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Experimental Evaluation of DCOOP Protocol using
USRP-RIO based testbed at 5.8GHz

Nasir Hussaih, Karla Ziri-Castrd, Dhammika Jayalath Mohammed Arafatt
*Queensland University of Technology, Brisbane, Australia
**King Saud University, Riyadh, Saudi Arabia

Abstract—Cooperative communication can attain lower error ability of DF strategy was evaluated for a cooperative singl
probability in wireless networks by exploiting the inherent broad-  relay selection scheme with optimized power allocation [9]

cast nature and taking advantage of multi-path propagation. . . , . . :
In order to leverage performance gains achieved by virtual Software Defined Radios (SDR’s) are increasingly being

multiple-input multiple-output (MIMO) systems, we design a USed in the research community with a practical goal of eval-
novel cooperative protocol, Decode-to-Cooperate (DCOOPWe uating the proposed protocols under realistic conditi@es.

evaluate its performance on a testbed implemented on Universal |ection relaying is investigated for performance improeem
Software Radio Peripheral Reconfigurable Input/Output (USRP-  qyer girect transmission and it is observed that the codipera

RIO) platform. The main challenge during the testbed deploy- X . -
ment was to consider transmission under tightly synchronized testbed yields lower error probability [10]. Universal Swire

nodes in a slow fading environment. Extensive experiments were Defined Radio (USRP) with GNU radio platform is used
performed to evaluate the performance of the testbed and the to evaluate cooperative communication2atGHz for Multi-

results show that it can operate at lower transmit power and relay synchronization using a timestamp methodology &iratt
increase the coverage area for a desired bit error rate (BER). significant improvement in performance when compared with
Index Terms—Cooperative communications, Relay selection, direct transmission [11]. In [12], the authors combinedhOg-
USRP, Alamouti coding, Virtual MIMO, BER onal Frequency-Division Multiplexing (OFDM) with STBC
to enhance the performance using Amplify-and-Forward (AF)
strategy aR.4GHz. Most of the work mentioned above, and in
particular considering DF based cooperative communicatio
Cooperative communication is an effective and efficieRfre either not proposed for a particular wireless standard
means of overcoming multi-path fading and interference t theoretical [5] with certain assumptions that are used to
wireless communication. It takes advantage of the broddcager simplify certain avoidable factors and therefore,nzan
nature inherent to wireless Channel, and thUS, enabletessre be considered a fu||y functional real-world radio propmyat
nodes to cooperate for enhanced reception. Cooperative c@fiddel. Hence, design of a testbed, to incorporate cooperati
munication can be realized as a virtual multiple-input iplét  into an existing wireless standard, is yet to be investiate
output (MIMO) system, enabling single-antenna devices faoreover, considering other factors, such as low mobilitd a
form a distributed antenna array system. Furthermore,-dup,lgh density features of the emerging heterogeneous nietwor
hop networks can achieve maximum diversity and spatighd the widely accepted IEE¥2.11 standard [13], the variant
multiplexing gains by employing a cooperative virtual MIMOg(2.11a, can serve as an ideal candidate due to its provision
configuration [1,2]. of higher data rates.
_ Efficiency of cooperative protocols depends on relay selec-1he objective can be set to verify the conjecture that
tion, number of relays, and network geometry such as relgyorporating cooperative communication can improve the
positioning and power allocation. In [3], the authors studyerformance of IEEB02.11a, in terms of power consumption
relay selection and the diversity achieved by considerd®@® ot nodes and/or extend its coverage area (as it is limited to
outage and capacity bounds. Similarly, diversity analysis ¢qyerage area when compared with #.11b variant). This
single and multiple-relay selection was investigated ], |od to the development of Decode-to-Cooperate (DCOOP)

highlight the performance gain achieved by employing thgstocol and testbed implementation to study the perfonaan
later. Space-time block coding (STBC), not only offers @rg of cooperative communication in contrast to non-coopeeati
diversity order than repetition-based algorithms, but 681 qmmunication.

