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Abstract— In this paper we propose a distributed System (a) Source node and destination node form cooperative groups
for facilitating cooperative MIMO transmissions in networks g e
without multiple antenna devices. MIMO diversity is achieved 4N x
by employing groups of nodes in the vicinity of the source k k e l
and destination to help with the transmission. The distributed Sending k I Receiving
sending nodes are assumed to have different carrier frequency Group (b) MIMO transmission Group

offsets (CFO). Space-time block codes (STBC) and code com-
bining are used to utilize spatial diversity. The estimation
of multiple CFO and detector for STBC-coded data under
multiple CFO are provided. The BER of the proposed system is
shown and discussed. We also consider the energy consumption Sending
and compare it with other cooperative designs. group

———

—— i
k Receiving
Group

k (c) Data Collection and Code Combining

I. INTRODUCTION k kk

Various schemes in previous research have shown tt
spatial diversity can be leveraged at the network, link ¢ Sending Recelving
physical layers to provide energy efficient transmissidts. e e
the physical layer, MIMO systems use multiple antennas to , ,
achieve spatial diversity. However, MIMO systems _requirf a?aslrﬁisgg‘?fo(i)e%g‘t’:%egﬁé'zgo'\rf'g’r'fg éﬁfgﬁiég) RecruitmentMBMO
multi-antennas devices, which may not be feasible in some
devices due to cost and size limitations. Thus the concept of
cooperative diversity has been proposed to provide spfitial and code combining provides MIMO diversity even under
versity with single antenna devices. In cooperative neta/or imperfect carriers. The proposed system therefore previde
the source uses idle nearby nodes to provide spatial diyersa viable alternative for reliable low-power transmissions
Most of existing research considers the transmission lmtwe The rest of this paper is organized as follows: the proposed
two senders and one receiver [1]-[4] or multiple relaysystem is described in Section Il. The iterative estimation
between source and destination [5]. Also, most of previousultiple CFOs and the MMSE detector for received signals
schemes can be viewed as an extension of relay models angl also discussed in section Il, followed by the simulation
do not allow arbitrary numbers of cooperating nodes. results for BER and energy consumption in Section IlI.

The key challenges faced with distributed implementatidfinally, we conclude the paper in Section IV.
of cooperative MIMO system are: (1) node coordination
in sending and receiving groups, (2) distributed space-tim
coding and carrier frequency offsets in senders, and (%) dat To facilitate cooperative, virtual MIMO communication
combining in the destination. Compared to the centralizéd networks without multiple-antenna devices, the source
coding scheme in traditional MIMO systems, a distributednd destination nodes require the help of surrounding nodes
coding scheme is expected for cooperative MIMO transmite help with the transmissions and receptions. This section
sions. In this paper we propose to use space-time block codescribes the design of such a system and is based on a
(STBC) and combine it with a distributed MAC protocol tathree step process with the source and destination nodes
achieve a distributed implementation that allows for fléxib forming clusters to aid in the transmission and receptiam. A
number of cooperating nodes. A solution is also proposederview of the proposed scheme is shown in Figure 1 and
to solve the problem of multiple carrier frequency offsetsonsistes of the following stepStep 1. Cluster Formation:
(CFO) arising from the fact that each sending node h&g the beginning of each transmission, the source node sends
its own individual electronic circuits to generate the @arr a recruiting RTS (RRTS) message to its neighbors to solicit
signal. help form them for transmitting the data packet. The RRTS

To facilitate cooperative MIMO transmissions, this papanessage is transmitted at a power level lower than that used
proposes a distributed system architecture. The systemfdsnormal transmissions (at least by a factor of two) in orde
based on the source and destination nodes recruiting neaidyeduce the interference and power consumption, and also
nodes to cooperate with the transmission. STBC are udedensure that only nearby nodes are recruited. Neighboring
at each transmitting nodes and code combining is usednatdes that are available, reply with a sequential CTS (SCTS)
the destination to complete the detection. While the use pécket in order to eliminate collisions. The sequence is
multiple nodes provides spatial diversity, the use of STB&xplicitly mentioned in the RRTS packet which lists the

