power while meeting the e2e outage constrgint

k=1 the derivatives ofL (P, A) with respect toP;, has to be zero
subject toPse < e . (9b) forall1 <k <K,ie,
Here, the calculation ofPy considers the inactive nodes OL(Pr, A) _ 0. Vi, (15)
stopping the transmission to save power. The probabili&y th 0Pk ’

one node at hop transmits signal is exactly — Poutr—1,/-  Furthermore, for the optimum solution of (13) the constrain

Generally, the optimization problem (9) is not convex with,nction in (13b) must be fulfilled with equality, i.e.,
respect to the poweP, of each hop. Fortunately, similar to

[12] it can be shown to be convex for low outage probability - -
requirements by proving the Hessian matrix@d Py, V k) to Feoe= Z Pour = €. (16)

be positive semi-definite. To this end, the optimal solutin k=1

for (9) can be obtained by standard optimization tools legdi From (15) and (16), a closed-form power allocation can be
to considerable complexity [13]. achieved by using several further approximations as adlin
in the Appendix. This leads to the following theorem.

Theorem 1 (Closed-form adaptive power allocation (CF)):

The optimization problem (9) is intricate. To simplify fur-To minimize the total transmission power while meeting a
ther analysis, some approximations to the outage probabiljiven e2e outage probability requirementthe sub-optimal
are invoked that permit the derivation of a near-optimasetd  closed-form power allocatio®; is given by
form power allocation solution. Following the approxinuati

K

V. PROBLEM SIMPLIFICATION

method given in [7], [14], the outage probabilitguc k. ;(t}.) 2 . 1 = D
in (3) is upper bounded for high SNRs as Dr— Q[ v (A= Potie—1) Pouri—s (17)
/ 1—1, th t), * prkuiﬂ) il L(i+1) ’
, Yt xR) < b Tk x,t out k =
pouis () = Ry ® Ty Tt MO i il
k k k with approximated outage probability per hop
Hence, the outage probability of nodein hop £ defined in - - ag
(6) is approximated byt Pouk= Polor o ® = — - e Vk (18)
k=1
tr i
< N A 5 d parameter
Powkjr = PHtl =)=t = Poypr - 11) andap
outk,j ; ( k )F(’L + 1) outk,j ( ) s
- . tpt3 1 ﬁ ety
The end-to-end outage probability (8) can be further approx 2Qut," " ﬁ (tk)(l_eml Yie it (19)
i A= L - 1
mated by the union bound [7] a(tr+1) 1l TG+ 1)
K K K ~ A -
Peze < Pouk = Pk < ko = Pege. (12)
e ; o ; outks ; ouLkgr T EE Proof: See Appendix. u



VIlI. PERFORMANCEEVALUATION 5 a)

- b) 22 <)
The performance of the proposed power allocation solutio™ —6-—0—
for adaptive distributed MIMO multi-hop schemes is assgésse
here for various network configurations. It is assumed that t
e2e communication ovel/’ = 5 MHz should meet an e2e -
outage probability constraint of = 1% where the path loss
exponente is 3, the distance between two VA& is 1 km

and Ny is —174 dBm/Hz.
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Fig. 3. The outage probabilities per hop for a) non-adpati@@smission,
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b) closed-form (CF) and c) optimal adaptive power allocatmlutions.
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In the second scenario the same number of relaying nodes
tr in each VAA is varying froml to 6 for a 4-hop system
with data rateés Mbps. Fig. 4 depicts the total power versus the
number of relays per VAA. It can be observed, that the optimal
number of relays per VAA for the non-adaptive scheme turns
out to be3 in this scenario. In contrast, the total power of
the adaptive scheme is decreasing with increasing number of
relays per VAA.

Rate (Mbps)—

b) Total power (dBm)

Protal (dBM) —

Rate (Mbps)— 20¥

Fig. 2. Piotal @) in mW and b) dBm for non-adaptive transmission, closed- 15
form and optimal adaptive power allocation solutions. I & Non-Adaptive

In the first considered scenario the multi-hop network g 5t ﬁjaptfve (Cloéed-form)

. . . £ —©O— Adaptive (optimal)

consists of K = 3 hops with the same number of relaying = ‘ : ‘
nodest, = t3 = 3 per VAA. Explicitly, Fig. 2 depicts the é or o
total power versus the data rate for non-adaptive and adapti -5 S
transmissions both with optimized power allocations in mwW 10 , , , ,
and dBm, respectively. Note that for non-adaptive transioiis 1 2 3 4 5 6
the optimal power allocation solution introduced in [7] is Number of relays per VAAt;, —

applied, where the e2e connection is considered to be ilgeuta
if any node in the system is in outage. As shown, the adaptiyid: 4. Pl VS £, for non-adpative transmission, closed-form (CF) and
L . optimal power allocation solutions.
transmission scheme leads to power savings of more than
16 dBm comparing to the non-adaptive scheme. Moreover,
the proposed closed-form solution yields near-optimuraltot ) ) ) o
power consumption. In comparison to the optimal solution it " this paper, we introduced an adaptive distributed MIMO
results only in a slightly increased power consumption aigb Multi-hop scheme. For this system, the convex power allo-
1 dBm which leads to a lower e2e outage probability than tf&tion problem that aims to minimize the total transmission
requirede. power while satisfying a given e2e outage prpbaplllty was fq
Fig. 3 shows the outage probabilities occurring per thuIa_ted. It can be solyed by standard optimization tool:tlvv_lt
versus data rate with optimized power allocation. For the-notonsiderable complexity. In order to derive a low-compiexi
adaptive scheme, almost all outage events happen at the fikdy-optimal closed-form solution, some approximationsewe
hop due to the lack of diversity. In contrast, in the adapti@mPloyed. As shown by simulations results, significant powe
schemes the most outages occur at the last hop. That is dug@§ngs can be achieved by utilizing adaptive transmission
the fact, that the last hop (i.e., the destination) containly schemes with optimized power allocation in comparison to

one node that has to decode the message correctly. Otherw9&-adaptive transmission. The performance gap between th
an outage event occurs. sub-optimal closed-form solution and the optimal solutisn

VIII. CONCLUSION



relatively small, while the complexity is reduced signifilg. whereay, is introduced to simply the notation

The extension of the presented approach to an joint optimiza 2 et
. . . . t 43 i t—i \ T T (BT
tion of power and time is represented in [15], [16]. - Qth;Zﬁ th (tf)(l—eﬁ)ie”’z_—l PICTE=D A WL k(27)
APPENDIX et D) [I TG+1)
Proof of Theorem 1. Referring to (15), the first derivative
. ”‘ (t,+1)r
;)51‘ L(ﬁk,)\_) wnktl) respect toP;, relates toPy,; as well as Since)fw can be approximated by~ for large s,
outk+1, GIVEN DY the insertion of (26) in (16) yields the approximation
OL(Py, \) OPoutk | OPoutki1 Al
S A =0, (20 ~ - (28)
0Py A 7= 72 - (20) St
C - - Hence, the sub-optimal outage probability is given b
which is due to the dependence betwdeyy, and Pout k1 R P R gep an yisg y
indicted in (6). This makes the further analysis intricate. Poutk = Pg'&kyj, N— €. (29)
However, by recognizing thabour = Pyl ;o < €, Vk the D ke Gk
dependency in (6) can be removed by replacing the outagg inserting this relation into (23) and replaciady Poyt ;-1
probability Poytx—1,; by e™*—1. This relaxes (11) to we finally achieve (17). This concludes the proof. [
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