effectively utilized for higher spectral efficiency [5]. Ad
tionally, distributed Alamouti coding promises higher alisity to
order with lower error probability and could be employed as
a virtual antenna scheme [6]. Recently, performance oﬂesinqh
and multiple relay selection indicated marginal gain besel
ing more than three relays for cooperative communication [
Decode-and-Forward (DF) strategy with best-relay (in term « We develop a cooperative protocol and implement a
of highest signal-to-noise (SNR)) alludes achieving maxim testbed framework based on USRP, which includes a
diversity order [8]. In terms of power allocation, error pro physical layer implementation.

I. INTRODUCTION

Contributions: We believe the methodology we use for pro-
cols design and testbed construction will provide sutigies
incorporate cooperative mechanism into existing as all

e design of future wireless systems. We have the following
_Fontributions in this paper:
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Fig. 1: DCOOP testbed as virtual antenna SIMO-MISO array.
Destination R(E’t*‘) R(g*') T R R T
« We conducted extensive experiments to reveal the sys- '
tem performance of cooperative communication with our T: Transmitting R: Receiving Sj: Frame containing kth Symbol
platform. The result shows significant gain of cooperative
transmission compared with direct transmission. Fig. 2: Timing diagram illustrating data transmission and

Organization of the paper: The remaining of this paper is control phases.
organized as follows: in Section I, we present the ratienal
behind the cooperative protocol. In Section lll, systemigtes
for testbed implementation and related design challenges 8ld symbols (if the transmission from relay falls below a
discussed. Measurement results and analysis is given in S#sired SNR level for decoding). This process of alternate
tion 1V, and finally Section V, presents the conclusion antfansmission and control phase continues until the sousse h
considerations for future work. transmitted all the frames.

Il. COOPERATIVEPROTOCOL A. Decode-to-Cooperate (DCOOP)

The cooperative protocol is inspired by our previous work The sources trgnsmlts .‘V.V‘? information b'ear.mg symboI;
[14] and the testbed aims to meet IERE.11a specification. 2t-1 @nd Sk during the initial data transmission phase in
Firstly, we have a source transmitting sequentially, and thet\r’YL0 t|men?lots. The symbols received ‘F?lt the I|_sten|ng arasnn
destinationd seeks help from nearby relay nodefswhen it M af“?”? oilthe m‘}i‘ relay, each having their own channel
is unable to decode directly from the source. In turn, refpy(Oefficientsh” and " are,

successfully decoding the transmission from source, show Aﬁk—l) S(k_1)h§”\/171+n’ffk_1)}
willingness to cooperate and after going through the pi®oés o m m "
selection, transmit using distributed Alamouti coding, [®er Sl(k) = Sl \/Fl k) 1)
a dual-hop network, as shown in Fig. 1. We adopt time-divisio Sg(lk_l) = S(k_l)hg"\/]?1 + ”%—1)} .

multiple access (TDMA) method in our design and consider o m m 2
coherence time [15], to consider a slow fading environment. S3ky = Sty hz VPt "2(k)

Furthermore, we have a data transmission phase (consistiggpectively. Where we have, k€ ”?fk) ~ N(0,02?)

pf two time slots) and_a control phasg (fqur time slots tgnq g ~ N(0,02), as normally distributed additive white
implement relay selection) as shown in Fig. 2. The relay,  ssjan noise samples with zero mean and variafice,
selection process is based on a handshake between re@’érs to the transmission power at the source /dicienotes

and destination. The outset of the control phase occurs WH'huasi-static Rayleigh fading channel frosn— r™, having a

a Negative-Acknowledgment (NACK) from the destinationsic,arly symmetric complex Gaussian envelop with vagin

Then the listening relay(s) send relay ID and the average Tpg received signal at the destination using distributed