Il. SYSTEM DESIGN



order in which the neighbors of the source are expecteddach sending node. PN-sequences use primitive polynomials
reply (neighbor discovery is assumed to have been dont)generate sequences and each specific value of shifteegist
After recruiting the sending group, the source node senigmgth L has only one corresponding primitive polynomial.
a MIMO RTS control message (MRTS) to the destinatiolhus a receiver only needs to know the lendthand can
node to reserve the channel for the transmission. If tfied the corresponding primitive polynomial. Besides, the
destination node is able to receive the MRTS message PN sequence only has high autocorrelat®fi; — t2) when
first recruits receiving group nodes, using the same proeedi;, = t,. If the initial state is different (i.et; # t»),
as the source node (using RRTS and SCTS messages). fiieautocorrelation function is almost 0. Thus the sending
destination node then replies with a MIMO CTS (MCTShodes can use the same length of shift register as PN-
message to the source node to confirm the transmissisaquence generator and choose different initial states to
The size of the receiving group is included in the MCT§enerate uncorrelated pilots. The receiving node only sieed
packet. If no RCTS is received, the source node times dot know the lengthL of the shift register and the initial
and follows an exponential backoff mechanism similar tstates of the sending nodes, instead of the whole pilot symbo
IEEE 802.11. seguence. This information can be obtained by the receiving
Sep 2. STBC MIMO Transmissions. Once the MCTS nodes through MIMO RTS control messages.
message is received, the source node encodes the infonmatid\ext, the sending group starts pilot symbol transmission
bits of the data packet using error correction codes. Thand all receiving nodes use the received mixed signal of pilo
the source node broadcasts the data and synchronizaigmbols to estimate the multiple carrier frequency offéé.
information with low power to the selected neighbor nodesssume that there ar®/ sending nodes and’ receiving
The source node also specifies to each helper node whitides and denote the pilot symbols and carrier frequency
row in the STBC matrix it is supposed to use. Since theffset in sending node asp, and f;, respectively, and the
distance between the source and the helping nodes is q@itenplex channel gain between sending noded receiving
short, members of the sending group are not required to semtler as«;,.. The received signal at receiving nodecan
an ACK back to the source node. All nodes in the sendirizg denoted by
cluster then transmit their data to the destination cluster vo[n] = Za’ piln]ei®™ i = 1,2, .
Step 3: Data Collection and Combining: After receiving " — ’ T

the data from the sending group, each. node in th? recevii8ere n represents the symbol index. The discrete-time
group uses the channel state information and estimated

[-" . . : .
rier frequency offsets to decode the space-time block Cojggurler Transform (DTFT) of the received signal is

data. After decoding for STBC, each node in the receiving Y, (w) = Zyr [n]e 7w = ZairPi(w — 27 fi)

group relays its copy of the data to the destination node. The n i

destination receives signal copies from the helper nodds ashere P,;(w) is the DTFT of p; and P;(w) =
detects them as soft symbols. Then the destination uses cddep;[nJe~“". Next, we compute the cross-correlation
combining and chooses the most probable codeword baggetweenY ,.(w) and the DTFT of the pilot symbaR; (w) =

on the received soft symbols. If the original data is decodét, p;[n]e~7*". This cross-correlation is given by [7]

K2

correctly, the destination node sends an ACK to the source

node. Otherwise, no ACK is sent and the source node will Rr(w,0) = /Yr(w)P?(w + 6)dw

timeout and initiate a backoff mechanism before attempting ’

a retransmission (where the whole procedure is repeated). = air/Pi(w —2nfi )P (w+ 6)dw (1)
A. Carrier Frequency Offset Estimation since the pilots are uncorrelated afj{w) is uncorrelated

A key challenge in the design of the system proposdf Fx(w) for k # w. From above,R,(w,0) becomes the
above is that since the cooperative transmissions will B&lto-correlation of;(w). The autocorrelation function will
made at different nodes, a frequency offset is expected lave its maxima at lag 0 and receiving nodean estimate
their carrier frequencies. This in turn may lead to unaccegh® CFO/: as [7]:
ably_high levels of bit errors at the receiving nodes. In th.is = 1 max R, (w, 6) @)
section we propose a mechanism for enabling each receiver 2
to estimate the multiple carrier frequency offset (CFOphgsi However, the channel gaim;,. is complex, i.e.,a;, =
uncorrelated pilot symbols. Note that existing schemes lika;,.|e’?~. Thus it distorts the signal phase and affects the
[6] either require independent data streams (not possiltke westimation in Equation (2), which also uses signal phase
STBC) or are not accurate when the number of senddos the carrier frequency offset estimation. To improve
increases [7] in addition to not specifying how to desigestimation precision, we use iterative updating to update
uncorrelated pilot symbols. The iterative updating algorithm is shown in Algorithm 9.

