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Abstract—This paper explores the spatial multiplexing gain the relaying strategies and space-time code (STC) dedigns t
in a relay assisted distributed wireless network, where muiple increase the diversity gain of the system. The basic idea is t
relays, each with a single antenna, form a virtual antenna . dinate and synchronize the relays so that each relay act

array to transmit to a receiver with multiple antennas. Using ne virtual antenna of Aventional MIMO tem. Other
a transmission scheme called Randomized Distributed Spati &S ON€ Virtualanténna ot a conventiona system. Othe

Multiplexing (RDSM), the transmission rate between the redys Papers [7] [8] discuss the diversity-multiplexing tradéio a

and the destination is boosted to a level that is several tinse cooperative network. However, these schemes pose diféisult
higher than the rate that can be achieved through a single rely. in synchronizing and coordinating transmissions for those
As a result, the end-to-end data rate between a source and a yigyribyted relays. In a distributed environment with niityi
destination can be greatly improved. Consequently, in a wigless . . o . .

network, where multiple sources compete for channel access itis very difficult to tra.ck and select the optimum relaysioh

the overall System aggregated throughput is also improvedAn COUId Iead to extra S|gna”|ng OVerhead. Another draWdek 0
opportunistic rate adaptation algorithm is adopted to acheve these schemes is that only the pre-chosen relay nodes can
the optimal average end-to-end performance. Randomizedgnal  participate in relaying, even if there exists other nodes in
processing at the relays fundamentally changes the way how ine network that have a better instantaneous channel to the

cooperation is established. Instead of picking nodes with apd L
links or fast paths, our algorithm picks a transmission mode destination compared to those pre-chosen nodes. The above

(modulation, coding, and number of streams). Any node that drawbacks are addressed by employing randomized signal
correctly receives from the source can act as a relay and processing at the relays[9], which eliminates the requémem

participate in forwarding. We present the performance of RDOSM  of codeword assignment and reduces the need for coordinatio
with practical modulation and channel coding, and evaluateits  petween the source and the relays. Randomized distributed
performance in a fully distributed wireless scenario. . . .
Index Terms—Cooperative Communications, Randomized Dis- Spac?'t'me code (RD_STC) [9] provides a robust cooperative
tributed Spatial Multiplexing (RDSM), Virtual MIMO relaying scheme that, in contrast to a DSTC based system, has
the potential of simplifying the protocol design.
Following the idea of randomized processing, we proposed
randomized distributed spatial multiplexing (RDSM)[1@ t
Multiple-Input-Multiple-Output(MIMO) [1] is one of the achieve spatial multiplexing gains and boost the rate of a
innovative technologies in recent years that has providedrelay-destination link to a multiple of the peak transnussi
significant increase in data throughout, link reliabilitpda rate. In our scheme, the communication works in two steps as
communication range without requiring additional bandtvid depicted in Fig. 1. The source first broadcasts the infolnati
or power. However, it is not easy to implement this multiplestream over the wireless channel. When all the potentiay/sel
antenna technology on mobile devices because of their retbaerhear the message, only the nodes that can decode it
tively small size. On the other hand, the number of antennaithout error will act together to participate in the forwlarg.
on a base station (BS) or an access point (AP) can be munhsuch a cooperation scenario, the degree of freedom for the
larger. Thus the mobile nodes become the bottleneck in suchsecond hop transmission is the minimum between the number
asymmetrical system, and restrict the system from achgeviof participating relays and the number of antennas on the
MIMO capacity gains. receiver side. The receiver must be equipped with multiple
Cooperation wireless communications [2] [3], where nodemtennas to decode the multiple parallel transmitted sisea
process and forward the overheard signal transmitted kgr otlfrom the relays. As mentioned earlier, the number of antenna
nodes to their intended destination, is another effecéal+ on a mobile device is limited, but it is easy to equip the BS or
nigue that exploits the broadcast nature of wireless cHaone AP with multiple antennas. Thus our proposed RDSM scheme
combat path loss and fading. While initial cooperation sebg is more suitable for uplink transmission.
employed a single relay, subsequent work has extended thifNote that the source-relay link will become the bottleneck,
to allowing multiple relays to forward the overhead signalsince both are equipped with only one antenna and there is
to the destination at the same time; this is called cooperatno spatial multiplexing gain. However, we expect that the
MIMO or virtual MIMO [4]. Cooperative MIMO can achieve source can recruit multiple nearby relays at a high trarsions
a MIMO capability in a network consisting of single antenngaate. Because of spatial multiplexing, the transmissioa fer
nodes. Some of the previous research [4] [5] [6] focuses oselay-destination link can be a multiple of the peak trarssmi