SNR (ASNR) for the information symbols received in tWOASIQr.nouti STBC is given as

time slots, indicating that they have decoded and are willin

to cooperate. The destination calculates SNR from the ,rela)g(k_l) — g%_l)g?\/g+ gggk)ggl\/g_i_ n?]ﬁl)

in addition to the received information form the relay and = . .

broadcast the indices of the selected relay(s). A relay is S(;) = —Si’zk)gT\/Fg+S§’(‘k71)g§”\/Fg+n?Z§l
selected based on the ASNR gain at the relay (i.e., source-to 2)
relay link) and the destination (i.e., relay-to-destioatlinks). where we havey k ¢ n’(ngl ~ N(0,02) as normally
Now, after the control phase the selected relay operate distributed additive white Gaussian noise samples witlo zer
transmitting relay to transmit the decoded informationhe t mean and variance?, from the selected relay(s) to destina-
destination. During the subsequent transmission phase, tion. P, refers to the transmission power at the relay node
source chooses to transmit new symbols or retransmit thed g, denotes a quasi-static Rayleigh fading channel from



r™ — d, having a circularly symmetric complex Gaussian
envelop with variance? ,. Finally, the destination combines

md*

the information bearing symbols as,

5 - So-ngi + gfkk)gén
(k—1) = ‘g{n 2 + |g£n|2

. T 3)
Sy — Stk-1)93" — S{iy9t"
9712 + 195"
These symbols are then decoded using a Maximum Likelihood
(ML) decision rule [16]. The transmitting antenna§' (¢5") of
the relay, flush the accumulated interference after tratisigi
the decoded symbols. Furthermore, interference caniosllat
[17,18] is used at the listening antenna® (r{*) of the relay,
to decode the information symbols from source. They receive
successive symbols from the source and interference as the @ o

5 Yd] Y Y Relay

600 648 605
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Destination d;

previously decoded symbols from the transmitting antennas
of the relay, simultaneously. After decoding the interfexe,

it is then subtracted from the previously decoded symb
to obtain the desired symbols, &, ,, > 62, (ie., the

channel gain between the transmitting and listening am@&nn

is greater as compared to source and listening antennas) or

discards the transmission from transmitting relay as niise\we consider IEEER02.11a standard and 24 bit long, PHY
Oy, < 0%, before eventually flushing the accumulatedayer Convergence Procedure (PLCP) preamble. This choice
interference and start fresh when the source transmits Yy&reamble length is long enough to account for least square
next symbols sequentially. In this work, we only conside thy| S) channel estimation. Next, we consider a single OFDM
performance evaluation of the protocol for testbed |mplemesymb0| transmitted per PLCP Protocol Data Unit (PPDU)
tation. For interested reader theoretical performancéysisa frame with Np = 96 data bits per OFDM symbol, as shown
in terms of optimum power allocation and optimum relay, Fig. 4. This allows us to compare frame transmission time
position is given in [19]. in contrast to channel coherence tirfie We anticipate the
channel to remain constant till the initial two frames frome t
[1l. | MPLEMENTATION . A .
source are received at the destination (ke= 8), and define

The measurement campaign was carried out at Queenslgnd exnected time for multiple frames transmission as! tota
University of Technology (Gardens Point Campus, S-Blocansmission timé;,. Table | summarizes coherence time and
Level6) at 5.865GHz (ISM band). The walls and pillars of 5| transmission time, with node mobilityand consider the
this level are made of reinforced concrete (app8ticm thick) mandatory data rates as defined in the |EE.11a OFDM
and having clear glass single glazed windows, soft-panli pyyy j e 1.5, 3, and6Mbps for quarter-clockedMHz channel
and glass doors (approd.5cm thick) as shown in Fig. 3. panqwidth, 3,6, and 12Mbps for half-clocked10MHz and
We have three software-defined radio nodes, with RF—framte& 12, and24Mbps for 20MHz. For pedestrian walking am/s

implemented in Universal Software.Radio Peripheral boa(gr 3.6km/hr), T.. is approximately twenty folds greater than
(USRP2953R) [20], and the cooperative module mplementei for the lowest data rate of.5Mbps with Np = 96 bits

in LabVIEW. USRP2953R is a radio peripheral capable,ng reduces to ten folds &f, with N — 48 bits, which
of operating atl.2GHz to 6GHz supporting UptolOMHZ i {heory is emblematic of a slow fading environment. In
bandwidth and also contains a Global Positioning Systefs work. we only consideNp = 96 bits and fixed node