To design pilot symbols for distributed senders, we uskhe channel is assumed to be quasi-static fading and the
pseudo-random noise (PN) sequences because the recaitiannel state information (CSI) is known at the receivers.
only needs information on the shift register length andahit The iterative updating can be viewed as a digital phase
state in each sender to obtain pilot symbols. To send pillock loop (PLL) for multiple carrier drift signals. Through
symbols, the source node first decides the length of the sliifirative updating, the estimation is more precise and the
register and assigns the initial state of the shift regi&ter multiple carrier frequency offsets are locked.



Algorithm 1 Iterative CFO estimation. symbolsx are transmitted using BPSK and a linear detector

while 3" |y.[n] — y-[n]| < € oriteration < 100 do D; is used.D; is a vector with length: x 1. For the linear
for k=1 to M do A detectorD;, the BPSK symbol:; is detected by the phase
Xpr[n] = yrln] = 32, g Qirpi[n]e?>m /i of the term(D;” - y). If the phase is betweenr/2 and
Xpr(w) = 32, Kper [n]e 707 7/2, z; is detected as. Otherwise it is detected asl. To
Ry (w,0) = [ X (w) P (w + 0)dw simplify the computational complexity in receiving nodg
fo = — L maxg Ry (w, 0) we usey instead ofy [8]:
end for - H H H X
5] = 3, e Y= Hoiy = HoHopo BN = RN (@)
end while whereR = H, "’ H, ; andN is Gaussian nois#/ (0, s*R.)

and o2 is the noise powerR is a Hermitian matrix, i.e,
R = R. The mean square value of detection erfey —
B. STBC decoding under Multiple Carrier Frequency Offset D, . ¥) is given by

n _the cooperative MIMO transmission described earll_er MSE = E[(z; — Di - §)*(z; — Di - §)
in this section, the receiving nodes decode the space-time .

_ * T ox ST .
block coded data and relay their decoded signal copies to = El(zi =Di" -y")(zi =y - Ds
the destination code. With STBC-coded datahe received = Eljz;—a;- (Di’ -§%) —a} - (57 -Dyi")
signal at receiving node, y,., is given by +D;7 - 57 - Dy (7)
yr=Hpx+N ()  The linear detectoD; minimizes the mean square error if
where N is Gaussian noise anH, is the matrix of path the gradient
gains at receiving node. Let derlgte the pgrmutatlon of Vp, = E[-2;5* + 5 5TD;"| = 0 ®)
symbols fromzy, zo, - - - , z.] to thet*™ column in the STBC _ .
encoding matrix. The row position af; in thet*” column is Thus the linear MMSE detector far; is
represented by, (:). The element in positiot, 7.()) of the o Sx TV =1 7. S*])*
matrixHy, i} . is the path gain for symbal; transmitted Di = (BF"y )" Elziy’]) ©
at time¢ by sending node (i). h; . ;) can be expressed aswith E[y*yT] and E[z;5*] defined as
T — Qr(@)r i _ ~ ~

by = PIE where ) is the path-loss exponent and EF'57] = E[R*x" +N*)x"RT +NT)] (10)
a; - is the fading gain. If the sizeT of the _sending group is — R*R” 4 o°R* (11)
odd, symbolz; may not be transmitted at timeandh;
is 0. ~ % _ * K NEd

If the coded data bits are transmitted without carrier Eleiy™] = EExZ(R X"+ N7 (12)
frequency offsets and we assume quasi-static channels, the = R'-¢g (13)

matrix H, is an orthogonal matrix, i.&l, = [hihz---he] \yheree; is acx 1 vector that only has 1 in thé" element

andhy, h, -, h. are orthogonal to each other. Thus theq o otherwise. Thus the linear MMSE detedy is
symbolsx can be easily decoded. However, for cooperative