I. INTRODUCTION



sion rate for a single antenna system. We ugeand R, a rich multipath environment. The Bell Labs Layered Space-
respectively to indicate the transmission data rate foffilse Time (BLAST) [11] algorithm proposed by Foschini is one
hop and the second hop in a RDSM cooperation network, asaich approach. However, it suffers from certain implementa
assume the multiplexing gain on the second hofi'idt takes tion issues because of its high complexity. Later, a singalifi
(1/R; + 1/(KR2)) seconds to send bit to the destination version of BLAST system known as Vertical BLAST (V-
over the cooperative link. Thus the effective end-to-entk daBLAST) [12] was proposed and implemented in a laboratory
rate is defined byR ;s = m. In our scheme, we environment.

can have a highk; and R,, so the eigfective data rate from To apply the V-BLAST technique in a distributed wireless
the source to the destination receiver can approach the peadbile network, following the idea of randomization proses
data rate for all stations in the network. Nodes at the cajkeding, instead of transmitting only one stream from a relay, we
benefit the most; our system effectively adds capacity to thet each of them transmits a random weighted sum of all
edge. While the initial results provided in [10] are infoioa  the information streams. The weighting coefficients forheac
theory based, in this paper, we explore RDSM'’s performanstation are randomly generated locally and independehtig,
with practical modulation and channel coding schemes ineaabling fully distributed processing. The only infornoati
distributed cooperative network. required to coordinate the relays is the modulation, chianne
coding scheme and the number of independent streams for the
second hop, which can be distributed in the frame header in
the first hop. Our scheme enjoys all the benefits of V-BLAST
in terms of flexibility, and enables high rate transmission i
the second hop with minimal signalling overhead at the MAC
layer.

Broadcast ﬁ ___'l_=_.:_|_'\’__'DSI‘v1 Link

L'};/ iid H QQ The signal processing details are presented in Fig. 2. Be-
// e — cause only nodes that can successfully decode a message from
& T Relayz ] - the source are allowed to help relay, the error propagation
Soum;\;jf——-—ég/ " /' oestinaton problem over the cooperative link is negligible. If a node is
R Relays . SV (85) ég recruited as a relay, it splits the original informatiorestm.S

into K parallel sub-streamls;.S5...Sk] as in a serial-parallel
converter, and sends a random weighted sum of those sub-
streams, using the RDSM scheme described in [10].

Fig. 1. Link layer cooperative transmissions for RDSM

Another contribution of our work is that it fundamentally
changes the way how cooperation is established. Instead _—_f;_—__—___—__—f“‘f—fl_——_r_T—_‘_T_T__—jf,—_i;_—_f_—l
picking nodes with fast links or finding a fast path in the I 4
network, our scheme picks a transmission mode (modulatic & x| wmvo % ; :
channel coding, and number of streams) that could mc e [ O 1
improve the end-to-end rate on the average. We will expla o | b : :
this further in this paper. Relays decide to participate @t n Feco— 1
to participate independently based on whether they rece T MMOprocessme Biutaiond pcceashs |
the packet or not. In fact, neither the source nor destinati e -

station need to know who the relays are or where they ¢
located. We evaluate our rate adaptation algorithm on an
RDSM enabled wireless network, and compare the result to
single relay cooperation, DSTC and RDSTC. We assume each node supports a set of transmission eate
The rest of the paper is organized as follows. Section {;00’7.1, ...,mp}, Wherer is the base rate angy <y < ... <
describes how RDSM operates. In section Ill, we develgp. A given transmission rate is identified by the modulation
our opportunistic rate adaptation scheme to optimize th&e| 1/, and channel coding level,. We assume an additive
transmission parameters. Section IV presents the simuolatiyhite Gaussian noise (AWGN) channel with independent slow
results and the performance evaluation. Finally, in Secto Rayleigh fading between all stations and AP’s. Each fading

Fig. 2. Signal processing for RDSM transmissions

we present conclusions. duration is assumed to be longer than the packet duratidn. Al
stations have a symbol energy Af and the power spectral
II. RDSM PHYSICAL LAYER DESCRIPTION density of the noise signal i&/2.