Disciplined Oscillator (GPSDO) for synchronization pusgo (ransmission, however, from Table |, it is quite evidentttha
We are using omnidirectional VERT50 dual-band ame””asincreasing speed uptdm/s (or 10.8km/hr) still maintains a

(operating unde2.4—2.5 and4.9—5.9GHz) and the baseband
digital signal out of USRRP953R motherboard is sent via
cabled PCI-Express connectivity kit to the host computer fo

physical layer signal processing. We implement the testbed

with a single MIMO enabled relay node (as seen in Fig. 1)

to avoid unnecessary implementation complexity, and this ¢ Jue | Resemved | Lovgth | Party | Tail | Service | PSDU |- Tail ) - Pad
essentially serve as a combination of two near-by relays.

Oﬁg. 3: Floor plan and location of source, relay and destinat

slow fading environment.

A. System Design PLCP Preamble Signal Do
DCOOP is designed to support dual-hop communication by e e T
employing a fixed short-preamble, such that, the frame de-
tection is only triggered at the first hop (i.e., at the reJays

Fig. 4. IEEE 802.11a PPDU Frame Format for DCOOP.



Table I: Coherence and total Transmission time for QPSK'
based Modulation )

Ti[ps]
1.5Mbps 3Mbps 6Mbps 12Mbps 24Mbps

v [mis]  Te[us]

21636.8

10818.4 885.33 with 442.66 with  221.33 with  110.66 with  55.3333 with
5 Np =96 Np =96 Np =96 Np =96 Np = 96

7212.6

5409.2
4327.3

1770.66 with  885.33 with  442.66 with ~ 221.33 with  110.666 with
Np =48 Np =48 Np =48 Np =48 Np =48

[S13 S CIR ORI

B. Design Challenge

To implement the testbed as described in the previou
sections, we have two key challenges,
« To distinguish the start of a new frame for synchroniza-
tion. This is required to synchronize the transmission Fig. 5: Experimental setup for DCOOP.
between source-to-relay and relay-to-destination.

o To design the nodes such that they transmit and receive = i i
in a TDMA manner as in Fig. 2. destination and transmits one control frame from interface

To guarantee correct decoding, frame initiation or prearg;FOITX1 (slot4) and another from interface RF1/TX1 (slot
0

(a) Source and relay node (b) Relay and destination node

bles of any two transmitted frames need to be identifief). These control frames sent by the relay includes a two bit-

Our testbed tends to exploit spatial diversity, by emplgyin ng ASNR (signalled as'00” < 6dB, “01” for 6 — 12dB,

concurrent transmissions from spatially co-located ardsn 1% for ég’ - 13?1!3;‘?(1 ﬁ_lhfor Zd 19dBdb6|‘S§d on IQPSK.th
For concurrent transmission, signal from one path should gac can be modilied for higner order modu'a ion) along wi
n identification marker of equal length for the interface

combined with the other path’s signal. It can only be dor@

when preamble is known at all the nodes, as only after tPLR:}formann. The destination now ranks the relay interface

signals are correlated with a known preamble, the start %[Pd broadcasts the indices (sl When aggregating the

the frame can be identified. The destination receives rrtelItip}rfgs;?:nf'eoglgtzasﬁeﬁgg t\t‘vz ;?;Etire?/lepgassyer;c\r/\v;nhoivse ?Df\:/ﬁle