MIMO transmissions without perfect carriers, the matrix D; = (R'R"+0’R*)"'R*-¢" (14)
H, is not orthogonal and becomes time-variant. This time = RT+5%0)7 " ¢ (15)
varying matrix is denoted byH,) and the element at . . - .
position (¢, (i) of matrix H,  is given by The matrix (R” + ¢°I)~" does not have a high com-
putational complexity since the matriR is a Hermitian
;vk' 5= hy (i)ej%rfﬂ(i)t’ k= VJ (4) matrix andI is the identify matrix. The inverse is thus
meld o c easy to compute. Alsd); is thei*" column in the matrix
wherec is the coding length. Thub:’ft 5 is a function of (RTJFUQI)fl- Thus the linear MMSE detectd; is applied
time ¢ and thusH,. ;. is time-variant and nonorthogonal. ~ t© the received signaj
Receiving node can estimate t_he matrHrvnAthrough the DiHS’ _ (RT + 021)—1 ) ei)TS’ (16)
channel gain,, ;) and the estimated CFO§, ;). How- — [RT 402073 (17)
ever, the receiving nodg still needs to detect the symbols Yli
x through the nonorthogonal matr,. ,. Considering the and thei?” element in the output vector above is detected
computation complexity, in this paper we propose to usg ;.
a linear MMSE detector to detect the STBC-coded data

under multiple carrier frequency offsets. We now describe Ill. SIMULATION RESULT
the detector design. This section presents simulation results to evaluate the
At time kc, the signal received at receiving nodeas performance of the proposed cooperative MIMO system with

multiple CFO and compare it against other system designs.
BPSK modulation is applied to the signal and the channel

wherec is the coding length and is the size of the squaie assumed to be quasi-static Rayleigh fading. The distance
matrix H, . and x = (packet lengthjc. We assume that between source and destination nodes is 125 meters. The

Yr,k:Hr,kX‘i‘N, k:1727"'7li (5)



Comparison for BPSK signals over Rayleigh Fading Channel (3x3) Comparison for BPSK signals over Rayleigh Fading Channel (3x3)
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Fig. 2. Comparison of Bit error rate (BER) in different systemisen the Fig. 3. Comparison of Bit error rate (BER) with different CF&timation
size of sending/receiving group is 3. method while the size of sending/receiving group is 3.

locations of the sending and receiving group nodes atembining and STBC) under different carrier estimation
randomly generated and assumed to be within a circle wiethods and discuss the effect of inaccurate CFO estimation
radius 25 meters around the source and destination nodBse figure corresponds to group sizes of3 We evalu-
respectively. The length of the shift registers is set asdie the system in three scenarios: (1) no CFO estimation
and the length of pilot symbol sequences is 32 bits. Tlsehemes are used, (2) CFO estimation without the proposed
total transmission power used sep 1 and step 3 of the iterative technique, and (3) CFO estimation with the pro-
proposed scheme is assumed to the 10dB lower than the tpased iterative estimation technique. The BER of the system
transmission power used in the MIMO transmissiostep 2. without any CFO estimation is around 0.4-0.5 and does
Also, the total transmission power is divided equally amongpt decrease as the SNR increases. For BPSK signals, the
all transmission nodes. The transmission power used in therformance is near the performance of random guessing for
MIMO transmission instep 2 is set to achieve equivalentbinary data bits. For systems without the iterative estiomat
receiving SNR in a point-to-point transmission. Thus, thmethod, the performance degrades as the size of the sending
transmission power igtep 2 is defined as N R-d3,-No/M, group increases and the BER is almost constant when the
where dsp is the distance between the source node ai®NR is greater than 10dB. The performance of the proposed
destination node)\ is the path-loss exponeniy/ is the iterative scheme is significantly better.
number of nodes in the sending group (including source Next, we consider the energy consumption of the pro-
node), and\, is the noise power. posed system. We only consider the energy spent during
To evaluate the proposed cooperative STBC system, weransmission and compare the proposed scheme with (1)
compare it with two other schemes: (i) cooperative codsoperative relay systems and (2) cooperative FEC system,
combining without STBC and (ii) cooperative MIMO sys-which both have one sending node (i.e. the source node)
tems without code combining. The performance of the threg@d the receiving group including the destination node. The
systems in terms of the BER for sending and receiving grogpurce nodes transmits information bits to the receiving
sizes of X3 is shown in Figure 2. The figure also showgroup and the receiving nodes relay the received signakto th
the performance of a traditional point-to-point transroiss destination node. In cooperative FEC system the destimatio
with the same total power consumption as the cooperatimede uses code combining to combine the signal copies. In
schemes. The system with STBC but no code combining htig cooperative relay system, the destination node ddtests
the worst performance among the three schemes becausdrif@mation bits only based on the majority.
destination node only detects symbols based on the majority=or the calculation of energy consumption, we consider
in multiple receiving signal copies. The performance of th@e possibility of retransmissions and the power constonpti
system with code combining but no STBC and the proposgdl control messages. We assume that the MAC protocols
system with both STBC and code combing are close sing§ cooperative FEC and cooperative relay systems are the
the path gain matriH, i is not orthogonal due to multiple same as the proposed system, except that the recruiting
carrier frequency offsets and no full transmitter divers#t  control messages (RRTS and SCTS) are only required in
guaranteed. However, the performance of proposed syst@a receiving group. In the proposed system, the energy