Information theoretic results show that MIMO architecture The signal transmitted from stationcan be expressed by:

is able to provide extraordinary high spectral efficiendies zi =V EsriQS, D



wherer; = [ri1 72 ... 7], S = [S1 Sa ... ST are the coded but there is no way to compensate the rate reduction during
bits, and@ is a MIMO encoder, which is a standard MIMOthe first hop. The rate adaptation algorithm needs to perform

signal processing procedure [11]. a trade-off when choosing the appropriate rate pair for both
The messages received at the destination(BS or AP) canhaps. Cooperation should be employed only when cooperative
expressed as: transmission takes less time than direct transmission.

We have formulated the PHY layer error rates in [13], i.e.,
Y =HZ+W = EHRQS+W, &) per-hop bit err rate (BER), per-hop PER and end-to-end PER
where H is the LX M channel matrix representing channeperformance for direct transmission, the two-hop singley
gain from each relay to the destinatioh= [Z; Z5 ... Z)/]T, (CoopMAC [14]) scheme, DSTC scheme and RDSTC scheme.
L is the number of antennas at the destination &hds the In this paper, our focus is the BER/PER performance for the
number of nodes that participate in the forwarding for thifDSM scheme. As long as we can get the BER for the first
transmission. hop and second hop, we can use similar methods to calculate
An interesting point is that, for our system, there is no nedbtle end-to-end BER. However, a closed form BER expression
to estimated and R separately, only the effective channefor V-BLAST system is still an open problem due to its
matrix G := HR is required. Thus we can employ thecomplexity, thus we will conduct a Monte Carlo simulation to
same pilot symbols as used in MIMO channel estimatiggvaluate the RDSM’s performance. Algorithm 1 shows how
to be transmitted before the data packet. Using the same optimize end-to-end data rate and how we choose the
channel estimation methods as in standard MIMO systems, th@smission parameters.
effective channel matrixG can be estimated at the receiver.

The signal at the receiver can be described by: Algorithm 1 Rate Adaptation based on User Number
1: The available rate set for both the first hog,§ and
YV =VEGX +W, ©) the second hopHy) is {ri,72,...,7,}, and the set of

The decoder architecture could be a maximum-likelihood available sub-streams for RDSM &, where K €
(ML) based decoder. Since the received signal mimics a {k1,k2, ..., kmaz}. Suppose all stations are located in the
MIMO system with channel matribxG, the standard mini-  WLAN cell based on a random distribution function
mum mean square error-successive interference canorllati  The fading level among nodes is and between nodes
(MMSE-SIC) decoder also achieves capacity, which greatly and BS is¢. Initialize k* = 0.
reduces the complexity of the decoder. Thus we use MMSE: for Each of the stations within the cetilo

decoder for our detection. 3. for Each possible set off(2, Ro, K)} do
As discussed in Section I, we us®, and R, as the 4 for All possible stations that can be a reldy
transmission rate on the air interface for the first hop ard th5: Find B;*P5M(Ry, R, K) for RDSM
second hop, and... as the effective end-to-end rate for this transmission and average over all fading levels
transmission, while is the number of sub-streams split by ¢ and¢
each relay. Thus the effective data rate for the second hop £ end for RDSr )
boosted toK R, and we can expresi,s. as o 'fledp(Pp (Ri, R, K)) < v and z- +
1 1 1 %r < 7= then )
Pt RE @) s R* ¢ e K7 e K,

RI — R1, R; — R2
[1l. RATE ADAPTATION ALGORITHM o end if

Rate adaptation refers to the tuning of transmission parars: end for
eters based on the channel conditions. In RDSM, the tuninig: end for
includes the rate for the first haR;, the rate for the second
hop R2, and the number of split sub-streatfison each relay.  The source node chooses its optimal rate parameters by en-