signals at the same time, it cannot separate them indi\}jduaf ission for th tive testbed imol tai
Instead, it receives a superposition of the two signalsr afteansmission for the cooperative testbed impiementation.
path fading. Furthermore, as the distance between two nodes

is only several meters, the delay differentiation from yeta IV. EXPERIMENTAL RESULTS

the destination can be reasonably ignored. In order to @&hie |n this section, we present the experimental apparatus,
tight synchronization between all the nodes, we can usereithe|ated parameters and study the physical layer perforenahc
an external clock source (common to all the nodes) or hiye testbed in terms of bit error rate (BER). The experiments
utilizing the inbuilt GPS capability of USRB953R. The use were carried out in an indoor room-corridor scenario as @ Fi

of GPS was favourable for the experimental apparatus %0and the measurement parameters are listed in Table II.
avoid unnecessary connections between nodes. For thikeall

nodes were allowed to start randomly and once locked to the Table 1l: Measurement Parameters
GPS, the pre-lock transmission was discarded. Use of OFDM Carrier Frequency [GHZ] v
based distributed Alamouti transmission along with a sfvort Bandwidth [MHz] 2
preamble [21], allowed suppressing the timing and frequenc Data Rate [Mbps] 24,12,6
offsets. As a result, we achieve synchronization by emplpyi Srigmb?e%m Duration s] 41: 827 146
a MIMO enabled relay for indoor environment. Antenna Height [m] 0.8

To deal with the second design challenge, we scale down Modulation QPSK

the onboard clock 125MHz) of the USRP2953R, to our

transmission bandwidth df0OMHz and define the frame du- For DCOOP, source and relay nodes are fixed at a distance
ration as well as the frame decoding and generation delapproximatelysm apart, and the distance between relay and
Based on the fixed frame length (666bits from Fig. 4), we destination varies (Fig. 3). To compare the performance of
calculate the frame duration (e.®7.66us for 6Mbps) and DCOOP, we also considered direct transmission by replacing
add a realistic hardware based delay {(6Dus), when the the relay with the source node and receive a re-transmitted
frame is received at the relay and regenerated to be senfreone at the destination, to have fairness in comparisoh wit
the destination [11]. Although, this increas€s (in Table I), minimal changes to the testbed. To calculate BER, we transmi
however, does not compromise slow fading conditions for tH&0 frames and record(0 readings for each transmission
testbed (e.g.1021.33us for 6Mbps). So, the source transmitsand average the recorded values to attain average BER. This
two frames and then waits for four frame slots to transmatverage is taken to generalize and compare the performénce o
the next two frames and continues until all frames are seBXCOOP and direct transmission under realistic environment
The relay node after receiving the initial two frames (slots In Fig. 6, we study the performance of the testbed by
1 —2) from the source, receives a NACK (sl8) from the evaluating average BER for different transmit power (Tx



0
10° 10" T T T T T T T 10
10" y
10 F 10" F
2 o
g - g
= 2 =8
g %102 %102
E 10 s
£ g £
g g 2
<107 Z <
*
*
¥
-3 L
10°F i 10
10 *
* Measured DCOOP ¥ % Measured DCOOP * ¥ Measured DCOOP
Average DCOOP Average DCOOP Average DCOOP
+  Measured Direct +  Measured Direct +  Measured Direct
— — — Average Direct — — — Average Direct — — — Average Direct
0 s 9 10 1 12 13 1 10 s 9 10 u 1 ‘ O T Ty w0 1 1z 1 1 s
6 7 8 9 10 11 12 13 14 15 6 7 8 9 10 11 12 13 14 15 . 3 >
Tx Power (dBm) Tx Power (dBm) Tx Power (dBm)
(a) Data Rat&sMbps (b) Data Ratel2Mbps (c) Data Rate24Mbps
10° . . . . - 10° - - - - 3 10"
T +
+ . S ¥
1 £ Eae *
T 5 + T+ +
1 - . Pie ; I
10 i i %/ ~ 1 10 i * 3
L--77 T % * -1
b 10
‘% + o i
+ P * o