is a little better than that of the system with only code comsonsumption for an unsuccessful transmission attempt is
bining. Although no full transmitter diversity is guaraate

due to multiple CFO and nonorthogonHl, ik, space-time £ _ 5 g g
block coding and the proposed linear MMSE detector still Ucoopmimo = Emrts + Emets + 2Errts
improves BER performance. +(M = 1)Esets + (N — 1) Egets

In Figure 3 we evaluate the proposed system (with code +Ep + Egata + (N —1)E.;  (18)
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and that for a SUCCGSSfUl attempt iS Energy Consumption for Systems with 3 receiving nodes

—*— 3x3 Cooperative MIMO
—6— 1x3 Cooperative FEC
—<— 1x3 Cooperative relay

Escoopmimo = Emrts + Emcts + 2Errts 10107
+(M71)Escts + (N*]-)Escts
+Eb'r + Edatu + (N_I)Ecol + E(L(Qﬁlg)

where B, risy Frmetsy Facks Frris and Egs are the energy
spent on sending MRTS, MCTS, ACK, RRTS and SCT:
packets.E.,; is the energy spent by each receiving nod
during the data collection in the third phasd. and N are
the number of nodes in the source and destination cluste
respectively (including the source and destination nades
E,,. is the energy spent on broadcasting data to the helpii
nodes in the sending groupy.;, is the energy spent on the

Total Energy consumption (J)

5 10 15 20 25 30

data transmission between the sending and receiving grou SNR
We assume that the length of all control messagek.is
and the size of a data packetiis The data rate iR and Fig. 4. Energy Consumption f& x 3 cooperative system

a convolutional code with raté. is applied on the data

packet to enable code combining in the receiving grouBERs in each system. Among the three schemes, the energy
Thus, the energy spent on transmitting dataFlg,;, = consumption in the proposed system is the smallest. This is
P,L/R/R. and that on transmitting control messages i#gecause the proposed system provides transmitter diversit

Epmrts = PurisLe/R where P, is the power level for by forming the sending group. Also, the energy consumption

transmissions irstep 2 and P, is the power level for of cooperative FEC is smaller than that of cooperative relay

transmissions irstep 1 andstep 3. Thus, Equations (18) and systems because code combining improves the decoding.

(19) can be rewritten as For all schemes, the BER increases at low SNR, which in
L. turn results in multiple retransmissions, thereby resglin

FEucoopmimo = R°(Pmrts + Prcts + 2P high power consumption. As SNR increases, reduction in

+ (M = 1) P + (N — 1)Pyery) the BER decreases the power consumption. However, this
I decrease does not continue unboundedly since higher power

+ RE. (Por + Piw + (N = 1)P.4)(20) is required for transmitting at high SNRs.
IV. CONCLUSION
EScoopmimo = %( Povis + Prcts + 2P ris This paper proposed a distributed system for cooperative

MIMO transmissions that utilizes space-time block coding
(]\z[ = DPscts + (N = 1) Pacts + Pack) and code combining in the sending and receiving groups,
+ ——(Py + P+ (N —-1)P.,;) (21) respectively. APN sequence based uncorrelated pilot symbo
RR. generation with iterative updates is proposed to estintede t
Combining the two terms above, the total energy for multiple carrier frequency offsets from received mixedpil

transmission in the cooperative MIMO system is signals. For the data transmission, we proposed a MMSE
) detector for receiving STBC-coded data under multiple CFO.
E = {—p Pucoopmimo + Escoopmimo  (22)  Simulation results are used to demonstrate the performance

improvements resulting from the proposed system.
where P, is the packet error probability. The energy con- P g prop y
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