In this section, we give a rate adaptation algorithm thastri suring that the average PER over all possible spatial locati
to maximizing the effective end-to-end data rate while kegp of stations is within the PER threshold To get the optimal
the packet error rate (PER) within the pre-defined threshold rate parameters for each source node in the network, theesour
Intuitively we should choose the highest possible transimis first needs to check whether cooperation is necessary or not
rate for both the source-relay and relay-AP links while rimeet by comparing the achievable direct link capacity with the
the PER threshold. Although a highel?; consumes less time possible cooperation transmission rate pairs. If coofmarat
in the first hop, it may also result in fewer relays that caoutperforms the direct link, we need to evaluate all the
receive and decode the message from the source, theredorepibssible potential relays in the network, letting the sewand
number of relays participating the forwarding is decreasetlays transmit through all available rate combinationsglevh
Fewer relays means the spatial multiplexing capability matisfying the PER condition. If the cooperation scheme is
reduced and the supported data rate for the second hop WIBTC/RDSTC or RDSM, we also evaluate all the possible
be lower as well. On the other side, a lowRi can enable STC for DSTC/RDSTC and number of sub-streams for RDSM
more potential nodes in the network to help the transmissian each relay. We repeat this procedure multiple times foln ea




cooperation scheme, until we find the best rate parametersBo Simulation Results

each node. We first numerically calculate the capacity between each
v s s 1 1 user and the AP using the formulations included in [13] for

(ri,r3, K ):arg,,f}.fKE S (5) direct transmission, single user relay, DSTC and RDSTC.

sit. PRDSM () py ) < Because there is no closed form expression for RDSM, we

evaluate RDSM BER through simulation. The capacity results

Traditionally, we set up cooperation by choosing nodese averaged over all possible distributions of users. We
which have good channels between chosen source and depeat this procedure multiple times until the average dapa
tination. In our rate adaptation algorithm, the choice d&raconverges.
parameters does not depend on a fast link or good path, but
is based on a set of specified transmission modes, such
the modulation and channel coding, and the number of st
streams. Thus our rate adaptation algorithm fundaments
changes the way how cooperation is established.
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We conduct a Monte Carlo simulation to find how mucl

network-wide capacity gain is possible via using RDSNM I T T T
We compare the performance of RDSM with that of direct
transmission, single relay cooperation, DSTC and RDSTC Fig. 3. Throughput Comparison

for stationary environments. All schemes use versions ef th
rate adaptation algorithm described in the previous sectio
The comparison and evaluation is done on a typical singl o°¢

. . . . I coor
cell wireless network. We will consider multi-cell netwasrkn o3 | g psTc
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A. Network Topology and Configuration

The simulation is based on a typical 802.11g system. Sin
it is in a wireless LAN setting, we assume that the radius
the considered wireless network is 100 meters. Independ
Rayleigh fading among each pair of stations and additiveavh

Gaussian noise is adopted as the channel model. The sihulz Bl
0
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system consists of one AP at the center and N mobile use 24 a2 40 a8 56 64
All users are randomly and uniformly distributed within the Number of Users

cell. The AP has four antennas while each user is equipped

with a single antenna. For comparison fairness, we comnstrai Fig. 4. Fraction of Cooperative Transmissions

the total transmission power of all the participating relag

the same as in a single relay scenario. Our simulations ard19- 3 displays the aggregated uplink throughput in a sta-
conducted on the uplink from the mobile users to the ABONary environment as the number of uséfsn the network
with the parameters shown in Table I. increases frong to 64. As N becomes larger, the throughput

of RDSM increases very fast compared to that of the other
cooperation schemes. That is because, the more users in the

TABLE | : o : ,
SIMULATION CONFIGURATION netyvork, the hlghe_r poss_lblllty a node is _able tp find relays t
deliver its information. With the multiplexing gain, the RIM
Ez:f‘g‘:éiﬁ \l’ggurﬁ obtains a much higher transmission rate during the secopd ho
ReceivedE, /N, al edge| 1.4 compa_red to .other _schemes. . _ _
Path loss exponent 3.0 _ . Previous discussion has revealed that the multiplexing gai
Model ITU-T Indoor Model and Rayleigh fading o the second hop for RDSM is the main reason that dif-
PHY layer data rates; 6,9,12, 18,24, 36,48, 54 Mbps f . it f h . h . h
Modulation. M, BPSK, OPSK.16-OAM, 64-QAM erentiates it from other cooperative sc emes._Flg. 4s 10WS
Channel coding( Convolutional1/2, 2/3, 3/4 another reason why RDSM is more powerful in improving
Acceptable PERy 0.1 system throughput. Compared to other cooperative schemes,
Centre Area Distance to the AP between (0,20]m t fhg deli d to destinati . oh
Niddie Area Distance fo The AP between (20,60]m more transmissions are delivered to destinations usiagse
Far Area Distance to the AP between (60,80]m RDSM. When the number of useh$ is not large, the fraction
Edge Area Distance to the AP between (80,100]m of transmission forwarded by relays are a bit higher for RDSM

as compared to the other schemes. Wheaxceed24, more
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Fig. 5. Percentage of Cooperative transmissions

and more nodes participate in helping delivering the packeboperative schemes. In the following, we will conduct a

with over85% of messages are delivered by relays in RDSMimple analysis for the edge users based on our simulation
Thus compared to other cooperative schemes, RDSM eafata. We randomly pick several edge users and compare their

ables more relayed transmissions. We then investigatedewhend-to-end performance for RDSM and RDSTC.