Average BER
=
Ak 4+ \ +
\
\
oMok bk el +PRH- \
Ak * #
R R g
* K R
Average BER
=
3
* %
Fk
*
Average BER

§
107 ¥ 107 *
*  Measured DCOOP *  Measured DCOOP *  Measured DCOOP
Average DCOOP Average DCOOP Average DCOOP
+  Measured Direct +  Measured Direct +  Measured Direct
— — — Average Direct — — — Average Direct — — — Average Direct
4 -4 10 3 L L L L L
10 5 7 9 11 13 10 5 7 9 11 13 5 7 9 11 13
d,(m) d (m) d,(m)
(d) Data RatesMbps (e) Data Ratel2Mbps (f) Data Rate24Mbps

Fig. 6: Performace evaluation of DCOOP and Direct transanisbased on Tx Power and,.

Power) and by varying distancé,. We control Tx Power by Table Ill: Average BER based on transmit power

adjusting the antenna gain parameter and use a power meter - 6Mbps 12Mbps 24Mbps

to measure it. In Fig. 6a, 6b, 6¢, we consider different data DCOOP  Direct DCOOP  Direct DCOOP  Direct

rates (6,12, and 24Mbps) to evaluate the performance when 7 2.13E-1 - 2.63E-1 3.32E-1 -

all the nodes are equi-distance (approximataty) from each 9 7.37E2 - 1.56E-1 1.658-1 -

other. For fairness in comparison, we consider total transm—2 -~ 5011 - G75EI TO0IEd
. .. . . . 11 2.12E-3 — 7.92E-3 — 1.05E-2 —

power for direct transmission and distribute this poweradigiu = S3EL = 71 — T

between the source and the relay for DCOOP (e.g., if the 3 2.58E4 _ 1.25E3 _ 112E3 _
source employ30dBm for direct transmission, it is equivalent 14 - 9.27E-3 - 1.53E-2 - 8.45E-2
to 7dBm for DCOOP at source and relay node and similarly
for other power levels). Here, we have two key observations,
firstly, DCOOP outperforms direct transmission for all dati
L

rates considered and secondly, the least BER is recorded 8Fh DCOGP {1dBm) and direct transm|s_3|or11(dBn"|_), and
. . then study the affect on BER by changing the distance of
the lowest data rate. Furthermore, in Table Ill, we notic o
the destination noded( = 5m, do = Tm, d3 = 9m,
that for 6Mbps and Tx Power ofl1dBm for DCOOP, the d 1m. d 13m). In general. movina the destination
average BER i€.12 x 10~2, lower than the average BER of,* ' @5 )- In general, moving the destinatio

9.27 x 103 for direct transmission with Tx PowelrddBm. fur:;hgirr:g?érlgﬂzst%:e\?\/ri?r? ?ndcfeezll?r:mggf:rzregottg DCOOP
Similarly, improved BER is achieved by the testbed for a X g ' g

power levels, when compared with direct transmission. T ER shows a steep increase wheéy reachesom for both

: . . COOP and direct transmission. This dual-slope log diganc
improvement in performance can be used to transmit at a lowe

s . e
power level to conserve energy and achieve a desired BER K rth Ios; quel was experim entally yer_lfled in [22] for direg
the testbed communication. Our experimental findings are not only in
' agreement for direct transmission but also suggest that it i
Next, in Fig. 6d, 6e, 6f, we have constant Tx Power faapplicable on cooperative transmission (i.e., DCOOP ¢eitb




In Table IV, we calculate the average BER, and providgs]
detailed performance improvement of the testbed as compare
to direct transmission. It can be seen that for a given data
rate of 6Mbps, direct transmission achieves an average BER]
of 1.61 x 10~2, when the source i¥m apart from the
destination. In comparison, we observe increase in coeeragy
area with almost similar error raté.{1 x 10~2) for DCOOP
transmission, with the destinatiof8Bm away from the relay.
This enhancement in performance can be observed for high@f
data rates as well. Hence, in conclusion, our testbed is not
only capable of operating at low power level but can also be
considered to improve the coverage area.

[10]
Table IV: Average BER based on distance between relay and

destination (DCOOP), source and destination (Direct)

do[m] 6Mbps 12Mbps 24Mbps (11]
DCOOP Direct DCOOP Direct DCOOP Direct
5 2.12E-3 9.27E-3  7.92E-3 1.53E-2 1.05E-2  8.45E-2 [12]
7 2.51E-3 1.61E-2 9.58E-3  2.68E-2 1.45E-2 1.33E-1
9 3.46E-3 4.80E-2 1.95E-2 1.14E-1 6.08E-2 3.27E-1
11 5.73E-3  7.16E-2 4.31E-2  2.25E-1 1.25E-1 5.37E-1 [13]
13 1.11E-2 1.64E-1 1.13E-2  4.83E-1 4.85E-1 7.87TE-1

(14]
V. CONCLUSION

In this work, we have developed a novel cooperative pro-
tocol and studied its performance by implementing it on a
testbed based on IEEf)2.11a standard. Empirical results for[15]
indoor measurements suggests that, DCOOP can effectively
enhance the performance of existing wireless standardanit [16]
also be considered for the design of future wireless com-
munication networks, especially high density environreenfm

subjected to direct communication constraint. Future watk
focus on evaluating performance of the testbed by consigeri
node mobility. (18]

ACKNOWLEDGEMENTS [19]

This project was funded by the National Plan for Science,
Technology and Innovation (MAARIFAH), King Abdulaziz
City for Science and Technology, Kingdom of Saudi Arabia,

Award number (11-INF1951-02). (20]
[21]

REFERENCES
[1] N. Sagias, R. Mallik, and N. Tselikas, “Asymptotic Anaiydor dual- [22]

hop Communication Networks with PSK and Imperfect CSI,1HEE

Wreless Communications and Networking Conference, Apr 2014, pp.

869-874.

S. Sohaib and S. Zaheer, “Space Time Coded Signal Spacrddiv

for Multi-Hop Cooperative Wireless Communication,”li8EE Vehicular

Technology Conference, May 2014, pp. 1-5.

[3] A. Adinoyi, Y. Fan, H. Yanikomeroglu, H. Poor, and F. Alsian,
“Performance of Selection Relaying and Cooperative DitgtsiEEE
Transactions on Wireless Communications, vol. 8, no. 12, pp. 5790-
5795, Dec 2009.

[4] J. Yindi and H. Jafarkhani, “Single and Multiple Relay I&zion
Schemes and their Achievable Diversity Ordet&FEE Transactions on
Wireless Communications, vol. 8, no. 3, pp. 1414-1423, Mar 2009.

[5] J. N. Laneman and G. W. Wornell, “Distributed Space-Timsd€d
Protocols for Exploiting Cooperative Diversity in Wiregeletworks,”
IEEE Transactions on Information Theory, vol. 49, no. 10, pp. 2415—
2425, Oct 2003.

(2]

Z.Yi, M. Ju, H. K. Song, and I. M. Kim, “BER and Diversity Oed
Analysis of Distributed Alamouti's Code with CSI-AssistectlRys,”
IEEE Transactions on Wireless Communications, vol. 10, no. 4, pp.
1199-1211, Feb 2011.

Z. Y. Liu, “Single and Multiple Relay Selection for Cooraive Com-
munication under Frequency Selective Channels,]1ERE Region 10
Conference, Oct 2013, pp. 1-4.