these extra relay-assisted transmissions originatedn$wex

this question, we divided the cell into four regions based on

the user’s distance to the AP. The Center Area is the innérmos

TABLE Il
RDSTCFOREDGE STATIONS

region where a user’s distance to the AP is withinmeters,

Edge | Rgir RDSTC
the Middle Area is the sector where a user’s distance to the User | (Mbps ) | R.gsic(Mbps) Ri(Mbps) Ry(Mbps) +%
AP is betweer20 meters andi0 meters, the Far Area is the — 1 g 19(')0209 . - S
sector where a user’s distance to the AP is betwifeand80 3 5 10.80 18 36 800/2
meters and the Edge Area is the outermost region where cell 4 6 8.31 12 36 38%
edge users are located.(see Table ).

Fig. 5 shows the percentage of transmissions that are

delivered by relays in each region when the number of users TABLE 1l
in the network for the four specified cooperation schemes, an RDSMFOREDGE STATIONS
we use the numberk 2, 3,4 in X-axis separately to indicate “Edge| Ru. RDSM
these four schemes, whetrrdor single relay2 for DSTC, 3 for User | (W0ps) | Rraspn(Bbbs) Fu(Bbs) Ra(bps) K 4%
RDSTC and4 for RDSM. In addition, we use different colors — 2 6 216 36 18 3 260%
to stand for different regions in the bar chart. Intuitively - o - s o .00

a user is close to the AP, it is very likely that this user will
transmit the information to the AP dil’ecﬂy and COOperaiE)n From Tab|e 1 and Tab|e |||, we can see for edge users
unnecessary. The simulation result confirms our intuitfon: 1 tg 4, their direct links to AP can only suppofiMbps

all the four cooperation schemes, we do not see any Cenjgile meeting the PER threshoid If RDSTC is enabled, the
Area user (brown color) in the bar chart, which means Centgfective end-to-end rate can be improved to aroahtbps,
Area users deliver their messages to the AP directly and @ich is 50% higher compared to the direct link. If RDSM is
relays are involved in the transmissions. applied, the effective end-to-end data rate can reach well o
From Fig.5, we also note that compared to users IocatggiMbps, almost22Mbps, much higher than the rate RDSTC
in the Middle Area, the users located farther from AP, fogan achieve. The comparison tells us that although both
example, Far Area users (light blue bar) and Edge Ar@goperative schemes can increase the edge user’s perfeeman
users(dark blue bar), are more likely to get helped becaysgsm brings much more benefits compared to others.
of their poor direct link to the AP. This is also in accord with
the intuition. V. CONCLUSION
We have confirmed the fact that using relay enabled trans-n this paper, we evaluated a physical layer protocol, RDSM,
mission can be beneficial for Edge Area users, consideribg employing it in a fully distributed wireless cooperative
their poor channel to the AP. We next illustrate to what etenetwork. RDSM enables robust cooperation by using multi-
RDSM can benefit Edge Area users compared to other popyée relays and reduces the signalling and channel feedback



overhead due to the introduction of randomized processing.
The proposed protocol is simple and realizes a significant
performance gain. The scheme especially benefits the cell
edge users; it can enhance the edge user’s link capacity to
as much as quadruple the direct rate. In addition, we pro-
pose an opportunistic rate adaptation algorithm to max@miz
the effective end-to-end data rate on average while keeping
PER within the pre-defined threshold. Our rate adaptation
algorithm fundamentally changes the way how cooperation is
established. Instead of picking a fast link or good path, we
pick a transmission mode (modulation, coding, and DSM).
Relays decide to participate or not participate in the fodwva

ing independently based on whether they receive the packet
or not. Our simulation results reveal the performance gain
using RDSM with practical modulation and channel coding
in a distributed cooperative network. The RDSM is not only
beneficial to system overall throughput, but also enablesemo
relay transmissions, and adds capacity to the cell edge.
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