S. Ikki and M. Ahmed, “Performance Analysis of Adaptive Dee-
and-Forward Cooperative Diversity Network with Best-Re®election,”
|IEEE Transactions on Communications, vol. 58, no. 1, pp. 68-72, Jan
2010.

W. Swasdio, C. Pirak, S. Jitapunkul, and G. Ascheid, fAtuti-coded
Decode-and-Forward Protocol with Optimum Relay SelectimhRower
Allocation for Cooperative CommunicationsBURASIP Journal on
Wreless Communications and Networking, vol. 2014, no. 1, pp. 1-13,
Jul 2014,

P. Zetterberg, C. Mavrokefalidis, A. Lalos, and E. Maikis, “Exper-
imental Investigation of Cooperative Schemes on a Real-Tim@-DS
Based Testbed,EURASIP Journal on Wreless Communications and
Networking, vol. 2009, no. 1, pp. 1-15, May 2009.

J. Zhang, J. Jia, Q. Zhang, and E. Lo, “Implementation avalu&tion
of Cooperative Communication Schemes in Software-Defined dRadi
Testbed,” inlEEE INFOCOM, Mar 2010, pp. 1-9.

P. Murphy, A. Sabharwal, and B. Aazhang, “On Building @oPerative
Communication System: Testbed Implementation and First Résults
EURASIP Journal on Wireless Communications and Networking, vol.
2009, pp. 1-9, Jun 2009.

Part 11: Wireless LAN Medium Access Control (MAC) andyBical
Layer (PHY) Specifications. (Date last accessed 29-May6p0[On-
line]. Available: http://standards.ieee.org/getiee@806wnload/802.11-
2012.pdf

N. Hussain, K. Ziri-Castro, D. Jayalath, and M. Araféifficient Mul-
tiple Relay Selection for Cooperative Communication usingrduti-
Coded Virtual Transmit Antenna Systems,”limter national Symposium
on Wreless Personal Multimedia Communications, Sep 2014, pp. 345—
350.

H. Jung, T. T. Kwon, K. Cho, and Y. Choi, “REACT: Rate Adafion
using Coherence Time in 802.11 WLANZbmputer Communications,
vol. 34, no. 11, pp. 1316 — 1327, Jul 2011.

S. Alamouti, “A Simple Transmit Diversity Technique for Wless
Communications,|EEE Journal on Selected Areas in Communications,
vol. 16, no. 8, pp. 1451-1458, Oct 1998.

Y. Fan, C. Wang, J. Thompson, and H. Poor, “Recoveringtidiaixing
Loss through Successive Relaying Using Repetition CotihBEE
Transactions on Wireless Communications, vol. 6, no. 12, pp. 4484—
4493, Dec 2007.

R. Tannious and A. Nosratinia, “Spectrally-EfficienelRy Selection
with Limited Feedback,1EEE Journal on Selected Areas in Communi-
cations, vol. 26, no. 8, pp. 1419-1428, Oct 2008.

N. Hussain, K. Ziri-Castro, D. Jayalath, and M. Arafah,
“Decode-to-Cooperate: A Sequential Alamouti-Coded Coalpan
Strategy in Dual-Hop Wireless Relay Network§@ecommunication
Systems, vol. 62, no. 3, pp. 1-12, 2016. [Online]. Available:
http://dx.doi.org/10.1007/s11235-016-0181-3

NI USRP-2953R Device Specifications. (Date last ace@s®9-May-
2016). [Online]. Available: http://www.ni.com/pdf/mans&74197b.pdf
Y. J. Chang, Q. Lin, and M. Weitnauer, “Synchronizatifor multi-
hop distributed MIMO-OFDM,” inlEEE International Conference on
Communications, Jun 2015, pp. 1745-1750.

D. Xu, J. Zhang, X. Gao, P. Zhang, and Y. Wu, “Indoor Office
Propagation Measurements and Path Loss Models at 5.25 GHEEE
\ehicular Technology Conference, Sep 2007, pp. 844—-848.



